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Abstract

The onset of the austral summer rains across subtropical southern Africa marks

a critical transition in the regional hydroclimate that is of major socio-economic

importance. Yet the dynamical processes controlling rainfall onset remain poorly

understood, hindering seasonal predictability and undermining confidence in pro-

jections of delayed rainfall onset under future warming. Resolving this requires

an improved understanding of the regional circulation features that modulate the

southward migration of the tropical rain belt toward southern Africa from August

to December.

A key feature in this transition is the Congo Air Boundary (CAB), a synoptic-

scale dryline and convergence zone that is commonly interpreted as marking the

southern edge of the tropical rain belt. Variability in the location and persistence

of the CAB is a first-order control on August–December rainfall across subtropical

southern Africa (10–25◦S) from intraseasonal to climate-change timescales. How-

ever, fundamental aspects of the CAB remain poorly understood. A deficit of in

situ observations means that the structure and circulation of the atmosphere across

the CAB is known only from models and reanalyses, the fidelity of which is uncer-

tain at the data-sparse southern African tropical edge. This hinders understanding

of the processes governing CAB maintenance and breakdown, and by extension the

mechanisms shaping rain belt seasonality and its response to future warming.

This thesis addresses these gaps by drawing on novel observations from the De-

creasing Rainfall to Year 2100 – Role of the Congo Air Boundary (DRY-CAB)

project (2021–2025), which has collected the first detailed in situ measurements of

the thermodynamic and kinematic structure of the atmosphere at the CAB. These

observations are used to diagnose the structure and circulation across the CAB and

to explore the processes governing its maintenance. The CAB is shown to feature a
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sharp moisture discontinuity of up to 12.0 g kg−1 per 100 km, forming at the inter-

face of a dry regime characterised by a near dry-adiabatic (9.6 ◦C km−1) afternoon

boundary layer, and a moist regime characterised by mid-afternoon convective avail-

able potential energy exceeding 1400 J kg−1. A conceptual model of the atmosphere

across the CAB is developed, revealing its intricate mesoscale structure, circulation,

and modulation through the diurnal cycle. This demonstrates a tight coupling be-

tween the CAB, the southern African heat low, and the southern African easterly

jet, and identifies a shallow overturning circulation on the moist side of the dryline.

Theory developed on the maintenance of the CAB is complemented by an analysis

of the large-scale processes leading to its breakdown, revealing that approximately

70% of breakdown events are associated with midlatitude disturbances. These dis-

turbances modify large-scale subsidence, low-level moisture transport, and mid-level

moisture-flux divergence to erode the CAB. Synthesising insights on the maintenance

and breakdown of the CAB, the thesis argues for a revised conceptualisation of the

CAB as poleward displaced from the tropical rain belt but intimately tied to its

location and seasonality. This coupling arises through the equatorward advection

of dry mid-level air at the CAB by shallow overturning, in a mechanism observed

in other tropical rainfall regimes adjacent to heat lows and consistent with global

monsoon theory.

The ability of three reanalysis products to reproduce the CAB and its associated

features during the DRY-CAB field campaign is also evaluated. This reveals that

reanalyses poorly represent key mesoscale aspects of the CAB, with biases exceeding

±25% in dryline strength and large errors in its diurnal modulation related to the

misrepresentation of moisture transport on the moist side of the dryline. These find-

ings highlight the limitations of reanalyses for representing the mesoscale processes

important to rainfall onset at the southern African tropical edge.
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specific humidity (100m zonal and meridional winds). Units are fre-
quency per grid cell per month, with the convergence-line colourbar
scaled identically to the dryline colourbar. . . . . . . . . . . . . . . . 16

1.5 Schematic of key circulation features over southern Africa. The left
column (a,c) shows a schematic latitudinal cross section at 20◦E,
the right column (b,d) shows a latitudinal cross section at 30◦E.
The top row (a,b) is for before tropical-edge rainfall onset (October-
November), and the bottom row is for after tropical-edge rainfall on-
set (January-February). AL: Angola Low, BH: Botswana High, CCO:
Congo Convective Outflow, HL: Heat Low, WJ: westerly jet. Repro-
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1.6 a) Time series of the number of automatic weather stations report-
ing 2-m air temperature to the Global Telecommunication System
(GTS) with >50% data uptime across the southern African tropical
edge 5–25◦S from 1984 to 2022. Bars are coloured by country. b)
Spatial distribution of station coverage across the southern African
tropical edge (5–25◦S), with size and colour indicating the percentage
of days between 2013 and 2022 with available temperature observa-
tions. Data is from the Met Office Integrated Data Archive System
(MIDAS). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

1.7 a) Time series of the number of radiosonde soundings across the
southern African tropical edge (5–25◦S) from 1970 to 2024, with bars
coloured by country. b) Spatial distribution of radiosonde station cov-
erage across the southern African tropical edge (5–25◦S), with marker
size and colour indicating the percentage of days between 2015 and
2024 with radiosonde soundings. A red cross marks the location of
a radiosonde station that is no longer active. Data is from the Inte-
grated Global Radiosonde Archive (IGRA), with pilot balloon ascents
excluded. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.1 A monthly climatology (1979–2018) of the CAB a-e) dryline and f-j)
convergence zone spatial distribution in ERA5. CAB dryline (con-
vergence zone) grid cells are detected by applying the canny-edge
detection algorithm of Howard and Washington (2019) to ERA5 2m
specific humidity (100m zonal and meridional winds). Units are fre-
quency per grid cell per month, with the convergence-line colourbar
scaled identically to the dryline colourbar. A transect between Ike-
lenge and Solwezi is plotted in red. In the bottom right of each
subplot, the average number of days per month the CAB intersects
the transect is reported. . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.2 Location of the DRY-CAB project field sites. Green cross; automatic
weather station (AWS) only sites; blue circle: Nchila radiosonde site
with AWS and LiDAR; red circle: Solwezi radiosonde site with AWS
and LiDAR. Surface elevation from the Global Multi-resolution Ter-
rain Elevation Data 2010 is shaded. . . . . . . . . . . . . . . . . . . 50

2.3 Schematic map of the DRY-CAB field campaign sites and instrumen-
tation. Measurement sites are indicated by red crosses, while the
instrumentation deployed at each site is denoted by icons of a red
balloon (radiosondes), an automatic weather station and a LiDAR.
Background features (roads, waterways, waterbodies and forested ar-
eas) are from OpenStreetMap (© OpenStreetMap contributors). . . . 50

2.4 Timeline of DRY-CAB field campaign instrumentation deployment
at each field site. Instrumentation is denoted by icons of red ballons
(radiosondes), automatic weather stations (AWS) and a LiDAR. The
project’s 44-day IOP, with a full suite of instrumentation and 8-daily
radiosondes from Nchila and Solwezi, is indicated by hatching. . . . . 51
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2.5 Hovmöller plot of MSE [kJ kg−1] at Nchila and Solwezi during the
DRY-CAB field campaign. The project IOP, from 1 October to 13
November and characterised by 8-daily radiosonde ascents from both
sites, is indicated by a red bar. . . . . . . . . . . . . . . . . . . . . . . 52

2.6 a) Phase-space plot of the 5 meteorological phases of the field cam-
paign IOP. The y-axis indicates the daily maximum surface MSE at
the Nchila field site [kJ kg−1] and the x-axis the difference to the
equivalent value at Solwezi. Daily values within each phase are plot-
ted as diamonds while the phase mean is marked by a cross. b) A
timeseries of daily maximum surface MSE [kJ kg−1] at the Nchila and
Solwezi field sites. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

2.7 Graphical illustration of four potential methods for comparing field
site observations (red cross) to gridded model data a) nearest neigh-
bour, b) average of the four nearest grid points, c) distance-weighted
average of the four nearest grid points, and d) weighted average over
an assigned 30 x 30 km grid square. . . . . . . . . . . . . . . . . . . . 65

3.1 A schematic of the lower level (surface–600hPa) pre-onset (August
to October) circulation at the southern African tropical edge. The
Congo Air Boundary (CAB; Howard and Washington, 2019) is shown
as a solid blue line separating moist tropical air (blue shading) from
dry subtropical air (red shading). The southern African Heat Low is
a large area of intense surface heating, characterised by an unstable
boundary layer (red hatched; Attwood et al., 2024). Embedded in this
heat low are dry cyclonic circulations, which form preferentially at the
locations indicated by red cyclonic symbols (Howard and Washington,
2018). Other major features of the regional circulation include the
African Easterly Jet South (purple arrow; Kuete et al., 2020), sub-
tropical easterlies (green arrows), and low-level Congo Basin north-
westerlies (blue arrows; Pokam et al., 2014). . . . . . . . . . . . . . . 70

3.2 Location of the DRY-CAB project field sites. Red cross: Automatic
weather station (AWS) only sites; green triangles: radiosonde sites
with AWS and LiDAR. In a), large blue triangles denote active ra-
diosonde stations, defined as those conducting soundings on more
than 15% of days between 2015-2024 (Luanda, Dar es Salaam, Wind-
hoek, and Pretoria). Small blue triangles show stations with sound-
ings on fewer than 15% of days during the same period (Harare,
Luena, Lubango, and Walvis Bay). Radiosonde data are from the
Integrated Global Radiosonde Archive (IGRA) v2.2. The black dot-
ted line outlines the circumscribed circle of active radiosonde sites,
with a radius of approximately 1,542 km. Surface elevation [m] from
the Global Multi-resolution Terrain Elevation Data 2010 dataset is
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3.3 Phase-space plot of the five meteorological phases of the field cam-
paign. The y-axis indicates the maximum surface MSE [kJ kg−1] at
the Nchila field site and the x-axis the difference to the equivalent
value at Solwezi. Daily values within each phase are plotted as dia-
monds while the phase mean is marked by a cross. . . . . . . . . . . . 77

3.4 Mean brightness temperature [K] in the a) 10.8 µm and b) 6.25 µm
channels from the Meteosat-10 (MSG-3) Spinning Enhanced Visible
and Infrared Imager (SEVIRI) instrument, and c) 12:00 LT mean
land surface temperature [◦C] from the Land Surface Analysis Satel-
lite Applications Facility (LSA SAF) SEVIRI MLST (Land Surface
Temperature) product, for Phases 1 and 3 of the field campaign (1–5
and 16–22 October). The Nchila and Solwezi field sites are indicated
by blue and red circles respectively, while the difference between val-
ues at the two field sites (Nchila – Solwezi) is reported bottom right. 79

3.5 A timeseries of station specific humidity [g kg−1] at Nchila (dashed)
and Mwinilunga (dotted) on the 5th October 2022. A solid line plots
the specific humidity gradient (∇q) [g kg−1 / 100 km] between the two
sites (right-hand y-axis). Wind barbs indicate the 20-minute surface
mean winds, coloured by specific humidity and with half-, full-, and
flag-barbs denoting 0.25, 0.5, and 2 m s−1 respectively . . . . . . . . . 81

3.6 Mean 14:00 LT DSE and MSE profiles [kJ kg−1] stratified by CAB
location for the (a) Nchila and (b) Solwezi field sites. Nchila sampled
a dry regime during Phase 2 and a moist regime during Phases 1, 3
and 4 (Table 5.1). Solwezi sampled a dry regime during Phases 1,
2 and 3, and a moist regime during Phase 4. c) plots simultaneous
cross-CAB profiles from Phases 1 & 3, during which Solwezi sampled
the dry regime and Nchila the moist regime. . . . . . . . . . . . . . . 83

3.7 Violin plot of inversion midpoint pressure [hPa] from radiosondes
stratified by CAB location for the a) Nchila and b) Solwezi field sites.
Inversions are identified in 1 hPa resolution radiosonde profiles as
layers where temperature is stable or increases with height between
successive levels. Nchila sampled a dry regime during Phase 2 and a
moist regime during Phases 1, 3 and 4. Solwezi sampled a dry regime
during Phases 1, 2 and 3, and a moist regime during Phase 4 (Ta-
ble 3.1). c) shows simultaneous cross-CAB inversions from Phases 1
and 3, during which Solwezi was on the dry side and Nchila on the
moist side. Surface and near-surface inversions, defined as beginning
below 800 hPa, are excluded. Violin width indicates the distribution
of inversion midpoint pressure, while a black vertical line spans the in-
terquartile range. Horizontal black marks indicate the lower quartile,
median, and upper quartile, while an ‘x’ marks the mean. Colour
indicates mean inversion strength [◦C], defined as the temperature
difference between the top and bottom of the inversion layer. . . . . . 84
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3.8 The diurnal cycle of wind speed [m s−1] at a) Nchila (moist regime)
and b) Solwezi (dry regime) during Phase 1 & 3 of the field campaign.
Wind barbs indicate wind direction and speed (with north to the top
of the plot). Isentropes are plotted at 2 K intervals in red. c) shows
the magnitude (colours) and vector (arrows) differences in wind speed
[m s−1] between the two sites, with arrows shown only where wind
speed differences between the sites are statistically significant (p <
0.05). Panels (d–g) present hodographs of the diurnal cycle of low-
level (d: 850 hPa, f: 800 hPa) and mid-level (e, g: 650 hPa) winds at
each field site. Sunrise, sunset, and solar noon are indicated by half
and full circles respectively. . . . . . . . . . . . . . . . . . . . . . . . 87

3.9 The component of the a) wind divergence [s−1] and b) moisture flux
divergence [g kg−1 s−1] that is parallel to the bearing between the
two field sites during field campaign Phase 1 & 3. Contours plot the
magnitude of the difference in this component of the wind or moisture
flux between the two field sites. Sunrise/sunset and solar noon are
indicated by half and full circles respectively. . . . . . . . . . . . . . . 88

3.10 The diurnal cycle of a) the diurnal Nchila specific humidity perturba-
tion (q′) [g kg−1] at the Nchila field site (moist side of the CAB) and
b) the difference in specific humidity between Nchila and Solwezi [g
kg−1], both during field campaign Phase 1 & 3. Overlaid are contours
of the component of moisture flux divergence parallel to the bearing
between the two sites. Sunrise/sunset and solar noon are indicated
by half and full circles respectively. . . . . . . . . . . . . . . . . . . . 91

3.11 The diurnal cycle of MSG-3 SEVIRI 10.8 µm channel brightness tem-
perature [K] by distance from the CAB during field campaign Phases
1 & 3. The location of the CAB is approximated as half way between
the Nchila and Solwezi field sites with a bearing of 80◦ determined
from SEVIRI 6.25 µm channel brightness temperatures (Figure 3.3).
A black line plots the amplitude of the diurnal cycle by distance from
the CAB. Red points show the hour of the brightness temperature
maximum and blue points the minimum. Sunrise/sunset and solar
noon are indicated by half and full circles respectively. . . . . . . . . 93

3.12 Schematic illustrating atmospheric processes across the Congo Air
Boundary (CAB) a) during the day and b) at night. . . . . . . . . . . 94

4.1 Day-mean near-surface (850 hPa) specific humidity [g kg−1] and vec-
tor winds [m s−1] over subtropical southern Africa on 5 October 2022,
when Knight et al. (2026) report that the CAB was located between
the Nchila (green) and Solwezi (red) field sites and associated with a
specific humidity gradient of 12.0 g kg−1 per 100 km. The reanaly-
ses are a) ERA5, b) MERRA-2 and c) JRA-3Q. The location of the
Nchila and Solwezi field sites are marked with green and red circles re-
spectively. The CAB dryline, as detected by the canny-edge method
of Howard and Washington (2019) (after interpolation to a 0.25◦ ×
0.25◦ grid) is plotted in purple. . . . . . . . . . . . . . . . . . . . . . 111
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4.2 Schematic from Knight et al. (2026), derived from DRY-CAB obser-
vations, illustrating the key thermodynamic and circulation features
that comprise the CAB a) at night and b) during the day. The six
defining features are (1) a dryline and convergence zone, (2) the north-
westerly moist low-level jet, (3) the easterly dry low-level jet, (4) the
African Easterly Jet South (AEJ-S), (5) dry-convective mixing, and
(6) mid-level stability associated with the Botswana High. . . . . . . 113

4.3 850 hPa specific humidity (q) at a) Nchila and b) Solwezi, and c) dry-
line intensity calculated as the specific humidity difference between
Nchila and Solwezi in observations (black) and reanalyses (ERA5;
green, MERRA2; orange, JRA-3Q; blue). The sampling base is
"cross-CAB" (Table 4.1). An ‘x’ denotes where the reanalysis mean
is significantly different from observations at p < 0.05. . . . . . . . . . 120

4.4 a-d) The component of the moisture flux divergence (∇qv) [g kg−1

s−1] that is parallel to the bearing between the two field sites in a)
observations and reanalyses: b) ERA5, c) MERRA-2, and d) JRA-
3Q. The sampling base is "cross-CAB" (Table 4.1). A black line plots
moisture fluxes by pressure integrated across the diurnal cycle [g kg−1

hPa−1]. P0 denotes the vertical level associated with a switch from
diurnally integrated moisture accumulation to export. The ratio of
vertically and diurnally integrated moisture accumulation below P0

to export above P0 is shown in the upper right of each panel. Val-
ues near unity indicate that low-level moisture convergence is largely
compensated by divergence aloft, values greater than one indicate net
moisture accumulation, and values less than one indicate net mois-
ture export. Sunrise/sunset and solar noon are indicated by half and
full circles respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . 122

4.5 Diurnal cycle and vertical structure of the north-westerly (moist) LLJ
in observations and reanalyses. The sampling base is "moist side"
(Table 4.1). a) Hour-pressure evolution of observed north-westerly
moisture fluxes (qvnw; shading) [g kg−1 m s−1] together with the
north-westerly LLJ index (lines) [g kg−1 m s−1] defined as the 825-hPa
north-westerly moisture flux in observations (black) and reanalyses
(ERA5: green; MERRA-2: orange; JRA-3Q: blue). North-westerly
flow is defined as positive. b-d) Reanalysis bias (reanalysis minus ob-
servations) in north-westerly moisture flux as a function of pressure
and hour for b) ERA5, c) MERRA-2, and d) JRA-3Q. Hatching in-
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hours where the LLJ index differs significantly from observations at
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4.6 Diurnal cycle of the easterly (dry) LLJ in observations and reanaly-
ses. The sampling base is "dry side" (Table 4.1). a) Hour-pressure
evolution of zonal wind (shading) [m s−1] together with the LLJ in-
dex (lines) [m s−1] defined as the 800 hPa zonal wind in observations
(black) and reanalyses (ERA5: green; MERRA-2: orange; JRA-3Q:
blue). Easterly (along-jet) flow is defined as positive. b-d) Reanaly-
sis error (reanalysis minus observations) as a function of pressure and
hour for b) ERA5, c) MERRA-2 and d) JRA-3Q. In a), an ‘x’ marks
where the LLJ index differs significantly from observations at the 0.05
significance level. Sunrise/sunset and solar noon are indicated by half
and full circles respectively. . . . . . . . . . . . . . . . . . . . . . . . 125

4.7 Diurnal cycle of the African Easterly Jet South (AEJ-S) in observa-
tions and reanalyses. The sampling base is "moist side" (Table 4.1).
a) Hour-pressure evolution of easterly winds (shading) [m s−1] to-
gether with the AEJ-S index (lines) [m s−1] defined as the zonal wind
at 650 hPa in observations (black) and reanalyses (ERA5: green;
MERRA-2: orange; JRA-3Q: blue). Easterly (along-jet) flow is de-
fined as positive. b-d) Reanalysis error (reanalysis minus observa-
tions) as a function of pressure and hour for b) ERA5, c) MERRA-2
and d) JRA-3Q. In a), an ‘x’ marks where the AEJ-S index differs
significantly from observations at the 0.05 significance level. Sunrise/-
sunset and solar noon are indicated by half and full circles respectively.127

4.8 The diurnal cycle of the diurnal specific humidity perturbation (q′) [g
kg−1] in a) observations and reanalyses: b) ERA5, c) MERRA-2, and
d) JRA-3Q. The sampling base is "moist side" (Table 4.1). A black
line plots the pressure level of the median maximum q′ for each hour.
Sunrise/sunset and solar noon are indicated by half and full circles
respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

4.9 Mid-level stability, defined as the potential temperature lapse rate
between 500 and 600 hPa [K 100 hPa−1], for observations and reanal-
yses on a) the "dry side" and b) the "moist side" of the CAB (Ta-
ble 4.1). Higher values indicate greater mid-level stability. The distri-
butions are shown as violin plots for observations, ERA5, MERRA-2,
and JRA-55. Violin width indicates the distribution density, while
a black vertical line spans the interquartile range. Horizontal black
marks indicate the lower quartile, median, and upper quartile, while
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4.10 a-c) Quantile-quantile plots of observed and reanalysis 14:00 LT sur-
face CAPE [J kg−1] by reanalysis: a) ERA5, b) MERRA-2, c) JRA-
3Q. d-f) quantile-quantile plots of observed and reanalysis 850–600
hPa bulk shear [m s−1] by reanalysis: a) ERA5, b) MERRA-2, c)
JRA-3Q. Colours indicate regime according to Table 4.1, with "dry
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4.11 Mean 14:00 LT surface CAPE values [J kg−1] calculated from surface
parcels in observations (CAPEobs), reanalyses (CAPEre) and three
substitution scenarios (CAPEre Tobs, CAPEre Dobs and CAPEre

Eobs). Results are presented for a) ERA5, b) MERRA-2, and c)
JRA-3Q, with values shown for the dry side of CAB, the moist side
of CAB and post CAB breakdown. The three substitution scenarios
are as follows: CAPEre Tobs is reanalysis CAPE with observed 2m
temperature substituted for reanalysis 2m temperature, CAPEre Dobs

is reanalysis CAPE with observed 2m dew point temperature substi-
tuted for reanalysis 2m temperature, and CAPEre Eobs is reanalysis
CAPE with the observed environmental temperature profile substi-
tuted for the reanalysis environmental temperature profile. Colours
indicate the percentage difference to CAPEobs. . . . . . . . . . . . . . 134

4.12 a-d) Scatterplots of Solwezi daily maximum surface MSE [kJ kg−1]
versus Nchila daily maximum surface MSE [kJ kg−1] from a) obser-
vations, b) ERA5, c) MERRA-2, and d) JRA-3Q during the field
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values are marked with an ‘x’ where they differ significantly from ob-
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Holm correction for each phase. e-g) Phase mean daily maximum
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(20◦N – 20◦S) land 850 hPa MSE distribution. Dashed lines indicate
respective percentiles when observed MSE is substituted into reanal-
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4.13 850 hPa specific humidity [g kg−1] as a function of distance along
an extended Nchila-Solwezi transect, measured relative to the Nchila
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show a) Phases 1 and 3, when the CAB lay between the two field sites;
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4.15 Correlation coefficient (r) and root-mean-square error (RMSE) by
variable (a,d: specific humidity [g kg−1]; b,e: u-wind [m s−1]; c,f:
v-wind [m s−1]) and field site (a–c: Nchila; d–f: Solwezi) for four
observation-reanalysis comparison methods. For each reanalysis (ERA5,
MERRA-2, JRA-3Q), r (solid bars) and RMSE (hatched bars) are
plotted for the following four comparison methods: M1 – nearest
neighbour; M2 – average of the four nearest grid points; M3 – distance-
weighted average of the four nearest grid points; M4 – weighted av-
erage over an assigned 30x30km grid square. . . . . . . . . . . . . . . 145

4.16 Diurnal evolution of the vertically integrated near-surface (850–800
hPa) moisture tendency (∂Q/∂t) [kg m2 s−1], calculated as a 6-hour
centred finite difference, from radiosonde observations (black) and
reanalyses (ERA5: green; MERRA-2: orange; JRA-3Q: blue). Sam-
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5.1 Rainfall by latitude from 1st September to 30th November 2022.
Rainfall is averaged from 20-35◦ east. Rainfall data is CHIRPS v2.
Overlaid are the meteorological phases of the field campaign (Phases
1 through 5) and the location of the CAB in the three atmospheric re-
analyses (ERA5; MERRA-2, JRA-3Q), objectively identified with the
canny-edge detection algorithm of Howard and Washington (2019)
following interpolation to a common 0.25◦ grid. Circle diameter is
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5.2 Effect of (a) spatial averaging and (b) temporal averaging on nor-
malised inter-reanalysis spread for a suite of atmospheric variables
at the Nchila field site. To investigate spatial averaging sensitivity,
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5.3 Daily evolution of ERA5 850 hPa specific humidity (shading, g kg−1)
and moisture flux vectors (q = q · v, arrows) over southern Africa
from 29 October to 3 November 2022. White contours denote 500 hPa
geopotential height [gpm], and thick black lines indicate the 330 K
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5.4 Odds ratio of a rainy day (> 0.1 mm day-1) in October or November
given the presence or absence of the Congo Air Boundary (CAB). The
colourmap is scaled exponentially. Rainfall data is from the CHIRPS
V2 precipitation dataset while daily CAB detection follows the canny
edge method of Howard and Washington (2019) (fully detailed in
methods). The odds ratio is calculated from a 1981-2018 climatology,
with 816 CAB present days and 1502 CAB absent days. Stippling
indicates the regions where October November CAB frequency at the
day-scale is positively associated with ERA5 rainfall onset date (fol-
lowing the method of Liebmann et al. (2012)) at the 95% significance
level in a 1979–2018 climatology. . . . . . . . . . . . . . . . . . . . . . 160

5.5 (a) A 40-year (1979–2018) climatology of daily Congo Air Boundary
(CAB) frequency from 1 September to 1 December. CAB detection
follows the canny-edge method of Howard and Washington (2019).
(b,c) Composite plots of ERA5 climatological (1979–2018) 850 hPa
specific humidity [g kg−1] and CAPE [J kg−1] for the last 7 calendar
days of September (’A’) where CAB frequency is 80% and (d,e) the
first 7 calendar days of November (’B’) where CAB frequency is 32%. 165

5.6 A schematic of key southern African regional circulation features with
(a) the CAB present and (b) absent. Features are as given in the leg-
end and are not to scale. Locations are approximate. Gold stars mark
the September-November hotspots of anticyclonic Rossby wave break-
ing identified by Ndarana and Waugh (2011). CAB breakdown rep-
resents the transition of the regional circulation from a CAB-present
state (left panel) to a CAB-absent state (right panel) over timescales
of 2-5 days. Tropical temperature troughs here are indicative of a
variety of midlatitude precipitation mechanisms. . . . . . . . . . . . . 166

5.7 Lead (D-3, D-2, D-1) and lagged (D=0, D+1, D+2) daily composite
vertical profiles of specific humidity [g kg−1] by latitude for 1979–
2018 CAB breakdown events (n=85) averaged across 20-30◦E. The
day of CAB breakdown is designated D=0 for each of the 85 included
breakdown events. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
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1 | Introduction

Driving north on the Mwinilunga – Ikelenge highway (T5), North-West Province,
Zambia. 24 September 2022.
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1.1 Motivation and rationale

The onset of the summer rains over subtropical southern Africa, which typically

occurs from October to December, marks a major transition in the regional hydro-

climate that is of profound socio-economic importance. The timely arrival of rainfall

is crucial to rain-fed agricultural systems (Reason et al., 2005; Kniveton et al., 2009),

crop yields (Tadross et al., 2005; Nhamo et al., 2019), electricity generation (Conway

et al., 2017; Falchetta et al., 2019) and potable water supply (Burls et al., 2019).

Substantial interannual variability in rainfall onset therefore presents a major re-

gional challenge. Onset date standard deviations exceed 30 days across parts of the

southern African tropical edge (Hachigonta et al., 2008; Mupangwa et al., 2011; Dun-

ning et al., 2016; Byakatonda et al., 2018; Manhique et al., 2023), and such variability

has historically translated into large socio-economic impacts. Failed rains caused a

7-9% GDP drop in Malawi and Zambia in 1992 (Thurlow et al., 2012; Conway et al.,

2015) and were associated with widespread crop failure in the 2025 growing season

(World Food Programme, 2025).

Understanding the processes that govern the onset of the summer rains has there-

fore long been a goal of both climate research and operational forecasters (Phakula

et al., 2018; Ratnam et al., 2018). However, the basic dynamics of the southern

African climate system pre-rainfall onset (September-November), and the transition

to a post-rainfall onset (December-February) mean state, remain an active area of

research (Nicholson, 2018). In particular, there is limited understanding of the cir-

culation features that modulate the southward progression of the tropical rain belt

toward southern Africa.

Against this backdrop, projections of future change are particularly concerning.

Successive generations of climate models indicate a delay in rainfall onset of ap-

proximately two weeks by 2080 – 2100 under a business-as-usual emissions scenario
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compared to the present day (Dunning et al., 2018). These projections are consis-

tent with emerging observational evidence of early-summer rainfall declines (Munday

et al., 2025) and pronounced warming during October at rates of up to four times the

global mean (MacKellar et al., 2014; Engelbrecht et al., 2015; Engdaw et al., 2022;

Munday et al., 2025). For a region so dependent on the timely arrival of the summer

rains, the risk to livelihoods, development, and future prosperity is substantial.

At the continental scale, it is the southward movement of the tropical rain belt

that brings rainfall onset to subtropical southern Africa. This is to the first order

thermodynamically driven by the seasonal cycle of solar insolation (Giannini et al.,

2008; Hart et al., 2019) and the requirement for energy export away from the summer

hemisphere (e.g., Schneider et al., 2014; Biasutti et al., 2018). As the rain belt

migrates southward from its August position north of the equator, its southern edge

is thought to be demarcated by the Congo Air Boundary (CAB; Figure 1.1), a

pronounced meridional gradient in low-level moisture co-located with a maximum

in near-surface convergence (Howard and Washington, 2019).

The CAB is typically defined as the synoptic-scale convergence zone and dryline that

occurs where near-saturated low-level north-westerlies originating from the equato-

rial east Atlantic and Congo Basin meet dry easterly trade winds from the tropical

southwest Indian Ocean (Hills, 1979; Torrance, 1979; Nicholson, 1996; Levin et al.,

2009; Tierney et al., 2011; Dezfuli, 2017; Howard and Washington, 2019). The CAB

forms preferentially on the slope from the Congo Basin to the Katanga Plateau

(8− 12◦S) with a south-west to north-east orientation, and is most common in Au-

gust and September (present on > 95% days), declining in frequency through to

December (present on < 10% of days) (Howard and Washington, 2019). The CAB

forms at the interface of a dry (subtropical) and moist (tropical) regime, and its

seasonal migration is closely linked to that of the tropical rain belt, with the CAB

migrating southward from August to November at an average rate of approximately
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Figure 1.1: A schematic of the lower-level (surface to 600 hPa) pre-onset (August to
October) circulation at the southern African tropical edge. The Congo Air Boundary
(CAB; Howard and Washington, 2019) is shown as a solid blue line separating moist
tropical air (blue shading) from dry subtropical air (red shading). The southern
African Heat Low is a large area of intense surface heating, characterised by an
unstable boundary layer (red hatched; Attwood et al., 2024). Embedded in this
heat low are dry cyclonic circulations, which form preferentially at the locations
indicated by red cyclonic symbols (Howard and Washington, 2018). Other major
features of the regional circulation include the African Easterly Jet South (purple
arrow; Kuete et al., 2020), subtropical easterlies (green arrows) and low-level Congo
Basin north-westerlies (blue arrows; Pokam et al., 2014).
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2◦ per month (Howard and Washington, 2019). For this reason, the CAB is com-

monly thought to demarcate the southern edge of the tropical rain belt, although

the actual nature of this relationship remains uncertain.

The CAB does not form south of approximately 15◦S, implying that its breakdown

is a necessary condition for tropical rainfall south of that latitude (Howard and

Washington, 2019, 2020). Consistent with this, rainfall from 15–25◦S is strongly an-

ticorrelated with CAB frequency in October, November, and December (r ≤ −0.58),

and CAB breakdown date is closely related to the rainfall onset date (Howard and

Washington, 2019; 2020). This same relationship underpins the mechanism by which

climate models project future drying and delayed rainfall onset over southern Africa:

Coupled Model Intercomparison Project Phase 5 (CMIP5) Representative Concen-

tration Pathway 8.5 (RCP8.5) simulations show a 13% increase in CAB frequency

from October-December and a two-week delay in the climatological CAB breakdown

date by the end of the twenty-first century (Howard and Washington, 2020). The

CAB is therefore central to both present early-summer rainfall variability and to

projections of future change.

While the term "Congo Air Boundary" or "Zaire Air Boundary" was coined as early

as the 1950s by regional forecasters and has since featured widely in descriptions of

the regional climate (e.g., Nicholson, 1996; Dezfuli, 2017), the CAB itself has received

relatively little attention in scientific literature. This means that many aspects of

the feature are poorly understood. Table 1.1 summarises published work on the

CAB to date. Collectively, this literature establishes the CAB as a key feature of

the regional hydroclimate, outlines a climatology, and demonstrates its importance

to both rainfall seasonality and projections of future change. However, it points to

substantial knowledge gaps, particularly regarding the structure and circulation of

the atmosphere at the CAB, its relationship to the rain belt, and the processes that

govern its maintenance and breakdown.
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Table 1.1: A summary of climate literature published on the CAB. Data sources
include reanalyses (ERA-Interim and ERA5 from the European Centre for Medium-
Range Weather Forecasts, NCEP2; National Centers for Environmental Prediction
Reanalysis 2, JRA-55: Japanese 55-year Reanalysis), satellite observations (TRMM;
Tropical Rainfall Measuring Mission, CHIRPS: Climate Hazards Group Infrared
Precipitation with Stations), and in situ observations (SASSCAL; Southern African
Science Service Centre for Climate Change and Adaptive Land Management). Ad-
ditional abbreviations: ITCZ; Intertropical Convergence Zone, GCM; General Cir-
culation Model, CMIP; Coupled Model Intercomparison Project.

Reference Contributions Data

Hills, 1979 Descriptive climatology. Pilot balloons, weather
stations

Torrance, 1979 Descriptive climatology. Pilot balloons, weather
stations

Levin et al., 2009 Demonstrate that the CAB separates
Indian Ocean moisture from continen-
tal transpired moisture.

Isotopic analysis

Nicholson, 2018 Argue that the CAB is distinct from
the ITCZ.

ERA-Interim

Howard and
Washington, 2019

Reanalysis-based climatology; hy-
pothesise role of the heat low in CAB
maintenance.

ERA5, SASSCAL weather
stations

Howard and
Washington, 2020

Show that GCMs reproduce the sea-
sonal cycle of CAB and that future
drying over southern Africa is linked
to delay in CAB breakdown.

CMIP5

Longandjo and
Rouault, 2020

Suggest CAB in East Africa is located
at the foot of the rising branch of
zonal overturning in the Congo Basin.

ERA-Interim, NCEP2 and
JRA-55

Moses et al., 2023 Relate annual cycle of southern
African dry spells to Botswana High
and CAB; demonstrate CAB is asso-
ciated with north-west to south-east
gradient in dry spell and hot day fre-
quency.

ERA5, CHIRPSv2,
drought and vegetation
indices

Worden and Fu,
2025

Investigate seasonal rainfall character-
istics north of the CAB.

ERA-5, TRMM
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A major contributing factor to these knowledge gaps is a lack of in situ observational

data. The early descriptive climatologies of Hills (1979) and Torrance (1979) used

a small number of pilot balloon observations across central and southern Africa

to diagnose the presence of a discontinuity between low-level north-westerlies and

easterlies in the southern Congo (∼10◦S) from August to November. However,

until very recently, no radiosondes had been released in proximity to the CAB, and

the present-day surface station network in the region is extremely sparse. Recent

studies have therefore typically relied on modelled data and reanalyses, but there is

a large degree of uncertainty as to whether these datasets can accurately resolve the

atmosphere at the southern African tropical edge. This hinders the development of

theory not only about the CAB itself, but also of broader questions concerning rain

belt seasonality and future change.

The Decreasing Rainfall to Year 2100 – Role of the Congo Air Boundary (DRY-

CAB) project (2021–2025) has recently established the first detailed in situ measure-

ments of the CAB. Through a field campaign comprising dual-site, high-temporal-

resolution upper-air soundings, LiDAR observations, and a network of automatic

weather stations, the DRY-CAB project sampled surface conditions and vertical at-

mospheric profiles in proximity to, and across, the CAB dryline and convergence

zone. These observations constitute the first direct sampling of the thermodynamic

and kinematic structure of the atmosphere at the CAB, detailing aspects of the

feature that have previously only been inferred from models and reanalyses.

These novel observations form the foundation of this thesis, which draws on data

from the DRY-CAB field campaign to characterise, for the first time, the vertical

structure and circulation of the atmosphere at the CAB. In doing so, the thesis seeks

to identify the processes that maintain the CAB and then to use these insights to

investigate the large-scale mechanisms governing its breakdown. The thesis addition-

ally aims to evaluate how faithfully the CAB is represented in reanalysis datasets,
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providing clarity on the adequacy of reanalyses at the southern African tropical edge

through austral spring. Together, this analysis seeks to provide a more complete

basis for understanding a key feature of the tropical-edge atmosphere and to clarify

its relationship to the tropical rain belt from August to November.

In the following section (Section 1.2) the CAB is placed within the context of the

seasonal cycle of rainfall and the mean-state circulation of southern Africa. Sub-

sequently, the main data sources used to investigate the southern African climate

system are reviewed, namely atmospheric observations (Section 1.3) and models

and reanalyses (Section 1.4). Limitations and challenges associated with these data

sources are discussed, highlighting the unique opportunity provided by field obser-

vations from DRY-CAB. The aims of the thesis are subsequently outlined in Section

1.5, followed by a description of the thesis structure and organisation in Section 1.6.

1.2 Climate of the southern African tropical edge

1.2.1 Definition and study area

Southern Africa is defined here as the continental region of Africa south of the Congo

Basin (approximately 10◦S), extending longitudinally from the Atlantic coast of An-

gola, Namibia, and South Africa (∼10◦E) to the Indian Ocean coast of Mozambique

(∼40◦E). We omit Madagascar as the CAB, the focus of this thesis, is a continental

circulation feature. Under this definition, southern Africa comprises South Africa,

Lesotho, Eswatini, Namibia, Botswana, Mozambique, Zimbabwe, Angola, Zambia,

Malawi, and the southern part of the Democratic Republic of Congo (DRC).

The climate of this region stretches from equatorial rainforest at its northern edge,

through humid subtropical and semiarid climates in the south-west (Beck et al.,

2018). A unifying characteristic is a unimodal rainfall regime with peak rainfall

occurring during the austral summer from October to March, with the exception of
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the Western Cape of South Africa, which experiences a winter rainfall regime.

Within southern Africa, this thesis focuses specifically on the tropical margin, or

"tropical edge". This region receives some of the highest rainfall totals in south-

ern Africa, with annual accumulated rainfall in excess of 1000 mm year−1 (Munday

et al., 2025). The tropical edge is conventionally defined as spanning latitudes be-

tween 10◦ and 20◦S and includes Angola, Zambia, Malawi, northern Mozambique,

northern Botswana, and northern Zimbabwe (Figure 1.2; hatched).

Since this thesis focuses on the CAB, the study area is further refined by consid-

ering both the climatological position of the CAB and the sensitivity of October–

November rainfall to its presence or absence. We quantify rainfall sensitivity to

the CAB through contrasting the odds of rainfall exceeding a 1 mm day−1 thresh-

old when the CAB is absent versus when it is present (Figure 1.2). Rainfall that

is independent of CAB occurrence yields an odds ratio approaching 1, with values

significantly above 1 indicating a strong enhancement of rainfall likelihood in the

absence of the CAB.

Figure 1.2 shows that the CAB preferentially forms during October and Novem-

ber across eastern Angola, north-western Zambia, and the southern DRC. A broad

area southeast of this climatological position exhibits strong rainfall sensitivity to

CAB presence: across much of central southern Africa, the likelihood of a rainy

day during October and November is approximately 10 times higher when the CAB

is absent. Regions exhibiting particularly strong sensitivity include south-eastern

Angola, Zambia, Zimbabwe, northern Botswana, and central Mozambique. This

sensitivity is largely confined to the 10◦–22◦S latitudinal band and is zonally re-

stricted between approximately 16◦ and 35◦E. Rainfall in northern Mozambique

(> 35◦E), north-eastern Angola (< 16◦E) and to the south of 22◦S is not sensitive

to CAB presence, with precipitation in these areas associated with rainfall-producing

systems that occur independently of CAB presence.
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The primary study area of this thesis therefore encompasses the southern African

tropical edge between 10◦–22◦S and 16◦–35◦E. This includes both the region in

which the CAB forms in October and November, and the area to its southeast

where the CAB exerts a large control on early-summer rainfall. It is worth explicitly

noting that, unlike some authors (e.g., Longandjo and Rouault, 2020; Worden and

Fu, 2025), this thesis does not consider the extension of the CAB into East Africa,

where the feature becomes more meridional in orientation.

1.2.2 Rainfall climatology

1.2.2.1 Seasonal cycle

The seasonal cycle of rainfall over the African continent is primarily modulated by

the migration of the relatively zonally symmetric and meridionally confined tropi-

cal rain belt (Figure 1.3), a broad region of high column-integrated moisture and

convective precipitation that migrates north and south across the continent follow-

ing the annual migration of the solar zenith (orange dashed; Giannini et al., 2008;

Dunning et al., 2016; Hart et al., 2019). This rain belt is analogous to, and is

sometimes referred to as, the Intertropical Convergence Zone (ITCZ), although this

is not strictly accurate over Africa as during austral summer the convergence of

near-surface winds from the northern and southern hemispheres remains north of

the equator (Leroux, 2001; Nicholson, 2018).

The migration of the tropical rain belt leads to distinct regional rainfall regimes

across the African continent. Its northward displacement from June-August gives

rise to the West African monsoon (Sultan and Janicot, 2003), while in Central and

East Africa, the twice-yearly passage of the rain belt around the equinoxes results in

a bimodal rainfall regime with maxima from September-November and March-May.

The southward displacement of the rain belt from December-February accounts for

the unimodal seasonal cycle of rainfall over southern Africa with an austral sum-
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Figure 1.2: The odds ratio of a rainy day (defined as > 1 mm day−1) in October
and November given the absence of the CAB, calculated in CHIRPSv2 daily data
from 1981–2018. Contours show the per-gridcell October-November CAB dryline
frequency of occurrence [% of days], based on the Howard and Washington (2019)
detection algorithm applied to 1979-2018 ERA5 2 m specific humidity; contours are
drawn at 0.5-4.5% in 1% intervals. The tropical edge, typically defined as spanning
10–20◦S, is hatched.
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mer rainfall maximum (Figure 1.3). The transition from a bimodal to a unimodal

rainfall regime occurs at approximately 7◦S near 20◦E, shifting equatorward to ap-

proximately 4◦S near 30◦E (Dunning et al., 2016).

Across the African continent south of the equator, rainfall is highest in the bimodal

regime of the southern Democratic Republic of the Congo (0◦-7◦S), where mean

annual totals reach approximately 1550 mm year−1. In the areas characterised by a

single summer rainy season, the highest rainfall totals are found across the ‘tropical

edge’ between 10◦ and 20◦S (Angola, Zambia and northern Mozambique), where

mean annual accumulations range from 1000 to 1100 mm year−1. In contrast, the

lowest rainfall totals occur in the Namib Desert, where mean annual precipitation

is less than 100 mm year−1 (Munday et al., 2025).

Figure 1.3: Annual cycle of precipitation [mm day−1] by latitude (starting 1 July)
for the period 1981–2018. Precipitation is from the CHIRPS v2 dataset. Green
contours denote ERA5 specific humidity at 850 hPa, plotted at 1 g kg−1 intervals
from 8 to 12 g kg−1. Red contours indicate ERA5 horizontal convergence at 850
hPa, plotted at 0.3 × 10−5 s−1 intervals for values > 0.5 × 10−5 s−1. The solar
declination angle is shown by the orange dashed line. All fields are averaged zonally
over 18–28◦E.

12



1.2.2.2 Rainfall onset

The southward migration of the tropical rain belt from August to November gives

rise to the onset of the summer rains over southern Africa. However, in contrast to

the gradual climatological migration of the tropical rain belt implied by Figure 1.3,

rainfall onset over southern Africa in any given year typically occurs abruptly. This

is associated with the loss of a sharp meridional moisture gradient at the southern

African tropical edge (the CAB), which is accompanied by a rapid southward shift

in deep convection and the latitude of the rain belt.

The timing of this abrupt transition is highly variable year-to-year, with onset date

standard deviations exceeding 30 days across parts of the tropical edge (Hachigonta

et al., 2008; Mupangwa et al., 2011; Dunning et al., 2016; Byakatonda et al., 2018;

Manhique et al., 2023). Such variability poses a major challenge for livelihoods

and socio-economic viability across subtropical southern Africa, underscoring the

importance of a comprehensive understanding of the dynamical processes governing

the onset of the summer rains. Despite this, knowledge of the circulation features

that modulate the southward progression of the tropical rain belt toward southern

Africa between August and December remains limited. One such feature is the CAB

(Figure 1.1).

1.2.3 The Congo Air Boundary

As the rain belt migrates southward from its August position north of the equator,

its southern edge is thought to be demarcated by the Congo Air Boundary (CAB;

Figure 1.1), a pronounced meridional gradient in low-level moisture, co-located with

a maximum in near-surface convergence (Figure 1.3).

The CAB forms where near-saturated low-level north-westerlies originating from the

equatorial eastern Atlantic and the Congo Basin converge with easterly trade winds

from the tropical southwest Indian Ocean (Johnson, 1965; Hills, 1979; Torrance,
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1979; Nicholson, 1996; Levin et al., 2009; Tierney et al., 2011; Dezfuli, 2017; Howard

and Washington, 2019). As these easterlies traverse the heated continental interior,

they dry substantially and are diluted by deep tropospheric subsidence (Howard and

Washington, 2019). The resulting boundary is characterised by a sharp low-level

moisture discontinuity that separates a moist, convectively active tropical regime to

the north from a dry subtropical regime to the south (Torrance, 1979).

Early studies of the CAB were largely based on synoptic chart analysis and the accu-

mulated forecasting experience of expert regional meteorologists in the pre-satellite

era (e.g., Taljaard, 1953, 1972; Torrance, 1979; Hills, 1979). In this literature, the

CAB was often identified through low-level convergence alone. Some authors have

therefore described the CAB as persisting through austral summer and acting as

a preferred corridor for the westward propagation of tropical lows (Taljaard, 1986;

van Heerden and Taljaard, 1998). However, convergence at the tropical edge is

substantially weaker and less coherent beyond November (Figure 1.3; Howard and

Washington, 2019).

This thesis follows recent literature in defining the CAB using a more restrictive

criterion, whereby the CAB is identified as a coherent synoptic-scale dryline and/or

convergence feature present on daily (weather) timescales. Howard and Washington

(2019) demonstrate that these conditions are met primarily during austral spring,

consistent with Figure 1.3. This definition reflects the role of the CAB in separat-

ing moist tropical air from dry subtropical air between August and November, and

underpins its common interpretation as demarcating the southern edge of the trop-

ical rain belt. However, the precise nature of this relationship remains uncertain,

with an open question as to whether the CAB is truly coincident with the southern

margin of the rain belt (Torrance, 1979; Howard and Washington, 2019), or instead

poleward-displaced as suggested by Leroux (2001).

The abrupt onset of the summer rains across subtropical southern Africa, described
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in Section 1.2.2.2, is closely linked to the breakdown of the CAB, which occurs

contemporaneously with the rapid southward advance of convection and the tropical

rain belt. CAB breakdown heralds a reconfiguration of low-level moisture fluxes

across southern Africa, whereby Congo north-westerlies penetrate further southward

and subtropical easterlies are no longer dried by heating and subsidence, allowing

the western Indian Ocean to act as a moisture source (D’Abreton and Lindesay,

1993; Rapolaki et al., 2020). While the CAB may reform following breakdown during

early spring, this typically does not occur beyond November, marking the permanent

transition to a post-onset summer rainfall regime characterised by widespread moist

convection.

Recently, Howard and Washington (2019) established an objective climatology of

the CAB dryline and convergence zone in ERA5 using a novel image processing al-

gorithm. They showed that the CAB migrates southward from August to November

at an average rate of approximately 2◦ of latitude per month, while its detection

frequency decreases over the same period such that the feature is largely absent

by December (Figure 1.4). They further demonstrated a strong statistical link be-

tween the CAB and rainfall variability, with interannual variability in CAB latitude

and frequency explaining at least 55% of August–December rainfall variability over

southern Africa between 15◦ and 25◦S.

The characteristics and variability of the CAB are therefore closely associated with

both rainfall onset and early-summer interannual variability across the southern

African tropical edge. However, despite its importance, the CAB itself has received

relatively little attention in scientific literature, leaving key unresolved questions

regarding the CAB’s structure and circulation, the ability of models to faithfully re-

produce the CAB, and the large-scale mechanisms associated with CAB breakdown.

Addressing these questions is the primary focus of this thesis.

The remainder of Section 1.2 serves to place the CAB within the context of the
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Figure 1.4: A monthly climatology (1979-2018) of the CAB a-e) dryline and f-
j) convergence line spatial distribution in ERA5. CAB dryline (convergence line)
grid cells are detected by applying the canny-edge detection algorithm of Howard
and Washington (2019) to ERA5 2m specific humidity (100m zonal and meridional
winds). Units are frequency per grid cell per month, with the convergence-line
colourbar scaled identically to the dryline colourbar.

pre-onset (September-November; Section 1.2.4) and post-onset (December-February;

Section 1.2.5) regional circulation, as well as in relation to tropical edge rainfall

variability (Section 1.2.6), observed trends, and projections of future change (Section

1.2.7). In support of this, Figure 1.5 provides a schematic overview of the pre-onset

and post-onset mean-state circulation of southern Africa.

Given the extensive literature describing the southern African climate system, em-

phasis here is placed on circulation features that are most relevant to later analysis

– readers seeking a more comprehensive treatment are referred to the reviews of

Tyson and Preston-Whyte (2000), Reason (2017), and Munday et al. (2025).

1.2.4 The September-November (pre-rainfall onset) mean-

state circulation

This section describes the mean-state circulation of the tropical edge from Septem-

ber to November, prior to rainfall onset, documenting the background environ-

ment in which the CAB forms. Key circulation features including heat lows, mid-

tropospheric anticyclones, low- and mid-level jets, and the midlatitude westerlies

are reviewed.
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Figure 1.5: Schematic of key circulation features over southern Africa. The left
column (a,c) shows a schematic latitudinal cross section at 20◦E, the right column
(b,d) shows a latitudinal cross section at 30◦E. The top row (a,b) is for before
tropical-edge rainfall onset (October-November), and the bottom row is for after
tropical-edge rainfall onset (January-February). AL: Angola Low, BH: Botswana
High, CCO: Congo Convective Outflow, HL: Heat Low, WJ: westerly jet. Repro-
duced from Munday et al. (2025).
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1.2.4.1 Heat lows

The pre-onset circulation at the tropical edge is shaped by strong surface heating

and large-scale subsidence, which gives rise to a heat low. Heat lows, also termed

thermal lows (and indicated ‘HL’ in Figure 1.5), are regions of low pressure in

the lower troposphere that develop in response to intense surface heating under

large-scale subsidence and clear-sky conditions. They are associated with deep, dry

convective boundary layers capped by a mid-level high and exhibit a pronounced

diurnal cycle (Racz and Smith, 1999; Parker et al., 2005; Spengler and Smith, 2008;

Attwood, 2024). During the day, heating establishes large-scale pressure gradients

but low-level inflow is inhibited by strong turbulent mixing. At night, reduced

boundary-layer turbulence and the development of a surface temperature inversion

allows strong cyclonic inflow to develop toward the low-pressure centre.

Over southern Africa, a climatological heat low forms preferentially over southern

Angola in September and October, extending eastwards across Zambia and the trop-

ical edge and capped by the mid-level Botswana High (Figure 1.1; Attwood et al.,

2024). At the daily scale, this climatological feature is composed of transient local

pressure minima associated with strong cyclonic vortices (Howard and Washing-

ton, 2018). The heat low is therefore deeply embedded in the regional low-level

circulation, establishing the pressure gradients that drive low-level flow across the

subcontinent, including a west coast anabatic sea-breeze, nocturnal easterly low-level

jets (Cook et al., 2004; Munday et al., 2021; Spavins-Hicks et al., 2021) and Congo

north-westerlies. The strength and location of the heat low on weather timescales is

likely to influence convergence at the southern edge of the tropical rain belt and, by

extension, the location of the CAB, although the nature of the relationship between

the two features on these scales is not fully understood.

Reanalysis-based diagnostics suggest that the heat low may contribute to main-

taining the sharp moisture gradient at the CAB through nocturnal near-surface
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moistening associated with cyclonic inflow toward the heat low followed by daytime

near-surface drying associated with dry-convective mixing (Howard and Washington,

2019). This provides a potential mechanistic link between the location of the heat

low, the Congo Air Boundary, and the tropical rain belt. However, the robustness of

this hypothesis remains uncertain, as it relies on processes that are parameterised in

reanalyses and occur in a region where lower-tropospheric observations are sparse.

1.2.4.2 Botswana high

The Botswana High, indicated ‘BH’ in Figure 1.5, is a semi-permanent mid-tropospheric

anticyclone at approximately 500 hPa over subtropical southern Africa. It is associ-

ated with large-scale subsidence and caps a heat low-related dry convective boundary

layer over the continental interior (Reason, 2016; Moses et al., 2023). The Botswana

High is analogous to the Bolivian High over South America and the Bilybara High

over Western Australia (Reason, 2016), arising in response to latent heat release as-

sociated with deep convection over tropical southern Africa to the northeast (Lenters

and Cook, 1997). Moses et al. (2023) show that the Botswana high shifts southward

with the CAB from August to November, alongside the CAB-associated north-west

to south-east gradient in dry spell and hot day frequency.

In research to date, the Botswana High has primarily been characterised using

monthly-mean fields, typically via indices based on spatially averaged 500 hPa

geopotential height (e.g., Driver and Reason, 2017; Moses et al., 2023). This means

that both its manifestation on daily timescales and its relationship to the CAB are

both poorly understood. Howevever, observational evidence from the SAFARI-1992

field campaign suggests that the feature is associated with persistent mid-level subsi-

dence inversions near 500 hPa, which limit vertical turbulent mixing associated with

the heat low to approximately 3-4 km above the surface (Garstang et al., 1996). This

capping inversion plays a key role in maintaining hot, dry boundary layer conditions

over the interior plateau of southern Africa pre-onset (Moses et al., 2023).
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1.2.4.3 African Easterly Jet South

The African Easterly Jet-South (AEJ-S) is a mid-tropospheric easterly jet centred

near 650 hPa that can be understood as the thermal-wind response to the meridional

temperature gradient between a dry subtropical regime over southern Africa and a

moist convective regime in the Congo Basin (Nicholson and Grist, 2003; Kuete et al.,

2020). The jet is most prominent from August to November, peaking in frequency

during September and October when it is present on approximately 56% of days

(Adebiyi and Zuidema, 2016).

The AEJ-S is linked to the heat low and the Botswana high, with the AEJ-S form-

ing on the northern flank of the Botswana high. A strong jet is associated with an

enhanced meridional temperature gradient and negative rainfall anomalies in the

southern Congo (Kuete et al., 2020). The AEJ-S additionally influences the off-

shore stratocumulus cloud deck through the transport of biomass-burning aerosols

toward the South Atlantic (Adebiyi and Zuidema, 2016; Ryoo et al., 2022; Tatro

and Zuidema, 2025). However, outstanding questions remain regarding the role of

the AEJ-S in southern Congo rainfall and its spatial and temporal relationship with

other elements of the tropical-edge circulation, including the CAB. In particular,

a purely thermal-wind explanation of jet maintenance does not fully explain the

spatial preference of the AEJ-S over northern Angola and the western Congo Basin,

to the northwest of the CAB, rather than symmetrically across the tropical edge.

1.2.4.4 Subtropical easterlies

The low-level circulation across much of eastern southern Africa pre-rainfall onset

is characterised by subtropical easterlies. This easterly flow, originating from the

western Indian Ocean, reaches the tropical edge in a substantially dried state, in

part due to strong heating of the continental surface and dilution by deep tropo-

spheric subsidence. This maintains low near-surface specific humidity to the south
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of the CAB. Through austral spring, easterlies are driven by the large-scale pressure

gradient established by the heat low and modulated by synoptic features such as

the Mozambique Channel Trough and ridging anticyclones (Barimalala et al., 2020,

2021; Spavins-Hicks et al., 2021; Jury, 2023).

The subtropical easterlies exhibit a pronounced diurnal cycle, with large-scale flow

suppressed by boundary-layer turbulence during the day and accelerating at night

to form low-level jets (LLJs). Regional topography further organises this flow, with

distinct LLJs developing within the Limpopo and Zambezi river valleys, where east-

erly winds are topographically channelled and accelerated (Munday et al., 2021;

Spavins-Hicks et al., 2021; Barimalala et al., 2021).

1.2.4.5 Congo north-westerlies

The low-level circulation over the southern Congo Basin is characterised by north-

westerly flow, which can be understood as the combination of distinct zonal and

meridional components. This north-westerly flow provides the primary moisture

source on the northern side of the CAB, originating in the equatorial east Atlantic

and enriched by high evapotranspiration in the Congo Basin (Pokam et al., 2014).

The westerly component is driven primarily by zonal land-sea thermal contrasts

between the equatorial Atlantic and the African continent, establishing a Walker-

type circulation that is strongest during the March-May and September-November

seasons when solar heating is most intense (Pokam et al., 2014). The northerly

component of the flow is associated with the meridional pressure gradient between

the Congo Basin and southern Africa, and frequently manifests as cyclonic inflow

toward the southern African heat low through austral spring (Attwood et al., 2024).

1.2.4.6 Subtropical highs

Subtropical highs are semi-permanent anticyclonic pressure systems located near 30◦

latitude in both hemispheres, associated with the descending branch of the Hadley
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circulation (Rodwell and Hoskins, 2001; Marshall and Plumb, 2008). Over southern

Africa, the subtropical highs of primary importance are those over the adjacent

oceans: the South Atlantic High (also referred to as the St Helena High) and the

Mascarene High in the southwest Indian Ocean.

While often represented as broad, coherent systems in climatological means, sub-

tropical highs typically manifest on daily timescales as discrete high-pressure cells

whose position and intensity are frequently modified by passing midlatitude dis-

turbances. The subtropical highs play a key role in the low-level circulation, with

easterly geostrophic flow along the northern flank of the Mascarene High consti-

tuting the trade winds of the southwest Indian Ocean (Jury and Nkosi, 2000). In

contrast, low-level flow from the South Atlantic High recurves near 5◦S under land-

sea temperature gradients to become low-level westerlies in the Congo (Pokam et al.,

2014).

1.2.4.7 Midlatitude westerlies

The upper-tropospheric circulation south of approximately 15◦S is dominated by

midlatitude westerlies. These westerlies are strongest just south of the southern

African continent (35-40◦S), and variations in jet latitude and strength have impor-

tant consequences for the regional climate, influencing the propagation of midlati-

tude disturbances, the occurrence of tropical-extratropical interactions and vertical

shear (Lindesay, 1988; Hart, Washington and Reason, 2018).

Two upper-level westerly jets are typically identified: a subtropical jet associated

with the poleward transport of angular momentum by the Hadley circulation, and

a polar jet that is primarily eddy-driven through momentum flux convergence by

transient baroclinic waves (Held, 1975; Held and Hou, 1980). The relative position

and strength of these jets modulate the atmospheric waveguides along which Rossby

waves propagate, influencing the likelihood of midlatitude disturbances interacting

with the subtropics (Hoskins and Ambrizzi, 1993; Wirth et al., 2018; Hart, Wash-

22



ington and Reason, 2018). Compared to the Northern Hemisphere, the Southern

Hemisphere flow is more zonally symmetric, with weaker stationary wave structures

due to reduced land-sea contrasts (Mo, 1986; Trenberth, 1991; Robertson and Me-

choso, 2003).

1.2.4.8 Rainfall-producing systems

With the CAB in place, rainfall-producing systems are largely absent from the trop-

ical edge. However, several rainfall-producing systems are associated with rainfall

north and south of the tropical edge region. To the north, rainfall in the Congo

Basin is associated with mesoscale convective systems (MCSs) that may be modu-

lated by tropical disturbances such as eastward propagating Kelvin waves (Nguyen

and Duvel, 2008; Dong and Washington, 2025). To the south, rainfall is associated

with midlatitude systems such as cut-off lows and ridging highs (Favre et al., 2013;

Ndarana and Waugh, 2010).

1.2.5 The January-February (post-rainfall onset) mean-state

circulation

The transition to a post-rainfall onset circulation regime is characterised by a funda-

mental reorganisation of the tropical-edge circulation following the breakdown of the

CAB. Many of the defining features of the pre-onset circulation are lost or modified,

while new circulation features and rainfall-producing systems emerge.

1.2.5.1 Circulation features lost

A defining feature of the transition from a pre-onset to post-onset circulation regime

is the breakdown of the CAB. The loss of the CAB is associated with a reconfigura-

tion of the regional circulation and the establishment of a moist convective regime

over southern Africa as moisture limitation and subsidence inhibition to the south

of the former CAB position is lost (Howard and Washington, 2019). The transition
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to austral summer is also associated with the loss of the AEJ-S, which forms on

fewer than 10% of days beyond December (Adebiyi and Zuidema, 2016).

1.2.5.2 Circulation features modified

Following rainfall onset, the heat low shifts south-westward from its October–November

position across southern Angola and the tropical edge to the Kalahari Desert (Attwood

et al., 2024). The Botswana High similarly shifts south-westward to remain south

of the rain belt, expanding zonally to form part of a broader anticyclonic ridge ex-

tending from the South Atlantic across southern Africa to the western Indian Ocean

(Driver and Reason, 2017; Moses et al., 2023).

The transition to a post-onset circulation regime is characterised by a reconfigura-

tion of low-level moisture fluxes over southern Africa. As subsidence over southern

Africa is replaced with ascent, moisture fluxes embedded within low-level easterlies

increase markedly, enabling the southwest Indian Ocean to act as a major moisture

source for the continental interior (D’Abreton and Lindesay, 1993; Vigaud et al.,

2009; Munday and Washington, 2018). North-westerly flow from the Congo Basin

provides another major moisture source for the southern African interior during

austral summer (Vigaud et al., 2009), associated with cyclonic inflow toward moist

low-pressure systems linked to tropical lows, which climatologically aggregate to

form the Angola Low (Howard and Washington, 2018).

1.2.5.3 Circulation features gained

Post-onset, the tropical edge region, previously characterised by a heat low, becomes

dominated by deep moist convection and the passage of tropical lows that typically

track from east to west between approximately 12◦ and 20◦S (Taljaard, 1953; Howard

et al., 2019). Orographic influences, including the effects of an anabatic sea breeze

along the Angolan coast, act to slow and stall these systems over Angola. This leads

to the development of a climatological low-pressure system known as the Angola
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Low, indicated ‘AL’ in Figure 1.5 (Zunckel et al., 1996; Mulenga, 1999; Munday and

Washington, 2017; Howard and Washington, 2018).

The eastern edge of the heat low over the Kalahari marks the limit of moist easterly

flow into the subcontinent (Taljaard, 1986; Tyson and Crimp, 1998), which leads

to north-west to south-east orientated drylines to the east of the heat low. These

drylines, referred to as the Kalahari Discontinuity, are present on over two-thirds of

summer days (Howard and Washington, 2019; van Schalkwyk et al., 2022).

Austral summer is also characterised by the emergence of the South Indian Ocean

Convergence Zone (SIOCZ), a diagonally oriented band of low-level convergence

and enhanced precipitation extending from central southern Africa southeastward

(Streten, 1975; Cook, 2000). The SIOCZ is analogous to the South Atlantic and

South Pacific Convergence Zones, though it is generally weaker and more intermit-

tent (Kodama, 1992; Cook, 2000). Synoptically, the SIOCZ is expressed through

the preferential formation of tropical-extratropical cloud bands.

1.2.5.4 Rainfall producing systems

Post-onset, a range of rainfall-producing systems contribute to precipitation across

the southern African tropical edge. These systems include cloud bands, tropical

lows, mesoscale convective systems (MCSs), tropical cyclones, and midlatitude dis-

turbances.

Cloud bands, sometimes referred to as tropical-temperate troughs (TTTs), are di-

agonally oriented cloud features linking tropical convection with midlatitude distur-

bances (Harrison, 1984; Hart et al., 2013). Cloud bands require upper-level forcing

from the subtropical jet and sufficient low-level moisture, conditions that are met

only once the CAB has broken down (Todd and Washington, 1999; Hart et al., 2010;

Macron et al., 2014).

Tropical lows are cyclonic vortices that typically form over land in the tropical edge
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region between approximately 12◦ and 20◦S and propagate westward during the aus-

tral summer (Taljaard, 1953; Tyson and Preston-Whyte, 2000; Howard et al., 2019).

They are most prevalent during December-February and contribute to between 30%

and 70% of December-February tropical edge rainfall (Howard et al., 2019).

Other rainfall-producing systems include mesoscale convective systems (MCSs),

tropical cyclones and midlatitude disturbances. MCSs are particularly important

over the Congo Basin, Angola, Mozambique, and eastern South Africa where they

contribute to intense rainfall and the mesoscale organisation of convection (Houze,

2004; Zipser et al., 2006; Blamey and Reason, 2012; Morake et al., 2021; Dong and

Washington, 2025). Midlatitude influences, including ridging highs and cut-off lows,

also contribute to austral summer rainfall toward the southern margin of the trop-

ical edge (Favre et al., 2013; Ndarana and Waugh, 2010). Lastly, tropical cyclones

originating over the southwest Indian Ocean only rarely penetrate inland, but can

produce severe rainfall impacts when they do (Mavume et al., 2010).

1.2.6 Rainfall variabilility

Rainfall over the southern African tropical edge exhibits substantial variability on

both high-frequency (sub-seasonal) and low-frequency (interannual) timescales. This

variability is an important component of the regional climate system but is not a

focus of this thesis, so it is summarised only briefly here to provide context.

On sub-seasonal timescales, austral-summer rainfall is modulated by a range of high-

frequency modes of variability of both tropical and midlatitude origin. Tropical

modes of variability include equatorial Kelvin waves, westward-propagating trop-

ical lows and the Madden-Julian Oscillation (MJO; Madden and Julian, 1994),

while midlatitude influences typically manifest as tropical-extratropical cloud bands.

These modes influence the organisation and intensity of convection and contribute

to variability in sub-seasonal rainfall totals (Liu et al., 2022).
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On interannual timescales, rainfall variability at the tropical edge arises from in-

teractions between large-scale climate modes and the regional circulation. The El

Niño-Southern Oscillation (ENSO) represents the dominant source of interannual

variability, with El Niño events typically associated with drier-than-average austral

summers and La Niña events favouring wetter conditions (Lindesay, 1988; Maphugwi

et al., 2025). These impacts are highly event-dependent and strongly modulated by

regional circulation features such as the Angola Low and Botswana High (Reason

and Jagadheesha, 2005; Blamey et al., 2018). Recent literature has additionally un-

derscored the importance of both ENSO flavour (Blamey and Reason, 2023; Blamey

et al., 2018) and event duration (Thoithi et al., 2025, 2026) on circulation, rainfall

and temperature impacts across southern Africa. ENSO-rainfall relationships are

strongest from December-February and weaker from September-November, with no

documented link to the timing of rainfall onset (Nicholson and Kim, 1997; Reason

and Jagadheesha, 2005; Moeletsi et al., 2011).

Additional sources of interannual variability arise from sea surface temperature

anomalies in the Indian and Atlantic Oceans. The Indian Ocean Dipole (IOD) is

associated with enhanced rainfall along the eastern coast of southern Africa through

September-November, while positive phases of the Subtropical Indian Ocean Dipole

(SIOD) are associated with enhanced moisture transport from the southwest Indian

Ocean and increased summer rainfall totals (Behera and Yamagata, 2001; Reason

and Mulenga, 1999; Reason, 2001, 2002). Extratropical variability also contributes,

with key modes of variability including the Southern Annular Mode (SAM) and

zonal stationary wave patterns. Many of these modes are interlinked; for example,

certain midlatitude stationary wave patterns associated with ENSO influence the

probability of tropical-extratropical interactions and therefore tropical-edge rainfall

(Hart, Washington and Reason, 2018; Kim et al., 2024).

Overall, rainfall variability across the tropical edge reflects the combined influence
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of tropical and extratropical climate modes acting across multiple timescales and

mediated by regional circulation features. How these modes interact with the CAB,

particularly in relation to its breakdown and the timing of rainfall onset, remains

poorly understood.

1.2.7 Observed and projected change

Multiple studies report significant warming across the southern African tropical edge

in austral spring, with rates accelerating in recent decades (Jury, 2013; MacKellar

et al., 2014; Engelbrecht et al., 2015; Engdaw et al., 2022). Munday et al. (2025)

identify a warming hotspot in October over Angola and Zambia where warming

rates over the past four decades have reached up to 0.9 K decade−1, approximately

three to four times the global mean rate. Alongside this warming, there is an

emerging signal of rainfall decline in October, with statistically significant rainfall

decreases of up to 0.5 mm day−1 decade−1 across six rainfall datasets at the tropical

edge (Munday et al., 2025). However, the robustness of a drying trend is impacted

by strong interannual to interdecadal variability (Dieppois et al., 2016), differences

among observational products and declines in rain-gauge coverage (Maidment et al.,

2015).

These observed trends are consistent with projections of future change. Southern

Africa is one of the few land regions globally for which climate models show consis-

tent agreement on future declines in rainfall (He and Soden, 2017; Ranasinghe et al.,

2023). This drying signal is strongest and most robust from October to Decem-

ber, and has persisted across successive generations of climate models from CMIP3

through CMIP6. Under high-emissions scenarios, CMIP6 ensemble projections indi-

cate reductions in rainfall of up to approximately 11 mm month−1 by the end of the

twenty-first century in October and November, with weaker declines in December

(Munday et al., 2025). These projected changes are reproduced in regional climate

models and convection-permitting simulations, indicating a robustness across mod-
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elling frameworks (Engelbrecht et al., 2009; Pinto et al., 2016; Kendon et al., 2019;

Kennedy-Asser et al., 2026).

Several studies link this early-summer drying to a delay in rainfall onset (Shongwe

et al., 2009; Dunning et al., 2018), and Howard and Washington (2020) have shown

that in CMIP5 models a delay to rainfall onset is associated with a northward shift

in CAB latitude and a 13% increase in CAB frequency from October to December,

leading to a two week delay to climatological CAB breakdown by the end of the 21st

century in CMIP5 RCP8.5 simulations (Howard and Washington, 2020). A more

persistent CAB inhibits the southward penetration of moisture-bearing northerlies

from the Congo Basin and maintains dry subtropical easterlies, delaying the es-

tablishment of a moist convective regime over southern Africa and the start of the

summer rains.

While climate change is not a focus of this thesis, the role of the CAB in projections

of delayed rainfall onset, together with its proximity to (and possible involvement in)

warming and (emerging) drying trends, provides strong motivation for investigating

the processes governing its maintenance and breakdown.

1.3 Observations of the atmosphere

Observations of the atmosphere through both routine observations and dedicated

field campaigns provide the empirical foundation for understanding the southern

African climate system. In this section, the availability of observations at the south-

ern African tropical edge is reviewed, with an emphasis on how observational scarcity

constrains understanding of key features of the tropical edge atmosphere such as the

CAB. This assessment highlights the unique opportunity afforded by observations

from the DRY-CAB campaign to advance understanding of the regional climate.
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1.3.1 Routine observations

A major constraint on climate research over southern Africa, and particularly the

tropical edge, is the scarcity of routine atmospheric observations. Africa has the

sparsest climate-observing system of any inhabited continent, reflecting a combi-

nation of long-standing political instability, logistical challenges associated with

maintaining stations in remote regions, and limited institutional prioritisation of

meteorological infrastructure (Washington et al., 2013; James et al., 2018).

Across subtropical southern Africa (5–25◦S), the density of surface automatic weather

stations (AWS) reporting to the Global Telecommunication System (GTS) over the

past decade has averaged approximately one station per 38,000 km2, with a highly

uneven spatial distribution. AWS coverage is relatively dense in South Africa and

Zimbabwe (Figure 1.6), but declines sharply northwest of the Zambia-Zimbabwe

border. Across much of the tropical edge, surface observations are exceptionally

sparse, and data availability is further reduced by station downtime, with many

stations reporting on less than 30% of days. As a result, large contiguous regions

remain effectively unmonitored. Notably, the total number of AWS reporting to

GTS between 5◦S and 25◦S has remained essentially unchanged over the past four

decades, with declines in several key tropical-edge countries, including Zambia and

Angola (James et al., 2018; Harris et al., 2020).

Observations through the depth of the troposphere are even more limited (Fig-

ure 1.7). The number of radiosonde measurements from 5–25◦S has declined markedly

since 1990, with the Integrated Global Radiosonde Archive (IGRA) documenting a

four-fold decrease in radiosonde observations from 1981-1990 to the most recent

decade (2015-2024; Figure 1.7). Across the vast majority of the tropical edge, rou-

tine upper-air observations of winds, temperature, and humidity are entirely absent

(Figure 1.7b).

This lack of routine observational data hinders the characterisation of key features
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of the low-level circulation, including but not limited to the CAB. While Howard

(2019) used the Southern African Science Service Centre for Climate Change and

Adaptive Land Management (SASSCAL) station network to examine the surface

expression of the CAB using eight AWS across Angola and Zambia, the limited

spatial coverage of these stations restricted analysis to only surface thermodynamic

variables evaluated as a function of distance from the CAB. In combination with

the complete lack of routine upper-air soundings in proximity to the CAB, existing

routine observations are therefore unable to address major outstanding questions

concerning the structure and circulation of the atmosphere at the CAB and the

processes associated with its maintenance and breakdown.

1.3.2 Field campaigns

A second source of empirical data for understanding the climate system is intensive

field campaigns, often targeted at key circulation features or regions. By concen-

trating intensive, coordinated observations over limited regions and time periods,

such campaigns enable direct investigation of atmospheric processes that cannot be

captured by sparse networks of routine observations.

Across Africa, such campaigns have delivered significant advances in understand-

ing of regional climate processes. In West Africa, for example, projects including

HAPEX (Goutorbe et al., 1994), JET2000 (Thorncroft et al., 2003), AMMA (Re-

delsperger et al., 2006), and DACCIWA (Knippertz et al., 2015) have transformed

understanding of monsoon dynamics. Similarly, the FENNEC campaign provided

new insight into Saharan boundary-layer processes and dust-atmosphere interactions

(Marsham et al., 2013; Todd et al., 2013). Targeted observations have also proven

critical for resolving the structure and maintenance of other subtropical drylines

such as in the U.S. Great Plains (Rasmussen et al., 1994; Weckwerth et al., 2004).
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Figure 1.6: a) Time series of the number of automatic weather stations reporting
2-m air temperature to the Global Telecommunication System (GTS) with >50%
data uptime across the southern African tropical edge 5–25◦S from 1984 to 2022.
Bars are coloured by country. b) Spatial distribution of station coverage across
the southern African tropical edge (5–25◦S), with size and colour indicating the
percentage of days between 2013 and 2022 with available temperature observations.
Data is from the Met Office Integrated Data Archive System (MIDAS).
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Figure 1.7: a) Time series of the number of radiosonde soundings across the south-
ern African tropical edge (5–25◦S) from 1970 to 2024, with bars coloured by country.
b) Spatial distribution of radiosonde station coverage across the southern African
tropical edge (5–25◦S), with marker size and colour indicating the percentage of days
between 2015 and 2024 with radiosonde soundings. A red cross marks the location
of a radiosonde station that is no longer active. Data is from the Integrated Global
Radiosonde Archive (IGRA), with pilot balloon ascents excluded.
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In contrast, the few field campaigns to have taken place in southern Africa have

largely focused on dry-season processes, particularly biomass burning and the west

coast stratocumulus cloud deck. Major programmes such as SAFARI1992 (Lindesay

et al., 1996) and SAFARI2000 (Swap et al., 2003), along with more recent campaigns

including AEROCLO-SA (Formenti et al., 2019), CLARIFY (Haywood et al., 2021),

and ORACLES (Ryoo et al., 2022) have yielded important insights into aerosol-cloud

interactions and atmospheric composition but were not designed to investigate the

regional circulation of the tropical-edge region.

The Decreasing Rainfall to Year 2100 – Role of the Congo Air Boundary (DRY-

CAB) project (2021–2025) has recently established the first in situ measurements

of surface conditions and vertical atmospheric profiles in proximity to, and across,

the CAB dryline and convergence zone as part of a targeted field campaign designed

to capture CAB structure, circulation and diurnal evolution. These observations

present a unique opportunity to address long-standing gaps in our understanding of

the CAB. In particular, the high temporal resolution of the radiosonde and surface

observations enables direct investigation of the diurnal modulation of the structure

and circulation of the atmosphere across the CAB, providing a basis for investigating

the mechanisms that maintain the dryline and govern its breakdown.

1.4 Models and reanalyses

Prior to the DRY-CAB campaign, the absence of routine upper-air observations and

targeted field campaigns at the southern African tropical edge (Section 1.3) meant

that numerical modelling and reanalyses provided the primary data source through

which the CAB and the wider climate of the southern African tropical edge has been

studied to date. Here, we review the uncertainties associated with the representation

of the tropical edge atmosphere in these datasets.
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1.4.1 Modelling challenges

The complex topography, circulation, and range of weather systems that characterise

the tropical edge climate present a challenge for climate models. Accordingly, models

exhibit variable skill in representing key features of the austral spring (September-

November) circulation: the AEJ-S is systematically too weak (Adebiyi et al., 2023),

and shallow convection associated with the heat low (Munday and Washington,

2018; Hart, Washington and Stratton, 2018) and low-level moisture fluxes in the

Congo Basin (Creese and Washington, 2018, 2016) are poorly represented.

Although the climatological behaviour of the CAB is relatively well reproduced in

climate models (Howard and Washington, 2020), there is a large degree of uncer-

tainty regarding the mechanisms through which the CAB is produced, maintained,

and broken down. Reanalysis-based diagnostics suggest that the maintenance of the

CAB is tied to intricate mesoscale dynamics, including vertical turbulent moisture

transport associated with dry convection in the heat low (Howard and Washing-

ton, 2019), but such processes are parameterised rather than explicitly resolved in

models. Furthermore, some models exhibit little to no mid-tropospheric subsidence

over southern Africa from September to November (Hart, Washington and Stratton,

2018), which has been suggested to be essential for the maintenance of dry condi-

tions to the south of the CAB (Howard et al., 2019). This raises the possibility

that essential processes bound up in the formation, maintenance and breakdown of

the CAB in the real atmosphere may be absent or misrepresented. Without means

to evaluate the representation of the CAB in models, confidence in CAB-associated

outputs, such as projections of a delay to rainfall onset, are undermined.

1.4.2 Reanalyses

Given the limitations of free-running models, many studies have relied on reanalyses

to investigate the tropical-edge climate. Reanalyses combine historical observations
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with a fixed numerical weather prediction model and data assimilation system to

produce temporally consistent, sub-daily estimates of the atmospheric state. They

assimilate both conventional observations (e.g., surface stations, radiosondes, air-

craft data) and satellite-derived datasets. Across the tropics, satellite data provides

the dominant source of constraint, particularly microwave radiance measurements

(Samrat et al., 2025).

In well-observed regions, or when considering large spatial and temporal scales, re-

analyses are tightly constrained by assimilated observations. As a result, different

products tend to agree closely in large-scale circulation fields despite differences in

model physics, assimilation schemes, and assimilated observations. In contrast, in

observation-sparse regions such as subtropical southern Africa (Section 1.3), reanal-

yses are weakly constrained, particularly in the lower troposphere. While satellite

observations provide large-scale and upper-level constraints, reanalyses rely heavily

on their modelled components near the surface (Podglajen et al., 2014; Roffe and

van der Walt, 2023). This means their representation of low-level circulation fea-

tures may be subject to similar errors as those in free-running models arising from

modelling choices and parameterisation schemes. This is of particular concern for

the CAB, where the mesoscale processes hypothesised to maintain the dryline are

parameterised (Howard and Washington, 2019).

To manage these uncertainties, many studies adopt a multi-reanalysis approach,

treating agreement between products as a proxy for fidelity. However, no study to

date has systematically assessed the representation of the CAB across different re-

analysis products. Moreover, similar resolutions and parameterisation choices mean

that inter-product agreement is not necessarily a robust indicator of fidelity.

Observations from the DRY-CAB field campaign provide a unique opportunity to

address these uncertainties for the first time. The DRY-CAB dataset comprises

high-frequency, in situ measurements of the lower-tropospheric structure and circu-
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lation at the CAB that are independent of the data assimilation process, thereby

representing a robust out-of-sample test of reanalyses (Graham et al., 2019). These

observations enable an evaluation of the representation of the CAB and its con-

stituent features across multiple reanalysis products, addressing questions of their

adequacy for climate research at the southern African tropical edge through austral

spring.

1.5 Thesis aims

The Congo Air Boundary (CAB) is a key feature of the southern African tropical-

edge atmosphere from August to November, associated with both present-day early-

summer rainfall variability and future projections of drying. However, the preceding

literature review has highlighted that the structure and circulation of the atmo-

sphere at the CAB, its representation in reanalyses, and the large-scale mechanisms

associated with its breakdown are poorly understood. This thesis addresses these

knowledge gaps, drawing on novel in situ observations collected during the Decreas-

ing Rainfall to Year 2100 – Role of the Congo Air Boundary (DRY-CAB) project

(2021–2025), reanalyses and satellite datasets.

The DRY-CAB project has recently established the first detailed in situ measure-

ments of the CAB, providing an opportunity to characterise the vertical structure

and circulation of the atmosphere at the CAB in observations for the first time.

This motivates the first aim of this thesis:

Aim 1. Diagnose the structure and circulation of the Congo Air Boundary using

in situ observations.

This aim characterises the thermodynamic structure and circulation of the atmo-

sphere at and across the CAB, including gradients in moisture and stability and the

depth and diurnal evolution of moist Congo north-westerlies and dry subtropical
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easterlies. Through this analysis, a conceptual model of the atmosphere at the CAB

is developed.

Field observations from DRY-CAB, together with the conceptual model developed

under Aim 1, provide an empirically grounded benchmark for assessing how faithfully

the CAB is represented in reanalyses. This leads to the second aim of this thesis:

Aim 2. Evaluate the representation of the Congo Air Boundary in reanalyses.

Work under this aim evaluates the representation of key features of the atmosphere

at the CAB in reanalyses during the DRY-CAB campaign, addressing uncertainty

in reanalysis fidelity at the southern African tropical edge during austral spring.

With an improved understanding of the structure of the CAB and the processes

that maintain it, a major outstanding question concerns the large-scale mechanisms

associated with its breakdown. This motivates the third and final aim of the thesis:

Aim 3. Characterise the large-scale mechanisms associated with the breakdown of

the Congo Air Boundary.

This aim diagnoses the large-scale mechanisms associated with the breakdown of

the CAB, and the associated reorganisation of the tropical-edge atmosphere to a

moist convective regime, complementing the understanding of CAB maintenance

developed under Aim 1.

Together, these three aims provide a new, empirically grounded perspective on the

structure and circulation of a defining feature of the tropical-edge atmosphere, its

representation in reanalyses, and the processes governing its maintenance and break-

down.

Through this analysis, the thesis seeks to provide insight into the nature of the

relationship between the CAB and the tropical rain belt, and the adequacy of re-

analyses for investigating tropical edge climate dynamics through austral spring. It

additionally seeks to highlight the value of targeted field campaigns for advancing
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understanding of regional climate dynamics and their representation in numerical

models.

1.6 Thesis outline

This thesis is presented as a thesis by publication. The main results take the form of

research articles which have been submitted to peer-reviewed journals. Each paper is

presented as a separate chapter, prefaced by a foreword and afterword which explain

how each paper contributes to achieving the aims of this thesis. The discussion

section synthesises results and the relationships between the separate manuscripts.

The papers that comprise this thesis, their journals, and publication status at the

time of submission are as follows:

Knight, C., Washington, R., Munday, C., Hart, N., Nkonde, E., Imbwae, F., Ka-

songo, W. (2025). Observations of the atmosphere across the Congo Air Boundary.

• Submitted to Journal of Climate on 28 January 2026.

• Comprises thesis Chapter 3.

Knight, C., Washington, R., Munday, C., Nkonde, E., Imbwae, F., and Kasongo,

W. (2026). Evaluation of the Congo Air Boundary in reanalyses during the 2022

DRY-CAB field campaign.

• Submitted to Journal of Climate on 07 February 2026.

• Comprises thesis Chapter 4.

Knight, C., & Washington, R. (2024). Remote Midlatitude Control of Rainfall

Onset at the Southern African Tropical Edge. Journal of Climate, 37(8), 2519–

2539. https://doi.org/10.1175/JCLI-D-23-0446.1

• Published in Journal of Climate on 22 March 2024.

• Comprises thesis Chapter 5.
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1.6.1 Thesis format

This section outlines how each of the following chapters contributes to the thesis.

Chapter 2 describes the datasets and methodological approaches that underpin

the thesis. It introduces the DRY-CAB project, under which the observational data

that underpins Chapters 3 and 4 and was collected. It also provides a high-level

summary of the various techniques and methods employed throughout the thesis,

including the objective detection of the CAB in reanalysis data, composite analysis,

and process-based model evaluation.

Chapter 3 addresses the first aim of the thesis, drawing on upper-air and surface

data from the DRY-CAB field campaign to provide the first observational character-

isation of the structure and circulation of the atmosphere at the CAB. The chapter

establishes the CAB as a sharp dryline and convergence zone forming at the interface

of two air masses shaped by distinctive thermodynamic and circulation regimes, and

reveals how this structure and circulation evolves through the diurnal cycle. The

chapter synthesises these findings into a conceptual model which accounts for CAB

structure, diurnal modulation, and maintenance. In doing so, it provides new insight

into the mesoscale structure and circulation of the atmosphere at the data-scarce

southern African tropical edge.

Chapter 4 addresses the second aim of this thesis by evaluating the representation

of the CAB in three reanalyses. The chapter applies a process-based evaluation

methodology, underpinned by the conceptual model built in Chapter 3, to evalu-

ate whether reanalyses successfully reproduce the key features that comprise the

CAB during the DRY-CAB field campaign. This reveals that reanalyses exhibit

substantial errors in the CAB’s mesoscale structure and circulation, particularly to

the north of the CAB where moisture availability and transport differ substantially

between reanalyses. The chapter highlights reanalysis limitations across the south-

ern African tropical edge and provides insight into model weaknesses and priorities
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for future development.

Chapter 5 addresses Aim 3 of this thesis by investigating the large-scale mecha-

nisms associated with the breakdown of the CAB. Breakdown is shown to occur over

timescales of 3-5 days and to be frequently associated with disturbances originating

in the midlatitudes. These disturbances reshape vertical motion, low-level flow, and

mid-level moisture-flux divergence across the tropical edge, eroding the CAB and

facilitating a transition to a moist convective regime. The chapter provides an ex-

planation for CAB breakdown that is rooted in the synoptic-scale weather processes

that bring the first rains to the tropical edge, with implications for the predictability

of rainfall onset and theory linking the extratropics to the seasonal cycle of tropical

rainfall.

Chapter 6 synthesises the findings of the thesis and reflects on the broader themes

that emerge from the analysis. It begins by summarising the main results and

evaluating how the aims set out in Chapter 1 have been fulfilled, before discussing

their broader implications. In particular, the chapter reflects on the relationship

between the CAB and the tropical rain belt, drawing on insights from across the

thesis. The chapter develops a novel conceptual model of the large-scale circulation

across central Africa when the CAB is present, and argues that the CAB should be

conceptualised as poleward-displaced from the rain belt. The chapter also considers

the implications of the results for the predictability of rainfall onset, the adequacy

of reanalysis products at the southern African tropical edge, and identifies key open

questions and priorities for future research. It concludes by drawing together the

thesis’s main contributions.

1.6.2 A note on manuscript order of inclusion

The order in which the manuscripts appear in this thesis differs from the sequence in

which they were originally drafted and submitted. This is a deliberate choice made
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to favour the structure and narrative of the thesis over the chronology of the research

process. The thesis is organised to present a progression of ideas and analysis across

scales: from the local-to-mesoscale features comprising the CAB through to the

large-scale mechanisms associated with its breakdown.

In terms of publication chronology, the manuscript that comprises Chapter 5 was

drafted and submitted first, followed by that comprising Chapter 3 and then Chapter

4. This means that while Chapters 3 and 4 build sequentially and have continuity

of ideas and citations, Chapter 5 was written without knowledge of the results of

the preceding two chapters. This unavoidably introduces discontinuity in ideas,

emphasis, and citations. To address this, an afterword in Chapter 5 reflects on

the chapter’s results in light of the insights that emerged in Chapters 3 and 4.

Chapter 6 provides a further opportunity for a synthesis of results that integrates

the contributions of all three manuscripts. This ensures that the thesis forms a

cohesive and logically connected body of work, despite being presented in an order

that differs from the research process.

1.7 Authorship declaration

For all three manuscripts that constitute the thesis, I have conducted all the anal-

ysis and writing. Supervisors Richard Washington and Callum Munday discussed

results, methodology and paper structure with me, and commented on the drafted

manuscripts. They also discussed responses to reviewer comments through the peer

review process on the manuscript that comprises Chapter 5. Edson Nkonde, Felix

Imbwae and Wallace Kasongo were fundamental to the collection of field data dur-

ing the DRY-CAB project and are accordingly acknowledged as co-authors in the

manuscripts that underpins Chapter 3 and 4. Neil Hart commented on a draft of

the manuscript that underpins Chapter 3 and made key contributions to the devel-

opment and implementation of the DRY-CAB project, on which Chapters 3 and 4
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of the thesis rely.
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2 | Data and methods

Eland graze behind the Davis Vantage Pro2 automatic weather station installed at
Nchila. 1 November 2022.
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This chapter outlines the datasets and methodologies used in this thesis. The anal-

ysis presented in Chapters 3 and 4 draws on observational data from the DRY-CAB

project, while Chapters 4 and 5 also incorporate data from reanalyses. Satellite

observations and gridded rainfall products are used in support throughout. These

datasets are described in Section 2.1.

The thesis also employs a combination of methodological approaches, including an

image-processing algorithm to objectively detect the CAB (Howard and Washington,

2019), composite analysis, dynamical budgets, and process-based model evaluation.

A high-level overview of these methods is provided in Section 2.2, with a more

detailed description in the relevant chapters.

2.1 Data

2.1.1 DRY-CAB field campaign

2.1.1.1 Summary

The Decreasing Rainfall to Year 2100 – Role of the Congo Air Boundary (DRY-CAB)

project (2021–2025) has recently established the first detailed in situ observational

dataset to date for the CAB. Here we describe this dataset, including details of field

site selection, instrumentation, sampling strategy, and the division of the field data

into meteorological phases. This complements the detailed overview of the project

framework and rationale presented in Washington et al. (2026, in preparation).

The DRY-CAB project was funded by the UK Natural Environment Research Coun-

cil (NERC; grant NE/V011928/1) and consisted of three main components:

1. A pilot field campaign in October 2021,

2. A main field campaign from September to November 2022, and

3. A suite of numerical model experiments.
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The pilot field campaign involved 3-hourly radiosonde launches from a single field

site in north-western Zambia between 06 UTC on 29 October 2021 and 06 UTC

on 13 November 2021. Data from the pilot campaign and the numerical model

experiments are not used in this thesis and are therefore not described further.

2.1.1.2 Field site selection

Field site selection for the main DRY-CAB field campaign was guided by analysis of

historical forecast data and monthly climatologies of CAB location derived from the

ERA5 reanalysis. CAB dryline and convergence-line positions were identified using

the Canny-edge detection algorithm of Howard and Washington (2019). Figure 2.1

is therefore illustrative of the diagnostic approach used to identify optimal field site

locations.

Radiosonde site selection was motivated by two primary objectives. First, to max-

imise the likelihood of sampling air masses in close proximity to the CAB. Second,

to maximise the likelihood of simultaneously sampling air masses on either side of

the CAB dryline and convergence zone.

With respect to the first objective, Figure 2.1 shows that the CAB migrates south-

ward from August to October, with both dryline and convergence-zone CABs form-

ing regularly over north-western Zambia in October, and less frequently in Septem-

ber. CAB frequency declines from September through December, suggesting that

earlier sampling may be preferable. However, during August and September the

CAB is typically located over the southern Democratic Republic of the Congo, where

logistical and geopolitical constraints make fieldwork challenging. This identified

north-western Zambia as the optimal region for deployment.

The second objective required the selection of a pair of field sites that maximised the

probability of simultaneous dry-side and moist-side sampling. Analysis of CAB fre-

quency along multiple candidate transects indicated that a north-west to south-east
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axis was most favourable. ERA5 diagnostics suggest that a Ikelenge–Solwezi tran-

sect (red line) has a high likelihood of intersecting the CAB during October, when

a dryline CAB intersects this transect on an average of 7.0 days and a convergence-

zone CAB on 8.1 days (Figure 2.1)

In summary, ERA5 diagnostics and historical forecast data indicated that radiosonde

sites located in proximity to Ikelenge and Solwezi provided a high likelihood of sam-

pling (i) air masses in close proximity to the CAB and (ii) air masses simultaneously

across the CAB dryline and convergence zone. Logistical constraints further refined

the site selection to Nchila Wildlife Reserve (11.249◦S, 24.327◦E) and Solwezi Air-

port (12.171◦S, 26.364◦E). To complement these upper-air measurements, additional

AWS were deployed along an approximate Ikelenge-Solwezi transect to capture finer-

scale variations in surface meteorological conditions.

Figure 2.1: A monthly climatology (1979–2018) of the CAB a-e) dryline and f-j)
convergence zone spatial distribution in ERA5. CAB dryline (convergence zone)
grid cells are detected by applying the canny-edge detection algorithm of Howard
and Washington (2019) to ERA5 2m specific humidity (100m zonal and meridional
winds). Units are frequency per grid cell per month, with the convergence-line
colourbar scaled identically to the dryline colourbar. A transect between Ikelenge
and Solwezi is plotted in red. In the bottom right of each subplot, the average
number of days per month the CAB intersects the transect is reported.

2.1.1.3 Sampling stratergy

The main DRY-CAB field campaign comprised intensive radiosonde and surface

observations from two sites in north-west Zambia through austral spring 2022.
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Radiosonde supersites, equipped with radiosondes, an automatic weather station

(AWS) and a Doppler LiDAR, were located at Nchila (11.249◦S, 24.327◦E) and Sol-

wezi (12.171◦S, 26.364◦E) and supported by three additional AWS (Table 2.1). The

Nchila and Solwezi supersites were located on the Katanga Plateau at an altitude of

1400 m (≈ 859 hPa) and 1393 m (≈ 861 hPa) respectively, with Solwezi 244.2 km to

the east-southeast of Nchila. The locations of the field sites are shown in Figure 2.2

and Figure 2.3, with the latter also providing an overview of the instrumentation

deployed at each site.

The schedule of observations through the field campaign is summarised in Table 2.1

and Figure 2.4. The first weather station was installed on 13 August 2022, with

radiosonde sampling conducted between 22 September and 9 December 2022. The

campaign featured a 44-day intensive observation period (IOP) from 1 October to

13 November 2022, during which radiosondes were released every three hours (eight

launches daily) at 00, 03, 06, 09, 12, 15, 18, and 21 UTC from both Nchila and

Solwezi. Throughout the IOP, all AWS and both LiDAR systems were operational.

Table 2.1: Schedule of observations during the DRY-CAB field campaign.

Instrum- Location Date and Temporal Notes
ent time (UTC) resolution

Radiosonde Nchila 2022-09-22 12:00 – 12-hourly
24.327◦E 2022-09-25 12:00
11.249◦S

2022-09-25 18:00 – 6-hourly
2022-10-01 00:00

2022-10-01 03:00 – 3-hourly Extra:
2022-11-13 03:00 2022-10-22 16:30

Solwezi 2022-09-27 00:00 – 12-hourly
26.368◦E 2022-09-30 00:00
12.171◦S

2022-09-30 06:00 – 6-hourly
2022-10-01 00:00

2022-10-01 03:00 – 3-hourly Missing:

Continued on next page
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Table 2.1 – continued from previous page

Instrum- Location Date and Temporal Notes
ent time (UTC) resolution

2022-11-15 06:00 2022-10-14 15:00,
2022-10-23 21:00,
2022-10-24 00:00,
2022-10-24 03:00,
2022-11-04 03:00,
2022-11-04 06:00,
2022-11-10 03:00,
2022-11-14 12:00,
2022-11-14 18:00

2022-11-15 12:00 – 6-hourly
2022-11-21 18:00

2022-11-22 12:00 – Daily
2022-12-09 12:00

Automatic Nchila 2022-09-22 08:28 – 1-minute
weather 24.327◦E 2022-11-12 08:17
station 11.249◦S

Solwezi 2022-08-13 10:50 – 10-minute Downtime > 6 hours:
26.368◦E 2022-11-14 06:00 2022-08-22 14:40 –
12.171◦S 2022-08-23 01:00,

2022-09-27 15:00 –
2022-09-27 23:30

Mwinilunga 2022-08-23 07:40 – 10-minute Downtime > 6 hours:
24.432◦E 2022-11-13 08:10 2022-08-24 09:30 –
11.734◦S 2022-08-29 16:00,

2022-09-20 14:10 –
2022-09-26 21:00

Zengamina 2022-09-27 12:40 – 10-minute
24.193◦E 2022-11-13 14:10
11.124◦S

Deovolente 2022-09-30 12:40 – 10-minute
25.902◦E 2022-11-11 06:50
12.340◦S

LiDAR Nchila (Sakeji) 2022-09-17 10:53 – 6-second vertical Downtime > 6 hours:
24.312◦E 2022-11-12 13:18 retrievals, 2022-10-20 17:51 –
11.234◦S 10-minute 2022-10-23 16:43

horizontal winds

Solwezi 2022-09-13 14:15 – 3-second vertical Downtime > 24 hours:
26.368◦E 2022-11-14 08:04 retrievals, 2022-10-13 05:19 –
12.171◦S 15-minute 2022-10-26 14:51,

horizontal winds 2022-10-31 13:25 –
2022-11-01 17:56
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Figure 2.2: Location of the DRY-CAB project field sites. Green cross; automatic
weather station (AWS) only sites; blue circle: Nchila radiosonde site with AWS and
LiDAR; red circle: Solwezi radiosonde site with AWS and LiDAR. Surface elevation
from the Global Multi-resolution Terrain Elevation Data 2010 is shaded.

Figure 2.3: Schematic map of the DRY-CAB field campaign sites and instrumen-
tation. Measurement sites are indicated by red crosses, while the instrumentation
deployed at each site is denoted by icons of a red balloon (radiosondes), an automatic
weather station and a LiDAR. Background features (roads, waterways, waterbodies
and forested areas) are from OpenStreetMap (© OpenStreetMap contributors).
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Figure 2.4: Timeline of DRY-CAB field campaign instrumentation deployment at
each field site. Instrumentation is denoted by icons of red ballons (radiosondes),
automatic weather stations (AWS) and a LiDAR. The project’s 44-day IOP, with
a full suite of instrumentation and 8-daily radiosondes from Nchila and Solwezi, is
indicated by hatching.

Table 2.2: Radiosonde ascent summary statistics during the field campaign IOP.
Median ascent time and horizontal drift distance are reported as a function of ele-
vation above the surface, with first and third quartiles also indicated. A boundary
layer depth of ≈ 3.6 km corresponds to the approximate mean mid-afternoon (≈
14:00 LT) mixed-layer depth.

Elevation above surface (km) Time (min) Distance (km)

Median Q1 Q3 Median Q1 Q3

1 5 5 6 1.4 0.9 2.3
3.6 (boundary layer) 18 16 20 5.9 4.2 7.7

5 25 23 27 7.4 5.1 10.0
10 49 46 53 8.5 4.8 13.4
15 73 68 79 14.3 9.5 20.2

16.7 (tropopause) 75 69 81 14.6 9.8 21.0
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Figure 2.5: Hovmöller plot of MSE [kJ kg−1] at Nchila and Solwezi during the
DRY-CAB field campaign. The project IOP, from 1 October to 13 November and
characterised by 8-daily radiosonde ascents from both sites, is indicated by a red
bar.

2.1.1.4 Instrumentation

GRAW DFM-17 radiosonde

GRAW DFM-17 radiosondes were deployed at Nchila and Solwezi. The radioson-

des measured temperature and humidity, and derived zonal and meridional wind

components from Global Navigation Satellite System (GNSS) displacement. The

pressure coordinate was modelled from GNSS elevation and AWS surface pressure.

The temperature sensor on a DFM-17 radiosonde is a heated resistive element de-

signed to prevent icing and minimise time-lag, with a measurement range of −100

to +60 ◦C, an accuracy of < 0.25 ◦C, and a response time of < 0.6 s at 1000 hPa.

Relative humidity is measured using a heated capacitive thin-film polymer sensor

with < 3% uncertainty and a response time of 0.2 s at +20 ◦C (increasing to 10 s at

−60 ◦C). Winds are calculated from GNSS displacement, with the GNSS receiver

providing horizontal position accuracy < 2.5 m, vertical accuracy < 10 m, and hor-

izontal velocity accuracy < 0.1 m s−1. The system transmits data at 1 Hz via a

400− 406 MHz telemetry link.
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Each radiosonde was attached to a helium-filled balloon inflated to a diameter of

approximately 118 cm, suspended by a 30 m unwinder. Across the field campaign,

average ascent time to the tropopause (≈ 16.7 km) was 75 minutes (interquartile

range: 69 − 81 min), during which radiosondes exhibited a median horizontal drift

of 14.6 km (9.8−21.0 km). The boundary layer (≈ 3.6 km) was sampled within the

first 18 minutes of ascent. Further ascent statistics are summarised in Table 2.2.

Radiosonde data are used as output by the GrawMET software in the "_Radiosonde-

Data.txt" report, in which ascent data is interpolated to 1 hPa vertical resolution.

Data is subsequently quality controlled, but no further post-processing corrections

or adjustments are applied. Radiosondes are known to exhibit a nighttime cold bias

and daytime warm bias on the order ± 0.4 K due to radiation effects, which increases

with altitude and solar elevation angle (Sun et al., 2013). We do not correct for this

as our primary area of interest is the lower troposphere.

In addition, radiosonde temperature and humidity sensors can exhibit transient

errors immediately after emerging from cloud due to "wet-bulb" effects associated

with evaporation or sublimation of condensed water or ice on the sensor surface

(Ingleby, 2017). This artefact is evident in some DRY-CAB radiosonde profiles as

a brief, sharp decrease in temperature when the radiosonde exits regions of high

relative humidity.

Davis Vantage Pro2 automatic weather station

Davis Vantage Pro2 automatic weather stations were deployed at the Nchila and

Solwezi radiosonde sites and at three additional locations along an approximate

Nchila-Solwezi transect (Zengamina, Mwinilunga and Deovolente; Figure 2.3). The

AWS recorded at 10-minute resolution or greater and were installed at a height of

approximately 1.5 m above ground level, preferably in open and exposed locations.

Each station continuously measured barometric pressure (accuracy ≈ 1 hPa), air

temperature (PN-junction silicon diode; accuracy 0.3◦C), relative humidity (film-
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capacitor element; accuracy ≈ 2%), tipping-bucket rainfall (0.2 mm per tip), solar

radiation, and wind speed and direction. Wind speed was obtained from a solid-state

magnetic cup sensor (accuracy the greater of 0.9 m s−1 or 5%) and wind direction

from a potentiometer wind vane reporting direction at 22.5◦ intervals. The radiation

shield is passive (unaspirated), introducing a temperature error of ≈ 2◦C at solar

noon under low wind conditions due to radiation effects, which we do not correct

for (Davis Instruments, 2018).

Halophotonics Doppler LiDAR

Two Halophotonics Doppler LiDAR systems were deployed during the DRY-CAB

project, with one installed at each radiosonde field site. The instruments pro-

vide continuous sensing of boundary-layer aerosol structure and wind by measur-

ing aerosol backscatter and Doppler velocity from eye-safe laser pulses, enabling

retrievals of vertical motion and horizontal wind components within the lower tro-

posphere. This data is not used in this thesis.

2.1.1.5 Data quality control

For the radiosonde data, skew-T and altitude plots were manually inspected for

each ascent. Clearly erroneous spikes in temperature and dewpoint profiles were

identified, typically associated with weak signal reception between the radiosonde

and the ground-station receiver. This issue particularly affected approximately one

week of Nchila radiosonde launches, when strong upper-level westerlies meant line-

of-sight signal transmission was disrupted in the latter half of ascents. In all such

cases, affected data points were replaced with NaN values. A small number of

ascents exhibited spurious wind measurements due to GPS errors, characterised by

unrealistically high wind speeds or abrupt changes in wind speed with height. These

instances were again manually identified and affected data points were replaced with

NaN values.
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In several Solwezi radiosonde ascents conducted after 14 November, the teleme-

try signal was intermittently lost and regained during ascent, causing the mod-

elled elevation-pressure relationship in the GrawMET output to fail and resulting

in incorrect pressure values being assigned to otherwise valid observations. In these

cases, radiosonde elevation was converted to pressure using the IOP-mean elevation-

pressure relationship.

AWS data required minimal quality control.

2.1.1.6 Division into meteorological phases

Figure 2.5 provides an overview of radiosonde observations from the Nchila and Sol-

wezi field sites collected during the field campaign. The project IOP from 1 October

to 13 November is indicated by a red bar. Significant changes to the thermody-

namic structure of the atmosphere through time are evident. Substantial inter-site

differences are also clear, particularly below 600 hPa.

To facilitate analysis of the field campaign data, the IOP has been divided into

five distinct meteorological phases (Phases 1-5). These phases are defined according

to the daily maximum in surface moist static energy (MSE) at Nchila and Solwezi.

The use of daily maximum MSE follows theoretical and observational studies demon-

strating that tropical convection is to first order governed by surface MSE (Neelin

and Held, 1987; Nie et al., 2010). Additionally, Hart et al. (2019) have shown that

near-surface MSE is a good diagnostic for identifying the location of deep convection

over Africa.

The five phases are summarised in Table 2.3, and their distribution in MSE phase

space (alongside a corresponding time series) is illustrated in Figure 2.6. Reanalyses

indicate that the CAB is associated with sharp MSE gradients driven primarily

by the latent component (Howard and Washington, 2019). Consequently, abrupt

variations in near-surface MSE at the field sites are expected to reflect changes in
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the position of the CAB relative to the field sites. This reasoning underpins the

assignment of a "dry" or "moist" regime to each field site for Phases 1 through 4

(Table 2.3). The transition from Phase 4 to Phase 5 is distinguished by the date

after which reanalyses indicate that CAB does not form. For Phase 5, "No CAB"

is therefore assigned to each site.

Figure 2.6: a) Phase-space plot of the 5 meteorological phases of the field campaign
IOP. The y-axis indicates the daily maximum surface MSE at the Nchila field site
[kJ kg−1] and the x-axis the difference to the equivalent value at Solwezi. Daily
values within each phase are plotted as diamonds while the phase mean is marked
by a cross. b) A timeseries of daily maximum surface MSE [kJ kg−1] at the Nchila
and Solwezi field sites.

Table 2.3: Dates and durations of the five meteorological phases of the 44-day
field campaign IOP. For each phase, the thermodynamic regime sampled at the
Nchila and Solwezi field sites is indicated as "Moist", "Dry" or "No CAB". "Moist"
("dry") denotes that the site lay on the moist (dry) side of the CAB. "No CAB" is
assigned to Phase 5 as reanalysis diagnostics indicate the CAB did not form during
this period.

Phase Start date End date Days Regime at site

Nchila Solwezi

Phase 1 2022-10-01 2022-10-05 5 Moist Dry
Phase 2 2022-10-06 2022-10-15 10 Dry Dry
Phase 3 2022-10-16 2022-10-22 7 Moist Dry
Phase 4 2022-10-23 2022-10-30 8 Moist Moist
Phase 5 2022-10-31 2022-11-13 14 No CAB No CAB
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2.1.2 Satellite data

Satellite data is used in Chapters 3 and 5. A primary source is the Spinning En-

hanced Visible and Infrared Imager (SEVIRI) on EUMETSAT’s MSG-10 satellite,

positioned at 0◦ longitude. SEVIRI provides 12-channel imagery every 15 min-

utes, with 3 km resolution (1 km for the high-resolution visible channel). Eight

channels capture thermal infrared radiance: channels particularly useful for CAB

identification are the IR10.8 ‘clean’ channel and the water-vapour-sensitive IR6.2.

Additionally, 1◦ × 1◦ resolution daily outgoing longwave radiation (OLR) data from

NOAA’s CDR v1.2 is used to detect anomalous large-scale convection over southern

Africa in Chapter 5 from 1979 to 2018 (Lee, 2014).

2.1.3 Gridded precipitation products

In regions with sparse ground-based observations, gridded precipitation products

offer a best-guess estimate of rainfall. This thesis uses the Climate Hazards Infrared

Precipitation with Stations v2 (CHIRPS) dataset, which combines infrared satellite

cold cloud duration (CCD) estimates with station data via machine learning (Funk

et al., 2015). CHIRPS covers land areas between 50◦N and 50◦S at 0.05◦ resolution

from 1981 to present. Daily rainfall is derived from CCD, scaled by a satellite-

based monthly climatology, and bias-corrected using rain gauge data through inverse

distance weighting.

Studies have shown that CHIRPS performs favourably across Africa and the south-

ern African tropical edge, particularly in terms of monthly rainfall totals (Du et al.,

2024; Maphugwi et al., 2024). Known limitations, including poor performance over

complex terrain and difficulty in detecting high precipitation events, are not partic-

ularly relevant to our study or study area given a focus on large-area accumulated

totals and the relatively homogenous topography of southern Africa. However, it

is important to note that over subtropical southern Africa, station coverage is ex-

57



tremely limited. This means that estimates rely heavily on the CCD component

and are poorly constrained by rain gauge data.

2.1.4 Reanalyses

Reanalysis datasets combine historical weather observations with a consistent fore-

cast model and data assimilation system to provide estimates of the global atmo-

spheric state at sub-daily resolution over an extended period. They assimilate both

conventional observations (e.g., radiosondes, surface stations, aircraft reports) and

satellite-based measurements (e.g., atmospheric motion vectors, microwave radi-

ances) using either three-dimensional variational (3D-Var) or four-dimensional vari-

ational (4D-Var) techniques.

In this thesis, reanalysis data are used for three main purposes:

• to evaluate the representation of the CAB in reanalyses (Chapter 4);

• to identify CAB breakdown events (Chapter 5); and

• to explore the large-scale mechanisms associated with CAB breakdown (Chap-

ter 5).

Three reanalyses are used: ERA5, MERRA-2, and JRA-3Q. These products are

selected based on the following criteria:

• they are the latest reanalyses from their respective modelling centres;

• they are regularly used in present-day climate research, and

• they are updated in near-real time.

The key characteristics of each dataset are summarised in Table 2.4 and described

below.
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Table 2.4: Reanalyses used in this thesis.

Reanalysis Time res. Lon res. Lat res. Vert. levels Assim. method

ERA5 1-hourly 0.25◦ 0.25◦ 137 4D-Var
MERRA-2 3-hourly 0.625◦ 0.5◦ 72 3D-Var
JRA-3Q 6-hourly 0.375◦ 0.375◦ 100 4D-Var

2.1.4.1 ERA5 (ECMWF)

The ECMWF’s ERA5 reanalysis (Hersbach et al., 2020) is a 4th-generation reanal-

ysis using the Integrated Forecast System (IFS) model (Cy41r2) with 12-hourly

4D-Var assimilation, T639 resolution (≈ 31 km) and 137 vertical levels, released

in 2017. Data is hourly, covering the time period of 1940 up to the present day.

Uncertainty estimates are available by means of a 10-member ensemble at reduced

resolution, although in this work only the high-resolution realisation is used. ERA5

is often considered the "gold standard" reanalysis dataset and has become one of

the most widely used historical weather datasets in scientific research with ≈ 26,000

citations at the time of submission. Leading machine-learning forecast models such

as Pangu-Weather (Huawei), GraphCast (Google), AIFS (ECMWF) and Aurora

(Microsoft) are trained on ERA5 data (Bi et al., 2023; Lam et al., 2023; Lang et al.,

2024; Bodnar et al., 2025).

2.1.4.2 MERRA-2 (NASA)

The Modern-Era Retrospective Analysis for Research and Applications, version 2

(MERRA-2), is the latest reanalysis of the satellite era produced by NASA’s Global

Modelling and Assimilation Office (GMAO) (Gelaro et al., 2017). Released in 2016,

it is generated with version 5.12.4 of the GEOS atmospheric data assimilation sys-

tem, which combines the GEOS-5 model physics (finite-volume cubed-sphere dy-

namical core) with a 3D-Var analysis scheme on a 6-hourly cycle. Resolution is

0.5◦ × 0.625◦, with 72 vertical levels. Output variables are available at different
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time resolutions depending on the variable: hourly for 2D diagnostic fields, 3 hourly

for the 3D diagnostic fields, and 6 hourly for prognostic fields. Unlike ERA5 and

JRA-3Q, it assimilates only clear-sky radiances, which limits the use of cloud- and

rain-affected satellite data.

2.1.4.3 JRA-3Q (JMA)

The JRA-3Q reanalysis is a third-generation reanalysis product from the Japanese

Meteorological Agency (JMA), released in 2023 and superseding the JRA-55 re-

analysis product (Kosaka et al., 2024). JRA-3Q is produced with a low-resolution

(TL479, ≈40 km) version of the JMA Global Spectral Model using 4D-var assimila-

tion and 100 vertical levels. Pressure-level data are available at 6-hourly resolution.

2.2 Methods

2.2.1 Composite analysis

Composite analysis is a technique that is used throughout this thesis. It involves

averaging multiple cases that meet one or more selection criteria in order to highlight

consistent signals while reducing random variability (Yarnal, 1993). Composites may

be constructed using simple or complex criteria, and multiple composite sets can be

generated to enable comparison across different event types. In Chapters 3 and 4,

composites are created on the meteorological phases of the DRY-CAB field campaign

IOP, while Chapter 5 presents lead and lagged composites of objectively identified

subsets of CAB breakdown events.

The key strength of composite analysis is its ability to suppress case-specific noise

while retaining systematic signals. However, two limitations are important to con-

sider. First, the composite mean may not accurately represent any individual mem-

ber, either because a small number of cases disproportionately influence the average
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or because superposed features produce an unrealistic "blended" structure that is

not representative of any individual case (Yarnal, 1993). To address this, individual

cases contributing to each composite are inspected alongside the composite mean.

A second limitation is that a difference in the composite mean does not necessar-

ily entail a statistically significant difference in the composite mean. Therefore,

where appropriate, statistical significance is assessed using Student’s t-tests to en-

sure robust interpretation of results. However, caution is required when interpreting

outcomes from a large number of statistical tests, as when many tests are performed

across grid points some will appear significant purely by chance (Livezey and Chen,

1983). This can lead to an exaggerated impression of the robustness or spatial

coherence of results (Wilks, 2016).

2.2.2 Canny-edge detection

This thesis uses the objective algorithm of Howard and Washington (2019) to identify

the CAB in reanalysis datasets. The method applies Canny (1986) edge-detection

techniques to surface humidity and low-level wind fields, followed by filtering based

on segment length, orientation, latitude, and magnitude, to isolate drylines and con-

vergence zones associated with the CAB. The implementation used here is identical

to that of Howard and Washington (2019), with the corresponding code publicly

available at https://github.com/EmmaHoward/drylines.

Objective CAB detection in reanalyses is used in this thesis to:

• Illustrate the (reanalysis) climatology of the CAB and show how this informed

DRY-CAB field-site selection (Chapters 1 and 2);

• Provide synoptic-scale context for reanalysis evaluation (Chapter 4); and

• Objectively identify CAB breakdown events (Chapter 5).

The thesis primarily employs the dryline detection formulation over the convergence
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zone detection formulation, as Howard and Washington (2019) found that the dry-

line CAB was more reliable and easily detected than the convergence line CAB. The

thresholds used for filtering CAB-associated drylines are identical to those in Howard

and Washington (2019), which are optimised for CAB detection in the ERA5 re-

analysis. To detect the CAB in the MERRA-2 and JRA-3Q reanalyses, they are

first interpolated to ERA5’s 0.25◦ × 0.25◦ resolution. This ensures that all filtering

criteria (e.g., magnitude thresholds, minimum lengths) operate consistently across

datasets and do not need to be rescaled for differing native grid sizes.

2.2.3 Process-based evaluation

James et al. (2018) suggest model evaluation can be conceptually divided into two

main approaches: a) analysis of physical processes (i.e., process-based evaluation),

and b) quantification of performance. A large proportion of climate model evaluation

work falls into the latter category, relying on statistical comparisons between model

output and observations or reanalyses across key variables (Flato et al., 2014). How-

ever, while such diagnostics might provide useful benchmarks of model skill, they

can be misleading, and models may reproduce observations through compensating

errors or processes that differ from those in the real world (e.g., Zhang et al., 2013).

Furthermore, such statistics rarely reveal why a model is wrong, limiting their value

in identifying model weaknesses and guiding model development.

To address these limitations, Chapter 4 adopts a ‘process based evaluation’ method-

ology. This approach places emphasis on the mechanisms and processes through

which models generate their outputs, determining if they reflect those operating in

the real atmosphere. Process-based evaluation has been widely applied to global cir-

culation models, including the CMIP model ensembles (Dieppois et al., 2015; James

et al., 2015; Creese and Washington, 2016; Bracegirdle et al., 2018; Cui et al., 2024),

typically using reanalyses as a benchmark for the processes operating in the ‘real’

atmosphere. Such work has been crucial for assessing model credibility and the plau-
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sibility of future projections. For example, James et al. (2015) showed that models

projecting strong drying in West Africa inhibit rainfall in both the historical and

future periods through a mechanism of anomalous upper-tropospheric subsidence

that does not exist in the real (reanalysis) world, casting doubt on the plausibility

of future drying.

In Chapter 4, we extend this method to the assessment of reanalyses. This builds on

studies such as Podglajen et al. (2014) and Itterly et al. (2018), which demonstrate

the value of evaluating not only whether reanalyses reproduce observed atmospheric

states, but whether they correctly capture the processes that lead to those states.

For example, Podglajen et al. (2014) show that reanalysis errors in the representation

of horizontal winds in the equatorial lower stratosphere are related to an improper

representation of large-scale equatorial Kelvin and Yanai wave packets, particularly

in observationally sparse regions such as over the Indian Ocean and western Pacific.

Similarly, Itterly et al. (2018) showed that biases in the Amazonian convective di-

urnal cycle are sustained and amplified by errors carried over from the previous day

through cloud and radiative feedbacks. These studies illustrate how process-based

evaluation can contextualise when and why reanalyses succeed or fail, aiding a more

informed view of model weaknesses and priorities for future development.

2.2.4 Comparison of point observations to gridded datasets

In Chapter 4, in situ observations from DRY-CAB are compared to reanalysis

datasets. A fundamental challenge in such comparisons is the issue of representative-

ness that arises when collocating point observations with gridded (e.g., model) data.

In reanalyses, values represent the average state within a grid cell centred on fixed

latitude-longitude coordinates, rather than a true point measurement. Observations,

on the other hand, are representative of specific latitude-longitude coordinates. This

complicates a direct comparison between the two.
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A range of co-location techniques have been proposed in the literature to address

this limitation, although no consensus has emerged regarding the optimal approach

(Figure 2.7). Commonly used methods include: (a) nearest-neighbour comparison,

whereby the observed value is compared with the reanalysis grid cell in which the

observation lies; (b) averaging of the four nearest grid points surrounding the obser-

vation; (c) distance-weighted averaging of those four grid points; and (d) assigned-

area or square-based averaging, in which all grid cells overlapping a predefined region

centred on the observation (e.g., 15 × 15 km or 30 × 30 km) are averaged, weighted

by their fractional overlap (Ruti et al., 2008; Mooney et al., 2011).

Mooney et al. (2011) quantified differences arising from these four co-location meth-

ods when comparing surface air temperature observations with multiple reanalyses

across 11 synoptic stations in Ireland. They found that differences in correlation co-

efficients and root mean square error between methods were small (typically <0.01

in correlation) and not statistically significant at the 95% confidence level.

In this thesis, observations are compared with reanalysis data using a nearest-

neighbour colocation approach. This choice is motivated by its simplicity, trans-

parency, and widespread use in the literature, and is further supported by sensitivity

testing presented in the Appendices of Chapter 4. This demonstrates that correla-

tion coefficients and root mean square errors for several key variables are insensitive

to the choice of colocation method, despite the presence of strong spatial gradients

across the CAB.
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Figure 2.7: Graphical illustration of four potential methods for comparing field
site observations (red cross) to gridded model data a) nearest neighbour, b) average
of the four nearest grid points, c) distance-weighted average of the four nearest grid
points, and d) weighted average over an assigned 30 x 30 km grid square.
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3 | Observations of the atmosphere across the Congo

Air Boundary

Dr Callum Munday releases the 14:00 LT radiosonde at Nchila on 10 October 2022.
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The Congo Air Boundary (CAB) is a synoptic-scale dryline and convergence zone

that is a defining feature of the southern African tropical-edge climate from August

to November, playing a central role in both the timing of rainfall onset and

projections of regional drying. Here we present the first detailed observations of the

CAB using surface and upper-air data from the Decreasing Rainfall to Year 2100 -

Role of the Congo Air Boundary (DRY-CAB) project. Based on observations

between 1 October and 13 November 2022, the CAB is shown to feature a specific

humidity gradient of up to 12.0 g kg−1 per 100km. On the dry side of the CAB, the

afternoon boundary layer is near dry-adiabatic (9.6 ◦C km−1) and capped by a

midlevel inversion, while on the moist side the boundary layer is more stably

stratified (9.1 ◦C km−1) and mid-level inversions weaker. Low-level convergence at

the CAB peaks at 05:00 local time and is accompanied by mid-level divergence, as a

dry (7 g kg−1), 15.0 m s−1 easterly low-level jet is lifted above a shallow (≈ 600 m

deep) layer of moist (15 g kg−1) north-westerlies. Observations evidence shallow

overturning to the north of the CAB, comprising north-westerly low-level flow,

ascent at the CAB, and a mid-level return flow, and suggest the CAB is not

typically associated with deep convection. Results are synthesised in a conceptual

model which illuminates the structure and maintenance of a feature not previously

resolved in observations and establishes a baseline for model evaluation.
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3.1 Foreword to Chapter 3

Chapter 3 addresses the first aim of this thesis by characterising the structure and cir-

culation of the atmosphere across the CAB in observations. Using upper-air and sur-

face observations from the Decreasing Rainfall to Year 2100 – Role of the Congo Air

Boundary (DRY-CAB) project, the chapter resolves the intricate mesoscale work-

ings of the atmosphere at the CAB, including gradients in moisture and stability and

the depth and diurnal evolution of moist Congo northwesterlies and dry subtropical

easterlies.

The chapter establishes the CAB as a sharp dryline and convergence zone separat-

ing two air masses with strongly contrasting circulation regimes and thermodynamic

properties, and reveals how the structure of the CAB evolves through the day. On

the basis of these results, the chapter develops a novel conceptual model of the atmo-

sphere across the CAB. This model describes the structure, circulation, and diurnal

modulation of the CAB and clarifies the processes responsible for its maintenance.

Through doing so, the chapter fulfils Aim 1 of this thesis and provides new insight

into the mesoscale structure of the atmosphere at the data-sparse southern African

tropical edge.

Chapter 3 is presented in the form of a manuscript:

Knight, C., Washington, R., Munday, C., Hart, N., Nkonde, E., Imbwae, F., and

Kasongo, W. (2026). Observations of the atmosphere across the Congo Air Bound-

ary.

Submitted to Journal of Climate on 28 January 2026.
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3.2 Introduction

The August–November pre-rainfall-onset circulation over tropical southern Africa

is characterised by a distinguishing large-scale feature, the Congo Air Boundary

(CAB). The CAB is a synoptic-scale convergence zone and dryline that occurs

where near-saturated low-level north-westerlies originating from the equatorial east

Atlantic and Congo Basin meet easterly trade winds from the tropical southwest In-

dian Ocean (Figure 3.1), which are dried by strong heating of the continental surface

and diluted by deep tropospheric subsidence (Torrance, 1979; Hills, 1979; Tierney

et al., 2011; Dezfuli and Nicholson, 2013; Nicholson, 2015; Howard and Washington,

2019). Like other drylines, the CAB is characterised by near-surface convergence

and a sharp horizontal contrast in the low-level moisture field (Owen, 1966; Schaefer,

1974; Howard and Washington, 2019).

The CAB is a primary control on spring and early summer rainfall at the southern

African tropical edge. Knight and Washington (2024) show that in September and

October, rainy days are 8–16 times more likely over the core of the southern African

subtropics when the CAB is absent. Similarly, Howard and Washington (2019) found

that the frequency of the CAB in October, November and December is strongly anti-

correlated (r ≤ −0.58) with subtropical southern African rainfall between 15–25◦E.

The CAB also plays a central role in projections of future rainfall change: successive

CMIP generations simulate delayed rainfall onset and early-summer drying under

warming scenarios (Shongwe et al., 2009; Christenson et al., 2017; Dunning et al.,

2018; Munday et al., 2025), associated with an increase in CAB frequency from

October to December.

Given the significance of the CAB to both present-day rainfall variability and to

future change, it is crucial we understand its structure and maintenance. Yet the

CAB has been the subject of relatively little recent scholarship, all of which has
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Figure 3.1: A schematic of the lower level (surface–600hPa) pre-onset (August to
October) circulation at the southern African tropical edge. The Congo Air Boundary
(CAB; Howard and Washington, 2019) is shown as a solid blue line separating moist
tropical air (blue shading) from dry subtropical air (red shading). The southern
African Heat Low is a large area of intense surface heating, characterised by an
unstable boundary layer (red hatched; Attwood et al., 2024). Embedded in this
heat low are dry cyclonic circulations, which form preferentially at the locations
indicated by red cyclonic symbols (Howard and Washington, 2018). Other major
features of the regional circulation include the African Easterly Jet South (purple
arrow; Kuete et al., 2020), subtropical easterlies (green arrows), and low-level Congo
Basin north-westerlies (blue arrows; Pokam et al., 2014).
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been based on reanalysis or model data (Howard and Washington, 2019; Knight and

Washington, 2024). As a result, our understanding of the feature is not grounded in

direct observation of the atmosphere. This strongly contrasts to drylines elsewhere,

such as the Great Plains, for which our understanding is underpinned by a breadth

of observational studies (e.g., Schaefer, 1974; Ziegler and Hane, 1993; Atkins et al.,

1998; Ziegler and Rasmussen, 1998; Miao and Geerts, 2007; Bergmaier et al., 2014).

The scarcity of observational data in central southern Africa means it is reasonable

to be sceptical of the accuracy of models and reanalyses. As of 2022, the operational

(GTS-reporting) upper-air sounding stations of Luanda, Dar es Salaam, Windhoek,

and Pretoria bound a vast region (circumradius >1500 km) within which there are no

regularly reporting radiosonde stations (Figure 3.2a). As a result, reanalyses are not

constrained in the lower troposphere and rely heavily on their modelled components,

in which key dryline-associated mesoscale processes are parametrised. This raises

uncertainty about the model-derived body of literature to date that describes the

CAB.

One way to circumvent structural problems in observational coverage, and associated

issues with numerical models, is through intensive observational periods targeted at

important regions or features of the circulation. Fundamental new insights into the

operation of regional climates have stemmed from such projects across Africa, such as

the Africa Monsoon Multidisciplinary Analysis (AMMA; Redelsperger et al., 2006)

and Dynamics-Aerosol-Chemistry-Cloud Interactions (DACCIWA; Knippertz et al.,

2015) projects in West Africa, and the Fennec campaign in the Sahara (Marsham

et al., 2013; Todd et al., 2013). This approach has also proven useful for resolving

the structure and maintenance of drylines elsewhere, including the drylines of the

Great Plains (Rasmussen et al., 1994; Weckwerth et al., 2004).

In this paper, we use surface and upper-air (radiosonde) data from the Decreasing

Rainfall to Year 2100 – Role of the Congo Air Boundary (DRY-CAB) project to
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study the structure and dynamics of the atmosphere across the CAB (Washington

et al., 2026 – in preparation). The DRY-CAB field campaign consisted of intensive

sampling of surface conditions and vertical profiles of the atmosphere from two

sites in north-west Zambia during austral spring (1 October – 13 November) 2022

(Figure 3.2). With this novel observational data, we aim to answer the following

three research questions:

1. How do the thermodynamics of the atmosphere vary across the Congo Air

Boundary?

2. How does the circulation of the atmosphere vary across the Congo Air Bound-

ary?

3. How is the Congo Air Boundary modified by the diurnal cycle?

Our analysis yields insights into the structure and maintenance of the CAB, ad-

vancing understanding of atmospheric processes at the data-sparse southern African

tropical edge. Through contrasting our observations with conceptual models of dry-

lines elsewhere, we reveal key similarities and notable differences. Additionally, our

results establish an observational baseline against which the ability of models to

simulate the CAB can be tested.

The paper proceeds with an overview of our current understanding of the CAB in

Section 3.3. An outline of the field campaign and this paper’s sampling strategy fol-

lows in Section 3.4. Section 3.5 reports our results, structured by the three research

questions above. Section 3.6 discusses our results in the context of dryline literature

and presents a novel schematic summarising the atmosphere at the CAB, while the

final section presents our conclusions.
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3.3 Background

The Congo Air Boundary (CAB; Figure 3.1) was heuristically conceptualised by

weather forecasters in the 1950s and 1960s but until recently was a forgotten feature

in the climate science literature. Recently, Howard and Washington (2019) applied

a novel canny-edge detection algorithm to reanalysis data to derive a climatology.

They showed that the CAB forms preferentially on the slope from the Congo Basin

to the Katanga Plateau (8–12◦S) with a diagonal (south-west to north-east) orienta-

tion, and that it is most common in austral spring (present on >95% of August and

September days), declining in frequency through to the summer (present on <10%

of December days). Additionally, Knight and Washington (2024) explored the pro-

cess of CAB breakdown in reanalyses, showing that the breakdown of the CAB

is coincident with a rapid southward shift in the latitude of the tropical rain belt

and the replacement of a dry-convective regime with deep moist convection across

southern Africa over a period of 3–5 days. The dynamics of the CAB are therefore

tightly related to the seasonal evolution of summer rainfall and to the dynamics of

the tropical rain belt as it migrates southward in the summer hemisphere.

Given the importance of the CAB to the seasonal cycle of southern African rainfall,

understanding the features structure and maintenance is essential. However, sub-

stantial knowledge gaps remain owing to the scarcity of observations in the region.

We do not know if the CAB, and atmospheric processes at the CAB, are plausibly

reproduced by numerical models. This undermines confidence in forecasts of rainfall

onset (Knight and Washington, 2024) and projections of future drying (Howard and

Washington, 2020). Establishing the structure of the atmosphere across the CAB

represents a critical first step toward addressing these issues.

Conceptual models of drylines elsewhere highlight the role of topography and the

diurnal cycle of surface heating in organising dryline structure and evolution, and
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similar mechanisms may operate at the CAB. Drylines elsewhere can also act as

hotspots for convective initiation and severe weather (McCarthy and Koch, 1982;

Bluestein and Parker, 1993; Ziegler and Rasmussen, 1998; Bergmaier and Geerts,

2015; Bai et al., 2019; van Schalkwyk et al., 2023). Establishing the extent to which

the CAB shares these characteristics is valuable for understanding its dynamical

distinctiveness and its role in the regional circulation.

It is important to clarify that this study does not aim to contrast observations of

the CAB to its representation in reanalyses, nor does it seek to conduct a rigorous

comparison between the CAB and drylines in other regions. Instead, by character-

ising the atmosphere across the CAB using novel observational data, we establish a

foundation for future comparative analyses.

3.4 Data and methods

3.4.1 Field observations

We use surface and upper-air (radiosonde) observations from the Decreasing Rainfall

to Year 2100 – Role of the Congo Air Boundary (DRY-CAB) project (Washington et

al., 2026, in preparation). The main field campaign comprised intensive radiosonde

and surface observations from two sites in north-west Zambia through austral spring

of 2022. Radiosonde supersites, equipped with radiosondes, an automatic weather

station (AWS) and a Doppler LiDAR, were located at Nchila (11.249◦S, 24.327◦E)

and Solwezi (12.171◦S, 26.364◦E) (Figure 3.2) and supported by three additional

AWS. The Nchila and Solwezi supersites were located on the Katanga Plateau at

an altitude of 1400 m (≈ 859 hPa) and 1393 m (≈ 861 hPa) respectively, with

Solwezi 244.2 km to the east-southeast of Nchila. A full description of the DRY-CAB

project, including justification of site selection and sampling strategy, is provided in

Washington et al. (2026, in preparation).
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During the field campaign intensive observational period (IOP), GRAW DFM–17

radiosondes were released at 3-hourly intervals from both radiosonde supersites for

44 days from 1 October to 13 November. The AWS deployed were Davis Vantage Pro

weather stations that recorded data at 10-minute resolution or greater. Radiosonde

release times were 00, 03, 06, 09, 12, 15, 18, and 21 UTC. The field site time zone

is Central African Time (CAT; UTC+2), and we report all times in this study in

local time, denoted ‘LT’ (e.g., 15:00 LT = 13:00 UTC).

3.4.2 Meteorological phases

The 44-day field campaign IOP from 1 October to 13 November may be divided into

five distinct meteorological phases (Phase 1-5) defined by the daily maximum in field

site surface moist static energy (MSE). Surface MSE is chosen as a diagnostic as

both theory and observations indicate that tropical convection is, to the first order,

controlled by the maximum in surface MSE (Neelin and Held, 1987; Nie et al., 2010),

and Hart et al. (2019) show near-surface MSE is a good diagnostic for convection over

Africa. The five meteorological phases are summarised in Table 3.1 and illustrated

in the phase-space diagram of Figure 3.3.

Phase 1 of the field campaign is characterised by high surface MSE values at Nchila

(349.1 kJ kg−1) and large differences to Solwezi (−8.2 kJ kg−1). As the CAB is ex-

pected to be the principal control of MSE, primarily through the latent component,

we may infer that the dryline lies between the two sites with Nchila on the moist

side of the CAB and Solwezi on the dry side. Phase 2 is characterised by lower MSE

at both sites, indicating that both sites are located on the dry side of the CAB.

Phase 3, like Phase 1, is characterised by high MSE at Nchila (350.5 kJ kg−1) and

a large difference to Solwezi (−8.6 kJ kg−1), implying that the CAB again bisects

the two sites. In Phase 4 and Phase 5, both sites are characterised by high MSE
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Figure 3.2: Location of the DRY-CAB project field sites. Red cross: Automatic
weather station (AWS) only sites; green triangles: radiosonde sites with AWS and
LiDAR. In a), large blue triangles denote active radiosonde stations, defined as those
conducting soundings on more than 15% of days between 2015-2024 (Luanda, Dar
es Salaam, Windhoek, and Pretoria). Small blue triangles show stations with sound-
ings on fewer than 15% of days during the same period (Harare, Luena, Lubango,
and Walvis Bay). Radiosonde data are from the Integrated Global Radiosonde
Archive (IGRA) v2.2. The black dotted line outlines the circumscribed circle of
active radiosonde sites, with a radius of approximately 1,542 km. Surface elevation
[m] from the Global Multi-resolution Terrain Elevation Data 2010 dataset is shaded
in purple.

Table 3.1: Dates and durations of the five meteorological phases of the 44-day field
campaign IOP. For each phase, the thermodynamic regime sampled at the Nchila
and Solwezi field sites is indicated. Moist (dry) denotes that the site lay on the
moist (dry) side of the CAB. Data from Phase 5, during which the CAB does not
form, is not used in this study.

Phase Start date End date Days Regime at site Cross-CAB?

Nchila Solwezi

Phase 1 2022-10-01 2022-10-05 5 Moist Dry Yes
Phase 2 2022-10-06 2022-10-15 10 Dry Dry No
Phase 3 2022-10-16 2022-10-22 7 Moist Dry Yes
Phase 4 2022-10-23 2022-10-30 8 Moist Moist No
Phase 5 2022-10-31 2022-11-13 14 No CAB No CAB -
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Figure 3.3: Phase-space plot of the five meteorological phases of the field campaign.
The y-axis indicates the maximum surface MSE [kJ kg−1] at the Nchila field site
and the x-axis the difference to the equivalent value at Solwezi. Daily values within
each phase are plotted as diamonds while the phase mean is marked by a cross.
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(≈ 351 kJ kg−1) and inter-site differences are small, suggesting both sites sample

the moist side of the CAB. These phases are distinguished by the breakdown of the

CAB, which does not form in Phase 5. Data from Phase 5 is therefore not used in

this study.

As the aim of this work is to characterise the atmosphere across the CAB, we are

particularly interested in the meteorology of the two phases during which the CAB

appears to bisect the two field sites. Phases 1 and 3 represent 12 days from 1–

5 and then 16–22 October (inclusive) where Nchila was characterised by a moist

regime and Solwezi a dry regime. To confirm that this difference is enforced by

the location of the CAB, we inspect data from the geostationary satellite Meteosat

10 (MSG–3; Figure 3.4). This confirms that Phases 1 and 3 are characterised by

a canonical "CAB-in-place" synoptic setting. Low brightness temperatures in the

10.8 µm and 6.25 µm channels are observed over the Congo Basin and northeast

Angola, while higher brightness temperatures dominate southern Angola and much

of Zambia. The location of the CAB dryline is clearest in the 6.25 µm-centred

radiation channel (Figure 3.4b), for which brightness temperatures are indicative of

mid-level water vapour and the CAB is seen as a sharp south-west to north-east

aligned discontinuity which cleanly bisects the two field sites. Gradients in land

surface temperature and 10.8 µm brightness temperatures are similarly aligned but

more complex and/or diffuse. This confirms that during Phases 1 and 3, radiosondes

at Nchila sampled the moist side of the CAB and radiosondes at Solwezi the dry side.

These "cross-CAB" observations form the core sampling base for this investigation.

3.4.3 Meteorological setting

In 2022 the CAB was present almost continuously from August through to its break-

down on 31 October. A brief breakdown occurred on 20 September, although this

was short-lived and the CAB re-established within 2 days. Rainfall onset dates,
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Figure 3.4: Mean brightness temperature [K] in the a) 10.8 µm and b) 6.25 µm
channels from the Meteosat-10 (MSG-3) Spinning Enhanced Visible and Infrared
Imager (SEVIRI) instrument, and c) 12:00 LT mean land surface temperature [◦C]
from the Land Surface Analysis Satellite Applications Facility (LSA SAF) SEVIRI
MLST (Land Surface Temperature) product, for Phases 1 and 3 of the field campaign
(1–5 and 16–22 October). The Nchila and Solwezi field sites are indicated by blue
and red circles respectively, while the difference between values at the two field sites
(Nchila – Solwezi) is reported bottom right.

defined using the method of Liebmann et al. (2012) and applied to CHIRPS data,

were largely similar to the climatology across much of the tropical edge. September–

November CHIRPS rainfall totals were also largely as expected, suggesting austral

spring 2022 was fairly typical. However, rainfall was particularly high (>150%)

across Zimbabwe and central Mozambique and particularly low (<50%) across south-

ern Tanzania and northern Mozambique. This rainfall dipole is often associated with

La Niña conditions, linked to a displacement of the Southern Indian Ocean Con-

vergence Zone (Chongue and Nishii, 2024). Indeed, the second half of 2022 was

characterised by a La Niña event with a September–November mean Oceanic Niño

Index of −0.97, part of a rare multi-year "triple-dip" La Niña spanning 2020–2023

(Li et al., 2023; Thoithi et al., 2025, 2026). La Niña events are generally associated

with enhanced summer rainfall totals over southern Africa (Lindesay, 1988), and

triple-dip La Niña events typically exhibit greater circulation anomalies and rainfall

and temperature impacts than single-year or "double-dip" events (Thoithi et al.,

2025, 2026). However, these relationships are strongest in the core of the summer

and there is no established connection to the CAB or to rainfall onset dates. Poten-
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tial implications for the generalisability of our results are discussed in Section 3.6.8.

In terms of intraseasonal variability, the Madden-Julian Oscillation (MJO; Madden

and Julian, 1994) was not active during September and early October as diagnosed

by the Real-time Multivariate MJO (RMM) index (Wheeler and Hendon, 2004).

During the latter half of October, the MJO was active in RMM phases 5 and 6,

associated with enhanced convection over the Maritime Continent and suppressed

convection over Africa, before progressing into RMM phase 7 in early November.

3.5 Results

This section presents observations of the Congo Air Boundary (CAB), structured

around the three research questions introduced in Section 3.2. This includes the

thermodynamic structure of the atmosphere across the CAB (Section 3.5.1), the

circulation of the atmosphere across the CAB (Section 3.5.2), and modulation of

the CAB through the diurnal cycle (Section 3.5.3).

3.5.1 How do the thermodynamics of the atmosphere vary

across the CAB?

A first-order component of the thermodynamics of the atmosphere across the CAB

is the strength of the CAB dryline. In studies of drylines in southern Africa and

beyond, drylines are typically defined as surface moisture boundaries with a mini-

mum specific humidity gradient of 3 g kg−1 100 km−1 (Hoch and Markowski, 2005;

Bergmaier and Geerts, 2015; Bechis et al., 2020; van Schalkwyk et al., 2022). While

the reanalysis climatology of Howard and Washington (2019) employed a more strin-

gent threshold of 3 g kg−1 per 0.25◦ grid cell (≈ 31 km) when identifying the CAB,

the magnitude of the moisture gradient across the CAB is not known.

Figure 3.5 plots the time evolution of the strongest inter-AWS specific humidity
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gradient observed during the campaign, sampled between the Nchila and Mwinilunga

AWS stations on 5 October during Phase 1. A maximum specific humidity gradient

(∇q) of 12.0 g kg−1 per 100 km is recorded at 16:10 LT. Early in the day, specific

humidity is high at both sites (15 g kg−1 at 09:00 LT), but subsequently diverges

with decreasing Mwinilunga q concurrent with a wind regime shift from northerlies

to easterlies. This evolution indicates a gradual transition of Mwinilunga from the

moist side of the CAB (15 g kg−1) to the dry side (7 g kg−1) between 09:00 and

16:00 LT, occurring in the context of drying at both sites.

These observations confirm that the CAB dryline can meet and significantly exceed

the canonical 3 g kg−1 100 km−1 threshold and is comparable in strength to drylines

elsewhere (Ziegler and Hane, 1993; Atkins et al., 1998; Ziegler and Rasmussen, 1998;

Miao and Geerts, 2007). It is likely that the gradient we report is a conservative

estimate, as the distance between AWS is 57 km and drylines often exhibit the

sharpest moisture gradient over a distance of a few kilometres or less (Miao and

Geerts, 2007).

Figure 3.5: A timeseries of station specific humidity [g kg−1] at Nchila (dashed)
and Mwinilunga (dotted) on the 5th October 2022. A solid line plots the specific
humidity gradient (∇q) [g kg−1 / 100 km] between the two sites (right-hand y-axis).
Wind barbs indicate the 20-minute surface mean winds, coloured by specific humid-
ity and with half-, full-, and flag-barbs denoting 0.25, 0.5, and 2 m s−1 respectively
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To examine thermodynamic gradients across the CAB extending above the surface,

Figure 3.6 presents dry static energy (DSE) and moist static energy (MSE) profiles

from 14:00 LT radiosonde ascents stratified by the location of the CAB. At both

Nchila and Solwezi (Figure 3.6a,b), a dry regime (CAB to the north) is characterised

by a dry-adiabatic boundary layer extending to approximately 650 hPa, whereas in

the moist regime, boundary layer DSE is more stably stratified. Near-surface MSE is

substantially higher in the moist regime, reflecting the contribution of near-surface

moisture through the latent term (Lvq).

Figure 3.6c additionally shows mean DSE and MSE profiles from 14:00 LT ra-

diosonde ascents during Phases 1 and 3 of the field campaign, when radiosondes

simultaneously sampled the vertical structure of the atmosphere across the CAB.

Thermodynamic profiles closely resemble those in Figure 3.6a,b, confirming that

differences at Nchila and Solwezi arise from the location of the CAB rather than

from the seasonal evolution of atmospheric profiles. Near-surface MSE is 6.3 kJ kg−1

higher at Nchila than at Solwezi, driven by Lvq, and the surface to mid-level MSE

gradient, a metric of conditional instability, is 7.3 kJ kg−1 higher. This indicates

substantially greater conditional instability on the moist side of the CAB. Interest-

ingly, above 500 hPa DSE ≈ MSE at both sites, suggesting that the mid- to upper

troposphere remains relatively dry in the moist regime despite the large degree of

conditional instability. Table 3.2 offers further summary statistics, confirming that

on the dry side of the CAB the boundary layer is approximately dry-adiabatic with

an average 14:00 LT lapse rate of 9.6 ◦C km−1, compared to 9.1 ◦C km−1 on the

moist side.

Differences in mid-level stability further distinguish the thermodynamic regimes on

either side of the CAB (Figure 3.7). At Nchila, the mean inversion strength (defined

as the temperature difference between the top and base of the inversion) is 1.03 ◦C

on the dry side of the CAB, compared with 0.49 ◦C on the moist side; at Solwezi,
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Figure 3.6: Mean 14:00 LT DSE and MSE profiles [kJ kg−1] stratified by CAB
location for the (a) Nchila and (b) Solwezi field sites. Nchila sampled a dry regime
during Phase 2 and a moist regime during Phases 1, 3 and 4 (Table 5.1). Solwezi
sampled a dry regime during Phases 1, 2 and 3, and a moist regime during Phase 4.
c) plots simultaneous cross-CAB profiles from Phases 1 & 3, during which Solwezi
sampled the dry regime and Nchila the moist regime.

a similar contrast is observed. At both sites, strong dry-side inversions form pref-

erentially at 550 hPa, capping a dry-adiabatic boundary layer (Figure 3.6). During

Phases 1 and 3, where sampling is simultaneous, we see that inversion contrasts

persist but are reduced in magnitude (0.70 ◦C on the dry side versus 0.56 ◦C on the

moist side). This is also reflected in the bulk 600–500 hPa stability, with lapse rates

of 5.19 ◦C km−1 on the dry side and 5.56 ◦C km−1 on the moist side. Together,

this suggests that cross-CAB differences in mid-level stability are a feature of the

atmosphere across the CAB, but that they occur within broader seasonal variations

in large-scale subsidence.

In summary, observations diagnose the CAB as the interface of two sharply con-

trasting thermodynamic regimes. North of the dryline, the atmosphere is charac-

terised by high near-surface moisture, weaker mid-level stability, and a large degree

of conditional instability (mean 14:00 LT CAPE of 1480 J kg−1; Table 3.2). To the

south, a heat low-like regime prevails, with low near-surface moisture and a deep

dry-adiabatic boundary layer capped by a strong mid-level inversion.
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Figure 3.7: Violin plot of inversion midpoint pressure [hPa] from radiosondes
stratified by CAB location for the a) Nchila and b) Solwezi field sites. Inversions
are identified in 1 hPa resolution radiosonde profiles as layers where temperature
is stable or increases with height between successive levels. Nchila sampled a dry
regime during Phase 2 and a moist regime during Phases 1, 3 and 4. Solwezi
sampled a dry regime during Phases 1, 2 and 3, and a moist regime during Phase 4
(Table 3.1). c) shows simultaneous cross-CAB inversions from Phases 1 and 3, during
which Solwezi was on the dry side and Nchila on the moist side. Surface and near-
surface inversions, defined as beginning below 800 hPa, are excluded. Violin width
indicates the distribution of inversion midpoint pressure, while a black vertical line
spans the interquartile range. Horizontal black marks indicate the lower quartile,
median, and upper quartile, while an ‘x’ marks the mean. Colour indicates mean
inversion strength [◦C], defined as the temperature difference between the top and
bottom of the inversion layer.

Table 3.2: Simultaneously sampled cross-CAB values of thermodynamic variables
at Nchila (moist regime) and Solwezi (dry regime) during field campaign Phases 1
& 3. Means and standard deviations are reported.

Variable Nchila Solwezi
Mean SD Mean SD

14:00 LT CAPE [J kg−1] 1480 850 22 48
Total column water [mm] 25.0 4.6 17.5 4.1
2 m dewpoint [◦C] 13.9 2.1 9.4 2.0
14:00 LT surface–500 hPa MSE gradient [kJ kg−1] 20.8 4.5 13.5 2.0
Daily surface heating [106 J m−2] 36.6 0.3 42.8 0.2
Daily max temperature [◦C] 30.7 1.0 31.3 0.6
14:00 LT 850–600 hPa lapse rate [◦C km−1] 9.1 0.7 9.6 0.3
14:00 LT 600–500 hPa lapse rate [◦C km−1] 5.6 1.1 5.2 1.3
Daily max nocturnal surface inversion strength [◦C] 5.4 3.8 4.9 2.7
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3.5.2 How does the circulation of the atmosphere vary across

the CAB?

Our second research question concerns how the circulation of the atmosphere varies

across the CAB. Figure 3.4 shows that at Mwinilunga, the transition from a moist

dry regime coincides with a wind regime shift in which moist northerlies are replaced

by dry easterlies. This suggests that distinct wind regimes characterise the dry and

moist sides of the CAB.

To further examine this, we plot the diurnal cycle of wind speed and direction by

pressure at Nchila and Solwezi during field campaign Phases 1 & 3 (Figure 3.8). At

Nchila (on the moist side), mid-level flow is dominated by persistent easterlies asso-

ciated with the African Easterly Jet South (AEJ-S). These easterlies are strongest

at night (up to 9.2 m s−1 at 650 hPa) and weaker during the day, when they extend

to the surface. At night, these easterlies are undercut by shallow north-westerlies

confined to below 800 hPa (≈ 600m above the surface). Contoured isentropes in-

dicate that these north-westerlies override a surface stable layer which forms and

strengthens overnight following the cessation of surface heating, reaching a maxi-

mum inversion strength of 5.4 ◦C at 05:00 LT. Interestingly, the shear zone between

the low-level north-westerlies and overriding easterlies is not associated with a stable

layer, suggesting the airmasses have similar thermal properties.

At Solwezi, daytime winds resemble those at Nchila, with weak easterlies extending

from the surface to 500 hPa. At night, however, the lower troposphere is domi-

nated by a strong (15.0 m s−1) easterly low-level jet (LLJ) at 800 hPa. This LLJ

also forms above a surface stable layer, though surface inversions are weaker than at

Nchila (4.9 ◦C vs. 5.4 ◦C) and reach maximum strength earlier in the evening (23:00

LT), likely due to shear-induced turbulence beneath the jet. The diurnal cycle of the

LLJ corresponds well to theory; following the cessation of surface heating, radiative

cooling leads to the development of the stable surface layer which suppresses turbu-
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lent mixing and reduces eddy viscosity. Surface winds readjust to a new balance of

forces, producing an ageostrophic acceleration toward low pressure associated with

the south-of-CAB potential temperature maximum (i.e., a heat low). The interac-

tion of the Coriolis force with this ageostrophic acceleration produces an inertial

oscillation of the jet (Blackadar, 1957; Shapiro and Fedorovich, 2010; Van De Wiel

et al., 2010). Given a latitude of -12.1◦S the inertial period for this oscillation is 57

hours, allowing the completion of about a quarter of the oscillation before sunrise.

Accordingly, winds strengthen and deflect towards the south throughout the night,

peaking at 08:00 LT (15.0 m s−1) until surface heating re-establishes boundary-layer

eddy viscosity and large-scale flow is re-inhibited (Figure 3.8f).

Figure 3.8c shows the magnitude and vector difference in wind speed between Nchila

and Solwezi. Overnight, large zonal wind differences develop below 750 hPa, with

an oppositely signed difference between 750 and 600 hPa. Given that Solwezi lies

approximately 240 km east-southeast of Nchila, these vertically opposing zonal wind

differences imply low-level (mid-level) convergence (divergence) between the two

sites. To quantify this, we calculate the component of the divergence (Figure 3.9a)

and moisture flux divergence (Figure 3.9b) that is parallel to the bearing between

the two field sites. Low-level convergence is strongest at night in the 850–800 hPa

layer, increasing from near zero at 17:00 LT to a maximum of 4.9×10−5 s−1 at 05:00

LT. Aloft, mid-level divergence in the 700–600 hPa layer follows a similar diurnal

cycle, peaking at 05:00 LT (2.6 × 10−5 s−1) and present at all timesteps but 14:00

LT. Moisture-flux divergence exhibits the same structure and diurnal cycle.

Although only one horizontal component of the divergence is resolved, these results

demonstrate that convergence at the CAB is shallow, strongly diurnal, and coupled

to divergence in the mid-levels. This arises because the nocturnal easterly LLJ

characterising the dry regime is lifted above shallow north-westerlies at the CAB,

transferring momentum upward into the mid-levels. This behaviour has interesting
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Figure 3.8: The diurnal cycle of wind speed [m s−1] at a) Nchila (moist regime)
and b) Solwezi (dry regime) during Phase 1 & 3 of the field campaign. Wind barbs
indicate wind direction and speed (with north to the top of the plot). Isentropes
are plotted at 2 K intervals in red. c) shows the magnitude (colours) and vector
(arrows) differences in wind speed [m s−1] between the two sites, with arrows shown
only where wind speed differences between the sites are statistically significant (p
< 0.05). Panels (d–g) present hodographs of the diurnal cycle of low-level (d: 850
hPa, f: 800 hPa) and mid-level (e, g: 650 hPa) winds at each field site. Sunrise,
sunset, and solar noon are indicated by half and full circles respectively.
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parallels with drylines elsewhere, discussed in Section 3.6, and suggests a possible

but unexplored link to the maintenance of the mid-level AEJ-S through vertical

momentum transfer.

Figure 3.9: The component of the a) wind divergence [s−1] and b) moisture flux
divergence [g kg−1 s−1] that is parallel to the bearing between the two field sites
during field campaign Phase 1 & 3. Contours plot the magnitude of the difference
in this component of the wind or moisture flux between the two field sites. Sun-
rise/sunset and solar noon are indicated by half and full circles respectively.

In summary, this section has characterised strongly differing near-surface wind

regimes across the CAB. These differences maximise at night, when weak near-

surface north-westerlies on the moist side of the CAB converge with a strong (15.0

m s−1) easterly LLJ on the dry side. The easterly LLJ strengthens overnight under

an inertial oscillation, leading to a nocturnal maximum in convergence at the CAB

at 05:00 LT. This is accompanied by mid-level divergence as the easterly LLJ is

lifted above shallow north-westerlies.
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3.5.3 How is the CAB modified by the diurnal cycle?

Our final research question concerns the modification of the CAB by the diurnal

cycle. Drylines in other regions are strongly modified by the diurnal cycle of surface

heating and the resulting reorganisation of the boundary layer, and results thus far

suggest this is also true of the CAB.

We focus first on the moist side of the CAB (Nchila), as this is where diurnal

variations in moisture are expected to be the largest. To diagnose changes in the

vertical distribution of moisture, we analyse the specific humidity perturbation (q′),

defined as the deviation of specific humidity (q) from its diurnal mean state (q̄).

Assuming that the mean moisture tendency is negligible over Phases 1 and 3, the

evolution of q′ through the diurnal cycle can be approximated by the perturbation

moisture budget (Eq.1):

∂q′

∂t
= E ′ − P ′ −∇ · (vq)′ (3.1)

where E and P are the addition and removal of moisture from the atmosphere by

evaporation and precipitation, respectively, and −∇·(vq) represents the 3D moisture

flux convergence.

In Section 3.5.2, we resolved a single horizontal component of −∇ · (vq) across

the CAB. Figure 3.10a shows that the diurnal cycle of Nchila q′ is well explained

by a) this component of the moisture flux divergence (contoured) and b) vertical

turbulent mixing. A shallow layer of near-surface moisture accumulates overnight

under low-level moisture flux convergence. After sunrise, surface heating drives

turbulent boundary-layer eddies that mix this near-surface moisture upward and

dry air downward, redistributing moisture through the boundary layer. Then from

17:00 LT through to the next morning, moisture flux divergence between 750 hPa and

500 hPa exports moisture, leading to gradual mid-level drying. Over the full diurnal
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cycle, the column-integrated moisture tendency approaches zero, as nocturnal low-

level accumulation is balanced by mid-level export. These processes act to maintain

moist conditions to the north of the CAB in a way that is consistent with that

proposed by Howard and Washington (2019).

Diurnally varying moisture (q′) on the moist side of the CAB directly modulates the

strength and depth of the dryline. Figure 3.10b shows that the CAB is strongest

(up to 7.9 g kg−1) at 05:00 LT but also at its most shallow, with no cross-CAB

moisture contrast above 750 hPa (≈ 1 km above the surface). During the day,

strong turbulent mixing (Figure 3.10a) weakens but deepens the CAB such that

by 17:00 LT it extends through the depth of the boundary layer (≈ 3.5 km) but

is characterised by a moisture gradient of just 2.0 g kg−1. Comparison of q′ at

Nchila to that at Solwezi (not shown) indicates that changes in dryline strength

are driven primarily by moisture perturbations on the moist side of the CAB, with

much smaller variability on the dry side. The maintenance and modulation of the

moisture gradient at the CAB can therefore be explained by the combined effects

of (i) low-level moisture flux convergence, (ii) mid-level moisture flux divergence,

and (iii) turbulent boundary-layer mixing. Interestingly, the diurnal cycle of CAB

intensity is out of phase with that of drylines over the U.S. Great Plains, which

typically strengthen during the afternoon and weaken overnight (Schaefer, 1974);

this contrast is discussed further in the following section.

Strong diurnal modulation of the CAB would be expected to influence convection

at and near the CAB. Drylines elsewhere often act as preferred locations for con-

vective initiation (McCarthy and Koch, 1982; Bluestein and Parker, 1993; Ziegler

and Rasmussen, 1998; Bergmaier and Geerts, 2015; Bai et al., 2019; van Schalkwyk

et al., 2023), but the extent to which this applies to the CAB is not known. We

therefore investigate the diurnal cycle of convection across the CAB in Figure 3.11

using 10.8 µm brightness temperatures as a proxy: in the absence of warm rain
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Figure 3.10: The diurnal cycle of a) the diurnal Nchila specific humidity perturba-
tion (q′) [g kg−1] at the Nchila field site (moist side of the CAB) and b) the difference
in specific humidity between Nchila and Solwezi [g kg−1], both during field campaign
Phase 1 & 3. Overlaid are contours of the component of moisture flux divergence
parallel to the bearing between the two sites. Sunrise/sunset and solar noon are
indicated by half and full circles respectively.
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processes, cloud-top brightness temperatures are a robust predictor of precipitation

rates across equatorial Africa (Maidment et al., 2014; Funk et al., 2015; Andrews

et al., 2025).

Figure 3.11 shows the diurnal cycle of 10.8 µm brightness temperatures is relatively

uniform across 700 km to the south of CAB, with a maximum near local midday

(12:00 LT) under strong shortwave heating and a minimum shortly before sunrise

due to nocturnal longwave cooling. At and immediately northwest of the CAB,

midday brightness temperatures are modestly reduced, consistent with the presence

of scattered cumulus. The nocturnal brightness temperature minimum occurs earlier

in the evening (21:00 LT) than to the south of the CAB, but does not reach values

associated with deep convection. We hypothesise that this reflects the advection of

anvils from convective systems located further to the northwest.

Further to the north-west, the nocturnal brightness temperature minimum becomes

both earlier and colder, reaching ≈ 255 K by 19:00 LT approximately 400 km north-

west of the CAB. This indicates that deep convection preferentially occurs well north

of the CAB, rather than at the dryline itself. Beyond 400 km convection is increas-

ingly deep and/or frequent, and by ≈ 700 km north the brightness temperature

minimum shifts to the early morning (03:00 LT), potentially reflecting convective

organisation deep in the Congo Basin (Dong and Washington, 2025).

A notable feature of Figure 3.11 is the large amplitude of the brightness-temperature

diurnal cycle at and north of the CAB, indicating strong diurnal modulation of

convection. We propose that this arises from dynamically forced nocturnal sup-

pression of convection. North of the CAB, near-surface moisture is high, yielding

substantial conditional instability (1480 J kg−1; Table 3.2). Shallow-to-congestus

convection develops around the early-afternoon temperature maximum, leading to

an early-evening minimum in brightness temperatures. After sunset, however, large-

scale winds accelerate as frictional effects weaken. Low-level convergence at the
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CAB intensifies and is accompanied by mid-level moisture-flux divergence, which

extends into the Congo as moist air is replaced with drier air of subtropical ori-

gin. This divergence, and associated entrainment of dry air into existing convective

systems, suppresses convection and inhibits mesoscale organisation, promoting rel-

atively cloud-free mornings and efficient surface heating that reinforces the large

diurnal amplitude. If correct, this mechanism implies that mesoscale dynamics at

the CAB, and particularly mid-level moisture flux divergence, is key to regulating

convection in the southern Congo Basin through austral spring.

Figure 3.11: The diurnal cycle of MSG-3 SEVIRI 10.8 µm channel brightness tem-
perature [K] by distance from the CAB during field campaign Phases 1 & 3. The
location of the CAB is approximated as half way between the Nchila and Solwezi
field sites with a bearing of 80◦ determined from SEVIRI 6.25 µm channel brightness
temperatures (Figure 3.3). A black line plots the amplitude of the diurnal cycle by
distance from the CAB. Red points show the hour of the brightness temperature
maximum and blue points the minimum. Sunrise/sunset and solar noon are indi-
cated by half and full circles respectively.
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3.6 Discussion

3.6.1 Conceptual model

The results presented here allow us to construct a conceptual model of the atmo-

sphere across the Congo Air Boundary (CAB) that is grounded entirely in empirical

observations (Figure 3.12). This synthesises key aspects of the structure of the CAB

and its modulation through the diurnal cycle, with each element corresponding to

components either resolved or implied by the observations presented in this study.

Figure 3.12: Schematic illustrating atmospheric processes across the Congo Air
Boundary (CAB) a) during the day and b) at night.

During the day. On the moist side of the CAB, boundary-layer turbulence mixes

(Congo) moisture upwards and dry(er) air of subtropical origin downward, drying

the surface and weakening the cross-CAB moisture gradient. Moist convection is
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shallow-to-congestus in nature, inhibited by midlevel stability which decreases into

the Congo basin as distance from the CAB increases. On the dry side, the boundary

layer is dominated by intense dry convection associated with the heat low and capped

by a strong mid-level inversion.

At night. Following the cessation of surface heating, radiative cooling leads to the

development of a stable surface layer and suppression of turbulent mixing. Surface

winds adjust toward a new balance of forces, producing an ageostrophic acceleration

toward low pressure associated with the heat low. At the CAB, strong low-level con-

vergence develops between shallow moisture-laden north-westerlies and dry subtrop-

ical easterlies, sharpening the near-surface dryline. This is accompanied by mid-level

moisture-flux divergence as easterlies are lifted above north-westerlies, inducing a

drying tendency in the upper boundary layer. This nullifies the midlevel cross-CAB

moisture gradient and contributes to the suppression of convection, meaning that

only storms deep into Congo are able to organise and persist through the night.

3.6.2 The CAB and the heat low

Heat lows are regions of low surface pressure that develop under intense surface

heating, large-scale subsidence, and clear-sky conditions (Racz and Smith, 1999;

Attwood, 2024). Reanalysis-based studies show that in austral spring, a heat low

forms preferentially over southern Angola and extends eastward across Zambia and

the tropical edge (Howard and Washington, 2018; Attwood et al., 2024). Consistent

with this, our observations evidence a heat low-like regime to the south of the

CAB, where the afternoon boundary layer is near dry-adiabatic (9.6 ◦C km−1) to

approximately 650 hPa and capped by a strong mid-level inversion. The elevated

Katanga plateau enables efficient heating of a relatively shallow atmospheric column

south of the CAB (Zangl and Chico, 2006; Smith and Spengler, 2011), providing a

plausible mechanism for the nocturnal ageostrophic acceleration and subsequent

convergence of winds at the CAB.
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Howard and Washington (2019) hypothesised that the heat low contributes to CAB

maintenance, whereby the atmosphere is moistened under nocturnal advection to-

ward the heat low, followed by daytime drying associated with turbulent mixing.

Results in Section 3.5.3 support this hypothesis and suggest a tight spatial and tem-

poral relationship between the heat low, the CAB and moisture convergence at the

tropical edge that warrants further investigation given documented trends in heat

low intensity (Attwood et al., 2024).

3.6.3 The CAB and shallow overturning

Our results evidence a shallow overturning circulation on the moist side of the CAB,

indicated by streamlines in the schematic of Figure 3.12. This circulation comprises

north-westerly low-level flow towards the CAB, forced ascent associated with low-

level convergence, and a mid-level return flow embedded within the AEJ-S. Two

branches are directly resolved in observations: low-level north-westerlies and the

mid-level return flow. A third, ascent at the CAB, is inferred from the convergence

resolved in Section 3.5.2. Together, these features are consistent with shallow over-

turning in a vertical plane normal to the CAB, implying rotation about a horizontal

axis broadly southwest–northeast (parallel to the CAB).

This shallow overturning circulation has implications for the thermodynamic envi-

ronment of the southern Congo that help to explain the relationship between the

CAB and convection. The mid-level return branch advects relatively warm, dry sub-

tropical air into the southern Congo and is associated with mid-level moisture-flux

divergence at the CAB. Analogous circulations inhibit convection in other monsoon

regions including West Africa (Shekhar and Boos, 2017), India (Parker et al., 2016),

and Australia (Xie et al., 2010), consistent with the well-established sensitivity of

deep convection to mid-level humidity (Derbyshire et al., 2004; Sobel and Bellon,

2009; Holloway and Neelin, 2009).
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This diagnosis may help to address longstanding uncertainty regarding the relation-

ship between the CAB and the tropical rain belt, and specifically whether the CAB

lies within the rain belt, marks its southern margin, or is displaced poleward of it

(Howard and Washington, 2019). Our results suggest that low-level moisture con-

vergence and high surface MSE at the CAB are not coupled to deep convection,

which instead preferentially occurs further equatorward. In this sense, the CAB is

displaced southward of the tropical rain belt.

3.6.4 The CAB and the African Easterly Jet South

The AEJ-S is a mid-tropospheric easterly jet to the north of the CAB, diagnosed in

Section 3.5.2 as mid-level jet at 650 hPa on the moist side of the CAB, associated

with wind speeds of up to 9.2 m s−1 overnight and 5.6 m s−1 during the day. To the

author’s knowledge, this represents the first observations of the diurnal cycle of the

AEJ-S.

The AEJ-S is traditionally interpreted as a thermal-wind response to the meridional

temperature gradient between a dry subtropical regime over southern Africa and a

moist convective regime in the Congo Basin (Nicholson and Grist, 2003; Kuete et al.,

2020). However, this explanation appears incomplete, as it does not readily explain

the observed diurnal cycle or the spatial preference of the jet immediately northwest

of the CAB. Here, we hypothesise that the lifting of subtropical easterlies at the

CAB is an additional, previously unrecognised maintenance mechanism through

momentum transfer to the mid-levels. This may help to explain the relationship

between a persistent CAB, a strong AEJ-S and low rainfall totals in the southern

Congo (Jackson et al., 2009; Dezfuli and Nicholson, 2013; Kuete et al., 2020), and

is interesting in the context of observed strengthening of the AEJ-S, particularly in

October (Tatro and Zuidema, 2025).
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3.6.5 The CAB and the Botswana High

The Botswana High is a semi-permanent mid-tropospheric anticyclone at approxi-

mately 500 hPa over subtropical southern Africa, associated with large-scale subsi-

dence and capping a heat low-related dry-convective boundary layer over the conti-

nental interior (Reason, 2016; Moses et al., 2023). The feature is typically charac-

terised using monthly-mean indices of 500 hPa geopotential height (e.g., Driver and

Reason, 2017), and so its manifestation on daily timescales and relationship to the

CAB are poorly understood.

Our radiosonde observations document persistent mid-level inversions near 550 hPa,

with substantially greater strength on the dry side of the CAB (mean ∼1.03 ◦C at

Nchila) where they cap a deep dry-adiabatic boundary layer. We interpret these

mid-level inversions as a result of subsidence associated with the Botswana High.

This is consistent with observations from the SAFARI-1992 campaign, which iden-

tified persistent subsidence inversions near 500 hPa associated with the Botswana

High that limited vertical turbulent mixing to approximately 3–4 km above the sur-

face (Garstang et al., 1996). The pronounced cross-CAB gradients in both mid-level

inversion strength and low-level lapse rates, over relatively short spatial scales, sug-

gest that on daily timescales the CAB may delineate the equatorward extent of the

Botswana High.

3.6.6 Comparison with other drylines

The CAB shares several dynamical features with drylines in other regions, raising

a question over the extent to which the CAB is dynamically unusual. In many re-

spects, our schematic compares well with conceptual models of drylines elsewhere.

For example, Great Plains drylines are characterised by the lifting of dry (westerly)

flow over moist (easterly) flow, a configuration also reported at the West African In-

tertropical Discontinuity (ITD; Pospichal et al., 2010) and for Argentinean drylines
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(Bechis et al., 2020). Similar to the CAB, observations of the ITD from Nangatchori,

Benin show nocturnal mid-level drying (i.e., moisture flux divergence), with turbu-

lent eddies mixing near-surface moisture vertically before nocturnal north-easterlies

export mid-level moisture and dry the upper boundary layer (Pospichal et al., 2010).

Reanalysis-based moisture budget analyses of Argentinean drylines suggest a similar

sequence of processes (Bechis et al., 2020, 2022). As at the CAB, the net effect is the

tilting of the dryline toward the moist air at night, such that the dryline is deepest

during the day and shallowest at night.

Some differences emerge in the comparison of our results to conceptual models of

Great Plains drylines. Most notably, the diurnal cycle of dryline strength is an-

tiphase. This has been attributed to a unique role of topography in the Great

Plains, where sloping terrain prompts daytime sharpening of the dryline through

differential boundary-layer growth and a downslope terrain effect on mixing (Schae-

fer, 1974; Arnup and Reeder, 2007, 2009). In contrast, the flatter topography of

southern Africa allows for more uniform boundary-layer growth. A second distinc-

tion is vertical structure: conceptual models of drylines in the Great Plains feature

a strong stable layer between low-level moist air and mid-level dry air. In contrast,

at the CAB there is no evidence of a stable layer separating low-level moisture from

drier air aloft (Figure 3.8a).

Finally, the CAB appears to belong to a class of drylines that are not typically

associated with deep convection. Drylines elsewhere frequently act as preferred

locations for convective initiation, often 15–25 km into the moist side (Bluestein

and Parker, 1993; Ziegler and Rasmussen, 1998; Bergmaier and Geerts, 2015). In

southern Africa, van Schalkwyk et al. (2023) show that 76% of Kalahari drylines

are associated with deep convection during austral summer. In contrast, the CAB

appears rarely associated with deep convection. We hypothesise this is reflects

convective inhibition by (i) large-scale subsidence and (ii) dynamically maintained
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mid-level drying through the cross-CAB advection of dry air.

3.6.7 CAB breakdown

This work represents an observational case study of a canonical "CAB-in-place" syn-

optic setting, so it has not explored aspects of the atmosphere at the CAB during

CAB breakdown, which Knight and Washington (2024) show is associated with a

rapid convective regime transition over southern Africa on timescales of 3–5 days

and the onset of the summer rains. Our results indicate that moist convection at

and north of the CAB is suppressed by a combination of (i) subsidence-induced

mid-level stability and (ii) mid-level moisture-flux divergence, with (iii) moisture

limitation providing an additional constraint south of the CAB. This suggests pos-

sible pathways by which CAB breakdown might occur. In particular, changes in

mid-level stability or the balance between low-level moisture convergence and mid-

level moisture divergence associated with shallow overturning could permit moisture

accumulation and the development of moist convection at the CAB, contributing to

its breakdown. This has interesting parallels to the West African monsoon onset,

which is similarly governed by the balance of low-level moisture convergence and

mid-level moisture divergence associated with shallow overturning, with inertial in-

stability developing when the former overwhelms the latter (Hagos and Cook, 2007;

Cook, 2015). We suggest that a detailed exploration of the local to mesoscale at-

mospheric processes underpinning CAB breakdown is a priority for future work.

3.6.8 Generalisability

An assumption of this work is that results derived from radiosonde observations

at two tropical-edge field sites are generalisable to (i) other years and (ii) other

locations along the CAB dryline. Definitive assessment of this assumption would

require further targeted observations. However, Figure 3.4 and the reanalysis-based

climatology of Howard and Washington (2019) indicate that the CAB is a large-
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scale and spatially coherent feature, lending confidence that the processes identified

here will be broadly applicable along its length. Additionally, conceptual models

of drylines elsewhere built from spatially and temporally limited observations (e.g.

Ziegler and Hane, 1993) have been shown by further analysis to be robust and

representative.

The field campaign took place during the second year of a rare three-year ("triple-

dip") La Niña event spanning 2020–2023 (Li et al., 2023; Thoithi et al., 2025, 2026).

Such events are associated with distinct large-scale circulation anomalies over south-

ern Africa, including a strengthened Mascarene High, enhanced easterly moisture

fluxes from the southwest Indian Ocean, and a positive phase of the Southern Annu-

lar Mode, influencing rainfall, temperature extremes, and dry spell characteristics

(Thoithi et al., 2025, 2026). While these influences are strongest during austral

summer (January–April), regional rainfall anomaly patterns during September–

November 2022 are consistent with the radiosonde IOP taking place under a La

Niña-modified (i.e., non-neutral) background state. Some aspects of the observed

structure of the CAB (e.g., mid-level subsidence inversions and south-of-CAB mois-

ture fluxes) may be sensitive to this large-scale influence. However, key processes

governing low-level convergence and dryline strength operate at the mesoscale and

are primarily controlled by the diurnal cycle of surface heating. This suggests that,

while the magnitude of individual features may vary across different background

states, the conceptual model of CAB structure and maintenance remains robust.

An explicit test of this would require further observations across different loca-

tions, years and background states. Accordingly, we hope this manuscript serves to

strengthen the case for greater investment in observational capacity across central

southern Africa.
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3.7 Conclusion

This paper has presented the first detailed observations of the Congo Air Boundary

(CAB) using upper-air and surface data from the Decreasing Rainfall to Year 2100

– Role of the Congo Air Boundary (DRY-CAB) project. These observations provide

new insight into the structure, circulation, and diurnal modulation of the CAB,

advancing understanding of atmospheric dynamics and thermodynamics at the data-

sparse southern African tropical edge. The key findings are synthesised schematically

in Figure 3.12.

Based on field observations between 1 October and 13 November 2022, we show the

CAB to be a dryline and convergence-line featuring a specific humidity gradient of

up to 12.0 g kg−1 per 100 km. On the dry side of the CAB the afternoon boundary

layer is near dry-adiabatic (9.6 ◦C km−1) capped by a midlevel inversion with a mean

strength of 1.14 ◦C. On the moist side, the boundary layer is more stably stratified

(9.1 ◦C km−1) and inversions weaker (0.38 ◦C) and more vertically dispersed. Daily

maximum surface MSE is 8.4 kJ kg−1 higher on the moist side of the CAB, driven by

the latent component, resulting in pronounced cross-CAB contrasts in conditional

instability, with mean 14:00 LT CAPE 1480 J kg−1 on the moist side compared with

22 J kg−1 on the dry side.

We diagnose strongly contrasting nocturnal circulation regimes across the CAB.

North of the CAB, 9.2 m s−1 mid-level easterlies associated with the AEJ-S overly

weak near-surface north-westerlies, while to the south the circulation is characterised

by a strong (15.0 m s−1) easterly LLJ. This LLJ strengthens overnight under an

inertial oscillation, such that convergence at the CAB maximises at 05:00 LT with

a magnitude of 4.9× 10−5 s−1. Nocturnal convergence is accompanied by mid-level

moisture divergence as the dry (7 g kg−1) easterly LLJ is lifted above moist (15 g

kg−1) north-westerlies. The structure and strength of the CAB dryline is strongly
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modulated by the diurnal cycle, such that the CAB is shallow (≈ 1km) but strong

(7.9 g kg−1) at night and weak (2.0 g kg−1) but deep (≈ 3.5km) during the day.

Our observations provide evidence for a shallow overturning circulation on the moist

side of the CAB, comprising low-level north-westerly flow toward the CAB, ascent

associated with low-level convergence, and a mid-level return flow embedded within

the AEJ-S. We hypothesise that this circulation suppresses deep convection at and

north of the CAB as the mid-level return branch advects warm, dry subtropical

air into the southern Congo Basin. As a result, only beyond approximately 400

km north of the CAB does convection appear to organise into mesoscale convective

systems.

Our results, which are grounded in observations of the physical climate system,

establish a baseline against which the ability of models to simulate the CAB can be

tested. This lays the groundwork for further research establishing whether models

used for forecasting and climate projection have the fidelity to simulate the CAB,

and by extension the dynamical elements that control the progression of rainfall

southwards in early summer. Such work is essential for establishing confidence in

projections of future drying and advancing seasonal forecasting skill.
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3.9 Afterword to Chapter 3

Chapter 3 has fulfilled the first aim of this thesis by resolving the structure and

circulation of the CAB in observations. Using detailed surface and upper-air mea-

surements from the DRY-CAB field campaign, the chapter has characterised the

structure, circulation, and diurnal modulation of the atmosphere across the CAB.

The analysis establishes the CAB as a sharp dryline and convergence zone sepa-

rating two distinct thermodynamic and circulation regimes, and demonstrates that

its structure and intensity are strongly modulated by the diurnal cycle of surface

heating. By resolving the key thermodynamic and circulation elements of the atmo-

sphere across the CAB and integrating them into an empirically grounded conceptual

model, Chapter 3 directly addresses Aim 1 of this thesis. In doing so, it provides new

insight into the structure and maintenance of the CAB and advances understanding

of climate dynamics at the data-sparse southern African tropical edge.

The results of this chapter provide a benchmark against which reanalysis represen-

tation of the CAB will be evaluated in Chapter 4.
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4 | Evaluation of the Congo Air Boundary in re-

analyses during the 2022 DRY-CAB field cam-

paign

Deep convective clouds over the Democratic Republic of the Congo are lit by the
setting sun. 3 November 2022.
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The Congo Air Boundary (CAB) is a synoptic-scale dryline and convergence zone

that forms across southern Africa from August to November and plays a central

role in both the timing of rainfall onset and projections of regional drying. Until

recently, our understanding of the CAB has relied almost entirely on reanalysis and

model data. However, the fidelity with which the CAB is reproduced in these

datasets is not known. Using a new observational benchmark derived from the

DRY-CAB field campaign, this study evaluates the ability of three reanalyses –

ERA5, MERRA-2, and JRA-3Q – to reproduce the CAB. All three exhibit

substantial errors in the CAB’s mesoscale structure and circulation: no product

captures dryline strength (biases ≥ ±25%), and only ERA5 successfully reproduces

its diurnal evolution. A process-based evaluation reveals that these errors stem

from misrepresented moisture transport to the north of the CAB. North-westerly

moisture fluxes that advect moisture to the CAB are of the wrong sign in

MERRA-2 (−120% bias), exhibit an incorrect diurnal cycle in JRA-3Q (maximum

at 20:00 rather than 02:00), and arise from compensating biases in ERA5. ERA5

and MERRA-2 additionally exhibit excessive 11:00 LT instability and daytime

near-surface drying (biases 71–221%). We show that these errors propagate upscale

to degrade a) reanalysis convective environments and b) the simulated seasonal

evolution of the tropical-edge atmosphere through rainfall onset. Our findings

demonstrate the importance of CAB representation to reanalysis fidelity at the

southern African tropical-edge and highlight the inadequacy of reanalyses for

studying mesoscale processes across the data-sparse region.
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4.1 Foreword to Chapter 4

Chapter 4 addresses the second aim of this thesis by evaluating how well the CAB is

reproduced in three reanalyses during the DRY-CAB campaign. This is motivated

by the fact that we do not know whether key aspects of the CAB are absent or

misrepresented in these datasets.

The chapter applies a process-based evaluation methodology, guided by the con-

ceptual model developed in Chapter 3, to assess the performance of three recent

reanalysis products: ERA5, MERRA-2, and JRA-3Q. The evaluation focuses on

whether these products reproduce the key features that comprise the CAB during

the DRY-CAB field campaign.

Analysis shows that while all three reanalyses reproduce a CAB at the synoptic

scale, they exhibit substantial errors in its mesoscale structure and circulation. The

most pronounced errors occur north of the CAB, where moisture availability and

transport differ substantially between products. By examining how errors in the

representation of the CAB relate to the representation of its key comprising features,

Chapter 4 highlights reanalysis weaknesses at the tropical edge, informs priorities

for model development, and underscores the need for caution when using reanalyses

in tropical-edge research.

Chapter 4 is presented in the form of a manuscript:

Knight, C., Washington, R., Munday, C., Nkonde, E., Imbwae, F., and Kasongo,

W. (2026). Evaluation of the Congo Air Boundary in reanalyses during the 2022

DRY-CAB field campaign.

Submitted to Journal of Climate on 07 February 2026.
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4.2 Introduction

The August to November pre-rainfall onset circulation at the southern African tropi-

cal edge is characterised by a distinguishing large-scale circulation feature, the Congo

Air Boundary (CAB). The CAB is defined as the synoptic-scale convergence zone

and dryline that occurs where near-saturated low-level north-westerlies originating

from the equatorial east Atlantic and Congo Basin meet easterly trade winds from

the tropical southwest Indian Ocean, which are dried by strong heating of the con-

tinental surface and diluted by deep tropospheric subsidence (Torrance, 1979; Hills,

1979; Levin et al., 2009; Tierney et al., 2011; Dezfuli and Nicholson, 2013; Nicholson,

2015; Howard and Washington, 2019) (Figure 4.1).

The CAB is associated with a strong north-west to south-east gradient in rainfall,

moisture and convective available potential energy (CAPE). To the north-west, the

atmosphere is characterised by high boundary-layer moist static energy (MSE) and

lapse rates approaching the saturated adiabatic lapse rate, while to the south-east

the atmosphere is characterised by lower boundary-layer MSE and a stable mid-

troposphere (Torrance, 1979; Howard and Washington, 2019; Knight et al., 2026).

The breakdown of the CAB is therefore key to the southward seasonal migration of

the tropical rain belt into southern Africa, and by extension rainfall onset (Knight

and Washington, 2024). The feature is also central to rainfall projections under

future warming scenarios, with early summer drying and a delay to rainfall onset

across the tropical edge coupled to a delay to CAB breakdown in global circulation

models (Howard and Washington, 2020).

Prior to Knight et al. (2026), our understanding of the CAB was based almost en-

tirely on reanalysis and model data. However, there is uncertainty over whether

reanalyses can accurately resolve processes at the southern African tropical edge,

stemming from two core issues. First, the paucity of in situ observations – partic-
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ularly station and radiosonde data – means that reanalyses are weakly constrained

near the surface and rely heavily on their modelled components. Second, observa-

tional and reanalysis diagnostics point to intricate mesoscale dynamics at the CAB

(Howard and Washington, 2019; Knight et al., 2026), but these are largely param-

eterised rather than explicitly resolved. Reanalyses clearly feature a CAB at the

synoptic scale on 5 October 2022, when Knight et al. (2026) report a specific hu-

midity gradient of 12.0 g kg−1 per 100km between automatic weather stations in

north-west Zambia associated with the CAB (Figure 4.1). However, no work to date

has evaluated reanalysis representation of the CAB against observations, meaning

we do not know a) whether essential processes operating at the dryline are absent

or misrepresented, or b) the extent to which the representation of the CAB differs

between reanalyses.

Here we seek to address this knowledge gap through evaluating three reanalyses

against observations from the Decreasing Rainfall to Year 2100 – Role of the Congo

Air Boundary (DRY-CAB) project. Although limited in spatial and temporal ex-

tent, the DRY-CAB observations provide a detailed, unassimilated benchmark of

the southern African tropical-edge atmosphere. To maximise insight from this tar-

geted sampling, we adopt a "process-based" evaluation framework to assess whether

reanalyses realistically simulate the key features that comprise the CAB as described

by Knight et al. (2026). Specifically, we assess the extent to which reanalyses repro-

duce defining features of the CAB, such as dryline moisture gradients, horizontal

and vertical moisture transport, low-level jets (LLJs) and mid-level stability. This

approach allows biases to be interpreted in terms of underlying physical processes,

providing greater guidance on model weaknesses and priorities for future develop-

ment (Neelin et al., 2023).

In this work, we seek to address the following three research questions:

1. How well do reanalyses reproduce the key thermodynamic and circulation
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features that comprise the Congo Air Boundary?

2. How do diagnosed differences between reanalyses and observations influence

convective environments?

3. How do diagnosed differences between reanalyses and observations influence

rainfall onset meteorology?

Figure 4.1: Day-mean near-surface (850 hPa) specific humidity [g kg−1] and vector
winds [m s−1] over subtropical southern Africa on 5 October 2022, when Knight et al.
(2026) report that the CAB was located between the Nchila (green) and Solwezi (red)
field sites and associated with a specific humidity gradient of 12.0 g kg−1 per 100
km. The reanalyses are a) ERA5, b) MERRA-2 and c) JRA-3Q. The location of
the Nchila and Solwezi field sites are marked with green and red circles respectively.
The CAB dryline, as detected by the canny-edge method of Howard and Washington
(2019) (after interpolation to a 0.25◦ × 0.25◦ grid) is plotted in purple.

4.3 Methods

4.3.1 Reanalysis evaluation

It is not possible to know a priori which reanalyses provide the most faithful rep-

resentation of the tropical edge atmosphere, meaning evaluation is required (Flato

et al., 2014). Performance-based metrics such as correlation coefficients, root-mean-

square error, or mean bias can provide useful benchmarks but may be misleading,

as models may reproduce observations through compensating errors or processes

that differ from those in the real world (e.g., Zhang et al., 2013). Furthermore,

111



such statistics rarely reveal why a model is wrong, limiting their value in identifying

model weaknesses and guiding model development.

Process-based evaluation addresses these limitations through examining the mech-

anisms and processes through which models generate their outputs and assessing

whether they reflect those operating in the real atmosphere (e.g., Podglajen et al.,

2014; James et al., 2015; Itterly et al., 2018; Daron et al., 2019; Kenfack et al., 2023;

Best et al., 2025). Data from field campaigns provide a crucial source of detailed,

independent (unassimilated) observations for such analysis (e.g. Betts et al., 1996;

Betts and Jakob, 2002; Duynkerke and Teixeira, 2001; Largeron et al., 2015; Itterly

et al., 2018; Graham et al., 2019; Munday et al., 2024).

The DRY-CAB project has recently provided the first detailed in situ observations of

the atmosphere in proximity to and across the CAB. From these observations, Knight

et al. (2026) developed a schematic model of tropical-edge atmosphere associated

with the CAB (Figure 4.2), identifying six defining features: (1) a dryline and

convergence zone, (2) the north-westerly moist low-level jet, (3) the easterly dry

low-level jet, (4) the African Easterly Jet South, (5) dry-convective mixing, and (6)

mid-level stability associated with the Botswana High. This feature-level description

of the CAB provides the basis for a process-based evaluation of reanalyses.

In this study, we use these six features as diagnostic benchmarks to evaluate the

ability of three reanalyses to reproduce the CAB. This approach is particularly

appropriate given the limited spatial and temporal sampling of the available obser-

vations. We aim to identify where and why differences arise between reanalyses and

observations, as well as between reanalyses themselves. By interpreting these differ-

ences in terms of the underlying physical processes, our approach supports a more

detailed assessment of model weaknesses and helps to inform priorities for future

development (Neelin et al., 2023).
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Figure 4.2: Schematic from Knight et al. (2026), derived from DRY-CAB observa-
tions, illustrating the key thermodynamic and circulation features that comprise the
CAB a) at night and b) during the day. The six defining features are (1) a dryline
and convergence zone, (2) the north-westerly moist low-level jet, (3) the easterly dry
low-level jet, (4) the African Easterly Jet South (AEJ-S), (5) dry-convective mixing,
and (6) mid-level stability associated with the Botswana High.
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4.3.2 Data

4.3.2.1 Field observations

We use surface and upper-air (radiosonde) observations from the Decreasing Rainfall

to Year 2100 – Role of the Congo Air Boundary (DRY-CAB) project. The main field

campaign comprised intensive radiosonde and surface observations from two sites in

north-west Zambia through austral spring 2022. Radiosonde supersites, equipped

with radiosondes, an automatic weather station (AWS) and a Doppler LiDAR, were

located at Nchila (11.249◦S, 24.327◦E) and Solwezi (12.171◦S, 26.364◦E) and sup-

ported by three additional AWS (Figure 4.1). The Nchila and Solwezi radiosonde

sites were located on the Katanga Plateau at an altitude of 1400 m (≈ 859 hPa)

and 1393 m (≈ 861 hPa) respectively, with Solwezi 244.2 km to the east-southeast

of Nchila. A full description of the DRY-CAB project, including justification of

site selection and sampling strategy, is provided in Washington et al. (2026, in

preparation).

During the field campaign intensive observational period (IOP), GRAW DFM-17

radiosondes were released at 3-hourly intervals from both radiosonde supersites for

44 days from 1 October – 13 November. Radiosonde release times were 00, 03, 06,

09, 12, 15, 18, and 21 UTC. The field site time zone is Central African Time (CAT;

UTC+2), and we report all times in this study in local time, denoted ‘LT’ (e.g.,

15:00 LT = 13:00 UTC).

The 44-day field campaign IOP from 1 October to 13 November may be divided

into five distinct meteorological phases (Phase 1-5) defined by the daily maximum

in field site surface MSE. Absolute MSE values and inter-site differences allow the

CAB to be located during each phase – this is summarised in Table 4.1 and further

described in Knight et al. (2026).
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Table 4.1: Dates and durations of the five meteorological phases of the 44-day field
campaign IOP. Each field site is assigned "Moist", "Dry" or "Breakdown" for each
phase depending on the location of the CAB. During Phase 5 ("Breakdown") the
CAB did not form. Sampling was "Cross-CAB" in Phase 1 & 3.

Phase Start date End date Days Regime at site

Nchila Solwezi

Phase 1 2022-10-01 2022-10-05 5 Moist Dry
Phase 2 2022-10-06 2022-10-15 10 Dry Dry
Phase 3 2022-10-16 2022-10-22 7 Moist Dry
Phase 4 2022-10-23 2022-10-30 8 Moist Moist
Phase 5 2022-10-31 2022-11-13 14 Breakdown Breakdown

The migration of the CAB through the five meteorological phases means the dataset

includes periods where the CAB was between sites, and periods where both sites

were subject to the same regime (Table 4.1). This variability gives rise to two

possible sampling strategies.

A strict "cross-CAB" sampling strategy considers only Phases 1 and 3, during which

the CAB bisected the two field sites. Under this approach, data from Nchila details

the moist side, while data from Solwezi details the dry side. While Knight et al.

(2026) adopted this approach, a disadvantage is the low number of days (n=12),

which offers a less robust evaluation with a greater risk that reanalysis error is not

representative of systematic deficiencies.

An alternative "by-regime" sampling strategy pools data from all phases and sites

into three regimes ("dry", "moist", "breakdown") and then composites on each

regime. Under this approach, moist-side features such as the north-westerly LLJ

are resolved using data from both Nchila (Phases 1, 3, and 4) and Solwezi (Phase

4). This method substantially increases the sample size (dry = 32 days, moist = 28

days, breakdown = 28 days) by allowing for the inclusion of instances when both

sites sample the same regime. A disadvantage of this approach is that dynamics

may vary with distance from the CAB, potentially grouping distinct conditions.
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However, Knight et al. (2026) show that such within-regime differences are small

compared to the differences between regimes. This would also only impact absolute

values, rather than the robustness of any comparison.

In this work, both sampling strategies are required, as certain CAB features such as

dryline intensity and low-level convergence cannot be defined without simultaneous

observations across the CAB. We favour the "by-regime" sampling strategy where

possible because it provides a larger sample for a more robust comparison. In all

cases, the sampling strategy used is clearly stated. As a sensitivity test, all figures

were reproduced using only the cross-CAB sample and results were unchanged.

4.3.2.2 Reanalyses

Reanalyses combine historical weather observations with a numerical weather pre-

diction model and data assimilation system to provide a dynamically consistent

estimate of the global atmospheric state at sub-daily resolution. Reanalyses as-

similate both conventional (e.g., radiosondes, surface stations, aircraft reports) and

satellite-based (e.g., atmospheric motion vectors, microwave radiances) observations

using either 3D-Var or 4D-Var techniques. In regions where conventional observa-

tions are sparse, such as subtropical southern Africa, reanalyses rely more heavily on

their modelled components and are less constrained by data assimilation (Podglajen

et al., 2014; Roffe and van der Walt, 2023).

In this analysis, we evaluate three reanalysis products: ERA5, MERRA-2 and JRA-

3Q. We have selected these reanalyses on the following criteria: a) they are the

latest reanalyses from their respective modelling centres, b) they are regularly used

in present-day climate research, and c) they are updated in near real time (as of

publication). Characteristics of these reanalyses are summarised in Table 4.2 and

described below.

• ERA5 (Hersbach et al., 2020) is ECMWF’s latest-generation reanalysis, pro-
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duced using the Integrated Forecast System (Cy41r2) with 4D-Var data assim-

ilation and released in 2017. Although ensemble-based uncertainty estimates

are available, only the high-resolution deterministic realisation is used.

• The Modern-Era Retrospective Analysis for Research and Applications, ver-

sion 2 (MERRA-2), is the latest reanalysis produced by NASA’s Global Mod-

elling and Assimilation Office (Gelaro et al., 2017), released in 2016. It uses

version 5.12.4 of the GEOS atmospheric data assimilation system, which com-

bines the GEOS-5 model physics with 3D-Var data assimilation on a 6-hourly

cycle. Unlike ERA5 and JRA-3Q, it assimilates only clear-sky radiances.

• JRA-3Q (Kosaka et al., 2024) is the Japanese Meteorological Agency’s third-

generation global reanalysis, released in 2023 and superseding JRA-55. It is

produced using the JMA operational system as of December 2018 with 4D-Var

assimilation.

Table 4.2: Reanalysis products used in this study.

Reanalysis Time res. Lon res. Lat res. Vert. levels Assim. method

ERA5 1-hourly 0.25◦ 0.25◦ 137 4D-Var
MERRA-2 3-hourly 0.625◦ 0.5◦ 72 3D-Var
JRA-3Q 6-hourly 0.375◦ 0.375◦ 100 4D-Var

4.3.3 Comparison considerations

There are multiple approaches to comparing gridded model output with point ob-

servations, and no universally accepted best practice exists. Here, we provide a

high-level overview of our choices and assumptions; a more detailed justification

along with sensitivity testing is presented in Appendix A.

First, radiosondes are assumed to be Eulerian point measures valid for the release

location and time. To collocate observations with gridded reanalysis fields, we adopt
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a nearest-neighbour approach. Sensitivity tests using alternative spatial co-location

methods indicate that comparison metrics are insensitive to colocation method (Fig-

ure 4.15).

Pressure-level reanalysis fields are used throughout, as these are the most widely

available and are commonly employed in reanalysis-based studies. All reanalyses

are interpolated to a common 25 hPa pressure grid. Single-level comparisons use

only pressure levels common to both radiosonde and reanalysis data, while bulk

layer quantities are derived by interpolating radiosonde profiles to the reanalysis

grid. Differences in surface pressure between observations and reanalyses are small,

and no adjustment for feature height relative to the surface is required.

Temporal matching is constrained by data availability. ERA5 and MERRA-2 pro-

vide a 3-hourly output for pressure-level variables, while data for JRA-3Q is only

available at 6-hourly intervals. To maximise data use, we compare ERA5 and

MERRA-2 with the 3-hourly observation dataset, and JRA-3Q with a reduced 6-

hourly subset. This ensures a fair comparison while avoiding the need to discard

half the radiosonde observations.

A requirement for this evaluation is that reanalyses place the CAB in the correct

location relative to our two field sites, otherwise a CAB reproduced with perfect

fidelity in the wrong place would appear erroneous. To confirm this, Figure 4.13

plots 850 hPa specific humidity along an extended Nchila-Solwezi transect. During

Phases 1 and 3, all reanalyses place the moist-dry transition between the two field

sites, although this transition is gradual in ERA5 and MERRA-2. During Phase 2,

all reanalyses correctly locate both sites within a dry regime; and during Phase 4, all

reanalyses correctly locate both sites within a moist regime, in agreement with the

observational classification of Table 4.1. The correct placement of the CAB across

reanalyses is likely attributable to constraint from satellite radiances, particularly

microwave observations, despite the scarcity of conventional in situ data (Samrat
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et al., 2025).

4.4 Results

4.4.1 How well do reanalyses reproduce the key thermody-

namic and circulation features that comprise the Congo

Air Boundary?

4.4.1.1 CAB dryline & convergence zone

We begin with two properties by which the CAB is most commonly defined: moisture

gradients and low-level convergence, labelled "[1]" in the schematic of Figure 4.2.

Because evaluating these features requires data sampled simultaneously across the

CAB, we use the "cross-CAB" sampling base (Table 4.1).

The observed diurnal cycle of dryline strength (Figure 4.3c) is characterised by a

strong 850 hPa moisture gradient overnight (maximum intensity 6.18 g kg−1 at 05:00

LT) and a weaker moisture gradient during the day. This diurnal cycle arises from

large variations in moist-side specific humidity (Figure 4.3a).

• ERA5 underestimates the 850 hPa moisture gradient across the CAB at all

times of day, with peak dryline intensity 36% weaker than observed. This bias

stems from a mean moist-side moisture deficit of 2.32 g kg−1, while the dry

side is well reproduced. The diurnal cycle of moist-side specific humidity, and

by extension dryline intensity, is successfully reproduced.

• MERRA-2 has an even weaker dryline than ERA5, underestimating maximum

intensity by 64%. This again stems from a large mean moist-side moisture

deficit (2.88 g kg−1). Additionally, the diurnal cycle of dryline intensity is out

of phase with observations and its amplitude is muted, with little modulation

through the day.
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• JRA-3Q overestimates the observed maximum dryline intensity by 25% and

incorrectly places the maximum intensity in the early evening (20:00 LT),

linked to a +3.1 g kg−1 moist-side moisture bias at that timestep.

Figure 4.3: 850 hPa specific humidity (q) at a) Nchila and b) Solwezi, and c)
dryline intensity calculated as the specific humidity difference between Nchila and
Solwezi in observations (black) and reanalyses (ERA5; green, MERRA2; orange,
JRA-3Q; blue). The sampling base is "cross-CAB" (Table 4.1). An ‘x’ denotes
where the reanalysis mean is significantly different from observations at p < 0.05.

The observed diurnal cycle of moisture flux divergence (specifically, the component of

the moisture flux divergence that is parallel to the bearing between the two field sites)

is characterised by nocturnal low-level convergence and mid-level divergence, with a

transition between the two regimes at 756hPa (Figure 4.4a). Maximum convergence

occurs at 05:00 LT with a magnitude of 3.37×10−4 g kg−1 s−1. The ratio of vertically

and diurnally integrated moisture accumulation to export is 0.61, indicating that

mid-level moisture export substantially exceeds low-level accumulation.

• ERA5 (Figure 4.4b) captures the amplitude and phase of the diurnal cycle well,

with maximum convergence at 05:00 LT (3.88 × 10−4 g kg−1 s−1). However,

convergence extends too deeply (by 39 hPa) and integrated mid-level mois-

ture export is underestimated by 23%. As a result, moisture accumulation

significantly exceeds export (at a ratio of 1.38), unlike observations.

• MERRA-2 (Figure 4.4c) underestimates convergence throughout the day, with

the nocturnal maximum 35% weaker than observed (2.19× 10−4 g kg−1 s−1).
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However, convergence depth and the magnitude of mid-level integrated mois-

ture export are closer to that observed, such that the ratio of moisture accu-

mulation to export is similar to observations (0.66).

• JRA-3Q (Figure 4.4d) overestimates the nocturnal maximum in low-level con-

vergence by 30% (4.39× 10−4 g kg−1 s−1) and misrepresents the diurnal cycle,

with a spurious early evening (20:00 LT) maximum (the diurnal cycle of mid-

level divergence is similarly erroneous). Integrated moisture accumulation is

approximately equal to export.

In summary, reanalyses differ to a large degree in their representation of moisture

gradients and low-level convergence at the CAB. All three products exhibit statis-

tically significant specific humidity biases on the moist side of the CAB, while the

dry side is well reproduced. Only ERA5 successfully captures the observed diurnal

cycle of dryline intensity and low-level convergence. However, this convergence ex-

tends too deeply, leading to significantly excessive moisture accumulation relative

to export.

In both MERRA-2 and JRA-3Q, errors in dryline intensity appear to be closely

linked to errors in moisture flux convergence. To examine this relationship fur-

ther, we next assess how reanalyses represent the north-westerly LLJ that supplies

moisture to the moist side of the dryline.

4.4.1.2 North-westerly (moist) low-level jet

The north-westerly LLJ (labelled "[2]" in Figure 4.2), is a key feature of the noctur-

nal circulation on the moist side of the CAB, forming below 800 hPa and advecting

moist air from the Congo Basin toward the tropical edge (Pokam et al., 2014; Knight

et al., 2026). As the LLJ is a feature of the atmosphere north of the CAB, we adopt

a "moist-side" sampling base (Table 4.1).
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Figure 4.4: a-d) The component of the moisture flux divergence (∇qv) [g kg−1

s−1] that is parallel to the bearing between the two field sites in a) observations
and reanalyses: b) ERA5, c) MERRA-2, and d) JRA-3Q. The sampling base is
"cross-CAB" (Table 4.1). A black line plots moisture fluxes by pressure integrated
across the diurnal cycle [g kg−1 hPa−1]. P0 denotes the vertical level associated with
a switch from diurnally integrated moisture accumulation to export. The ratio of
vertically and diurnally integrated moisture accumulation below P0 to export above
P0 is shown in the upper right of each panel. Values near unity indicate that low-
level moisture convergence is largely compensated by divergence aloft, values greater
than one indicate net moisture accumulation, and values less than one indicate net
moisture export. Sunrise/sunset and solar noon are indicated by half and full circles
respectively.

In observations, the LLJ is expressed as a nocturnal maximum in north-westerly

moisture flux below 800 hPa (Figure 4.5). We therefore define a jet index as the

north-westerly moisture flux (qvnw) at 825 hPa, with north-westerly flow as posi-

tive. Figure 4.5a shows the index diurnal cycle in observations and reanalyses, with

Figure 4.5b-d additionally showing reanalysis qvnw bias as a function of pressure. In

observations, the index peaks at 02:00 LT (28.8 g kg−1 m s−1), with positive values

overnight and negative values during the day.

• ERA5 successfully reproduces the phasing and amplitude of the index diurnal

cycle, with magnitudes at 02:00 LT underestimated by just 6% (not statisti-

cally significant). However, a decomposition reveals that this agreement arises

from compensating errors: q is underestimated on the moist side (as indicated

in Figure 4.3) while vnw is overestimated (both statistically significant; Ta-

ble 4.3). Furthermore, Figure 4.5b shows that north-westerly moisture fluxes

are excessively deep overnight.
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• MERRA-2 performs poorly, with the index largely negative (south-easterly)

throughout the diurnal cycle. At 02:00 LT, when observed fluxes peak at 28.8

g kg−1 m s−1, MERRA-2 simulates a qvnw of −5.5 g kg−1 m s−1.

• JRA-3Q reproduces the magnitude of the LLJ but not the diurnal cycle, with

the index peaking in the evening (20:00 LT) instead of the early morning. At

20:00 LT, an index of 28.3 g kg−1 m s−1 overestimates observed values by +27.1

g kg−1 m s−1 while at 02:00 LT, fluxes are underestimated by 35% (p=0.35).

In all three reanalyses, the representation of the north-westerly LLJ is closely re-

lated to biases in low-level convergence and dryline intensity (Section 4.4.1.1). In

MERRA-2, the absence of a north-westerly LLJ component accounts for its weak

dryline and convergence zone, while the spurious evening moisture advection in JRA-

3Q explains its evening maximum in convergence and dryline strength. In ERA5,

compensating errors in q and vnw yield near-correct maximum moisture flux con-

vergence magnitudes despite an underestimation of specific humidity north of the

dryline. However, the excessively deep north-westerly moisture fluxes overnight lead

to an overestimation of vertically integrated near-surface moisture convergence.

The spurious early-evening index maximum in JRA-3Q is associated with an exag-

gerated NW–SE (cross-CAB) geopotential height gradient relative to other reanal-

yses (Table 4.4). This, in turn, appears to be related to exaggerated positive (nega-

tive) cross-CAB gradients in sensible (latent) heat fluxes (Table 4.4), suggesting that

the representation of land-atmosphere coupling may contribute to inter-reanalysis

differences in the low-level circulation to the north of the CAB (e.g., Poll et al.,

2022; Best et al., 2025).

4.4.1.3 Easterly (dry) low-level jet

Next, we evaluate the easterly LLJ. This jet, labelled "[3]" in Figure 4.2, is a key

circulation feature on the dry side of the CAB, so we adopt a "dry-side" sampling
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Figure 4.5: Diurnal cycle and vertical structure of the north-westerly (moist) LLJ
in observations and reanalyses. The sampling base is "moist side" (Table 4.1). a)
Hour-pressure evolution of observed north-westerly moisture fluxes (qvnw; shading)
[g kg−1 m s−1] together with the north-westerly LLJ index (lines) [g kg−1 m s−1]
defined as the 825-hPa north-westerly moisture flux in observations (black) and
reanalyses (ERA5: green; MERRA-2: orange; JRA-3Q: blue). North-westerly flow
is defined as positive. b-d) Reanalysis bias (reanalysis minus observations) in north-
westerly moisture flux as a function of pressure and hour for b) ERA5, c) MERRA-2,
and d) JRA-3Q. Hatching indicates the 825-hPa level used to define the LLJ index.
An ‘x’ marks hours where the LLJ index differs significantly from observations at
the 0.05 level. Sunrise/sunset and solar noon are indicated by half and full circles
respectively.
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base (Table 4.1). Knight et al. (2026) show that the easterly LLJ is characterised

by strong easterly flow with a northerly component that increases overnight under

an inertial oscillation, with maximum wind speeds occurring in the morning near

800 hPa. We therefore define a jet index as the zonal wind component at 800 hPa,

with along-jet (easterly) flow as positive. Figure 4.6 shows the diurnal cycle of

this jet index in observations and reanalyses, while Figure 4.6b-d additionally show

reanalysis bias as a function of pressure.

In observations, the jet is weakest at 14:00 LT and strengthens overnight, peaking at

08:00 LT with a mean wind speed of 14.6 m s−1. All three reanalyses reproduce the

diurnal cycle of the jet index. However, all underestimate the 08:00 LT windspeed

maximum. ERA5 is closest to observations (13.0 m s−1, −11%) followed by MERRA-

2 (12.0 m s−1, −17%) and lastly JRA-3Q (11.0 m s−1, −25%). Differences to

MERRA-2 and JRA-3Q are significant at the 0.05 level.

Figure 4.6: Diurnal cycle of the easterly (dry) LLJ in observations and reanalyses.
The sampling base is "dry side" (Table 4.1). a) Hour-pressure evolution of zonal
wind (shading) [m s−1] together with the LLJ index (lines) [m s−1] defined as the
800 hPa zonal wind in observations (black) and reanalyses (ERA5: green; MERRA-
2: orange; JRA-3Q: blue). Easterly (along-jet) flow is defined as positive. b-d)
Reanalysis error (reanalysis minus observations) as a function of pressure and hour
for b) ERA5, c) MERRA-2 and d) JRA-3Q. In a), an ‘x’ marks where the LLJ index
differs significantly from observations at the 0.05 significance level. Sunrise/sunset
and solar noon are indicated by half and full circles respectively.
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4.4.1.4 African Easterly Jet South

The African Easterly Jet South (AEJ-S), labelled "[4]" in Figure 4.2, is an important

mid-level circulation feature on the moist side of the CAB, with links to mid-level

moisture flux divergence (Knight et al., 2026), rainfall in the southern Congo (Kuete

et al., 2023) and aerosol transport to the south-east Atlantic (Adebiyi and Zuidema,

2016). We define an AEJ-S index as the zonal wind component at 650 hPa, with

along-jet (easterly) flow as positive, using the "moist-side" sampling base (Table 4.1).

Figure 4.7 shows the diurnal cycle of this jet index in observations and reanalyses,

while Figure 4.7b-d additionally show reanalysis bias as a function of pressure.

All three reanalyses underestimate mean jet strength. Observed AEJ-S winds aver-

age 6.9 m s−1 across the diurnal cycle, compared to 6.5 m s−1 in ERA5 (−6%), 6.1

m s−1 in MERRA-2 (−11%), and 6.5 m s−1 in JRA-3Q (−6%), with differences to

MERRA-2 and JRA-3Q are significant at the 0.05 level. ERA5 and JRA-3Q broadly

reproduce the observed diurnal cycle of jet strength, with an overnight maximum

and 14:00 LT minimum. In contrast, MERRA-2 fails to capture the diurnal cycle,

and exhibits a spurious dual minimum at 05:00 and 17:00 LT.

4.4.1.5 Dry-convective mixing

We next examine dry-convective mixing on the moist side of the CAB (labelled

"[5]" in Figure 4.2). Dry-convective mixing on the moist side of the CAB is central

to the diurnal modulation of dryline structure, whereby daytime turbulent mixing

redistributes moisture vertically, drying the surface layer and weakening the dryline

(Mulenga, 1999; Mulenga et al., 2003; Munday and Washington, 2017; Howard and

Washington, 2019; Attwood et al., 2024; Knight et al., 2026)

We evaluate this mechanism in reanalyses using the diurnal specific humidity per-

turbation (q′) as a diagnostic, defined as the specific humidity (q) deviation from the
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Figure 4.7: Diurnal cycle of the African Easterly Jet South (AEJ-S) in observations
and reanalyses. The sampling base is "moist side" (Table 4.1). a) Hour-pressure
evolution of easterly winds (shading) [m s−1] together with the AEJ-S index (lines)
[m s−1] defined as the zonal wind at 650 hPa in observations (black) and reanal-
yses (ERA5: green; MERRA-2: orange; JRA-3Q: blue). Easterly (along-jet) flow
is defined as positive. b-d) Reanalysis error (reanalysis minus observations) as a
function of pressure and hour for b) ERA5, c) MERRA-2 and d) JRA-3Q. In a),
an ‘x’ marks where the AEJ-S index differs significantly from observations at the
0.05 significance level. Sunrise/sunset and solar noon are indicated by half and full
circles respectively.
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daily mean (q) at each level (Figure 4.8). Observations show overnight accumulation

of near-surface moisture, consistent with near-surface convergence (Figure 4.4a). Af-

ter sunrise, turbulent fluxes mix moist air upwards and dry air downwards, drying

the near-surface layer. All three reanalyses qualitatively reproduce this diurnal cy-

cle, providing confidence in the ability of reanalysis parameterisations to represent

the basic pattern of vertical turbulent moisture transport.

Despite this qualitative agreement, biases are evident. In ERA5, daytime near-

surface drying appears excessive. Additionally, boundary-layer growth, approxi-

mated by the height of the q′ maximum (Figure 4.8; black line), appears too rapid

from 08:00 to 14:00 LT in both ERA5 and MERRA-2 and too gradual in JRA-

3Q. Near-surface q′ magnitudes are consistently small in MERRA-2, in line with its

previously identified north-of-CAB dry bias, while in JRA-3Q there is a signature

of evening moistening consistent with previously identified errors in north-of-CAB

moisture advection.

Calculation of the vertically integrated near-surface (850–800 hPa) moisture ten-

dency confirms that both ERA5 and MERRA-2 significantly overestimate the near-

surface drying through the morning (Figure 4.16). At 11:00 LT, the observed drying

tendency (−1.4 × 10−5 kg m−2 s−1) is exceeded by 221% in ERA5 and 71% in

MERRA-2. Drying at this timestep is associated with the vertical turbulent trans-

port of moisture (Figure 4.8). This suggests that the contribution of turbulent

mixing to CAB maintenance may be smaller than inferred from earlier ERA5-based

studies (e.g., Howard and Washington, 2019).

The excessive morning drying and apparent overly rapid boundary-layer growth in

both ERA5 and MERRA-2 is associated with unrealistically strong daytime insta-

bility in the two reanalyses as diagnosed by the near-surface (850–800 hPa) bulk

Richardson number (Rib). Through late morning and early afternoon (11:00–14:00

LT), both ERA5 and MERRA-2 simulate very strong instability (Rib < −18), in
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stark contrast to observations (Rib ≥ −0.3) and JRA-3Q (Rib ≈ −5) which indi-

cate only weakly unstable conditions (Figure 4.17). As the three reanalyses employ

distinct turbulence formulations, we hypothesise that differences in the parameter-

isation of sub-grid vertical turbulent transport of heat and moisture contribute to

their divergent representations of morning instability, boundary-layer growth, and

vertical turbulent moisture transport, consistent with Best et al. (2025).

Figure 4.8: The diurnal cycle of the diurnal specific humidity perturbation (q′) [g
kg−1] in a) observations and reanalyses: b) ERA5, c) MERRA-2, and d) JRA-3Q.
The sampling base is "moist side" (Table 4.1). A black line plots the pressure level of
the median maximum q′ for each hour. Sunrise/sunset and solar noon are indicated
by half and full circles respectively.

4.4.1.6 Mid-level stability

Finally, Figure 4.9 compares observed and reanalysis distributions of mid-level sta-

bility (Figure 4.2 "[6]") on the dry and moist sides of the CAB, using a lapse-rate

index defined as the potential temperature lapse rate between 500 and 600 hPa.

On the dry side, the observed mean mid-level potential temperature lapse rate is

8.3 K per 100 hPa, with 32% of profiles exceeding 10 K per 100 hPa. Reanalyses

reproduce the mean well (ERA5: 8.1 K per 100 hPa; MERRA-2: 8.8 K per 100 hPa;

JRA-55: 8.3 K per 100 hPa), but all underestimate the frequency of highly stable

profiles with only 23% of ERA5, 27% of MERRA-2, and 20% of JRA-55 profiles

exceeding 10 K per 100 hPa.

On the moist side, the observed mean mid-level potential temperature lapse rate is
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7.2 K per 100 hPa, with 27% of profiles less stable than 6 K per 100 hPa. All three

reanalyses are biased toward higher stability (ERA5: 7.6 K per 100 hPa; MERRA-2:

7.8 K per 100 hPa; JRA-55: 7.9 K per 100 hPa) and strongly under-represent the

frequency of lower-stability conditions, with only 5% of ERA5, 12% of MERRA-2,

and 9% of JRA-55 profiles falling below 6 K per 100 hPa.

Reanalyses therefore struggle to represent the full distribution of mid-level stability;

on the dry side, highly stable conditions are under-represented, while on the moist

side, lower-stability conditions are under-represented.

Reanalyses therefore struggle to represent the full distribution of mid-level stability

associated with Botswana High subsidence. On the dry side, highly stable conditions

are under-represented, while on the moist side, lower-stability conditions are under-

represented. This is consistent with (i) an underestimation of mid-tropospheric

subsidence on the dry side of the CAB, and (ii) an equatorward overextension of

subsidence and the influence of the Botswana High across the CAB.

Figure 4.9: Mid-level stability, defined as the potential temperature lapse rate
between 500 and 600 hPa [K 100 hPa−1], for observations and reanalyses on a) the
"dry side" and b) the "moist side" of the CAB (Table 4.1). Higher values indicate
greater mid-level stability. The distributions are shown as violin plots for obser-
vations, ERA5, MERRA-2, and JRA-55. Violin width indicates the distribution
density, while a black vertical line spans the interquartile range. Horizontal black
marks indicate the lower quartile, median, and upper quartile, while an ‘x’ marks
the mean.
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4.4.2 How do diagnosed differences between reanalyses and

observations influence convective environments?

Errors in the representation of the CAB diagnosed in Section 4.4.1 would be expected

to affect convective environments at the southern African tropical edge. To quantify

these impacts, we compare observed and reanalysis distributions of 14:00 LT surface

CAPE and 850-600 hPa bulk shear in Figure 4.10. We use quantile-quantile plots to

evaluate how well reanalyses reproduce the full distributions of conditional instabil-

ity and shear; in a perfect match to observations, all points would fall along the 1:1

line (Figure 4.10; dashed). Capturing the upper quantiles is especially important

if reanalyses are to represent the most convectively favourable environments impor-

tant to severe weather. Surface-based CAPE is preferred to mixed-layer CAPE as

it is less sensitive to errors in the low-level moisture field (Gensini et al., 2014). It is

calculated using MetPy’s surface-based CAPE function, with observed or reanalysis

surface pressure, 2m temperature and 2m dewpoint defining the parcel and vertical

temperature and dewpoint profiles (at 25 hPa resolution) defining the environment.

Figure 4.10 shows that all three reanalyses struggle to reproduce CAB-adjacent (i.e.,

dry and moist side) convective environments. ERA5 underestimates dry- and moist-

side mean CAPE by 82% and 65%, and MERRA-2 by 85% and 75%, respectively,

with errors consistent across the entire distribution. JRA-3Q performs marginally

better, with a mean bias of -41% and -38% across the dry and moist side distribu-

tions. All three products perform better following CAB breakdown, suggesting that

CAPE errors are rooted in the misrepresentation of the CAB.

Errors in 850–600 hPa bulk shear are less systematic. In ERA5, mean dry- and

moist-side shear is underestimated by 45% and 40%, respectively, while the post-

breakdown distribution is better reproduced. In MERRA-2, mean breakdown and

dry-side shear are underestimated by 46% and 34%, whereas the moist-side dis-

tribution is closer to observations. JRA-3Q performs best for CAB-adjacent (dry
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and moist) shear distributions but underestimates breakdown shear by 45%. In

sum, these results suggest that reanalyses have limited ability to capture the austral

spring convective environments relevant to severe weather and rainfall onset.

To further diagnose the source of CAPE errors, we conduct a substitution experi-

ment in which observed values of 2m temperature, 2m dewpoint, and environmental

temperature profiles are inserted into the reanalysis CAPE calculation (Figure 4.11).

This shows that errors in reanalysis CAPE are overwhelmingly attributable to sur-

face moisture biases. Substituting observed 2m dewpoint, the mean (absolute) per-

cent error is reduced from 50% to 20% across all reanalyses and regimes, with im-

provements in all but one case and especially large reductions across the moist

regime (ERA5: 65% -> 0%, MERRA-2: 76% -> 12%, JRA-3Q: 38% -> 2%). In

contrast, substituting observed 2m temperature slightly increases the mean error

(i.e., degrades reanalysis performance) while substituting environmental profiles has

a negligible effect. This implicates reanalysis moisture transport errors associated

with the representation of the CAB, identified under RQ1, as the cause of the poor

representation of tropical-edge convective environments.

4.4.3 How do diagnosed differences between reanalyses and

observations influence rainfall onset meteorology?

Sections 4.4.1 and 4.4.2 have shown that reanalyses misrepresent key aspects of the

CAB, especially moist-side moisture transport (RQ1), and that these errors project

onto reanalysis representation of convective environments (RQ2). Here, we examine

how these biases propagate further upscale to influence the seasonal evolution of the

tropical-edge atmosphere through rainfall onset.

We analyse phase-space plots of daily maximum surface MSE through the five me-

teorological phases of the field campaign (Figure 4.12). Tropical convection is, to
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Figure 4.10: a-c) Quantile-quantile plots of observed and reanalysis 14:00 LT
surface CAPE [J kg−1] by reanalysis: a) ERA5, b) MERRA-2, c) JRA-3Q. d-f)
quantile-quantile plots of observed and reanalysis 850–600 hPa bulk shear [m s−1] by
reanalysis: a) ERA5, b) MERRA-2, c) JRA-3Q. Colours indicate regime according
to Table 4.1, with "dry side" in red, "moist side" in green, and "breakdown" in blue.
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Figure 4.11: Mean 14:00 LT surface CAPE values [J kg−1] calculated from surface
parcels in observations (CAPEobs), reanalyses (CAPEre) and three substitution
scenarios (CAPEre Tobs, CAPEre Dobs and CAPEre Eobs). Results are presented for
a) ERA5, b) MERRA-2, and c) JRA-3Q, with values shown for the dry side of CAB,
the moist side of CAB and post CAB breakdown. The three substitution scenarios
are as follows: CAPEre Tobs is reanalysis CAPE with observed 2m temperature
substituted for reanalysis 2m temperature, CAPEre Dobs is reanalysis CAPE with
observed 2m dew point temperature substituted for reanalysis 2m temperature, and
CAPEre Eobs is reanalysis CAPE with the observed environmental temperature
profile substituted for the reanalysis environmental temperature profile. Colours
indicate the percentage difference to CAPEobs.
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first order, controlled by maximum surface MSE (Neelin and Held, 1987; Nie et al.,

2010), and Hart et al. (2019) show near-surface MSE is a good diagnostic for convec-

tion over Africa. MSE therefore provides a thermodynamic framework, independent

of rainfall parameterisations, with which reanalysis behaviour through tropical-edge

onset can be investigated.

The observed seasonal evolution of MSE (Figure 4.12a) is characterised by abrupt

regime shifts, whereby changes in the position of the CAB produce step-like changes

in MSE through the latent component. From Phase 1 to Phase 2, MSE decreases

sharply at Nchila with little change at Solwezi, placing both sites on the dry side of

the CAB; then from Phase 2 to Phase 3, this is reversed. From Phase 3 to Phase

4, MSE increases at Solwezi with little change at Nchila, placing both sites on the

moist side of the CAB. Change from Phase 4 to Phase 5 (through CAB breakdown)

is small as both sites are already in a moist regime to the north of the CAB.

In ERA5 and particularly MERRA-2, these sharp independent transitions are not

captured (Figure 4.12b,c). Both products simulate a more gradual and near-concurrent

moistening, and substantially underestimate observed inter-site MSE contrasts. JRA-

3Q performs better in reproducing the observed step-like transitions. However, this

apparent success must be treated cautiously: a correct representation of onset mete-

orology is reproduced for the wrong reasons, with moisture brought to the moist side

of the CAB through a spurious circulation not observed in the real world (Section

4.4.1.2).

To place local instability in a wider tropical context, we additionally express field-

site MSE as a percentile of the tropical (20◦N-20◦S) land MSE distribution (Fig-

ure 4.12e-g). Consistent with convective quasi-equilibrium, deep convection in the

tropics preferentially occurs in regions with anomalously high moist instability and

humidity relative to the background state. Expressing MSE in relative terms there-

fore provides a more relevant diagnostic of instability than absolute values. This
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framing reinforces earlier results: ERA5 and particularly MERRA-2 depict a grad-

ual, near-1:1 evolution in instability between the two sites, failing to place moist-side

CAB environments near the upper tail of the tropical instability distribution. In

contrast, JRA-3Q successfully characterises the moist side of the CAB as persistently

near the 100th percentile of tropical instability.

In summary, ERA5 and MERRA-2 do not reproduce key aspects of observed rain-

fall onset meteorology through October and November 2022. While JRA-3Q more

closely reproduces the observed step-like evolution of instability, this apparent agree-

ment must be interpreted cautiously, as it arises from spurious north-of-CAB mois-

ture advection rather than from a realistic representation of the underlying circula-

tion. These results indicate that biases in the mesoscale representation of the CAB

and associated moisture transport processes propagate upscale to influence reanaly-

sis representation of the seasonal evolution of the tropical-edge atmosphere through

rainfall onset. This limits the ability of reanalyses to diagnose onset mechanisms

and variability in the region if processes at the mesoscale play a dominant role.

4.5 Summary and conclusions

The Congo Air Boundary (CAB) is a defining feature of the southern African tropical

edge circulation from August to November, marking the transition between moist

tropical and dry subtropical airmasses at the southern edge of the rain belt. Its

dynamics underpin both the onset of the rainy season and projections of future

drying across the region. Much of the literature on the CAB to date, and on the

southern African tropical edge more broadly, has relied on reanalyses. However, the

fidelity with which the CAB is reproduced in these datasets is not known.

Here, we have applied a process-based evaluation methodology to evaluate the rep-

resentation of the CAB in three reanalyses (ERA5, MERRA-2, and JRA-3Q). Our
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Figure 4.12: a-d) Scatterplots of Solwezi daily maximum surface MSE [kJ kg−1]
versus Nchila daily maximum surface MSE [kJ kg−1] from a) observations, b) ERA5,
c) MERRA-2, and d) JRA-3Q during the field campaign IOP. Diamonds plot daily
values within each phase while squares indicate the phase mean. Black arrows trace
the sequential evolution of the five meteorological phases. In b-d), reanalysis mean
values are marked with an ‘x’ where they differ significantly from observations at
either Nchila or Solwezi, based on paired t-tests with Holm correction for each phase.
e-g) Phase mean daily maximum 850 hPa MSE at Nchila and Solwezi as a percentile
[%] of the tropical (20◦N – 20◦S) land 850 hPa MSE distribution. Dashed lines
indicate respective percentiles when observed MSE is substituted into reanalysis
MSE distributions.
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evaluation is guided by the observation-derived conceptual model of Knight et al.

(2026) and uses independent, unassimilated observations from the DRY-CAB field

campaign.

4.5.1 Representation of the CAB

All three reanalyses reproduce a CAB, defined as a dryline and convergence zone

at the interface of a moist (tropical) and dry (subtropical) regime at the southern

African tropical edge (Torrance, 1979; Howard and Washington, 2019; Knight et al.,

2026). However, we find that all exhibit substantial errors in its thermodynamic

structure and circulation. The largest errors arise from the representation of the

atmosphere north of the CAB, while the dry regime to the south is comparatively

well reproduced.

Among the reanalyses assessed, ERA5 performs best, successfully capturing the

broad diurnal evolution of the atmosphere at the CAB. However, dryline intensity is

underestimated by 36%, associated with a mean 2.3 g kg−1 specific humidity deficit

and 221% overestimation of morning near-surface drying north of the dryline. The

magnitude and diurnal cycle of 825 hPa north-westerly moisture fluxes to the north

of the CAB are correctly reproduced, although this arises through compensating

biases, with specific humidity underestimated and north-westerly wind speeds over-

estimated, and north-westerly flow is excessively deep.

We find that MERRA-2 performs poorly at the CAB, contrary to earlier studies

suggesting strong climatological performance over central Africa (e.g., Hua et al.,

2019). The north-westerly LLJ is frequently of the wrong sign through the diurnal

cycle, leading to a weak CAB with little diurnal modulation. The maximum in

dryline strength is underestimated by 64% while the nocturnal moisture convergence

maximum is 35% weaker than observed. In addition, the strength of the AEJ-S is

underestimated, and its diurnal cycle is not captured.
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The representation of the CAB in JRA-3Q is dominated by a spurious diurnal cir-

culation on the moist side of the dryline, hypothesised to be associated with errors

in the cross-CAB partitioning of surface sensible and latent heat fluxes. This cir-

culation advects moisture toward the CAB in the evening (20:00 LT) rather than

early morning as observed, leading to large errors in the magnitude and diurnal

cycle of the dryline moisture gradient, low-level moisture convergence and mid-level

moisture divergence.

Across all three reanalyses, the largest errors are linked to the representation of hor-

izontal and vertical moisture transport north of the CAB. North-westerly moisture

fluxes that advect moisture to the CAB are of the wrong sign in MERRA-2 (−120%

bias), exhibit an incorrect diurnal cycle in JRA-3Q (maximum at 20:00 rather than

02:00), and arise from compensating biases in ERA5. ERA5 and MERRA-2 ad-

ditionally exhibit excessive 11:00 LT instability and daytime near-surface drying

(biases 71–221%). Our results point to deficiencies in the representation of land-

atmosphere coupling and sub-grid physics (e.g., boundary-layer turbulence) as likely

sources of error and divergence between reanalysis products.

4.5.2 Upscale implications

Systematic errors in moist-side moisture transport propagate upscale to influence

both convective environments and the seasonal evolution of the atmosphere through

rainfall onset. All three reanalyses poorly represent convective environments either

side of the CAB, with north-of-CAB CAPE underestimated by >38% in all cases

due to near-surface moisture deficits. While bulk shear errors are less systematic,

our results suggest that reanalyses have limited ability to capture the austral spring

convective environments relevant to severe weather and rainfall onset.

Errors in moist-side moisture transport additionally impact the representation of

tropical-edge rainfall onset meteorology. Observations show that onset is charac-
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terised by sharp, site-specific regime shifts in daily maximum surface MSE as the

CAB shifts position, reflecting abrupt changes in near-surface moisture. ERA5

and MERRA-2 fail to capture these transitions, instead simulating a smooth, near-

simultaneous moistening of the two field sites. While JRA-3Q reproduces the ob-

served step-like behaviour more closely, its apparent success is tied to spurious north-

of-CAB moisture advection, rendering it "right for the wrong reasons". Collectively,

these biases limit the ability of reanalyses to diagnose rainfall onset mechanisms and

variability at the southern African tropical edge if processes at the mesoscale play

a dominant role.

4.5.3 Broader implications and outlook

Our study demonstrates that while reanalyses reproduce a CAB at the synoptic

scale, their fidelity in representing the mesoscale processes that comprise it, and

particularly those that govern moisture transport on the moist side of the CAB,

is limited. We show that biases propagate upscale to influence reanalysis convec-

tive environments and the seasonal evolution of the atmosphere through rainfall

onset. This underscores a) the need for caution when using reanalyses to diagnose

mesoscale processes and dynamics at the tropical edge, and b) the importance of

CAB representation to the successful simulation of the tropical-edge atmosphere

through austral spring.

A major contributing factor to reanalysis errors (and inter-reanalysis differences)

is the lack of observational constraint in the lower troposphere over central and

southern Africa. As a result, reanalyses behave largely as models, with atmospheric

states strongly shaped by model physics and parameterisation choices. This allows

substantial differences to arise between products, particularly for aspects of the

climate strongly shaped by sub-grid physics (e.g., dry-convective mixing) and land-

atmosphere coupling (Edwards et al., 2020; Poll et al., 2022; Best et al., 2025). Our

analysis points to these modelled processes as a likely source of divergence between
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reanalyses, so improving their parameterisation represents an important priority for

future model development.

A significant challenge remains in translating results from process-based analyses

such as this into operational model development (Neelin et al., 2023). In this context,

convection-permitting experiments with the Met Office Unified Model conducted

during the DRY-CAB campaign provide an opportunity to assess whether improved

resolution and updated physics yield a more realistic representation of the CAB and

tropical-edge onset dynamics.

Finally, our results highlight the value of spatially and temporally limited but high-

quality observations for model evaluation. Carefully designed, targeted field cam-

paigns such as DRY-CAB provide rare observations with which model behaviour can

be interrogated, underpinning model evaluation frameworks that have the potential

to improve both our understanding of, and ability to model, the climate system.
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4.7 Appendix

4.7.1 Appendix A: Comparison considerations

4.7.1.1 CAB location

A requirement for the evaluation presented in the main text is that reanalyses place

the CAB in the correct location relative to the two field sites. Figure 4.13 demon-

strates that all reanalyses correctly capture the location of the moist-dry transition

relative to Nchila and Solwezi, and by extension the observed regime classification

in Table 4.1.

4.7.1.2 Spatial comparison considerations

A radiosonde is neither strictly Eulerian nor Lagrangian, because while it moves

in the air it does not follow the same parcel. In the DRY-CAB campaign, the

average radiosonde ascent to the tropopause (16.7 km) lasted 75 minutes (IQR: 69–

81), with a median horizontal drift of 14.6 km (IQR: 10–21). For the purposes of

our analysis, we make the assumption that radiosondes are effectively Eulerian point

measures valid for the release location and time. This assumption is justified because

radiosonde drift is small relative to the size of the highest-resolution reanalysis grid

box (<48%) and the lowest 3 km of the atmosphere – where diurnal changes are

most rapid – are sampled within the first 15 minutes of ascent.

A further issue of representativeness arises when collocating point observations with
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Figure 4.13: 850 hPa specific humidity [g kg−1] as a function of distance along an
extended Nchila-Solwezi transect, measured relative to the Nchila field site. Reanal-
ysis specific humidity (ERA5: green; MERRA-2: orange; JRA-3Q: blue) is linearly
interpolated onto the transect, with shading indicating the interquartile range of
the 3-hourly (ERA5, MERRA-2) and 6-hourly (JRA-3Q) data within each phase.
Panels show a) Phases 1 and 3, when the CAB lay between the two field sites; b)
Phase 2, when both sites sampled a dry regime; and c) Phase 4, when both sites
sampled a moist regime.
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gridded model data. In reanalyses, values represent the average state within a

grid cell centred on fixed latitude-longitude coordinates, rather than a true point

measurement. This complicates direct comparison with observations. Additionally,

differing spatial resolutions mean that a given location may fall at the centre of a

grid box in one reanalysis and near the edge in another (Figure 4.14).

Figure 4.14: The location of the nearest reanalysis grid cell (MERRA-2: orange,
JRA-3Q: blue, ERA5: green) to the Nchila (red square) and Solwezi (red triangle)
field sites.

To address this, several station-grid co-location approaches are commonly used,

including nearest-neighbour sampling (Figure 4.14), averaging of the four nearest

grid points, distance-weighted averaging of the four nearest grid points, and area-

weighted averaging over a fixed square region centred on the station (e.g., 30 × 30

km; Ruti et al., 2008; Mooney et al., 2011). The methods differ in how grid boxes
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near the observation point in 2D space are weighted.

To test for sensitivity to the co-location method, we calculate root-mean-square error

(RMSE) and correlation coefficient at each field site for the four described methods

(Figure 4.15). Both metrics are insensitive to the choice of co-location technique for

three lower-tropospheric variables that vary strongly across the CAB; the difference

in RMSE between sampling methods is typically an order of magnitude smaller than

the RMSE between reanalyses and observations. This result holds when the five

meteorological phases of the field campaign are considered individually, providing

confidence that diagnosed errors are not an artefact of the co-location method. Given

these findings, we adopt a nearest-neighbour co-location technique (Figure 4.14).

Figure 4.15: Correlation coefficient (r) and root-mean-square error (RMSE) by
variable (a,d: specific humidity [g kg−1]; b,e: u-wind [m s−1]; c,f: v-wind [m s−1])
and field site (a–c: Nchila; d–f: Solwezi) for four observation-reanalysis compari-
son methods. For each reanalysis (ERA5, MERRA-2, JRA-3Q), r (solid bars) and
RMSE (hatched bars) are plotted for the following four comparison methods: M1
– nearest neighbour; M2 – average of the four nearest grid points; M3 – distance-
weighted average of the four nearest grid points; M4 – weighted average over an
assigned 30x30km grid square.
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4.7.1.3 Vertical comparison considerations

Radiosonde data from the DRY-CAB field campaign is at 1 hPa resolution, whereas

reanalysis vertical resolution depends on the number of model levels and the sub-

sequent interpolation to pressure coordinates. At their available pressure-level res-

olution, all three reanalyses share a lowest near-surface level at 850 hPa and use a

vertical spacing of 25 hPa between 850 and 700 hPa and 50 hPa between 700 and

200 hPa. To establish a consistent vertical grid, all reanalyses are interpolated to a

common 25 hPa pressure grid.

For single-level comparisons (e.g., zonal wind at 800 hPa), only pressure levels com-

mon to both the radiosonde observations and the reanalyses are used, avoiding the

need for interpolation. For layer-mean or layer-integrated quantities (e.g., zonal

wind averaged over 850-750 hPa) and bias evaluations as a function of pressure, the

1 hPa-resolution radiosonde data is linearly interpolated to 25 hPa to enable direct

comparison with the reanalyses.

At the DRY-CAB field sites, observed mean surface pressure at Nchila was 859 hPa,

and 861 hPa at Solwezi. Reanalysis surface pressure is generally close to observed:

ERA5 slightly overestimates mean surface pressure at both sites (+5 and +3 hPa),

MERRA-2 is notably high at Nchila (+12 hPa) but accurate at Solwezi, while JRA-

3Q agrees well at both sites (< ±1.5 hPa). As biases are small, no adjustment is

made for the height of features above the surface.

4.7.2 Appendix B: Supplementary diagnostics

The supplementary diagnostics provided here support the interpretation of Section

3.4.1.
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Figure 4.16: Diurnal evolution of the vertically integrated near-surface (850–800
hPa) moisture tendency (∂Q/∂t) [kg m2 s−1], calculated as a 6-hour centred fi-
nite difference, from radiosonde observations (black) and reanalyses (ERA5: green;
MERRA-2: orange; JRA-3Q: blue). Sampling base: "moist side".

Figure 4.17: Diurnal cycle of the median near-surface (850–800 hPa) bulk Richard-
son number (Rib) in radiosonde observations (black) and reanalyses (ERA5: green;
MERRA-2: orange; JRA-3Q: blue). Sampling base: "moist side".
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Table 4.3: Decomposition of 05:00 LT north-westerly moisture flux (qvnw) at 825
hPa [g kg−1 m s−1] into specific humidity (q) [g kg−1] and north-westerly wind (vnw)
[m s−1] components in observations and reanalyses. Bold font denotes values that
differ significantly from observations at the 0.05 significance level. Sampling base:
"moist side".

qvnw q vnw
[g kg−1 m s−1] [g kg−1] [m s−1]

Observed 28.8 10.5 2.2
ERA5 27.0 9.2 3.1
MERRA-2 -5.5 9.1 -1.2
JRA-3Q 18.8 10.5 1.8

Table 4.4: North-west to south-east aligned 14:00 LT gradients of thermodynamic
and surface flux variables from ERA5, MERRA-2, and JRA-3Q. Gradients are esti-
mated as the finite difference of two 3◦×3◦ latitude–longitude boxes with the field site
at their shared corner. The pressure-gradient force (PGF) is computed as −∂Φ/∂x
and evaluated along with the geopotential height gradient (∇z) at 850 hPa. L and S
denote latent and sensible heat fluxes, respectively, L+S the total turbulent surface
heat flux, and EF the evaporative fraction defined as EF = L/(L+S). The sensible
heat flux gradient (∇S) is decomposed into contributions associated with gradients
in the total turbulent flux (∇S from ∇(L + S)) and in evaporative fraction (∇S
from ∇EF). Sampling base: “moist side”.

Variable Reanalysis
ERA5 MERRA-2 JRA-3Q

PGF [×10−4 m s−2] 0.93 1.23 2.14
∇z [×10−5 m−1] −0.95 −1.25 −2.18
∇(L+ S) [×10−4 W m−3] 1.05 2.24 0.40
∇S [×10−4 W m−3] 2.8 4.4 6.6
∇L [×10−4 W m−3] −1.8 −2.2 −6.2
∇EF [×10−6 m−1] −0.44 −0.78 −1.29
∇S from ∇(L+ S) [%] 23.7 38.1 3.6
∇S from ∇EF [%] 76.3 61.9 96.4
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4.8 Afterword to Chapter 4

Chapter 4 has fulfilled the second aim of this thesis by evaluating how well three re-

analyses represent the CAB, and the features that comprise it, during the DRY-CAB

field campaign. This was achieved using a process-based evaluation methodology

grounded in the conceptual model developed in Chapter 3.

The chapter demonstrates that while all three reanalyses successfully reproduce

the CAB as a synoptic-scale dryline and convergence zone, they exhibit substantial

errors in its mesoscale structure and circulation. The most pronounced errors occur

north of the CAB, where moisture availability and both horizontal and vertical

moisture transport differ markedly between reanalyses. In comparison, the dry

subtropical regime to the south is comparatively well represented.

These biases are contextualised through considering the upscale impacts on CAB-

adjacent convective environments and the seasonal evolution of the tropical-edge

atmosphere through October and November. This demonstrates the importance of

CAB representation to the successful simulation of the tropical-edge atmosphere

through austral spring.

By establishing the ability of three reanalysis products to reproduce the CAB, Chap-

ter 4 sheds light on the locations and scales at which reanalyses can be used with

confidence and those under which caution is required. Despite errors in the CAB’s

mesoscale structure and circulation, all three products reproduce i) a CAB at the

synoptic scale and ii) key aspects of the dry subtropical regime to the south. Pro-

vided large-scale fields remain sufficiently constrained by data assimilation, reanal-

yses are therefore still well placed to answer the question posed by Aim 3 on the

large-scale mechanisms associated with the breakdown of the CAB. This is explored

in the foreword to Chapter 5.
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5 | Remote midlatitude control of rainfall onset at

the southern African tropical edge

A large overhead storm forces the author from their tent. 28 October 2022.
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Rainfall over the southern African tropical boundary is highly variable, particularly

around the onset of the summer rains. However, understanding of the causes of

variability in onset timing is poor. A lack of observational data in the region is

compounded by the complexity of climate dynamics and variability at the interface

of the tropics and the midlatitudes. Key to onset over the region is the Congo Air

Boundary (CAB), a distinguishing circulation feature present in September and

declining in frequency until November. The CAB is crucial to early-season rainfall;

precipitation is broadly inhibited when the CAB is present, while its breakdown

allows large-scale rainfall and onset over central southern Africa. This work

identifies a remote midlatitude influence on the timing of CAB breakdown using

the high-resolution reanalysis dataset ERA5. Propagating and (upstream) breaking

low-wavenumber Rossby waves in the southern hemisphere westerly jet are shown

to be related to >70% of breakdown events. Breakdown is forced by (a) the

replacement of subsidence over eastern southern Africa with synoptically-forced

ascent, (b) wind-field modification that leads to positive 850 hPa continental

convergence anomalies and enhanced moisture advection from the Congo Basin and

the southwest Indian Ocean, and (c) replacement of mid-level moisture flux

divergence at the CAB with moisture flux convergence. Upper-level anticyclonic

vorticity tendency induced by enhanced convection slows Rossby wave propagation

aloft, contributing to wave breaking and the persistence of conditions favourable to

convection. The identification of this midlatitude influence on CAB breakdown

reveals new potential sources of predictability for onset and demonstrates the

significant equatorward extent of midlatitude influences to the tropical edge.
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5.1 Foreword to Chapter 5

Chapter 5 addresses the third and final aim of this thesis, investigating the large-scale

meteorological conditions and mechanisms associated with the breakdown of the

CAB. The chapter characterises the reorganisation of the atmosphere from a CAB-

in-place to a CAB-absent state and identifies the large-scale mechanisms associated

with this transition, complementing theory developed in Chapter 3 accounting for

the maintenance of the CAB. This is motivated by the role of CAB breakdown in the

onset of the summer rains over southern Africa, and by its relevance to projections

of delayed onset under future warming scenarios (Howard and Washington, 2022).

Analysis shows that CAB breakdown typically occurs over timescales of 3–5 days and

is frequently associated with disturbances originating in the midlatitudes. Tracing

the mechanisms underpinning this association, the chapter demonstrates how extra-

tropical disturbances reshape vertical motion, low-level flow and mid-level moisture

flux divergence to erode the CAB and facilitate a transition to a moist convective

regime. The results have implications for the predictability of rainfall onset over

southern Africa, and more broadly for theory that accounts for extratropical influ-

ences on the seasonal migration of the tropical rain belt.

The manuscript comprising this chapter was written, submitted, and published prior

to the analysis that has been presented in Chapters 3 and 4. As a result, there may

be discontinuity in ideas, emphasis, and citations. To address this, an afterword

to Chapter 5 reflects on the chapter’s results in light of the findings of preceding

chapters. In particular, the role of mid-level moisture flux divergence, as proposed

in Chapter 3, is discussed.

Chapter 5 is presented in the form of a manuscript:

Knight, C., & Washington, R. (2024). Remote Midlatitude Control of Rainfall

Onset at the Southern African Tropical Edge. Journal of Climate, 37(8), 2519–
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2539. https://doi.org/10.1175/JCLI-D-23-0446.1

Published in Journal of Climate on 22 March 2024.

5.1.1 Rationale for the use of reanalyses

Chapter 4 has provided important context for interpreting reanalyses at the southern

African tropical edge, highlighting the locations and scales at which they can be

used with relative confidence and those for which caution is required. Although

reanalyses exhibit substantial errors in the mesoscale structure and dynamics of the

atmosphere north of the CAB, all reanalyses reproduce a synoptic-scale dryline and

convergence zone at the tropical edge as well as key aspects of the dry subtropical

regime to the south. This means that, provided large-scale fields remain constrained

by data assimilation, reanalyses are still well suited to addressing the third aim of

this thesis: identifying the large-scale mechanisms associated with CAB breakdown.

Here we seek to further establish and justify the basis for this.

A requirement for reanalyses to be used to investigate the large-scale mechanisms

associated with CAB breakdown is that they accurately capture the timing of CAB

breakdown. A starting point for investigating this is to consider CAB breakdown

in austral spring 2022, which underpins the analyses presented in Chapters 3 and

4. CAB breakdown is not directly resolved in the DRY-CAB observations: phase-

space analysis of field site moist static energy does not reveal a distinct signature

associated with the transition from a north-of-CAB to a CAB-absent state (Phase

4 to Phase 5). As a result, independent observations such as satellite outgoing

longwave radiation or gridded satellite-gauge rainfall products (e.g., CHIRPS v2)

must instead be used to validate reanalysis breakdown timing (Figure 5.1).

Figure 5.1 shows the evolution of CHIRPS rainfall by latitude through austral spring

2022. The meteorological phases of the field campaign, and the location of the CAB

in three reanalyses (ERA5, MERRA-2, and JRA-3Q) detected with the algorithm of
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Howard and Washington (2019), are overlaid. Despite substantial differences in their

representation of the CAB, as documented in Chapter 4, Figure 5.1 shows strong

agreement on the timing of CAB breakdown with all reanalyses indicating that the

CAB ceases to form after 1 November (aside from a brief reappearance during a short

dry spell). This is validated by a concurrent rapid southward shift in the tropical rain

belt in an independent satellite-derived precipitation product (CHIRPS v2). The

close agreement between reanalyses suggests that the timing of CAB breakdown

is constrained by data assimilation, such that reanalyses have limited degrees of

freedom in breakdown timing even when their mesoscale representation of the CAB

differs.

This reflects a scale dependence of reanalysis agreement at the southern African

tropical edge, illustrated in Figure 5.2. Reanalyses perform poorly in represent-

ing mesoscale processes at the CAB, particularly those governing low-level moisture

transport on the moist side of the dryline (Chapter 4). These processes operate

at spatial scales of a few degrees or less and evolve on sub-daily timescales, where

observational constraints are weak and key aspects are parameterised (left side of

plots). In contrast, CAB breakdown is a synoptic-scale phenomenon, evolving over

several days and involving circulation anomalies spanning much of southern Africa

(right side of plots). At these larger spatial and temporal scales, reanalyses are

more strongly constrained by observations, particularly microwave satellite radiance

observations and Global Navigation Satellite System radio occultation, which data

denial experiments show are the largest constraint in the tropics and the Southern

Hemisphere (Samrat et al., 2025). These observing systems anchor the large-scale

structure of the atmosphere, particularly in the mid- to upper-levels, reducing re-

analysis disagreement by a factor of 2–4 and ensuring consistency in the timing of

CAB breakdown (Figure 5.2).

These considerations provide confidence in the fact that reanalyses successfully re-
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produce the large-scale dynamics associated with CAB breakdown, despite their

documented limitations in the previous chapter.

Figure 5.1: Rainfall by latitude from 1st September to 30th November 2022. Rain-
fall is averaged from 20-35◦ east. Rainfall data is CHIRPS v2. Overlaid are the me-
teorological phases of the field campaign (Phases 1 through 5) and the location of
the CAB in the three atmospheric reanalyses (ERA5; MERRA-2, JRA-3Q), objec-
tively identified with the canny-edge detection algorithm of Howard and Washington
(2019) following interpolation to a common 0.25◦ grid. Circle diameter is propor-
tional to the number of grid cells detected.

5.1.2 CAB breakdown in 2022

Given the focus of Chapters 3 and 4 on a case study of 2022, it is fitting to first

address Aim 3 in the context of this season. As shown in Figure 5.1, the three

reanalyses examined in Chapter 4 show close agreement on the timing of CAB

breakdown. We therefore examine the associated large-scale dynamics, recognising

the value of case studies as a hypothesis-generating tool rather than a basis for

generalisation.

Figure 5.3 shows the evolution of near-surface (850 hPa) specific humidity, moisture

fluxes, and convergence in the ERA5 reanalysis through CAB breakdown. CAB

dryline grid cells from ERA5, MERRA-2 and JRA-3Q are additionally overlaid.

The breakdown of the CAB occurs from 30 October to 2 November, accompanied

by enhanced easterly moisture transport from the southwest Indian Ocean. These
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Figure 5.2: Effect of (a) spatial averaging and (b) temporal averaging on nor-
malised inter-reanalysis spread for a suite of atmospheric variables at the Nchila
field site. To investigate spatial averaging sensitivity, reanalysis data at 6-hourly
resolution is averaged across various spatial scales. To investigate temporal averag-
ing sensitivity, reanalysis data at 0.5◦ resolution is averaged across various temporal
scales. The inter-reanalysis spread is calculated as (max−min)/2 and normalised
to the spread at a) 0.5◦ or b) 6-hourly resolution. Results are shown for specific
humidity (Q), zonal wind (U), meridional wind (V ), and temperature (T ) at 850,
500, and 200 hPa.
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enhanced moisture fluxes are associated with the development of a cut-off low off

the west coast of southern Africa, which is a favoured location for the formation of

cut-off lows (Singleton and Reason, 2007). A distinct cold-cored low at 500 hPa is

first evident on 1 November and subsequently strengthens and propagates eastward

through 3 November. The formation of the cut-off low is associated with upper-level

Rossby wave breaking.

This case study suggests that CAB breakdown can be associated with the formation

of cut-off lows off the west coast of southern Africa, which modifies low-level mois-

ture transport to break down the CAB. However, a single event is insufficient to

characterise the mechanisms responsible for CAB breakdown more generally. The

remainder of this chapter, presented as a manuscript, therefore extends analysis to

a 40-year climatology of CAB breakdown events, enabling a systematic characteri-

sation of CAB breakdown and associated large-scale mechanisms.
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Figure 5.3: Daily evolution of ERA5 850 hPa specific humidity (shading, g kg−1)
and moisture flux vectors (q = q · v, arrows) over southern Africa from 29 October
to 3 November 2022. White contours denote 500 hPa geopotential height [gpm], and
thick black lines indicate the 330 K potential temperature contour on the –2 PVU
surface (the dynamical tropopause). Regions of strong moisture-flux convergence
(< −0.2× 10−4 s−1) are hatched. Coloured grid cell markers highlight CAB regions
identified by ERA5 (red), MERRA-2 (blue), and JRA-3Q (green).
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5.2 Introduction

The timing of early summer rainfall onset over southern Africa exerts a profoundly

important control on socio-economic viability from the community to the regional

scale (Reason et al., 2005; Kniveton et al., 2009; Thurlow et al., 2012; Conway et al.,

2015). Agricultural productivity (Kanemasu et al., 1990), food security (Tadross

et al., 2005) and power generation (Conway et al., 2015) are all negatively impacted

by variable or late rainfall onset, with the latter highly correlated with shorter grow-

ing season length (Reason et al., 2005). Accordingly, understanding the controls on

rainfall onset and improving its predictability has long been a key goal for forecasters

(Phakula et al., 2018; Ratnam et al., 2018).

The August-October pre-onset circulation over tropical southern Africa is charac-

terised by a unique and distinguishing large-scale feature, the Congo Air Boundary

(CAB). The CAB occurs at the interface of tropical deep convection in the southern

Congo Basin and dry stable subtropical air to the south (Torrance, 1979). With the

CAB in place, tropical convection is locked into the Congo basin to the north while

the subtropics to the south are dominated by deep subsidence, low surface dewpoint

temperatures and a dry regime (Howard and Washington, 2019). The breakdown of

the CAB occurs contemporaneously with the southward advance of convection over

the subcontinent as subsidence inhibition and moisture limitation is lost, facilitating

broad rainfall over southern Africa.

The presence or absence of the CAB is a critical control of transition-season rainfall

over the region. Figure 5.4 presents the odds ratios of a rainy day in October or

November under CAB presence or absence. Rainy days are 8 times more likely over

the core of the southern African subtropics (centred on southern Zambia, northern

Zimbabwe, northern Botswana and S.E Namibia) in the absence of the CAB, with

this increase locally as large as 40 times in the Zambezi river valley. Understand-
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ing the dynamics of the CAB, and particularly the causes of CAB breakdown, is

therefore integral to understanding onset at the southern African tropical edge.

Figure 5.4: Odds ratio of a rainy day (> 0.1 mm day-1) in October or November
given the presence or absence of the Congo Air Boundary (CAB). The colourmap
is scaled exponentially. Rainfall data is from the CHIRPS V2 precipitation dataset
while daily CAB detection follows the canny edge method of Howard and Washing-
ton (2019) (fully detailed in methods). The odds ratio is calculated from a 1981-2018
climatology, with 816 CAB present days and 1502 CAB absent days. Stippling in-
dicates the regions where October November CAB frequency at the day-scale is
positively associated with ERA5 rainfall onset date (following the method of Lieb-
mann et al. (2012)) at the 95% significance level in a 1979–2018 climatology.

It is well established in the literature that midlatitude disturbances can be asso-

ciated with precipitation extremes in subtropical and tropical regions (Knippertz,

2007; De Vries, 2021). As illustrative examples over Africa, Ward et al. (2021)

show a remote influence of upper-level midlatitude troughs to Saharan warming and

northern Congo rainfall, while Hart et al. (2010) link three summer rainfall extremes

over south Africa to cloud bands and Rossby waves in the southern hemisphere west-
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erly jet. Given these well-documented tropical-extratropical linkages, it is plausible

that midlatitude disturbances play a role in the breakdown of the CAB and onset

of the rains over tropical southern Africa. While literature addresses sub-seasonal

modulation of rainfall over southern Africa by the midlatitudes, the contribution of

Rossby wave dynamics to onset processes is unexplored. To address this research

gap, this paper will first identify and characterise CAB breakdown events. Subse-

quently, it will investigate the causes of these breakdown events and the potential

role of midlatitude disturbances in the breakdown process.

5.3 Background

5.3.1 Onset predictability

Predictive skill in the forecasting of southern African summer rains onset has re-

mained elusive. While Ratnam et al. (2018) were able to produce onset forecasts

with realistic spatial distributions over the subcontinent using a seasonal prediction

model ensemble, root-mean-square error values were greater than 30 days over most

of South Africa and southern Botswana, Zimbabwe and Mozambique. Similarly,

Phakula et al. (2018) showed that while global coupled models had skill predicting

3-month seasonal rainfall totals over a similar domain, they struggled with forecast-

ing rainfall totals for the onset months of October and November. Clearly, onset

is a key period for which seasonal forecasting is lacking in skill. Underpinning this

dearth in predictive skill is a poor understanding of the controlling dynamics of

rainfall onset. This means that it is difficult to point to the particular deficiencies in

numerical model simulations that require improvement to enhance forecasting skill.
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5.3.2 The Congo Air Boundary

Forming during the pre-rainfall onset period, the Congo Air Boundary (CAB) is

a distinct feature of the tropical edge. The CAB is defined as a convergence zone

and dryline where near-saturated low-level westerlies originating from the equatorial

east Atlantic and Congo Basin meet easterly trade winds from the southwest Indian

Ocean, which are dried by strong heating of the continental surface and diluted by

deep tropospheric subsidence south of the CAB (Howard and Washington, 2019). It

represents the southern limit of the area of tropical deep moist convection, with a

stable subtropical troposphere dominating to the south.

Figure 5.5 demonstrates the climatological importance of CAB dynamics to onset

over southern Africa. From August to October, the CAB edges southward from the

Congo basin, maintaining integrity but displacing dry conditions with moist con-

vection. In October and November, spells of weather occur where the CAB breaks

down and the strong meridional gradient in humidity is lost, allowing deep moist

convection and significant rainfall over the central subtropics (Howard and Wash-

ington, 2019). In the last week of September (shown as ‘A’ in Figure 5.5), where the

climatological daily CAB frequency is 80%, a strong dryline is clear in near-surface

specific humidity and the high values of CAPE are contained in the Congo Basin

north of 10◦S. Conversely, by the first week of November (‘B’ in Figure 5.5), where

CAB frequency is 32%, the CAB dryline is absent from the climatological specific

humidity field and CAPE values >250 J kg−1 are prevalent over large parts of south-

ern Africa. The CAB typically does not reform after the latter half of November,

marking the full transition to a post-onset rainfall regime where widespread convec-

tion and rainfall occur through a variety of mechanisms such as cloud bands and

tropical lows (Hart et al., 2013; Howard et al., 2019).

The CAB exercises an important control on rainfall over the core of the southern

African subtropics (Figure 5.4). High odds ratio values centred on southern Zambia,
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northern Zimbabwe, northern Botswana and S.E Namibia indicate that the CAB

strongly controls precipitation over the region, with rainy days 5-40 times more

likely when the CAB is absent. In the figure, the climatological location of the

CAB is clear as the c.1000 km south-west north-east diagonal line around 10–12◦S

that demarcates the northern limit of the region of high odds ratios (Figure 5.4,

Figure 5.5b). Odds ratios decline south of 22◦S as midlatitude rainfall mechanisms

such as tropical temperature troughs (TTTs), cut-off lows (COLs) and ridging highs

become increasingly important. These contribute to rainfall over the far south of the

subcontinent independent of CAB presence or absence. Midlatitude precipitation

mechanisms may also contribute to rainfall over the central domain through tropical-

extratropical interactions, but importantly this is only a) in the absence of the CAB

or b) through causing its breakdown, hence the importance of the feature as a

regional precipitation control.

Figure 5.6 presents a schematic of pre- and post- CAB breakdown regimes over

southern Africa. Under the pre-breakdown regime, moist air is locked into the

Congo basin to the north of the CAB, with dry air capped by subsidence and a

strong Botswana high circulation to the south (Moses et al., 2023). The influence

of midlatitude precipitation mechanisms is confined to the south of the subconti-

nent. Under the post breakdown regime, the CAB is absent. Moist air covers most of

southern Africa with a new dryline forming over the Kalahari (Howard and Washing-

ton, 2019). The midlevel Botswana high is replaced by tropical convection through

the depth of the troposphere and midlatitude influences may modulate precipitation

over the entirety of the subcontinent under tropical-extratropical interactions. The

transition from a pre- to post-breakdown regime occurs over timescales of 2–5 days

and is what we term in this work "CAB breakdown". Given the importance of the

CAB to early-summer rainfall over tropical southern Africa, considering the causes

of this breakdown is a crucial step towards understanding the controlling dynamics

of rainfall onset.

163



5.3.3 Midlatitude influence on the (sub)tropics

The midlatitudes influence the subtropics and tropics through baroclinic Rossby

waves. These are long horizontal wavelength (>2000 km) oscillations in the mid-

latitude westerlies that predominantly occur in the upper troposphere and lower

stratosphere. The propagation of these Rossby waves creates perturbations in the cli-

matologically meridional stratification of potential vorticity (PV); upper-level ridges

create poleward intrusions of high-PV air, while upper-level troughs create equator-

ward intrusions of low-PV air (in the southern hemisphere, PV is generally negative

and decreases towards the poles). Troughs may be involved in Rossby wave breaking

(RWB) where Rossby waves amplify and overturn such that the typical meridional

gradient of PV becomes reversed (McIntyre and Palmer, 1983). Southern Africa is

a particular Rossby wave breaking hotspot; wave breaking typically initiates in the

southeast Atlantic, consolidates over the continent and dissipates in the southwest

Indian Ocean (Postel and Hitchman, 1999). We include the upstream and down-

stream wave breaking hotspots for September-November identified in Ndarana and

Waugh’s (2011) southern Hemisphere wave breaking climatology in our Figure 5.6

schematic.

Numerous studies document the link between Rossby waves, Rossby wave breaking

and subtropical extreme precipitation events (Knippertz, 2007). For example, Hart

et al. (2010) link PV troughs with tropical-extratropical cloud bands (regionally

known as TTTs) while Ndarana and Waugh (2010) show that Rossby wave break-

ing is associated with 89% of southern Hemisphere cut off lows (COLs), both of

which are linked to extreme spring and summer precipitation events over southern

Africa (Hart et al., 2010; Favre et al., 2013). Ridging highs, important in advecting

moisture from the southwest Indian Ocean to the continental interior, also have a

well-established relationship with RWB (Ivanciu et al., 2022). More broadly, De

Vries (2021) link >80% of extreme subtropical precipitation events to Rossby wave
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Figure 5.5: (a) A 40-year (1979–2018) climatology of daily Congo Air Boundary
(CAB) frequency from 1 September to 1 December. CAB detection follows the
canny-edge method of Howard and Washington (2019). (b,c) Composite plots of
ERA5 climatological (1979–2018) 850 hPa specific humidity [g kg−1] and CAPE [J
kg−1] for the last 7 calendar days of September (’A’)
where CAB frequency is 80% and (d,e) the first 7 calendar days of November (’B’)
where CAB frequency is 32%.
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Figure 5.6: A schematic of key southern African regional circulation features with
(a) the CAB present and (b) absent. Features are as given in the legend and are
not to scale. Locations are approximate. Gold stars mark the September-November
hotspots of anticyclonic Rossby wave breaking identified by Ndarana and Waugh
(2011). CAB breakdown represents the transition of the regional circulation from a
CAB-present state (left panel) to a CAB-absent state (right panel) over timescales of
2-5 days. Tropical temperature troughs here are indicative of a variety of midlatitude
precipitation mechanisms.

166



breaking in a global review. These Rossby-wave-related precipitation extremes are

typically concurrent with intense poleward moisture transport from (moist) tropical

to (dry) subtropical regions. Qualitatively, this anomalous subtropical precipitation

and poleward moisture transport is analogous to CAB breakdown. However, studies

that address the extent to which baroclinic Rossby waves modify atmospheric sta-

bility and moisture fluxes over southern Africa have largely focused on the austral

summer (Hart et al., 2010; Macron et al., 2014) and the southern regions of the

continent which are known to receive rainfall of midlatitude origin (Ndarana et al.,

2018; Reason and Rouault, 2005; Favre et al., 2013; Ndarana et al., 2021, 2022;

Ivanciu et al., 2022). Less is known about the potential role of such midlatitude

disturbances in onset dynamics over central southern Africa and the tropical edge.

While midlatitude disturbances are the key to transition-season rainfall over the

south of the subcontinent, any role in rainfall onset at the tropical edge is mediated

by the CAB. Midlatitude precipitation mechanisms cannot contribute to rainfall at

the tropical edge when the CAB is present (Figure 5.4). Only when the CAB is

absent, or through causing CAB breakdown, may they contribute to precipitation

at the tropical edge and thus rainfall onset. In other words, CAB breakdown "un-

locks" the possibility of tropical-extratropical interactions over southern Africa and

allows midlatitude influences to modulate precipitation from the extra-tropics to the

Congo Basin as is well established in the literature. Given this, it is plausible that

midlatitude disturbances play a role in the timing of onset at the southern African

tropical edge if midlatitude baroclinic disturbances are a cause of CAB breakdown.

To investigate this, in the subsequent section we identify and characterise CAB

breakdown events before investigating breakdown causes.
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5.4 Data and methods

5.4.1 Data

This work uses hourly or daily mean surface and pressure-level reanalysis fields from

the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 prod-

uct (Hersbach et al., 2020). The ECMWF ERA5 reanalysis is a detailed record of

past climate from 1950-present, with a 31km grid spacing, 137 vertical levels and

hourly output for a range of atmosphere, land and ocean variables. Only data subse-

quent to 1979 is used as routine satellite observations over the southern hemisphere

began after this date (Tennant, 2004). ERA5 is favoured over other reanalyses due

to its spatial resolution, record length and established verification. To ensure that re-

sults presented here are not sensitive to reanalysis product, we also use the Modern-

Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2)

reanalysis, which is known to perform well in the Congo Basin (Hua et al., 2019).

MERRA2 fields are omitted for brevity as MERRA2 and ERA5 were remarkably

consistent in the evolution of dynamic and thermodynamic fields across breakdowns,

likely due to the large spatial scales across which the processes of interest occur.

Outgoing longwave radiation (OLR) data from the OLR version 1.2 dataset provided

by the National Oceanic and Atmospheric Administration (NOAA) Climate Data

Record (CDR) at a 1◦x1◦ resolution is used to identify anomalous convection over

southern Africa (Lee, 2014).

Daily precipitation data is used to characterise rainfall location and intensity. Sim-

ilar results were produced when using ERA5 precipitation and satellite-derived pre-

cipitation data from the Climate Hazards Group InfraRed Precipitation with Station

data (CHIRPS v2) dataset. ERA5 precipitation is presented owing to data availabil-

ity for the full period of OLR data (1979–2018) and consistency with the dynamical

fields.
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5.4.2 Breakdown detection

We identify the CAB on a daily timescale in the ERA5 reanalysis following Howard

and Washington (2019) whereby a canny edge detection algorithm is applied to

smoothed fields of surface specific humidity to identify strong gradients in the con-

tinental sector 5–18◦S. Subsequent shape/orientation/length filtering removes non-

significant segments and those not associated with the CAB. The canny edge detec-

tion algorithm of (Howard and Washington, 2019) is available publicly on GitHub.

To identify CAB breakdown events, a daily timeseries of total detected CAB grid

cells was produced for August-December 1979–2018. This was smoothed with a 5-

day running mean. CAB breakdown events were then defined as instances where the

5-day mean CAB grid cell count fell below 40 for 4 consecutive days [> 40 Day −1,

< 40 Day 0 to 3]. A total of 108 breakdown events were identified for the 1979–2018

period. Breakdown detection frequency increases with a greater grid cell threshold,

with a threshold of 35 (45) leading to the detection of 96 (115) events.

To confirm CAB presence at D-2 and CAB absence at D+2, visual inspection of

day-mean surface specific humidity was carried out. 23 cases were rejected on the

grounds that the CAB was either absent at D-2 (n=12) or present at D+2 (n=11).

We take this stringent approach to CAB breakdown identification as the objective

of this work is to investigate only the large-scale breakdown events associated with

significant increases in specific humidity over sub-tropical southern Africa, which

are, by extension, the most important to early season rainfall. The total number of

CAB breakdowns identified from 1979–2018 was 85, an average of 2.13 breakdown

events per year. Breakdown was most frequent in October (n=40), followed by

November (n=24), September (n=17), August (n=3) and December (n=1).
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5.4.3 Compositing

We present in the following section composite means of the 85 1979–2018 break-

downs. All 85 breakdown events were brought into phase by assigning D=0 to

the day on which breakdown was identified. Because of differences in the location,

amplitude, and phase of various features of interest there will necessarily be some

smearing and smoothing in both time and space within the composites. The logic

of calculating a composite mean is that the signal-to-noise ratio will be enhanced.

5.5 Results

5.5.1 Congo Air Boundary breakdown

First, we characterise CAB breakdown events through composite analysis of the 85

breakdown events identified. Figure 5.7 shows that a key feature of CAB breakdown

is the loss of a strong meridional specific humidity gradient and a southward advance

of the area of high specific humidity. Initially (D-3) the CAB is present as a strong

near-surface gradient at 12◦S. From D=0, moist (>10 g kg−1) air advances southward

and the CAB dryline is lost. The 7 g kg−1 specific humidity contour advances around

10◦ latitude (1100km) southward over 3 days.

Figure 5.8 plots the 4-day evolution of near-surface specific humidity anomaly, sur-

face temperature anomaly and upper-level streamfunction anomaly around CAB

breakdowns. We use the 250 hPa pressure level for "upper levels" through this work

as this pressure surface is in close proximity to both the subtropical and midlat-

itude dynamical tropopause positions (Ndarana and Waugh, 2010). The specific

humidity field shows a significant increase in moisture over much of southern Africa

during breakdown, and particularly over southeast Angola, Zambia, Zimbabwe and

Botswana. The region of increased moisture is strongly collocated with the region
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Figure 5.7: Lead (D-3, D-2, D-1) and lagged (D=0, D+1, D+2) daily compos-
ite vertical profiles of specific humidity [g kg−1] by latitude for 1979–2018 CAB
breakdown events (n=85) averaged across 20-30◦E. The day of CAB breakdown is
designated D=0 for each of the 85 included breakdown events.

of high rainfall sensitivity to the CAB identified in Figure 5.4, highlighting the

importance of moisture limitation to the CAB-rainfall relationship. Concurrently,

there is a transition through the sequence from broadly positive to broadly negative

temperature anomalies over central southern Africa. Streamfunction at 250 hPa

shows positive (cyclonic) anomalies over the subcontinent, which shift northward

and increase in magnitude through the sequence. The region of maximum specific

humidity change and the equatorward edge of positive streamfunction anomalies are

strongly co-located.

Figure 5.8 suggests a coherent midlatitude signature during CAB breakdowns. Posi-

tive (cyclonic) streamfunction anomalies diagnose the presence of a stationary upper-

level trough during the sequence. Troughs are cool events over southern Africa due

to the influence of cold air advection and cloud shading (Kuete et al., 2020), visible

as the transient cool anomaly at the tip of the subcontinent from D-1 to D+1. This
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Figure 5.8: Lead (D-1) and lagged (D=0, D+1, D+2) composite day-mean 850 hPa
specific humidity [g kg−1] (left column, a-d), 2m temperature anomaly [◦C] (centre
column, e-h), and 250 hPa streamfunction anomaly (against an October climatology)
[x106 m2 s−1] (right column, i-l) for all 1979–2018 CAB breakdown events (n=85)
from D-1 to D+2. A [-9 x10−5 s−1] absolute vorticity contour at 250hPa is plotted
over streamfunction anomalies (right column). Positive streamfunction anomalies
are cyclonic. Stippling indicates where anomalies are significantly different from the
October climatology or zero at the 0.05 level.
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signal is significant in a composite of all 1979–2018 breakdown events, suggesting

that troughs may play an important role in forcing the cooling and moistening of

southern Africa during CAB breakdown.

It is notable that cyclonic streamfunction anomalies persist and even intensify over

southern Africa through the 4-day breakdown sequence. Typically, troughs propa-

gate eastward with the zonal flow at a phase speed set by their wavenumber (Holton,

2012). Stationarity is possible in two ways; low wavenumber Rossby waves with zero

phase speed, or Rossby wave breaking (RWB). Streamfunction anomalies associated

with a low-wavenumber (high wavelength) Rossby wave would exhibit greater zonal

separation between positive and negative anomalies, meaning RWB is the likely

cause of the anomaly patterns of Figure 5.8. There is also evidence of a transient

midlatitude disturbance in the west-east migration of the most southerly streamfunc-

tion and temperature anomalies through the sequence. The reviews of Knippertz

(2007) and De Vries (2021) highlight the large body of work that links midlatitude

troughs and RWB to enhanced tropical convection, providing a mechanism by which

such disturbances may be causally related to CAB breakdown. The strength of sig-

nals emerging from Figure 5.8 are weak, however, as troughs may not occur with

every breakdown.

In light of these results, we pose the following research questions:

• RQ1: What proportion of CAB breakdowns are related to the troughs in the

midlatitudes?

• RQ2: What are the characteristics of Rossby waves that are related to break-

down?

• RQ3: How do Rossby waves contribute to breakdown?
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5.5.2 What proportion of breakdowns are associated with the

midlatitudes?

To determine the proportion of CAB breakdown events associated with the midlat-

itudes (RQ1), we begin by testing for the proportion of breakdown events that are

immediately preceded by a) troughs or b) RWB. The methods to identify each are

outlined below.

5.5.2.1 Strong trough identification

We identify upper-level troughs over southern Africa using a trough parameter (TP)

index. Several previous studies have defined an index of upper-level midlatitude flow

to explore co-varying climatic features (e.g., Jacobeit (1987), Knippertz (2007) and

Ward et al. (2021)). A similar method to Ward et al. (2021) is used here. The

trough parameter (TP) index is calculated as:

TP =

(
Z1 + Z3

2

)
− Z2 (5.1)

across a latitudinal domain of 35–45◦S, where Z2 is the mean geopotential height

anomaly at 300 hPa for a 10◦ longitudinal domain centred on 25◦E and Z1 and

Z3 are average 300 hPa anomalies for the 12.5◦ zones to the west (Z1) and east

(Z3) of Z2. The 300 hPa geopotential height anomaly is calculated against an

October climatology, and TP index values computed at 6-hourly intervals for the

study period of August-December 1979–2018. The method assumes a north-south

axis and longitudinal trough extension of around 2000 km at 35◦S, and we note

that index values will decline for similar troughs with differing axis orientations or

longitudinal extensions.

A strong trough is considered present on a given day if TPdaymax is greater than

1 standard deviation above the August-December mean (TPdaymax > 1134). This
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threshold resulted in 15% of days from August to December 1979–2018 being classed

as strong trough days. A threshold of 1200 (1000) flagged 14% (18%) of days

as strong trough days. We consider one standard deviation above the mean an

appropriate middle value that flags significant troughs but is not highly sensitive to

assumptions of the index method about wavelength, location and orientation.

5.5.2.2 Rossby wave breaking identification

We identify Rossby wave breaking (RWB) within our southern African sector of

interest [0–50◦E, 20–70◦S] by the overturning of 250 hPa absolute vorticity contours,

following the method of Ndarana and Waugh (2010) and Barnes and Hartmann

(2012). Absolute vorticity is computed from ERA5 pressure level data as:

η ≡ f + ζ (5.2)

where f is the Coriolis parameter and ζ pressure-level relative vorticity.

Daily relative vorticity (ζ) at 0.25◦ × 0.25◦ resolution was obtained from ERA5

archives, summed with planetary vorticity (Coriolis parameter, f), and smoothed.

Smoothing is achieved through conversion of globally gridded data to spectral data

and then a truncation of spherical harmonics at T15. This ensured that the method

only identifies large-scale overturning as a wave breaking event, rather than small-

scale perturbations in the vorticity field. A RWB detection algorithm then searches

for locations along select absolute vorticity contours [’C’] where a single meridian

intersects C at least three times, and these intersection points are flagged as an

overturning point. Where two or more overturning points are in longitudinal prox-

imity (i.e., overturning spans two meridian lines) they are grouped together as a

RWB event. Only RWB events for which the mean latitude and longitude of all

overturning points falls within the sector of interest [0–50◦E, 20–70◦S] are retained,

and small-scale events with <20◦ along the meridian between the most northern
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and most southern intersection points are removed. RWB in the sector of interest

was identified on 34% of days from August to December 1979–2018, including both

anticyclonic and cyclonic wave breaking. Barnes and Hartmann (2012) show that

RWB identification in pressure-level absolute vorticity is a robust method that pro-

duces a similar distribution to RWB identification using potential vorticity (PV) on

isothermal surfaces. We prefer a pressure-level absolute vorticity metric for its sim-

plicity and for consistency through this paper; the properties of PV (conservation,

invertibility) that have made it such a key tool for unlocking midlatitude dynamics

are not relevant to this work (Hoskins, 2015). Unless otherwise stated, for data

visualisation purposes absolute vorticity is presented with a spherical truncation at

T21 in plots to enhance signal to noise.

5.5.2.3 Association with breakdown

To determine Rossby wave association to breakdown, we test if breakdown is accom-

panied by RWB or a strong trough event in the time interval from two days prior to

the day of detected breakdown. A RWB event set is constructed as a subset of the

85 identified breakdown events where RWB was detected 0–50◦E and 20–70◦S from

two days prior to the day of detected breakdown, while a trough (TR) event set was

constructed as a subset of the 85 identified breakdown events where a strong trough

was detected in the same period. Breakdown events flagged by both the trough and

RWB detection schemes were assigned only to the RWB category. To enhance the

strength of signals in subsequent composite analyses and account for the differing

dynamical evolution of each breakdown, the date of a RWB breakdown event (D=0)

is defined as the first day of detected overturning of absolute vorticity. Dates of

TR breakdown events (D=0) are defined as the day of maximum TP index values.

Relative to CAB-gridcell detected breakdown dates, RWB or TR dates were either

i) unchanged, ii) 1 day previous or ii) 2 days previous.

Overall, 53% (45/85) of 1979–2018 CAB breakdown events are associated with
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Rossby wave breaking over southern Africa. A further 18% (15 of 85) are asso-

ciated with troughs in the midlatitude westerly jet. In total, 60 (71%) of the 85

CAB breakdown events from 1979–2018 cooccur with troughs or RWB. The pro-

portion of associated breakdowns decreases through the onset period from 100% in

August (n=3) through to 46% in November (n=11), as shown in Table 5.1, suggest-

ing a decreasing association of midlatitude Rossby waves and breakdown through

the transition season.

Table 5.1: Monthly proportion of 1979–2018 CAB breakdown events related to
midlatitude Rossby waves. Breakdowns are associated if occurring within two days
of RWB or strong trough events.

Month N. of Rossby
wave associ-
ated break-
downs

N. of not asso-
ciated break-
downs

Total Proportion

August 3 0 3 100%
September 12 5 17 71%
October 34 6 40 85%
November 11 13 24 46%
December 0 1 1 0%

Figure 5.9 presents a composite of 250 hPa absolute vorticity, near-surface specific

humidity anomaly and convective available potential energy (CAPE) for the 60 CAB

breakdown events we relate to midlatitude Rossby waves. Upper-level absolute

vorticity shows a westward-leaning trough at D-1, with a strong CAB in place,

negative specific humidity anomalies over southern Africa and CAPE locked into the

Congo Basin. At D=0, anticyclonic RWB is clear from the overturning of the upper-

level absolute vorticity contours. Through D=0 and D+1, the strong meridional

gradient of specific humidity and CAPE is eroded. By D+2, the RWB event has

begun to dissipate but significant increases in specific humidity south of the CAB are

clear, matched by higher 1200 UTC CAPE over a broad region of southern Africa. It

is clear that RWB is contemporaneous with a large and spatially significant increase
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in specific humidity and CAPE over subtropical southern Africa.

5.5.3 What Rossby waves cause breakdown?

Having demonstrated that RWB is contemporaneous with breakdown and large in-

creases in specific humidity and CAPE over subtropical southern Africa, we next

investigate the characteristics of the Rossby waves that are concurrent with break-

downs (RQ2). To aid this analysis, a counterfactual event set (CF) is constructed

featuring 32 September October November strong trough events (TP threshold of >

1 std dev above mean) from 1979–2018 that did not lead to CAB breakdown. The

distribution of these events in the annual cycle was broadly similar to that of the

TR and RWB event sets (Table 5.2).

Figure 5.10 shows the composite 5-day change in 850 hPa specific humidity and pen-

tad precipitation change for each event set. CAB breakdown, shown by significant

increases in specific humidity south of the CAB’s preferred location, is clear in the

ALL, RWB and TR event sets, with no significant change in CF. Rainfall is strongly

co-located with increases in specific humidity; the three breakdown cases contribute

significantly to precipitation over the subcontinent while the CF case remains dry.

Table 5.2: Mean position and standard deviation of the Julian Day of CAB break-
down events in the annual cycle for ALL, RWB, TR and CF. The ‘ALL’ event set is
centred on the day of detected CAB breakdown, while the RWB event set is centred
on the first day of detected overturning and the TR and CF sets are centred on the
day of maximum ‘TP’ index values.

Event Set (n) Julian Day Mean Std Dev

ALL (85) 291 23.7
RWB (45) 283 20.9
TR (15) 301 18.4
CF (33) 281 8.6
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Figure 5.9: Lead (D-1) and lagged (D=0, D+1, D+2) composite day-mean 250 hPa
absolute vorticity [x10−5 s−1] (left column, a-d), 850 hPa specific humidity anomaly
[g kg−1] (centre column, e-h) and 12:00 UTC CAPE [J kg−1] (right column, i-l) for
all CAB breakdown events related to midlatitude Rossby waves (both RWB and
TR event sets, n=60). For RWB breakdowns D=0 is defined as the first day of
overturning, while for TR breakdowns D=0 is defined as the day of maximum ‘TP’
index values. Stippling indicates where values are significantly different from the
October climatology or zero at the 0.05 level.
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Figure 5.10: Composite 5-day change in 850 hPa specific humidity [g kg−1] and
pentad precipitation change (difference in total rainfall between the previous and
following 5 days) [mm] for all CAB breakdowns (ALL) and each of the RWB, TR
and CF event sets. The RWB event set is a subset of ALL where breakdown is
associated with Rossby wave breaking, while TR is a subset of ALL where breakdown
is associated with troughs. RWB and TR trigger large-scale responses over southern
Africa. The CF event set is a counterfactual of trough events that do not trigger a
large-scale response over the domain.

5.5.3.1 Wavenumbers

Here we analyse wavenumbers to determine the characteristics of the waves bound

up with the RWB, TR and CF cases. Higher wavenumber waves propagate more

rapidly eastward with the zonal flow while low-wavenumber planetary waves are

stationary or retrogress (Holton, 2012). Table 5.3 details the amplitude and ex-

planatory variance of the first 10 harmonics of 250 hPa geopotential height anomaly

at 40◦S for each of the three event sets. For the RWB case, the greatest explanatory

variance is for wavenumbers 4 and 5, accounting for 18.4% and 20.4% of variance re-

spectively. For the TR case, the greatest explanatory variance is for wavenumber 3,

accounting for 26.7% of variance and with an amplitude of 45.3 gpm. And for the CF

case, the greatest explanatory variance is for wavenumber 6, accounting for 25.0%

of variance and with an amplitude of 38.1 gpm. The Rossby waves that are impor-

tant to breakdown therefore appear to be characterised by much lower wavenumbers

than those unrelated to breakdowns. Extending the analysis over further latitudinal
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bands, the low wavenumber signals of the RWB and TR cases are dominant consis-

tently through to 55◦S, while the wavenumber 6 peak of the CF case holds dominant

explanatory power only from 35◦S–40◦S. We interpret that the Rossby waves related

to breakdown are latitudinally coherent low-wavenumber disturbances across both

the polar and subtropical jet, while those unrelated to breakdown are weaker higher-

wavenumber disturbances confined to only the subtropical jet.

Table 5.3: Amplitude and variance of the first 10 harmonics of composite 250 hPa
geopotential height anomaly between 180–180◦E at 40◦S for each of the RWB, TR
and CF cases. Harmonics with the largest explanatory variance are highlighted in
bold.

Harmonic

1 2 3 4 5 6 7 8 9 10

RWB
Amplitude 8.7 27.9 26.9 29.9 31.5 10.6 9.4 4.1 0.5 1.4
Variance 1.6 16.1 14.9 18.4 20.4 2.3 1.8 0.4 0.0 0.0

TR
Amplitude 29.0 12.4 45.3 40.6 36.7 21.5 29.3 4.3 6.1 3.9
Variance 10.9 2.0 26.7 21.4 17.6 6.0 11.2 0.2 0.5 0.2

CF
Amplitude 30.6 31.5 15.0 22.0 22.1 38.1 20.1 11.3 6.5 4.3
Variance 16.1 17.2 3.9 8.4 8.4 25.0 7.0 2.2 0.7 0.3

5.5.3.2 Wave trains

Next, we consider the large-scale wave trains within which the vorticity anomalies

of interest are embedded. Figure 5.11 plots southern hemisphere upper-level geopo-

tential height anomalies for the RWB, TR and CF event sets. In all three cases,

a negative geopotential height anomaly indicative of an upper-level trough overlies

southern Africa. In the RWB case this negative anomaly is broad and somewhat

zonally orientated, covering a large range of latitudes and longitudes, while for the

TR and CF cases it is confined to the southern tip of the continent.
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At the larger scale, the RWB case is characterised by a deeply extratropical trough-

ridge structure in the south Atlantic, with associated geopotential height anomalies

extending from 30–70◦S (Table 5.3, Figure 5.11a). Anticyclonic Rossby wave break-

ing occurs on the downstream equatorward flank of this wave train.

The TR composite is characterised by a wavenumber-3 trough centred over south-

ern Africa with ridges fore and aft (Table 5.3, Figure 5.11b). Compared to RWB,

anomalies are weakly defined in the extratropical South Atlantic, but stronger over

southern Africa. The extent to which RWB and TR differ is noteworthy; the two

cases are products of very different wavetrains and RWB does not appear to be a

dynamical extension of TR troughs where overturning occurs.

While structurally similar to TR, the geopotential height anomalies of the CF case

are weaker and less meridionally extensive, with stippling generally confined to lower

latitudes (<50◦S). We interpret this difference between TR and CF as further sup-

port that CF cases are weaker transient wavenumber-6 troughs confined to the

subtropical jet, while TR cases are deeper low-wavenumber troughs involving super-

position of the polar and subtropical jets (Table 5.3, Figure 5.11).

5.5.3.3 Wave sources

Finally, we consider potential sources of the Rossby waves related to CAB break-

down. Sardeshmukh and Hoskins (1988) show that regions with divergent winds,

such as those occurring in areas with strong meridional gradients of zonal winds, can

advect vorticity and act as a source of Rossby wave energy. As well as stationary

influences such as orography, vortex stretching as a result of convection can enhance

divergence and act as a Rossby wave source.

The dashed contours of Figure 5.11 plot the mean OLR anomaly for the 5 days

preceding each event set to identify upstream regions of anomalous convection that

may be a Rossby wave source. In the TR composite, anomalous convection in the
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Figure 5.11: Composite day-mean 250 hPa geopotential height anomaly [gpm] for
D=0 of the RWB (a), TR (b) and CF (c) event sets. A solid black contour plots
[-9 x10−5 s−1] absolute vorticity at 250hPa. Dashed black closed contours plot OLR
anomaly [W m−2] for the 5 days previous to the event shown at an interval of -4
W m−2. Stippling indicates where geopotential height anomalies are significantly
different from zero at the 0.05 level.
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South Atlantic Convergence Zone (SACZ) is clear. SACZ convection can excite

Rossby waves that propagate downstream to cause rainfall in southern Africa. In-

deed, Grimm and Reason (2015) document a 5-day lagged summer teleconnection

between rainfall in South America and Southern Africa as a result of this wave excita-

tion. Dynamically, upper-level anticyclonic vorticity tendency induced by enhanced

convection stalls the upper-level flow, contributing to downstream divergence and

exciting a Rossby wave that grows and propagates towards southern Africa. Sub-

sequent wave superposition with an extratropical disturbance produces a deep and

energetic trough that causes CAB breakdown. The RWB and CF cases lack such

a clear upstream convective signal across a 5-day lead. A more detailed inspection

of the evolution of daily geopotential and OLR anomalies at a 0 to 6 day lead indi-

cates that RWB and CF are led by deeply extratropical disturbances in the South

Atlantic off the eastern coast of South America. These OLR anomalies are transient

and decrease in magnitude with an increasing lead time, suggesting that a coherent

upstream convective signal is not a feature of these two cases. This is likely a result

of the averaging of a diverse number of upstream evolutions. Only the TR composite

is characterised by clear upstream convection in the SACZ across a 5-day lead.

5.5.4 How do Rossby waves contribute to breakdown?

In this section we consider the evolution of each of the RWB, TR and CF cases over

southern Africa to investigate how Rossby waves dynamically contribute to CAB

breakdown.

5.5.4.1 Vertical velocity

Figure 5.12 and 5.13 show lagged composite vertical velocity by latitude and at

500 hPa respectively for each of the three composite cases. In Figure 5.12, the 7

g kg−1 specific humidity contour identifies the tropical region of high humidity. At

D-1 for all three event sets the CAB is clearly in place, with moist air locked into
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the Congo Basin and a strong demarcation between deep tropospheric ascent in the

Congo [0–10◦S] and the mid-level subsidence of the subtropics to the south of the

CAB. Initial (D-1) south-of-CAB subsidence is stronger in the CF case than others,

possibly due to the earlier seasonal distribution of the CF events against an October

climatology (Table 5.2). This south-of-CAB subsidence is key to the maintenance

of a CAB-in-place, pre-onset state, diluting the easterly winds and forcing a highly

stable atmospheric profile. D-1 streamlines indicate this subsidence is related to

both the midlatitudes and local overturning. By the end of the breakdown sequence

(D+2), there is a clear southward extension of the region of high humidity in the

two CAB breakdown cases (RWB and TR), while the counterfactual (CF) remains

unchanged. Mid-level subsidence is replaced by ascent in the two CAB breakdown

cases but persists in CF.

Figure 5.13 shows that the latitudinal changes in vertical velocity identified in Fig-

ure 5.12 can be attributed to Rossby waves in the midlatitude westerly jet. A solid

black contour plots −9 x10−5 s−1 absolute vorticity, showing wave breaking in the

RWB case and transient troughs migrating eastward in the TR and CF cases. In all

cases, patterns of ascent and subsidence are tightly coupled to upper-level vorticity

anomalies with ascent leading and subsidence trailing.

In the RWB case, wave breaking leads to the establishment of semi-stationary ascent

over the subcontinent and descent off the south-west coast. Through the sequence

we see south-of-CAB subsidence eroded by this semi-stationary ascent, so that by

the end of the sequence ascent dominates through the depth of the troposphere and

large negative OLR anomalies establish over the majority of subtropical southern

Africa (Figure 5.12, 5.13). The dynamical impact of wave breaking here tightly

reflects that demonstrated by Funatsu and Waugh (2008) in the tropical Pacific,

whereby upper-level PV anomalies promote convection through destabilising the

lower troposphere and causing upward motion ahead of the vorticity anomaly. We
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view the location of wave breaking here as key; wave breaking must be upstream of

southern Africa and vorticity anomalies located over the western seaboard for this

ascent to consolidate over the continental interior and promote CAB breakdown.

Wave breaking at this location is identified as a hotspot in Ndarana and Waugh’s

(2011) southern Hemisphere wave breaking climatology, but is less common than

wave breaking downstream of southern Africa.

In the TR case, we see vertical velocity patterns associated with the transient trough

migrate eastward. Strong ascent is associated with the trough’s divergent leading

edge and subsidence associated with the convergent trailing edge. A cloud-band

structure of negative OLR anomalies, tightly coupled to the region of maximum

vertical ascent, displaces south-of-CAB subsidence and leads to region-wide negative

OLR anomalies by D+2.

The CF case is structurally similar to TR. However, the northward extension of

perturbed vertical velocity is less and no permanent change to the dominant south-

of-CAB subsidence occurs through the sequence. A weak cloud-band OLR signature

is seen over the southwestern Indian Ocean, but it does not have any continental

extension. A key distinction between TR and CF is that we see the TR case instigate

a tropical-extratropical interaction over southern Africa that displaces south-of-CAB

subsidence with region-wide ascent. In contrast, the CF case is insufficient to force

this and south-of-CAB subsidence remains in place.

In all three cases, negative OLR anomalies lead the upper-level vorticity anomaly.

Latent heating associated with this convection introduces an upper-level anticyclonic

vorticity tendency which counteracts the cyclonic circulation around the vorticity

anomaly, slowing wave propagation by stalling the leading edge of the trough. This

contributes to wave amplitude growth and increases the probability of overturning

(wave breaking). We observe this effect in all three cases as the disturbances transit

southern Africa; wave propagation totally stalls in RWB while we see minor over-
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turning of absolute vorticity in TR and an increasing wave amplitude and westward

tilt in CF. This is not a surprising result; Ndarana and Waugh (2011) show a clear

wave breaking hotspot downstream of southern Africa. In the RWB case, this feed-

back facilitates the persistence of synoptic ascent and further promotes breakdown.

This is to a certain extent also true of the TR case, as although the trough remains

transient we see wave amplitude growth and eastward propagation is slowed. In

the CF case, convection in the Mozambique channel slows wave propagation and

contributes to RWB, a strong ridging high and enhanced south-of-CAB subsidence

(Ivanciu et al., 2022). This adds dry upper-level air to the southern African domain

and acts to reinforce a CAB-present state (Figure 5.12k,l).

5.5.4.2 Wind field modification

Figure 5.14 plots moisture fluxes to investigate near-surface wind field modification

during breakdowns. All three cases exhibit a D=0 reduction in easterly moisture

fluxes where they would be convergent with the low-level Congo westerlies around

the CAB. This is an apparent common feature of midlatitude troughs over southern

Africa; transient lows force an eastward displacement of the Mascarene anticyclone,

weakening geopotential gradients around the Mozambique channel and slackening

the easterlies across Mozambique and Zambia. At the same time, and likely related

to the loss of convergence at the CAB, we see enhanced north-westerly moisture

fluxes in the Congo. This leads to a southward advance of the region of moist air

from the Congo Basin in all cases.

In the latter stages of the sequence, ridging of the South Atlantic high is also clear

in all three cases. The importance of ridging highs in advecting moisture from the

Mozambique channel to the continental interior is well established in the litera-

ture, and we see evidence of enhanced moisture fluxes along this axis in all three

cases (Ndarana et al., 2021, 2022; Ivanciu et al., 2022). In the RWB and TR cases,
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Figure 5.12: Lead (D-1) and lagged (D=0, D+1, D+2) composite latitudinal
profiles (20-30◦E) of vertical velocity [Pa s−1] for each of the RWB (a-d), TR (e-h)
and CF (i-l) event sets. Topography is shaded black. A solid black contour plots 7
g kg−1 specific humidity. Stippling indicates where vertical velocity is significantly
different from the October climatology at the 0.05 level. Streamlines show vertical
velocity and the northward wind component, with vertical velocity scaled by 1000.
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Figure 5.13: Lead (D-1) and lagged (D=0, D+1, D+2) composite 500 hPa vertical
velocity [Pa s−1] and OLR anomaly [W m−2] (against an October climatology) each
of the RWB (a-d), TR (e-h) and CF (i-l) event sets. A solid black contour plots [−9
x10−5 s−1] absolute vorticity at 250 hPa. Stippling indicates where vertical velocity
is significantly different from the October climatology at the 0.05 level.
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anomalous positive moisture fluxes are seen in the Limpopo and Zambezi low level

jet regions, particularly in the TR case at D+2. This is largely driven geostrophically

by a ridging high-pressure system in RWB, whereas for TR the moisture flux ap-

pears dominantly ageostrophic. In the CF case, these moisture fluxes are generally

weaker. Low level jets act as ‘atmospheric rivers’ for the inflow of moisture from the

southwestern Indian Ocean into the subcontinent, which is then available for precip-

itation, providing fuel for the breakdown event (Munday et al., 2021; Spavins-Hicks

et al., 2021; Barimalala et al., 2021). Where this is combined with a mechanism of

synoptic ascent, such as RWB or cloud bands, breakdown may lead to significant

rainfall over southern Africa.

It is interesting to note that in general, Figure 5.14 is characterised by negative

moisture flux anomalies over central southern Africa associated with weaker mois-

ture fluxes embedded in the subtropical easterlies. The resulting loss of CAB con-

vergence appears key to allowing moisture-laden Congo air to advance southward

and fuel convection over subtropical southern Africa. Moisture fluxes of the CF case

look broadly similar to TR and RWB (but with reduced intensity and shorter-lived

anomalies), underscoring the controlling importance of vorticity-forced changes in

static stability to breakdown.

5.5.4.3 Summary

This section has identified two primary mechanisms that summarise the contribution

of midlatitude troughs to CAB breakdown. These are:

1. The replacement of south-of-CAB tropospheric subsidence with Rossby-wave

associated synoptic ascent.

2. Modification of the climatological wind field that leads to (a) southward mois-

ture transport from the Congo Basin and (b) anomalous moisture fluxes from

the southwestern Indian Ocean into the continental interior by ridging highs.
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Figure 5.14: Lead (D-1) and lagged (D=0, D+1, D+2) composite 850 hPa moisture
fluxes (vectors) and anomaly of the moisture fluxes (shaded, against an October
climatology) [g kg−1 · m s−1] for each of the RWB (a-d), TR (e-h) and CF (i-l) event
sets. Black contours plot 850 hPa geopotential height contours at 10 m intervals
from 1520-1580 m. Moisture flux vectors are plotted where the u or v component
of the moisture flux anomaly is significantly different from the October climatology
at the 0.05 level.
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To ensure results presented here are not sensitive to reanalysis product, we re-

produced key figures using the Modern-Era Retrospective analysis for Research and

Applications, Version 2 (MERRA-2) reanalysis, known to perform well in the Congo

Basin (Hua et al., 2019)). An analysis of specific humidity, vertical velocity, upper

level absolute vorticity and u- and v- wind fields yields remarkably consistent dy-

namic and thermodynamic evolutions as those we have identified in ERA5, giving

confidence the mechanisms identified here are not sensitive to reanalysis product.

Both mechanisms (1) and (2) are complementary in their contributions to CAB

breakdown and the switch from a dry-subtropical to moist-tropical regime over

southern Africa. The starkest differences against the counterfactual are seen in

the vertical velocity fields, where breakdown leads to a total removal of south-of-

CAB subsidence. The loss of south-of-CAB subsidence facilitates both a) convection

through reduced atmospheric stability and b) enhanced moisture fluxes from the

Mozambique channel. If subsidence remains, modified moisture fluxes are insuffi-

cient to force breakdown.

The importance of Rossby wave breaking to CAB breakdown is mediated by the

location of wave breaking (i.e., the location of upper-level vorticity anomalies). 53%

of 1979–2018 CAB breakdowns were associated with wave breaking upstream of

southern Africa on the equatorward flank of an extratropical trough-ridge in the

south Atlantic. Upstream wave breaking promotes semi-stationary ascent over the

continental interior, eroding south-of-CAB subsidence and promoting breakdown.

While we only searched for wave breaking as far as 50◦E, we found no evidence

of association with downstream wave breaking despite this being more common in

September October and November (Ndarana and Waugh, 2010).

Similarly, it appears that the importance of transient troughs to CAB breakdown is

mediated by trough energetics (i.e., the magnitude of upper-level vorticity anoma-

lies). We view the TR cases, accounting for 15% of 1979–2018 CAB breakdowns,
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as a subset of the most energetic transition season troughs over southern Africa,

and show that this is related to upstream Rossby wave source activity in the SACZ.

This convection excites a Rossby wave that propagates downstream and superposes

with an extratropical wave to create a highly energetic trough that causes CAB

breakdown.

5.6 Discussion

5.6.1 Low latitude rainfall and upper-level troughs

The Congo Air Boundary (CAB) is a distinct feature of the tropical edge, marking

the southern limit of the tropical rain belt at around 10-15◦S. The demonstration

of a midlatitude control on CAB breakdown highlights the significant equatorward

extent of midlatitude influences and shows midlatitude control of transition-season

rainfall across a significant geographical area well north of the traditionally defined

latitudes of midlatitude precipitation (Figure 5.4).

The review of Knippertz (2007) outlines how penetration of upper-level troughs into

the tropics is frequently associated with enhanced convection, with the climatology

of De Vries (2021) building on this further by providing a global perspective on the

importance of Rossby wave breaking to subtropical precipitation extremes. Here we

demonstrate the importance of PV troughs and Rossby wave breaking to not only

anomalous subtropical precipitation but also to the seasonal cycle of rainfall and

onset timing over central southern Africa. Extratropical disturbances are associated

with patterns of weather where CAB breakdown occurs over a timescale of a few

days, facilitating a transition from a dry subtropical to wet tropical regime over the

region and unlocking the possibility of further tropical-extratropical interactions.

An outstanding question raised by Knippertz (2007) is the extent to which such

anomalous low-latitude precipitation is a direct causal result of extratropical upper-
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level troughs. Put differently, in the instances of PV-trough related CAB break-

downs, does wave amplification and breaking directly cause convection and rainfall,

or does convection and latent heating cause wave amplification and breaking? This

is an area that requires further investigation. Idealized dry simulations similar to

that of Matthews and Kiladis (2000) in the tropical pacific and Davidson et al.

(2007) over the Australian monsoon region may be fruitful in teasing apart the rel-

ative roles of dry wave dynamics and diabatic heating associated with convection in

the synoptic-scale processes important to CAB breakdown.

5.6.2 Implications for onset prediction

The results of this work have implications for the sub-seasonal prediction of onset

over southern Africa and our understanding of the limits to that predictability.

The midlatitudes are often considered a stochastic influence on the extra-tropics;

although dynamics are represented well under quasi-geostrophic theory, they are

generally predictable only for short lead times. The chaotic nature of the atmosphere

means inevitable initial condition errors go on to influence all scales of motion in

a finite time, so that explicit determination at the synoptic scale is not possible

beyond a threshold of about two weeks (Lorenz, 1963, 1984). Given the implication

of midlatitude Rossby waves in a significant proportion of breakdown events, the

prediction of onset at long lead times may be challenging.

Seasonal and sub-seasonal prediction typically relies on the fact that certain circu-

lation types have intrinsically longer predictability times than individual synoptic

weather patterns, and that predictable longer-term variability influences the proba-

bility of certain modes of atmospheric circulation and the probabilistic distribution

of possible outcomes (Palmer and Anderson, 1994). This may be true of the midlati-

tude circulations important to breakdown. The Southern Annular Mode is a control

on mean jet latitude, whilst La Niña has been shown to increase the occurrence of

a distinct subtropical jet over the region compared to El Niño (Gillett et al., 2006;
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Hart, Washington and Reason, 2018). The breakdown of the stratospheric polar

vortex is predictable at longer lead times and is associated with a well-documented

shift towards a negative Southern Annular Mode (Shen et al., 2020). If a relationship

between these modes of variability and the probability of occurrence of the Rossby

waves identified in Section 4c can be shown, there is potential for the derivation of

probabilistic predictability statements related to breakdown and onset.

5.6.3 Future change

Coupled Model Intercomparison Project (CMIP) Phase 3, 5 and 6 models simulate

a statistically robust rainfall decline over southern Africa in the 21st century as a

response to rising global temperatures, with models dynamically forcing this drying

trend through a later average CAB breakdown date (Shongwe et al., 2009; He and

Soden, 2017; Howard and Washington, 2020). The implication of the midlatitudes

in CAB breakdown raises novel questions about this future drying.

A number of studies have outlined an expected poleward shift in the midlatitude

westerly jets under climate change, with Barnes and Hartmann (2012) showing that

this poleward shift of the Southern Hemisphere midlatitude jet is accompanied by

a poleward shift in anticyclonic wave breaking in all GCMs across multiple cli-

mate forcing scenarios. Such a trend has been identified in the northern Hemisphere

historical record by Jing and Banerjee’s (2018) study of changes in RWB from 1981–

2015 in the MERRA2 reanalysis. It is plausible that a poleward shift in the westerly

jets and consequently RWB may lead to a reduced role of midlatitude breakdown

processes in the future, contributing to a later mean CAB breakdown and rainy

season onset over southern Africa. This is particularly true given the importance of

the location of wave breaking in determining impact on CAB breakdown. A minor

change in jet dynamics could impact the frequency of wave breaking upstream of

southern Africa and consequently have large impacts on RWB–related CAB break-

downs. Some of the regional rainfall impacts of a poleward shift in RWB have been
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considered by Ivanciu et al. (2022), who modelled the impact of poleward shifting

RWB on southern African ridging highs and found both a decreasing frequency and

southward shift in the area of associated rainfall. The contribution of midlatitude

future change to CAB breakdown dynamics therefore represents an exciting area for

further study.

5.7 Conclusion

This work has diagnosed a midlatitude influence on CAB breakdown and rainfall

onset over the core of the southern African subtropics. Specifically, it has shown that

propagating and breaking low-wavenumber Rossby waves in the southern hemisphere

westerly jet can force CAB breakdown and a transition from a dry pre-onset regime

to one characterised by broad precipitation over southern Africa. This demonstra-

tion of a remote midlatitude influence on CAB breakdown is novel and has important

implications for how rainfall onset is considered at the tropical edge.

Analysis showed that that >70% of large-scale CAB breakdown events from 1979–

2018 were related to midlatitude Rossby waves, cooccurring with strong troughs

(18%) or RWB (53%) (RQ1). The proportion of midlatitude associated breakdowns

decreases through the onset period from 100% in August (n=3) through to 46% in

November (n=11), suggesting a decreasing seasonal importance of the midlatitudes

to breakdown as tropical influences become more important.

The types of Rossby waves important to breakdown include energetic large am-

plitude low wavenumber troughs, and troughs exhibiting anticyclonic Rossby wave

breaking (RQ2). The former appear to be related to anomalous SACZ convection,

while the latter is associated with a deeply extratropical ridge-trough structure in

the South Atlantic.

Midlatitude dynamics contribute to breakdown through (a) the replacement of broad
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south-of-CAB tropospheric subsidence with synoptic ascent from either RWB or

cloud bands and (b) modification of the climatological wind field leading to a reduc-

tion in convergence at the CAB and its southward advance, along with greater mois-

ture flux from the southwestern Indian Ocean from ridging highs and convergence

in the continental interior (RQ3). Our results suggest that importance of Rossby

wave breaking to CAB breakdown is mediated by the location of wave breaking,

while the importance of transient troughs to CAB breakdown is mediated by trough

energetics.

The demonstration of a midlatitude influence on the CAB has implications for global

understandings of the general circulation, highlighting the significant equatorward

extent of dynamical midlatitude influences and precipitation control. The novel

demonstration of a remote midlatitude influence on onset timing over southern

Africa adds to the body of evidence for midlatitude precipitation control at the

tropical edge.

Multiple sub-tropical regions, such as southern Africa, are highly vulnerable to cur-

rent and future rainfall variability. It is clear that an integrated consideration of

both tropical and midlatitude influence and future change is essential for rigorous

understandings of present-day and future precipitation variability.
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5.9 Afterword to Chapter 5

Chapter 5 has addressed the third aim of this thesis by investigating the large-

scale mechanisms associated with the breakdown of the CAB. However, because the

analysis presented in Chapter 5 was conducted prior to that in Chapters 3 and 4,

insights that have emerged from the preceding chapters are not fully reflected in the

manuscript. In particular, findings from Chapter 3 concerning CAB maintenance

and the role of mid-level moisture flux divergence are not yet reconciled with the

large-scale mechanisms that break down the CAB.

In this afterword, the results of Chapter 5 are revisited in light of these earlier

findings. Particular emphasis is given to mid-level moisture flux divergence, which

Chapter 3 hypothesised is important to both CAB maintenance and the inhibition

of convection to its north.

5.9.1 Mid-level moisture-flux divergence and the AEJ-S

The results of Chapter 3 indicate that a CAB-in-place state is associated with three

mechanisms which act to suppress convection across the tropical edge:

i) moisture limitation south of the CAB,

ii) subsidence inhibition south of, at, and north of the CAB, and

iii) mid-level moisture-flux divergence at and north of the CAB.

The preceding analysis has accounted for modification to both (i) moisture limita-

tion and (ii) subsidence inhibition through CAB breakdown, whereby midlatitude

disturbances reconfigure low-level moisture fluxes and modify subsidence with forced

(quasi-geostrophic) ascent. However, the evolution of (iii) mid-level moisture-flux

divergence was not examined, as this mechanism had not yet been identified at the

time the analysis was conducted. To update the analysis in light of these earlier re-
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sults and complete the CAB breakdown story, we therefore consider how mid-level

moisture-flux divergence evolves through CAB breakdown.

Figure 5.15 shows the evolution of mid-level (650 hPa) moisture-flux divergence

across the CAB breakdown event sets analysed in this chapter, alongside a coun-

terfactual case in which no breakdown occurs. Two days prior to breakdown (D-2),

moisture-flux divergence surrounds the Congo Basin in a broad arc extending from

south-western Angola to East Africa. Divergence is tightly co-located with the

southern margin and entrance region of the African Easterly Jet South (AEJ-S),

which is strong (> 8 m s−1) and well defined at D-2 in all cases.

Through CAB breakdown (Figure 5.15a-c), moisture-flux divergence over Angola

and western Zambia is replaced by moisture-flux convergence. Concurrently, the

AEJ-S weakens substantially and becomes poorly defined, although easterly flow

persists over the eastern Congo Basin. In contrast, in the counterfactual case where

the CAB does not break down (Figure 5.15d), the arc of mid-level moisture-flux

divergence is maintained throughout the sequence and the AEJ-S remains strong.

The weakening of the AEJ-S during breakdown is consistent with both a loss of

vertical momentum transfer at the CAB, as hypothesised in Chapter 3, and a weak-

ening of the thermal wind balance associated with a reduced meridional temperature

gradient between the Congo Basin and southern Africa (Figure 5.8e-h; Kuete et al.,

2020).

The loss of mid-level moisture-flux divergence at the CAB during breakdown there-

fore emerges as a key missing component of the CAB breakdown story presented

in Chapter 5. Once this mid-level moisture export pathway is removed, moisture

can accumulate in the lower-mid troposphere, conditioning the environment to be

more favourable for deep convection. This highlights the role of mid-level moisture

convergence in controlling the location of tropical convection across central Africa,

as argued by Jackson et al. (2009), Longandjo and Rouault (2020, 2024) and Dong
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and Washington (2025) amongst others.

5.9.2 Summary

This chapter has addressed the third aim of this thesis by investigating the large-

scale meteorological conditions and mechanisms associated with the breakdown of

the CAB. It has characterised the reorganisation of the atmosphere from a CAB-

in-place to a CAB-absent state and identified the mechanisms through which the

dryline is eroded, complementing theory developed in Chapter 3 accounting for the

maintenance of the CAB.

Through a composite analysis of objectively identified CAB breakdown events, the

chapter has shown that CAB breakdown typically occurs over timescales of 3–5 days

and is frequently associated with disturbances originating in the midlatitudes, with

propagating and upstream-breaking Rossby waves implicated in more than 70% of

events.

By tracing the mechanisms underpinning this association, Chapter 5 has demon-

strated how extratropical disturbances reshape vertical motion, the low-level circu-

lation and mid-level moisture-flux divergence over southern Africa to break down the

CAB. In particular, the three processes that inhibit convection at the tropical edge

while the CAB is in place (moisture limitation, subsidence inhibition, and mid-level

moisture-flux divergence) are removed, facilitating a transition to a moist convective

regime.

Chapter 5 therefore provides an explanation for CAB breakdown and rainfall on-

set over subtropical southern Africa that is rooted in the synoptic-scale weather

processes that bring the first rains to the tropical edge. In identifying the domi-

nant driver of breakdown and the associated large-scale mechanisms through which

the CAB is eroded, Chapter 5 directly fulfils Aim 3 of this thesis. These results
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Figure 5.15: Lead (D - 2) and lagged (D = 0, D - 2) composite 650 hPa moisture
flux divergence (shaded; x10−7 s−1) and zonal wind (contours < −5 m s−1 in 1 m
s−1 intervals) for (a) all CAB breakdown events, (b) the RWB breakdown subset,
(c) the TR breakdown subset, and (d) the counter-factual CF event set. Stippling
indicates where moisture flux divergence is significantly different from D-2 at the
0.01 level.
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have implications for the predictability of rainfall onset over southern Africa and for

broader theory that accounts for the influence of the extratropics on tropical rain

belt seasonality.
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6 | Conclusions

A deep red sunset over Angola from camp at Nchila. 8 October 2022.
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6.1 Introduction

The onset of the summer rains over subtropical southern Africa is of major socio-

economic importance, with far-reaching implications for agriculture, energy gen-

eration and water security. Yet many parts of the fundamental dynamics of the

southern African tropical edge climate system pre-rainfall onset and the transition

to a post-onset (austral summer) mean state remain poorly understood. In particu-

lar, a more comprehensive understanding of the circulation features that modulate

the southward migration of the tropical rain belt toward southern Africa is required.

A key feature in this transition is the Congo Air Boundary (CAB), a synoptic-

scale dryline and convergence zone that is often conceptualised as demarcating the

southern edge of the tropical rain belt from August to November (Howard and

Washington, 2019). Variability in the CAB’s location and persistence is a first-

order control on August-December rainfall across subtropical southern Africa (10–

25◦S), and an increased persistence of the CAB from October to December has been

implicated in projections of delayed rainfall onset across the region.

Despite the importance of the CAB to tropical-edge rainfall, the feature has received

relatively little attention in the literature. A lack of in situ observations means that

the structure and circulation of the atmosphere at the CAB is poorly constrained,

limiting understanding of the processes governing its maintenance and breakdown.

Addressing these research gaps is made difficult by uncertainty over the ability of

models and reanalyses to reproduce the CAB.

This thesis has addressed these knowledge gaps by drawing on novel in situ obser-

vations collected by the Decreasing Rainfall to Year 2100 – Role of the Congo Air

Boundary (DRY-CAB) project (2021–2025), together with reanalyses and satellite

datasets. In doing so, it has provided a new, empirically grounded perspective on

the structure and circulation of a defining feature of the tropical-edge atmosphere,
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the processes governing its maintenance and breakdown and its representation in re-

analyses. This final chapter synthesises these results, drawing together key insights

from across the thesis to reflect on their broader implications.

The chapter proceeds as follows. Section 6.2 revisits the original aims of the thesis,

describing how they were achieved and summarising key findings. Broader themes

emerging across the chapters are then discussed in Section 6.3, with particular em-

phasis on what the results reveal about the spatial and temporal relationship be-

tween the CAB and the tropical rain belt. Directions for future research are outlined

before the chapter concludes with a reflection on the wider significance of the findings

for climate science (Section 6.4).

6.2 Fulfilment of thesis goals and aims

This thesis set out to address key knowledge gaps regarding the structure and circu-

lation of the atmosphere at the CAB, its representation in models, and the large-scale

mechanisms associated with its breakdown. To achieve this goal, three specific aims

were defined:

Aim 1. Diagnose the structure and circulation of the Congo Air Boundary using

in situ observations.

Aim 2. Evaluate the representation of the Congo Air Boundary in reanalyses.

Aim 3. Characterise the large-scale mechanisms associated with the breakdown of

the Congo Air Boundary.

The following section revisits each of these aims in turn, describing how the thesis

has fulfilled each aim and summarising the key results.
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6.2.1 Aim 1: Diagnose the structure and circulation of the

Congo Air Boundary using in situ observations

The first aim of this thesis sought to resolve the structure and circulation of the

CAB using in situ observations, including the modulation of these aspects through

the diurnal cycle. This aim was motivated by the long-standing absence of direct

observations of the atmosphere at the CAB, and resulting reliance on reanalysis and

model datasets – the fidelity of which is uncertain at the southern African tropical

edge.

Aim 1 is addressed in Chapter 3, which characterises the structure and circulation of

the atmosphere across the CAB, drawing on the first in situ upper-air and surface

measurements of the CAB collected during the DRY-CAB field campaign. The

analysis particularly focuses on 12 days from 1–5 and 16–22 October 2022 (inclusive),

during which the CAB bisected the two DRY-CAB field sites, allowing simultaneous

sampling across the CAB dryline and convergence line.

Surface data and vertical (radiosonde) profiles are used to diagnose the thermody-

namic structure of the atmosphere at and across the CAB. This reveals that the

CAB is characterised by a sharp specific humidity gradient of up to 12.0 g kg−1

per 100 km, separating two strongly contrasting thermodynamic regimes. On the

dry side, the afternoon boundary layer is near dry-adiabatic (9.6 ◦C km−1) and

capped by a strong mid-level inversion, consistent with intense surface heating and

dry-convective mixing associated with the southern African heat low and a mid-level

inversion maintained by subsidence associated with the Botswana High. In contrast,

the moist side of the CAB exhibits a more stably stratified boundary layer, weaker

and more vertically diffuse inversions, and substantially higher near-surface moist

static energy (MSE).

Surface data and vertical profiles are also used to diagnose the circulation of the
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atmosphere at and across the CAB. This analysis diagnoses two strongly contrasting

circulation regimes across the CAB, with differences particularly stark at night.

North of the CAB, 9.2 m s−1 mid-level easterlies associated with the AEJ-S overlie

a shallow (≈ 600 m deep) layer of weak, moisture-laden north-westerlies, while to

the south the nocturnal circulation is dominated by a dry easterly low-level jet

(LLJ). This LLJ strengthens to approximately 15 m s−1 overnight under an inertial

oscillation, such that low-level convergence at the CAB peaks around 05:00 local

time. Nocturnal convergence is accompanied by mid-level moisture-flux divergence

as dry easterlies are lifted above moist north-westerlies.

Lastly, the modulation of the CAB through the diurnal cycle is investigated. The

intensity of the CAB is shown to be strongly modulated through the diurnal cycle,

with the near-surface moisture gradient approximately four times stronger at night

(7.9 g kg−1) than during the day (2.0 g kg−1). This behaviour reflects the com-

peting influences of daytime dry-convective mixing, which vertically redistributes

moisture and weakens the surface gradient, and nocturnal low-level convergence,

which sharpens the dryline. These findings support the hypothesis of Howard and

Washington (2019) that the heat low contributes to CAB maintenance through a

combination of horizontal moisture transport associated with cyclonic inflow and

vertical redistribution by dry-convective mixing.

Insights from this analysis are synthesised into a novel, empirically derived concep-

tual model of the tropical-edge atmosphere that describes the structure, circulation,

and diurnal modulation of the CAB, thereby directly addressing Aim 1. This model

identifies shallow overturning on the moist side of the CAB, comprising low-level

north-westerly flow toward the CAB, ascent associated with low-level convergence,

and a mid-level return flow embedded within the AEJ-S. This shallow overturning

advects warm, dry subtropical air into the southern Congo Basin and is hypothe-

sised to inhibit deep convection at and north of the CAB. This represents the first
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observational evidence of a rainfall-inhibiting circulation in the southern Congo that

is also present in other heat-low-adjacent monsoon regions (Nie et al., 2010).

Overall, analysis under Aim 1 makes three principal contributions to the wider

literature. First, it resolves the mesoscale structure and circulation of the atmo-

sphere at the CAB from observations for the first time, advancing understanding

of atmospheric dynamics at the data-sparse southern African tropical edge. Sec-

ond, it situates the CAB within a broader class of subtropical dryline features and

assesses the CAB’s dynamical distinctiveness. Finally, it develops an observation-

based conceptual model that provides a foundation for future evaluation of CAB

representation in models and reanalyses.

6.2.2 Aim 2: Evaluate the representation of the CAB in re-

analyses

The second aim of this thesis was to evaluate how well reanalyses represent the

CAB and the features that comprise it. This aim was motivated by the fact that

we do not know whether key aspects of the CAB are absent or misrepresented in

reanalyses.

This aim is addressed in Chapter 4, which applies a process-based evaluation frame-

work to evaluate the representation of the CAB in three recent reanalysis products

(ERA5, MERRA-2, and JRA-3Q) during the DRY-CAB field campaign. The chap-

ter uses six defining features of the CAB, identified in the conceptual model devel-

oped under Aim 1, as diagnostic benchmarks. These six features are (1) a dryline

and convergence zone, (2) the north-westerly moist low-level jet, (3) the easterly dry

low-level jet, (4) the African Easterly Jet South (AEJ-S), (5) dry-convective mixing,

and (6) mid-level stability.

This analysis demonstrates that all three reanalyses exhibit substantial errors in the

mesoscale structure and circulation of the CAB. A key finding is that reanalysis
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errors, and inter-reanalysis differences, primarily stem from deficiencies in the rep-

resentation of horizontal and vertical moisture transport to the north of the CAB.

North-westerly moisture fluxes that advect moisture to the CAB are of the wrong

sign in MERRA-2 (−120% bias), exhibit an incorrect diurnal cycle in JRA-3Q (max-

imum at 20:00 rather than 02:00), and arise from compensating biases in ERA5.

ERA5 and MERRA-2 additionally exhibit excessive 11:00 LT instability and day-

time near-surface drying (biases ≥ 71%). In comparison, the dry subtropical regime

to the south of the CAB is relatively well reproduced. Our analysis points to defi-

ciencies in parameterised aspects of the climate system, including land–atmosphere

coupling and vertical turbulent moisture transport, as likely sources of error and

divergence between reanalysis products. This identifies the representation of these

processes as a priority for future model development.

Chapter 4 contextualises these errors by examining their upscale impacts on convec-

tive environments and rainfall-onset meteorology. This demonstrates that all three

reanalyses underestimate north-of-CAB CAPE by more than 38%, principally due

to near-surface moisture deficits associated with north-of-CAB moisture transport.

While errors in vertical wind shear are less systematic, this limits the ability of re-

analyses to represent the convective environments most relevant to severe weather

and rainfall onset at the southern African tropical edge.

Using an MSE framework, the analysis in Chapter 4 additionally shows that ERA5

and MERRA-2 fail to capture the sharp, site-specific regime transitions that char-

acterise the observed seasonal evolution through October and November, instead

simulating a smooth, near-simultaneous moistening of the atmosphere. Although

JRA-3Q reproduces this evolution more closely, it does so for incorrect reasons,

associated with spurious moisture advection north of the CAB. This demonstrates

the importance of CAB representation to the successful simulation of the seasonal

evolution of the tropical-edge atmosphere through austral spring. Findings under
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Aim 2 therefore have important implications for efforts to model the tropical-edge

climate across timescales ranging from sub-seasonal forecasting to climate-change

projections.

6.2.3 Aim 3: Characterise the large-scale mechanisms asso-

ciated with the breakdown of the CAB

The third and final aim of this thesis was to characterise the large-scale mechanisms

associated with the breakdown of the CAB. This aim was motivated by the role

of CAB breakdown in rainfall onset and projections of future drying (Howard and

Washington, 2020).

Aim 3 is addressed in Chapter 5, which investigates the meteorology of CAB break-

down through a 40-year reanalysis climatology. An objective method for identifying

CAB breakdown events is first developed, building on the CAB canny-edge detection

algorithm of Howard and Washington (2019). Lead–lag composites of these events

are then used to characterise the evolution of the atmosphere through CAB break-

down and to diagnose the associated large-scale mechanisms by which the CAB is

broken down.

This analysis reveals that CAB breakdown represents a large-scale convective regime

shift over central southern Africa, in which a subtropical dry-convective regime is

replaced by a tropical moist-convective regime over timescales of approximately 3–

5 days. This provides a dynamical explanation for the spatial coherence in rainfall-

onset timing previously identified statistically over southern Africa (Bombardi et al.,

2020).

A remote midlatitude control on the timing of CAB breakdown is identified, with

approximately 70% of breakdown events associated with propagating or upstream-

breaking low-wavenumber Rossby waves in the Southern Hemisphere westerly jet.

Chapter 5 explores the mechanisms that underpin this relationship, revealing how ex-
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tratropical disturbances reshape vertical motion, low-level circulation, and mid-level

moisture-flux divergence to break down the CAB. The replacement of subsidence

with ascent permits substantial increases in moisture fluxes embedded within the

subtropical easterlies, while modified pressure gradients enhance northerly moisture

transport from the Congo Basin and mid-level moisture-flux divergence at the trop-

ical edge is lost. Together, these processes promote the breakdown of the CAB and

a rapid transition to a moist-convective regime.

This analysis provides an explanation of CAB breakdown and tropical-edge rain-

fall onset that is rooted in the synoptic-scale weather processes that bring the first

rains, directly addressing Aim 3 of this thesis. This indicates that the timing of

CAB breakdown is typically dictated by extratropical dynamics, placing a funda-

mental constraint on onset predictability linked to the intrinsic predictability limits

of midlatitude Rossby waves. More broadly, the findings demonstrate the deep equa-

torward reach of midlatitude influences and the role of midlatitude wave dynamics

in governing the seasonal migration of the tropical rain belt.

6.3 Discussion

While the preceding three chapters were written as self-contained studies, Section 6.2

demonstrates that they have achieved the primary aims of this thesis. In doing so,

the thesis has provided a new, empirically grounded perspective on the structure and

circulation of a defining feature of the tropical-edge atmosphere, its representation

in reanalysis products, and the processes governing its maintenance and breakdown.

Building on this synthesis, this section discusses the broader themes that emerge

across the thesis. It first considers the implications of these findings for the con-

ceptualisation of the CAB within the southern African climate system and for its

relationship to the tropical rain belt. It then reflects on the implications of results

for the predictability of rainfall onset and the extent to which reanalyses can be
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considered fit for purpose at the tropical edge. Finally, remaining uncertainties are

identified, and priorities for future research are established.

6.3.1 The CAB and the tropical rain belt

There is longstanding ambiguity as to whether the CAB should be conceptualised

as embedded within the tropical rain belt, marking its southern edge, or displaced

poleward of it (Hills, 1979). A substantial portion of this ambiguity arises from

contrasting definitions of the CAB. For example, Longandjo and Rouault (2020)

describe the CAB as a convectively active feature forming at the base of zonal over-

turning in central Africa; however, this interpretation follows from defining the CAB

as a climatological region of meridional-mean zonal wind convergence. Similarly,

the convectively active CAB associated with westward-propagating tropical lows

described by van Heerden and Taljaard (1998) likely corresponds to late-summer

conditions, when convergence at the tropical edge is weaker, less spatially coherent,

and not associated with a moisture discontinuity.

In the literature that defines the CAB in the same way as this thesis, the prevailing

view is that the CAB demarcates the southern edge of the tropical rain belt. Leroux

(2001) and Torrance (1979), for example, emphasise the dry character of the air im-

mediately south of the CAB and interpret the feature as marking the southern limit

of deep convection. The climatology of Howard and Washington (2019) similarly

shows a close spatial relationship between the CAB and the rain belt’s southern edge

from August to November. However, the precise nature of this relationship remains

uncertain. It is not clear whether the CAB is truly coincident with the southern

margin of the rain belt (Torrance, 1979; Howard and Washington, 2019), or instead

displaced poleward, as suggested by Leroux (2001) who argues that dry mid-level

winds suppress rainfall to the north of the CAB. Clarifying this relationship is cen-

tral to understanding how the CAB should be conceptualised within the southern

African climate system during austral spring.
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In this regard, a key advance made in this thesis is the identification in Chapter 3

of a shallow overturning circulation on the moist side of the CAB. As summarised

schematically in Figure 6.1 and discussed below, the presence of this circulation

implies that the CAB should be conceptualised as displaced poleward from the

tropical rain belt, as suggested by Leroux (2001), while remaining tightly coupled

to its southward migration toward southern Africa from August to November.

Chapter 3 provides the first observational evidence for shallow overturning north of

the CAB, comprising low-level north-westerly flow toward the CAB, ascent associ-

ated with low-level convergence, and a mid-level return flow embedded within the

AEJ-S. The mid-level return branch associated with the circulation advects warm,

dry subtropical air equatorward into the southern Congo Basin, resulting in persis-

tent mid-level moisture-flux divergence at and north of the CAB (Figure 6.1). This

suppresses deep convection in the southern Congo, enforcing a spatial separation

between the CAB and the main region of tropical precipitation to its north.

The importance of mid-level moisture-flux divergence becomes especially clear when

contrasted against near-surface thermodynamic forcing. Chapter 3 shows that at and

north of the CAB, low-level moisture is convergent, surface MSE is high, and CAPE

frequently exceeds 3000 J kg−1 (Figure 4.10). Yet deep convection is largely ab-

sent, contrary to expectations from both convective quasi-equilibrium and moisture-

convergence frameworks for rain belt location. This apparent contradiction can be

explained by the observed equatorward advection of dry air at mid-levels, which

offsets the favourable near-surface thermodynamic conditions to result in the sup-

pression of deep convection north of the CAB.

This mechanism is not unique to southern Africa. Shallow overturning circulations

that inhibit convection through mid-level drying have been identified in other mon-

soon regions, including West Africa (Shekhar and Boos, 2017), north Africa (Lon-

gandjo and Rouault, 2024), India (Parker et al., 2016), and Australia (Xie et al.,
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2010). This is consistent with the well-established sensitivity of deep convection to

mid-level humidity (Derbyshire et al., 2004; Sobel and Bellon, 2009; Holloway and

Neelin, 2009), and with broader monsoon theory which emphasises the controlling

importance of mid-level dry air advection in tropical regions adjacent to heat lows

(e.g., Nie et al., 2010; Shekhar and Boos, 2016). The results of this thesis suggest

the southern Congo (from August to November) is an additional regime in which

mid-level dry air plays a central (and previously under-recognised) role in setting

the location of tropical convection relative to surface thermodynamic forcing.

From a large-scale circulation perspective, the CAB appears to form the poleward

foot of a "bottom-heavy" or "mixed-type" Hadley circulation over the southern

Congo (Figure 6.1), in which a shallow dry overturning circulation is superimposed

on a deeper moist overturning circulation (Nie et al., 2010). In this configuration,

the rising branch of the Hadley cell (and tropical precipitation maximum) is located

significantly equatorward of the surface convergence maximum at the CAB, associ-

ated with mid-level moisture convergence on the equatorward flank of the shallow

overturning circulation (Figure 6.1). A similar structure has been identified in the

northern Congo (Longandjo and Rouault, 2024), suggesting that when the CAB is

present, the large-scale meridional circulation over central Africa is approximately

symmetric about the equator.

The results of Chapter 5 fit well with this revised conceptualisation of the CAB.

CAB breakdown is shown to be accompanied by a rapid southward shift of tropical

convection over Africa on timescales of 3–5 days. This transition coincides with

the loss of mid-level moisture-flux divergence associated with the shallow overturn-

ing, allowing moisture to accumulate through the lower to mid-troposphere at the

tropical edge. The resulting environment becomes rapidly more conducive to deep

convection, facilitating an abrupt southward displacement of the rain belt. The loss

of shallow overturning therefore provides a plausible mechanism for both the rapid
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breakdown of the CAB and the associated abrupt southward displacement of the

tropical rain belt. Establishing the intensity, seasonality, and climatological preva-

lence of this overturning circulation, and its role in CAB breakdown, represents a

promising direction for future research.

Chapter 4 demonstrates that reanalyses are not well suited for this work, as they

poorly reproduce key aspects of the shallow overturning circulation. Observed low-

level moisture transport embedded within the north-westerlies is not reproduced in

MERRA-2, has an incorrect diurnal cycle in JRA-3Q, and exhibits compensating

errors in wind speed and moisture in ERA5. Consequently, low-level convergence and

implied ascent at the CAB are underestimated in MERRA-2 and mistimed in JRA-

3Q, while the AEJ-S is also too weak in both reanalyses. Surface CAPE to the north

of the CAB is also significantly underestimated in all three reanalyses, associated

with north-of-CAB moisture transport errors. This limits the ability of reanalyses

to diagnose how shallow overturning modulates convective environments north of

the CAB, and by extension, how the loss of shallow overturning may contribute to

CAB breakdown and rainfall onset.

In summary, the results of this thesis suggest that previous conceptual models of

the mean-state climate of central Africa during the September–November transition

season were incomplete, as they did not account for shallow overturning in the south-

ern Congo and associated equatorward (cross-CAB) advection of dry mid-level air.

The presence of this circulation implies that the CAB should be conceptualised as

lying poleward of the southern edge of the tropical rain belt, analogous to the rela-

tionship between the intertropical discontinuity and West African monsoon rainfall

(Nicholson, 2009). It also helps to situate the distribution of tropical precipitation

over central and southern Africa within global monsoon theory, and emphasises

the role of mid-level moisture convergence and divergence in setting the location of

the tropical precipitation maximum, as previously argued by Jackson et al. (2009),
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Longandjo and Rouault (2020, 2024) and Dong and Washington (2025).

Figure 6.1: A schematic of the large-scale meridional circulation of central Africa
about the September equinox, when the solar zenith is overhead the equator. The
blue line (bottom plot) indicates rainfall rates by latitude, with the rainbelt latitude
range shaded. CAB; Congo Air Boundary. ITD; Intertropical discontinuity. EQ;
equator. HL; Heat low. Q-conv; moisture flux convergence. Q-div; moisture flux
divergence. AEJ; African Easterly Jet. TEJ; Tropical Easterly Jet.

6.3.2 Predictability of rainfall onset

The timing of rainfall onset over southern Africa is of major socioeconomic im-

portance, influencing agricultural productivity, food security, and power generation

(Kanemasu et al., 1990; Reason et al., 2005; Tadross et al., 2005; Conway et al.,

2015). This has made improved onset predictability a longstanding objective of sea-

sonal forecasting (Meza et al., 2008). However, model skill has proved elusive; while

seasonal prediction systems reproduce the broad spatial structure of onset timing,

onset date errors commonly exceed 30 days across much of southern Africa (Ratnam

et al., 2018).

Results presented in this thesis suggest that this limited predictability has a dy-

namical origin. Chapter 5 has demonstrated that the timing of CAB breakdown
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is fundamentally controlled by disturbances originating in the midlatitudes, with

propagating and upstream-breaking Rossby waves implicated in more than 70% of

CAB breakdown events. The predictability of rainfall onset is therefore constrained

by the intrinsic predictability limits of midlatitude dynamics.

This constraint extends beyond rainfall onset. Extratropical influences dominate

high-frequency rainfall variability throughout the southern African summer rainfall

season (Liu et al., 2022), contributing to southern Africa having the lowest sub-

seasonal prediction skill of any global monsoon region. Correlations at 2-4-week

lead times are weak (≈0.13), with little statistically significant skill beyond forecast

day 10, consistent with the present-day practical predictability limit of midlatitude

weather (Zhang et al., 2019).

Although extratropical dynamics are often treated as a stochastic influence on the

tropics and subtropics, longer-lead skill may exist if particular circulation regimes

possess enhanced predictability or if slowly varying boundary conditions modulate

the likelihood of key atmospheric states (Palmer and Anderson, 1994). To date,

no such relationships have been established, but they warrant further investigation.

Reforecast pooling approaches, such as the UNprecedented Simulated Extreme EN-

semble (UNSEEN; Thompson et al., 2017), offer a means of overcoming limited

sample sizes and could enable systematic assessment of whether large-scale climate

modes such as ENSO influence the probability or timing of CAB breakdown and

associated midlatitude wave dynamics.

However, the results of this thesis suggest that a more promising avenue for future

progress may lie in reframing onset forecasting objectives, rather than attempting

to improve deterministic ‘onset date’ predictions. Forecast quantities that integrate

across multiple weather events, or that reflect changes in the probability of rainfall-

favourable circulation regimes, are less constrained by the intrinsic predictability

limits of individual midlatitude disturbances. Metrics such as early-season mean
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rainfall, dry-spell frequency, or the probability of occurrence of rainfall-producing

circulation regimes may therefore offer greater potential for both forecast skill and

decision relevance, even if the precise timing of individual onset-triggering events

remains unpredictable at longer lead times.

6.3.3 Are reanalyses fit for purpose at the tropical edge?

Through an evaluation of the CAB in reanalyses during the DRY-CAB field cam-

paign (Chapter 4), this thesis has sought to assess whether reanalyses are fit for

purpose at the southern African tropical edge. Here, we reflect further on their

suitability for studying the tropical-edge atmosphere through austral spring, framed

by Parker’s (2020) adequacy-for-purpose principle, which states that models should

be evaluated in relation to the specific scientific questions they are used to address.

Reanalyses are widely used as pseudo-observations (Parker, 2016) across a broad

range of applications, including climate analysis, machine-learning forecasting (Bi

et al., 2023; Lam et al., 2023; Lang et al., 2024; Bodnar et al., 2025), and the process-

based evaluation of general circulation models (GCMs) (Dieppois et al., 2015; James

et al., 2015; Creese and Washington, 2016; Bracegirdle et al., 2018; Cui et al., 2024).

The results of Chapter 4 indicate that this practice is problematic when the phe-

nomena of interest are strongly influenced by processes at the mesoscale. Although

all three reanalyses examined (ERA5, MERRA-2, JRA-3Q) reproduce a CAB at

the synoptic scale, they exhibit substantial errors in its mesoscale structure and cir-

culation. These errors propagate upscale and degrade representations of convective

environments and rainfall-onset meteorology. This indicates that reanalyses are not

adequate for addressing scientific questions that depend on the detailed mesoscale

structure and evolution of the CAB.

With respect to Parker’s (2020) adequacy-for-purpose principle, a central scientific

question motivating this thesis, and much research on the southern African tropi-
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cal edge, concerns the controlling dynamics of rainfall onset. Chapter 5 has shown

that the timing of CAB breakdown, and by extension tropical-edge rainfall on-

set, is fundamentally controlled by large-scale dynamics associated with midlatitude

disturbances. These are spatial scales that reanalyses reproduce well, as they are

tightly constrained by the data assimilation process and have little ability to diverge

(Section 5.1). This means that reanalyses are suitable for developing a first-order

understanding of the large-scale dynamical controls on rainfall onset.

However, Chapter 3 demonstrates that many of the processes relevant to the mainte-

nance of the CAB operate at the mesoscale, and further hypothesises that mesoscale

moist-convective processes play an important role in accounting for the rapidity of

CAB breakdown. Sections 6.3.1 and 6.3.4.3 raise additional questions regarding

the role of shallow overturning and local-to-mesoscale moist-convective processes

in CAB breakdown and rainfall onset. These processes operate at a spatial scale

which, on the basis of the results of Chapter 4, we argue reanalyses should not be

considered fit for purpose. This means reanalyses are inadequate for studying the

mesoscale dynamics that this thesis hypothesises are important to explaining the

rapidity of CAB breakdown.

These findings are likely symptomatic of a broader limitation in reanalysis rep-

resentations of mesoscale processes across the data-sparse tropics. For example,

Itterly et al. (2018) show that biases in the Amazonian convective diurnal cycle

are sustained and amplified by errors in the atmospheric state carried over from

the previous day through cloud and radiative feedbacks, with those errors originat-

ing in the parameterisation of tropical deep convection. Similarly, the analysis of

Chapter 4 points toward deficiencies in other parameterised and poorly constrained

aspects of the climate system, such as land-atmosphere coupling and the sub-grid

vertical turbulent transport of heat and moisture. In regions with limited observa-

tional constraint, such parameterisation errors can persist and amplify, leading to
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systematic biases in the representation of key aspects of the climate system. These

findings underscore the need for caution when using reanalyses in tropical-edge cli-

mate research, and highlight the importance of explicitly considering the spatial

and temporal scales at which reanalyses can (and cannot) be regarded as adequate

across the data-sparse tropics.

6.3.4 Open questions and avenues for future research

6.3.4.1 Generalisability of DRY-CAB observations

The analyses presented in Chapters 3 and 4 are underpinned by 44 days of intensive

radiosonde and surface observations from two tropical-edge field sites during the

DRY-CAB campaign. This has enabled a uniquely detailed, process-oriented char-

acterisation of the mesoscale structure and circulation of the atmosphere at the CAB

and has led to a new view of CAB maintenance involving shallow overturning on

the moist side of the boundary. The same observations have also demonstrated the

inadequacy of reanalyses in representing these mesoscale dynamics. The DRY-CAB

observations have therefore provided a rare window into atmospheric dynamics that

would otherwise have remained uncertain.

An open question is the extent to which the structure and circulation of the atmo-

sphere diagnosed during DRY-CAB is generalisable a) along the length of the CAB

and b) across different years. The field campaign took place during the second year

of a rare three-year ("triple-dip") La Niña event spanning 2020–2023 (Li et al., 2023;

Thoithi et al., 2025, 2026). Thoithi et al. (2025, 2026) show that such prolonged La

Niña events are associated with distinct large-scale circulation anomalies over south-

ern Africa, including a strengthened Mascarene High, enhanced easterly moisture

fluxes from the southwest Indian Ocean, and a positive phase of the Southern An-

nular Mode, influencing rainfall, temperature extremes, and dry spell characteristics

through austral summer (January–April). While ENSO teleconnections are weaker
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in austral spring, regional rainfall anomaly patterns from September-November 2022

are consistent with a La Niña associated south-west displacement of the Southern

Indian Ocean Convergence Zone (Chongue and Nishii, 2024), indicating that the

radiosonde intensive observation period occurred under a La Niña-modified (i.e.,

non-neutral) background state.

Some aspects of the structure and circulation of the atmosphere at the CAB resolved

in Chapter 3, including the strength and persistence of mid-level subsidence inver-

sions associated with the Botswana High and the strength and moisture content

of south-of-CAB subtropical easterlies, may be modified by this large-scale setting.

However, key processes at the CAB modulating the diurnal cycle of convergence

and dryline strength primarily operate at the mesoscale, governed by the diurnal

cycle of surface heating. This gives confidence in the fact that, while the magnitude

of individual features may vary across different background states, the underlying

processes identified in Chapter 3 and summarised in the conceptual model are ro-

bust. Importantly, this also does not affect the validity of comparisons between

observations and reanalyses presented in Chapter 4.

Further confidence in the spatial and temporal generalisability of our results arises

from the large-scale coherence of the CAB and its associated circulation in reanalysis

data. Howard and Washington (2019) show that the CAB is a spatially extensive

and relatively homogeneous feature in ERA5, and the key characteristics of the

observed CAB are broadly consistent with their 40-year climatology, which does not

include 2022. Moreover, the use of careful case studies to infer dryline structure and

dynamics from limited field data has a strong track record (e.g., Ziegler and Hane,

1993).

Nevertheless, given the demonstrated limitations of reanalyses at the scales of inter-

est and the possible impact of the La Niña background state, the most robust means

of testing the generalisability of our results is through additional observations. Only
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limited aspects of the shallow overturning circulation north of the CAB have been

directly resolved in this thesis, and over a relatively few number of days. The equa-

torward extent of mid-level dry-air advection, its impact on convective environments

in the southern Congo, and the extent to which subsidence over the southern Congo

completes the overturning circulation is not known. Nor is the climatological pres-

ence or seasonality of the circulation and the extent of its modification by large-scale

modes of variability such as ENSO.

A major challenge in addressing these questions is the scarcity of routine atmospheric

observations across subtropical southern Africa, as outlined in Section 1.3.1. Routine

radiosonde measurements between 5 and 25◦S have declined markedly since 1990,

with the Integrated Global Radiosonde Archive documenting an approximately four-

fold decrease in observations from the 1980s to the most recent decade, and across

much of the tropical edge, routine upper-air observations of winds, temperature, and

humidity are entirely absent. This means existing operational observing networks

are not able to address these outstanding questions.

While this remains the case, short-duration but intensive field campaigns such as

DRY-CAB represent the most viable means of directly observing the mesoscale

dynamics of the tropical-edge atmosphere and advancing understanding of climate

dynamics in the region. While such campaigns cannot by themselves establish clima-

tological behaviour, further targeted observations would provide critical constraints

on the mesoscale processes this thesis hypothesises are important to a) the spatial

distribution of convection and b) the rapidity of tropical edge rainfall onset. They

would also help to establish the broader applicability of insights derived from the

DRY-CAB campaign.

6.3.4.2 Representation of the CAB in numerical models

This thesis has highlighted the need to better understand how the representation of

the CAB depends on model formulation and resolution. The analysis presented in
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Chapter 4 considered only a limited range of model resolutions (0.25◦–0.625◦) within

a single modelling framework (reanalyses). A more systematic investigation across a

broader hierarchy of model types and resolutions would help to clarify which aspects

of CAB structure and maintenance are sensitive to model formulation and resolution,

and which model frameworks offer the best representation of the atmosphere at the

CAB.

At the high-resolution end of this hierarchy, the Met Office convection-permitting

simulations conducted alongside the DRY-CAB field campaign provide a valuable

testbed for examining the impact of explicitly resolved convection on the represen-

tation of the CAB. These simulations consist of limited-area, 48-hour integrations of

the Unified Model at 4 km horizontal resolution, run daily throughout the campaign

period. Figure 6.2 presents an initial exploration of the diurnal cycle of the CAB dry-

line in these simulations, reproducing Figure 4.3 from Chapter 4 with the addition

of the Unified Model results. Interestingly, a substantial moisture deficit persists on

the moist side of the CAB, and there is no clear improvement in the diurnal cycle

of dryline intensity. Further analysis of the structure and circulation of the CAB in

these simulations would help to determine the added value of convection-permitting

simulations for representing the CAB and related tropical-edge dynamics.

At the other end of the model resolution hierarchy are coarse-resolution GCMs. Pre-

vious work suggests that the climatology of the CAB is generally well reproduced in

this class of models, with many CMIP5 models exhibiting CAB frequencies, latitu-

dinal positions, and seasonal evolution broadly consistent with reanalyses (Howard

and Washington, 2020). However, there is uncertainty regarding the physical mech-

anisms through which the CAB is maintained and broken down in these simulations.

A process-based evaluation of the CAB in GCMs, analogous to the analysis in Chap-

ter 4, would help address this uncertainty. Specifically, two key tests emerge from

the results of this thesis.
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Figure 6.2: 850 hPa specific humidity (q) at a) Nchila and b) Solwezi, and c) the
cross-CAB dryline intensity calculated as the specific humidity difference between
Nchila and Solwezi. An ‘x’ denotes where reanalysis and model means are signifi-
cantly different from observations at p < 0.05. The Unified Model can be considered
a pseudo-reanalysis, as 48-hour simulations do not provide significant opportunity
for the simulation to diverge from its driving forecast model. The first 24 hours are
excluded to account for model spin-up.

The first test concerns the maintenance of the CAB. Some GCMs that sustain a CAB

exhibit little to no mid-tropospheric subsidence over southern Africa in October and

November (Hart, Washington and Stratton, 2018). This raises concerns regarding

the processes by which models maintain the CAB, as a lack of subsidence is difficult

to reconcile with the mid-level inversions observed north and south of the CAB in

Chapter 3 and with theory that suggests subsidence is key to the maintenance of

dry conditions to the south of the CAB (Howard and Washington, 2019).

The second test concerns how models break down the CAB. Chapter 5 demonstrates

that breakdown is frequently instigated by extratropical disturbances and associated

tropical-extratropical interactions. However, CMIP5 models exhibit systematic bi-

ases in the midlatitude mean state, including errors in jet structure and Rossby wave

propagation and refraction over southern Africa (James et al., 2020). If models fail

to plausibly reproduce the core mechanism by which the CAB is broken down, then

confidence in the simulated delay to climatological CAB breakdown under future

climate change is undermined.

A failure to satisfy either of these tests would call into question the realism of pro-
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jected changes in CAB behaviour and, by extension, projections of early-summer

drying across central southern Africa. This concern is amplified by the results of

Chapter 4, which show that errors in CAB representation can exert significant up-

scale impacts on the simulated seasonal evolution of the tropical-edge atmosphere.

Establishing whether GCMs plausibly represent the CAB and its breakdown is there-

fore an important step toward establishing confidence in future projections of rainfall

and circulation change.

6.3.4.3 The role of moist-convective processes in CAB breakdown

The results of Chapters 3 and 5 suggest that moist-convective processes may in-

fluence both the timing of breakdown and the rapidity of the transition from a

CAB-in-place to a CAB-absent state. With respect to breakdown timing, Chapter

5 did not account for 30% of CAB breakdown events. It is plausible that in these

cases moist-convective processes, and particularly organised modes of tropical con-

vection such as equatorial Kelvin waves, westward-propagating tropical lows, and

the Madden-Julian Oscillation (MJO; Madden and Julian, 1994)(MJO; Madden and

Julian, 1994) play a role in the breakdown of the CAB. If so, this would be consis-

tent with established links between organised tropical convection and rainfall onset

in other regions (e.g., Hendon and Liebmann, 1990; Hung and Yanai, 2004; Tong

et al., 2009; Zhou and Murtugudde, 2014; Grimm, 2019).

Moist convection may also play a key role during CAB breakdown itself, acting as

a feedback that helps to explain the observed rapidity of the transition to a moist

convective regime as suggested in Section 6.3.1. A useful analogue in this regard may

be provided by the West African monsoon jump, in which a rapid poleward shift

of the rain belt occurs once low-level moisture convergence overwhelms mid-level

moisture export associated with shallow overturning. In that system, the resulting

moistening of the lower-mid troposphere enables shallow-to-congestus convection,

with diabatic heating strengthening pressure gradients and establishing inertial in-
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stability that accelerates the transition from shallow overturning to deep convection

across the Sahel (Hagos and Cook, 2007; Cook, 2015).

Chapters 3 and 5 suggest that an analogous balance operates at the CAB. In partic-

ular, the competition between low-level moisture convergence and mid-level drying

associated with shallow overturning appears central to both the maintenance of

the CAB and its breakdown. The loss of mid-level drying through CAB break-

down allows moisture to accumulate, and associated diabatic heating from shallow-

to-congestus convection provides a plausible positive feedback that could reinforce

pressure gradients, increase low-level moisture convergence, and accelerate CAB

breakdown. Further investigation of these moist-convective feedbacks would help to

clarify aspects of both the timing and rapidity of CAB breakdown, complementing

the large-scale mechanisms identified in this thesis.

6.3.4.4 Controls on Congo north-westerlies

Chapters 3 and 4 demonstrate that moisture fluxes embedded within low-level Congo

north-westerlies are central to both the maintenance of the CAB and its accurate

representation in numerical models, while Chapter 5 shows that enhanced northerly

moisture transport in the southern Congo Basin is a key feature of CAB breakdown.

However, there is limited understanding of the processes that drive these winds and

control their strength and variability.

Previous studies have primarily attributed low-level flow in the southern Congo

to zonal land-sea thermal contrasts between the equatorial east Atlantic and the

African continent, which establish low-level westerlies and a Walker-type circulation

(Pokam et al., 2014). However, this does not account for the northerly component

of the low-level flow responsible for advecting moisture toward the tropical edge and

supplying moisture to southern Africa during CAB breakdown.

Results from Chapter 3 point to the southern African heat low as an important
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control, with observed low-level flow consistent with inflow toward the heat low

centre (Attwood et al., 2024). However, it is unclear how sensitive the strength and

direction of low-level moisture fluxes in the southern Congo Basin are to variations in

heat-low intensity and spatial extent. Chapter 5 additionally suggests that enhanced

north-westerly moisture fluxes are a feature of some CAB breakdown events, raising

the possibility that the extratropics provide an additional control.

A useful framework for this investigation may be to consider moisture fluxes in the

southern Congo Basin within the constraints imposed by topography. In particular,

the Katanga Plateau may serve a dual role: (1) acting as a barrier that northerly

moisture transport from the Congo Basin must surmount, and (2) functioning as

an elevated heat source that promotes the development of a heat low and thereby

enhances northerly flow. Future research should aim to disentangle the relative

contributions of the heat low, extratropical forcing, topography, and other as-yet

unrecognised processes in controlling northerly flow in the southern Congo Basin.

6.3.4.5 Maintenance of the AEJ-S

The results of this thesis highlight the need to better understand the mechanisms

that maintain the African Easterly Jet-South (AEJ-S), and in particular to quan-

tify the relative importance of (i) thermal wind balance and (ii) vertical momentum

transfer in the vicinity of the CAB. Kuete et al. (2020) propose that AEJ-S mainte-

nance is primarily associated with geostrophic flow around the mid-level Botswana

High. However, this framework does not readily explain the observed spatial prefer-

ence of the AEJ-S over northern Angola and the western Congo Basin, immediately

northwest of the CAB, nor its diurnal cycle, with a nighttime maximum and daytime

minimum diagnosed in Chapters 3 and 4.

Chapter 3 hypothesised that vertical momentum transfer at the CAB provides an

additional maintenance mechanism for the AEJ-S. This is consistent with the close

spatial and temporal relationship between the CAB and the AEJ-S identified in
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Chapters 3 and 5, and offers a potential explanation for the jet’s observed diurnal

cycle. Quantifying the relative contributions of these mechanisms could be achieved

through analysis of the zonal momentum budget, which explicitly separates the

roles of advection, pressure-gradient forcing, Coriolis acceleration, and unresolved

processes.

Understanding AEJ-S maintenance is particularly important in the context of ob-

served and projected change at the southern African tropical edge. Tatro and

Zuidema (2025) document a strengthening of the AEJ-S since the early 2000s,

whereas coupled climate models show highly model-dependent projections of future

change (Creese et al., 2019). If vertical momentum transfer at the CAB is a key

maintenance mechanism, it is likely to be poorly represented in coarse-resolution cou-

pled models, potentially explaining model underestimation of jet strength (Adebiyi

et al., 2023) and the discrepancy between observed trends and future projections.

6.3.4.6 Extension of the CAB into East Africa

The extension of the CAB into East Africa was not addressed in this thesis and re-

mains poorly understood. Some literature implies that the CAB in East Africa may

play a fundamentally different role in the regional circulation from that identified

over southern Africa. This has contributed to divergent views on the seasonality of

the CAB and its relationship with tropical convection (e.g., Taljaard, 1953, 1972;

Nicholson, 2018; Longandjo and Rouault, 2020; Akinsanola et al., 2025; Worden and

Fu, 2025).

A key outstanding question is whether these differences arise primarily from incon-

sistent definitions of the CAB, or from genuine physical differences. Definitional

differences may stem from the fact that in this thesis and in southern African liter-

ature, the CAB is defined by the dual requirement of a dryline and a convergence

line, whereas studies focusing on East Africa have typically identified the CAB us-

ing convergence alone (Hills, 1979; Nicholson, 1996; Levin et al., 2009; Dezfuli, 2017;
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Longandjo and Rouault, 2020). In addition, the CAB as defined here is considered

a synoptic-scale weather feature while the CAB in East Africa has primarily been

considered in a climatological sense (Hills, 1979; Nicholson, 2018; Longandjo and

Rouault, 2020). On the other hand, physical differences may arise from the complex

topography of East Africa, which provides a markedly different setting from the gen-

tly sloping plateau of southern Africa. Resolving these issues would clarify whether

the CAB extends into East Africa or instead represents a distinct circulation feature

in that region.

6.3.4.7 Reformation of the CAB

A missing component of the CAB life cycle concerns how, and under what conditions,

the CAB reforms following breakdown. The reformation of the CAB is important

for early-summer dry spells and rainfall variability, which is particularly critical for

crop planting decisions across southern Africa (Reason et al., 2005; Kniveton et al.,

2009).

During the DRY-CAB field campaign, two instances of CAB reformation were doc-

umented, associated with broad dry spells over southern Africa (Figure 6.3). These

events provide an entry point for investigating the processes that lead to the refor-

mation of the CAB. In both cases, reformation was associated with mid-level dry air,

observed in Solwezi radiosondes as a MSE minima on 18 November and 2 December

2022 (Figure 6.3). Near-surface MSE remains high during these periods, suggesting

that the CAB reformed to the south of Solwezi.

An immediate question concerns the origin of the mid-level dry air: is it gener-

ated locally through subsidence, or advected into the region? Analogues from other

monsoon systems suggest that dry-air intrusions can suppress convection and organ-

ise dry spells, with origins often tied to extratropical wave trains embedded in the

subtropical jet (e.g., Mapes and Zuidema, 1996; Parker et al., 2016; Aslam et al.,

2024). Whether similar mechanisms operate during CAB reformation remains an
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open question. An additional question concerns whether reformation involves the

same set of processes that maintain a true CAB, or whether it instead reflects tran-

sient dryline events associated with episodic mid-level dry-air intrusions.

Figure 6.3: MSE [kJ kg−1] in Solwezi radiosonde ascents from 7 November to 9
December during the DRY-CAB field campaign.

6.4 Concluding remarks

This thesis has drawn on novel in situ observations from the DRY-CAB field cam-

paign, reanalyses and satellite data to develop a new perspective on the structure

and circulation of the CAB, the processes governing its maintenance and break-

down, and its representation in reanalyses. This has been achieved through three

complementary strands of analysis: an observational characterisation of the CAB

using DRY-CAB measurements, an investigation of the large-scale mechanisms asso-

ciated with CAB breakdown, and a process-based evaluation of how well reanalyses

represent the CAB and its comprising features.

The central contribution of this thesis is an improved understanding of the controls

on the location and seasonality of tropical convection across central and southern

Africa. A key finding in this regard is the identification of cross-CAB advection of

mid-level dry (subtropical) air, associated with a previously undocumented shallow

overturning circulation on the moist side of the CAB. The presence of this circulation

implies that the CAB is displaced poleward of the tropical rain belt: while the

CAB is characterised by strong low-level moisture-flux convergence and elevated
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MSE on its moist side, divergence of moisture in the mid-troposphere suppresses

deep convection by reducing mid-level humidity. A revised conceptual model of

the large-scale CAB-in-place meridional circulation, summarised schematically in

Section 6.3.1, is consistent with broader monsoon theory that emphasises the role of

mid-tropospheric dry air in regulating the location and seasonality of deep tropical

convection (e.g., Nie et al., 2010; Shekhar and Boos, 2016). It also raises interesting

hypotheses regarding the role of mesoscale moist-convective processes in accelerating

the breakdown of the CAB.

A second major contribution of this thesis is the demonstration that errors in the rep-

resentation of the CAB exert significant upscale impacts on the simulated tropical-

edge atmosphere. Chapter 4 shows that three reanalyses exhibit errors in key ele-

ments comprising the CAB, which propagate upscale to degrade the representation

of CAB-adjacent convective environments and the seasonal evolution of the tropical-

edge atmosphere through rainfall onset. These results highlight persistent challenges

in modelling the tropical-edge atmosphere that arise from an inadequate represen-

tation of the CAB, even in observationally constrained reanalyses. In free-running

simulations, errors in CAB structure and circulation may project onto larger-scale

aspects of the tropical-edge climate, including the location of tropical convection,

the ability of the CAB to break down, and the seasonal migration of the tropical rain

belt toward southern Africa. Such upscale impacts are likely to affect model skill

across timescales ranging from the sub-seasonal to climate change, the full extent of

which remains poorly understood.

A third major contribution of this thesis is the identification of a midlatitude con-

trol on the breakdown of the CAB and, by extension, the onset of the summer

rains over southern Africa. This result has important implications for rainfall-onset

predictability, highlighting a fundamental constraint imposed by the intrinsic pre-

dictability limits of midlatitude wave dynamics. More broadly, it demonstrates the
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deep equatorward reach of extratropical influences and establishes a clear dynami-

cal pathway through which midlatitude variability modulates the seasonal migration

of the tropical rain belt over Africa. These results also raise important questions

regarding climate-model projections of delayed CAB breakdown under future warm-

ing. James et al. (2020) show that CMIP5 models exhibit systematic biases in the

midlatitude mean state over southern Africa, including biases in jet structure and

Rossby wave refractive properties that directly affect modelled tropical-extratropical

interactions. Given the central role of Rossby wave dynamics in CAB breakdown

identified here, such biases call into question the mechanisms underlying the simu-

lated delay in CAB breakdown and underscore the need for further investigation.

A final contribution of this thesis is that it highlights the value of targeted field

observations in advancing understanding of regional climate dynamics. Key aspects

of this thesis are grounded in observational data collected during the DRY-CAB field

campaign, comprising approximately 788 radiosonde launches from two tropical-edge

sites between 1 October and 13 November 2022, together with 321 station-days of

surface observations. These measurements have enabled the development of an

empirically derived conceptual model of the atmosphere across the CAB, revealing

previously unrecognised aspects of the regional circulation and providing a basis for

the evaluation of reanalyses and comparison to other drylines. In doing so, this

thesis shows how carefully designed field campaigns in sparsely observed regions

can illuminate the dynamics of key circulation features, underpinning observational

analyses and model-evaluation frameworks that improve both understanding of, and

ability to model, the climate system.
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