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Abstract Low-level jets (LLJs) are well established as critical features of regional climates globally.
However, across sub-Saharan Africa, LLJs have received relatively little attention, in part due to a lack
of data. Utilizing high-resolution reanalysis data, this paper develops the first climatology of a neglected
feature of the southern African circulation - the Limpopo LLJ - and investigates its role in delivering
water vapor to the continental interior. We demonstrate that the LLJ has a clear diurnal cycle and is a
regular feature of the circulation throughout the year, forming on 80.9% of days. The pressure gradient
between southern Mozambique and the continental interior acts as a first-order control on the annual
cycle of jet strength, which peaks in October, achieving average maximum windspeeds of 15.8 m.s™" at
the core. Water vapor transport follows the same clear diurnal cycle, with at least 72% occurring over
18:00-08:00, and is closely related to jet strength: On average the strongest jet events advect 1.04 x 10" kg
(1.02 x 10" kg) more moisture each night than the weakest in October-December (January-March).
Strong jet events are typically linked to ridging anticyclones along the east coast of South Africa and

are associated with increased rainfall in central and southern Botswana and northern South Africa the
following day.

1. Introduction

Low-level jets (LLJs) are capable of transporting vast amounts of moisture between tropical and subtropical
regions (e.g., Algarra et al., 2019; Gimeno et al., 2016; Ramos et al., 2019; Rife et al., 2010) and hence play
a key role in configuring both the extremes and mean states of regional climates across the world. While
the diurnal cycle of wind in Africa has attracted interest for nearly a century (e.g., Farquharson, 1939),
LLJs across the continent have received notably less attention than elsewhere. Saharan LLJs have been
the subject of targeted field campaigns due to their prominence as dust entrainment mechanisms (e.g.,
Allen & Washington, 2014; Washington et al., 2006), whereas comparatively little is known about LLJs in
sub-Saharan Africa largely due to a lack of data. The advent of high-resolution reanalysis products in recent
years offers an unrivalled amount of data with which these features can be investigated and has allowed
significant progress to be made particularly in understandings of the Turkana Jet (Nicholson, 2016) and
Benguela Coast LLJ (Nicholson, 2010; Patricola & Chang, 2017). In this study, we provide a first climatology
for the LLJ forming across the Limpopo River Basin and eastern Botswana and investigate its relationship
with regional climate.

The importance of African LLJs for moisture transport and the distribution of rainfall across the continent
is emerging. In East Africa, Nicholson (2016) and Vizy and Cook (2019) link the Turkana LLJ to local
aridity: the jet enhances divergence, suppressing rainfall in the channel while transporting moisture down-
stream, fueling rainfall over eastern South Sudan. Munday et al. (2021) demonstrate that the transport of
Indian Ocean water vapor to the continental interior occurs mainly by a series of LLJs that form in valleys in
the East African Rift System. The relationship between low-level divergence, moisture export and suppres-
sion of local rainfall observed in the Turkana Channel is also seen at interannual timescales in the case of
the Zambezi and Malawi jets (Munday et al., 2021). The southernmost LLJ across the Rift System is found
in the Limpopo Basin.

The Limpopo Basin stands out as a drought corridor (Thoithi et al., 2021) and has long been considered
“the most conspicuous climatic peculiarity in southern Africa” (Trewartha, 1981:165, Figure 1c). Despite
close proximity to the Agulhas Current and moisture reaching the basin from the South Atlantic, southwest,
subtropical and tropical Indian Ocean basins (Rapolaki et al., 2020), the dry, subhumid conditions of the
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Figure 1. (a) The Limpopo River Basin topography (USGS-GTOPO30) in m showing the jet axis (T1) and perpendicular transects T2: interior, T3: head of
Limpopo Valley and T4: Valley entrance. The blue section of T3 is used to calculate jet-related moisture transport. (b) Maximum annual mean windspeed
(m.s™") over 1000-825 hPa at local midnight. (c) Average annual rainfall (mm.yr™"). (d) Annual cycle of rainfall for the Limpopo Valley (green) and jet exit
region (blue) in mm. day™, and annual cycle of moisture transport across the indicated portion of T3 (red; kg.s™).

continental interior extend almost to the east coast (Figure 1c). Nevertheless, warm sea surface tempera-
tures (SSTs) nearby ensure that the atmosphere over eastern regions is conducive to the development of
potentially severe convective environments throughout the summer (Blamey et al., 2017), so a substantial
proportion of summer rainfall in this otherwise arid area occurs during intense spells-leaving the basin
prone to both severe drought and floods. Mesoscale-convective complexes (MCCs) account for 8%-16%
of summer rainfall (Blamey & Reason, 2013; Rapolaki et al., 2019), tropical-temperate troughs (TTTs) for
30%-50% (Hart et al., 2013; Rapolaki et al., 2019) and Indian Ocean cyclones can create extreme flooding
events if they reach land (Reason, 2017).

While southern Africa has been identified as a potential region of frequent jet activity (Stensrud, 1996) and
it has been speculated that jets are important for supplying moisture to the continental interior (Blamey
& Reason, 2009, 2012; Cook et al., 2004), the structure of the Limpopo Jet is yet to be examined in detail.
Global analyses (Algarra et al., 2019; Rife et al., 2010) have consolidated isolated observational records
(as summarized by Zunckel et al., 1996), confirming the existence of a nocturnal LLJ across the Limpopo
region. These studies generally label it the Botswana Jet; while jet activity extends into eastern Botswana,
we opt for the Limpopo LLJ, consistent with Munday et al. (2021), due to its clear connection to the basin's
topography. Tropical easterlies accelerate over the low-lying floodplains of Mozambique, strengthening as
they pass through the steep-sided Limpopo Valley (i.e., the Bernoulli Effect) — as evident in the annual mean
wind field at local midnight (Figure 1b).

The annual cycle of water vapor transport through the valley peaks in February (Munday et al., 2021)
- closely resembling the annual cycle of rainfall (Figure 1d). Moisture supplied by a strong low-level
easterly flow has been linked to heavy rainfall events in the region (Cook et al., 2004; Singleton &

SPAVINS-HICKS ET AL.

20f 17

85UB01 7 SUOWILIOD SA 181D 8|qedl|dde au Ag peusenob ae sejo e YO 8sN JO S9Nl Joj Akeiq i 8ulUO A1 UO (SUONpUOD-pUe-SWBIAL00™A8 | 1w AReiq 1 pUTUC//SANY) SUONIPUOD PUe SWB | 8y} 88S *[7202/20/.2] Uo AriqiTauliuo A8im ‘AIseAIUN PIOXO Ad 1OErE0Aroz0z/620T OT/I0p/uod™Ae|im Axeiq puljuo sandnBe/sdny wouy pspeojumod ‘9T ‘TZ0Z ‘96686912



A7
ra\%“ 19
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres

10.1029/2020JD034364

Table 1
Characteristics of the Limpopo LLJ as Presented by Rife et al. (2010) and
Algarra et al. (2019)

Study
Characteristic Rife et al. (2010) Algarra et al. (2019)
Dataset NCAR MM5 ERA-Interim
Location of core (32.8°E, 23.6°S) (18°E, 26°S)
Windspeed at core 11.3 ms™" 9.0m.s™"
Jet onset time 17:00 LST 00:00 LST
Cessation time 01:00 LST 05:00 LST

Reason, 2006). Studies suggest that the jet may indeed be important
for rainfall over the interior, linking it to the deliverance of South West
Indian Ocean (SWIO) moisture toward the South Africa-Namibia-Bot-
swana border intersection with an additional branch extending toward
the Congo Basin (Algarra et al., 2019), as well as suggesting a rela-
tionship between jet strength and drought (Gimeno et al., 2016) and
extreme nocturnal rainfall (Monaghan et al., 2010). However, neither
the annual cycle nor the diurnal variability of the jet have been con-
sidered in detail, and the jet-related moisture transport has not been
quantified. There is also considerable discrepancy in core location,
windspeed and diurnal cycle emerging from key global studies con-
sidering the jet (Table 1). Thus, questions remain over its climatology
and variability, in addition to its potential link to the basin's “problem
climate” (Trewartha, 1981).

Before exploring the role the LLJ plays in regional climate it is important to establish the jet's climatology
and variability. Therefore, this study addresses three main questions:

1. How does the vertical profile of windspeed vary throughout the day across the Limpopo Basin?
2. How does the LLJ vary at annual and intraseasonal timescales and what drives this variability?
3. What role does the LLJ play in moisture transport and how does this relate to regional precipitation?

The remainder of this paper is structured as follows. Section 2 outlines the data sources and approaches
used. The analysis begins by examining the diurnal cycle of windspeed and its vertical structure throughout
the year (Section 3). Section 4 investigates variability of the jet at intraseasonal timescales by imposing a
series of criteria to categorize jet strength. Section 5 then uses this framework to explore the jet's role in
moisture transport during austral summer. We conclude in Section 6.

2. Data and Methods

We use the latest ECMWF reanalysis dataset-ERAS5 - for all atmospheric data across the period 1979-2018
(Hersbach et al., 2018a, 2018b). With grid spacings of 0.25 ° x 0.25 °, the mesoscale drivers responsible
for the jet are more likely to be adequately captured than in coarser products, while the availability of
hourly data permits a complete investigation of the diurnal cycle. All times presented are local (UTC+2).
To estimate rainfall, we use the daily high-resolution Climate Hazards Group InfraRed Precipitation with
Station data (CHIRPS) product (Funk et al., 2015) over 1981-2018.

As the time of maximum windspeed varies across the basin, sampling jet strength at a fixed time stands
to induce biases to jet extent and core location. Thus, we take the maximum windspeed over 18:00-08:00
recorded across 925-800 hPa to represent daily jet strength. This calculation is performed for every grid
cell. To determine monthly locations of the jet core, we select the maximal value of the monthly mean over

(25°E, 20°S)-(34°E, 24°S).

We calculate water vapor transport associated with the Limpopo Jet in Section 5 following the approach
used by Munday et al. (2021) — summing the scalar of moisture flux from the surface to 800 hPa normal to
the indicated portion of transect T3 (Figure 1a) as follows:

800 d

o P 800 P
Q——sm9fpsqu7+cos9[ =

r""g

l
where 6 = arctan (l_y]’ ly and Ix are the latitude and longitude segments of transect T3, g is specific humid-
X

ity, ¥ and v are the zonal and meridional components of wind respectively, P is pressure, P is surface pres-
sure and g is Earth's gravitational acceleration. Q is then interpolated to transect T3 and grid cells summed

to give the total gflux. Units are kg.s™.

1
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3. Climatology of the Limpopo LLJ

This section builds a climatology of the Limpopo Jet throughout the year by considering the vertical struc-
ture and diurnal cycle of windspeed across the Limpopo Basin.

3.1. Characteristics of Low-Level Circulation Over the Limpopo Basin

Throughout the year, average nocturnal maximum windspeeds >10m.s™" are recorded in the Limpopo Val-
ley over 925-800 hPa. From September-April, the low-level circulation over southern Mozambique compris-
es easterlies, which gain a greater meridional component as summer progresses and the Mozambique Chan-
nel Trough (MCT) strengthens (Barimalala et al., 2020). There is an increase in windspeed at the entrance to
the Limpopo Valley as the trades are forced to accelerate due to the Bernoulli Effect. The circulation remains
strong across the Botswana Plateau; rotating anticyclonically to enter northern South Africa. Winds asso-
ciated with gaps in topography often remain strong downstream (e.g., Holbach & Bourassa, 2014; Macklin
et al., 1990) and reach maximum intensity as the phase of the inertial oscillation progresses. The tendency
for greatest windspeeds to occur around the Limpopo watershed in eastern Botswana from March-October
may also relate to the absolute stability and associated nocturnal surface inversion, creating conditions con-
ducive to mesoscale circulations (Tyson & Preston-Whyte, 1972).

Low-level windspeeds are strongest from August-November both in terms of their strength and spatial ex-
tent. Windspeeds remain strong through the Limpopo Valley in austral summer but are reduced in eastern
and particularly southern Botswana from on average 13.1 m.s™' to 11.4 m.s™", giving rise to a secondary clus-
tering of core locations around the South Africa-Botswana-Zimbabwe border intersection, at the head of
the Limpopo Valley. Jet strength and extent continue to reduce over the autumn, such that by May and June
windspeeds >11.5 m.s™' are only experienced over a localized area of eastern Botswana. The relative sta-
tionarity of the jet core through the annual cycle signals the control of topography on low-level windspeeds.

The vertical profile of windspeed at the jet core for each month is shown for strongest and weakest jet hours
in Figure 3. Throughout the year, the nocturnal profile displays a clear low-level windspeed maximum un-
derlying a region of high windspeed shear, giving the vertical profile a clear LLJ structure. Neither of the
jet's core elements exist during the day, illustrating that it is clearly a nocturnal feature: low-level daytime
windspeeds are typically less than half those achieved at night. Consequently there is no appreciable shear.

During austral winter, when low-level windspeeds are weakest, the jet is found closest to the surface (~300m
agl); while still a clear low-level maximum (9.4 m.s™" at its weakest in June), it is frequently eclipsed by
mid-tropospheric windspeeds associated with the equatorward migration of the Subtropical Jet. Modal core
height rises to ~500m agl as the jet strengthens in early spring. Jet height varies more over austral summer,
when shear reduces slightly owing to stronger mid-tropospheric winds, but there remains a clear preference
for a low-level nocturnal maximum throughout the year. Contrary to the nocturnal profiles, mean afternoon
windspeed shows little variation across the annual cycle.

3.2. Diurnal Cycle

Figure 4 presents cross sections of mean October windspeed along and perpendicular to the jet axis at
four-hourly intervals (equivalent plots for January, April and July are in Figures S1-S3). Windspeeds begin
to increase in the early evening as turbulence-induced eddy viscosity in the boundary layer decreases and
conditions become progressively stable. The jet is at its strongest at 23:00 when mean windspeeds at the core
are 12.47 m.s™'- an increase of 159% from their afternoon minimum values. It remains strong over the early
hours of the morning, beginning to decay with the onset of surface heating. The diurnal cycle of windspeed
along the Limpopo Valley and into central Botswana closely resembles the Blackadar (1957) mechanism re-
garded as classical LLJ formation (van de Wiel et al., 2010) whereby the jet is driven by an inertial oscillation
resulting from the recoupling and decoupling of the boundary layer to the lower troposphere.

There is distinct zonal variation to the diurnal cycle which is present across all seasons and most visible in
summer (Figures 4 and S1-S3). The onset of jet activity occurs first in the east over Mozambique and in
the Limpopo Channel (Figure 4c), where the narrowing of the valley accelerates the flow. Jet activity then
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Figure 2. Monthly mean values of daily jet strength (maximum nocturnal windspeed over 925-800 hPa) in m.s™". Vectors are average monthly winds at the
time and level selected as the jet maximum in each daily calculation. Crosses show jet core locations.

moves progressively westwards as the inertial oscillation reaches maximum intensity. Here, the very high
absolute stability associated with frequent nocturnal surface inversions supports jet activity spreading over
the Botswana Plateau-hence the jet remains strong beyond 07:00, until the inversion decays. However, this
does not provide a complete explanation for the variation in timing across the jet axis; there is little appreci-
able change in stability over Mozambique from 23:00 to 07:00, but the jet weakens considerably from 03:00.
It is possible that the observed gradient is the result of a combination of topographically driven mesoscale
circulations interacting with the jet-such as katabatic breezes in tributary valleys. Idealized topography
simulations could add greater nuance to understandings of precisely how topography affects the LLJ. Sim-
ilar lags to peak jet activity across the jet axis have been observed in other locations (e.g., Jiménez-Sanchez
et al., 2019), so the precise mechanisms responsible warrant further investigation.

The zonal gradient in timing along the jet axis partially explains the discrepancy in jet characteristics pre-
sented by Rife et al. (2010) and Algarra et al. (2019) (Table 1) beyond possible differences arising from the
datasets used,; it also appears to be a function of where they define the jet core. At 32.8°E, there is evidence
for the early evening onset of jet activity reported by Rife et al. (2010), although ERAS5 suggests jet structure
persists here until at least 03:00. Equally, the later jet hours given by Algarra et al. (2019) of 00:00-05:00 are
closer to the cycle seen over central Botswana but also underestimate persistence of the jet around dawn
(Figure S1). Thus, some of the discrepancy relates to positioning of the jet core-which, in both studies, is
considerably different to the site of maximum windspeed we find in any month in ERAS5 (Figure 2). This is
particularly true of Algarra et al. (2019) core location at 18°E, which is clearly to the west of the system even
at maximum extent in October.

While the mean circulation over the Limpopo Basin is divergent throughout the year and convergent over
the interior, it undergoes a clear diurnal cycle in association with the LLJ (Figure S4). Divergence across
the basin is greatest when the rate of air accelerating through the Limpopo Channel is at its maximum,
weakening during the daytime as eddy viscosity retards the wind. A similar cycle is evident over central
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Figure 3. Monthly mean vertical profiles of windspeed in m.s™" at the jet core for each month when the jet is strongest (blue) and weakest (orange) during the
day-corresponding to the times shown in each plot. Daily distribution of the vertical location of maximum windspeed at the jet maximum hour is displayed to
the right of each profile, where deep red is the maximum.

Botswana where convergence dominates: convergence increases when the jet is active, ensuring a strong
easterly feed from the Limpopo Valley. This weakens substantially during the day, giving way to patches of
muted divergence (Figures S4b and S4i).

3.3. Annual Cycle

To explore drivers of the annual cycle of the Limpopo LLJ in greater detail, we compare the difference in
geopotential height at 850 hPa across the Limpopo Basin with monthly average nocturnal maximum wind-
speed at the jet core (Figure 5). There is a strong positive relationship between the two variables (r = 0.887,
p < 0.0001, n = 12), indicating that the height gradient across the basin acts as a first order control on the
annual cycle of jet strength.

Geopotential height maps showing the seasonal evolution of the pressure gradient over southern Africa are
presented in Figure S5. The clear minimum in jet strength over MJJ coincides with the development of the
winter continental high centered over the Limpopo basin, which expands over the entire subcontinent in
June. As the high weakens over the interior and shifts eastwards, the pressure gradient along the Limpopo
Valley increases greatly, creating the unimodal peak in jet strength in October. As the high disappears in late
spring, the geopotential height gradient decreases slightly but is maintained over summer by the Angola
tropical and Kalahari heat lows, drawing low-level easterlies across the subcontinent. The flow over the
Limpopo Basin becomes progressively southeasterly through the summer as the MCT strengthens to max-
imum intensity in February (Barimalala et al., 2020). With the weakening of the two continental low-pres-
sure systems and simultaneous growth of the winter continental high, both the gradient and jet strength
weaken from April to complete the annual cycle.
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4. Variability of the Jet

20 This section considers variability of the jet at intraseasonal timescales af-

ter outlining the approach taken to measure daily jet strength.

15

4.1. Jet Criteria

10 In order to objectively consider variability of the Limpopo LLJ and its ef-

fects on regional climate on an event-by-event basis, a robust framework
for detecting jet strength is needed to ensure analyses do not become
biased by synoptic systems with high windspeeds that overwhelm the
—e— windspeed maximum weaker detail of boundary layer oscillations. Hence, sampling by maxi-
T sopsoopadent © mum windspeed alone is insufficient; confirming the circulation qualifies

geopotential height gradient (m)

jan feb mar apr may jun
month

Julaug sep oct nov dec as a LLJ is an important first step. Despite a reasonable understanding of

the processes leading to jet formation, there remains no set definition

Figure 5. Annual cycle of average nocturnal maximum windspeed (m.s™)  of a LLJ across the literature (Gimeno et al., 2016; Liu et al., 2014; Rife
at the jet core (solid line) and the monthly mean geopotential height et al., 2010). Nevertheless, the two core elements of Blackadar's (1957) in-

gradient along the jet axis (dashed line): taken as the difference in average
geopotential height (850 hPa) over (33°E, 22°S-34°E, 23°S) and (25°E,

21.5°S-26°E, 22.5°S).

itial depiction of the Great Plains Jet-a significant windspeed maximum
at a low level of the atmosphere accompanied by some element of shear
to the vertical profile-remain common to every definition and are une-
quivocally visible across the Limpopo Basin in the climatological mean
(Figures 3 and 4).

We therefore employ a series of hierarchical criteria based on these elements to verify the presence of a LLJ
each day and categorize its strength, following the approach first used by Bonner (1968). In addition to stip-
ulating minimum values for windspeed and vertical shear, we also impose a threshold considering the jet's
diurnal variability given the pronounced cycle revealed in Section 3. The chosen thresholds were selected
with reference to a large sample of daily vertical windspeed profiles. Testing with alternative thresholds
revealed qualitatively similar results.

Days are sampled based on conditions at the jet core. Shear is measured as the difference in windspeed at
jet height and the minimum value recorded over 800-650 hPa at the time when the jet is strongest. Diurnal
variability refers to the magnitude of windspeed increase relative to the afternoon minimum recorded at jet
height. First, as prevailing conditions over the basin are easterlies of some description throughout the year,
days lacking an easterly zonal component are removed. The remaining days are then divided into one of
three primary hierarchical categories as follows:

* Category A: Shear >8m.s~" and diurnal variability >100%
* Category B: 4m.s™' <Shear <8m.s™" and diurnal variability between 50% and 99%
* Category 0: all remaining days failing to meet the criteria for categories A and B

Days in categories A or B are then subclassified into (i) if jet strength exceeds 15m.s™" or (ii) if not.

These criteria are less stringent than those used by Bonner (1968) to characterize the Great Plains LLJ, but
more so than in other subsequent studies that have used a similar approach (e.g., Marengo et al., 2004;
Nicholson, 2016). Windspeed values presented here reflect the instantaneous nocturnal maximum across
hourly data, so may differ from values reported in other studies that use time-averaged products, or those
of a lower temporal resolution.

Figure 6 gives a visual representation of these categories: dividing the vertical profiles of days in October,
when the jet is strongest, accordingly. The strongest events are divided across categories A(i) and B(i) (Fig-
ures 6a and 6d). Both classes have a distinct low-level maximum, although the rate of windspeed decrease
above the jet core is greater in the former. This difference is more visible when the equivalent profiles are
drawn for other months (not shown). Although weaker, jet structure is visible in the other classes in which
a LLJ is identified (Figures 6b and 6e) — even for the 10th percentile of category B(ii) (the weakest catego-
ry). Some unclassified days resemble jet structure, but these classes are marked by considerable variability
throughout the vertical profile.
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Figure 6. Vertical profiles of windspeed in m.s™" at the jet core in October for (a) Category A(i) days (b) Category A (ii) (c) Category 0 (d) Category B(i) (e)
Category B(ii) and (f) days where the low-level maximum lacks an easterly component. Solid, darker line represents the mean vertical profile for days in each
class; shaded area depicts the 25th-75th percentiles of daily profiles. Dash-dotted lines show 10th and 90th percentiles.

4.2. Intraseasonal Variability in Jet Strength

The division of days across jet categories is shown in Table 2. The jet is a persistent feature of the cir-
culation throughout the year that forms on 80.9% of days with a median strength of 13.9 m.s™". Such a
high frequency of occurrence suggests that low-level divergence associated with the acceleration of the
jet through the Limpopo Valley is likely to contribute to the basin's prevailing aridity, particularly during
austral summer, when jet activity is strongest in the valley and rainfall contrast with the surrounding areas
greatest (Figure 1c). Sampling based on the division of days across jet categories yields the same annual
cycle seen in Section 3: Jet occurrence peaks in October (86.7%) when <3% of days with an easterly flow
fail to meet the minimum requirements for shear and nocturnal acceleration. Total jet occurrence decreases
gradually to a minimum in June (72.4%), but this difference is much more pronounced when considering
the number of strong jet events, which decline sharply from their October peak. In austral summer this is
compensated by an increase in days meeting the less stringent jet criteria, while in winter wind direction is
slightly more variable. Perhaps unsurprisingly, early spring sees the greater number of extreme days, when
~10% of jet events achieve windspeeds in excess of 20m.s™".

To investigate the different synoptic settings that drive variability in jet strength, we consider geopotential
height at 850 hPa in January (Figure 7). We focus on January for three reasons: (a) the distribution of days
across jet categories is more even; (b) the amount of moisture imported by the jet is closer to its annual peak
in February (Munday et al., 2021); (c) January is the center of the wet season (Figure 1d).

Days with the greatest windspeeds through the Limpopo Valley are associated with a ridging anticyclone
centered on the east coast of South Africa (Figures 7a and 7d). Combined with a reduction in geopotential
height over Botswana on Category A(i) days, this sharpens the pressure gradient and promotes SSE-SE flow
over southern Mozambique. It is possible that the greater low-level synoptic disturbance reduces vertical
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Table 2
Percentage of Days Comprising Each Jet Category
Category A Category B
Sy oy Category Total  Total Median 90th percentile
Month G Gy @G (i) 0 N-(W)-S jet non-jet windspeed(m.s™) windspeed (m.s™)
Jan 148 27.7 6.9 344 121 4.1 83.8 16.2 13.37 16.83
Feb 12.5 244 9.0 352 15.8 3.1 81.2 18.8 13.46 16.84
Mar 209 315 74 234 9.3 7.6 83.1 16.9 13.6 17.35
Apr 185 372 6.3 219 7.2 8.8 83.9 16.1 13.39 17.58
May 12.6 38.5 48 2238 5.9 15.5 78.6 21.4 12.95 16.69
Jun 11.7 284 6.1 26.2 10.1 17.5 72.4 27.6 12.57 17.56
Jul 19.8 264 98 199 9.0 15.2 75.9 24.1 12.57 17.56
Aug 281 295 73 135 5.9 15.8 78.3 21.7 14.59 18.98
Sep 36.8 286 7.2 9.5 3.7 14.2 82.1 17.9 15.29 19.76
Oct 429 265 69 104 2.5 10.8 86.7 13.3 15.58 20.15
Nov 283 223 7.7 251 7.5 9.1 83.4 16.6 14.42 18.43
Dec 16.8 29.0 5.8 30.3 10.8 7.3 81.9 18.1 13.34 16.94
Annual 220 29.2 7.1 226 8.3 10.8 80.9 19.1 13.87 18.24
Note. Median and 90th percentile windspeed values (m.s™") across jet days are also shown (italicized).
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Figure 7. Composite means of daily geopotential height (850 hPa) for (a) Category A(i) days; (b) Category A(ii); (c) Unclassified easterlies; (d) Category B(i);
(e) Category B(ii) in January. Panel (f) shows the difference between Category A(i) and B(ii) days, where differences are significant at 5% according to Students

t-test.
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Figure 8. Average diurnal cycle of moisture flux (kg.s™") through the Limpopo Valley for: (a) October-March; (b)
Category A(i) and B(ii) days averaged across OND and JFM.

shear on category B(i) days by perturbing conditions over South Africa such that the normal rhythm of
boundary layer oscillations is interrupted. Such a mechanism could also reduce the diurnal variability of
windspeeds by diminishing frictional forces on the daytime flow.

In contrast, weaker LLJs are associated with a westwards expansion of the Mascarene High, evidence of a
trough over the southern South African coast and some suggestion of a deeper MCT increasing vorticity
in the channel, deflecting flow from the Limpopo Channel (i.e., Figure 7b). There is little appreciable dif-
ference between the low-level synoptic setting of the weakest jet events (Figure 7e) and those that are un-
classified (Figure 7c)—potentially reflecting a wider variability in synoptic setting across unclassified days.

5. Role in Water Vapor Transport

This section considers the role of the Limpopo LLJ in supplying moisture to the continental interior. It be-
gins by examining the mean diurnal cycle of moisture transport from October to March (Figure 8).

In every summer month, there is a clear nocturnal maximum to moisture transported through the Limpopo
Valley in phase with jet strength, peaking at 23:00. At this point, the rate of moisture transport is more than
double the afternoon minimum. In each of the months considered, 72% (February)-75% (November) of
the total water vapor transported through the Limpopo Valley occurs between 18:00 and 08:00. The annual
cycle of moisture transport is evident; increasing over the early summer months to a maximum in February
(Munday et al., 2021, Figure 1d) reflecting the general increase in specific humidity over the basin in late
summer.

The amount of moisture advected through the Limpopo Valley is strongly influenced by jet strength
throughout the wet season (Figure 8b): there is a substantial increase in moisture transport during the
strongest jet events compared to the weakest. Over 18:00-08:00, this amounts to a total difference in water
vapor of 1.04 x 10" kg (1.02 X 10" kg) in OND (JEM) transported through the valley. Although Category
B(ii) events continue to show a nocturnal peak, the amplitude of the diurnal cycle is substantially greater
for Category A(i) events such that the difference occurs primarily nocturnally (i.e., when the greatest dif-
ference in jet strength is felt). Moreover, while the rate of moisture flux decreases gradually from 23:00 with
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Figure 9. Difference in (a-h) moisture flux (kg.s™") integrated over surface-800 hPa and (i-p) horizontal divergence at 850 hPa (s™") between category A(i)
and B(ii) days over eastern southern Africa for the early and late wet season. Vectors are the difference in the integral of q (u,v) (a-h) and difference in 850 hPa
winds (i-p). In all instances, only differences significant at 5% based on Students t-test are shown. Times shown are at six-hourly intervals surrounding
maximum jet intensity (second column), such that the right two columns show conditions the following calendar day.

the weakest events, it remains strong throughout the night until 07:00 with the strongest LLJs, decreasing
sharply as jet activity decays with the onset of surface heating.

Figures 9a-9f show the increase in easterly moisture flux associated with the strongest jet events. The great-
est difference is in the Limpopo Valley, particularly during OND, but it is symptomatic of a general increase
in water vapor transport over a large area. The additional moisture flux is of southerly origin in the compos-
ite mean across the wet season, bound up with the ridging anticyclone responsible for strengthening the jet
(Figure 7f) and as such enters the Limpopo Valley after traveling along the eastern escarpment (Figures 9a
and 9e). As jet activity progresses westwards in the early hours of the morning, the additional moisture is no
longer contained within the topography of the channel so disperses over the interior plateau. Consequently,
a small but statistically significant (p < 0.05) increase in water vapor transport toward South Africa and SE
Namibia occurs, persisting well into the following day. This is particularly visible later in the season, when
the total moisture carried by the jet is greater.

With greater windspeeds across the basin, the strongest jet days are also associated with enhanced low-level
divergence over the Mozambican floodplains and through the Limpopo Channel (Figures 9i-9p). This is
particularly visible at night but likewise persists well into the following morning as winds are still return-
ing to normal values. There is a substantial nocturnal enhancement of convergence in eastern Botswana
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Figure 10. Difference in daily rainfall (CHIRPS; mm. day ') between the days that follow Category A(i) (strongest) jet events and B(ii) (weakest) events over
the wet season (1981-2018). Stippling shows changes significant at 5% according to students t-test.

throughout the wet season, especially during OND (Figures 9j, 9k, 9n and 90). Further downstream, there
is also evidence of a small increase in convergence around the Botswana-South Africa border the following
morning.

Therefore, as strong jet events induce dynamic changes conducive to rainfall downstream and the jet is
clearly an important conduit of SWIO moisture to the continental interior, we briefly examine whether a
difference exists in daily rainfall between the days following category A(i) compared to B(ii) jets (Figure 10).

A statistically significant (p < 0.05) increase in daily rainfall is generally observed across central southern
Africa following the strongest compared to weakest jet events. In every month an increase is observed in
Botswana-within, or immediately downstream of, the jet exit region, where increased convergence and the
strong vertical shear of the jet profile create conditions favorable for rainfall. There is a suggestion that wet-
ter conditions extend further across southern Africa, potentially due to the high influx of moisture delivered
by a strong LLJ, but this is more variable across the season. Anomalies are particularly extensive in March,
but it is unlikely this is solely attributable to the jet; rather, some synoptic disturbance existing on the days
following strong events presumably promotes a widespread increase in rainfall, while the additional mois-
ture supplied by the jet may contribute to the magnitude of increase.

Over the Limpopo Basin the rainfall response is more variable. Through the early summer months and
March a relatively robust dipole pattern emerges to the sign of the anomaly; rainfall increases downstream
while conditions are drier over southern Mozambique and the Limpopo Valley (Figures 10a-10c and 10f).
Similar patterns have been documented for LLJs across the world on a range of timescales and are common-
ly attributed to a deficit in local moisture following strong export events (e.g., Cook & Vizy, 2010; Munday
et al., 2021; Nascimento et al., 2016; Wang, 2007). It is possible that this mechanism is partially responsi-
ble for the drier conditions seen over the Limpopo Basin in the early summer. While a small increase in
moisture transport across the Mozambique coast is still evident on the morning following strong jet events
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(Figure 9d), anomalous moisture export through the Limpopo Valley exceeds the related increased import.
Despite the additional flux through the Limpopo Valley the moisture is largely unavailable for rainfall given
the simultaneous increase in divergence (Figures 9k and 91). However, this pattern is not visible in Janu-
ary or February, when the Limpopo Basin experiences increases of rainfall similar in magnitude to those
observed downstream. These anomalies are not statistically clear, suggesting a more variable response, but
similarly wetter conditions are observed on the day of each jet event (not shown). This may relate to a weak-
ly defined MCT and associated negative geopotential height anomalies south of the Mozambique Channel
(Figures 7a and 7f); both of which are associated with a wetter JFM over the eastern subcontinent on inter-
annual timescales (Barimalala et al., 2020).

6. Summary

This paper has developed the first climatology of the Limpopo LLJ, which had previously only been identi-
fied through isolated observational studies (summarized by Zunckel et al., 1996) and continental- (Munday
et al., 2021) or global- (Algarra et al., 2019; Gimeno et al., 2016; Monaghan et al., 2010; Rife et al., 2010)
scale studies. The vertical profile of windspeed in the Limpopo Basin exhibits a clear diurnal cycle, behaving
according to the Blackadar (1957) mechanism of LLJ formation, with a distinct low-level maximum and
considerable vertical shear nocturnally, but no evidence of jet structure during the afternoon. Hourly data
from ERAS demonstrates that there is a zonal gradient to the phase of jet activity, with onset, peak strength
and demise occurring earliest over southern Mozambique before progressing westwards up-valley.

The jet exhibits a unimodal annual cycle, which is in phase with the pressure gradient between southern
Mozambique and Botswana-as has been observed for many LLJs across the world (e.g., Liu et al., 2014;
Mufioz et al., 2008; Patricola & Chang, 2017). Peak jet strength is achieved in October with average maxi-
mum windspeeds of 15.8 m.s™"; 24% greater than in June. At this time, the winter continental high retreats
eastwards such that it is centered over southern Mozambique, sharpening the pressure gradient with the
interior. The development of the Angola tropical and Kalahari heat lows over the interior ensures a gradient
is maintained over the core austral summer months, whereas the MJJ circulation is dominated by the subse-
quent expansion of the continental high over much of eastern southern Africa, translating into a substantial
reduction in jet strength.

The Limpopo LLJ forms on 80.9% of days across the year and exhibits considerable variability on intra-
seasonal timescales. Greatest windspeeds are associated with a ridging anticyclone along the east South
African coast sharpening the pressure gradient along the jet axis. There is some evidence to suggest that
a stronger MCT may be associated with a weaker jet on both daily and seasonal timescales, potentially
through a combination of increased vorticity in the Mozambique Channel and reduction of the pressure
gradient, although this is less clear and requires further investigation.

Throughout the wet season, the jet plays a crucial role in importing SWIO moisture to the continental inte-
rior, in line with findings of previous studies (Algarra et al., 2019; Gimeno et al., 2016), giving the injection
of water vapor into central southern Africa a distinct nocturnal lifecycle. This is important because the
amount of warm, moist air advected from the SWIO has long been recognised as an important determinant
for annual precipitation over the interior (Behera & Yamagata, 2001; Cook et al., 2004; D'’Abreton & Linde-
say, 1993; Hoell et al., 2017; Reason, 2017; Walker, 1990). Nocturnal water vapor transport associated with
strong jets increases by 1.04 x 10" kg (1.02 x 10" kg) in OND (JFM) relative to weak events, strengthening
moisture flux from the eastern coast of South Africa via the Limpopo Valley to the interior plateau.

Strong jet events create environments which are both dynamically and thermodynamically favorable for
rainfall. Analysis of CHIRPS data on days following a strong LLJ confirms an increase in rainfall across
much of the continental interior, centered on central Botswana associated with increased convergence and
moisture availability. It seems unlikely that changes as widespread as those observed in some months are
entirely the result of a strengthened LLJ, but this does not preclude the jet from having an influence on the
magnitude of rainfall increase. Although infrequent, Blamey and Reason (2012) speculate that MCC occur-
rences over the interior during the summer months may be related to jet activity. Our findings support this
assertion by demonstrating that a strong LLJ enhances nocturnal influx of moisture, promotes convergence
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and ensures considerable shear to the vertical profile; effects which frequently implicate LLJs with MCC
activity across the world (Stensrud, 1996). A full exploration of the dynamics of extreme jet events could
help to unpick the relationship between the jet and rainfall extremes suggested by Monaghan et al. (2010).

Low-level divergence across the Limpopo Basin follows the diurnal cycle of windspeed, strengthening noc-
turnally-a relationship that holds true when considering variability of the jet at daily timescales. Given the
association between jet-induced divergence and aridity observed elsewhere in Africa (Munday et al., 2021;
Nicholson, 2016), coupled with the low number of days without a LLJ, it seems plausible that this mecha-
nism contributes to the relative aridity of the Limpopo Basin, in addition to the presence of Madagascar re-
ducing the impact of moisture-bearing trade winds and strengthening the MCT (Barimalala et al., 2018). In
this light, what was once perceived as a ‘problem climate’ (Trewartha, 1981) is in fact so due to the presence
of a feature which is key to supplying moisture to the interior of southern Africa. However, the relationship
between jet strength and rainfall over southern Mozambique is not straightforward and warrants further
attention: in the early summer months and March drying occurs following a strong LLJ, potentially due to
an increase in moisture export, whereas during January and February the basin experiences increases in
rainfall.

Given the role of the jet in delivering moisture to the southern African interior, future changes to the Lim-
popo Jet could have important consequences for regional climate. In addition to affecting rainfall, changes
in water vapor concentration stand to modify the radiation budget. Investigating how the jet is represented
by climate models is an important next step, particularly given the wet biases exhibited by most CMIP5
models over southern Africa (Munday & Washington, 2018). Our ability to understand jet dynamics and to
evaluate model simulations of the jet would be greatly strengthened by direct observations of this persistent
feature of the regional circulation. Getting these observations is a non-trivial task.

Data Availability Statement

ERA-5 data used in this study were accessed in 2020 and provided by the Copernicus Climate Change
Service (https://cds.climate.copernicus.eu/cdsapp#!/home). Neither the European Commission nor ECM-
WF is responsible for any use that may be made of the Copernicus information or data it contains. USGS
GTOPO30 global digital elevation model data were sourced from http://earthexplorer.usgs.gov/. CHIRPS
data are available at https://data.chc.ucsb.edu/products/CHIRPS-2.0/.
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