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Abstract

Low-level jets (LLJs) are sensitive to continental-scale pressure gradients. Soil
moisture influences these gradients by altering turbulent flux partitioning and
near-surface temperatures, thereby affecting LLJ characteristics. The Turkana
jet, astrong southeasterly LLJ flowing through a channel between the Ethiopian
and East African Highlands, is an important feature of the East African water
cycle. Previous work has shown that the jet is sensitive to soil-moisture-induced
pressure gradients driven by the Madden-Julian oscillation. Here, we build
on this finding through using convection-permitting UK Met Office Unified
Model simulations to isolate the role of soil moisture in shaping jet charac-
teristics. Modelling experiments reveal that the Turkana jet is highly sensitive
to soil-moisture-induced temperature gradients across the channel’s exit. Pre-
scribing realistic dry soils intensifies the local surface-induced thermal low and
strengthens the jet. A maximum jet sensitivity of up to 8 m - s~ occurs when
comparing dry and wet surface states within 750 km downstream of the exit,
highlighting the significant influence of soil moisture on jet dynamics, given
typical speeds of 8-14 m - s~!. The impact of soil moisture on the jet is most
pronounced when synoptic forcing is weak and skies are clear. Notably, despite
a substantial impact on LLJ strength, we find a minor sensitivity of the verti-
cally integrated moisture transport. We speculate that this minimal sensitivity
is linked to model errors in the representation of boundary-layer turbulence,
which affects midtropospheric moisture and the strength of elevated noctur-
nal inversions. This study highlights that the Turkana channel is a hotspot
for surface—jet interactions, due to the strong sensitivity of surface fluxes to
soil moisture near a topographically constrained LLJ. Future research should
continue examining surface-driven predictability, particularly in regions where
land-atmosphere interactions influence dynamical atmospheric conditions, and
evaluate such processes in weather prediction models.
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1 | INTRODUCTION

Low-level jets (LLJs) play a key role in regulating
continental-scale moisture transport, influencing regional
moisture budgets and local precipitation patterns across
the globe (Berg et al., 2015; Chen & Tomassini, 2015;
Correa et al., 2024; Findlater, 1969; Montini et al., 2019;
Munday et al., 2023b; Parker et al., 2005; Stensrud, 1996).
Among these, the Turkana jet, a strong southeasterly
LLJ flowing through a channel between the Ethiopian
and East African Highlands (Kinuthia, 1992; Kinuthia &
Asnani, 1982; Munday et al., 2022), modulates moisture
transport between coastal East Africa and continental
Central Africa (Munday et al., 2021, 2023b; Nicholson,
2016; Viste & Sorteberg, 2013). Given that the Turkana jet
influences precipitation characteristics across East Africa
(King et al., 2021; Munday et al., 2021; Talib et al., 2023;
Vizy & Cook, 2019), understanding the drivers of jet
variability is of utmost importance. This understanding
is especially crucial in light of recent rainfall extremes
(Funk et al., 2023; Kilavi et al., 2018; Lyon, 2014; Palmer
et al., 2023; Wainwright et al., 2021) and low-skilled pre-
cipitation predictions (Cafaro et al., 2021; MacLeod, 2018;
Nicholson, 2014; Walker et al., 2019). Building on several
studies highlighting the impact of soil moisture gradi-
ents on LLJ dynamics (Campbell et al., 2019; Chen &
Dominguez, 2024; Correa et al., 2024; Talib et al., 2022),
and more specifically on evidence that intraseasonal soil
moisture variations impact Turkana jet characteristics
(Talib et al., 2023), we here isolate soil-moisture-driven
Turkana jet variations using high-resolution convection-
permitting modelling experiments.

Radiosonde observations show that the Turkana jet
typically peaks between 200 and 500 m above the surface
with average speeds of 10-14 m - s7! (Kinuthia, 1992; Kin-
uthia & Asnani, 1982; Munday et al., 2022). However, jet
characteristics vary substantially across space and time.
For instance, maximum jet speeds of up to 30 m - s~! have
been observed (Kinuthia, 1992). Observations of higher
jet speeds across narrower parts of the channel (Kinuthia,
1992), alongside modelling experiments (Indeje et al,
2001; Munday et al.,, 2023b; Warner et al., 2024), indi-
cate that, to first order, the shape of the Turkana channel
controls LLJ characteristics through a Bernoulli forcing.
Although modelling efforts demonstrate that a fine model
grid is required to correctly capture orographic processes
and jet dynamics (Warner et al, 2024), an improved
understanding of other environmental drivers is key to
improving jet forecasts. Large-scale circulation patterns,
such as the monsoon flow from the Indian Ocean and sub-
sidence from the overturning Walker circulation, as well
as cross-channel temperature gradients (Hartman, 2018;
Talib et al, 2023; Vizy & Cook, 2019), modulate jet

intensity by altering continental-scale pressure patterns
(Hartman, 2018; Talib et al., 2023; Vizy & Cook, 2019). For
example, the jet is most intense in September when the
Somali jet advects relatively cool air to East Africa’s coastal
regions and increases the along-channel temperature gra-
dient (Hartman, 2018). Surface-atmosphere interactions
also affect temperature and pressure gradients, which
in turn affect jet speeds (Parish & Oolman, 2010; Talib
etal.,2023). These interactions are critical in driving a noc-
turnal jet maximum (Hartman, 2018; Munday et al., 2024;
Nicholson, 2016; Parish & Oolman, 2010), with the most
widely accepted mechanism suggesting that strong day-
time coupling between the boundary layer and turbulent
surface fluxes inhibits jet intensification. After sunset,
as surface turbulent fluxes minimise and the boundary
layer diminishes, surface-atmosphere decoupling allows
the jet to intensify (Hartman, 2018; Nicholson, 2016).
Additional mechanisms explaining the nocturnal jet
maximum include katabatic winds driven by enhanced
cooling at higher altitudes (Nicholson, 2016; Parish &
Oolman, 2010) and elevated nocturnal inversions that
prevent the upward mixing of momentum (Munday
et al., 2024). Most studies that have previously investigated
the role of land-atmosphere interactions in driving jet
variability have relied on observations and atmospheric
reanalyses. To fully tease out the importance of land-
atmosphere interactions on jet characteristics requires
idealised modelling experiments in which spatial and
temporal variability in surface characteristics is prescribed
throughout.

In water-limited regions, where the partitioning of
surface turbulent fluxes is sensitive to surface charac-
teristics, variations in surface conditions can modulate
LLJs by altering large-scale pressure gradients (Campbell
et al., 2019; Chug & Dominguez, 2019; Correa et al., 2024;
Ferguson et al., 2020; Talib et al., 2022). Surface drying,
for example, enhances sensible heat flux (Berg et al., 2014;
Gallego-Elvira et al., 2016; Holton, 1967; Koster et al., 2009;
Miralles et al., 2012; Schwingshackl et al., 2017; Teuling
et al., 2006), modifies regional pressure gradients by pro-
moting a thermal low circulation (Berg et al., 2017; Chen
& Dominguez, 2024; Grimm et al., 2007; Talib et al., 2021,
2022), and, when near an LLJ, alters jet characteristics
(Campbell et al., 2019; Chen & Dominguez, 2024; Chug &
Dominguez, 2019; Correa et al., 2024; Ferguson et al., 2020;
Talib et al., 2022). Focusing specifically on the Turkana
jet, Talib et al. (2023) found that soil moisture variations
associated with precipitation anomalies driven by the
Madden-Julian oscillation (MJO; Madden & Julian, 1994;
Mutai & Ward, 2000; Pohl & Camberlin, 2006; Berhane &
Zaitchik, 2014) enhance the along-channel temperature
gradient and intensify geostrophic winds. Notably, they
found soil-moisture-induced turbulent flux changes at
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the Turkana channel’s exit to be primarily responsible for
the surface-driven modulation of jet characteristics. Their
analysis suggests that, on average, 10%-12% of anomalous
jet speeds during active MJO events are attributable to
rainfall-driven surface changes. Building on this work,
which relied on observations and reanalyses, we develop a
modelling framework that isolates the role of soil moisture
at the channel’s exit in controlling jet characteristics.

Most research on the impact of soil moisture on atmo-
spheric conditions in Africa has focused on the initiation
and development of deep convection (Klein & Taylor, 2020;
Pielke, 2001; Taylor, 2015; Taylor et al., 2007). Further-
more, studies examining surface-driven predictability
often emphasise local thermodynamic improvements
rather than dynamical atmospheric changes. For instance,
whereas multimodel comparison studies demonstrate
enhanced subseasonal temperature and precipitation
predictions with improved soil moisture initialisation
(Dirmeyer et al., 2018; Koster et al., 2006, 2011), these
studies primarily focus on localised improvements. In
this study we exploit the capability of conducting model
sensitivity experiments with prescribed soil moisture to
investigate soil-moisture-driven dynamical atmospheric
changes, demonstrating their potential to enhance fore-
cast accuracy. Such experiments are particularly novel as
they enable the isolation of soil-moisture-driven atmo-
spheric dynamics in a region that remains underexplored
scientifically. We also take considerable care to introduce
soil moisture changes that reflect realistic variability,
in contrast to previous modelling studies that imposed
extreme surface conditions (e.g., wilting point or satu-
ration; Gaertner et al., 2010; Cioni & Hohenegger, 2017;
Chen & Dominguez, 2024). Moreover, taking note of
inadequate simulations of the Turkana jet at low model
resolutions (King et al., 2021; Oscar et al., 2022), and fol-
lowing the recommendation of using a maximum grid
spacing of 4.4 km to capture the impacts of local orography
and elevated temperature inversions on the jet (Warner
et al., 2024), we specifically investigate the influence of
soil moisture on the Turkana jet using simulations with a
4.4 km horizontal resolution.

Royal Meteorological Society

The structure of this study is organised as follows:
Section 2 is divided into two parts. The first part
(Section 2.1) outlines the observations and atmospheric
reanalyses used, and the second part (Section 2.2)
describes the modelling experiments performed. In
Section 2.2 we provide an overview of the atmospheric
model (Section 2.2.1), detail the methodology for initial-
ising soil moisture (Section 2.2.2), outline the selection
of our three case studies (Section 2.2.3), and describe the
experimental design (Section 2.2.4). The results of this
study are presented in Section 3 and include a comparison
of control simulations with observations and atmospheric
reanalyses (Section 3.1), in addition to analysis examining
the sensitivity of the Turkana jet to soil moisture per-
turbations (Sections 3.2 and 3.3). Lastly, Sections 4 and
5 close the article with the discussion and conclusions
respectively.

2 | METHODOLOGY

2.1 | Observational datasets

In this work, we use observations and atmospheric reanal-
yses to identify suitable case studies and assess simulation
output. Table 1 provides an overview of all observational
datasets utilised. Focusing on satellite-based observations,
which are used to support the selection of modelling case
studies, we use precipitation data from the Climate Haz-
ards Group Infrared Precipitation with Stations (CHIRPS)
product (Funk et al., 2015), as well as soil moisture anoma-
lies from the European Space Agency Climate Change
Initiative (ESA CCI) combined soil moisture product ver-
sion 8.1 (Dorigo et al., 2017; Gruber et al., 2017, 2019;
van der Schalie et al., 2023). Daily-accumulated precip-
itation on a 0.05° latitude-longitude grid from CHIRPS
is derived through combining satellite-based infrared
measurements with rainfall gauge totals (Funk
et al., 2015). Meanwhile, the ESA CCI combined soil
moisture product utilises four active and 10 passive
microwave-based instruments. It also uses a global land
data assimilation system (GLDAS; Rodell et al., 2004) to

TABLE 1 Details of observational and reanalysis datasets used in this study.
Resolution
Variable Data source Time span Spatial (°) Temporal Reference
Precipitation CHIRPS 1981-2020 0.05 Daily Funk et al. (2015)
Surface soil moisture ESA CCI 1981-2022 0.25 Daily Dorigo et al. (2017)
Atmospheric conditions ~ ERA5 2017-2023 0.25 Hourly Hersbach et al. (2019)
Atmospheric conditions ~ RIFTJet radiosondes =~ March 26-April 23, 2021 N/A Three-hourly =~ Munday et al. (2022)

Abbreviations: CHIRPS: Climate Hazards Group Infrared Precipitation with Stations; ESA CCI: European Space Agency Climate Change Initiative; ERAS:
European Centre for Medium-range Weather Forecasts Reanalysis v5; RIFTJet: Radiosonde Investigation for the Turkana Jet.
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obtain a consistent climatology (Gruber et al., 2019). There
is no common definition for the surface soil moisture
depth examined by microwave-based instruments (Dorigo
et al., 2017); however, it is generally assumed to be in the
range of 2 to 5cm (Ulaby, 1982).

Hourly reanalysis data from the European Cen-
tre for Medium-range Weather Forecasts Reanalysis v5
(ERAS5) (Copernicus Climate Change Service (C3S), 2017;
Hersbach et al., 2020) is also used to support the selec-
tion of case studies. Additionally, ERA5 data are used
for model initialisation and creating regional boundary
conditions. ERA5, computed using four-dimensional
variational data assimilation and cycle 41r2 of the Inte-
grated Forecasting System, provides a detailed record of
the global atmosphere, land, and ocean waves (Hersbach
et al., 2018, 2019). In this study we use ERAS5 data at a
0.25° latitude-longitude resolution during the years 2017
to 2023, the same years when sensitivity experiments can
be performed (Section 2.2.2). For most of this study we
refer to the time of day in reference to coordinated uni-
versal time (UTC). The local time zone, East Africa Time
(EAT), is 3 hr ahead of UTC.

Alongside using CHIRPS and ERAS to assess model
integrations, we also take advantage of radiosonde data
from the Radiosonde Investigation for the Turkana Jet
(RIFTJet) observation campaign (Munday et al., 2022).
Between March 26 and April 23, 2021, radiosondes
were launched from Marsabit (2.3395° N, 37.9735° E;
1,337m; denoted by the green cross in Figure 1la), a
town located near the entrance of the Turkana channel,
every 3 hr. Utilising in-situ jet observations improves our
evaluation of simulated jet conditions, as reanalyses and
coarse-resolution climate models typically underestimate
jet intensities and fail to resolve elevated inversions above
the jet itself (Munday et al., 2023a; Oscar et al., 2022).
Our use of RIFTJet observations to evaluate simulations
builds upon previous work investigating the impact of
model resolution in simulating Turkana jet characteris-
tics (Warner et al., 2024). However, regional simulations
in Warner et al. (2024) are bounded by model output from
the global UK Met Office (UKMO) operational model,
whereas our simulations are bounded by ERA5. In line
with Warner et al. (2024), we evaluate simulation data at
37.9535° E, 2.3595° N, which assumes a 0.022° displace-
ment of the radiosonde both northwards and westwards
during its ascent from the surface to 800 hPa.

2.2 | Modelling experiments

2.2.1 | Atmospheric model

To isolate the influence of soil moisture perturba-
tions on jet characteristics, we perform regional

convection-permitting simulations of the UKMO Uni-
fied Model (MetUM) coupled to the Joint UK Land
Environment Simulator (JULES; Best et al., 2011; Clark
et al., 2011). Initial atmospheric and hourly lateral bound-
ary conditions for each simulation are sourced from
ERAS5 (Copernicus Climate Change Service (C3S), 2017;
Hersbach et al, 2020) at a horizontal resolution of
0.25° longitude x 0.25° latitude.

Regional MetUM simulations across an East African
domain (20-52° E longitude, —5.0 to +20° N latitude;
domain shown in Figure 1) are integrated using a trop-
ical version of the Regional Atmosphere and Land con-
figuration version 2 (RAL2-T; Bush et al., 2023). RAL2-T
is an iteration on a previous tropical atmospheric model
(RAL1-T; Bush et al., 2020), with minor differences includ-
ing the addition of three prognostic fields (liquid fraction,
ice fraction, and mixed-phase fraction) in the large-scale
cloud scheme (Bush et al., 2023). All regional simulations
are performed for 240hr (10days) with a 2-min atmo-
spheric time step. The simulation length of 10 days pro-
vides a sufficient sample size of nocturnal jet conditions,
enabling the analysis of its mean evolution and sensitiv-
ity to soil moisture changes. Furthermore, this simulation
length allows for the investigation of accumulated atmo-
spheric anomalies and provides valuable insight into soil
moisture-jet interactions on time-scales comparable to the
MIJO. All regional simulations are performed with a hor-
izontal grid spacing of 0.04° (=~ 4.4 km), 80 model levels
extending up to 38.5 km, and an explicit representation of
convection. Additionally, only lakes larger than 250 km?
are resolved. JULES has four soil layers, with depths of 0.1,
0.25, 0.65, and 2.0 m. In our regional model configuration,
there is no coupling between the atmosphere and ocean.
Sea-surface temperatures, as well as lake temperatures,
are prescribed using surface temperatures from ERAS. All
simulations are prescribed with climatological aerosols.
Our regional model configuration is consistent with the
current pan-African UKMO operational model (Cafaro
et al., 2021; Fletcher et al., 2022), and with recent work
investigating sensitivities of the simulated East African cli-
mate to model configuration changes (Warner et al., 2023,
2024).

2.2.2 | [Initialisation of soil moisture

Given our emphasis on understanding soil-moisture-
atmosphere interactions, considerable effort has been
taken to ensure the appropriate initialisation of soil mois-
ture. In each simulation, initialised soil moisture values
are based on data from the global UKMO operational
model. For example, in simulations commencing at 0000
UTC (0300h EAT) on April 11, 2021, soil moisture is
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(c) Ten-day sum rainfall
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The 10-day mean of (a, d, g) the channel-orientated (filled) and horizontal (arrows) wind (m - s71) at 850 hPa, (b, €, h) the

European Space Agency Climate Change Initiative surface soil moisture (m? - m=3); (c, f, i) the 10-day rainfall accumulation (mm - day™")
during each of the chosen case studies. (a)—(i) Environmental conditions for 10-day case studies commencing on (a-c) April 11, 2021, (d-f)
March 3, 2019, and (g-i) April 5, 2022. To improve visualisation, horizontal wind components are only shown for every fourth grid point

(= 1.0°). The purple transect in panels (a), (d), and (g) denotes the area used to identify periods with strong and weak jet conditions, and the
black transect in panels (c), (), and (i) denotes the area used to quantify rainfall in the periphery of the Turkana jet (Supporting Information
Figure S1). The green cross in (a) denotes the town of Marsabit, where radiosondes were launched from during the Radiosonde Investigation
for the Turkana Jet campaign. [Colour figure can be viewed at wileyonlinelibrary.com]

initialised from operational forecast values commencing
at the same hour. Section S1 in the Supporting Informa-
tion provides specific details regarding the regridding of
soil moisture data from the UKMO operational model
to our high-resolution model grid. We follow the same
regridding technique that is currently used operationally
at the UKMO.

Assimilated observations used to compute initial
UKMO soil moisture include ground-based measurements

of air temperature and specific humidity at 1.5m, as
well as satellite-derived soil wetness data from advanced
scatterometer (ASCAT) observations (Dharssi et al., 2011;
Gomez et al., 2020). Gémez et al. (2020) outline the pro-
cess of assimilating ASCAT-derived soil wetness into the
MetUM, including bias correction of the observations
and converting the soil wetness index into volumetric
soil moisture. The assimilation of multiple observational
products results in a more accurate initialisation of soil
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moisture compared with relying solely on previous opera-
tional forecasts, leading to improved predictions of surface
heat fluxes and near-surface atmospheric conditions. In
our modelling set-up, soil moisture evolves freely after
initialisation unless specified otherwise.

2.2.3 | Case study selection
Three initialisation dates were selected to examine the
impact of soil moisture anomalies on jet characteristics.
Since a substantial fraction of annual rainfall occurs dur-
ing the long rains season (March to May; Nicholson, 2017;
Palmer et al., 2023), a period characterised by low forecast
skill (Cafaro et al., 2021; de Andrade et al., 2021; Nicholson,
2014; Walker et al., 2019), we focused on case studies ini-
tialised within these months. Additionally, to ensure con-
sistency with the global UKMO operational model (section
2.2.2; Walters et al., 2017; Gomez et al., 2020) and due to
the availability of operational soil moisture data, our case
studies were restricted to the years 2017 to 2023.

Two metrics guided our selection of initialisation dates:

1. The 10-day rainfall averages in the periphery of
the Turkana channel, defined by the corner points
(=1.0°N, 37.5° E), (6.5° N, 30.0° E), (9.5° N, 33.0° E) and
(2.0°N, 40.5° E) (black transects in Figure 1).

2. The 10-day averages of the nocturnal channel-
orientated wind speed (bearing 315°) in the Turkana
channel, defined by the corner points (0.5° N, 37.5° E),
(5.0° N, 33.0° E), (6.5° N, 34.5° E), and (2.0° N, 39.0° E)
(purple transects in Figure 1).

Our computation of 10-day averages is motivated by
simulation length, as detailed in Section 2.2.1. Regarding
rainfall, we decided to focus on 10-day periods with mini-
mal precipitation in the periphery of the Turkana channel
to minimise interactions between deep convection and
the jet itself. Supporting Information Figure Sla illus-
trates average 10-day precipitation rates against 10-day
mean nocturnal jet speeds. Though weaker jet speeds are
associated with greater rainfall in the Turkana channel,

TABLE 2

consistent with King et al. (2021), we identify several
10-day periods that are characterised by strong or weak
jet conditions with minimal rainfall. After considering jet
speeds below and exceeding the 5th and 95th percentile
respectively (Supporting Information Figure Slb,c), we
selected March 4, 2019, and April 5, 2022, as our case
study initialisation dates to represent weak and strong jet
conditions respectively (red squares in Supporting Infor-
mation Figure S1b,c). These dates allow us to investigate
soil-moisture-jet interactions during weak and strong jet
conditions respectively while minimising the influencing
of convection on the jet.

Additionally, we perform a set of simulations ini-
tialised on April 11, 2021, the date with the lowest 10-day
precipitation accumulation around the Turkana jet during
the RIFTJet campaign (Section 2.1). This date is also char-
acterised by the strongest nocturnal jet observed during
the campaign (Munday et al., 2022), although the 10-day
average jet speed was similar to the rest of the campaign
(Supporting Information Figure S1d). By performing sim-
ulations with a start date in the RIFTJet campaign, we
can compare model outputs with radiosonde observa-
tions, in addition to atmospheric reanalyses. It is also
important to note that our simulation initialised on
April 11, 2021, coincides with phase 7 active MJO condi-
tions, characterised by dry conditions across East Africa
(Berhane & Zaitchik, 2014; Mutai & Ward, 2000; Pohl &
Camberlin, 2006; Talib et al., 2023), whilst March 4, 2019,
and April 5, 2022, corresponded to an active MJO in phase
3 (wet) and an inactive MJO respectively. For the remain-
der of this study, we refer to case studies initialised on
April 11, 2021, March 4, 2019, and April 5, 2022, as “ob-
served”, “weak”, and “strong” jet conditions respectively.
Table 2 summarises all case study attributes, including an
overview of atmospheric characteristics. Figure 1 shows
10-day means of 850 hPa ERAS5 horizontal wind and ESA
CCI surface soil moisture, as well as 10-day precipitation
accumulations from CHIRPS for each chosen case study.
As can be inferred from the figure, these case studies
allow us to examine soil-moisture—jet interactions under
varying jet characteristics and surface environments, while
minimising the effects of jet-convection interactions.

Details of 10-day case studies conducted in this study including 10-day averages of observed rainfall rates in the periphery of

the Turkana channel and channel-orientated wind speeds within the channel itself.

Initialisation Case study Average rainfall Average Dominant
date name rate (mm - day™") wind speed (m - s71) MJO phase
April 11, 2021 Observed jet 1.2 7.2 7

March 4, 2019 Weak jet 0.4 2.6 3

April 5, 2022 Strong jet 0.6 9.9 Neutral

Abbreviation: MJO: Madden-Julian oscillation.
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2.2.4 | Experiment design

For each case study we perform multiple MetUM simu-
lations. We first compute atmospheric integrations with
free-running, interactive soil moisture. For the rest of this
study, these atmospheric integrations will be referred to
as “control” simulations and denoted with a “C” label.
These simulations enable us to evaluate simulated atmo-
spheric conditions against radiosonde observations and
reanalyses.

To isolate the influence of soil moisture on the Turkana
jet, we perform a series of sensitivity experiments where
soil moisture is prescribed across all four JULES soil layers
within the simulation domain. To fix soil moisture within
the model domain, we define a spatially varying “soil
moisture scaling factor” (Figure 2a). At grid points where
the scaling factor is equal to one, soil moisture is reset

(a) 500 km scaling factor
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to the prescribed value at the end of every time step and
therefore remains constant throughout the entire 10-day
simulation. At other grid points where the scaling factor is
equal to zero, soil moisture can vary and is interactive with
the atmospheric model.

Here, we primarily focus on isolating the importance
of soil moisture within the channel’s exit, as this area
was identified as a hotspot for soil-moisture—atmosphere
interactions on MJO time-scales (Talib et al., 2023). To
prescribe soil moisture within the Turkana channel’s exit
region, we define a sector that is between the angles of
290° and 340°, and is centred at 4.5° N latitude and 35.0° E
longitude. After excluding the first 100 km from the cen-
tral point, we prescribe soil moisture with a sector length
of 500, 750, and 1,000 km. Figure 2a shows the scaling fac-
tor when prescribing soil moisture within 500 km of the
Turkana channel’s exit, and Figure 2b shows prescribed

(b) Orography

5,000

2,000

1,500

- 1,000

- 500

20

10

-10

=20

Longitude (*)

(a) The prescribed soil moisture scaling factor for all soil depths in 500 km experiments. (b) Orography (filled, m) and black

lined contours showing the perimeter of soil moisture scaling factors equal to 1.0 for simulations with a sector extent of 500, 750, and
1,000 km. The dashed black rectangle shows the region used to prescribe soil moisture in the Turkana channel. (c) The difference in initial
surface soil moisture (mm) between dry (D500) and wet (W500) simulations with prescribed soil moisture within 500 km of the Turkana
channel’s exit. (d) The 10-day change in surface soil moisture (mm) over the course of the D500 simulation commencing on April 11, 2021.

[Colour figure can be viewed at wileyonlinelibrary.com]
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soil moisture regions with sector lengths of 500, 750, and
1,000 km within the Turkana channel’s exit. In addition to
defining an area where soil moisture is fixed, we define
a boundary that is approximately 50 km from the edge of
fixed soil moisture conditions. In this area, the scaling fac-
tor linearly reduces from one to zero. At locations with a
fractional scaling factor, soil moisture is updated at every
time step using a weighted-average between prescribed
and interactive soil moisture. For instance, if the scaling
factor is equal to 0.7, the computed soil moisture uses
a weighting of 0.7 and 0.3 for prescribed and interactive
soil moisture values respectively. Creating a model set-up
that includes a boundary where the change between pre-
scribed and interactive soil moisture is smoothed reduces
the likelihood of strong soil moisture gradients and the
possible formation of soil-moisture-driven circulations
(Pielke Sr., 2001; Taylor et al., 2007, 2011). We also per-
form sensitivity experiments where soil moisture is pre-
scribed within the Turkana channel in addition to its exit
region. The Turkana channel, shown as a dashed rectangle
in Figure 2, is defined with the corner points of (5.0°
N, 33.6° E), (6.0° N, 34.6° E), (3.0° N, 37.6° E), and
(2.0° N, 36.6° E).

To summarise, the 10-day simulations performed for
each case study are as follows.

+ Control simulation: a baseline simulation with
free-running, interactive soil moisture.

« Dry simulations: simulations with dry surface condi-
tions in the channel’s exit of a length scale of 500, 750,
and 1,000 km.

« Wet simulations: simulations with wet surface condi-
tions in the channel’s exit of a length scale of 500, 750
and 1,000 km.

« Within-channel fixed soil moisture simulations:
dry and wet simulations with fixed soil moisture
within 500 km of the channel’s exit and throughout the
channel.

Table 3 outlines all simulations performed for each

initialisation date (Table 2). The remainder of this section

TABLE 3
performed for each case study (Section 2.2.3).

describes the computation of prescribed soil moisture
values and the methodology wused for labelling
simulations.

In this study, we carefully introduce soil moisture
changes that reflect realistic variability, as captured by the
UKMO operational model. Unlike previous studies that
imposed extreme surface conditions (e.g., wilting point
or saturation; Gaertner et al., 2010; Cioni & Hohenegger,
2017; Chen & Dominguez, 2024), this approach enables
a more meaningful assessment of how soil moisture vari-
ability impacts the Turkana jet and its implications for
operational forecasting. To define realistic dry and wet
conditions, we use soil moisture initialisations from the
UKMO global operational model. Using initialisation data
from 2016 to 2023, the 10th and 90th percentiles of 10-day
rolling means of initialised soil moisture in March-May
are used to represent dry and wet conditions respec-
tively. Discussed in more detail in Supporting Information
Section S1, operational soil moisture at an N768 reso-
lution (0.2° longitude x 0.16° latitude) during 2016 and
2017 is interpolated to the operational resolution from
2018 onwards (N1280; 0.14° longitude x 0.09° latitude).
Figure 2c shows the difference in initial surface soil mois-
ture between dry and wet simulations when soil moisture
is prescribed within 500 km of the channel’s exit. Addi-
tionally, Supporting Information Figure S2 shows the dif-
ference between dry and wet surface conditions across
the whole simulation domain for all four soil depths.
Within the channel’s exit, the most substantial soil mois-
ture differences occur at the surface in wetland areas
such as the Sudd (Figure 2c and Supporting Information
Figure S2c). Reduced soil moisture within the channel’s
exit decreases both the surface conductivity for evapora-
tion from bare soil (Figure S3c-e; Best et al., 2011) and the
efficiency of plant transpiration (Supporting Information
Figure S3f-h).

The labelling of fixed soil moisture simulations
includes a prefix of “D” or “W” to respectively denote
dry or wet soil moisture conditions followed by the size
of the soil moisture perturbation in kilometres (Table 3).
For example, dry simulations with fixed soil moisture
conditions of a length-scale of 500 km are labelled “D500”.

Assigned simulation labels for all atmospheric integrations performed in this study. A complete set of simulations is

Size of soil moisture perturbation (km)

Treatment of soil moisture 0 500
Interactive C

Dry D500
Wet W500

750 1,000 500 plus channel
D750 D1000 D500PC
W750 ‘W1000 WS500PC



TALIB ET AL.

Quarterly Journal of the 9 of 26

EIRMets

Simulations with fixed soil moisture in the Turkana chan-
nel, in addition to its exit, are given the suffix “PC”, short-
hand for “plus channel”. To further highlight that soil
moisture is fixed within a chosen region of the model
domain, Figure 2d shows the total soil moisture change
in the D500 simulation commencing April 11, 2021. By
design, within the prescribed region the soil moisture
remains constant, whereas in other locations the soil mois-
ture is allowed to vary.

Royal Meteorological Society

3 | RESULTS

3.1 | Evaluation of control simulations

Before examining the simulated impact of soil mois-
ture perturbations on the Turkana jet, we first compare
mean atmospheric conditions from the control sim-
ulations with satellite-derived rainfall totals and
atmospheric reanalyses (Figure 3), as well as radiosonde

(c) Rainfall

April 11, 2021
Observed jet
Latitude (°)

March 4, 2019
Weak jet
Latitude (°)

()

Nz
0L
(o]
o O

~c o}
28 2 N
E_ﬁ T Ry

20 25 30 35 40 45 50 20 25 30 35 40 45 50

Longitude (°) 10.0 m.s-!  Longitude (°) Longitude ()
) E———
-6.4-3.2 0.0 3.2 6.4 -24-12 00 1.2 24 -80 -40 0 40 80
m.s~! °C mm

FIGURE 3 The 10-day mean differences between simulated atmospheric conditions and European Centre for Medium-range Weather

Forecasts Reanalysis v5 (ERA5) 850 hPa (a, d, g) 0000 UTC/0300 h EAT channel-orientated wind speed (filled, m - s!) and (b, e, h) 1200
UTC/1500 h EAT temperature (filled, °C), as well as (c, f, i) 10-day accumulated Climate Hazards Group Infrared Precipitation with Stations
(CHIRPS) rainfall data (filled, mm). To evaluate simulated conditions, model output is linearly interpolated to the grid used for ERAS5 and
CHIRPS data. Atmospheric differences are shown for case studies initialised on (a-c) April 11, 2021, (d-f) March 4, 2019, and (g-i) April 5,
2022. Arrows in panels (a), (d), and (g) denote horizontal wind components; these are only shown every sixth grid point (=~ 1.5°) to improve
visualisation. Dashed green rectangles in all panels highlight the location of the Turkana channel. [Colour figure can be viewed at
wileyonlinelibrary.com]|
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minimum surface pressure, calculated at 3-hr intervals. For panels comparing simulations with observations, the minimum surface pressure
between radiosonde data and UK Met Office Unified Model simulation output is used. [Colour figure can be viewed at wileyonlinelibrary.com]

data (Figure 4). Evaluating our control simulations is
challenging owing to the limited availability of reliable
observations and the inaccuracies in atmospheric reanaly-
ses. Recent work by Munday et al. (2023a) highlights that
reanalyses tend to underestimate jet speeds by upto 5 m -
s~!, mainly due to poor representation of elevated inver-
sions and low-tropospheric subsidence. Given these find-
ings, and that MetUM convection-permitting simulations
better capture elevated inversions (Warner et al., 2024), it is
unsurprising that our control simulations exhibit stronger
jet speeds compared with ERA5 (Figure 3a,d,g). We also
simulate stronger winds across the windward side of both
the East African and Ethiopian highlands, suggesting
that orographic processes simulated at finer resolutions,
such as katabatic flows off steep terrains (Parish & Ool-
man, 2010; Vizy & Cook, 2019), strengthen wind speeds
across large areas of coastal East Africa. Additionally, the
largest wind differences are found during the strong jet
case study commencing on April 5, 2022 (Figure 3g). We
speculate that these particularly large wind differences
are associated with a strong along-channel temperature

difference (Figure 3h) that enhances the along-channel
pressure gradient and the Turkana jet, consistent with
Hartman (2018). Further focusing on temperature, all
three control simulations develop a regional-scale warm
bias of up to 2.5°C relative to ERA5 (Figure 3b,e,h). Pre-
vious analysis of the MetUM model in this region showed
that simulated evapotranspiration during a 10-day dry
spell declines too rapidly (Gallego-Elvira et al., 2019).
This leads to an accelerated warming of the land sur-
face, which in turn enhances sensible heat fluxes and
raises boundary-layer temperatures. Such behaviour
in the land-surface scheme likely contributes to warm
atmospheric biases in our simulations. Furthermore, we
hypothesise that such biases enhance the along-channel
temperature gradient, which intensifies the Turkana jet
and leads to similar jet speeds in both control and dry
simulations (Supporting Information Figure S4).

In addition to stronger winds on the windward side
of the Highlands, slower winds are simulated across
South Sudan and southern areas of Sudan. This combi-
nation of positive and negative wind differences leads to
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discrepancies in atmospheric convergence, particularly
across wetlands in South Sudan (not shown), with impli-
cations for the vertically integrated moisture transport.
However, enhanced convergence simulated in control
integrations does not lead to relatively high precipitation
errors when comparing simulated rainfall with CHIRPS
data (Figure 3c,f,i). Further focusing on precipitation, it
is unsurprising that errors in 10-day rainfall accumula-
tions are large and maximise to approximately 100 mm
across the Democratic Republic of Congo given the chaotic
behaviour of deep convection. Reassuringly, however,
there are minimal precipitation errors in the periphery of
the Turkana channel, indicating minimal jet-convection
interactions in our model simulations. We also found that
the co-location of precipitation and near-surface temper-
atures differences across semi-arid regions (not shown)
suggests strong coupling between precipitation and the
near-surface atmosphere; that is, enhanced precipitation is
co-located with cold temperature differences. To conclude,
although our convection-permitting simulations struggle
to capture the exact location of deep convective systems,
the occurrence of faster channel-orientated wind speeds
in our control integrations compared with ERAS5 indicates
that local orographic processes strengthen jet speeds for all
three case studies.

Building on previous work by Warner et al. (2024),
who evaluated MetUM convection-permitting simulations
against all radiosondes released during the RIFTJet cam-
paign, Figure 4 compares simulated diurnal cycles in
temperature, specific humidity, channel-orientated wind
speed, and channel-orientated moisture flux with RIFTJet
radiosondes released between April 11 and April 21, 2021.
We find that simulated temperatures below 800 hPa are up
to 2°C warmer compared with radiosonde data (Figure 4c).
In addition, although Warner et al. (2024) conclude that
convection-permitting simulations better resolve noctur-
nal elevated inversions than atmospheric integrations
with parametrised convection do, we both find that these
inversions are still too cold by up to 2°C. Focusing
on specific humidity, it is evident that the model over-
estimates daytime boundary-layer growth (Figure 4d,e)
with large daytime (0600-1500 UTC/0900-1800h EAT)
midtropospheric wet errors of up to 3 g - kg™ (Figure 4f).
Whereas humidity errors weaken during the evening
(1800-2100 UTC/2100-0000h EAT, ~ —1 g - kg™'), posi-
tive humidity biases are simulated in the latter half of
the night (0000 and 0300 UTC/0300h and 0600h EAT).
As concluded in Munday et al. (2022), a narrow jet
predominantly confined to below 800hPa is observed
(Figure 4h). Our control integrations, on the other hand,
simulate a much broader LLJ (Figure 4h) with posi-
tive nocturnal wind errors maximising to 6 m-s™! at
800 hPa (Figure 4h). Intensified channel-orientated winds
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between 800 and 700 hPa lead to positive errors in the
channel-orientated moisture flux (Figure 41). As specu-
lated by Warner et al. (2024), this increased depth of
channel-orientated moisture fluxes may contribute to an
overestimated moisture transport through the Turkana
channel. In summary, our high-resolution control simu-
lations reasonably capture the diurnal evolution of the
Turkana jet, including its peak intensity, and minimal
rainfall in the jet periphery. However, when analysing
the simulated impact of soil moisture on the LLJ, we
must keep in mind that our model configuration overesti-
mates daytime boundary-layer growth and the depth of the
nocturnal jet.

3.2 | Sensitivity of the Turkana jet to soil
moisture within 500 km of the channel’s
exit

To begin investigating the impact of soil moisture anoma-
lies on the Turkana jet, we focus on simulations with fixed
soil moisture within 500km of the Turkana channel’s
exit (Table 3, D500 and W500). Figure 5 shows 10-day
mean temperature and geopotential height differences
at 850hPa between dry (D500) and wet (W500) sim-
ulations, as well as differences in channel-orientated
wind speed and moisture flux. Channel-orientated diag-
nostics are calculated at a bearing of 315° using both
horizontal wind components. Additionally, we illustrate
differences in wind and moisture convergence after down-
scaling to a 0.5° resolution using first-order conservative
regridding. Owing to well-known sub-daily variations in
the thermodynamic and dynamic response to anoma-
lous surface turbulent fluxes (e.g., Racz & Smith, 1999;
Parker et al., 2005; Talib et al., 2022, and discussed later)
(discussed later), we show temperature and geopoten-
tial height differences at 1200 UTC/1500h EAT, and
the wind and moisture flux differences are shown at
0000 UTC/0300h EAT. When comparing the difference
between dry and wet simulations, we find that drier soils,
and a reduced evaporative fraction (Supporting Informa-
tion Figure S3i-k), across the lowlands of South Sudan lead
to substantially warmer low-tropospheric temperatures
by up to 3°C (Figure 5a-c). Low-tropospheric warming
promotes a thermal low across the channel’s exit, which is
highlighted by a negative geopotential height difference of
up to 6-7 m (Figure 5d—f) and converging low-level winds
(Figure 5g-i). Consistent with observations during active
MJO events (Talib et al., 2023), the surface-driven heat low
anomaly intensifies nocturnal channel-orientated wind
speeds through the Turkana channel by up to 5m- s,
In light of mean jet speeds of between 10 and 15 m - s™!
in our control simulations (Supporting Information
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FIGURE 5 The 10-day mean atmospheric differences between D500 and W500 simulations with prescribed soil moisture within

500 km of the Turkana channel’s exit: (a-c) air temperature (filled, °C) and (d-f) geopotential height (filled, m) at 1200 UTC/1500 h EAT;
(g-i) channel-orientated wind speed (filled, m - s™') and (j-1) channel-orientated moisture flux (filled, kg - kg™ - m - s71) at 0000 UTC/0300 h
EAT. All atmospheric differences are shown at 850 hPa. Arrows in (g)-(i) denote horizontal wind components, whereas in (j)-(1) they denote
horizontal moisture flux components. To improve visualisation, arrows are only shown for every 20th grid point (~ 0.8°). Red lined contours
in (g)-(i) and (j)~(1) mark areas of wind and moisture convergence greater than 2.5 x 10~ s~ and 2.5 x 107 kg - kg™ - s™! respectively, after
downscaling to a 0.5° resolution. Simulated atmospheric differences are shown for case studies initialised on (a, d, g, j) April 11, 2021, (b, e, h,
k) March 4, 2019, and (c, f, i, 1) April 5, 2022. On all panels, grey shading indicates grid points where the minimum surface pressure between
D500 and W500 is smaller than 850 hPa at any time in the 10-day simulations. Green and cyan rectangles in all panels highlight the areas
used for vertical cross-sections through the Turkana channel (Figure 6) and computing vertical profiles of the channel-orientated moisture
flux (Figure 7) respectively. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure S4 ), in addition to observed jet speeds of a similar
magnitude (Kinuthia, 1992; Kinuthia & Asnani, 1982;
Munday et al., 2022), we conclude that soil moisture in
the channel’s exit can substantially control jet intensi-
ties. Intensified nocturnal winds when prescribing drier
soils enhance low-tropospheric wind convergence across
the lowlands of South Sudan (Figure 5g-i) and increase
low-level channel-orientated moisture transport by up to
0.025 kg - kg™ - m - s~! (Figure 5j-1).

The impact of fixed soil moisture differences on the
atmosphere varies vertically. To better understand this var-
ied atmospheric response to differences in prescribed soil
moisture, Figure 6 shows vertical cross-sections of 10-day
mean differences between D500 and W500 in tempera-
ture, channel-orientated wind speed, specific humidity,
and channel-orientated moisture flux. Additionally, wind
speeds and moisture fluxes from the control simulations
are displayed in lined contours. For all three case stud-
ies, prescribing dry soils leads to anomalous warming
below approximately 650 hPa compared with when pre-
scribing wet soils (Figure 6a,e,i). Cooling of up to 1.5°C
is simulated in the overlying layer (650-550 hPa), consis-
tent with previous studies that find midlevel divergence
and cooling above a surface-induced thermal low (e.g.,
Howard & Washington, 2018; Racz & Smith, 1999; Talib
et al., 2021). The soil moisture-induced thermal low pro-
motes an overturning circulation centred over prescribed
soil moisture anomalies (Figure 6b,f,j). This overturning
circulation aligns with climatological patterns identified
in atmospheric reanalyses (Nicholson, 2016) and sup-
ports the argument that seasonal variations in low-level
thermal forcing influence jet intensity (Hartman, 2018).
Between the surface and 825hPa, channel-orientated
wind speeds and moisture fluxes are enhanced for all
three case studies. Above 825hPa and up to approx-
imately 600hPa, the overturning circulation weakens
channel-orientated wind speeds and moisture fluxes by
up to 3m-s~! and 0.03kg-kg™' -m s~ respectively.
As expected, prescribing dry soils reduces near-surface
specific humidity due to reduced surface evapotranspi-
ration (Figure 6c,g,k). However, the co-location of wind
and moisture flux differences indicates that moisture
transport changes are predominately controlled by wind
variations.

From Figures 5 and 6 we conclude that the magnitude
of the atmospheric response to differences in prescribed
soil moisture is sensitive to the initialisation date cho-
sen. For instance, surface-induced temperature perturba-
tions reach up to 3°C under weak jet conditions, whereas,
under strong jet conditions, warm temperature anoma-
lies are advected downstream, prohibiting the build-up
of surface-driven heating (Figure 6e,i). Reduced heat
advection under weak jet conditions leads to a stronger
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thermal gradient, and hence a more intense thermal-low
circulation (Figure 6f,j). Supporting Information Figure S4
shows that under weak jet conditions we simulate a jet
strengthening of approximately 65% when comparing sim-
ulations with prescribed dry or wet soils. Meanwhile, for
the other two case studies, an average jet intensification
of 13% to 17% is simulated. In addition to strong jet con-
ditions reducing the amount of anomalous heat contained
within the channel’s exit, we speculate that large-scale syn-
optic variability responsible for an intense LLJ reduces
the importance of surface-driven processes. This aligns
with a weaker sensitivity of the nocturnal jet when the
preceding daytime along-channel pressure difference is
greater (Supporting Information Figure S5 ). Similar con-
clusions have been reached in studies of the LLJ across the
Great Plains of the United States (Campbell et al., 2019;
Ferguson et al., 2020); the influence of soil moisture on
LLJ characteristics is significantly larger when the jet
is weak or decoupled from the upper level jet stream
(Burrows et al, 2019; Campbell et al., 2019). Though
multiple studies have demonstrated that the Turkana jet
is sensitive to large-scale atmospheric conditions (King
et al.,, 2021; Nicholson, 2016; Vizy & Cook, 2019), fur-
ther research is needed to comprehensively quantify how
the jet’s sensitivity to large-scale atmospheric conditions
affects surface-induced jet variations.

In general, dry soils in the Turkana channel’s exit
intensify the nocturnal LLJ and enhance low-tropospheric
moisture transport. However, the surface-induced over-
turning circulation also leads to an anomalous moisture
transport in the opposite direction between approximately
800 and 600 hPa (Figure 6d,h,l). To investigate the impor-
tance of this anomalous midtropospheric moisture flow
in more detail, Figure 7 presents area-averaged verti-
cal profiles of channel-orientated moisture fluxes across
the immediate exit of the Turkana channel (bounded
area with corner points of (2.95° N, 34.75° E), (5.7° N,
32.0° E), (7.46° N, 33.76° E), and (4.71° N, 36.51° E)
denoted by cyan rectangles in Figure 5 and dashed vertical
lines in Figure 6d,h,l). The figure also partitions mois-
ture flux differences into variations driven by wind or
humidity. Both dry and wet simulations exhibit a posi-
tive channel-orientated moisture flux up to approximately
400 hPa (Figure 7), with dry soils strengthening fluxes
below 800 hPa and weakening them above. Consistent
with the co-location of wind and moisture flux differ-
ences in Figure 6, wind changes are primarily responsible
for moisture flux differences (dotted lines). Interestingly,
however, midtropospheric moisture flux differences have a
greater impact on vertically integrated moisture transport
than low-level variations do. For example, when compar-
ing dry and wet simulations initialised on April 11, 2021,
moisture flux differences associated with the outflow are
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FIGURE 6  Vertical cross-sections of 10-day mean atmospheric differences between D500 and W500 simulations with prescribed soil

moisture within 500 km of the Turkana channel’s exit: (a, e, i) air temperature (filled, ° C), (b, f, j) channel-orientated wind speed (filled,
m -s™), (c, g, k) specific humidity (filled, g - kg™"), and (d, h, 1) channel-orientated moisture flux (filled, kg - kg™ - m - s71). Arrows in the
first and third columns are horizontally and (c, g, k) vertically scaled by differences in channel-orientated and vertical wind speed (m - s71)

respectively. To improve visualisation, arrows are only shown for every eighth grid point horizontally (=~ 0.32°) and fifth grid point vertically.

Additionally, vertical wind speeds are multiplied by 100.0. The lined contours in the second and fourth columns show absolute values from

control simulations in intervals of 5 m - s and 0.5 kg - kg™! - m - s7! respectively. Solid lines denote positive values, whereas dotted lines

indicate the zeroth contour. Grey shading indicates the orographic cross-section, which is based on the minimum 20th percentile of

simulated surface pressure between D500 and W500 across the cross-section throughout the 10-day simulation. The red rectangles below all

bottom-row panels denote locations where at least one grid point has fully prescribed soil moisture. Blue dashed lines in panels (d), (h), and

(1) highlight the area used to compute moisture flux profiles (Figure 7). [Colour figure can be viewed at wileyonlinelibrary.com]

approximately 60% stronger than inflow differences are
(Figure 7a). The deeper extent of midlevel outflow differ-
ences compared with low-tropospheric variations weakens
moisture transport from coastal East Africa to continental
Africa. This highlights a mechanism with which soil mois-
ture dampens the efficiency of the Turkana jet to advect
moisture through the channel. However, model errors,
such as overestimated moisture fluxes between 800 and
700 hPa due to an overestimated jet depth and a posi-
tive humidity bias (Figure 4; Warner et al., 2024), must
be considered. We suggest that if the Turkana jet was

constrained closer to the surface, possibly due to a
shallower boundary layer and a better representation
of elevated nocturnal inversions, a stronger response
in low-level moisture transport could emerge, further
impacting the regional-scale moisture budget. Improved
jet simulations could also reduce midlevel moisture flux
changes, yielding a more accurate understanding of
surface-circulation interactions. In summary, though our
simulations highlight that the Turkana jet is sensitive
to soil moisture perturbations at the channel’s exit, the
surface-driven overturning circulation is associated with a
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(a) April 11, 2021, observed jet (b) March 4, 2019, weak jet
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(c) April 5, 2022, strong jet
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FIGURE 7 Vertical profiles of the average density-weighted channel-orientated moisture flux (kg - m™! - s71) through the immediate

exit of the Turkana channel (area averaged denoted by cyan rectangles in Figure 5 and cyan dashed lines in Figure 6). Red and blue lines
show absolute profiles for D500 and W500 simulations respectively. Black continuous lines show the difference between D500 and W500
simulations. Grey and blue shading highlights positive and negative profile differences. The vertical integrations of positive and negative
differences are labelled in the top right corner of each panel. The difference between simulations is also partitioned into changes driven by
(dotted) wind, (dashed) humidity, and (dash-dotted) the product of wind and humidity differences. The profiles are shown at 0000
UTC/0300 h EAT for simulations initialised on (a) April 11, 2021, (b) March 4, 2019, and (c) April 5, 2022. [Colour figure can be viewed at
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reduced vertically integrated moisture transport between
coastal East Africa and continental Africa.

So far, our analysis of the atmospheric response to
fixed soil moisture perturbations has focused on 10-day
averages. To illustrate sub-daily and daily variability in
the jet response, Figure 8 shows temporal variations
between D500 and W500 simulations in temperature,
channel-orientated wind speed, and channel-orientated
moisture flux at 850hPa, as well as surface pressure
and temperature at 600 hPa. The Hovmoller diagrams in
Figure 8, which are centred through the Turkana chan-
nel (green rectangles in Figure 5), focus on differences
between simulations commencing on March 4, 2019, with
Supporting Information Figures S6 and S7 showing differ-
ences for the simulations initialised on April 11, 2021, and
April 5, 2022, respectively. To the right of the Hovmaller
diagrams we show the average diurnal cycle difference
between dry and wet simulations, as well as tendencies

across the whole 10-day simulation. In agreement with
previous studies investigating the dynamical atmospheric
response to dry soils (e.g., Parker et al., 2005; Racz &
Smith, 1999; Talib et al., 2023), there is a diurnal variation
in the thermodynamic and dynamic response to reduced
soil moisture. Whereas low-level temperature differences
peak at 1500 UTC/1800 h EAT (Figure 8b), due to turbu-
lent surface fluxes and accumulated boundary-layer heat
maximising at approximately midday and late afternoon
respectively, wind and moisture flux differences peak at
0300 UTC/0600h EAT (Figure 8h,k). The acceleration
of low-level winds is prohibited until after sunset, as
frictional forces, driven by daytime turbulent fluxes and
boundary-layer turbulence, limit a low-level dynamical
response during daylight hours. Finally, we also exhibit
a strong diurnal cycle in atmospheric cooling at 600 hPa
(Figure 8n). This midtropospheric cooling—consistent
with Spengler and Smith (2008), who investigated heat
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low dynamics in an idealised model configuration—is
associated with upper tropospheric subsidence
(not shown).

In addition to illustrating diurnal variations in the
atmospheric response to soil moisture perturbations,
Figure 8 highlights day-to-day variability. We propose
three possible mechanisms for this simulated daily vari-
ability: (1) large-scale synoptic variability controlling

the influence of soil moisture on jet characteristics; (2)
cloud-radiation interactions affecting low-level heating;
and (3) the impact of accumulated surface-driven heat.
As proposed when considering differences between
case studies, the jet sensitivity to soil moisture depends
on the large-scale synoptic variability. When the
along-channel pressure difference is large, and there-
fore large-scale circulation anomalies are the dominant
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driver for jet characteristics, the influence of soil
moisture on LLJ characteristics is small (Supporting
Information Figure S5c). With regard to the influence of
cloud-radiation interactions, Figure 8a,d indicates that
the intensity of surface pressure differences depends on
low-level atmospheric warming. For instance, relatively
weak warming during days 2 and 3 are associated with rel-
atively small pressure differences. Correlations between
simulated midlevel cloud and atmospheric conditions
illustrate that cloud-radiation interactions substantially
control the amount of surface-driven atmospheric heating
by reducing insolation and surface sensible heating (Sup-
porting Information Figure S8). Reduced atmospheric
warming associated with cloud-radiation interactions
decreases the dynamical atmospheric response, including
the acceleration of the nocturnal jet. Finally, throughout
the 10-day simulation, surface-driven heating accumu-
lates in the low-level atmosphere, especially when the
Turkana jet is weak (Figure 8c). This heat accumulation
gradually reduces the surface pressure in the channel’s exit
(Figure 8f) and intensifies nocturnal jet speeds (Figure 8i).
The effect can also be seen from stronger jet differences
in the latter half of the 10-day simulation compared
with the former (Figure 8g). This effect of accumulated
surface-driven heat on the Turkana jet is consistent with
an intensification of jet anomalies during MJO events
(Talib et al., 2023).

3.3 | The impact of increasing the size
of soil moisture perturbations

In the previous subsection we show that the Turkana jet is
sensitive to soil moisture conditions in the channel’s exit.
However, whereas the surface-induced overturning circu-
lation strengthens the LLJ, it reduces the total amount
of moisture transported through the channel (Figure 7).
Additionally, we find that simulated wind differences are
constrained to within approximately 200 km of perturbed
soil moisture conditions. To investigate whether these con-
clusions depend on the size and location of soil moisture
perturbations, we perform additional atmospheric integra-
tions with soil moisture differences that extend further
away from the channel’s exit or within the channel itself
(Table 3).

Figure 9 shows 10-day mean differences in noctur-
nal channel-orientated wind speed and wind conver-
gence at 850 hPa between all pairs of dry and wet sim-
ulations. To further support our discussion, Figure 10
shows vertical cross-sections of differences in temper-
ature, channel-orientated wind, and channel-orientated
moisture flux for simulation pairs initialised on March 4,
2019 (also shown for simulations commencing on April

Royal Meteorological Society

11, 2021, and April 5, 2022, in Supporting Information
Figures S9 and S10 respectively). For all three case studies,
increasing the extent of soil moisture perturbations from
500 to 750 km (D500/W500 to D750/W750) increases the
difference in nocturnal jet speeds across the channel’s
exit (Figure 9). For example, wind differences are approx-
imately 50% larger when extending soil moisture per-
turbations to 750 km for the case study commencing on
March 4, 2019 (Figures 9e and 10f and Supporting Infor-
mation Figure S4b). These enhanced wind differences
amplify differences in wind convergence. Interestingly,
despite the 250km extension in surface-driven anoma-
lous heating (Figure 10b), the maximum difference in
convergence and vertical wind remains fixed near 32° E
(Figures 10e and 10f). This suggests that the jet is only
able to extend approximately 100 km from the channel’s
exit, regardless of the heating extent, due to the dimin-
ishing amount of sensible heat after sunset. Furthermore,
the intensified surface-induced overturning circulation
when increasing the extent of soil moisture perturbations
to 750km increases the magnitude of low-tropospheric
moisture transport (Figures 10i and 10j and Support-
ing Information Figure S11). However, we only find an
enhanced jet efficiency in transporting moisture through
the channel in weak jet simulations (Supporting Informa-
tion Figure S11b).

On the other hand, although increasing the extent
of soil moisture perturbations to 750km intensifies
surface-driven low-tropospheric heating and the asso-
ciated overturning circulation, extending soil moisture
perturbations by a further 250km (D1000/W1000)
leads to only minor additional atmospheric changes.
Figure 10c shows that the extension of dry surface con-
ditions to 1,000km leads to relatively small increases
in low-tropospheric temperature (approximately 1° C)
between 28° E and 30° E longitude. Differences between
dry and wet surface soil moisture conditions within 28° E
and 30° E longitude are relatively small (Supporting Infor-
mation Figure S2c), as this area is typically arid during
March-May. In other words, “wet” soil moisture condi-
tions in this region are too dry to promote substantial
differences in the surface flux partitioning. Hence, addi-
tional surface heating, and the associated atmospheric
response, is muted when comparing D1000 and W1000
simulations.

Finally, in addition to increasing the extent of soil mois-
ture perturbations in the channel’s exit, we also performed
a set of simulations with fixed soil moisture within the
channel itself (D500PC and W500PC). As concluded when
only changing soil moisture conditions in the channel’s
exit, the atmospheric response is relatively constrained to
the region of perturbed soil moisture conditions; that is,
minimal wind differences are simulated in the channel’s
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FIGURE 9 Differences in 10-day mean channel-orientated wind speed (filled, m - s71) between dry and wet simulations. The panels
show differences between (a—c) D500 and W500, (d—f) D750 and W750, (g-i) D1000 and W1000, and (j-1) DS00PC and W500PC. Arrows,
which are only shown for every 20th grid point (= 0.8°) to improve visualisation, denote horizontal wind components. Red lined contours
denote areas of wind convergence greater than 2.5 x 107> s~ after downscaling to a 0.5° resolution. Left, center and right panels show
simulated atmospheric differences for case studies initialised on 11th April 2021, 4th March 2019 and 5th April 2022 respectively. On all
panels grey shading indicates grid points where the minimum surface pressure between the two simulations is smaller than 850 hPa at any
time in the 10-day simulation. Green rectangles in all panels highlight the area used for vertical cross-sections through the Turkana channel
(Figure 10 and Supporting Information Figures S9 and S10). [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 10  Vertical cross-sections of 10-day mean atmospheric differences between dry and wet simulations initialised on March 4,

2019. The panels show differences between (a, e, i) D500 and W500, (b, f, j) D750 and W750, (c, g, k) D1000 and W1000, and (d, h, 1) D500PC
and W500PC. Shown are differences in (a-d) air temperature (filled, °C), (e-h) channel-orientated wind speed (filled, m - s71), and (i-1)
channel-orientated moisture flux (filled, kg - kg™ - m - s71). Arrows in (a)-(d) and (e)-(h) are horizontally and vertically scaled by differences
in channel-orientated and vertical wind speed (m - s7!) respectively. To improve visualisation, arrows are only shown for every eighth grid
point horizontally (~ 0.32°) and fifth grid point vertically. Additionally, vertical wind speeds are multiplied by 100.0. Dashed contours in
(i)-(1) show differences in specific humidity at intervals of —0.5 g - kg™!. Grey shading indicates the orographic cross-section, which is based

on the minimum 20th percentile of simulated surface pressure between the two simulations across the cross-section throughout the 10-day

simulation. The red rectangles below bottom-row panels denote locations where at least one grid point has fully prescribed soil moisture for

each simulation set. [Colour figure can be viewed at wileyonlinelibrary.com]

entrance (Figure 9j-1). Figure 10d,h,l shows that though
changing soil moisture conditions within the channel
extends the region of anomalous low-tropospheric heat-
ing, the surface-driven overturning circulation is signif-
icantly weaker. As a result of this, we hypothesise that
the Turkana jet is most sensitive to the temperature gra-
dient across the channel’s exit. Hence, when extending
prescribed soil moisture conditions into the channel itself,
we weaken the temperature gradient across the channel’s
exit and simulate a weaker jet response. Although we sim-
ulate a wind response within the channel itself, most likely
due to a surface-induced pressure gradient between the
entrance and centre of the channel, the wind response
is relatively small due to arid conditions (Supporting

Information Figure S2c) and weak low-level temperature
differences (Figure 10d) within the channel.

To summarise, in our convection-permitting model
configuration, the jet response to soil moisture perturba-
tions maximises when varying surface conditions within
750km of the channel’s exit. Extending soil moisture
perturbations further or within the channel itself does
not favour a strengthened jet response due to either
minimal soil moisture variability or a weakening of
the surface-induced pressure gradient across the chan-
nel’s exit. Nevertheless, our simulations highlight that
Turkana jet speeds can vary by up to 8 m-s™! when
realistically changing soil moisture conditions across the
channel’s exit.


http://wileyonlinelibrary.com

20 of 26 Quarterly Journal of the

NRMets

TALIB ET AL.

Royal Meteorological Society

4 | DISCUSSION

Motivated by recent findings that soil-moisture-
atmosphere feedbacks amplify MJO-induced anoma-
lies of the Turkana jet (Talib et al., 2023), this study
isolates the specific influence of soil moisture on jet
characteristics using convection-permitting modelling
experiments. By examining simulated atmospheric dif-
ferences between experiments with realistic dry or wet
surface conditions across the channel’s exit, we find that
dry soils enhance a surface-induced thermal low, increase
the along-channel pressure gradient, and intensify the
nocturnal jet. Notably, under weak jet conditions, wind
speeds are up to 8 m-s~! stronger in atmospheric sim-
ulations with dry soils compared with those with wet
soils. However, jet sensitivity to soil moisture is reduced
when large-scale circulation patterns strongly control
jet dynamics or when cloud-radiation interactions are
substantial.

A major limitation of using atmospheric simulations
to isolate drivers of jet variability is that most models
struggle to capture characteristics of the Turkana jet
(Oscar et al.,, 2022). Though increasing model resolu-
tion to convection-permitting scales improves simulated
jet speeds, even such high-resolution models have diffi-
culty accurately resolving elevated nocturnal inversions
(Figure 4; Warner et al., 2024), primarily due to chal-
lenges associated with parametrisation schemes depicting
processes within stable atmospheric boundary layers
(Holtslag et al., 2013). In light of observations indicating
that elevated inversions suppress upward momentum
mixing and lead to an intensified Turkana jet (Munday
et al,, 2024), we hypothesise that the poor representa-
tion of elevated nocturnal inversions in our simulations
leads to an overestimated jet depth and a positive midtro-
pospheric nocturnal humidity bias. Consequently, we
speculate that the jet’s sensitivity to soil moisture depends
on the parametrisation of boundary-layer processes, with a
more pronounced response expected when elevated inver-
sions are better resolved. Future work should investigate
surface-driven jet modulation using a model configura-
tion with a boundary-layer parametrisation scheme that
provides a more accurate representation of the LLJ. Fur-
thermore, we found that surface-driven low-level moisture
transport changes are counteracted by midtropospheric
variations associated with the return flow of the thermally
induced overturning circulation. As a result, our simu-
lations provide limited evidence that surface-driven jet
variations significantly affect continental-scale moisture
budgets. A better representation of elevated inversions
may reduce the sensitivity of midtropospheric moisture
transport, thereby potentially increasing the sensitivity

of the vertically integrated moisture transport to
surface-driven jet variations.

Additionally, it is important to acknowledge our
reliance on a single atmospheric dynamical model to
investigate surface-jet dynamics. Since general circulation
models vary in their simulation of land-surface dynam-
ics (Gallego-Elvira et al., 2019; Mwanthi et al., 2023) and
soil moisture coupling with temperature and precipita-
tion (Gevaert et al., 2018; Hohenegger et al., 2009; Koster
et al., 2006; Miiller et al., 2021; Taylor et al., 2013), dif-
ferent models may exhibit varying jet sensitivities to soil
moisture. Furthermore, these model discrepancies may
partly explain substantial differences in simulated jet char-
acteristics (King et al., 2021; Munday et al., 2021; Oscar
etal.,2022). Nevertheless, even though the influence of soil
moisture on the Turkana jet has only been examined in one
atmospheric model configuration, we provide modelling
evidence that correctly capturing jet variability requires
an accurate depiction of surface—jet interactions, in addi-
tion to a detailed representation of orographic processes
(Warner et al., 2024).

Owing to limited computational resources, which
restricted the design and number of convection-permitting
simulations, our investigation focused on three 10-day
periods each within a long rains season. Given the pro-
nounced seasonal variability in jet characteristics, driven
by changes in continental-scale circulation patterns
(Hartman, 2018; King et al., 2021; Nicholson, 2016), we
anticipate that the jet’s sensitivity to soil moisture varies
throughout the year. Additionally, the influence of soil
moisture on jet characteristics is likely to vary seasonally
due to differences in surface characteristics across the
channel’s exit (Agutu et al., 2021; Rebelo et al., 2012). To
simplify our analysis of surface-jet interactions further,
we focused on periods of rainfall deficiency, as the location
of simulated deep convection varies substantially across
convection-permitting experiments (Cafaro et al., 2021).
Simulated variations in deep convection would have made
it challenging to distinguish jet variations that are solely
driven by prescribed soil moisture variations and not due
to differences in convection. Consistent with a reduced
soil-moisture—jet coupling under increased midlevel cloud
cover (Supporting Information Figure S8), we hypoth-
esise that reduced surface insolation during periods of
deep convection dampens both the surface flux and atmo-
spheric response to soil moisture variations. Moreover,
enhanced deep convection may modify low-level conver-
gence patterns near the periphery of the Turkana channel,
further influencing jet sensitivity. To fully understand the
jet’s response to soil moisture in a highly convective envi-
ronment requires a large ensemble of simulations that
capture the range of jet responses in different convective
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conditions. Considering the jet is most sensitive to soil
moisture variations under clear skies, the jet may be
particularly responsive to surface variations outside the
local rainy seasons.

Given the relatively low forecast skill across East Africa
(Cafaro et al., 2021; de Andrade et al., 2021; Gudoshava
etal., 2024; Mwangi et al., 2014; Young & Klingaman, 2020)
and the growing demand for skilful atmospheric predic-
tions (Gudoshava et al., 2022; Hirons et al., 2021), there
is an urgent need for reliable predictions of East African
atmospheric variability. One way to enhance forecasts of
the Turkana jet is through improving the representation
of surface characteristics across the channel’s exit. This
is particularly challenging, as much of South Sudan is
a floodplain (Marthews et al., 2022; Parker et al., 2022),
where, after heavy rainfall, upstream flows can satu-
rate wetlands for several months (Basheer et al., 2023;
Mohamed & Savenije, 2014; Sutcliffe & Brown, 2018). Such
surface saturation can dramatically alter the partitioning
of surface fluxes, which in turn influences the Turkana jet.
Current numerical weather prediction models do not sim-
ulate crucial fluvial inundation processes, thereby miss-
ing this important source of surface-driven predictability.
Though the assimilation of satellite-derived observations
has improved the initialisation of soil moisture in oper-
ational predictions (De Rosnay et al., 2013; Draper &
Reichle, 2019; Gémez et al., 2020), the evolution of soil
moisture throughout the forecast is poorly represented and
affects the representation of soil-moisture-atmosphere
coupling (Dirmeyer et al., 2018). For example, in line with
Gallego-Elvira et al. (2019), our simulations show that sur-
face evaporation is overestimated in wet, energy-limited
regions (not shown). In the context of the Turkana jet,
simulated wet soils in the channel’s exit, which weaken
the jet, are unlikely to persist beyond several days due to
rapid surface drying. We further hypothesise that improv-
ing the accuracy of Turkana jet predictions could lead to
better forecasts of other key components of the African
climate system. For instance, moisture transport through
the Turkana channel plays an important role in the for-
mation and development of African easterly waves to the
west of the Ethiopian Highlands (Hamilton et al., 2020;
Nufiez Ocasio et al, 2021; White et al, 2021). These
African easterly waves propagate along the African east-
erly jet (Mathon et al., 2002b) and partly control the loca-
tion of Sahelian mesoscale convection systems (Janiga
& Thorncroft, 2016; Mathon et al., 2002a; Nufiez Ocasio
etal.,2021).

This study contributes to the growing body of research
that examines regional-scale atmospheric dynamical
changes in response to anomalous surface conditions
(Bieri et al., 2021; Chen & Dominguez, 2024; Correa
et al., 2024; Matus et al., 2023; Talib et al., 2021, 2022).
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Although previous modelling efforts have demonstrated
that improving soil moisture initialisation enhances
subseasonal forecast skill for temperature and, to a
lesser extent, precipitation (Dirmeyer et al., 2018; Gdmez
et al, 2020; Koster et al., 2006, 2011), these studies
have primarily focused on localised surface-atmosphere
interactions. In light of a growing demand for skilful
atmospheric predictions, there is a continued need to
quantify surface-driven dynamical predictability and its
impact on local weather. The Turkana jet, situated across
a steep aridity gradient, is a hotspot for surface-jet interac-
tions. In light of observations that suggest surface changes
across this aridity gradient influence MJO-induced jet
anomalies (Talib et al., 2023), there is an opportunity to
quantify surface-driven subseasonal predictability of jet
anomalies. Furthermore, most research, including this
study, focuses on surface-driven dynamical changes in
specific regions. Expanding this work, there is a clear
opportunity to develop a global framework that quantifies
dynamical atmospheric responses to surface variability,
and to evaluate such processes in forecast and climate
models.

5 | CONCLUSIONS

By analysing MetUM convection-permitting simulations
with prescribed soil moisture conditions, we highlight
that surface characteristics at the Turkana channel’s exit
can substantially influence the strength of the nocturnal
jet. Simulated jet speed differences peak at approximately
8 m - s~! when comparing atmospheric integrations with
fixed dry or wet surface conditions across the lowlands
of South Sudan. Drier soils in the channel’s exit enhance
surface warming, promote a local surface-induced ther-
mal low circulation, intensify the along-channel pressure
gradient, and strengthen the LLJ. However, jet sensitivity
to soil moisture reduces when the synoptic-scale circu-
lation substantially controls jet characteristics or when
cloud-radiation interactions reduce surface insolation.
Additionally, despite jet intensification when prescribing
dry soils, there is no significant increase in the vertically
integrated moisture transport through the channel, nor
does it notably impact continental-scale moisture bud-
gets. This is because the return flow associated with the
thermally induced circulation transports similar moisture
amounts to that exhibited at low levels. However, we spec-
ulate that midtropospheric moisture transports are too
large due to a positive midlevel humidity bias. This study
is the first to use modelling experiments to show that soil
moisture may be a source of predictability for forecast-
ing characteristics of the Turkana jet. Future experiments
should focus on fully isolating the predictive skill that can
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be derived from land-surface processes in this sensitive
region.
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