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A B S T R A C T

In this study we examine a 25-year simulation of a Regional Coupled Ocean-Atmosphere Model 
(RCOM) forced by global atmospheric and ocean reanalysis at the lateral boundaries over eastern 
equatorial Africa which includes parts of the Great Horn of Africa (GHA). It is a first of its kind use 
of a RCOM for the region. The model shows several observed features of the regional climate with 
bimodal peaks in the seasonal cycle interspersed with regions of unimodal peak, significant 
diurnal and intra-seasonal variations of precipitation especially over Lake Victoria and robust 
seasonal cycle of the upper western India Ocean. Nonetheless the model shows significant dry bias 
of seasonal precipitation that is persistent throughout the year, which is also reflected at diurnal 
and intra-seasonal scales. The mixed layer and thermocline depths are found to be shallower in 
the model simulation suggesting a far more stratified upper western Indian Ocean than the ob
servations indicate.

1. Introduction

The regional domain covered in this study is part of the Great Horn of Africa (GHA) which includes parts of southern Somalia, South 
Sudan, Ethiopia, Kenya, Democratic Republic of Congo (DRC), Tanzania, Uganda, Rwanda, and Burundi as shown in Fig. 1. The region 
is well known for a complex seasonal cycle of the hydroclimate with some of these countries exhibiting bi-modal peaks in rainfall (e.g., 
Kenya, Uganda, Somalia) and other parts exhibiting unimodal peak (e.g., Tanzania, South Sudan) of the seasonal cycle (Nicholson, 
1996; Herrmann and Mohr, 2011; Cook and Vizy, 2013; Lyon, 2014; Yang et al., 2015; Palmer et al., 2023). Furthermore, GHA exhibits 
a relatively drier climate compared to much of the continental tropical areas at the same latitude (Nicholson, 2011; Yang et al., 2015).

In most of GHA, much of the annual rain appears in the transition seasons of boreal fall and spring seasons with exceptions over 
Tanzania, DRC, and South Sudan. Some of these hydroclimatic features of GHA have been attributed to the complex topography of the 
region (Nicholson, 1996; Lyon, 2014). For instance, Bryson and Kuhn (1961) indicate that subsidence prevails in GHA owing to the 
frictional contrast between the low-level monsoonal flow along the shore and the adjacent coastal ocean, which then results with the 
transition seasons of boreal fall and spring seasons to have the highest rainfall when the monsoonal flow is weak. Similarly, the 
equatorward easterlies as part of the return flow of the local meridional overturning circulation (local Hadley Cell) is associated with 
subsiding air, which becomes weaker during the transition seasons forcing the rainfall to be highest in the region. Nicholson (1996)
also suggests that shallow moist air flow constricted by local topography, subsidence induced at the exit of low-level jets like the 
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Turkana Jet, and leeward rain shadow areas of the East African Highlands and Ethiopian Highlands forcing subsidence, while the Great 
Rift Valley blocking the moist air flow from DRC enhance aridity in the region. Furthermore, strong upwelling of the cold water in the 
coastal oceans off the Somali coast can also enhance aridity in the region.

The regions in GHA that exhibit bimodality in the seasonal cycle are characterized by “long rains” in the boreal spring and “short 
rains” in the boreal fall season. These names come from the typical duration of the individual rain events being longer and shorter for 
the spring and fall seasons, respectively (Nicholson, 1996, 2017; Camberlin and Wairoto, 1997; Hastenrath et al., 2011). Although the 
long rains in the boreal spring season have a greater contribution to the annual rainfall in the region, it is the short rains season that 
exhibits higher interannual variations (Hastenrath et al., 1993, 2011; Camberlin and Wairoto, 1997; Liu et al., 2020). It is noted that 
the variation of the short rainy season is strongly dictated by the variations in the western Indian Ocean (Nicholson, 1996; Misra, 2003; 
Ummenhofer et al., 2009; Liu et al., 2020) while ENSO is found to be more influential in the variations of the long rains season 
(Nicholson and Entekhabi, 1986; Hastenrath et al., 1993; Black et al., 2003; Funk et al., 2018; Kimutai et al., 2023; Palmer et al., 2023). 
Several studies suggest that the influence of the western Indian Ocean SST on the GHA short rains is exerted at sub-seasonal timescales 
(Ummenhofer et al., 2009, Bahaga et al., 2015; Liu et al., 2020).

Simulating the diurnal variations of precipitation over and around Lake Victoria is challenging given its observed complex spatial 
gradients. For example, Yin and Nicholson (1998) and Camberlin et al. (2017) observe a phase shift in the timing of the maximum 
rainfall in going from the western to the eastern edges of Lake Victoria. Several high resolution, regional modeling studies indicate that 
the mesoscale-circulation of the clear afternoon lake breezes and the nighttime land breezes strongly dictate the nocturnal regime of 
the rainfall over Lake Victoria (Thiery et al., 2015; Sun et al., 2015; Van de Walle et al., 2020). Thus, these studies highlight the 
importance of regional modeling for the region.

Earlier modeling studies suggest that General Circulation Models (GCMs) do not generally simulate the GHA climate well (Cook and 
Vizy, 2013; Endris et al., 2013; Ogwang et al., 2016; Dunning et al., 2017). These studies point out that the coarse resolution of the 
GCMs limits their ability to accurately represent the complex topography and coastline which are important to obtain the regional 
features of the GHAs regional hydroclimate. On the other hand, Regional Climate Models (RCMs) have demonstrated reasonable 
success in simulating the hydroclimate and associated regional circulation features of GHA (Cook and Vizy, 2013; Ogwang et al., 2016; 
Han et al., 2019). In this study, we adopt a regional coupled ocean-atmosphere model to simulate the regional climate of GHA, 
uniquely configured at 10 km grid resolution for this region. This is a first of its kind configuration of such a high-resolution coupled 
ocean-atmosphere model for GHA. The aim of this study is to analyze the fidelity of a 25 year simulation from this regional coupled 
ocean-atmosphere model. In the following section we describe the model, and the verification datasets used. Results are discussed in 
Section 3 followed by concluding remarks in Section 4.

Fig. 1. Illustration of the regional domain with the topography and bathymetry of the Regional Spectral Model-Regional Ocean Modeling System 
(RSM-ROMS) adopted for the study.
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2. Model description

The Regional Spectral Model-Regional Ocean Modeling System (RSM-ROMS) is a widely utilized numerical modeling framework 
for studying regional atmospheric and oceanic processes (Li and Misra, 2014; Ham et al., 2016; Misra et al., 2022; Misra and Jaya
sankar, 2022, 2023). This model combines the Regional Spectral Model (RSM) for simulating the atmosphere with the Regional Ocean 
Modeling System (ROMS) for simulating the oceans on identical grids for the two components of the climate system, typically at 10 km 
grid spacing. RSM-ROMS provides relatively high-resolution simulations at regional scales, allowing investigations in the coupled 
ocean-atmosphere framework to provide a holistic understanding of the interconnectedness of these sub-component systems. Its 
versatility and flexibility have made it a favorable tool for studying climate variability, extreme weather events, and marine eco
systems in diverse geographical regions.

The selection of the physics package detailed in Table 1 has undergone a process of refinement and evolution (Li and Misra, 2014; 
Ham et al., 2016; Misra et al., 2022; Misra and Jayasankar, 2022, 2023; Jayasankar et al., 2023). Reference datasets such as soil type, 
vegetation type, and vegetation fraction are made consistent with the land-sea mask from the Global 30 Arc-Second Elevation dataset 
(Danielson and Gesch, 2011) interpolated to the RSM-ROMS grid. At 10 km grid spacing, ROMS also resolves the various lakes in the 
domain (Fig. 1). In this study, however, we assigned an abyssal depth to these lakes in ROMS for lack of bathymetry data at this 
resolution, which we plan to rectify in a future work following (Nyamweya et al., 2016).

ROMS is the regional ocean model component that utilizes a free surface and terrain following a primitive equation framework 
(Haidvogel et al., 2000; Scheptekin and McWilliams, 2005). This model incorporates 30 vertical stretched terrain (S) levels, with 
enhanced resolution in the upper ~500 m of the ocean. The horizontal grid employed in ROMS follows the staggered Arakawa-C grid 
configuration. Various parameterizations are integrated into ROMS which includes the local closure schemes based on the level 2.5 
turbulent kinetic energy equations (Mellor and Yamada, 1982) for mixing, a boundary layer formulation rooted in the nonlocal closure 
scheme (Large et al., 1994), second order biharmonic horizontal diffusion (Ezer et al., 2002) with a generic length-scale parameter
ization (Umlauf and Burchard, 2003).

For this study, the RSM and the ROMS are integrated on identical spatial grids on a Cartesian coordinate system, with a grid spacing 
of 10 km. This setup allows for seamless coupling between the two models, eliminating the need for interpolations at their interface 
and the use of a flux coupler.

Both RSM and ROMS operate within a domain size of 226 grid points in the zonal direction and 168 grid points in the meridional 
direction. This grid structure ensures a consistent and a direct exchange of atmospheric heat, moisture, radiation, and momentum 
fluxes, and sea surface temperature (SST) between the two models at a coupling interval of 1 hour without the use of a flux coupler.

3. Experiment design

A 25-year integration is conducted using the RSM-ROMS over the period 1986–2010 centered on the domain shown in Fig. 1. The 
resolved model topographic and bathymetric features are also illustrated in Fig. 1 for an RSM-ROMS grid spacing of 10 km. At this 
resolution various topographical and bathymetric features, including coastal shelves, mesoscale mountain ridges, and valleys are 
depicted reasonably well (Fig. 1). The integration uses the NCEP-DOE reanalysis (R2; Kanamitsu et al., 2002) for lateral boundary 
conditions of RSM and the Simple Ocean Data Assimilation version 2.2.4 (SODA; Carton and Giese, 2008) for ROMS. Notably, this 
SODA reanalysis version covers the same 25-year period (1986–2010), which determined the integration period for this study. More 
recent SODA reanalysis versions are available but cover shorter durations. The R2 reanalysis provides data at a 2.5◦ × 2.5◦ grid 
spacing, while SODA is available at a 0.5◦ × 0.5◦ grid resolution. Initial conditions for the RSM atmosphere and land surface are 
obtained from R2 corresponding to the integration start date. Similarly, initial conditions for ROMS are sourced from SODA, ensuring 
the ocean is not initialized from a state of rest. This approach mitigates ocean spin-up issues, particularly for the upper ocean 
(approximately 300–500 m below the surface). These initial conditions are interpolated to the RSM-ROMS grid at its 10 km spacing.

4. Verification data

In this study, the upper air, surface variables and oceanic variables from the RSM-ROMS integration is verified from a variety of 
observations, as listed in Table 2. There are instances where the validation datasets did not align with the integration period of RSM- 
ROMS. However, in all instances it is the climatology of the model that is verified. Therefore, we have tried as far as possible to match 

Table 1 
Outline of the physics package in RSM.

Physical parameterization Reference

Prognostic clouds Zhao and Carr (1997)
Landsurface Ek et al. (2003)
Gravity wave drag Alpert et al. (1988)
Boundary layer Hong and Pan (1996)
Longwave radiation Chou et al. (1999)
Shortwave radiation Chou and Lee (1996)
Deep convection Kain and Fritsch (1993)
Shallow convection Tiedtke (1983)

V. Misra and C.B. Jayasankar                                                                                                                                                                                      Dynamics of Atmospheres and Oceans 109 (2025) 101520 

3 



the number of years to compute the climatology of the verification data to that of the RSM-ROMS integration. It is important to note 
that we employed linear interpolation of the RSM-ROMS variables to the observed grid when computing differences between them. 
Otherwise, the fields were plotted on their original grids.

The model validation is conducted on the observation grid i.e., the model output is interpolated to the observation grid, when the 
bias is computed. In the case of assessing the diurnal variations of the precipitation we isolate the local diurnal harmonic following Dai 
and Wang (1999). This harmonic analysis involves breaking down a time series into its component parts by decomposing a periodic 
function into a combination of trigonometric functions such as: 

P(t) = Po +
∑N/2

i=1
Ricos(iθ − Φi) − − − − − − − − (1) 

Where, N, Po,Ri, Φi are the number of intervals (=24 for hourly), daily mean value of the variable, amplitude, and phase angle of 

Table 2 
Verification datasets used in the study.

Variable Source Purpose Spatial 
resolution

Period used in the 
study

Upper air variables ERA5 (Hersbach et al., 
2019)

Verification of seasonal mean 850hPa winds, precipitable 
water

0.25◦ x 0.25◦ 1986–2010

Rainfall IMERG v7 (Huffmann et al., 
2019)

Verification of seasonal mean, interannual and 
intraseasonal variations over both land and ocean

0.1◦ x 0.1◦ 2001–2023

SST OISSTv2 (Reynolds et al., 
2007)

Verification of seasonal mean SST and rainfall-SST 
relationship

0.25◦ x 0.25◦ 1986–2010

Mixed layer depth Argo (Holte et al., 2017) Verification of seasonal mean mixed layer depth 1◦ x 1◦ 2000–2020
Depth of the 20◦C 
isotherm in the ocean

SODA reanalysis (Carton 
and Giese, 2008)

Verification of the depth of the seasonal mean 20◦C 0.5◦ x 0.5◦ 1986–2010

Fig. 2. The seasonal mean climatological precipitation (mm/day) from (a, b, c, d) IMERG and (e, f, g, h) RSM-ROMS for (a, e) DJF, (b, f) MAM, (c, g) 
JJA, and (d, h) SON seasons. The corresponding systematic errors of seasonal mean precipitation (mm/day) from RSM-ROMS for (i) DJF, (j) MAM, 
(k) JJA, and (l) SON seasons. Only statistically significant differences at 95 % confidence interval according to t-test are shaded in panels i, j, k and l.
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the ith harmonic (with i = 1 corresponding to diurnal harmonic), and θ =
2πtk
N , tk = {00, 01, 02, 03,….24}, respectively. The intra

seasonal variance of daily precipitation is computed using the first order, recursive, bandpass (20–50 days) Butterworth Filter 
(Butterworth, 1930). In these filters the filtered value depends not only on a weighted averaged of the unfiltered time series but also 
recursively on previous values in the filtered time series. One advantage of these techniques is their ability to achieve rapid 
convergence compared to conventional filters that rely on weighted averages. Additionally, these techniques allow for the specification 
of the peak in the response curve at any desired bandwidth (Krishnamurti et al., 1990).

5. Results

i) Seasonal Climatology
a) Rainfall
In Fig. 2a-d we show the observed seasonal mean climatology of the rainfall for DJF, MAM, JJA and SON, respectively. The cor

responding objective scores of pattern correlations and standardized variance of tie simulated climatological precipitation are shown 
in the Taylor Diagram in the supplementary material (Fig. S1). The complex seasonal cycle with the annual peak of rainfall in DJF over 

Fig. 3. The distribution of the rainfall given by log2

⃒
⃒
⃒
⃒
a2
a1

⃒
⃒
⃒
⃒, where a1 and a2 are the Fourier harmonics of the annual and semi-annual period, 

respectively from (a) IMERG and (b) RSM-ROMS. The positive and negative values suggest the semiannual and annual components of rainfall are 
dominant, respectively.
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southern Tanzania and the semi-annual cycle of rainfall over Kenya and Somalia is apparent from these figures. The corresponding 
seasonal climatology from RSM-ROMS is shown in Fig. 2e-h, which shows similar spatial heterogeneity in the seasonal cycle of rainfall 
across the domain. The systematic errors however indicate that the errors of the RSM-ROMS simulation are maximum in the MAM 
season (Fig. 2j) and comparatively far less in the rest of the year. In the MAM season, the dry bias is spread across the domain, 
dominated by the most severe dry bias over Lake Victoria. The seasonal precipitation bias is the least in the DJF season (Fig. 2i). 
However, it is well known that Lake Victoria has a large annual mean rainfall of over 1800 mm (Yin and Nicholson, 1998; Yin et al., 
2000), which is partly a result of the mesoscale low feature that develops over the lake (Nicholson, 2017). The Taylor Diagram in 
Fig. S1 suggests that the variance of precipitation in RSM-ROMS is comparable to observations in DJF (Fig. S1a) and SON (Fig. S1d) 
while it is underestimated and overestimated in MAM (Fig. S1b) and JJA (Fig. S1c) seasons, respectively. The pattern correlation is 
above 0.7 in all seasons (Fig. S1).

To further examine the spatial distribution of the annual rainfall types in the region, we show in Fig. 3 the ratio of 
⃒
⃒
⃒
⃒
a2
a1

⃒
⃒
⃒
⃒, where a2 is 

the amplitude of semi-annual period harmonic and a1 is the annual period harmonic from observations and the RSM-ROMS simulation. 
The observations in Fig. 3a show that in the northeast and central parts of the domain, which include parts of Somalia, Kenya, southern 
Uganda, and eastern DRC are dominated by the semiannual component of rainfall. In contrast, Tanzania towards the south of the 
domain and northern Uganda, South Sudan in the north of the domain is dominated by the unimodal distribution of the seasonal cycle 
(Fig. 3a). This distribution of rainfall is largely observed in the RSM-ROMS simulation (Fig. 3b), although the dominance of the 
semiannual component of rainfall is underestimated over eastern Kenya, Somalia, southern Uganda, and eastern DRC. Similarly, the 
dominance of the annual harmonic over Tanzania is underestimated in the RSM-ROMS simulation (Fig. 3b). Over the oceans, the semi- 
annual component of rainfall is dominant only around 5◦S in the observations (Fig. 3a) while in the RSM-ROMS simulation, it is 
dominant across the western Indian Ocean included in the domain (Fig. 3b).

b) Precipitable water
The humidity content in the atmospheric column plays an important role in the modulation of precipitation in the tropics 

Fig. 4. The seasonal mean climatological precipitable water (kg/m2) from (a, b, c, d) ERA5 and (e, f, g, h) RSM-ROMS for (a, e) DJF, (b, f) MAM, (c, 
g) JJA, and (d, h) SON seasons. The corresponding systematic errors of seasonal mean precipitable water (kg/m2) from RSM-ROMS for (i) DJF, (j) 
MAM, (k) JJA, and (l) SON seasons. Only statistically significant differences at 95 % confidence interval according to t-test are shaded in panels i, j, k 
and l.
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(Raymond, 2000; Bretherton et al., 2004). This connection is through the tight coupling in the tropics between the precipitable water 
and the moist static energy in the atmospheric column owing to the weak temperature gradient in the tropics (Yasunaga and Mapes, 
2012), which in turn is strongly related to the corresponding precipitation anomalies. In Fig. 4 we show the comparison of the seasonal 
cycle of precipitable water from ERA5 and RSM-ROMS simulation. The precipitable water in ERA5 is largest over oceans and adjacent 
coastal regions of Tanzania, Kenya, and Somalia in DJF and MAM seasons. The spatial heterogeneity in the dominance of annual and 
semi-annual cycle is also apparent in the precipitable water with the latter dominant in coastal Kenya and Somalia and the former over 
Tanzania, South Sudan, and northern Uganda (Fig. 4a-d). This is in large part also apparent in the RSM-ROMS simulation (Fig. 4e-h), 
although the precipitable water is underestimated across the domain (Fig. 4i-l). The largest dry bias appears in the MAM season 
(Fig. 4j) while it is the least in the JJA season (Fig. 4k). This dry bias in the precipitable water across the year in the RSM-ROMS 
simulation is consistent with the dry precipitation bias alluded earlier (Fig. 2i-l). The pattern correlation of RSM-ROMS simulation 
with the ERA5 reanalysis is above 0.9 in all seasons (Fig. S1) while the corresponding variance is underestimated in DJF (Fig. S1a) and 
MAM (Fig. S1b) and is comparable in JJA (Fig. S1c) and SON (Fig. S1d) seasons.

c) Sea Surface Temperature (SST)
The SST is a prognostic variable in RSM-ROMS since it is a coupled ocean-atmosphere model. The seasonal cycle of the observed 

SST (Fig. 5a-d) indicates that the annual peak is in DJF (Fig. 5a) while the annual nadir is in JJA (Fig. 5c) season in the tropical western 
Indian Ocean. We see a similar seasonal cycle in the RSM-ROMS simulation (Fig. 5e-h). However, the annual peak of SST in DJF 
(Fig. 5e) in the RSM-ROMS is not distinct from the MAM (Fig. 5g) season. The systematic errors of the simulation in Fig. 5i-l suggests 
that the seasonal errors are statistically significant in the DJF season only with a cold bias of ≤ − 1℃. In the rest of the year the 
simulation shows a statistically insignificant difference from the corresponding observations (Fig. 5j-l). The lake temperatures in the 
RSM-ROMS simulation are comparatively higher with temperatures > 29◦C compared to other high-resolution modeling studies of the 
lake which suggest an annual mean surface temperature of around 25◦C to 27◦C (Sun et al. 2015; Nyamweya et al. 2016; Van de Walle 
et al., 2020). The lake temperatures also display a seasonal cycle albeit weakly with Lake Tanganyika showing a peak in the boreal 
spring season while Lake Victoria shows an annual peak in the JJA season (Fig. 5e-h), which is consistent for the latter with other prior 
studies (Sun et al. 2015; Naymweya et al., 2016). The pattern correlations for the SST from the RSM-ROMS simulation with the 

Fig. 5. The seasonal mean SST (◦C) from (a, b, c, d) OISST and (e, f, g, h) RSM-ROMS for (a, e) DJF, (b, f) MAM, (c, g) JJA, and (d, h) SON seasons. 
The corresponding systematic errors of seasonal mean SST (◦C) from RSM-ROMS for (i) DJF, (j) MAM, (k) JJA, and (l) SON seasons. The statistically 
significant differences at 95 % confidence interval according to t-test are hatched in panels i, j, k and l.
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corresponding observations is 0.91, 0.86, 0.39, and 0.52 for DJF, MAM, JJA, and SON seasons, respectively.
d) Ocean mixed layer
The mixed layer depth in the western Indian Ocean undergoes significant seasonality owing primarily to the reversal of the winds 

from the northeast to southwesterly monsoon winds from boreal winter to summer. Therefore, the mixed layer depth is extremely 
shallow in DJF (Fig. 6a) when downwelling circulations are dominant and deepest in JJA (Fig. 6c) seasons when the upwelling cir
culations are strongest, which lead to a strong modulation of the upper ocean stratification. The RSM-ROMS show a similar seasonal 
cycle as the observations (Fig. 6e-h). The mixed layer depth is diagnosed from the density profile following Monteguet et al., 2004. 
Therefore, the mixed layer depth is defined as the depth at which density is equal to surface density plus the density difference brought 
about by temperature increment of 0.2 ◦C. The strongest seasonal cycle is displayed along the coast and there is a clear underestimation 
of the mixed layer depth all-round the year with JJA showing the largest bias (Fig. 6i-l). The mixed layer depth in the lakes also shows a 
seasonal cycle with the largest depths in the boreal summer (Fig. 6e-h). The pattern correlations for the mixed layer depth from the 
RSM-ROMS simulation with the corresponding observations is 0.56, 0.27, 0.51, and − 0.13 for DJF, MAM, JJA, and SON seasons, 
respectively. The negative pattern correlations in the SON season suggests the poor simulation of the mixed layer depth spatial gra
dients as is apparent from comparing Fig. 6d and h.

e) Thermocline depth
The thermocline depth often diagnosed from the depth of the 20◦C isotherm marks the boundary between the fresh and warm upper 

ocean from the cold and saline deep ocean. Unlike the SST and the mixed layer depth, the seasonal cycle of the thermocline depth is 
much weaker (Fig. 7a-d). The average depth of the thermocline is over 90 m across the year (Fig. 7a-d), which is clearly under
estimated in the RSM-ROMS simulation (Figs. 7e-h and 7i-l). Therefore, in terms of the ocean stratification, it may be concluded from 
Figs. 6 and 7 that the RSM-ROMS simulation of this study is more strongly stratified in a shallower depth than the corresponding 
observations. This could be a result of insufficient mixing in the upper ocean or bias in the forcing to the ocean, which is always difficult 
to separate in a coupled framework like the RSM-ROMS. The pattern correlations for the depth of the 20◦C isotherm from the RSM- 
ROMS simulation with the corresponding observations is 0.69, 0.66, 0.81, 0.69 for DJF, MAM, JJA, and SON seasons, respectively.

Fig. 6. The seasonal mean mixed layer depth (m) from (a, b, c, d) ARGO and (e, f, g, h) RSM-ROMS for (a, e) DJF, (b, f) MAM, (c, g) JJA, and (d, h) 
SON seasons. The corresponding systematic errors of seasonal mean mixed layer depth (m) from RSM-ROMS for (i) DJF, (j) MAM, (k) JJA, and (l) 
SON seasons. Only statistically significant differences at 95 % confidence interval according to t-test are shaded in panels i, j, k and l.
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f) Winds
In an annual mean sense the low-level tropospheric flow over the GHA is dominated by southerlies which becomes southwesterlies 

as they cross the equator (Paegle and Geisler, 1986; Slingo et al., 2005; Nicholson, 2017). This is also observed in Fig. 8 (showing the 
850 hPa winds) where the southerlies are dominating in 3 of the 4 seasons of the year. The DJF season shows the northerly flow with 
the northeasterly flow north of 2◦S in both ERA5 and RSM-ROMS simulation. Turkana Jet is a well-known mesoscale feature of the 
region which passes through the Turkana Channel between the Ethiopian and East African Highlands (Kinuthia and Asnani, 1982; 
Kinuthia, 1992). It essentially exists throughout the year because of the orographic channeling of the winds (Sun et al., 1999). The jet 
exhibits a strong diurnal variation with a nocturnal maximum resulting from the orographic downslope winds strengthened by the 
drier conditions in the Turkana Channel and surrounding mountains from the comparatively strong windspeeds of the jet (Vizy and 
Cook 2019). The persistence of this jet throughout the year is seen in both ERA5 and in the RSM-ROMS simulation. Furthermore, the 
seasonal variations of the jet in RSM-ROMS are comparable with ERA5. The pattern correlations of the zonal and meridional winds and 
wind speeds at 850hPa from RSM-ROMS with ERA5 reanalysis is above 0.6 across the year and the variances are also nearly com
parable (Fig. S1). However, the variance of the 850hPa meridional wind is slightly underestimated more than the zonal wind except in 
the SON season (Fig. S1).

At 200hPa the flow is dominated by easterlies for most of the year except in the SON season when the westerlies appear south of the 
equator and the easterlies are extremely weak north of the equator (Fig. 9a-d). The seasonal cycle of the 200hPa winds is reasonable in 
RSM-ROMS simulation in comparison to ERA5. The most widespread bias in the RSM-ROMS simulation is in the DJF season (Fig. 9i) 
while in the rest of the year the easterlies are stronger than ERA5 in the western part of the domain. The pattern correlations of the 
zonal and meridional winds and wind speeds at 200 hPa from RSM-ROMS with ERA5 reanalysis is above 0.6 in DJF (Fig. S1a) and JJA 
(Fig. S1c) seasons. But in MAM season the pattern correlation of meridional wind is less than 0.1 while that of zonal wind is 0.9 
(Fig. S1b). Although the variance of the zonal wind is slightly overestimated, that of the meridional wind and wind speed is signifi
cantly overestimated in MAM in the RSM-ROMS simulation (Fig. S1b). The meridional wind continues to show poor skills in the SON 
season (Fig. S1d).

Fig. 7. The seasonal mean depth of the 20◦C isotherm (m) from (a, b, c, d) SODA and (e, f, g, h) RSM-ROMS for (a, e) DJF, (b, f) MAM, (c, g) JJA, 
and (d, h) SON seasons. The corresponding systematic errors of seasonal mean depth of the 20◦C (m) from RSM-ROMS for (i) DJF, (j) MAM, (k) JJA, 
and (l) SON seasons. Only statistically significant differences at 95 % confidence interval according to t-test are shaded in panels i, j, k and l.
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ii) Diurnal variability
We isolate the diurnal variations by isolating the local diurnal harmonic following Dai and Wang (1999). The largest diurnal 

amplitudes are found over Lake Victoria and around it in boreal spring and fall seasons (Fig. 10). The late evening-early morning 
diurnal maximum over Lake Victoria was noted in several other studies (Yin and Nicholson, 1998; Yin et al., 2000; Camberlin et al., 
2017, 2019) is also observed both in IMERG as well as in the RSM-ROMS simulation across all seasons in Fig. 10a-d with the diurnal 
peak of rainfall occurring between 0000 and 0600 LST. The seasonality of the diurnal variations over Lake Victoria, Lake Tanganyika, 
and the surrounding land regions is also distinct with the MAM (long rains) season displaying an annual peak in the diurnal amplitude 
followed by the next maximum in the short rains season of SON.

The climatological seasonal average diurnal variations of rainfall from IMERG and RSM-ROMS simulation is shown in Fig. 10 as 
vector plots with the length and direction indicating the magnitude and timing of the diurnal maximum of rainfall (in local solar time), 
respectively. The diurnal amplitude over the land regions south and east of Lake Victoria is comparatively weaker than north and west 
of the lake in IMERG and RSM-ROMS (Fig. 10a-d). The seasonal variability of the diurnal cycle of precipitation closely follows the 
annual cycle of precipitation shown in Fig. 2 with the drier part of the year of JJA having the weakest diurnal signal and long rain 
season of MAM having the strongest diurnal signal. The diurnal cycle of rainfall over Lake Victoria is persistent throughout the year 
with comparable magnitude and a slight shift in the timing of the diurnal peak from one season to the next in the observations. RSM- 
ROMS shows similar persistence in amplitude and timing of the diurnal peak across the year over Lake Victoria. The seasonality of the 
diurnal variations of the rainfall is far stronger in the terrestrial regions around Lake Victoria, especially over Uganda and western 
Kenya, which coincides with the seasonal cycle of rainfall shown earlier in Fig. 2. This seasonality of the diurnal cycle is most 
prominent over Lake Victoria which has the most annual rainfall in the domain (Fig. 2). These are regions where the model simulations 
show some of the largest discrepancy in the timing of the diurnal peak of rainfall besides near the western edge of the domain. The land 
regions east of Lake Victoria that display a late afternoon diurnal maximum are modulated by the large-scale easterlies and topography 
(Van de Walle et al., 2020).

The RSM-ROMS simulation has a systematic bias of underestimating the amplitude of the diurnal cycle of rainfall relative to IMERG 

Fig. 8. The seasonal mean winds at 850 hPa (m/s) from (a, b, c, d) ERA5 and (e, f, g, h) RSM-ROMS for (a, e) DJF, (b, f) MAM, (c, g) JJA, and (d, h) 
SON seasons. The corresponding systematic errors of 850 hPa winds (m) from RSM-ROMS for (i) DJF, (j) MAM, (k) JJA, and (l) SON seasons. In 
panels i, j, k, and l, vectors are shown for statistically significant differences at 95 % confidence interval according to t-test.
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across the domain in all four seasons (Fig. 10). Furthermore, there are some relatively large differences in the phase, especially over 
Lake Victoria and northeast of it ranging anywhere from an hour (Fig. 10a) to over 4 hours (Fig. 10b-d). Nonetheless, the spatial 
gradients in the timing and the amplitude of the diurnal maximum of precipitation are captured by RSM-ROMS over and around the 
lake, which reasonably verifies with IMERG.

iii) Intraseasonal variability
The intraseasonal variance of daily precipitation is computed using the first order, recursive, bandpass (20–50 days) Butterworth 

Filter (Butterworth, 1930). Fig. 11 shows the 20–50 days band passed variance of precipitation during the October-December season 
when the intraseasonal variations are most active in the region (Camberlin et al. 2019). The large intraseasonal variance over Lake 
Victoria and Lake Tanganyika in the observations (Fig. 11a) are captured in the RSM-ROMS simulation (Fig. 11b). However, besides 
this verification, the pattern of 20–50 days variance between the simulation and observations is quite different. For instance, the model 
simulation has a comparatively much weaker variance along the eastern terrestrial corridor from Tanzania to Somalia. This region of 
weak intra-seasonal variance in RSM-ROMS is in between regions of high intraseasonal variance along the eastern boundary over the 
western Indian Ocean and the western boundary along the DRC (Fig. 11b), which is unsupported by observations (Fig. 11b). This bias 
in the variance of the 20–50 days intraseasonal variations is like the seasonal mean precipitation bias for the boreal fall and winter 
seasons in Fig. 2i and l, respectively. In other words, the dry seasonal bias along the eastern terrestrial corridor from Tanzania to 
Somalia and the wet bias over the western Indian Ocean could be influencing the corresponding reduction and increase in 
intra-seasonal variations, respectively.

6. Conclusions

In this study we have conducted a thorough analysis of the fidelity of a 25-year simulation from a regional coupled ocean- 
atmosphere model (RSM-ROMS) over eastern equatorial Africa which included parts of the GHA. This is first of its kind regional 
climate model with the inclusion of the coupled air-sea interactions at 10 km grid resolution over GHA. The model shows reasonable 

Fig. 9. The seasonal mean winds at 200 hPa (m/s) from (a, b, c, d) ERA5 and (e, f, g, h) RSM-ROMS for (a, e) DJF, (b, f) MAM, (c, g) JJA, and (d, h) 
SON seasons. The corresponding systematic errors of 200 hPa winds (m) from RSM-ROMS for (i) DJF, (j) MAM, (k) JJA, and (l) SON seasons. In 
panels i, j, k, and l, vectors are shown for statistically significant differences at 95 % confidence interval according to t-test.
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fidelity with regard to the seasonal cycle of rainfall, precipitable water, lower and upper tropospheric winds, SST, mixed layer depth, 
and the depth of the thermocline. However, the systematic dry precipitation and precipitable water bias, the stronger than observed 
upper ocean stratification with shallower mixed layer and thermocline depth are concerning factors of the simulation. The highlight of 
the simulation is that RSM-ROMS is able to show the spatial distribution of the bimodal and unimodal peaks of the seasonal cycle of 
rainfall that verify well with the observations. Another highlight of the simulation is its reasonable verification of the diurnal variation 
of the rainfall. The largest amplitude of this variation appearing over Lake Victoria and the timing of this maximum shifting from local 
early morning over the lake to afternoon along the east coast of GHA and late afternoon elsewhere around the lake are verified features 
of the simulation. The diurnal variations over Lake Victoria are persistent across all seasons, although they amplify during the long and 
short rainy seasons. The terrestrial regions around Lake Victoria show a larger seasonal variability in the diurnal cycle of rainfall, 
especially over western Kenya and Uganda. Nonetheless, the bias of lower magnitude of the diurnal variations and the timing of 
diurnal peaks are largest in these regions (except near the western boundary of the domain) in the RSM-ROMS simulation is apparent.

Similarly, the intraseasonal variance of the precipitation in the October-December season shows a maximum over the Lake both in 
the observations and in the RSM-ROMS simulation. However, the sub-seasonal or intraseasonal variance in the simulation is under
estimated over coastal areas of GHA and inland over Somalia, Kenya, and Tanzania, while it is overestimated along the western 
boundary of the domain (over DRC) and in the east over the western Indian Ocean.

Admittedly, a single integration for the 25-year period from a coupled model like RSM-ROMS is insufficient to assess the model for 
interannual and longer-term variations. However, the mean bias and variations at shorter diurnal and intraseasonal scales can be 
assessed robustly from this 25 year integration. Furthermore, the advantage of air-sea coupling in RSM-ROMS is not abundantly clear 
from this study. But in our future work when we deploy this model for climate change projections for the region, it will become 
apparent that integrating a coupled ocean-atmosphere model like RSM-ROMS would be a natural choice to allow the local air-sea 
coupling to evolve future state of the regional terrestrial and ocean climate.
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Appendix A. Supporting information

Supplementary data associated with this article can be found in the online version at doi:10.1016/j.dynatmoce.2024.101520.

Data availability

The IMERG rainfall from NASA was obtained from (IMERG, 2022). The ERA5 reanalysis data was from (ERA5, 2022), the mixed 
layer depth from Argo was obtained from (Holte et al., 2017) and the SODA v2.2.4 ocean reanalysis data was obtained from SODA 
(2022). The NCEP-DOE (R2) reanalysis data at 6 hourly interval was obtained from UCAR (2022) or alternatively the data can also be 
accessed from PSL (2022). The data from the RSM-ROMS integration to generate the figures in the manuscript will be made available 
upon request. 
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