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Abstract 
The climate impact of the Sahel greenbelt on regional moist static energy (MSE) 
and West African Monsoon energetics remains insufficiently understood. Us-
ing a 30-year equilibrium simulation applying the CESM2 model, we use a col-
umn-integrated MSE budget framework to diagnose the response to a 70% veg-
etation increase over the Sahel (10˚N - 18˚N). Results demonstrate that green-
belt forcing shifts the MSE maximum poleward from 5˚N - 12˚N to 15˚N - 
18˚N, increasing core values over the central Sahel from 1.254 to 1.507 kJ·kg−1. 
This northward expansion is driven by enhanced evapotranspiration (+4.33 
W·m−2 latent heat flux), which repartitions surface energy from sensible to la-
tent heat dominance, moistening the boundary layer. Dynamically, strength-
ened low-level westerlies transport warm, moist air from the tropical Atlantic 
deeper into the eastern Sahel, while reduced northeasterly dry advection and a 
weakened, northward-shifted African Easterly Jet minimize dry mid-tropo-
spheric intrusion and favor vertical MSE transport. Column-integrated MSE 
increases by 7.2 W·m−2 north of 15˚N. Budget decomposition reveals that cir-
culation-driven advection accounts for nearly two-thirds of this increase, with 
vertical advection as the dominant contributor (43%), efficiently transporting 
high-MSE air to the free atmosphere. Mean horizontal flow exports energy, par-
tially offset by anomalous wind import. The atmospheric energy surplus (+7.67 
W·m−2) is primarily fueled by enhanced shortwave absorption and latent heat 
flux. Overall, vegetation recovery drives a thermodynamic regime shift from sen-
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sible to latent heat dominance, promoting northward expansion of Sahelian 
MSE and providing a mechanistic basis for evaluating large-scale reforestation 
as a regional climate adaptation strategy. 
 

Keywords 
Moist Static Energy, West African Monsoon, Sahel Greenbelt, Great Green 
Wall, African Easterly Jet, Land-Atmosphere Interaction 

 

1. Introduction 

Sahel is a semi-arid eco-transitional zone that spans roughly 12˚N - 20˚N (Buontempo 
et al., 2012). It separates the humid Sudanian savanna to the south and the hyper-
arid Sahara Desert to the north, marked by an intense, highly variable rainy season 
that lasts from June to September (Grove, 1978; Joly, 2021). The severe drought 
in the late 1960s through early 1990s reduced rainfall in the area by about 25% 
(Rodríguez-Fonseca et al., 2015; Sabut & Mishra, 2026). This caused food insecu-
rity, livestock losses, and extensive crop failures (Trench et al., 2007; Yohannes et 
al., 2024). However, rainfall has partially recovered since the 1990s, due to an en-
hancement in land-atmosphere interactions (Trench et al., 2007). 

The Great Green Wall (GGW) is a large-scale land restoration project initiated 
in 2007 by the AU (Deng et al., 2024) and aims to restore 100 million hectares of 
degraded land by 2030 (Zhi et al., 2025), applying sustainable land management 
techniques (Mechiche-Alami et al., 2022). 

Moist static energy (MSE) is a conserved thermodynamic quantity revealing the 
total atmospheric energy available for moist convection (Inoue et al., 2025), situ-
ated at the base of Sahelian hydroclimate dynamics (Hill et al., 2017). MSE is con-
served under adiabatic conditions; it is crucial for examining convective instabil-
ity, vertical energy transport, and monsoon variability in tropical atmospheres 
(Kaagita et al., 2024). 

Due to increased evaporation and oceanic inflow, latent heat predominates along 
the Guinea coast and Sahel (Djakouré et al., 2024). By contrast, substantial surface 
heating causes sensible heat to prevail over the Sahara (Hill et al., 2017). The geo-
potential term rises with altitude and controls vertical stratification. Vertically in-
tegrated MSE is a reliable way to diagnose rainfall and deep convection during the 
monsoon season (Adigun et al., 2024; Geremew et al., 2025; Hill, 2020; Hill et al., 
2017). 

When low-level MSE import super pass export aloft, the vertical profile typi-
cally reveals a mid-tropospheric minimum around 600 - 700 hPa, providing a first 
baroclinic mode structure favorable for deep convection (Hill et al., 2017; Li & 
Hu, 2019). 

Meridional gradient in MSE accumulation becomes more pronounced in the 
late spring, before the monsoon rain belt moves northward (Adigun et al., 2024; 
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Hill, 2020). Higher MSE values increase rainfall and convective instability, whereas 
dry Saharan intrusions decrease MSE and suppress convection (Hill et al., 2017; 
Kenfack et al., 2025). Accordingly, MSE variability can account for significant por-
tions of the variability in Sahel rainfall, both intraseasonally and interannually, 
including monsoon peaks and extreme precipitation events (Sheen et al., 2017). 

The African Easterly Jet (AEJ) is linked to mid-tropospheric moisture flux, and 
the Gulf of Guinea is the primary source of low-level moisture in West Africa (Adi-
gun et al., 2024; Kebe et al., 2020), where MSE transport shows significant vertical 
and horizontal gradients (Monerie et al., 2025). The onset, intensity, and regional 
distributions of the West African Monsoon (WAM) are determined by the inter-
play of these MSE fluxes, the Saharan heat low, and surface heating patterns (Raj 
et al., 2019; Xue et al., 2010). These dynamics are strongly related to the Sahel 
unimodal rainfall regime, where mesoscale convective systems account for 90% of 
the annual rainfall, which is produced by intense convection (Djakouré et al., 2024; 
Sian et al., 2025). 

The surface energy flow partitioning and land-atmosphere interactions signifi-
cantly influence MSE (Sun et al., 2025). Through evaporative cooling, vegetation 
lowers sensible heat and surface temperature while increasing evaporation and the 
latent heat component (Yu et al., 2017). This partitioning is controlled by soil 
moisture, with dry soils restricting heat fluxes. 

Vegetation lowers surface albedo, improves atmospheric energy content, and 
boosts solar absorption (Diba et al., 2019; Kirk, 2024). This feedback is especially 
important for the Sahel, where the monsoon operates near the convective thresh-
old, and even small surface disturbances can cause large-scale atmospheric circu-
lations (Chakraborty et al., 2023).  

The GGW initiative exemplifies the MSE changing the vegetation and associ-
ated atmospheric processes (Meng et al., 2025). GGW-induced vegetation change 
modifies local circulation patterns, increases latent heat fluxes, and marginally 
lowers surface temperature (Saley et al., 2019). However, the impact of GGW on 
MSE is still insufficiently understood, though. Convective depth, atmospheric sta-
bility, and interactions with large-scale features like the AEJ and Saharan heat low 
are all modulated by changes in surface energy, which directly feed into MSE gra-
dients (Hill et al., 2017). 

Modelling experiments using a varying convective scheme (RAS vs UW) fur-
ther demonstrate how horizontal advection of dry, low-MSE air from the Sahara 
and meridional MSE gradients shape rainfall response under climate perturba-
tions (Hill et al., 2017; Zhao, 2023). 

Despite advances in climate modeling, the impacts of Sahel greenbelt-induced 
land surface changes on moist static energy (MSE), particularly its zonal distribu-
tions, vertical structure, and amplitude, remain poorly quantified. Vegetation in-
fluences MSE by lowering sensible heat through surface cooling, raising latent 
heat via increased evaporation, and adjusting potential energy through circulation 
changes, thereby regulating convective depth, atmospheric stability, and African 
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Easterly Jet dynamics. 
To address this gap, this study employs moist static energy budget analysis in 

CESM2 simulations (Control vs GGW) for the JJA season to comprehensively 
characterize MSE changes, including dynamic/thermodynamic contributions, 
flux transport, vertical structure, and zonal monsoon impacts. The remainder 
of the paper is organized as follows: Section 2 describes the data and methods, 
Section 3 presents the results and discussion, and Section 4 summarizes the main 
conclusions. 

2. Data and Methods 
2.1. Study Area 

 
Figure 1. The study area, red indicates the Sahel region (10˚N - 20˚N, 20˚W - 40˚E) within 
the Great Green Wall (GGW) corridor countries. The map highlights the transition from 
the northern Sahara Desert to the southern savanna grasslands, representing the primary 
focus of the study region. 

 
The study focuses on the Sahel [10˚N - 20 ˚N] and [−18˚W - 40˚E] (Figure 1), 
which is a semi-arid region, found in Northern Africa, situated over 5500 km from 
the Atlantic Ocean to the Red Sea (Baumhauer, 2025; Hiernaux et al., 2015). It 
separates the Sahara Desert to the north from the Sudanian savanna and equato-
rial forest to the south (Mbow, 2017). Moist static energy over the Sahel is com-
posed of sensible and latent heat components that vary dramatically with the sea-
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son, with latent heat dominating during the wet season and sensible heat during 
the dry season (Kenfack et al., 2024). Miller et al. (2009) found that during the dry 
season, sensible heat dominates (balancing solar heating with longwave radia-
tion), whereas by the rainy season, radiative forcing at the surface is balanced by 
latent heat and longwave fluxes. Oueslati et al. (2018) and Verhoef et al. (1999) 
quantified this seasonality across the Sahelian surfaces and revealed sensible heat 
ranging from ~20 W·m−2 (wet season) to 100 W·m−2 (dry season), where the latent 
heat reached 100 - 150 W·m−2 in the wet season. Garric et al. (2002) and Hill et al. 
(2017) documented that moist static energy meridional gradients are stronger 
over the continent. The severe drought from 1970 to 1980 caused food insecurity 
and mass migration. In response to these, the ambitious land restoration initiative, 
the Great Green Wall (GGW), was initiated in 2007 (Mbow, 2017). It is a pan-
African initiative to combat desertification in the Sahara and Sahel regions (Fig-
ure 1) through a land restoration and revegetation project aimed at environmental 
and human well-being, including afforestation and assisted natural regeneration 
(Wall, 2024). It includes 11 Sahelian countries (Figure 1) working together to ad-
dress land degradation and climate change (Mbow, 2017) and desertification, 
while improving the livelihoods of smallholder farmers and pastoralists (Diop et 
al., 2018). The GGW decreases drought length and increases rainy days; however, it 
increases heat extremes during the pre-monsoon (Ingrosso & Pausata, 2024). The 
Sahel green belt/GGW/increases evapotranspiration and moisture convergence, 
enhancing latent heat while reducing sensible heat, by decreasing summer tem-
perature; however increases diurnal temperature range (Saley et al., 2019). 

2.2. Data 
2.2.1. Model Description 
The study applied the full spell community Earth System Model version 2 (CESM2), 
which is a fully coupled Earth system model, with substantial scientific and in-
frastructure improvements over its predecessor, featuring interactive atmos-
phere, land, ocean, and sea ice components, along with optional advanced mod-
ules for chemistry and ice sheet dynamics. The evidence for CESM2’s sophisti-
cation (Danabasoglu et al., 2020), revealing a major reduction in low-latitude 
precipitation and shortwave biases, improved representation for MJO, and bet-
ter El Niño Southern Oscillation teleconnection as compared to CESM1, is ac-
cessible at: https://www.cesm.ucar.edu.  

2.2.2. Experimental Design 
The Community Earth System Model version 2 (CESM2) was configured with its 
atmospheric component at a horizontal resolution of 1.9˚ × 2.5˚ with 32 vertical 
levels, and the oceanic component (POP2) at a nominal resolution of 1˚ with 60 
vertical levels. To isolate land-atmosphere-driven climate responses, the model 
was forced with constant year-2000 external forcings following (Danabasoglu et 
al., 2020). 

Two numerical experiments were conducted to assess the climatic impacts of 
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large-scale vegetation restoration. The control experiment (CTRL) uses the pre-
sent-day land cover with no vegetation alteration and was integrated for 50 years. 
The sensitivity experiment (GGW) is identical except for a prescribed vegetation 
perturbation over the Sahel (10˚N - 18˚N, 20˚W - 40˚E), simulating the Great 
Green Wall initiative by increasing vegetation cover by 70%. 

This perturbation was implemented by modifying surface boundary conditions 
in the Community Land Model (CLM5) following (Lawrence et al., 2019). Specif-
ically, the fractional cover of the dominant Plant Functional Type (PFT) in each 
grid cell within the target region was increased by 70% relative to its original value, 
with a corresponding reduction in bare soil fraction. This modification implicitly 
alters key biophysical parameters, including Leaf Area Index (LAI), surface al-
bedo, surface roughness length, and rooting depth, consistent with the prescribed 
vegetation change. The modified land surface was applied as a permanent, year-
round change, allowing prognostic vegetation-atmosphere interaction through-
out the simulation. 

To ensure both simulations reached equilibrium before analysis, we examined 
key stability indicators, Top-of-Atmosphere (TOA) net radiation balance, and re-
gional soil moisture trends. These indicators exhibited no significant drift during 
the final 30 years of either integration, confirming a quasi-equilibrium state suit-
able for diagnostic analysis (Danabasoglu et al., 2020). 

The sensitivity experiment required a longer integration (100 years) than the 
control (50 years) because perturbed land surface conditions need additional 
time for the fully coupled system to adjust and reach a new equilibrium (Law-
rence et al., 2019). This ensures our comparison reflects the equilibrium climate 
response rather than transient adjustment. Accordingly, the final 30 years from 
each experiment were used to capture steady-state conditions. To quantify veg-
etation impacts, all calculations are based on Case surface minus Case differ-
ences. 

2.2.3. Model Simulation Output 
Monthly mean outputs from the CESEM2 model simulation are used to investi-
gate land-atmosphere interactions and the moist static energy change induced by 
GGW. Simulated outputs are categorized into three: 1) atmospheric state varia-
bles, including three-dimensional winds, specific humidity, air temperature, and 
geopotential height. 2) surface and energy flux variables: including latent and sen-
sible heat flux, surface radiation components, convective precipitation, and tem-
perature. 3) hydrological variables: including large-scale and convective precipi-
tation and surface pressure.  

All the data are processed for the summer monsoon season (JJA), and GGW 
minus Control is applied to quantify the impact of GGW. 

2.3. Method 

The thermodynamic and dynamic effects of afforestation are diagnosed in this 
study using a column-integrated Moist Static Energy (MSE) budget framework 
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(Hill et al., 2017). The steps of the calculation are mentioned below. 
1) Moist static energy per unit mass is defined as: 

p vh c T L q gz= + +                        (1) 

where cp stands for the specific heat of air at constant pressure, T for air tempera-
ture, Lv for latent heat of vaporization, q for specific humidity, g for gravitational 
acceleration, and z for geopotential height. Kinetic energy is neglected, so Equa-
tion (1) represents the total internal, latent, and potential energy available to con-
vection.  

2) For the JJA climatological mean, the column-integrated MSE budget equa-
tion is written as: 

{ } ( ){ } ( ){ }. Vht h p wh NL= − − ∂ +∂ ∇ +                (2) 

where the mass-weighted vertical integral is: 

{ } 1   d
Ps

Ptop

X X p
g

= ∫  

where {⋅} stands for the mass-weighted vertical integration between the surface 
and the top of the atmosphere. 

( )V ,u v=  is the horizontal wind vector (m/s), ω  is vertical pressure velocity 
(Pa/s),   is net column forcing (radiative + surface turbulent fluxes) (W·m−2), 

{ }t h∂  is the column tendency, and NL is the residual (including nonlinear and 
unresolved subgrid-scale terms). In steady seasonal climatology (JJA), the ten-
dency term is negligible, reducing the budget to a balance between advection, forc-
ing, and residuals. 

For a steady seasonal climatology, the storage term is negligible: 

{ } 0t h∂ =  

Thus, the budget simplifies to 

( ){ } ( ){ }. 0Vh p wh F NL∇ ∂ +− − + =                (3) 

The net column forcing term is expressed as 

TOAF F H Lv E+= + +                      (4) 

where TOAF  is net top-of-atmosphere radiation, H  is surface sensible heat flux, 
and E  is evaporation, Lv is the latent heat of flux. 

3) Mean-Anomaly Decomposition of Advection Terms 
To diagnose the mechanisms influencing GGW-induced MSE changes, all fields 

are decomposed into climatological means and anomalies using Equation (3): 

 X XX ′= +  

Horizontal MSE Advection: horizontal advection is decomposed into mean and 
anomalous. 

( ){ }. Vh V h V h V h V h′∇ = ⋅∇ + ⋅∇ + ⋅ + ′∇ ⋅∇′ ′            (5) 
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V1: mean horizontal advection, V2: mean flow on anomaly, V3: anomalous flow 
on mean, V4: eddy/nonlinear. 

Vertical MSE Advection: vertical advection is decomposed into mean and anom-
alous components. 

( ){ } ω ωω ωp p p ph hp wh h h′ ′ ′ ′− = + +∂ ∂ ∂ + ∂ ∂           (6) 

where 1ω : mean vertical advection, 2ω : mean ω  on anomaly, 3ω : anomalous 
ω  on the mean, 4ω : eddy/nonlinear term. 

These decompositions allow separation of dynamic (circulation-related) and 
thermodynamic (temperature/humidity-related) processes. 

4) GGW minus Control Perturbation Framework 
The influence of afforestation is evaluated as the difference between the GGW 

and the control simulation. 

surface caseΔX X X= −  

All MSE budget components are computed as case surface minus case anoma-
lies and then averaged over the Sahel domain to analyze the role of the Sahel green-
belt. 

To ensure reproducibility and budget closure, all MSE budget terms were de-
rived from monthly mean CESM2 outputs. Horizontal and vertical advection, ra-
diative, and turbulent fluxes were computed directly from these monthly fields. 
Calculations were performed on 32 model pressure levels, with mass-weighted 
vertical integration from the surface to 100 hPa. All variables were re-grid to a 
uniform 1.9˚ × 2.5˚ horizontal resolution. The residual term, representing unre-
solved and nonlinear processes, was diagnosed as the imbalance in the budget and 
remained below 10% of the total MSE tendency over the Sahel, indicating robust 
closure. 

3. Results and Discussions 
3.1. Climatological Distribution and Seasonal Evolution of MSE 

Figure 2 shows the JJA climatological distribution of MSE at the 850 hPa. The con-
trol (Figure 2(a)) reveals that the MSE maxima are located at 5˚N - 12˚N, south of 
the Sahel, with a value increasing from the Guinea Coast towards the central and 
western Sahel. In the GGW (Figure 2(b)), MSE is strongly enhanced over the west-
ern Sahel, extending northward to approximately 15˚N. Whereas the greenbelt in-
duced vegetation change (Figure 2(c)) demonstrated, the Sahel greenbelt shifted 
the MSE maxima northward around 15˚N - 18˚N, strongly increased over the cen-
tral Sahel from approximately 1.254 kJ·kg−1 to 1.507 kJ·kg−1, implied increased at-
mospheric moist enthalpy and convective potential over the Sahel, and enhanced 
surface moisture availability and latent heat flux under the Sahel greenbelt (Adigun 
et al., 2024). These confirm that Sahel-greenbelt-induced vegetation recovery 
strengthens land-atmosphere coupling, moistens the lower troposphere, and shifts 
convective potential northward to the central Sahel. 
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Figure 2. JJA climatological distribution of moist static energy (MSE: J·kg−1): (a) control, with no vegetation added, maxima located 
at 5˚N - 12˚N; (b) the GGW, the green belt with a slight shift in MSE maxima northward; (c) GGW minus Control. 

 

 
Figure 3. Annual cycle of moist static energy (MSE: J·kg−1): (a) control annual cycle; (b) GGW annual cycle; (c) GGW minus Control, 
represents the seasonal progression of MSE, during the pre-, peak, and the outset of monsoon. 

 
Figure 3 reveals the JJA annual cycle of moist static energy (MSE) distribution. 

In the control of climatology (Figure 3(a)), the MSE intensifies during the mon-
soon season JJA with maxima located from the Guinea Coast to approximately 
12˚N - 15˚N. In the GGW (Figure 3(b)), the GGW preserves the same feature as 
the control, with a slight extension in MSE maxima northward to ~15˚N. More 
importantly, the change (Figure 3(c)) marks seasonal redistributions. During the 
pre-monsoon (MAM), MSE increases with maxima around 14˚N - 16˚N, extend-
ing from the Guinea Coast to the Sahel, implying an enhanced surface moisture 
supply and atmospheric preconditioning for monsoon onset. By contrast, during 
the Peak monsoon phase (JJA), the MSE decreases over the Guinea Coasts but 
increases farther north (16˚N - 18˚N) over the central Sahel (Figure 2(c)), form-
ing a clear meridional dipole. This pattern suggests enhanced inland moisture 
transport and a northward shift of convective energy. Renewed enhancement dur-
ing the outset of monsoon (OND) implies delayed soil moisture release (Singh & 
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Sandeep, 2024), which contributes to the reorganization of monsoon energetics, 
with greenbelt-induced vegetation restoration shifting MSE and associated con-
vective potential northward into the Sahel. 

3.2. Column-Integrated MSE Budget and Dynamical Contributions 

Figure 4 presents the area-averaged anomalies of the moist static energy (MSE) 
budget components over the Sahel in response to the Great Green Wall (GGW) 
forcing. Error bars denote the 95% confidence interval derived from interannual 
variability across the 30 JJA seasons, and asterisks indicate the significance level 
of a one-sample t-test against zero (*p < 0.05, **p < 0.01, ***p < 0.001). The net 
column-integrated MSE increases by +7.00 ± 0.36 W·m−2 (p < 0.001), signaling a 
robust atmospheric energy surplus. Vertical advection dominates the budget: the 
anomalous vertical velocity acting on the mean MSE gradient contributes +1.48 ± 
0.11 W·m−2; however, it is not significant, while the mean vertical motion acting 
on the anomalous MSE adds +1.58 ± 0.12 W·m−2 (p < 0.001). Together, these two 
terms account for 43% of the net gain, indicating that strengthened ascent efficiently 
transports high-MSE air from the boundary layer into the free troposphere, enhanc-
ing column moist enthalpy and conditional instability.  
 

 
Figure 4. Area-averaged JJA anomalies of the moist static energy (MSE) budget compo-
nents (GGW minus Control) over the Sahel (10˚ N - 20˚ N, 20˚ W - 40˚ E). The six terms 
are: (a) net MSE tendency (Fnet); (b) anomalous vertical velocity × mean MSE gradient 
( phω′∂ ); (c) mean vertical motion × anomalous MSE ( phω∂ ′ ); (d) mean horizontal flow 

× anomalous MSE ( ·V h− ∇ ′ ); (e) anomalous horizontal flow × mean MSE gradient 

( ·V h− ′∇ ); and (f) residual. Error bars indicate the 95% confidence interval based on in-

terannual variability over 30 JJA seasons. Asterisks mark statistical significance from a one-
sample t-test against zero (*p < 0.05, **p < 0.01, ***p < 0.001). All terms are significant at 
p < 0.001, all in (W·m−2). 

 
Horizontal advection partially offsets this energy gain. The mean flow acting on 

anomalous MSE exports energy (−2.53 ± 0.21 W·m−2, p < 0.001), contributing 35% 
of the net change, whereas the anomalous circulation acting on the mean MSE 
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gradient imports energy (+1.29 ± 0.10 W·m−2, not significant), contributing 18% 
and reinforcing low-level moisture convergence. The residual term (−5.54 ± 0.53 
W·m−2, p < 0.001) remains within acceptable bounds, confirming satisfactory 
budget closure. Overall, circulation-driven advection supplies two-thirds of the 
total MSE increase, with enhanced ascent as the primary mechanism sustaining 
the northward expansion of convective energy. All budget terms are statistically 
significant at the 99.9% confidence level, underscoring the robustness of the green-
belt-induced energetic reorganization. 
 

 
Figure 5. Spatial distributions of area-averaged JJA moist static energy (MSE) budget anomalies (GGW minus Control) over the 
Sahel (10˚N - 20˚N, −20˚W to 40˚E): (a) net MSE tendency; (b) anomalous vertical velocity × mean MSE gradient; (c) mean vertical 
motion × anomalous MSE; (d) mean horizontal flow × anomalous MSE; (e) anomalous horizontal flow × mean MSE gradient; and 
(f) residual (all in W·m−2). 

 
Spatially, Figure 5(a) reveals that the net MSE anomaly (GGW minus Control) 

is strongly enhanced over the central Sahel, indicating increased atmospheric en-
ergy gain. This further supports deep convection and intensified monsoon circu-
lation. The anomalous ascent acting on the mean MSE gradient (Figure 5(b)) 
shows strengthened upward motion over the central Sahel, which signifies lifting 
of high MSE air into the free atmosphere and increases column moist enthalpy. 
Similarly, mean ascent acting on anomalous surface MSE (Figure 5(c)) remains 
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positive over the greening region, implying that elevated low-level MSE (Figure 
2(c)) further amplifies convection. However, horizontal advection exerts a com-
pensating yet reorganizing influence. The mean flow acting on anomalous MSE 
(Figure 5(d)) reveals negative values, indicating partial energy export. By con-
trast, anomalous wind (Figure 5(e)) becomes positive, importing high MSE air 
onto the Sahel, enhancing low-level moisture convergence. Intensified ascent and 
reorganized moisture transport sustain the MSE surplus (Hill, 2016); the residual 
term (Figure 5(f)) revealed decreasing value over the entire Sahel. 

3.3. Surface and Radiative Energy Flux Redistribution 

Figure 6 presents the area-averaged energy flux anomalies and their spatial distri-
butions, now with 95 % confidence intervals derived from 30-year interannual 
variability and significance testing. The Sahel greenbelt forcing produces a net at-
mospheric energy flux gain of +7.67 ± 3.61 W·m−2 (p < 0.001), while the surface 
net flux decreases (−2.85 ± 2.47 W·m−2, p < 0.05) and the TOA net flux increases 
(+4.82 ± 2.64 W·m−2, p < 0.01). This contrast implies enhanced radiative input at 
the top of the atmosphere and stronger upward turbulent energy transfer from the 
surface, resulting in atmospheric energy accumulation. 

Among the individual components, the shortwave flux at the surface (FSNS: 
+5.73 ± 1.65 W·m−2, p < 0.001) is the dominant contributor, accounting for ap-
proximately 75% of the atmospheric net flux gain, followed by latent heat flux 
(LHFLX: +4.33 ± 0.97 W·m−2, p < 0.001; 56% contribution), net shortwave at the 
top of atmosphere (FSNT: +3.18 ± 1.16 W·m−2, p < 0.001), and sensible heat flux 
(SHFLX: +3.07 ± 0.66 W·m−2, p < 0.001). By contrast, the longwave components 
at the surface (FLNS: −1.19 ± 1.41 W·m−2, p > 0.05) and at the top of the atmos-
phere (FLNT: −1.65 ± 2.37 W·m−2, p > 0.05) partially offset the energy surplus 
through enhanced radiative cooling, although these terms are not statistically sig-
nificant. The dominance of shortwave radiation and latent heat flux indicates in-
creased solar absorption and evapotranspiration, which are the primary drivers of 
atmospheric moist static energy enhancement. 

Spatially, the TOA net flux (Figure 6(a)) shows widespread positive anomalies 
over the northern and central Sahel, implying strengthened radiative forcing. Stip-
pling indicates that these positive anomalies are statistically significant (p < 0.05) 
over most of the Sahel. Conversely, the surface net flux (Figure 6(b)) exhibits neg-
ative anomalies over the entire Sahel, revealing enhanced upward turbulent fluxes 
(latent and sensible heat), with significant negative anomalies (p < 0.05) widespread 
across the region. These patterns result in increased atmospheric net flux markedly 
over the central and eastern Sahel (Figure 6(c)), where significant positive anoma-
lies (p < 0.05) cover large areas, confirming that vegetation-induced surface energy 
redistribution favors atmospheric energy accumulation. Enhanced shortwave ab-
sorption together with strengthened turbulent heat flux transfers energy from the 
surface into the atmosphere, amplifying moist static energy (McGregor, 2024). 

Overall, TOA net flux increases over the northern and central Sahel while sur-
face net flux decreases, confirming energy transfer from land to atmosphere and 

https://doi.org/10.4236/gep.2026.143011


F. K. Andarge et al. 
 

 

DOI: 10.4236/gep.2026.143011 253 Journal of Geoscience and Environment Protection 
 

reinforcing Sahelian convection and monsoon circulation. All reported area-av-
eraged values are accompanied by their 95% confidence intervals, and the spatial 
significance hatching provides robust evidence for the greenbelt-induced ener-
getic changes. 
 

 
Figure 6. Area-averaged energy flux anomalies (case surface minus case) (W·m−2) over the Sahel [10˚N - 20˚N, 20˚W - 40˚E]. The 
bar plot shows the mean anomalies (horizontal bars) with 95% confidence intervals (error bars) based on interannual variability 
over 30 JJA seasons. Asterisks denote statistical significance from a one-sample t-test against zero (*p < 0.05, **p < 0.01, ***p < 
0.001). The individual radiative and turbulent components shown are: FSNS, FSNT, FLNS, FLNT, LHFLX, and SHFLX, along with 
the derived TOA net, surface net (Fnet), and atmospheric net fluxes. The maps display the spatial patterns of (a) TOA net flux; (b) 
surface net flux (Fnet); and (c) atmospheric net flux anomalies over the Sahel. Stippling on the maps indicates grid cells where the 
difference is statistically significant at the 95% confidence level (p < 0.05). 

3.4. Spatial Patterns of Individual Flux Components 

Building on the flux budget analysis (Figure 6), the spatial structure of individual 
flux components reveals distinct patterns of energy redistribution (Figure 7). The 
shortwave flux anomalies FSNT (Figure 7(b)) and FSNS (Figure 7(a)) exhibit 
widespread positive anomalies over the central and eastern Sahel, with values 
ranging from approximately +3 to +8 W·m−2. Hatching confirms that these in-
creases are statistically significant (p < 0.05) across most of the region. Enhanced 
turbulent heat fluxes, particularly LHFLX (Figure 7(e)) and to a lesser extent 
SHFLX (Figure 7(f)), also show significant positive anomalies (p < 0.05) over the 
central and eastern Sahel, with mean area-averaged increases of +4.33 ± 0.97 
W·m−2 and +3.07 ± 0.66 W·m−2, respectively. The increased latent heat flux reflects 
enhanced evapotranspiration and moisture supply, which in turn shifted the MSE 
maxima northward (Figure 2(c)). 

In contrast, the longwave fluxes FLNT (Figure 7(d)) and FLNS (Figure 7(c)) 
reveal widespread negative anomalies over the entire Sahel, implying enhanced 
radiative cooling at the surface and to space. However, these negative anomalies 
are largely not statistically significant (p > 0.05), as indicated by the absence of 
hatching over most of the region. This cooling promotes turbulent heat transfer 
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to the atmosphere (Li et al., 2025), but the lack of significance suggests greater 
interannual variability in longwave components. Overall, shortwave fluxes and la-
tent heat flux emerge as the dominant and statistically robust contributors to the 
MSE enhancement, driving the northward shift in convective energy. 
 

 
Figure 7. Spatial patterns of individual radiative and turbulent flux anomalies (case surface minus case) (W·m−2) over the Sahel 
[10˚N - 20˚N, 20˚W - 40˚E]. The six components shown are: (a) FSNS (surface net shortwave); (b) FSNT (TOA net shortwave); (c) 
FLNS (surface net longwave); (d) FLNT (TOA net longwave); (e) LHFLX (latent heat flux); and (f) SHFLX (sensible heat flux). Hatching 
(stippling) indicates grid cells where the difference is statistically significant at the 95% confidence level (p < 0.05) based on a paired t-
test over 30 JJA seasons. The Sahel analysis box (10˚N - 20˚N, 20˚W - 40˚E) is outlined in black. All values are in W·m−2. 

3.5. Decomposition of MSE Components 

Figure 8 represents the JJA climatology of vertically integrated components of 
MSE over the Sahel. The total MSE in the Control (Figure 8(a)) reveals a maxi-
mum south of the Sahel near 15˚N, while the GGW (Figure 8(b)) shows a modest 
enhancement with a similar core location. The change field (Figure 8(c)) shows a 
pronounced increase in total MSE over the central Sahel and shifts its maxima 
northward (Figure 2(c)). The temperature component in the GGW (Figure 8(e)) 
increases above 15˚N, whereas the change field (Figure 8(f)) shows a notable de-
crease in the central Sahel and shifts northward, reflecting the redistribution of 
thermal energy. The moisture component, the GGW (Figure 8(h)), decreases above 
15˚N, whereas the change field (Figure 8(i)) reveals a substantial increase in mois-
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ture above 15˚N, especially over the central Sahel. This contributes to MSE en-
hancement (Figure 2(c)), whereas the geopotential component, the change (Fig-
ure 8(l)), reveals a widespread decrease, implying potential energy, which favors 
convection. 

 

 
Figure 8. JJA climatology of vertically integrated MSE components over the Sahel. Panels 
show (a) - (c) total MSE; (d) - (f) temperature component; (g) - (i) moisture component, 
and (j) - (l) geopotential component for control (left), GGW (middle), and Sahel greenbelt 
induced change (GGW minus Control, the right one). 
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Figure 9. JJA climatology of MSE energy components over the Sahel. Panels show (a) - (c) sensible heat; (d) - (f) latent heat; and (g) - 
(i) geopotential energy for the Control, GGW, and Sahel greenbelt change (GGW minus change). 

 
Increased moisture, reduction in temperature, and geopotential enhance MSE 

and shift energy maxima northward (Bello & Li, 2025) 
Figure 9 represents the JJA climatological distribution of MSE energy compo-
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nents; from these, the latent heat energy change (GGW minus Control) (Figure 
9(f)) dominates the MSE response, driving both the amplification and northward 
migration of total MSE change (Figure 2(c); Figure 8(c)). This pronounced in-
crease in latent heat energy north of 15˚N and its poleward displacement (Figure 
9(f)) provide the primary positive contribution to the enhancement of MSE. In 
contrast, sensible heat change (Figure 9(c)) and geopotential energy change (Fig-
ure 9(i)) exhibit widespread decreases over the Sahel, enhancing the total MSE by 
lowering surface temperature and increasing atmospheric moisture. The reduc-
tion in sensible heating (Figure 9(c)) weakens surface thermal contributions, while 
the decline in geopotential energy change (Figure 9(i)) reduces the gravitational 
component of the column energy. However, these negative contributions remain 
secondary to the strong moisture-driven enhancement. 

Overall, the result indicates that Sahelian MSE variability is primarily moisture-
controlled (Figure 8(i)), with latent heat changes (Figure 9(f)) governing the net 
MSE intensification and shifting northward (Figure 2(c)). 

In the next term, we will explain the vertical profile of MSE components. 

3.6. Vertical Structure of MSE Components 

Figure 10 shows the vertical cross-section of MSE components along 0˚E for the 
control, GGW, and the green belt-induced vegetation change (GGW minus Con-
trol). Sensible heat (Figures 10(a)-(c)), the control (Figure 10(a)), exhibits an in-
crease over the monsoon region (1000 - 850 hPa) (10˚N - 20˚N) and decreases 
with altitude, reflecting strong surface heating and a decrease in boundary layer 
humidity. The impact of the greenbelt/change/(Figure 10(c)) reveals a reduction 
in lower-tropospheric sensible heat, indicating suppressed turbulent fluxes, with 
minor compensation above 700 hPa, consistent with slight vertical redistribution 
of thermal energy. Latent heat (Figures 10(d)-(f)): control (Figure 10(d)) shows 
a pronounced increase in latent heat in the lower troposphere over the monsoon 
core, indicative of active moisture convergence and convection. The change (Fig-
ure 10(f)) reveals positive anomalies intensifying throughout the lower tropo-
sphere, extending northward to the Sahel, with persistent signals above 700 hPa, 
highlighting enhanced vertical moisture transport and amplified column-inte-
grated MSE. 

Geopotential energy (Figures 10(g)-(i)), in the control (Figure 10(g)), geopo-
tential height decreases in the lower troposphere over the monsoon region, sup-
porting ascent. The change (Figure 10(i)) produces further reduction in the lower 
troposphere, aligned with stronger ascent, and modest increases aloft, reflecting 
vertical redistribution and reinforcing convective organization (Al-Shamsi et al., 
2025). 

In summary, across the vertical column, greenbelt-driven vegetation restora-
tion enhances latent heat fluxes and lower-tropospheric MSE while reducing sen-
sible and geopotential energy. The moisture process is the dominant driver of trop-
ospheric energy organization in the Sahel, promoting energy maxima northward. 
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Figure 10. Vertical cross-section of JJA MSE components along 0˚E over the Sahel. Panels show sensible heat (a) - (c); latent heat 
(d) - (f); and geopotential energy (g) - (i) for the Control, GGW, and Sahel greenbelt induced change (GGW minus Control). 

 
Next, we will observe the changes in MSE transport. 

3.7. Vertical Structure of MSE Transport and Circulation 
Adjustment 

Figure 11 illustrates the JJA climatological distribution of moist static energy (MSE) 
and winds at 850, 600, and 200 hPa, revealing vertical dynamical controls of Sa-
helian moist static energy. 

At 850 hPa, the GGW (Figure 11(b)) reveals enhanced MSE peaks near 15˚N, 
fed by strengthened southwesterly moisture advection from the tropical Atlan-
tic. Intensified northeasterly trade winds limit northward moisture penetration, 
which weakened MSE’s northern part. The change (Figure 11(f)), stronger low-
level westerlies and weakened northeasterly trade winds, reduced dry air intru-
sion, allowing moisture to extend farther north and east, favoring the MSE max-
ima northward. 

At 600 hPa, the GGW (Figure 11(e)) African easterly jet flows deeper south-
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ward, and the enhanced northeasterly flow promotes mid-level dry intrusion, sup-
pressing MSE north of 12˚N. The change field (Figure 11(f)) northeasterly dry 
intrusion becomes weaker, and enhanced southwesterlies strengthen enhanced 
meridional moisture transport and shift the MSE core northward. 

At 200 hPa, the GGW (Figure 11(h)) strengthened the tropical easterly jet with 
a core found in the eastern part, with MSE decreasing over the entire Sahel. The 
change field (Figure 11(i)) reveals that the TEJ becomes strongly retreated and 
weakens, as well as the northeasterly trade wind weakening; however, the MSE 
still decreased, implying that TEJ has an indirect role in regulating MSE (Nichol-
son & Klotter, 2021). Overall, Sahelian MSE variability is dominated by low-level 
moisture advection and vertical warm air transport, while the TEJ plays a second-
ary role. 

 

 
Figure 11. JJA climatological distribution of MSE and wind vectors at 850 hPa (a) - (c); 600 hPa (d) - (f) and 200 hPa (g) - (i) for 
Control, GGW and GGW minus Control. 
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3.8. Zonal-Mean Meridional Structure of MSE Components 

 
Figure 12. JJA zonal mean meridional structure of total MSE and its components over the Sahel. Panels show the climatolog-
ical mean for (a) the control experiment, (b) the GGW experiment, and (c) their difference (GGW minus Control), highlight-
ing the meridional distribution and moisture-driven amplification of MSE in response to vegetation restoration. 
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Figure 12 presents the JJA zonal mean meridional structure of total moist static 
energy (MSE) and its components. Panels (a) and (b) show the climatological 
means for the control and GGW experiments, respectively, while panel (c) dis-
plays their difference (GGW minus Control). In the control experiment (Figure 
12(a)), the climatological zonal mean shows that total MSE and its latent heat 
component are higher south of 15˚N, while they are lower over North Africa. In 
contrast, the sensible heat and geopotential components are higher north of 15˚N. 
This meridional contrast indicates that thermodynamic drying and enhanced 
static stability dominate over North Africa, whereas moisture-driven energy in-
creases are confined to the Sahel in the mean state. The GGW experiment (Figure 
12(b)) reveals that total MSE becomes the dominant component north of 15˚N, 
closely followed by latent heat. Concurrently, the sensible heat and geopotential 
contributions weaken, implying a transition from dry static energy to moisture-
dominant energy amplification. 

The greenbelt-induced change (GGW minus Control, Figure 12(c)) further 
supports this: sensible heat and geopotential energy show negative anomalies over 
the northern Sahel, while total MSE and latent heat exhibit positive anomalies 
poleward of 15˚N. This response is primarily moisture-driven rather than dynam-
ically forced (Dixon et al., 2013). Overall, the GGW amplifies the latent heat com-
ponent of MSE, playing a dominant role in moisture and associated energy 
transport in modulating Sahelian thermodynamic structure. 

4. Summary and Conclusion 

This study demonstrates the fundamental role of the Sahel greenbelt in reorgan-
izing regional moist static energy (MSE) and West African Monsoon energetics 
using 30-year equilibrium simulations from the CESM2 model. By applying a col-
umn-integrated MSE budget framework, we quantified how a 70% vegetation in-
crease over the Sahel (10˚N - 18˚N) transforms the thermodynamic and dynamic 
structure of the monsoon system. 

The results establish that greenbelt forcing shifts the MSE maximum poleward 
from 5˚N - 12˚N to 15˚N - 18˚N, increasing core values over the central Sahel 
from 1.254 to 1.507 kJ·kg−1 (Figure 2(c)). This northward expansion is not merely 
a magnitude change but represents a fundamental reorganization of monsoon en-
ergetics. The seasonal evolution (Figure 3) reveals a distinct meridional dipole 
during the peak monsoon. MSE decreases over the Guinea coast while increasing 
over North Africa, indicating energy redistribution from coastal to interior re-
gions, with delayed moisture release extending convective potential into the post-
monsoon period (Fontaine et al., 2002). 

The mechanism driving this transformation operates through multiple coupled 
processes. First, vegetation recovery enhances evapotranspiration, increasing latent 
heat flux by +4.33 W·m−2 (Figure 7(e)), which repartitions surface energy from sen-
sible to latent heat dominance. This shift moistens the boundary layer, elevates 
moist enthalpy, and reduces dry static stability consistent with (Hay-Chapman & 
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Dirmeyer, 2023; Helbig et al., 2016), who demonstrated that enhanced latent heat 
flux increases atmospheric wetting and moisture injection into the vertical col-
umn. 

Second, the greenbelt induces fundamental circulation adjustments. Strength-
ened low-level westerlies transport warm, moist air from the tropical Atlantic 
deeper into the eastern Sahel, while reduced northeasterly dry advection mini-
mizes dry intrusion from the Sahara (Figure 11). The African Easterly Jet weakens 
and shifts northward, favoring vertical transport of moist energy, while the Trop-
ical Easterly Jet plays a secondary role. These circulation changes collectively en-
hance low-level MSE accumulation and support northward moisture penetration. 

The column-integrated MSE budget (Figure 6) quantifies the energetic conse-
quences. Atmospheric net energy gain increases by +7.2 W·m−2 north of 15˚N. 
Crucially, circulation-driven advection accounts for nearly two-thirds of this in-
crease, with vertical advection as the dominant contributor (43%), efficiently 
transporting high-MSE air from the boundary layer to the free atmosphere. Mean 
horizontal flow exports energy (−2.53 W·m−2), partially offset by anomalous wind 
import (+1.29 W·m−2), demonstrating strong coupling between thermodynamic 
forcing and dynamic feedbacks, a hallmark of monsoon intensification (Akinsanola 
& Zhou, 2019). 

The atmospheric energy surplus (+7.67 W·m−2) is primarily fueled by enhanced 
shortwave absorption (+5.73 W·m−2) and latent heat flux, partially offset by longwave 
cooling. This confirms that vegetation recovery enhances atmospheric energy con-
tent predominantly through moisture-driven processes rather than thermal ampli-
fication alone. The zonal mean meridional structure (Figure 12(c)) further con-
firms this moisture dominance: latent heat increases north of 15˚N while sensible 
and geopotential components decrease, indicating a thermodynamic regime shift 
from sensible heating-controlled dry boundary layer to latent heat-dominated 
moist regime across the northern Sahel. 

In summary, these findings demonstrate that Sahel greenbelt-induced vegeta-
tion recovery reorganizes monsoon energetics through three interconnected path-
ways: 1) surface energy repartitioning from sensible to latent heat dominance, 
moistening the boundary layer; 2) circulation adjustments that strengthen moist 
westerly inflow while weakening dry northeasterly intrusion; and 3) dynamically 
reinforced vertical transport that efficiently lifts high-MSE air into the free atmos-
phere. Together, these processes promote northward expansion of convective en-
ergy, shifting the Sahel climate toward a wetter regime north of 15˚N. 

The results provide a mechanistic foundation for evaluating large-scale refor-
estation as a regional climate adaptation strategy. By strengthening moisture re-
cycling and dynamically reinforcing ascent, land restoration offers potential ben-
efits for agriculture, water resources, and ecosystem recovery across the Sahel. 
However, remaining uncertainties warrant further investigation. Higher-resolu-
tion simulations with dynamic vegetation representations could better capture lo-
cal-scale vegetation-atmosphere feedbacks across the Sahel’s east-west gradient. 
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Additionally, incorporating aerosol-radiation interactions, dust feedbacks, and 
projected climate change-driven shifts in large-scale circulation will further refine 
understanding of greenbelt impacts. Strengthening integration with observational 
networks and in-situ flux measurements remains essential to validate these model-
based insights and translate them into effective adaptation strategies for the millions 
who depend on the West African Monsoon’s predictability. 
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