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Abstract Land restoration projects are implemented across Africa to combat land degradation and climate
change. By changing the vegetation cover, these projects can potentially impact cloud formation through
changes in energy and water partitioning between the Earth's surface and the atmosphere. In West Africa,
satellite observations have shown an increase in cloud formation over restored areas. However, even though the
spatial arrangement of restored areas differs between regreening approaches, such as farmer‐managed natural
regeneration, area protection or reforestation, it is unknown how the spatial pattern of restoration projects
impacts cloud formation. In this study, we use the Weather Research and Forecasting (WRF) mesoscale
atmospheric model to determine how land restoration affects cloud formation for a case study at the border of
the transnational W‐Arly‐Pendjari national park complex, with a sharp boundary between forest and grassland.
First, we carry out a sensitivity analysis to determine the underlying mechanisms of cloud formation over forest
regions, after which we run 27 land restoration scenarios with low (21%), intermediate (43%), and high (85%)
forest cover and varying spatial clustering to assess the impact of land restoration patterns on cloud formation.
The results highlight that an intermediate forest cover with higher clustering increases cloud formation due to
stronger mesoscale circulation. A small scale heterogeneity in forest cover or a high forest cover, on the other
hand, inhibits cloud formation. Because clouds play an important role in the Earth's water and energy balance,
these results provide important insight into how projects can be designed to increase their climate benefits.

Plain Language Summary In Africa, many land restoration projects aim to fight land degradation
and climate change, often increasing vegetation cover in the restored area. This change in vegetation affects
cloud formation by altering the exchange of water and energy between land and atmosphere. Earlier studies
found that more vegetation usually leads to more clouds. But we still do not know if the way restored areas are
arranged—whether forests are clumped together or spread out—matters for cloud formation. In this study, we
used the Weather Research and Forecasting weather model to explore this question in a region at the edge of the
W‐Arly‐Pendjari national park in West Africa. This area has a clear divide between forest and grassland. We
simulated scenarios with different surface characteristics to study how forests influence cloud formation and
scenarios with different amounts and patterns of forest cover. We found that more clouds form when forests are
grouped together in large patches. This is because the large patches of forest create strong mesoscale circulations
that enhance cloud formation. This shows that the pattern in which restoration projects are implemented can
influence cloud formation. Designing land restoration projects with this in mind can, therefore, help maximize
the climate benefits of these projects.

1. Introduction
Land restoration is seen as a promising solution to combat land degradation and climate change through carbon
sequestration (Cook‐Patton et al., 2020; Roe et al., 2019), while it simultaneously provides ecosystem services
such as wood, food, shade and income when implemented in the right way (Holl & Brancalion, 2020). In West
African drylands, which are especially vulnerable to land degradation and climate change (Prăvălie, 2021), many
countries have pledged to restore land (PBL, 2020) or implement restoration projects under the current United
Nations Decade of Ecosystem Restoration (UNEP, 2021). These projects aim to restore vast areas of land to
mitigate climate change, enhance biodiversity and combat land degradation (Martin et al., 2021) and include, for
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example, natural regeneration, area protection, farmer‐managed natural regeneration, or active reforestation (tree
planting).

In addition to climate change mitigation through carbon sequestration, land restoration also directly impacts the
local climate through biophysical processes. Regions with a high vegetation cover often have a higher aero-
dynamic roughness, lower albedo, and transpire more water than nearby regions with a lower vegetation cover,
increasing energy and water exchange between the Earth's surface and the atmosphere (Bonan, 2008; Duveiller
et al., 2018; Hoek van Dijke et al., 2022). On a local scale, the increased evaporation often has a cooling effect on
the restored area (Feldman et al., 2022; Ruijsch et al., 2024; Zhang et al., 2024), which can provide comfort for the
local population (Vancutsem et al., 2010; Wolff et al., 2018). However, globally, the decreased albedo of restored
areas will increase surface temperatures. This so‐called albedo warming is increasingly being acknowledged
when implementing land restoration projects (Hasler et al., 2024; Kirschbaum et al., 2024; Kristensen et al., 2024;
Windisch et al., 2021).

In addition to temperature, land restoration can also impact boundary layer development and cloud formation
through land‐atmosphere interaction. Regions with a high vegetation cover (e.g., forests) often have a low albedo,
which results in a higher amount of available energy at the surface. Combined with a high aerodynamic
roughness, this provides the heat and turbulence necessary for daytime boundary layer growth. In addition, a
relatively high evapotranspiration adds moisture to the atmosphere and lowers the lifting condensation level
(LCL) and level of free convection. This combination of available energy and moisture can result in enhanced
cloud formation over areas with a high vegetation cover (Bosman et al., 2019; Teuling et al., 2017). However, the
enhanced evapotranspiration over vegetated areas also increases the allocation of available energy to the latent
heat flux, at the expense of the sensible heat flux. This reduces boundary layer growth and can, in some cases,
result in reduced cloud formation over vegetated areas compared to nearby sparsely vegetated regions. For
example, although temperate and boreal forests in Europe, Asia and North America often show cloud
enhancement, tropical forests in the Amazon and Central Africa sometimes inhibit cloud formation (Xu
et al., 2022). These regions with enhanced cloud formation correspond to regions where the forest has a higher
sensible heat flux compared to reference regions, assuming there is enough water vapor present in the atmosphere
to condense (Taylor, Klein, Parker, et al., 2022; Xu et al., 2022).

However, the impact of vegetation on cloud formation also depends on its surroundings. If a forest borders
sparsely vegetated areas, the differences in temperature and surface roughness can trigger thermally or dynam-
ically driven mesoscale circulation and convergence (Birch et al., 2014; Garcia‐Carreras et al., 2010; Spracklen
et al., 2018), which are sometimes referred to as forest‐breezes. Whether clouds form over the restored region, or
the surrounding regions with lower vegetation cover, depends on whether the restored region is relatively cold
(due to increased evapotranspiration) or warm (due to the decreased albedo). In addition, the effect of forests on
cloud formation can vary through time (Qin et al., 2025). Similarly, if evapotranspiration is limited by soil
moisture, dry conditions result in a higher allocation of net radiation toward the sensible heat flux, increasing
surface temperature (Miralles et al., 2012) and boundary layer development (Ek & Holtslag, 2004; Findell &
Eltahir, 2003). Through changes in the surface energy balance, soil moisture anomalies and gradients can impact
convection, mesoscale circulations and precipitation (Klein & Taylor, 2020; Taylor, 2015; Taylor et al., 2007,
2012; Westra et al., 2012). This important role of vegetation in cloud formation is often overlooked when
restoration projects are implemented, as the complex interaction of these processes makes it difficult to predict
how restoration will impact cloud formation in a particular region (Lawrence et al., 2022).

In West Africa, satellite observations have shown enhanced cloud formation over restored areas (Ruijsch, Taylor,
et al., 2025). However, the existence of mesoscale circulation, convergence and forest‐breezes suggests that the
spatial context of land restoration projects is an important factor determining cloud enhancement. Cloud
enhancement has been, for example, observed only over project areas larger than roughly 10 by 10 km (Ruijsch,
Taylor, et al., 2025). In addition, previous research shows that simultaneously increasing tree heterogeneity and
tree cover enhances cloud formation in Africa by 55.2% compared to a uniform increase in tree cover (Xie
et al., 2025). Idealized land cover simulations show that sharp land cover boundaries initiate convective initiation
at the land cover boundaries (Ascher et al., 2025), depending on the scale of the heterogeneities (F. Chen &
Avissar, 1994; Lynn et al., 1998). Yet, it remains unknown how (realistic) spatial patterns in which the land
restoration projects are implemented influence cloud formation, even though different types of land restoration
projects may result in considerably different spatial patterns of vegetation. For example, farmer‐managed natural
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regeneration is expected to result in smaller patches (at the scale of several trees) of vegetation within an agri-
cultural or grassland region. Protected areas or active reforestation, on the other hand, will create large,
continuous patches of vegetation (at the scale of tens of square kilometers).

This research aims to close this gap by determining how the spatial pattern in which land restoration projects are
implemented affects cloud formation in West African drylands. However, the many factors impacting cloud
formation result in noisy signals, which would make it difficult to extract relations from observation data alone.
On top of that, the limited flux measurements make it challenging to determine underlying cloud development
mechanisms. To this end, we use theWeather Research and Forecasting (WRF) model (Skamarock et al., 2019) to
simulate cloud formation in West Africa. First, we run the model with the current vegetation cover over a study
region with a sharp boundary between forest and non‐forest (Figure 1) to determine how different surface
characteristics (i.e., albedo, surface roughness and soil moisture) affect cloud formation. Even though land
restoration can encompass a wide range of measures, we compare a forested protected area to a surrounding
grassland area as a proxy for the potential effects of land restoration on cloud formation. Using this knowledge,

Figure 1. Study area and period. (a) Weather Research and Forecasting model domains and validation locations in Niamey (gray triangle) and Abidjan (gray square).
(b) MODIS albedo on 1 October 2017 in domain 4. The line indicates the edge of the forest region. (c) Topography and (d) MODIS land cover as used in the model in
Domain 4. Climatology of soil moisture content from ERA‐5 and soil moisture on the three case study days (dots). (f) Climatology of cloud cover fraction in the forested
(blue boxes) and grassland (gray boxes) area. The line shows the relative difference in cloud cover fraction between those two regions. Data in this panel is obtained
from (Ruijsch, Taylor, et al., 2025).
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we simulate several realistic land restoration scenarios with varying forest extent and spatial clustering to
determine how the spatial pattern of land restoration affects cloud formation.

Our results can inform land restoration projects on how their project design may impact cloud formation through
changes in vegetation cover. Ultimately, this may lead to the optimization of project design to obtain maximum
climate benefits. Clouds provide shade and play an important role in initiating convective rainfall in the Sahel
(Mathon et al., 2002), through which land restoration can impact water availability on a larger scale (Hoek van
Dijke et al., 2022; Te Wierik et al., 2024). This may be needed to sustain restoration projects in dryland regions.
At the same time, clouds impact the energy balance of the Earth and have the potential to impact global climate
patterns (Goessling et al., 2025), both through trapping heat emitted by the Earth's surface and reflecting incoming
solar radiation. Determining the impact of land restoration on cloud formation is, therefore, a crucial next step to
form a more complete understanding of the overall climate effect of land restoration.

2. Materials and Methods
2.1. Case Study Description

We focus on a study region in West Africa. The region of interest is 150 by 150 km and located on the north-
ernmost edge of the W‐Arly‐Pendjari Complex, a transnational protected area on the borders of Benin, Niger and
Burkina Faso (11.7–13.1°N, 1.8–3.2°E) (Figure 1a). This case study area was selected because the border of the
protected area shows a clear boundary in land cover and albedo (Figure 1b) and limited elevation differences
(Figure 1c). The region inside the protected area mainly consists of natural vegetation types like savanna,
shrublands and mixed forest, whereas the outside region largely consists of grassland (Figure 1d). Satellite ob-
servations between 2004 and 2024 show a structurally higher cloud cover fraction over the protected area
compared to the surrounding region, with large relative differences at the start and end of the wet season
(Figure 1f) (Ruijsch, Taylor, et al., 2025). To meet computational constraints, we selected three case study days
referred to as Day 1 (1 October 2017) Day 2 (5 November 2004) and Day 3 (24 March 2013) (Figure 1e). These
days were selected because satellite observations show a particularly high difference in cloud cover fraction over
the forested area compared to the grassland area, based on data from Ruijsch, Taylor, et al. (2025), ensuring a day
with land‐atmosphere coupling and a potential effect of the forest cover on cloud formation. The case study days
are ahead and following the wet season (Figure 1e) with a light wind (roughly 5 knots) is coming from the
southwest (Figures S1a–S1f in Supporting Information S1). In addition, the soil moisture content in the southwest
and southeast of the domain is relatively high compared to the forested area and the northeast grassland area
(Figures S1g–S1i in Supporting Information S1). On Day 2, the soil moisture content is more homogeneous
across Domain 4.

2.2. Model Description and Configuration

The (Advanced Research) Weather Research and Forecasting model (WRF‐ARW) version 4.1.4 is run for the
three case study days with four nested model domains (Figure 1a) with decreasing grid sizes of 27 km in the
largest domain and 1 km in the smallest domain (Table 1). The initial and boundary conditions, including soil
moisture, are provided by the European Center for Medium‐Range Weather Forecasts (ECMWF) operational
analysis with a 0.25 spatial grid length and a 6‐hr temporal resolution. The model albedo, land use classes and leaf
area index values are based on MODIS climatology data (Broxton et al., 2014), with a 1 km grid length in the

Table 1
Characteristics of the Model Domains

Domain Number of grid cells Domain size (km) Grid cell size (km) Domain latitude and longitude (NW, SE) Time step (day 1 and day 2, day 3) (s)

D01 100 × 100 2,700 × 2,700 27 (22.683, − 10.259), (− 1.165, 14.260) 162, 100

D02 151 × 151 1,359 × 1,359 9 (18.556, − 4.230), (6.458, 8.226) 32.4, 20.0

D03 151 × 151 453 × 453 3 (13.946, 0.376), (9.901, 4.513) 6.48, 4.00

D04 151 × 151 151 × 151 1 (13.090, 1.794), (11.741, 3.175) 1.30, 0.80

Note. Domain name, number of horizontal and vertical grid cells, domain size, grid cell size, and coordinates of the model domains.
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smallest domain. The surface roughness is based on tabled data linked to the land use class (Table S2 in Sup-
porting Information S1).

In the two largest domains, cumulus development is parameterized using theGrell‐Freitas ensemble scheme, while
in the smallest domains, the spatial grid length (1–3 km) is low enough to assume that the cumulus development is
resolved. In addition, we used the YSU scheme for the boundary layer (Hong et al., 2006), the Revised MM5
Monin‐Obukhov scheme for the surface layer (Grell et al., 1994), the UnifiedNoah land‐surfacemodel for the land
surface (S.Chen et al., 2022), theWSM6‐class graupel scheme formicrophysics (Hong&Lim, 2006) and the rrtmg
scheme for shortwave and longwave radiation (Oreopoulos & Barker, 1999). These parameterizations are
considered suitable for answering the research questions (Achugbu et al., 2020; Klein et al., 2015). The start of the
simulation was set to 00:00UTC one day prior to the selected day to allow for adequate spinup (Jankov et al., 2007;
Kleczek et al., 2014), and run until 23:59UTC the next day, resulting in a simulation period of 48 hr. Themodel top
is set to 3,000 Pa, with 8 levels in the lowest 1 km. For Day 1 and Day 2, the model is run with a timestep of 162 s
(in Domain 1) and 61 vertical levels. To avoid numerical instabilities, Day 3 is run with a timestep of 100 s and 81
vertical levels. Output data is provided on a 15‐min temporal resolution.

2.3. Model Evaluation

The model results are evaluated against multiple sources. We used radiosonde measurements from the University
of Wyoming Upper Air Sounding Data Set (University of Wyoming, 2025) to evaluate vertical profiles of po-
tential temperature, temperature, wind speed and wind direction. Because soundings are limited in Africa, no
soundings were available in Domain 4. To this end, we compared model results in Domain 3 and Domain 1 with
radiosonde measurements in, respectively, Niamey, Niger (13.48°N, 2.16°E) and Abidjan, Côte d'Ivoire (5.25°N,
3.93°W) (Figure 1a). The soundings are available for the three case study days at 12:00 UTC, except on 5
November 2004, where data were only available in Niamey.

To evaluate the modeled cloud formation, we use cloud masks derived from the High Resolution Visible band of
the SEVIRI sensor onboard the Meteosat Second Generation Satellites (Ruijsch, Taylor, et al., 2025). Because we
are interested in cloud formation over forest and grassland areas, we separate the study area into a “forest” area
and a “grassland” area. The forest area is defined as having an observed mean albedo lower than 0.175 on 1
October 2017, based on Broxton et al. (2014), similar to the forest area in Ruijsch, Taylor, et al. (2025) and visibly
matching the land cover boundary and protected area (Figure 1b). Although the forest area does not only contains
forest, but mix of deciduous broadleaf forest (5.0%), mixed forest (13.6%), open shrubland (12.7%), woody
savanna (13.9%), savanna (18.8%), and grassland (32.9%), it is referred to “forest” for convenience. The grassland
area is the remaining part of the domain and consists mainly of grassland (85.8%) and open shrubland (8.6%)
(Figure S4 in Supporting Information S1). The same forest boundary is used for all case study days to ensure
similarity between seasons. Since cloud masks are not directly provided by the WRF model outputs, we defined a
cloud mask based on locations where the liquid water path in the vertical column exceeds 1 mm (1,000 g/m2)
based on visual inspection of cloud patterns (Figures S2 and S3 in Supporting Information S1). The fractional
cloud cover can then be defined as the fraction of clouds compared to the total area (the forest area, the grassland
area or across the entire domain). The cloud cover fraction development over the forest and grassland area during
the case study days is then compared to the cloud cover fraction observed with the satellite data. We compared the
observed cloud cover fraction to the simulated cloud cover fraction in Domain 4 between 11.7°N and 13.0°N.

2.4. Sensitivity Analysis

To provide more insight into underlying relations between forests and cloud development, we carried out a
sensitivity analysis by varying the albedo, surface roughness and soil moisture, all of which are expected to impact
cloud formation. The parameters are varied over the forest area only, by multiplying the reference value (listed in
Table S1 in Supporting Information S1) provided by the MODIS and ECMWF operational analysis data with a
certain multiplication factor. Each parameter changed in three steps, resulting in 27 parameter combinations
(Figure S5 in Supporting Information S1). The albedo is decreased (with multiplication factors of 1.0, 0.75, and
0.5), and the surface roughness and soil moisture content are increased (with multiplication factors of 1.0, 1.5, and
2.0) relative to the grassland, as these are typical surface characteristics through which forests are hypothesized to
impact cloud formation (e.g., Xu et al., 2022).
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The albedo is changed within Domain 4 only. The soil moisture is changed in both Domain 4 and 3 across all
vertical layers to avoid strong soil moisture discontinuities. Because the surface roughness is based on tabled data
linked to the land use class, we multiply the minimum and maximum roughness length (Z0min, Z0max) for the
evergreen broadleaf forests, deciduous needleleaf forests, deciduous broadleaf forests, mixed forests, closed
shrublands, woody savannas, savannas, and croplands classes across the model domain. To study the effect of
these parameters on cloud formation, we determined for each time step the cloud cover fraction over the forest and
grassland areas. In addition, to provide more insight into the underlying processes, we retrieve other variables
such as the sensible heat flux, latent heat flux, planetary boundary layer height, LCL and vertical wind profiles.
The planetary boundary layer height is defined as the lowest height where the bulk Richardson number exceeds
the critical threshold (in this case, 0.25).

2.5. Restoration Scenarios

To determine the effect of forest size and heterogeneity on cloud formation, we created different restoration
scenarios with varying land cover patterns. To reduce the number of variables, we only used the “grassland” and
“mixed forest” (which has albedo and roughness values in‐between the other land cover types, Table S2 in
Supporting Information S1) MODIS land covers. We created random patterns with varying forest cover and
spatial clustering, following Lennon (2000), generating two‐dimensional random patterns similar to patterns
found in natural systems. In total, we created 27 restoration scenarios, using combinations of three forest covers
values: 21.3% (half of the reference forest cover), 42.7% (the reference forest cover) and 85.4% (two times the
reference forest cover). In addition, we used three so‐called dispersion values that represent the degree of spatial
clustering (− 1.0, − 2.5, and − 5.0), and three random variations (seed 1, seed 2, and seed 3) (Figure S6 in Sup-
porting Information S1). A detailed description of the generation of these patterns is given in Text S1 in Sup-
porting Information S1. In addition, we simulated a scenario with only grassland and only mixed forest for
comparison.

The land cover scenarios were simulated for one of the case study days (1 October 2017) with a similar model
configuration as in the reference simulation. However, in order to determine how forest pattern impacts cloud
formation, we create conditions where we expect cloud development over the forest (as observations show for this
case study day). Based on the results of the sensitivity analysis (e.g., cloud formation over soil moisture
boundaries) and existing literature (Taylor et al., 2011), we expect soil moisture heterogeneities be an important
factor determining cloud formation over forests. Therefore, we used the domain average soil moisture in the
grassland regions, and half the domain average in the forest. Based on these model simulations, we compared
cloud development over forest and grassland areas in the same way as for the sensitivity analysis.

3. Results
3.1. Evaluation of Model Results

To validate the model results, we compared the reference model simulation with radiosonde measurements. On
Day 1, the simulated height profiles (represented by air pressure) of temperature closely follow themeasurements at
Niamey (13.48°N, 2.16°E) (Figure 2a). However, near the surface (1,000–800 hPa), the simulated dew point
temperature is up to 9.3°C lower than measured values, suggesting the model simulates a drier boundary layer,
resulting in a higher simulated LCL (153.2 hPa). Also at a higher level, between 600 and 300 hPa, the dew
point temperature is underestimated. The simulated Convective Available Potential Energy (CAPE) is lower
(675.7 J/kg) than themeasured value (3,101.8 J/kg), while no Convective Inhibition (CIN) is simulated, but a value
of − 56.76 J/kg is measured. On Day 2, simulations of dew point temperature are underestimated at the surface
(1,000–900 hPa), and the simulatedLCL is 75.0 hPa higher than themeasured value (Figure 2b). Both themeasured
and observed CAPE and CIN have a value of 0.0 J/kg. On Day 3, a similar pattern is observed, with an underes-
timation of dew point temperature (10.3°C) between 1,000 and 900 hPa and a higher simulated LCL (127.9 hPa)
(Figure 2c). On this case study day, themodel simulated aCAPE andCINof 0.0 J/kg,while themeasured values are
171.7g and − 191.0 J/kg, respectively. So, during all three case study days, the simulated LCL is lower than the
observed value due to a dry simulated boundary layer, although these local humidity biases due to soil moisture
anomalies are not unusual to occur in the Sahel (Taylor et al., 2007). In Abidjan (5.25°N, 3.93°W), the simulations
follow the measurements more closely on Day 2 and Day 3, both in terms of the LCL as the dew point temperature
near the surface (Figure S7 in Supporting Information S1).
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In addition, we evaluated simulations of cloud cover with satellite observations. Although the simulated cloud
cover fraction inside the forest region on Day 1 is underestimated during the beginning of the afternoon and
overestimated after around 15:00, the simulated development of the clouds follows the pattern of measurements
(Root Mean Squared Error (RMSE) = 6.0%, maximum bias (biasmax) = 16.7%, between 06:00 and 16:45 UTC).
Outside the forest, the model predicts a lower cloud cover than the observations, especially at the end of the
afternoon (RMSE = 9.9%, biasmax = 37.0%) (Figure 2d). On Day 2, the cloud cover is underestimated by the
model, both inside (RMSE = 28.9%, biasmax = 55.1%) and outside (RMSE = 18.7%, biasmax = 42.8%) the forest,
compared to observations, but follows a similar onset of cloud development to the observations (Figure 2e). On
Day 3, the simulated cloud cover is overestimated as well, both inside (RMSE = 21.1%, biasmax = 76.9%) and
outside (RMSE = 15.8%, biasmax = 81.8%) the forest (Figure 2f). In addition, the onset of cloud development has
a similar timing, although the similar cloud cover outside the forest decreases after 15:00, which is not observed
from the satellite data. So, the model simulates a lower cloud cover fraction than observational data, especially on
Day 2 and Day 3. Although a direct verification of the reason for this underestimation is challenging due to the
limited data availability in the smallest domain, this bias could be linked to the too dry boundary layer and too
high lifting condensation as observed in the sounding data. Nonetheless, across all three case study days, both the
model simulations and the measurements indicate a higher cloud cover over the forest area than the surrounding
non‐forest area, which justifies the use of this model configuration for studying mechanisms for enhanced cloud
formation over the forested area.

3.2. Relationship Between Vegetation Characteristics and Cloud Formation

In this subsection, we will discuss results in our area of interest (Domain 4) only. On Day 1, changing the albedo,
roughness length, and soil moisture content in the forested area has a pronounced effect on cloud development in

Figure 2. Evaluation of model results. Thermodynamic diagram of simulated (Weather Research and Forecasting) and measured (sounding) temperature (T), dew point
temperature (Td), parcel profile, lifting condensation level and wind speed and direction (barbs, simulated is black, measured is gray) at Niamey on Day 1 (a), Day 2 (b),
and Day 3 (c). Simulated temperature, dew point temperature and pressure are obtained from Domain 3 at the location of Niamey. Simulated and measured cloud cover
fraction inside and outside the forest on Day 1 (d), Day 2 (e), and Day 3 (f) in Domain 4.
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the case study area. Visual inspection of the model simulations reveals an enhanced cloud formation over the
forest compared to the grassland, which is also visible in observational data (Figures 3a–3c). Cloud cover is
especially prevalent in the south‐western part of the forest. For all parameter combinations, clouds start devel-
oping around 12:00 UTC, reaching a maximum cloud cover around 14:00–16:00 UTC (Figure 3d).

Compared to the reference simulation, a decrease in albedo or an increase in surface roughness increases cloud
formation in the forested region. Multiplying the albedo in the forested region by 0.75 and 0.5 increases the
afternoon (12:00–17:00 UTC) average cloud cover in the forested region with, respectively, +99.4% and+54.4%
(Figure 3h) compared to the reference albedo. Increasing the surface roughness has a smaller effect on cloud
formation, as multiplying the roughness length by 1.5 results in a decrease in cloud cover of − 12.9%, whereas
multiplying it by 2.0 increases the cloud cover by +1.9%. Increasing the soil moisture in the forested regions
strongly inhibits cloud formation (Figures 3a and 3d). Compared to the reference simulation, multiplying the soil
moisture content by 1.5 and 2.0 results in a strong cloud cover decrease of, respectively, − 83.1% and − 90.0%.

Figure 3. (a) Cloud cover (white) under different parameter combinations on Day 1 (1 October 2017) at 14:00 UTC in Domain 4. The parameter combination is indicated
at the top (roughness multiplier), side (soil moisture multiplier), and bottom (albedo multiplier). The background image is obtained from Google Earth (Map data:
Google, NASA). (b) As a reference, the image on the left shows Suomi VIIRS reflectance image at 1 October 2017 13:53 UTC in Domain 4 (Wolfe et al., 2013). The
parameters are only changed in the forested areas indicated in (c). (d–f) Cloud cover fraction (CFF) over the course of the day for Day 1, Day 2, and Day 3 over the
forested area. Line colors indicate different parameter combinations of albedo and soil moisture as shown in (g), while the line thickness indicates different surface
roughness parameter multipliers. The black dotted line indicates the observed CCF, based on Ruijsch, Taylor, et al. (2025). (h) The afternoon (12:00–17:00 UTC)
average CCF for the combinations of the albedo, soil moisture and surface roughness multipliers. The CCF is shown compared to the reference scenario, which has a
value of 100%.
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Comparing all parameter combinations, the afternoon cloud cover fraction varies between +123.9% and − 92.1%
compared to the reference simulation.

The other case study days show a similar effect of changing the albedo, roughness length and soil moisture on
cloud formation (Figures S8 and S9 in Supporting Information S1). However, even though observational data
shows a similar cloud cover as Day 1, both Day 2 and Day 3 show a lower cloud cover over the course of the day
(Figures 3d–3f). Yet, similar to Day 1, decreasing the albedo and increasing the roughness length results in an
increase in cloud formation, whereas increasing the soil moisture reduces cloud formation. Interestingly, during
these case study days, the maximum cloud cover is reached later during the day when the soil moisture is
increased (Figures 3d–3f). In general, decreasing the albedo and increasing the surface roughness thus enhances
and advances cloud formation, whereas increasing the soil moisture strongly reduces and delays cloud formation.
Yet, increasing surface roughness can also decrease cloud formation in some cases.

3.3. Potential Underlying Mechanisms for Cloud Formation

To determine potential underlying mechanisms for cloud formation over the forested region, we determined how
changing the albedo, roughness length, and soil moisture affects the surface energy balance, boundary layer
development and mesoscale circulation. To determine why cloud formation is more pronounced over the forested
region, we focus on the difference between the forest and grassland areas (Figure 4). A lower albedo in the forest
region results in an increase in sensible heat flux and, to a lesser extent, in latent heat flux for all case study days
(Figures 4a–4f). The latent heat flux is higher over the forested region over the course of the day, whereas the
sensible heat flux is higher over the forested region until around 13:00 onDay 1, after which the sensible heat flux is
higher over the grassland. During the other case study days, both the sensible and latent heat fluxes are higher over
the forest region. A similar pattern can be seen in the boundary layer height (Figures 4g–4i). At the same time, the
LCL is lower over the forest than over the grassland (Figures 4j–4o). In addition, the decreased albedo results in a
higher vertical velocity over the forested area (Figures 4p–4r), which, combinedwith the higher boundary layer and
lower LCL, results in a higher cloud formation in the forest compared grassland (Figures 4s–4).

Increasing the soil moisture in the forested region has a strong impact on surface energy balance and boundary
layer development (Figure 4). A higher soil moisture results in an increased latent heat flux and decreased sensible
heat flux in the forest compared to the grassland (Figures 4a–4f). The difference in boundary layer height between
the forest and grassland is lower, or even negative (Figures 4g–4i), while the LCL decreases in both forest and
grassland (Figures 4j–4l). As a result, the difference between the boundary layer height and LCL decreases on
Day 1 and Day 2, and shows a delayed effect on Day 3 (Figure 4m–4o, Figures S10m–S10o and S11m–S11o in
Supporting Information S1). A decrease in vertical velocity over the forest area can be observed, where the forest
afternoon average turns from positive (rising air) for the dry soil to negative (sinking air) with the wet soil during
Day 1 and 2 (Figures 4p–4r, Figures S10p–S10r in Supporting Information S1). Interestingly, increasing the soil
moisture content not only decreases the cloud development over the forested area, but it becomes stronger over
the grassland area than over the forest (Figures 4s–4u). Changing the surface roughness has a limited impact with
variable sign on the sensible and latent heat flux and boundary layer development during all three case study days.
However, the model simulations show generally stronger vertical wind velocities under simulations with a higher
surface roughness (Figures 4p–4r). The ability of surface roughness to increase both the sensible and latent heat
flux makes it difficult to predict the exact processes leading to increasing or decreasing cloud formation under
surface roughness variations.

On Day 2 and Day 3, the cloud formation results in limited precipitation throughout the day, with a maximum
cumulative precipitation of 0.16 mm. On Day 1, however, changing the albedo, surface roughness and soil
moisture results in precipitation changes with similar patterns as the cloud cover (Figures 4v–4x). The maximum
cumulative precipitation in the forested area (4.83 mm) is found with a maximum surface roughness, minimum
albedo and minimum soil moisture. Whereas an increase in soil moisture strongly reduces the cumulative pre-
cipitation to 0.003 mm. Increasing the soil moisture does, however, increase the precipitation in the grassland
regions to 1.15 mm (Figures S10 and S11 in Supporting Information S1).

To provide more insight into the difference in cloud formation mechanisms between a dry soil (reference soil
moisture) and wet soil (soil moisture multiplied by 2.0 in the forest domain), we created a transect from the south‐
west (11.8°N, 1.8°E) to north‐east (13.0°N, 3.0°E) within the model domain, roughly aligned with the wind
direction (Figure 5). Just before the onset of cloud development, the south‐western grassland part of the transect
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(left) has a relatively cool and moist atmosphere, whereas the north‐eastern grassland part of the transect has a
dryer and warmer atmosphere. When the soil moisture is low, the atmosphere over the forested region is relatively
warm and dry, whereas under high soil moisture, the potential temperature gradually increases from the south‐

Figure 4. Effect of surface properties on surface fluxes, boundary layer growth and precipitation. Difference in (a–c) surface sensible heat flux, (d–f) surface latent heat
flux, (g–i) boundary layer height, (j–l) lifting condensation level (LCL), (m–o) difference between boundary layer height and LCL, (p–r) vertical velocity, (s–u) cloud
cover fraction and (v–x) cumulative precipitation between the forest and grassland area over the course of Day 1, Day 2, and Day 3 (06:00–17:00 UTC). The colors are
similar to Figure 3. The inset in (x) shows the color legend with albedo (horizontal) and soil moisture (vertical) multipliers. Positive values indicate the value is higher in
the forest area.
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west to the north‐eastern part of the transect, consistent with the large‐scale meridional temperature gradient that
characterizes the Sahel.

Under dry soil conditions, the LCL increases from 1,469 m to a maximum of 2,386 m over the forest and north‐
western grassland region in the south‐west of the domain. The boundary layer reaches as high as 2,774 m,
compared to a maximum of 2,199 m over the grassland. Under wet soil conditions, the boundary layer has a
relatively constant height with an average height of 1,850 m, while the LCL gradually increases from 1,370 to
2,145 m in the north‐eastern grassland. In addition, under dry soil conditions, the wind speed near the surface is
higher, with strong vertical velocities and wind convergence near the forest‐grassland edge in the south‐western
part of the domain, which is not present under wet soil conditions.

3.4. Effect of Land Restoration Patterns on Cloud Formation

As a first step in determining the impact of land restoration pattern, the cloud formation over two baseline
scenarios (100% grassland and 100% forest cover) was quantified. The grassland only scenario (0% forest cover)
results in a low afternoon average cloud cover (3.2%), whereas the forest only scenario increases cloud cover to
8.4%. This suggests that forest itself increases cloud formation in this case study. Yet, when simulating cloud
formation over 27 restoration scenarios with varying degrees of forest cover and clustering, the afternoon average
cloud cover fraction varies between 4% (scenario in Figure 6a) and 25% (scenario Figure 6w), indicating that
cloud formation is stronger over a combination of forest and grassland compared to only forest.

Visual inspection of the 27 restoration scenarios at 14:00 UTC shows that, for this case study, clouds are visibly
more present under restoration scenarios with a higher spatial clustering (Figures 6j–6r) than with a more small‐
scale heterogeneous distribution of forest across the landscape (Figures 6a–6i). This is also shown by the af-
ternoon average cloud cover fraction (Figure 6f1–6i1), although the exact combination of forest cover and
clustering with the highest afternoon cloud cover is different per random variation (Figure S12 in Supporting
Information S1). Under the highest clustering (Figures 6s–6a1), clouds develop especially at the edge between
forest and grasslands (Movie S1).

Interestingly, increasing the amount of forest cover does not necessarily increase cloud formation in these sce-
narios. We find the highest cloud cover under scenarios with a high spatial clustering (more negative dispersion)
and intermediate forest cover of 42.7% (e.g., Figure 6w), with an average afternoon cloud cover of 21.1% across
the domain (Figure 6h1). Doubling the forest cover to 85.4%, strongly reduces the cloud cover to 14.4%. The
highest cloud cover fraction appears where the forest patches have a length scale of 64 km (i.e., the average length

Figure 5. Vertical cross section of boundary layer development over dry and wet soils. The vertical velocity (blue arrows), relative humidity (white lines), and potential
temperature (color) across height above sea level over a transect across the study domain on Day 1 at 12:45 UTC under (a) dry soil and (b) wet soil conditions. The colors
on the bottom show topography and forest (green) and grassland (yellow). The planetary boundary layer height is indicated with the continuous black line, and the lifting
condensation level with the dotted black line. The dry soil conditions are represented by the run with maximum albedo, minimum soil moisture, and maximum surface
roughness. The wet soil conditions have a maximum albedo, maximum soil moisture, and maximum surface roughness.
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of forest across 1,000 random transects across the domain). This suggests that, although forests itself increase
cloud formation in this case study, land cover variation with a longer length scale (i.e., clustered forest) can
enhance cloud formation beyond a 100% forest cover.

To provide insight into the underlying mechanism for cloud enhancement over clustered forest patches, several
surface and boundary layer variables were studied. This shows that the spatial pattern of forest has little influence
on the area‐averaged sensible and latent heat flux when the forest and grassland regions are considered separately
(Figures 7a, 7b, 7e, and 7f). In contrast, total forest cover does impact the model domain‐average fluxes, with
higher sensible heat flux and lower latent heat flux as forest cover increases (Figures 7c and 7g). Because net
radiation differs only slightly between forest and grassland until 12:00 UTC, these changes are primarily driven
by differences in how the net radiation is partitioned between the turbulent fluxes (Figure S13 in Supporting
Information S1). Up to the onset of cloud formation (around 12:00 UTC), also the boundary layer height and LCL
develop similarly across the different land cover scenarios, and the boundary layer reaches the LCL around 12:00

Figure 6. Effect of restoration design on cloud development. Cloud cover (white) under different restoration scenarios on Day 1 (1 October 2017) at 14:00 UTC in
Domain 4. The background image shows the created land cover map, with forest in green and grassland in yellow, with different forest cover (indicated at the bottom),
spatial dispersion (indicated on the right, more negative values indicate higher clustering) and random variations (indicated at the top), resulting in 27 land cover
simulations. Movie S1 shows the cloud development between 09:00 and 15:00 UTC. Cloud cover fraction over the course of the day (b1) over the grassland, (c1) over
the forest, and (d1) over the total domain. The line colors indicate different restoration scenarios with varying forest cover and spatial dispersion, as shown in (e1).
Afternoon (12:00–17:00 UTC) average cloud cover fraction (%) (f1) over the grassland, (g1) over the forest, and (h1) over the total domains for the same restoration
scenarios. The values show the average across the random seeds. Values for the separate seeds are visualized in Figure S12 in Supporting Information S1. The black
striped and continuous line represents the 0% and 100% forest cover scenarios, respectively.
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UTC (Figures 7i–7t). After 13:00 UTC, the boundary layer continues to grow for the small‐scale heterogeneous
forest cover, while the average boundary layer height strongly decreases under clustered forests, possibly as a
result a smaller downwelling shortwave radiation due to the cloud formation itself (Figure S13 in Supporting
Information S1). At the same time, land restoration configurations with the highest cloud cover show a more

Figure 7. Diurnal variation in the grassland, the forest, the total domain and the difference between the forest and grassland for (a–d) sensible heat flux, (e–h) latent heat
flux, (i–l) boundary layer height, (m–p) lifting condensation level (LCL), (q–t) difference between boundary layer height and LCL, (u–x) vertical wind velocity, (y–b2)
cloud cover fraction and (c2–f2) cumulative precipitation between the forest and grassland area over the course of Day 1, Day 2, and Day 3 (06:00–17:00 UTC). Positive
values indicate the value is higher in the forest area. The black striped and continuous line represents the 0% and 100% forest cover scenarios, respectively. The colors
are similar to Figure 6. The inset in (c2) shows the color legend with forest cover (horizontal) and dispersion (vertical) values.
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negative (downward) vertical velocity over the grassland and a positive (upward) vertical velocity over the forest,
especially at the end of the afternoon (Figures 7u–7b2).

Because the boundary layer development is similar across restoration scenarios, we study a vertical transect
across the model domain for nine of the different spatial configurations with varying forest cover and spatial
clustering, which provides more insight into the impact of mesoscale circulations (Figure 8). The nine transects
correspond to Random Seed 2 in Figure 6.

At 14:15 UTC, relatively shallow clouds have developed over a small‐scale heterogeneous forest cover
(Figures 8a–8c) and the high forest cover scenarios (Figures 8c, 8f, and 8i). At the edges of larger forest patches,
high equivalent potential temperatures (Figure S14 in Supporting Information S1), near‐surface wind conver-
gence and a strong reduction in boundary layer height have developed, with a strong upward vertical velocity at
the cloud edges, and a downward wind at the center, corresponding to the decrease in boundary layer height over

Figure 8. Vertical cross‐section of boundary layer development over different spatial patterns of restoration. Vertical wind velocity (colors) at a west (left)‐east (right)
vertical cross section at a latitude of 12.4°N at 14:15 UTC for nine different restoration scenarios corresponding to Random Seed 2 in Figure 6. The black continuous line
indicates the boundary layer height, the striped black line the lifting condensation lever and the gray lines the relative humidity contours (%). The land cover type is
indicated by the yellow (grass) and green (forest) shading at the bottom. The gray opaque and transparent shading indicates a cloud water mixing ratio of, respectively,
more than 0.001 and 0.1 g/kg. The blue shading indicates a precipitation mixing ratio of the same values.
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clustered observed in Figures 7i–7l. Over the clustered forest, especially with intermediate and lower forest cover,
we find the development of deep convection, with clouds reaching as high as 12 km (Figures 8e, 8g, and 8h).
These clouds first develop at the forest‐grassland edge and later expand mainly into the grassland (Movie S2).

The cloud formation in this case study also results in precipitation, with, in general, a higher cumulative pre-
cipitation for configurations with a high cloud cover and more spatial clustering (Figures 7y–7f2). Inside the
forest, we find the highest average cumulative precipitation under scenarios with a high spatial clustering and the
lowest forest cover (seed 3), with 1.89 mm. A low spatial clustering generally results in an average cumulative
precipitation between 0.43 and 0.05 mm. All these scenarios have, however, a higher cumulative precipitation
than the scenario with only grass (0.03 mm).

4. Discussion and Conclusions
In this study, we used the WRF atmospheric model to determine how the spatial pattern of land restoration
projects impacts cloud formation in West African drylands. We selected three case study days that show an
enhanced cloud formation over the W‐Arly‐Pendjari Complex at the border of Benin, Niger and Burkina Faso,
and ran the model with varying albedo, surface roughness and soil moisture content to determine mechanisms
behind observed cloud formation over forested regions and how these parameters impact cloud formation. Ac-
cording to existing research, clouds can either be enhanced or inhibited over forested regions. In temperate re-
gions, observational analysis has shown cloud enhancement over forest, while in some parts of the Amazon, the
high evapotranspiration of forests inhibits cloud formation (Duveiller et al., 2021; Xu et al., 2022). The low
albedo and high surface roughness over forests increase boundary layer growth, which can result in enhanced
cloud formation over regions with a high sensible heat flux (Bosman et al., 2019; Teuling et al., 2017). In addition,
the high evaporation provides atmospheric moisture and lowers the LCL, enhancing cloud formation over regions
with a high evaporation if the sensible heat flux is large enough to stimulate boundary layer growth (Findell &
Eltahir, 2003; Garcia‐Carreras et al., 2017).

In this study, model simulations show that increasing the surface roughness and albedo inside the forest enhances
the afternoon cloud cover fraction up to+123.9% due to the increased net radiation and sensible heat flux. During
these simulations, the sensible heat flux and boundary layer height are larger over the forested region than over the
surrounding grassland. Similar results have been found for case studies in Europe, where the high sensible heat
flux is essential to for the onset of cloud development over forested regions (Bosman et al., 2019; Noual
et al., 2023). However, increasing the soil moisture content in the forest strongly reduces the cloud formation, up
to − 97.2%, over the forest. Because the evapotranspiration in dryland regions is strongly water‐limited,
increasing the soil moisture content strongly enhances the latent heat flux in the forest region, at the expense of the
sensible heat flux, resulting in a lower boundary layer compared to the grassland region. Thus, under dry soil
moisture conditions, the forest has a higher sensible heat flux, boundary layer growth and cloud formation. Under
wet soil moisture conditions, the forest region has a lower sensible heat flux, boundary layer and cloud formation
than the surrounding grassland region, which is in line with the negative relationships between soil moisture and
cloud formation in West Africa as found in other studies (Klein & Taylor, 2020; Taylor et al., 2012, 2013). Based
on these results, an increase in sensible heat flux appears to be more critical for cloud formation than a decrease in
atmospheric moisture, again in line with Bosman et al. (2019) and Noual et al. (2023).

In addition, differences in surface roughness and albedo between the forest and adjacent grassland can trigger
thermally and dynamically driven mesoscale circulations, which enhance cloud formation over warm and rough
regions (Birch et al., 2014; Khanna &Medvigy, 2014; Spracklen et al., 2018). In this study, the relatively high soil
moisture in the south‐western part of the case study domain (Figure S1 in Supporting Information S1) in com-
bination with the dry and dark forest, cause a sharp contrast in boundary layer height and potential temperature,
resulting in updraft and wind convergence, and ultimately cloud formation, at the forest‐grassland edge. During
the wet soil conditions, wind convergence and mesoscale circulation needed for cloud development do not
develop in the same way as during dry soil conditions. This suggests that these circulations play an important role
in cloud development, at least during the case study days. Although these only represent conditions during these
three case study days, observations show enhanced cloud formation over regions with a negative soil moisture
anomaly due to the enhanced sensible heat flux over longer time scales (Taylor et al., 2011, 2012).

To determine the effect of spatial patterns of restoration, we ran 27 land restoration scenarios with varying forest
cover and spatial clustering. Model simulations show that a more clustered forest cover results in cloud cover
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enhancement compared to a more small‐scale heterogeneous forest. Furthermore, clustered patches of forests
(alternated with grassland) increase cloud development compared to a completely forested domain. This suggests
that a certain degree of variation in land cover, of certain length scales, increases cloud formation in this region.
Since the latent and sensible heat fluxes are similar over both clustered and small‐scale heterogeneous forest
cover, the differences in cloud formation are likely driven by other mechanisms, such as mesoscale circulation
and convergence at the boundaries of the clustered forests. The variation in surface roughness and temperature of
the boundary layer over the forest and grassland contributes to thermally (temperature) and dynamically
(roughness) driven mesoscale circulations caused by frictional convergence, resulting in cloud formation on the
forest‐grassland boundary. In addition, these heterogeneities provide favorable conditions for convection and
rainfall (Garcia‐Carreras & Parker, 2011). Similar results were seen with observational data, where only larger
protected areas in West Africa show cloud enhancement (Ruijsch, Taylor, et al., 2025). Other observational and
modeling studies have shown mesoscale circulation to cause cloud cover enhancement over the warm and rough
edge of land cover heterogeneities (Ascher et al., 2025; Garcia‐Carreras et al., 2010; Spracklen et al., 2018; Taylor
et al., 2022a), which is, in this case, the forested side due to the relatively dry soil.

As the sensitivity analysis highlights that cloud formation is strongly coupled to soil moisture heterogeneities, it
is, however, expected that the cloud enhancement under the different land restoration scenarios varies with soil
moisture conditions and throughout the year. Other studies have indeed found that the effect of deforestation
strongly depends on seasonality in Asia and South America (Leung et al., 2024; Qin et al., 2025). In addition,
multi‐year satellite observations show that the relative difference in cloud cover fraction between the forest and
grassland in a similar case study region is 8%, which is lower than the strong cloud enhancement during these
specific case study days. While computational limitations restricted longer model simulations, further research on
the overall long‐term effect of the patterns of land restoration on cloud formation would therefore be insightful.
This will also provide more insights into potential feedbacks, both between soil moisture and cloud formation, and
to the vegetation itself. In addition, because this is a modeling study, the accuracy of the representation of the
model and the input data results also impacts the accuracy of the results. Comparisons with radiosonde and
satellite data indicate a systematic underestimation of cloud cover fraction, likely related to an overly dry
boundary layer and soil moisture, which may have resulted in a underestimation of evaporation and too high LCL.
Yet, as limited flux measurements are available in the study region, in‐depth validation of the surface energy
balance is challenging. On top of that, higher resolution model simulations using, for example, Large Eddy
Simulation may provide more accurate patterns of cloud cover because these models are able to mostly resolve
turbulent structures and shallow cumulus clouds in the atmospheric boundary layer (Honnert et al., 2020). Despite
the underestimation of cloud cover fraction, especially on Day 2 and 3, this study provides insight into what extent
soil moisture, surface roughness and albedo impact cloud enhancement over vegetated regions.

This study shows that spatial patterns of land restoration projects strongly influence cloud formation, with a
stronger cloud enhancement of vegetation over clustered forests. This suggests that, if cloud (or rainfall)
enhancement is a goal of the project, larger patches of forest (e.g., protected areas) in a grassland region are more
effective in generating clouds than smaller patches of forests (e.g., farmer‐managed natural regeneration).
Although the small‐scale heterogeneous forest cover does not result in a considerable increase in cloud cover
compared to grassland only, the results do show an increased cumulative precipitation with small‐scale hetero-
geneous forest cover (up to 0.43 mm) compared to the grassland simulation (0.03 mm). A high spatial clustering
can, however, increase the domain‐averaged cumulative precipitation up to 1.89 mm. This study, therefore,
suggests that restoration can locally impact water availability, as found in previous global analyses (e.g., Hoek
van Dijke et al., 2022). It should be noted, however, that this study only considers two land cover classes (forest
and grassland) to limit the number of variables. A landscape with a higher species diversity may, however, be
more suitable for restoration practices, especially in dryland ecosystems where large forest patches are not native
(Bond et al., 2019; Parr et al., 2024; Veldman et al., 2015). Future research could therefore focus how more
realistic and diverse model scenarios affect the results in this study.

Nonetheless, this research can provide insights for policymakers on how the design of restoration projects inWest
African drylands impacts cloud cover or precipitation. In addition, given the many restoration projects currently
being implemented under, for example, the United Nations Decade of Ecosystem Restoration or the Great Green
Wall of Africa, and the strong effect of changes in cloud cover on the global climate (Goessling et al., 2025), both
through trapping heat emitted by the Earth's surface and reflecting incoming solar radiation, more insight into the
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cloud impacts of land restoration projects is essential to understand their overall climate effect and look beyond
their carbon sequestration potential (Ibisch et al., 2025).
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