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Abstract. Tropical deforestation can have a significant effect
on climate, but research attention has been directed mostly
towards Amazonian deforestation. The southern part of West
Africa (a region dependent on rain-fed agriculture and vul-
nerable to droughts and flooding) has seen significant de-
forestation since the 1950s. Many previous tropical defor-
estation studies have used idealized and exaggerated defor-
estation scenarios and parameterized convection models. In
this study we estimate for the first time realistic historical
deforestation from the Land-Use Harmonization dataset in
West Africa and simulate the impacts in a 5 d ensemble fore-
cast in June using a convection-permitting regional climate
model. We find that sensible heat flux increases at the ex-
pense of latent heat flux in most deforested regions, and rain-
fall increases by an average of 8.4 % over deforested pix-
els from 18:00-06:00 UTC, whereas changes are much less
pronounced during the day. Over large areas of deforesta-
tion approx. 300 km inland (e.g. west Guinea) the roughness-
length and thermally enhanced convergence during the after-
noon and evening occurs over the deforested areas resulting
in increases in rainfall with little impact from reduced day-
time humidity. In areas of coastal deforestation (e.g. Cote
d’Ivoire), increased winds drive the sea breeze convection
inland, resulting in evening rainfall reductions over the de-

forested area but increases further inland, in line with obser-
vations. We suggest our results would not be replicated in
parameterized convection models, which are known to strug-
gle with capturing peak convective activity in the late after-
noon and long-lived nocturnal rainfall and with reproducing
observed surface-rainfall feedbacks.

1 Introduction

The impact of tropical deforestation on climate has been a
research area since the early 1990s, but there has been par-
ticular emphasis on studying Amazonian deforestation due
to the Amazon’s large size (Lawrence and Vandecar, 2014;
Spracklen et al., 2018). In contrast, there has been much less
emphasis on West African deforestation. The impact of de-
forestation on rainfall is dependent on the spatial scale of
land-cover change, the surface flux characteristics of the re-
placement land cover, the nature of the rain-bearing systems,
and the potential role of topographic and sea breeze circula-
tions, which makes it difficult to extrapolate what would hap-
pen in one region from what happens in another (Lawrence
and Vandecar, 2014). There has been considerable deforesta-
tion during the 20th century in the southern part of West
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Africa (Aleman et al., 2018), with pockets of deforesta-
tion driven by the rapidly growing population (Brandt et al.,
2017). West Africa has experienced prolonged drought since
the late 1960s, but more recently rainfall has somewhat re-
covered. It is likely that large-scale patterns of sea surface
temperatures have caused these droughts, while it has been
suggested that land-use change may have also had some im-
pact (Wang et al., 2004).

Although there is consensus that tropical deforestation
causes local (near-surface) warming, the impact on rainfall is
much more dependent on the spatial scale, extent, and loca-
tion of the deforestation. Impacts on temperature have been
determined from models and observations (Duveiller et al.,
2018; Alkama and Cescatti, 2016; Perugini et al., 2017). De-
forestation causes increases in albedo, which cause cooling,
but across the tropics this effect is more than offset by a
shift in surface fluxes from latent to sensible heat, result-
ing in net warming of the atmosphere. The shift from la-
tent to sensible heat flux is due to the lower leaf area in-
dex and shallower rooting; the reduction in surface rough-
ness reduces turbulent exchange of heat from the surface,
also contributing to a warmer land surface (Spracklen et al.,
2018). These modifications to energy fluxes can affect rain-
fall, but changes to rainfall due to deforestation have largely
only been studied in models (Perugini et al., 2017). Studies of
continental-scale deforestation using global climate models
have shown reductions in rainfall over the deforested areas,
especially during drier seasons (e.g. for complete deforesta-
tion of tropical African rainforests see Werth and Avissar,
2005; Semazzi and Song, 2001). However, when more re-
alistic deforestation scenarios were applied to the Amazon,
reductions in rainfall were found to be lower, and patterns
of rainfall shifted, with some regions having increased rain-
fall (Medvigy et al., 2011). Abiodun et al. (2008) investi-
gated two idealized but reasonably large-scale deforestation
scenarios over West Africa and showed that both could have
a significant impact outside the deforested area as well as
locally, enhancing the monsoon flow either by changes in
meridional temperature gradient (desertification scenario) or
by surface roughness changes (deforestation scenario). Over-
all, they found a reduction in rainfall due to enhanced mois-
ture transport out of the area. Boone et al. (2016) analysed
the impact of estimated land-use and land-cover change since
the 1950s in West Africa in several models. Their somewhat
idealized prescribed land-cover change represents a worst-
case degradation scenario, and they find a reduction in rain-
fall across the Sahel in all models and a shift in rainfall to
the south in some models. Satellite observations of Rondo-
nian (Amazonia) rainfall over deforested areas suggest an in-
creasing rainfall trend in the dry season over the 20th cen-
tury but a decreasing trend in the wet season (Chagnon and
Bras, 2005). A new observational study for southern West
Africa (Taylor et al., 2022) has identified that mesoscale de-
forestation locally enhances the frequency of daytime con-
vective activity, an effect which is particularly pronounced
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where coastal deforestation enhances storms triggered by sea
breezes. A positive correlation between forest minus non-
forest differences in sensible heat (from flux tower measure-
ments) and cloud cover (from satellite observations) has been
found globally (Xu et al., 2022), with tropical regions typi-
cally showing increased sensible heat and cloud due to the
small-scale deforestation.

Differences in surface heat fluxes between clearing and ad-
jacent forest induce mesoscale circulations similar to land—
sea breezes, bringing moisture-rich air from over the for-
est to over the clearing and, if these circulations are strong
enough, resulting in enhanced rainfall (Souza et al., 2000;
Garcia-Carreras et al., 2011; Hartley et al., 2016). Feedbacks
on the atmosphere from land surface heterogeneity have
been shown to be improved for high-resolution convection-
permitting models (CPMs) compared to parameterized con-
vection models (PMs) (Taylor et al., 2013), and therefore
high-resolution PMs may fail to produce the observed en-
hanced convective rainfall at vegetation boundaries. Many
of the deforestation-scenario modelling studies have used
low-resolution global climate models. However, mesoscale
models can reproduce the deforestation-induced mesoscale
circulations which have also been observed in Amazonia
(D’Almeida et al., 2007). Khanna et al. (2017) used an
8 km scale model to simulate Rondonian rainfall over defor-
ested areas using 1980s and 2006 land cover. Although their
8 km model can explicitly represent some of the larger-scale
convection, their cumulus parameterization was used for
smaller-scale convection. Consequently, they looked at the
top of boundary layer humidity as well as rainfall changes.
They found that the enhanced rainfall over the deforested
area in the 1980s was due to thermally driven enhanced
mesoscale circulations, whereas the more recent larger scale
of deforestation caused enhanced rainfall/humidity only on
the downwind side, with roughness length changes inducing
dynamically driven mesoscale circulations. CPM simulations
should provide added value to representing the climate im-
pacts of land-use change (Vanden Broucke and Van Lipzig,
2017), because they better represent the differences in diur-
nal cycles of surface fluxes over different vegetation types.
This is partly due to the higher resolution but largely due to
representing the diurnal cycle of convection better than PMs.

In this study we evaluate the changes in rainfall in a 5 d en-
semble due to realistic historical deforestation (since 1950)
in West Africa using a CPM and analyse the causes of the
changes. We use a 5d ensemble rather than a longer-term
simulation so that we can look at how local physical pro-
cesses respond to deforestation in a statistical way without
diverging synoptic conditions. To our knowledge, no other
studies have used a CPM or such a methodical way to deter-
mine the historical deforestation scenario to estimate effects
of tropical deforestation on rainfall in this region. We anal-
yse the diurnal cycle of various diagnostics to understand the
causes of rainfall changes. We look in detail at two subre-
gions, one where the rainfall changes are primarily thermally
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driven and one where the rainfall changes are primarily dy-
namically driven. The model and simulations are described in
Sect. 2, the effect of deforestation on the different diagnos-
tics are presented in Sect. 3, a comparison with other West
African studies is presented in Sect. 4, and conclusions are
presented in Sect. 5.

2 Model setup and methods
2.1 Modelling strategy

We use the Met Office Unified Model (UM v8.2) with at-
mosphere and land surface components, run at 4 km resolu-
tion over West Africa (20° W-20° E, 0-25° N), as described
in Crook et al. (2019). The model includes a convection pa-
rameterization (Gregory and Rowntree, 1990) with closure
based on the convective available potential energy. However,
this parameterization is severely restricted by adjusting the
relaxation time, and a sub-grid Smagorinsky-type turbulent
mixing scheme is employed, allowing explicit convection.
While a 4 km model is at the edge between the grey zone and
truly convection-permitting resolution (Prein et al., 2015),
this model has been shown to represent the diurnal cycle, the
intermittency of convective rainfall, the propagation of con-
vection, and the location and the lifetimes of deep convective
storms in West Africa more accurately than the equivalent
12km parameterized model when compared to CMORPH
rainfall, TRMM radar (2A25), and SEVIRI brightness tem-
perature (Crook et al., 2019, simulation V_CP4 therein). It
does, however, have storms that are often too intense and
never reach the size of the largest observed storms, and the
small storms produce too much of the total rainfall. It has also
been shown to capture the observed relationships between
surface flux patterns and convective triggering, unlike the
12 km parameterized model (Taylor et al., 2013). Although
our simulations are not set up as a forecast and we would not
expect a perfect match to observations, we find that the en-
semble mean rainfall over the 1-5 June 2014 period is, like
CMORPH, mostly confined to south of 12° N and with the
most intense rain near the south coast. However, the ensem-
ble mean has a wet bias across the domain around 10° N and
over the Cameroon mountains and a dry bias near the coast
in Cote d’Ivoire and Ghana, and these biases are significant
compared to the 1-5 June standard deviations found from
9 years of CMORPH (Fig. S1 in the Supplement). Despite
this, systematic regional biases that affect both our forested
and deforested simulations equally will not affect the rainfall
change signal linked to deforestation that we are interested
in. Given that this is a process study, it is the model skill in
correctly capturing rainfall timing within the diurnal cycle
and in representing the characteristics of convective storms
(as demonstrated in Crook et al., 2019) that is most important
for this work. The realistic representation of timing, storm
lifetimes, and storm precipitation intensities provides con-
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fidence in our model results on convection responses when
surface roughness and flux patterns change locally due to de-
forestation.

To assess the impact of recent West African deforestation
on rainfall, we produced two 10-member 5 d ensembles, the
first using current land cover and the second using an esti-
mate of 1950s land cover. Both current and 1950s vegetation
ensembles were run at 4km resolution for 5d from 1 June
2014 conditions over West Africa. We chose early June be-
cause at this time of year there is some rain in the region up
to about 15° N while still being early in the monsoon season
when it is expected that sensitivity to deforestation is high —
i.e. soils are still relatively dry — and the evaporative advan-
tage of forests compared to shallow-rooted vegetation is ex-
pected to be high. Although earlier in the year the soil would
have been drier near the coast, there were fewer rain events,
making detection of impacts on rainfall challenging. The en-
semble approach with 10 paired members allows us to eval-
uate the uncertainty in the modelled response to forest cover
change that is linked to internal variability. At the same time,
by simulating only 5d time slices in “forecast mode”, tem-
poral divergence of the synoptic conditions between the en-
semble members is minimized. Differences between the two
ensembles can therefore be attributed to the imposed defor-
estation in the absence of large-scale circulation feedbacks.

Sea surface temperatures and boundary conditions were
prescribed from ERA-Interim data (Dee et al., 2011) ev-
ery 6 h. The ensembles were generated by starting each en-
semble member from the previous current land-cover ensem-
ble member dump file at the end of the first day with the time
reset to 1 June 00:00 but resetting the soil moisture to the
climatology. Climatologies for soil moisture were produced
as in Crook et al. (2019) from 14-year offline land surface
model (JULES) runs using either the current or 1950s vege-
tation.

JULES (Best et al., 2011) is a modular land surface model,
handling exchange of heat, moisture, and momentum with
the atmosphere; soil moisture hydrology split into four soil
layers of thicknesses 0.1, 0.25, 0.65, and 2.0 m; surface and
sub-surface runoff parameterizations; and a vegetation model
representing five different plant functional types (PFTs):
broadleaf trees (BTs), needleleaf trees, C3 grass, C4 grass,
and shrub. Plant and soil properties (e.g. albedo, roughness
length, leaf area index (LAI), soil conductivity, and soil ther-
mal capacity) and fractions of each PFT as well as urban, ice,
and water (each modelled as a tile within a grid box) per grid
box are specified through ancillary files and model configu-
ration. The amount of moisture in each soil layer available to
each PFT depends on soil properties and on the root density
of each PFT in each soil layer, whereas water available for
evaporation from bare soil only comes from the uppermost
soil layer. Due to a lack of suitable in situ flux measurements
in the study region, JULES’ translation of deforestation into
changes in net radiation and surface flux partitioning can-
not be directly validated. However, based on known effects
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of tropical deforestation in better-studied regions (e.g. Sil-
vério et al., 2015, Amazon; Peng et al., 2014, China), the
flux differences between forested and deforested areas in the
default JULES configuration did not appear sufficiently re-
alistic, as detailed below. Such unrealistic responses to land-
cover change in “out-of-the-box” land surface schemes are
not unusual (Pitman et al., 2009; Boone et al., 2016), and
even in the most recent earth system models there is a large
difference in behaviour (Boysen et al., 2020). We therefore
implemented the following modifications in JULES to simu-
late a more plausible depiction of deforestation.

2.1.1 Changes to leaf area index

Firstly, we found that the monthly climatology of LAI used
in standard JULES MetUM simulations produces an unreal-
istic seasonal cycle over southern West Africa. This problem
was traced to the treatment of missing data in the creation
of the LAI field whereby cloudy pixels were erroneously as-
signed LAI of zero. Given that during boreal summer cloud
cover is extensive, the effect was to introduce a marked min-
imum in LAI across the region. Instead, we used an alter-
native LAI field (Semeena et al., 2021) based on the Global
LAnd Surface Satellite (GLASS) LAI product (Xiao et al.,
2016), which exhibits a broad maximum in LAI during these
months (see Fig. S2).

2.1.2 Changes to root water extraction for broadleaf
trees

The JULES model expresses the impact of soil water stress
on transpiration via a dimensionless stress factor (FSMC),
based on soil moisture relative to texture-dependent criti-
cal (Ac) and wilting (6w) points (Best et al., 2011; see their
Eq. 52). A value of 1 means there is no water stress at all and
a value of 0 means the plant is totally water stressed. For each
plant functional type, this is computed by weighting FSMC
at each soil layer by its assumed vertical root profile, where
the root density in each layer follows an exponential distri-
bution with depth as given by Eq. (50) in Best et al. (2011).

For the BT type of key interest in our study, the root
weighting for the lowest soil layer (1-3m) is substantial,
corresponding to 0.55. We found in offline simulations that
throughout the first few months of the rainy season, this
lowest soil level remained strongly water stressed, suppress-
ing the root-weighted FSMC (and hence transpiration) from
trees. By contrast, shallower-rooted grasses exploit the wet-
ter soil closer to the surface and produce much larger tran-
spiration than the trees. We consider that, in reality, trees are
well adapted in terms of where they take their water from,
and we hence modified JULES for BT so that FSMC is taken
from the maximum value of the four levels, rather than its
root-weighted mean.
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2.1.3 Under-canopy evaporation switched off

In JULES, direct moisture evaporation from the upper soil
layer occurs primarily from the soil tile. However, for the
vegetated tiles, total evapotranspiration is made up of tran-
spiration from the leaves plus a contribution from soil evap-
oration based on the fraction of bare soil visible through
the vegetation canopy. Under some circumstances, this bare
soil contribution in vegetated tiles is known to be too large
(Van Den Hoof et al., 2013). We found that this source
could (counter-intuitively) enhance evapotranspiration fol-
lowing deforestation and we therefore switched the bare soil
contribution off for all plant tiles.

2.2 Creation of the deforestation scenario

The key aim of this study is to explore atmospheric and
rainfall responses to a deforestation scenario that plausibly
captures historical forest change. This crucially requires a
realistic and consistent estimate of past and current forest
cover, necessitating an informed merging of diverse land-
cover and land-use information sources for use in JULES.
The major steps for this novel approach are described in the
following. The current land cover is based on the European
Space Agency’s Land Cover Climate Change Initiative (CCI)
land-cover dataset, version 1.4, for the 2008-2012 epoch
(Poulter et al., 2015), which classifies each 300 m pixel as
one of 23 United Nations Land Cover Classification System
(UNLCCS) classes. These are mapped to the model PFTs
according to Poulter et al. (2015). Creating a plausible map
of vegetation in 1950 consistent with the JULES model is
more challenging, and we summarize the process in Fig. 1a.
Firstly, we use estimates of land-use change from 1950 to the
present from the Land-Use Harmonization (LUHv2) dataset
developed for use by earth system models (Hurtt et al., 2011).
This describes the landscape in terms of fractions of differ-
ent land-use types, rather than the PFTs which JULES re-
quires. We therefore developed a mapping procedure specific
to West Africa to translate land-use types into fractional cov-
erages of PFTs plus the non-vegetation functional types of
inland water and bare soil fractions. For this we identified ar-
eas of primary land from the World Database on Protected
Areas (UNEP-WCMC and IUCN, 2014). Considering only
the nature reserves with the highest level of conservation
(TUCN categories I to VI), we extracted the 300 m CCI pix-
els within each protected area. Recognizing that even within
these zones there will be some degree of human disturbance,
we identified the UNLCCS class with the highest fractions of
BT and shrub within each protected area. Mean annual rain-
fall across West Africa provides a dominant control on the
composition of natural vegetation. Using the JULES com-
position of natural vegetation, as sampled within protected
areas, we devised a simple threshold-based mapping of nat-
ural vegetation as a function of mean annual rainfall. For
rainfall, we used version 2 of the CHIRPS dataset (Funk
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Figure 1. (a) Schematic showing datasets and processing steps to produce the 1950s PFT fractions. (b) Rainfall (CHIRPS) thresholds and
the dominant “natural” UNLCCS classes identified in the CCI land-cover dataset and corresponding PFT fractions identified for the West

African domain.

et al., 2015), downscaled to the 4 km model grid for years
1981 to 2015. The rainfall thresholds and dominant natu-
ral land-cover classes (shrub land to bare soil, shrub land,
broadleaved deciduous, and broadleaved) and how they re-
late to model PFTs are summarized in Fig. 1b. To create a
map of primary vegetation cover in terms of JULES PFTs,
we applied the relationships in Fig. 1b to the mean annual
rainfall map.

In step 2 we apply the change in primary land to produce
a map of 1950s land cover, selecting all 4 km model pixels
within a 0.5° grid box in turn. To avoid introducing artifi-
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cial 0.5° structure into the high-resolution land-cover map,
a Gaussian smoother is first applied to the LUHv2 map of
primary land-cover change. For each 4 km pixel we compare
ratios of existing land and primary vegetation to identify the
proportion of current primary land and then apply the change
to that 4 km grid box fraction. In cases where the 4 km values
are already at or close to the primary land fractions, we iter-
atively apply changes to the remaining pixels so that overall
the 0.5° change is applied. For the remaining non-primary
land fraction, we adjust the remaining proportions of C3, Cy4,
shrub, and bare soil accordingly. Grid box urban and water
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Figure 2. Tree cover for (a) current and (b) 1950s; differences in
cover of (c) trees, (d) grass, (e) shrubs, and (f) bare soil (land higher
than 500 m shown by black contour); and (g) deforestation mask
with two sub-regions analysed highlighted with black rectangles.
Deforestation is defined as where 1950s tree cover > 30 %, current
tree cover < 30 %, and change in tree cover > 10 %.

fractions are kept at their 2010 values, e.g. no account taken
of the construction of the Akosombo dam of the Volta River
in 1965 or changes in urbanization.

Figure 2 shows maps of the changes in trees, grass, shrubs,
and bare soil from 1950 to current day in the target region.
Trees have largely been replaced with grass, although there
have been some changes to shrubs and bare soil. We de-
fine deforestation as where 1950s tree cover > 30 %, cur-
rent tree cover < 30 %, and change (current — 1950) in tree
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cover > 10 % (Fig. 2g). We use 30 % tree cover as separating
forest from non-forest, as there appears to be a changeover
in behaviour of turbulent fluxes around this level (Fig. S3).
This threshold was also used by Hartley et al. (2016).

2.3 Statistical significance tests

Paired Student’s ¢ tests of the 5d means of the current and
1950s vegetation ensemble members are used to determine
significant changes at the pixel level. In the case of rainfall,
the natural logarithm of rainfall is taken first before perform-
ing the ¢ test because rainfall is not normally distributed.
We determine the significance of changes at the 95 % con-
fidence interval (p < 0.05) for all variables except rainfall,
where we relax the significance to the 90 % confidence in-
terval (p <0.1) due to the patchy nature of rainfall over the
short duration of our simulations. When showing field signif-
icance over the region we need to consider the fact that some
false rejections of the null hypothesis will be made, and this
increases with the number of individual tests. To overcome
this, we use the method of Wilks (2016) to control the false
discovery rate (FDR). We use a Benjamini-Hochberg cor-
rection (Wilks, 2016, Eq. 3) with appr = 2« (i.e. appr = 0.1
for « =0.05) to find a new threshold for rejecting the null
hypothesis. However, the fact that we have a large number
of pixels due to the high resolution of the data imposes a
very strict limit on the p values. Also, we do not expect all
variables to have changes everywhere in the region, in which
case we would not expect field significance to be applicable.
In the case of variables which have very patchy patterns of
change, we, therefore, just show the significance at the indi-
vidual pixel level. We highlight where this is the case.

3 Results

We first show the impact of the deforestation on surface char-
acteristics of albedo, roughness length, and initial soil mois-
ture. We then compare the 5 d means (current vegetation sim-
ulations vs. 1950s vegetation simulations) of turbulent and
radiative heat fluxes, 1.5 m temperature, conditional instabil-
ity, 10 m winds, and rainfall. Finally, we look at two focus re-
gions (east Guinea 10-8° W and Cote d’Ivoire 6-3° W) that
exhibit different 1950s winds and deforestation patterns and
where we detect large changes in rainfall caused by locally
different thermal and dynamical responses to deforestation.

3.1 Albedo, roughness length, and initial soil moisture

The changes in vegetation result in changes in albedo and
roughness length as shown in Fig. 3a and b, respectively.
Albedo mostly increases over the deforested areas by up
to 0.02 from around 0.15 (i.e. by up to approx. 12 %), al-
though there are some areas with small decreases coinciding
with where shrubs have replaced forest. Roughness length
decreases over the deforested area by around 0.5m com-
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Figure 3. (a) Changes in albedo, (b) changes in roughness length, (¢) 1950s initial FSMC, and (d) changes in initial FSMC. Green contours
show where there has been deforestation in (a), (b), and (d) and the 1950s forested region in (c). Small changes either side of zero are shown

in grey.

pared to the 1950s, where roughness length is typically 1-
3 m over the forested area. In June, the monsoon has reached
the southern part of the region and the soil moisture is high
enough that soil moisture control on transpiration is weak
(tile-weighted soil moisture stress factor (FSMC) > 0.8),
whereas further north it is stronger (Fig. 3c). Trees are able
to transpire throughout the dry season due to their deep roots,
depleting soil moisture particularly in the deeper soil layers,
whereas grasses cannot reach these layers. In the 14-year of-
fline spin-up of soil moisture, this decreased dry season soil
moisture depletion for grass cover produces an increase in
initial soil moisture at all four levels under current vegetation
compared to 1950s vegetation over the deforested areas. As
aresult, FSMC is increased (less water stress) by up to 0.1 in
some areas. In areas with greater deforestation, even though
soil moisture has increased, the trees were able to access
more water than the grass that now replaces them, so de-
forestation causes FSMC to decrease by —0.14 (Fig. 3d). In
southern areas with coastal deforestation, changes are very
small because it has already been raining in this region for
1-2 months, resulting in a high FSMC (low water stress for
trees and grass).

3.2 Turbulent and radiative fluxes

Diurnal cycles of the change in turbulent and net downward
surface radiative fluxes over deforested areas are shown in
Fig. 4a. Peak differences in radiative and turbulent fluxes oc-
cur between 11:00-14:00 UTC. Deforested areas show de-
creased latent heat flux (LH) throughout the day, while sen-
sible heat flux (SH), associated with higher surface tempera-
tures, is increased only until 15:00 UTC. The canopy heat ca-
pacity for trees is larger than for grass (areal heat capacities
in JULES are 320000, 12000, and 8000JK~! m~2 for BT,
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Cy, and C3 grasses, respectively). This means that, during the
morning, more heat is absorbed to warm the tree canopy than
the grass, whereas later in the day, the heat stored in the tree
canopy is released. Therefore, deforestation causes increases
in combined SH+ LH in the morning (up to 13:00 UTC)
but decreases in the afternoon when also the maximum in
cloudiness and convective activity occurs. In the following,
we hence consider spatial patterns of pre-convective condi-
tions at 13:00 UTC, when daytime heating is strong, radia-
tive flux differences are maximized, and perturbations from
active convection are still limited.

At 13:00UTC, deforested regions predominantly have
lower LH (Fig. 4b) by up to 30 Wm™2, higher SH (Fig. 4c)
by up to approx. 40 Wm™2, and a lower evaporative fraction
(Fig. 4d). There are several areas (e.g. around 14° W, 11° N
and 3° W, 8° N) where deforestation is accompanied by an in-
crease (rather the expected decrease) in evaporative fraction.
This can occur where dry-season soil moisture depletion de-
creased after deforestation, as discussed in Sect. 3.1.

The daytime net downward longwave radiative flux (LW)
decreases by up to approx. 18 Wm™?2 (i.e. increased emis-
sion). Reduced roughness length suppresses turbulent fluxes
(i.e. reduced heat from surface to atmosphere, but particu-
larly LH due to the shift in flux partitioning to greater SH)
and therefore increases land surface temperature, which
increases upward longwave radiative flux (LWu) and de-
creases LW with no change in downward longwave radiative
flux (LWd). Reduced cloud cover decreases LWd, enhancing
the decrease in LW although this is a smaller effect (Fig. 4e).
The net downward shortwave radiative flux (SW) is affected
by both albedo increases (causes decreases in SW) and re-
ductions in cloud cover (causes increases in SW) resulting in
a patchy overall increase in daytime SW (Fig. 4f) by up to
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Figure 4. (a) Diurnal cycle of changes in turbulent and radiative heat fluxes averaged over all deforested pixels, with times when differences
are significant indicated by coloured bars at the top and bottom. Differences in fluxes during the day (13:00 UTC): (b) latent heat, (c) sensible
heat, (d) evaporative fraction, (e) net down surface longwave, and (f) net down surface shortwave. Insignificant changes are shown in white
(for SW this is the individual pixel significance, whereas for other variables FDR correction has been applied), whereas small but significant
changes either side of zero are shown in grey. Green contours show where there has been deforestation.

approx. 40 Wm~2. When averaged over the deforested pix-
els, the changes in LW outweigh the changes in SW, result-
ing in a decrease in net radiative flux. However, for individ-
ual pixels, SW changes may dominate, and the total radiative
flux changes (not shown) are similar in pattern but smaller in
magnitude to SW changes.

In summary, averaged across all deforested pixels during
the day, the simulations indicate that deforestation increases
sensible heat, decreases latent heat, and increases longwave
emission from the surface. We do not have multi-site long-
term flux observations in this region with which to compare
the model, but this behaviour is consistent with pan-tropical
analyses of increased air temperature responses to deforesta-
tion (Alkama and Cescatti, 2016; Duveiller et al., 2020).
However, we note that there are deforested regions within the
domain where these flux responses are muted (where 1950s
soils are wet) or even reversed. Under both these circum-
stances, the dynamical (roughness) effect is expected to dom-
inate over a negligible thermal effect, as in the simulations of
Khanna et al. (2017).

Weather Clim. Dynam., 4, 229-248, 2023

3.3 Near-surface temperature and conditional
instability

Trees shade the surface from the sun during the day,
have higher heat capacity and roughness length than grass,
and transpire more than grass causing evaporative cooling.
Therefore, we expect land to be cooler in forest regions than
grass regions and a warming due to deforestation. At night,
the enhanced aerodynamic coupling with the atmosphere that
forests exert (compared to smoother surfaces), along with the
release of heat absorbed by trees in JULES, means that we
expect the land to be warmer in forest regions than grass re-
gions and a cooling due to deforestation. In line with that,
Fig. 5a shows tropospheric temperature increases during the
day up to about 800 hPa and tropospheric temperature de-
creases during the night up to 900 hPa (with the largest tem-
perature decreases confined to below 950hPa) when aver-
aged over deforested pixels. Figure 5b and ¢ show warmer
near-surface temperature during the day (up to 1K) and
cooler near-surface temperature at night (approx. —0.5 K)
in the deforested areas, resulting in a net warming over the
whole day. Temperature changes are more pronounced where
the areal extent of deforestation is larger. Differences also oc-
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applied), whereas small but significant changes either side of zero are shown in grey. Green contours show where there has been deforestation.

cur outside the deforested areas, e.g. nighttime cooling north
of the deforestation in C6te d’Ivoire, likely linked to changes
in near-surface winds (discussed later), and daytime cooling
to the west of Lake Volta due to decreased daytime sensible
heat in that location (cf. Fig. 4c).

There are significant surface pressure differences
(up to 0.3hPa, not shown) that largely follow the near-
surface temperature differences consistent with localized
heat-low effects, as discussed by Taylor et al. (2005), but
these are more homogeneous across the deforested areas
during the day and patchier at night.

The equivalent potential temperature (6¢) in the boundary
layer is a measure of convective available potential energy
(CAPE), whereas the saturated equivalent potential tempera-
ture (fes) above the lifting condensation level is a measure of
convective inhibition (CIN). A parcel in the boundary layer is
buoyant if 0, > 6. Therefore, the difference between the two
gives a measure of conditional instability (Garcia-Carreras
etal.,2011). We use 6, at 925 hPa minus 6.4 at 700 hPa, here-
after called A9, as our two-level conditional instability mea-
sure. Figure 5d and e show changes in Af. Where lower tro-
pospheric temperature increases during the day, which would
increase buoyancy, is typically coincident with humidity de-
creases, making the atmosphere less buoyant and resulting in
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overall decreases in Af (by up to 1.1 K). In fact, A8 changes
are more related to changes in humidity than changes in tem-
perature (compare Fig. 5d and ¢ with Fig. S4). The magni-
tude of changes in A# is greater during the day than the night
when temperature and humidity changes are smaller.

3.4 10m winds

The 1950s 10 m winds during night and day are largely south
to south-westerly over the region (Fig. 6a and b). The dif-
ferences in 10 m wind speeds show increases during both
night and day over the deforested area (Fig. 6¢ and d) as ex-
pected due to roughness length decreasing, and the increases
are greatest where the 1950s winds are high. There are only
small changes in 10m wind direction (Fig. 6e and f). The
changes in 10m winds depend strongly on location and ex-
tend into regions where there have been small amounts of
vegetation change but are not marked as “deforested” based
on our forest change thresholds (see Fig. 3b for changes
in roughness length). In addition, increases also occur just
downwind of deforestation boundaries.

Changes in pressure gradients can also modify the winds
by increasing the wind into (deforested) low-pressure regions
and out of high-pressure regions, although this appears to be
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a weaker effect compared to the roughness length changes.
As pressure changes are less pronounced at night (mostly
insignificant and less than 0.3 hPa), the changes in winds
are largely due to the reduced roughness length (nighttime
changes in winds strongly correlate with expected roughness
length scaling; see Fig. S5). Increases in 10 m wind speeds
are likely to cause convergence on the downwind side and
divergence on the upwind side of deforestation as changes
are greater within the deforested area than outside.

3.5 Rainfall

The ensemble mean daily rainfall accumulation averaged
over all land points south of 15° N shows a small but sig-
nificant increase of +2 % (+0.17 mm) in the current vege-
tation simulations compared to 1950s vegetation simulations
(1950 is 8.35 mm), and this increases to +6 % (+40.64 mm)
for deforested pixels (1950 is 10.18 mm) (Fig. 7a and b).
This behaviour is maximized between the hours of 18:00
and 06:00 UTC with an average of +8.4 % and a maximum
of +12.8 % at 00:00 UTC.
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Maps of the change in ensemble mean rain rate averaged
over the nighttime and daytime are presented in Fig. 7c
and d, respectively. They confirm larger and more signif-
icant changes at night, with rainfall increases over many
deforested areas, though scattered decreases in rainfall and
changes in non-deforested regions do occur (e.g. north Cote
d’Ivoire). This illustrates that, from this short set of simu-
lations, small-scale rainfall changes are too noisy to draw
robust conclusions about the nature of the rainfall response
to deforestation locally. Aggregated over all deforested pix-
els, however, an increase in rainfall with deforestation clearly
emerges (Fig. 7b), consistent with observations for this re-
gion (Taylor et al., 2022, hereafter T22). T22 analysed
changes in frequency of convective cores over a 30-year pe-
riod as a function of land surface temperature trends (a proxy
for deforestation). They found maximum increases around
the late afternoon to early evening convective peak, with en-
hanced convection persisting downstream for several hours
(see their Fig. 2) in line with our own results. We used the
data of T22 to determine the relative change in core fre-
quency per amount of deforestation and scaled for significant
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deforestation, thus removing changes unrelated to deforesta-
tion. This results in an estimate of 25 % increase in relative
core frequency, somewhat higher than our 9 % relative rain-
fall change. We would not expect an exact match given the
different nature of the data and that the observations span the
entire rainy period in southern West Africa for a period of
30 years whilst our simulation represents conditions from a
single year in early June.

3.6 Drivers of rainfall change in specific regions

Processes governing rainfall changes are dependent on the
proximity of the deforestation to the coast, location of 1950s
rainfall, strength of the sea breeze, soil wetness, and extent
of deforestation (larger areas of deforestation and drier ar-
eas have greater temperature differences). To demonstrate
this, we now assess in detail the changes in two specific
focus regions (shown in Fig. 2g), chosen for their contrast-
ing soil wetness, extent of deforestation, and proximity to
the coast. In the first case (east Guinea, 10-8° W, Fig. 2¢g
box 1), the extensive deforestation is up to 400 km from
the coast. The recent start of rainfall after the dry season
means that evapotranspiration is still limited by soil mois-
ture approx. 200 km or more inland (i.e. FSMC < 1) such
that deforestation induces a decrease in evaporative frac-
tion and atmospheric warming. This decrease in evaporative
fraction with deforestation is also true for the Sierra Leone
and west Guinea (around 13° W) region. We thus consider
our chosen east Guinea box as representative of the defor-
ested latitudinal band across these regions. The second re-
gion (Cote d’Ivoire, 6-3° W), with marked deforestation 40—
200 km from the south coast, was chosen for its earlier start
to the rainy season, meaning that soil moisture is not limited

https://doi.org/10.5194/wcd-4-229-2023

and consequently has only a weak control on the evaporative
fraction during the simulation. Moreover, rainfall in this sec-
ond case is strongly influenced by the daytime penetration of
the sea breeze. Whether the rainfall changes in these regions
are predominantly dynamically or thermally driven depends
on the local characteristics, which will we investigate in the
following.

Between 56 %—70 % of rainfall in these sub-Sahelian re-
gions is produced by mesoscale convective systems (MCSs)
(Maranan et al., 2018). These storms tend to be initiated in
the afternoon to early evening and last for many hours. We
use an MCS tracking algorithm on 15 min rain rate fields to
find storms where rain rate exceeds 1 mmh~! and where the
storm reaches at least 1000 km? in area at some point in its
lifetime. The algorithm is described in Crook et al. (2019).
For both focus regions (Fig. 2g boxes), we determine fre-
quency and properties of storms over land at each time of
the day in both 1950s simulations and current simulations
to understand the changes in rainfall. Mostly, the significant
changes in rainfall occur in the evening, sometimes reaching
into the early hours of the morning.

For both regions, we find that LH decreases for defor-
ested areas but is mostly limited to the afternoon between
12:00-18:00 UTC. Although this reduced LH would result
in less moisture availability during the afternoon, it did not
affect rainfall amounts significantly, potentially because rain-
fall frequency peaks between 15:00 UTC and the early morn-
ing hours (see Fig. 7b) when oceanic moisture may be ad-
vected inland from the coast due to increased onshore winds
over night. We assess diurnal cycles of A6, specific humidity
changes, 1.5 m temperature changes, pressure changes, and
changes in 10 m convergence caused by the changes in pres-
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sure (see Sect. 3.3) and 10 m winds (see Sect. 3.4) to show
that to understand rainfall changes it is crucial to analyse how
deforestation affects the dynamics and thermodynamics.

3.6.1 Inland deforestation with soil moisture stress

In this region (east Guinea, 10-8° W), 1950s rainfall totals
are highest for the northern half of the 1950s forest (§8—10° N)
during the afternoon and evening (Fig. 8a). Convergence in
the 1950s (Fig. 8c) is greatest at the coast and positive in
locations where the gradient in roughness length (Fig. 8b)
becomes positive (grass to forest boundaries, at approx. 7,
8.2, and 9° N). The effect of the sea breeze front, visible
as a region of positive convergence moving inland over the
evening from approx. 6-7°N, is also apparent in Fig. 8c.
The regions of positive convergence coincide with the high
rainfall patterns. This is a region with extensive deforesta-
tion 300400 km inland (deforestation is patchy from 5.5—
7.5° N and more extensive from 8-10.5° N) (Fig. 8e and h)
where the daytime temperature (Fig. 8g) and turbulent flux
changes are large. There is a significant increase in rain from
16:00 UTC to the early morning hours and a significant de-
crease from 10:00-13:00 UTC at 8-10° N (Fig. 8d). There is
also a general indication of slightly reduced rainfall south
of 8°N. Although the convergence field is noisy, positive
rainfall changes at 8—10° N tend to occur where convergence
increased after deforestation (Fig. 8f). Conversely, negative
rainfall changes occur where convergence (south of 8° N) or
specific humidity (e.g. 8-11° N during the day) decreased.
Increased convergence (Fig. 8f) is aligned with areas of de-
creased roughness length (Fig. 8e and h) and surface pres-
sure (Fig. 8g). There is no impact on the sea breeze front
because there is very little deforestation and no significant
temperature change near the coast. From 7-8° N on the up-
wind edge of the main deforestation, there are less conver-
gent conditions over much of the day due to roughness length
changes to the north. From 10:00-18:00 UTC, lower pres-
sure to the north further reduces convergence over that area.
From 9-11° N we would expect more convergent conditions
throughout the day due to roughness length changes. Pres-
sure reductions also have an effect north of §° N from 07:00—
23:00 UTC and particularly from 9-11° N between 16:00-
20:00 UTC due to the large temperature changes. North
of 8° N there are mostly more convergent conditions through-
out the whole day. Although LH and therefore low-level spe-
cific humidity decrease from 8-11° N during the day and
are partly responsible for reduced rainfall at this time, the
specific humidity increases around 7-10° N in the evening
(Fig. 8i). The drier air is advected north through the evening
with moist air being drawn in from the coast, also resulting
in increases in A@ around 9° N after 20:00 UTC (Fig. 8i) (see
also Fig. S6).

Focusing on the area of strongest deforestation between
8—10° N, we find small increases in the number of after-
noon initiations in this region compared to the 1950s and
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increases in the number of storms of 15 % throughout the
afternoon and evening, which increases to approx. 40 % for
the early morning hours (Fig. 9a and c¢). An increase in lo-
cal afternoon storm frequency after deforestation is consis-
tent with observational results for the region (Taylor et al.,
2022). During the evening the mean storm area increases by
approx. 20 %, and into the early hours of the morning be-
fore 05:00 UTC, mean storm area and intensity increase by
approx. 30 % with increases in area preceding increases in
intensity (Fig. 9b and c). These all result in higher rainfall.
The lower rainfall seen between 08:00-12:00 UTC is due
partly to a smaller number of storms (approx. 25 % lower be-
tween 08:00—13:00 UTC) but mainly due to the mean storm
area being considerably smaller (30 %—70 % between 05:00—
14:00 UTC). Note a similar balance of processes is respon-
sible for the enhanced precipitation over a deforested area
further west in Guinea (Fig. 7c).

3.6.2 Coastal deforestation

In this region (Cote d’Ivoire, 6-3°W), 1950s rainfall
(Fig. 10a) is greatest near the coast over much of the day
and driven by the sea breeze. The strong 1950s onshore
winds and the sea breeze convergence are dominant features
(Fig. 10c), causing the coastal rain to move inland to 7°N
during the evening.

This is an area of near-coastal deforestation (Fig. 10e)
where the turbulent flux and daytime temperature changes
(Fig. 10g) are smaller than in the previous region. This re-
gion shows two distinct sub-regions regarding rainfall re-
sponses to deforestation (Fig. 10d), caused by a northward
shift in rainfall. The rainfall changes follow the changes
in convergence (Fig. 10f); i.e. stronger convergence results
in more rainfall. There are only small changes in surface
pressure (Fig. 10g), showing that the changes in conver-
gence (mesoscale circulation changes) are mostly due to
roughness length changes, i.e. a dynamical rather than ther-
mal response. Latent heat decreases mostly between 13:00-
18:00 UTC from 6-7° N (not shown), resulting in a decrease
in low-level (925 hPa) specific humidity (Fig. 10i), yet this
has no evident effect on coincident rainfall. See also Fig. S7
for specific humidity and wind profiles.

On the other hand, from 5-6.5° N there has been a de-
crease in rainfall between 14:00-00:00 UTC, coincident with
a decrease in convergence over the southern part of the defor-
estation. In this area, we accordingly find a reduction in the
number of spontaneous initiations in the early afternoon and
a reduction in the number of storms (approx. 20 %) through-
out the day (Fig. 11a and c) as well as a reduction in the mean
area (approx. 35 %) and intensity (approx. 15 %) of storms in
the evening (Fig. 11b and c). The increase in mean area and
intensity of approx. 15 % between 08:00-13:00 UTC does
not result in increased rain due to the simultaneous reduction
in the number of storms.
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Looking further north at 6.5-8.0° N, we find an increase in
rainfall between 15:00-00:00 UTC in the area of the north-
ern edge of deforestation linked to more convergent condi-
tions (Fig. 10f). Low-level specific humidity around 7° N in-
creases from approx. 18:00 UTC, with the band of wetter air
moving northward during the evening until it reaches 8° N at
00:00 UTC (Fig. 101), trailed by drier more stable (lower Af)
air. We find more initiations from 12:00-15:00 UTC and
more storms (approx. 80 % increase) from 13:00-00:00 UTC
(Fig. 11d and f) with larger mean area (approx. 60 % in-
crease) from 17:00-00:00 UTC and an increase in mean
rainfall intensity (approx. 20%) from 17:00-22:00 UTC
(Fig. 11e and f), explaining the increase in total rainfall.

In this region, where thermal effects of deforestation are
minor, changes in convergence caused by reduced surface
roughness drive the sea breeze further inland in the after-
noon and evening (see Parker et al., 2017, their Fig. 4.18),
suppressing convection in the subsiding air behind the sea
breeze front and resulting in a shift in rainfall from 5-6.5
to 6.5-8° N.

4 Comparison with other studies

We now compare our daily mean results over land in the re-
gion 16° W—-16° E, 0—15° N to three studies which look at the
summer season in West Africa with deforestation scenarios
of increasing realism, described in Table 1 — Abiodun et al.
(2008) (A08), Boone et al. (2016) (B16), and Chilukoti and
Xue (2020) (C20). It should be noted that our simulations
only ran for 5d in June, whereas these studies look at multi-
year seasonal changes and therefore are not directly com-
parable. However, a comparison considering the sign of the
changes is justifiable. We would expect the magnitude of our
changes to be less than that seen in other studies due to the
less extreme deforestation. Our results suggest that much of
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the deforested area now has enhanced rainfall, with an aver-
age increase of 6 % over the whole day over deforested pix-
els. AO8 found decreases over the deforested area of 45 %,
and B16 and C20 found decreases in rainfall over all land
of 4 %-25 %, although in B16 half the models showed the
rainfall shifting south.

Our imposed deforestation scenario (approx. 11 % reduc-
tion in trees) translates into local albedo increases of up
to 0.02, with a mean of 0.0014 and a mean roughness length
decrease of 0.38 m. The increases in albedo for some models
in B16 are an order of magnitude larger than our albedo in-
creases, although some models had similar albedo changes;
in A0S the albedo increased by approx. 0.1 (45 %); in C20 the
albedo increase is similar to ours. In A0S, roughness length
decreased by between 0.25 and 1.95m (based on disturbed
forest or tropical forest changing to short grass; see their Ta-
ble 1). The reduced roughness over grass compared to trees
has a significant effect on the 10 m winds over deforested ar-
eas. As generally over West Africa the 10 m winds are south-
westerly, this means both 10m U and 10 m V increase. Over
the whole day we find V increased by 0.23 ms™!, a similar
magnitude to that seen in AOS.

We find the net downward LW radiative flux decreases
during the day by 3Wm™2 over the deforested area (due
to enhanced surface emission) and net downward SW ra-
diative flux changes were more variable but mostly pos-
itive. Our whole-day mean values (LW=—1.1Wm2,
SW=+0.3 Wm_z) are the same sign as, albeit an order of
magnitude smaller than, AO8 and C20. Compared to our sim-
ulations, the net downward radiative flux decrease was much
greater in some models in B16 due to albedo changes be-
ing more dominant in those models than reductions in cloud
cover.

We find latent heat flux is generally reduced during the
day by 4 Wm~2 over deforested areas, as is expected, with

https://doi.org/10.5194/wcd-4-229-2023



J. Crook et al.: Effects on early monsoon rainfall in West Africa due to recent deforestation 243

@) 0y  (c)
8 8
é 7 2 7
£
6 6
5 1 1 L 1 1 1 1
5 10 15 20 0.19 0.85 5 10 15 20
time of day (h) m time of day (h)
0.25 0.75 1.25 1.75 3.00 5.00 -30 -18 -6 6 18 30
0 . . . .00 - - -
(mmh™) (x1000 m s™ km™)
(d)
8
2 7
2
g
6
— -
5 . o i
5 10 15 20 037 0 5 10 15 20
time of day (h) m time of day (h)
-0.90 -0.50 -0.10 0.30 0.70 2.20 -14 -6 2 10 18
(mmh™) (x1000 m s™ km™)
(hy ()
L
=) :_:3
" . B 4
B | N s
Ry . .096; e ’
10 15 20 -0.37 0 5 10 15 20
time of day (h) m time of day (h)
-0.70  -0.30 0.10 0.50 0.90 -0.45 -0.25 -0.05 0.15 0.35 0.55
(K) (gkg™)

Figure 10. As for Fig. 8 but for cross sections 6-3° W.
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Figure 11. As for Fig. 9 but for cross sections 6-3° W and two different sub-regions.

Table 1. Comparison of whole-day mean variables over 16° W—16° E, 0-15° N (deforested land unless specified otherwise), estimated from

figures in AO8, B16, and C20 if not given as region means.

Our study (June)

A08 (JAS)

B16 (JAS)

C20 (JTA)

Deforestation extent

Reduction in trees of 11 %

100 % removal of trees

Reduction in trees approx.

Time-dependent reduction

in region south of 17°N 20 % in region in trees up to approx. 30 %
south of 15° N by 2010

Rain (all land) +2% NA —4% to —25 % —10%

Rain (deforested land) +6 % —45 % NA NA

Albedo +0.0014 +0.1 0to +0.14 <0.01

Roughness length (m)  —0.38 —0.25t0 —1.95 NA NA

LW (Wm™2) —1.1 —-10 NA -8

SW (Wm™2) +0.3 +5 NA +4

LW +SW (Wm™2) —0.8 -5 0to —30 —4

LH (Wm™2) -23 —40 0to —50 -6

H(Wm™2) 13 +20 0to +40 +8

T 1.5m (K) 0 +1 Oto+1 +0.8

V 10m (ms~ 1) 0.23 0.5 NA NA

NA means not available (i.e. the variable was not examined in the study).

whole-day values of —2.3 Wm™2. We find sensible heat in-
creases during the day by 5Wm™2 with whole-day values
of +1.3Wm™2. These are the same sign albeit somewhat
smaller than in AO8 and C20 and fall within the large range
from different models in B16.

Deforested areas are mostly warmer during the day
(up to 1K, deforested mean 0.2K) and cooler during the

Weather Clim. Dynam., 4, 229-248, 2023

night (down to —0.5 K, deforested mean —0.2 K). Effects are
constrained to the lower troposphere (lower than 700 hPa).
Temperature changes are usually larger when the extent of
the deforestation is larger such as in the west of this region
of study. Over the whole day, we found no significant change,
whereas A08, B16, and C20 found up to 1 K warming.
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Our deforestation scenario is not as extreme in extent or
intensity as many previously assessed deforestation scenar-
ios (e.g. A0S, B16, C20), and therefore we might not expect
the large reductions in rainfall seen previously. A more ex-
treme deforestation scenario may well have a greater effect
on atmospheric moisture. However, the changes in a number
of atmospheric diagnostics are of the same sign and not dis-
similar in magnitude to previous studies, yet in contrast, we
find increases in rainfall.

5 Conclusions

We have assessed the impact of recent deforestation in West
Africa on rainfall in early June using an ensemble of 5 d sim-
ulations with a CPM. Our deforestation scenario is more re-
alistic and less extreme than previous studies, and we as-
sessed the changes over the diurnal cycle. We also assessed
the statistics of MCSs. Whilst our simulations examine only
a brief period within the full annual cycle, the analysis draws
out key processes driving the rainfall response. Our results
show much of the deforested area now has enhanced rain-
fall (mostly due to more storms but also bigger storms and
to a lesser degree more intense storms) between 18:00—
06:00 UTC, with an average increase of 8.4 % across all de-
forested pixels and whole-day increases of 2 % (6 %) over
all land (deforested land) up to 15° N, unlike previous stud-
ies. The changes are more significant during the night than
the day, and how the rainfall changes is strongly dependent
on both soil moisture status and the proximity to the coast
of the deforestation due to sea breeze interactions. We also
find that changes are quite localized, and we did not see sig-
nificant changes in any variable north of 15° N. The African
easterly jet also did not change position in our model, al-
though this has been found to occur in other studies (B16).
However, our simulations only cover a short time period. Had
we performed longer simulations allowing large-scale circu-
lation changes to occur, we may have seen shifts in rainfall on
top of the changes presented here. However, it is unlikely that
the overall rainfall change would have a reversed sign given
the relatively small extent of deforestation in our study com-
pared to those studies showing large-scale circulation shifts
and the fact that tropical deforestation has a much smaller
effect on the Intertropical Convergence Zone than deforesta-
tion at higher latitudes (e.g. Devaraju et al., 2015). Our sim-
ulations were run with a climatological soil moisture consis-
tent with the vegetation in order to reduce transient changes
due to soil moisture not matching the evaporative properties
of the underlying vegetation. It is not possible to extrapo-
late our results to other months as we have shown thermal
responses are dependent on soil wetness and location of the
1950s rain, which differ through the seasons. However, the
different mechanisms presented here would still apply, albeit
producing a different pattern of rainfall change. Future stud-
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ies in different months and for longer periods of time would
thus be beneficial.

For process evaluation, we considered two contrasting de-
forestation regions in detail. In the first region, where the
deforested zone is well inland, we found that soil mois-
ture limitation ensures enhanced sensible heat, which cre-
ates thermally driven convergence over the deforested zone.
Roughness-length-induced reductions in convergence to the
south and increases in convergence in the north of the defor-
ested zone also occur, and rainfall increases locally within the
deforested zone. However, in the second region, where wetter
soils mean there is little impact of deforestation on boundary
layer temperatures, reduced roughness lengths are responsi-
ble for changes in rainfall: the deforestation maximum lies
approx. 100 km from the coastline, and weaker surface drag
allows the sea breeze to penetrate faster and further into the
interior. The associated changes in convergence and advec-
tion of moist oceanic air effectively reduce rainfall near the
coast whilst enhancing it inland. Our results show that de-
forestation near the coast, where the sea breeze impacts con-
vection, results in very different patterns of rainfall changes
compared to deforestation further inland. A similar conclu-
sion was drawn in the observational study by Taylor et al.
(2022). Focusing on deforestation within a coastal strip of
50km, they found enhanced convective activity maximized
within that strip, embedded within the sea breeze. The two
analyses differ in both the proximity of the deforestation to
the coastline and also the likely role of thermal effects. Con-
sidering the location in the current study, the deforestation is
further inland, which draws sea breeze convection away from
the coastal strip. Secondly, whilst the model analysis focuses
on a location and time of year when soil moisture effects
are less important, the observational analysis draws from a
broader range of conditions in space and time, and thermal
effects are expected to be more important.

We have shown that changes in low-level winds over de-
forested areas can cause more convergent conditions into
the evening when MCSs are numerous. Although humidity
(and conditional instability) does decrease over deforested
areas in the day, it recovers in the evening and can increase
in some areas due to enhanced advection inland due to in-
creased winds. However, the changes in convergence in our
model were found to be the dominant control on rainfall, with
little impact from changes in the moisture budget, in line with
observed rainfall changes in the region (Taylor et al., 2022),
and with observed increases in cloud cover over deforested
regions in general in the tropics (Xu et al., 2022). Our model
adds strong support to the observationally based link between
deforestation and increased rainfall in the coastal zone (Tay-
lor et al., 2022). Our results illuminate the mechanisms re-
sponsible and demonstrate that the processes at work differ
from region to region according to the precise geographic en-
vironment (i.e. distance from coast) and seasonally (accord-
ing to overall water stress).
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In contrast to PMs, CPMs show enhanced rainfall in areas
where there is mesoscale convergence (Birch et al., 2014),
for example along soil moisture boundaries, in line with ob-
served mechanisms (Taylor et al., 2013), rather than being
controlled by the moisture budget. It has also been found
that CPMs better capture the rainfall response to sea breeze
changes (Finney et al., 2020). PMs simulate the convective
peak too early in the day (approx. 13:00 UTC) compared to
observations and CPMs. Such models would be more af-
fected by the reduced evaporation caused by deforestation
during the early afternoon, as rainfall is strongly controlled
by the vertical profile of temperature and moisture, which
could explain why previous deforestation studies show a ten-
dency to reductions in rainfall over deforested areas. There-
fore, we suggest that the mesoscale convergence produced by
deforestation is likely to affect rainfall more than previously
found in studies using PMs. It is imperative that further stud-
ies using CPMs over extended periods are undertaken to un-
derstand whether our findings are representative of all CPMs.
We have demonstrated that a CPM can capture the effects of
enhanced convergence due to deforestation and in principle
could be used to make future projections of changes due to
deforestation. However, substantial time was taken initially
to improve the land surface model and the surface conditions,
and we would not expect such projections yet to be reliable
without a comparable effort to ensure that the model setup
is good enough (out-of-the-box models have very different
representations of land cover and bio-geophysical responses,
e.g. Pitman et al., 2009; Boone et al., 2016; Boysen et al.,
2020). We therefore suggest that both CPM ensembles of
short simulations at different times of the year and ensem-
bles of longer simulations are performed. But beforehand it
is essential to consider

— how well the land surface model being used represents
observed behaviour of the different vegetation types in
terms of differences in albedo, leaf area index, and abil-
ity to access soil moisture and partition surface fluxes
accurately under different water stress conditions and

— how to create the vegetation fraction maps to be used
for historical deforestation scenarios.

With sustained effort, further improvements could be
made to JULES over the simple modifications we made
specifically for this study.

Code and data availability. Model output is avail-
able at Crook (2021) (https://catalogue.ceda.ac.uk/uuid/
db259fd2bad64b6da9af884121a160a6).

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/wcd-4-229-2023-supplement.
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