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Abstract This study investigates the impact of burned
areas on the surface energy balance and monthly precipita-
tion in northern Africa as simulated by a state-of-the-art
regional model. Mean burned area fraction derived from
MODIS date of burning product was implemented in a set of
1-year long WRF-NMMY/SSiB2 model simulations. Vegeta-
tion cover fraction and LAI were degraded daily based on
mean burned area fraction and on the survival rate for each
vegetation land cover type. Additionally, ground darkening
associated with wildfire-induced ash and charcoal deposition
was imposed through lower ground albedo for a period after
burning. In general, wildfire-induced vegetation and ground
condition deterioration increased mean surface albedo by
exposing the brighter bare ground, which in turn caused a
decrease in monthly surface net radiation. On average, the
wildfire-season albedo increase was approximately 6.3 %
over the Sahel. The associated decrease in surface available
energy caused a drop in surface sensible heat flux to the
atmosphere during the dry months of winter and early spring,
which gradually transitioned to a more substantial decrease
in surface evapotranspiration in April and May that lessened
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throughout the rainy season. Overall, post-fire land condition
deterioration resulted in a decrease in precipitation over sub-
Saharan Africa, associated with the weakening of the West
African monsoon progression through the region. A decrease
in atmospheric moisture flux convergence was observed in
the burned area simulations, which played a dominant role
in reducing precipitation in the area, especially in the months
preceding the monsoon onset. The areas with the largest
precipitation impact were those covered by savannas and
rainforests, where annual precipitation decreased by 3.8 and
3.3 %, respectively. The resulting precipitation decrease and
vegetation deterioration caused a drop in gross primary pro-
ductivity in the region, which was strongest in late winter
and early spring. This study suggests the cooling and drying
of atmosphere induced by burned areas caused the strength-
ening of subsidence during pre-onset and weakening of
upward atmospheric motion during onset and mature stages
of the monsoon leading to a waning of convective instability
and precipitation. Monthly mid-tropospheric vertical wind
showed a strengthening of downward motion in winter and
spring seasons, and weakening of upward movement during
the rainy months. Furthermore, precipitation energy analysis
revealed that most of precipitation decrease originated from
convective events, which supports the hypothesis of reduced
convective instability due to wildfires.

Keywords Impact of burned areas on regional climate -
Regional climate modeling - Wildfire - Sahel precipitation -
Sahel land cover change

1 Introduction

The occurrence of wildfires, whether natural or human-
made, is an important disturbance of the terrestrial
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ecosystems (Bond et al. 2005) and it plays an essential role
in shaping global and regional vegetation (Glenn-Lewin
and van der Maarel 1992; Thonicke et al. 2001). Wildfires
directly influences climate by destroying vegetation bio-
mass, altering soil characteristics and surface albedo. Wild-
fires are also important sources of aerosol, CO,, and trace
gases to the atmosphere (Scholes et al. 1996; van der Werf
et al. 2010).

A wildfire leaves behind scars in the landscape com-
monly known as burned areas. These areas are character-
ized by deposits of charcoal and ash from consumed plant
biomass, removal of vegetation, and alteration of the veg-
etation structure and biomass distribution. Every year, dur-
ing the dry season, large portions of Africa are affected by
natural and anthropogenic wildfires which result in exten-
sive burned areas. These burned areas are still poorly rep-
resented in climate models, and their effects on the climate
have not been extensively investigated.

Surface albedo is crucial to land/atmosphere interactions
so changes in surface reflectance associated with these
burned areas should have a relevant role in these interac-
tions. The Sahel region is located between the Sahara
desert to the north and moist tropical Africa to the south.
It is, thus, a transition zone between dry and moist climates
and experiences significant precipitation variability on sea-
sonal to inter-annual time scales.

Several studies have indicated a possible link between
droughts in the Sahel and change in albedo (Courel et al.
1984; Xue et al. 1990; Xue 1997; Zheng and Eltahir 1997,
Zeng et al. 1999). The main hypothesis is that a reduction
in vegetation caused by drought, overgrazing, and defor-
estation for cropping triggers an increase in albedo, which
in turn tends to weaken convective activity and to reinforce
subsidence in the Sahel reducing precipitation. Sea surface
temperature has been shown to be a major controller in the
Sahel’s inter-annual and seasonal precipitation variability,
with feedbacks due to changes in surface albedo acting
more as an amplifier of ocean driven variability than an ini-
tial trigger of monsoon variability (Giannini et al. 2003).
Nonetheless, the role of land/atmosphere interaction on the
Sahel climate has been confirmed by several climate mod-
eling studies (e.g., Xue 1997; Clark et al. 2001; Li et al.
2007; Xue et al. 2010a; Ma et al. 2013).

The impact of burned areas on the surface albedo has
been investigated by several observational, remote-sensing
and modeling studies (e.g., Govaerts et al. 2002; Jin and
Roy 2005; Myhre et al. 2005; Samain et al. 2008; Lyons
et al. 2008; Bowman et al. 2009). Most of these studies
have indicated that wildfires and resulting burned areas
tend to decrease surface albedo at short time scales due to
the deposition and ash and charcoal (Govaerts et al. 2002;
Myhre et al. 2005). However, other investigations have
indicated that burned areas tend to increase surface albedo
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over longer time periods owing to removal of land cover
and consequent exposure of bare ground following wild-
fires (Lyons et al. 2008; Bowman et al. 2009).

Through a combined analysis of 5-year in situ radia-
tion data and remotely sensed albedo, Samain et al. (2008)
showed that wildfires caused a marked decreased of surface
albedo of about 10 days in the Sahel. They determined that
the reduction of ground reflectance is mainly due to accu-
mulation of charred material that is quickly dispersed by
wind. Moreover, they concluded that the removal of veg-
etation by wildfires can lead to an increase in albedo after
dispersion of char by increasing the exposure of the (often
brighter) bare ground. Other studies have shown that char-
coal and ash deposition may last longer than 10 days (e.g.,
Govaerts et al. 2002). Jin and Roy (2005) utilized Moder-
ate Resolution Imaging Spectroradiometer (MODIS) data
to study wildfire-induced ground darkening in northern
Australia. They estimated it to last between 16 to 32 days
after a wildfire. Type and state of vegetation are probably
relevant variables in determining wildfire-induced ground
darkening intensity and duration.

The development of a comprehensive approach to
implement the impact of wildfires on surface albedo in
regional climate simulations has been scarce. Such an
approach would allow a broader understanding of the
impact of burned areas on surface hydrology, albedo,
atmospheric circulation, and precipitation, which is dif-
ficult to accomplish via remote sensing and observation
studies alone. Moreover, studies have demonstrated that
regional climate models provide a reliable tool to study
atmospheric circulations and land/atmosphere interactions
at spatial scales beyond current general circulation model
capabilities (De Sales and Xue 2011, 2013; Xue et al.
2014).

The present study aims to assess the effects of burned
areas over northern Africa on surface climate and seasonal
precipitation through a series of 1-year long regional cli-
mate model simulations. To accomplish this, the WRF-
NMM regional climate model was implemented with the
second version of the SSiB vegetation biophysical pro-
cesses model (Xue et al. 1991; Zhan et al. 2003) and then
run over a domain which encompasses the entire African
continent.

A brief description of the regional model and a detailed
explanation of the experimental design are presented in the
next section. In Sect. 3, we present a detailed examination
of simulation results including regional climate model eval-
uation and the impact of burned areas on northern Africa’s
albedo, radiation balance, and precipitation. A possible
explanation for the effects of burned areas on precipita-
tion and their implications on photosynthetic assimilation
are provided in Sect. 4. As a final point, our conclusion
remarks are presented in Sect. 5.



Impact of burned areas on the northern African seasonal climate

Fig.1 The domain used for the
WRF-NMM/SSiB2 simulations
and its land cover type distribu-
tion. Land cover types are (/)
rainforest, (2) other forests,

(3) savanna, (4) grassland, (5)
shrubs on grass, (6) shrubs

on bare soil, (7) bare soil, (8)
cropland, and (9) water. Area
A is enclosed by the solid lines
between 0° and 15°N and from
the Atlantic coast to 35°E
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2 The model, burned area data and experimental
design

2.1 The model

The experiments in this study were carried out using the
Nonhydrostatic Mesoscale Model core of the Weather
Research and Forecasting (WRF-NMM) atmospheric
regional model system (Janjic 2003; Janjic et al. 2001). The
WRF-NMM is an advanced fully-compressible regional
model currently maintained and supported by NOAA/
NCEP and the Developmental Test-bed Center. For this
study, the second version of the Simplified Simple Bio-
sphere (SSiB-2) land surface model was implemented into
the WRF-NMM. The SSiB-2 is a state-of-the-art vegetation
biophysical model that estimates photosynthesis-controlled
land surface processes, while preserving energy, water and
momentum conservation at the atmosphere-land surface
interface (Zhan et al. 2003). Hereafter, the atmosphere-land

0° 15°E 30°E 45°E 60°E

3 45 el 7 EEN o |

surface coupled model will be referred as WRF-NMM/
SSiB2.

WRF-NMM/SSiB2 also includes the Betts-Miller-Janjic
convective scheme (Janjic 1994), NOAA GFDL shortwave
and longwave radiation schemes (Lacis and Hansen 1974;
Schwarzkopf and Fels 1991), and Ferrier microphysics
scheme (Ferrier 1994). The model was set up on a 0.5° x 0.5°
horizontal resolution with 38 vertical levels grid covering all
of Africa and the adjoining oceans (Fig. 1). Distribution of
land cover types in the model domain is also shown in Fig. 1.

2.2 Burned area data

The MODIS approximate date of burning product
(MCD45) available at the University of Maryland, College
Park, website (http://modis-fire.umd.edu), was used as the
initial source of burned area information for this study. The
dataset provides 500-m resolution maps of the approxi-
mate days of burning, which are obtained by locating the
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Step 0:
Approximate Julian day of burning
on the original 0.5-km tiles

X 22 | 22 | 25| 28 | 30

X 10 | 12 | 15 | 20 | 20

Step1:
Monthly burned area binary mask on
original 0.5-km grid

Step 2:
Aggregated monthly fractional burned area
maps in 30-second resolution grid

0.56 1.00

0.11 0.44

Step 3:
Ten-year monthly averaging of
fractional burned area maps

Step4:

10-yr mean monthly fractional burned area
implemented for use in WRF preprocessing *

ball bal2

Fig. 2 Schematic diagram showing the methodology used to obtain
the 10-year mean monthly fractional burned area from MODIS
approximate date of burning products. Note: the numbers in the fig-
ures are for example purpose only. The X symbol in step O represents

occurrence of rapid changes in daily surface reflectance
time series data as described by Roy et al. (2002, 2008).

MCD45 tiles from 2002 to 2011 were mosaicked to
cover the entire WRF-NMM/SSiB2 domain (Fig. 1).
Unburned-burned binary masks were then produced based
on the Julian day of burning for each month of the dataset.
Water and snow pixels, as well as those registered as unde-
fined, were set to unburned (Fig. 2, steps 0 and 1).

The high-resolution monthly unburned-burned binary
masks were then aggregated into 30-s resolution frac-
tional burned area maps using a grid-cell averaging method
(Fig. 2, step 2). From these data, 10-year monthly aver-
age fractional burned area maps were calculated and then
implemented in the WRF-NMMY/SSiB2 model (Fig. 2,
steps 3 and 4). Two additional steps are not included in
Fig. 2, namely the resampling of monthly average frac-
tional burned area maps into the model’s rotated Arakawa
staggered E-grid and the linear interpolation of monthly
fractional burned into daily values. These additional steps
take place during the model integration runtime.

This time-averaging approach (Fig. 2, step 3) was
chosen to minimize the effects of missing information
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water, snow, or undefined values pixels, which were set to unburned
on the burned area binary masks. (¥*) WRF preprocessing includes
resampling of data onto model’s grid and daily fractional burned area
interpolation

resultant from those periods when the MODIS date-of-
burning retrieval algorithm could not find enough data to
determine ground reflectance, as well as the periods of
sensor malfunctions and cloud contamination. Figure 3
shows the 10-year average annual burned area fraction
map obtained by the process abovementioned. Burned
areas are evident throughout the continent, except in the
Sahara and southern Kalahari Deserts and the West Afri-
can tropical rainforest. The most impacted regions are
located in the Sahel and in south central Africa. Large
expanses of burnt area fraction in excess of 0.5 can be
seen in these regions, especially in between 20°E-35°E
and 5°N-15°N in eastern and western sub-Saharan Africa,
and 15°-25°E and 5°-15°S just south of the West Africa
rainforest.

By combining the information on Figs. 1 and 3, the aver-
age impact of fire on the main vegetation types in the area A
(Fig. 1 inset), which includes most of sub-Sahara’s burned
areas, can be estimated. Savanna is the most abundant veg-
etation type in the region covering approximately 43.6 % of
the land (Table 1), followed by shrublands (23.6 %), rain-
forest (13.3 %), grassland (6.3 %), other forests (5.7 %),
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Fig. 3 2002-2011 annual mean g
burned area fraction calculated
based on MODIS approximate
date of burning product aggre- 30N A
gated from the native resolution
to regional model grid
20N A 0.8
0.7
10N A 0.6
0.5
0.4
EQ 1
— 0.3
0.2
108 1
—0.1
— 0
209 1
30S 1
20W 10W 0 10E 20E 30E 40E 50E
Table 1 Cover fraCtion’ @nual Land cover Area (%) Annual burned Survival Annual change
burned area fraction, SuI‘VlVZ.‘ll type area fraction (%) rate (%) in albedo (%)
rate, and albedo change during
wildfire season (Oct-Mar) for Rainforests 133 0.4 75.0 13
the major land cover types Other forests 5.7 46 75.0 2.9
averaged over area A (Fig. 1 ’ ’ ’ ’
inset) Savannas 43.6 28.4 15.0 7.3
Grasslands 6.3 7.9 0.0 35
Shrublands 23.6 59 0.0 3.0
Shrublands include shrubs with Croplands 20 6.8 0.0 0.9

and without ground cover

and lastly croplands (2.0 %). Other (non-rainforest) forests
form the boundary between rainforest and savanna. The
approximate amount of burned area for each of these land
cover types are 28.4, 5.9, 0.4, 7.9, 4.6, and 6.8 % respec-
tively. Therefore, in term of overall spatial extent, most of
burned areas are originally savannas, followed by shrub-
lands and grasslands. The West African rainforest is only
weakly impacted by burning despite occupying about 13 %
of the area.

2.3 Experimental design

To investigate the impact of burned area on the monthly
climate over the Sahel, two sets of experiments were car-
ried out. In one set, undisturbed land surface properties
namely leaf area index (LAI), and vegetation cover taken
from Fourier-adjusted, sensor and solar zenith angle cor-
rected, interpolated, reconstructed dataset (FASIR, Los
et al. 2000) were used as surface boundary conditions and
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updated daily in the simulations. Wildfire effects were not
included in this set of simulations, which will be referred as
unburned (control) experiment.

In the burned area experiments, LAI and vegetation
cover data were altered based on the burned area fraction
described above and on the prescribed survival rate of the
vegetation type. Vegetation cover was updated every 24 h
of simulation following Eq. 1, where VC,, FBA, and SR
represent the original (unburned) vegetation cover, the
fractional burned area, and the survival rate, respectively.
A similar equation was used to alter the LAI. The result-
ing vegetation deterioration, thus, depends not only on the
fraction of burned area but also upon vegetation survivor-
ship. The vegetation survival rates used in this study are
similar to those used in the study by Thonicke et al. (2001)
adjusted to the WRF-NMMY/SSiB2’s land cover types (see
Table 1).

VC = VCy[l — FBAx(1 — SR)] 1)

In addition to altering the vegetation, soil reflectance
was lowered based on the same amount of burned area
fraction and survival rate to simulate the effect of ash and
charcoal depositions associated with wildfires (Govaerts
et al. 2002; Samain et al. 2008). Ground darkening was
maintained for a certain period, after which the soil
albedo was returned to its normal (unburned) values to
mimic the action of char removal by wind and precipita-
tion. Several sensitivity tests were performed to examine
the impact of the darkening time scale, including perma-
nent darkening (no char removal) and no charcoal depo-
sition simulations.

These tests indicated the model to be nearly insensitive
to removal time of <10 days, while permanent darkening
generated unrealistic results (not shown). For the purposes
on this study and due to the limited number of observation
on charcoal removal time, all burned simulations were car-
ried out with a charcoal removal period of 10 days, dur-
ing which shortwave and near-infrared ground albedo was
arbitrarily set to 0.1 over the burned fraction of the grid cell
only. This value is consistent with recent post-fire albedo
found in Africa by Govaerts et al. (2002). Also, the ten-day
removal period is corroborated by the results presented in
the previously mentioned work by Samain et al. (2008).

A five-member ensemble of simulations was performed
for the unburned and burned experiments to reduce uncer-
tainties associated with the initial conditions. The ensemble
members were initialized at 00z 27, 28, 29, 30 September
and 01 October 2010 and ended at 00z 01 October 2011.
No form of interior nudging was utilized for simulations,
which were carried out continuously without any restarts.
NCEP-DOE Reanalysis 2 (Kanamitsu et al. 2002) was used
as atmospheric initial and boundary conditions in all simu-
lations, as well as sea surface temperature information. All
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reported results are based on the 5S-member ensemble aver-
ages of the experiments.

3 Results
3.1 Control simulations

Before the impact of burned areas on the Sahelian precipi-
tation and surface climate is explored, we first evaluate the
regional model’s control simulations. This evaluation is
necessary since it provides a benchmark for assessing the
impact of burned areas. In addition, there have not been
any previous publications describing North African climate
results from the WRF-NMM/SSiB2 regional model. Sub-
Saharan precipitation is primarily controlled by the West
African monsoon system (Xue et al. 2010b). The monsoon
circulation is forced and primarily maintained by land-sea
thermal contrast. Following the seasonal northward migra-
tion of the Inter-tropical Convergence Zone, the monsoon
develops during the spring months and moves northward
during the following months (Sultan and Janicot 2003).

On average, rainfall starts in the Sahel in May and con-
tinues through the summer months. In August, the mon-
soon brings precipitation to its northernmost locations and
then starts to withdraw south in September. The seasonal
movement of the monsoon described above is evident in
the Tropical Rainfall Measuring Mission (TRMM) merged
microwave/infrared precipitation estimate dataset (Huff-
man et al. 2007) with its northernmost reach in August
and southernmost position in January (Fig. 4). Monthly
average precipitation over the area A, which comprises
the main region affected by the West African monsoon
(Fig. 1 inset), indicates that the wettest month is Septem-
ber with 6.3 mm day~!, while the driest is January with
0.3 mm day~!. WRE-NMM/SSiB2 is able to capture the
monthly movement of the West African monsoon (Fig. 5).
Similar to the TRMM, the model simulates the south-
ernmost and northernmost positions of the monsoonal
rainfall band in January and August, respectively. On
average, the wettest month in the simulation is Septem-
ber with 7.1 mm day~!, while the driest is January with
0.7 mm day ..

The model, however, tends to mainly overestimate the
monthly precipitation in some areas. Simulation results
show areas of intense precipitation over land, especially
near the Guinean Gulf coast and in the highlands of west-
ern Sudan during the summer months, which are not seen
in the TRMM estimates (Fig. 5). Modeled annual mean
precipitation bias and root-mean-squared error calcu-
lated based on TRMM observations are approximately
1.1 and 3.0 mm day~! respectively. Most of wet bias over
land is located in eastern Sahel east of 10°W, especially
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Oct 2010 Nov 2010

Dec 2010 Jan 2011

Apr 2011

May 2011

Fig. 4 TRMM 3B42 monthly mean precipitation estimates from Oct 2010 to Sep 2011 (mm day™")

in June and August when precipitation biases are above
8 mm day~! in some areas within the monsoonal band.

A large area of negative bias is located in the south-
western section of the domain in September, which may
be linked to a slower-than-observed monsoon withdrawal.
Due to the lack of in situ precipitation observations in these
parts of Africa and the limitations associated with satellite-
based precipitation estimates assimilated into the TRMM
product, it is difficult to realistically assess model biases in
these areas. Nonetheless, results indicate that the model can
reasonably simulate the precipitation temporal and spatial
patterns over Sub-Saharan Africa.

Monthly near-surface air temperature results provide
a good indicator of the model’s performance in simulat-
ing land/atmosphere interactions such as canopy radiation
transfer and land surface energy balance. Model results are
compared against the Climate Anomaly Monitoring Sys-
tem (CAMS) monthly surface air temperature product (Fan
and van den Dool 2008) (Fig. 6). Most of the annual vari-
ability is concentrated over the Sahara desert, where sur-
face air temperatures vary by as much as 25 °C in some
areas. Another interesting pattern is the sharp temperature

gradient in the Sahel in the summer months. Denser veg-
etation keeps temperatures from varying much in the south,
where it remains around 20-25 °C yearlong.

The evolution of the monsoon is intimately linked to sur-
face temperature variability modes in Northern Africa and
their accurate representation in models is crucial for accu-
rate simulations of monsoon evolution (Xue et al. 2010b).
The northward movement of monsoonal precipitation is
associated with the weakening of the warmer temperature
band over the Sahel (Sahel mode) and the enhancing of
warmer temperatures over the Sahara desert (Sahara mode),
which in turn enhances the meridional temperature gradient
in the region during the monsoon onset.

In general, the WRF-NMM/SSiB2 can simulate the
main features of monthly temperature fields over the area
of study, including the main seasonal variability modes
described above (Fig. 7). The model simulates the winter-
to-summer transition in the Sahara where annual tempera-
ture variability is largest. Further south, where vegetation is
denser, modeled temperatures are within observed ranges.
There are positive biases especially over Western Sahara,
where modeled temperatures are about 6 °C higher than
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Oct 2010 Nov 2010

Dec 2010

Jan 2011

Mar 2011 Apr 2011 May 2011
&
f
R &
z 4
0 106 20E 30E
Jun 2011 Jul 2011 Aug 2011 Sep 2011

Fig. 5 Modeled monthly precipitation mean (shaded) and bias (contour) from Oct 2010 to Sep 2011 (mm day~!). Precipitation bias is repre-
sented by dotted (=2 and —4 mm day~") and dashed (42 and +4 mm day~") contour lines

observed in some areas. However, as in the case of precipi-
tation, the lack of in situ measurement in these areas limits
an accurate bias assessment there. Little bias is observed
in the cooler months between November and March. The
mean monthly temperature bias and root-mean-squared
error in the area A based on CAMS observations are equal
to 0.1 and 1.4 °C, respectively.

The zonal circulation over the study area is marked by
large differences between winter and summer as indicated
by pressure-latitude cross-sections of monthly zonal wind
from the Reanalysis product (Fig. 8). From November to
February, the mean upper-level zonal circulation is char-
acterized by strong westerly winds north of 10°N, which
extend down to the mid-levels of the troposphere. South
of 10°N, winds are weaker and mostly from east at mid-
levels and from west near the surface. As the wet months
approach, the upper-level westerlies give way to easterly
winds (the tropical easterly jet), which reach a maximum
in August. Concurrently, the African mid-level easterly
jet (between 600 and 700 hPa) and the lower-level tropi-
cal westerly jet (below 800 hPa) become more apparent
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(Fig. 8). These three jets are key features associated with
the West African monsoon evolution and are linked to the
position and intensity of the monsoon precipitation band
(Sultan and Janicot 2003; Xue et al. 2010b).

The model simulates reasonably well the wind circula-
tion over northern and western Africa, including the African
mid-level easterly and upper-level westerly jets, as well as
the onshore low-level flow responsible for supplying mois-
ture to the monsoonal precipitation (Fig. 9). It also captures
the predominant upper and mid-level westerlies during the
dry season over northern Sahel and Sahara desert, observed
in the Reanalysis product. Nevertheless, the model tends to
overestimate of the onshore low-level flow and underesti-
mate the mid-level African easterly jet intensities during
the monsoon seasonal, which may explain the wet biases
simulated over parts of the Sahel from June to August 2011
(Fig. 5). Overall, however, the modeled wind circulation is
consistent with the Reanalysis product.

The results reveal that by and large, the WRF-NMM/
SSiB2 can reliably simulate the seasonal climate of north-
ern Africa and provide a reasonable basis against which to
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Oct 2010

Nov 2010

Dec 2010 Jan 2011

Sep 2011

Fig. 6 CAMS monthly mean surface air temperature observations from Oct 2010 to Sep 2011 (°C)

estimate the impact of fractional burned area in the region’s
energy balance and precipitation.

3.2 Burned area impact

In the MODIS data, the main contribution to burnt area
fraction totals (Fig. 3) comes during late fall, winter, and
early spring. Burned areas start to become more wide-
spread in October and by November three distinct areas of
burn scars can be seen: one over the eastern Sahel between
15°E and 35°E, and two others slightly farther north over
the western Sahel between the Atlantic Coast and 5°W
(Fig. 10). The burning fraction reaches a peak in December,
when a nearly continuous band of high burned area fraction
extends from the Atlantic Ocean coast to Sudan in eastern
Sahel. Several parts of sub-Saharan Africa exhibit burned
fraction above 25 % during this month. Intense burning
continues in January but with less intensity and starts to
substantially weaken by February and March. Due to the
monsoon, summer experiences nearly no fire activity and
thus little burned fraction is registered in the region.

In the Sahel, under undisturbed conditions, changes to
surface albedo are often associated with changes to the
top soil water content and vegetation annual phenologi-
cal cycle. As a result, maximum average albedo values are
often reached by the end of dry season, followed by a slow
decrease during the monsoon season. Under fire-disturbed
conditions, two other distinct processes (vegetation altera-
tion associated with burning and ground darkening result-
ing from char deposition) play the primary role in albedo
change.

Therefore, during the dry season, as vegetation degra-
dation increases with increasing burned areas, larger and
larger portions of bare ground become directly exposed to
solar incoming radiation. Despite the brief ground darken-
ing from ash and charcoal deposition following wildfires,
the model simulations indicate that the resultant effect is
to increase the monthly average surface albedo in the areas
where bare ground albedo is higher than the overlying veg-
etation reflectance.

In the model, savanna experiences the largest albedo
change, with 7.3 % albedo increase (Table 1). Shrublands,
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Oct 2010 Nov 2010

Dec 2010 Jan 2011

Jun 2011

Fig. 7 Modeled monthly surface-air temperature mean and bias from Oct 2010 to Sep 2011 (°C). Temperature bias is represented by dotted (—3

and —6 °C) and by dashed (+3 and +6 °C) contour lines

grasslands, and dry forests exhibit approximately 3.5,
3.0, and 2.9 % of albedo increase due to wildfire-induced
land degradation compared to unburned experiments. On
the other hand, cropland and rainforests show negligible
changes. Averaged over the entire area A, the wildfire-sea-
son land albedo is increased by about 6.3 %.

Changes in the surface radiation balance (Figs. 11, 12a)
are consistent with the albedo changes in the burned areas
(Fig. 10). The changes in albedo and net radiation are small
in early fall. By December, a large area of decreased net
radiation appears in eastern Sahel, which becomes larger
and more intense through the winter and spring seasons.
The areal extent of surface net radiation decrease peaks in
February and March over the burned areas (Fig. 12a). Fig-
ures 11 and 12 only include grid points where the net radia-
tion differences are significant at a 90 % level of confidence.

There are positive surface net radiation changes over the
West African rainforest during winter and spring months
(Fig. 11). Since virtually no burn occurs in this region, such
an impact is not a directly result of wildfire. The increase
in net radiation over the rainforest zone is likely a result
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of increased insolation associated with reduced cloud cover
and precipitation over the area, which will be discussed
later. As the rainy season starts, the impact of burned area
on surface radiation balance weakens; however, negative
differences (lower net radiation in the burned simulations)
still dominate throughout the Sahel, central Africa and
parts of the Sahara.

As the amount of net radiation at surface decreases due
to burning-induced land condition deterioration, so should
the amount of energy transported from surface to the atmos-
phere through sensible and latent heat fluxes. Partitioning
between these two processes is complex and depends on
the atmospheric surface layer conditions and ground cover
conditions. The impact of burned area on monthly net radi-
ation, sensible and latent heat fluxes averaged over burned
areas within the area A is shown in Fig. 12. February and
March are the months with the largest net radiation drops;
with approximately 10 W m~2 reduction compared to the
control simulations.

During the dry season months, between October 2010
and March 2011, most of the burned area’s simulated net
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Fig. 8 Pressure-latitude cross-sections of Reanalysis-2 monthly-averaged zonal wind between longitudes 10°E and 10°W from Oct 2010 to Sep

2011 (ms™h)

energy decrease contributes to the reduction in surface sen-
sible heat flux to atmosphere. Decreases are seen in latent
heat in these months; however more than 80 % of total net
radiation reduction is being directed into less sensible heat
to the atmosphere. During the monsoon pre-onset and onset
months of April and May, on the other hand, the impact on
latent heat flux becomes larger than on sensible heat flux.
Nearly all net radiation decrease results in less surface
evapotranspiration in these months. A similar behavior
takes place during the peak monsoonal months; however,
the reduction of net radiation is small (<5.0 W m™2) during
the rainy months. Results indicate a transition in the burned
area impact on surface sensible/latent energy partitioning
from March through May. This timing coincides with the
pre-onset and onset stage of the West African monsoon in
the area (Xue et al. 2010b).

The impact of burned areas on monthly rainfall over
Sub-Saharan Africa is shown in Fig. 13, which displays

the precipitation difference between burned and unburned
experiments. A mask was applied to this figure so that
only differences within a 7 test 90 % confidence interval
are shown. As with net radiation, the impact on precipita-
tion is weaker in late fall and early winter and then intensi-
fied through late winter and spring months. However, the
impact on precipitation seems more widespread.

Broad areas with negative precipitation differences move
slowly northward from January to May 2011. By February,
a band of reduced extends from the Atlantic Coast eastward
to Lake Victoria, with some locations showing precipitation
decrease of more than 1 mm day~' (Fig. 13). A comparison
with Fig. 10 reveals that this band of precipitation differences
is located south and west of the burned areas for the month.
In May, a somewhat homogeneous negative precipitation
band covers large continental areas along the 5°N parallel.

The pattern of rainfall impact during the rainy-season
months shows a more complex structure with a large dipole
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Fig. 9 Pressure-latitude cross-section of modeled monthly-averaged zonal wind between longitudes 10°E and 10°W from Oct 2010 to Sep 2011

(ms™h

pattern across the region during June—September. The posi-
tive areas are mostly located to the south of 10°N in June
with negative precipitation areas to the south and north. In
July and August, the pattern seems to reverse; the negative
precipitation again covers most area in Sahel with positive
to the south and north. The spatial pattern in September is
similar to June, though the dipole is less organized then. By
and large, Fig. 13 shows that the impact of burned area on
precipitation is not limited to the burned areas themselves;
significant precipitation change occurs over the West Afri-
ca’s tropical rainforest and over the shrublands of northern
Sahel where little to no burned area exists.

To further examine the effect of wildfire vegetation
alteration on West African monsoon evolution, time-lati-
tude diagram of 10-day running mean precipitation differ-
ence between burned and unburned experiments from Nov
2010 to Sep 2011 in the area A was calculated (Fig. 14a).
Overall, the diagram shows negative precipitation dif-
ferences between 5°S and 5°N staring in late November
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and continuing through late August. Three months with
the largest precipitation reduction (February, April, and
August) are apparent in Fig. 14a and consistent with
Fig. 13. The first precipitation reduction maximum occurs
in February when differences larger than 1 mm day~! are
seen. Most of this event takes place over the West African
rainforest to the south of the main burned areas.

The band of negative precipitation becomes less intense
in March as it starts to move northward. In late April, it
re-intensifies north of the Equator (second maximum) as
it continuous to progress northward. It reaches its north-
ernmost position in early August at nearly 10°N, when the
third reduction maximum in precipitation appears, then it
starts to shift southward as the monsoon withdraws from
the region. When compared to TRMM estimates (Fig. 4)
the time-latitude diagram reveals that burned-area-induced
precipitation reduction follows the northward progression
of the West Africa monsoon, and suggests a weakening in
its evolution especially during the pre-onset and onset stage
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months (Xue et al. 2010b). A narrow band of positive pre-
cipitation difference is located to the south of the larger
precipitation decrease belt and starts to emerge from Janu-
ary to early April. During late summer, positive precipita-
tion differences can also be seen north of 10°N as well as
along the Equator.

Time-latitude diagrams were also calculated for surface
evapotranspiration and atmospheric moisture flux con-
vergence (MFC), which are the main components to the
atmospheric water balance at monthly scales (Fig. 14b, c).
By and large, changes in precipitation result from changes
in atmospheric MFC component. On average, MFC
accounted for more than 90 % of the precipitation changes
in the area A and its evolution pattern resembles closely
that of precipitation. The three largest precipitation reduc-
tion occurrences (Fig. 14a) are associated with distinct
atmospheric MFC decreases, which are evident in Fig. 14c.
Evapotranspiration changes are minimal and only margin-
ally relevant in February, early March, and May, when it
contributes to approximately 10 % of the precipitation
reduction (Fig. 14b). Unlike atmospheric MFC, evapotran-
spiration changes are nearly always negative.

The consistency between precipitation and atmospheric
MEFC changes indicates that surface energy balance adjustment
resultant from burned areas induce wind circulation changes,
which contribute to the precipitation changes. Overall,
Figs. 13 and 14 indicate that these circulation changes work
to delay the northward progression of the monsoon during its
pre-onset and onset phases causing precipitation to decrease
at the leading edge of the monsoonal band; and to intensify
south of the monsoonal band. During summer, results show
strengthening of atmospheric MFC due north and south of the
main burned areas causing precipitation to increase there. This
pattern is especially evident in August when enhanced pre-
cipitation is observed northward of 10°N and southward over
the West African rainforest in the simulations (Fig. 14a). The
large reduction in atmospheric MFC positioned around 18°N
in September is not associated with any precipitation changes,
as it is located too far north from the monsoonal rainfall band
(Fig. 5). Further consideration on the mechanisms associated
with burned-area-induce circulation and precipitation changes
will be given in the next section.

Monthly and annual mean relative precipitation differ-
ences for the major land cover types were calculated over
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Fig. 11 Monthly surface net radiation differences between burned and unburned simulations from Oct 2010 to Sep 2011 (W m™2)

the area A (Table 2). Only grid points with differences at
90 % significance level were used in the calculation. The
largest relative impact is for areas covered by savanna, fol-
lowed by rainforests, other forests, and shrublands; with
3.8, 3.3, 2.6 and 2.1 % drop in annual precipitation each
respectively. Despite experiencing little to no wildfires,
forested land experiences significant decrease in rainfall,
especially in February when it rained nearly 19.2 % less
than in the undisturbed experiment over the West African
rainforest (Fig. 13). That same month, savanna receives
approximately 14 % less than its unburned rainfall total.
The annual mean precipitation change for the entire area A
is approximately —3.2 %.

4 Discussion

Differences in surface albedo between the burned and
unburned sets of simulations depend primarily on three dis-
tinct processes; changes in vegetation conditions, ground
darkening resulting from charcoal deposition associated
with burning, and changes in top soil moisture content. The
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combined impact of these processes on the surface radia-
tion balance (Fig. 11) reduced the amount of energy avail-
able for turbulent fluxes in the burned areas, thus lessening
the amount of heat and moisture at lower levels of the trop-
osphere. During the dry season (November 2010 to March
2011) most of this energy reduction over burned areas was
accounted for by a decrease in monthly sensible heat flux to
the atmosphere (Fig. 12). This partitioning pattern changed
to most of reduction being directed to evapotranspiration in
April and May which then continues, at weaker intensities,
through the rainy months.

Burned-area-induced precipitation impact was wide-
spread and mostly negative in the area of study. The atmos-
pheric water balance in the region revealed that changes in
atmospheric MFC in the burned area experiments were con-
sistent with changes in precipitation (Fig. 14). The impact on
atmospheric MFC was a dominant factor compared to sur-
face evapotranspiration (Fig. 14b, c) indicating significant
changes in wind circulation and moisture advection resultant
from burned area degradation in and around the region.

Based on these results, we hypothesize that the afore-
mentioned processes, namely the weakening of turbulent
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heat fluxes and reduction of atmospheric MFC, worked
together to reduce precipitation in Sub-Saharan Africa by
enhancing subsidence and rendering the troposphere con-
vectively more stable in the burned area experiments. To
confirm this hypothesis we examine the impact of burned
areas on the mid-tropospheric vertical pressure veloc-
ity in the area A (Fig. 15a, b). Unburned 10-day running
mean 500 hPa vertical pressure velocity time-latitude dia-
gram shows the bulk of upward motion south of the Equa-
tor from November through April (Fig. 15a). A sharp shift
northward takes place in April signaling the onset of the
monsoon in the Sahel. Upward motion band then intensi-
fies through the summer reaching maximum intensity in
July and August, after which it starts to move southward.
Weak subsidence is observed to the north and south of the
main upward motion band. It is evident from the figure that
average mid-tropospheric upward motion follows the mon-
soonal precipitation evolution.

The burned-area impact on vertical mid-tropospheric
circulation is shown in Fig. 15b. Overall, it reveals a weak-
ening of upward motion during the pre-onset, onset, and
mature stages of the monsoon development as a result of

decreased atmospheric heating. Maxima weakening epi-
sodes occur in February, May and August, which is consist-
ent with the largest precipitation changes. From December
to April, most of the impact was located slightly north of
the strong upward motion band, which indicates the inten-
sification of pre-monsoon subsidence in the Sahel. The
resulting unfavorable conditions for convective activity in
the region hindered the monsoon progression through the
area and enhanced precipitation to the south.

Similar conditions may also explain the changes in
atmospheric MFC and precipitation during the spring
months. Intensification of large-scale subsidence over
sub-Saharan Africa has been shown to be correlated with
the decreasing precipitation trends in the Sahel (Xue and
Shukla 1993). During summer, most of the negative impact
on vertical circulation is within the monsoonal band, indi-
cating a general weakening of convective activity of the
monsoon. By mid-August, two relative-upward centers
are observed flanking the main relative negative difference
band in the simulations (Fig. 15b). It is possible that these
relative-upward cells form in response to the widespread
relative-negative larger cell between 4° N and 12° N. These

@ Springer



F. De Sales et al.

Oct 2010 Nov 2010

Dec 2010 Jan 2011

20W 100 0 10F 20F

Feb 2011

Jun 2011

20E

Fig. 13 Monthly mean precipitation differences between burned and unburned simulations from October 2010 to September 2011 (mm day ')

relative-upward cells warranted favorable convective con-
ditions to develop outside the main impacted areas and
explain the increase in atmospheric MFC and precipita-
tion to the north and south of the monsoon band in August
(Figs. 13, 14).

Additionally, we expect that if the precipitation reduc-
tion observed in the burned area experiments were indeed
caused by the lessening of convective instability, there
should be a decrease in the number of convective precipi-
tation events in the area. To examine this impact we cal-
culated the average observed and modeled precipitation
energy in the area A for the study period based on daily
precipitation totals. Precipitation energy provides a meas-
ure of the number of precipitation events exceeding a given
threshold integrated over an area (De Sales and Xue 2011).

Considering that frequent precipitation events exceed
low rainfall thresholds, low thresholds are usually asso-
ciated with high precipitation energy. As the threshold
increases, more frequent and weaker precipitation events
are disregarded, resulting in low precipitation energy for
more intense events for the area. Figure 16 shows the daily
precipitation energy distribution from TRMM estimates
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(black line), as well as for unburned and burned experi-
ments (blue and red lines, respectively) for the area A.
Since daily precipitation is used for the calculation, we
can assume that high-threshold events are associated with
intense convective precipitation events, which usually last
for <24 h. The positive bias previously discussed in sim-
ulated precipitation (Fig. 5) is also evident in daily pre-
cipitation energy distribution (Fig. 16), as both simulation
experiments exhibit higher counts of precipitation events
for threshold between 0.01 and 1 mm day~!, as well as for
thresholds above 3 mm day~!.

The difference in number of precipitation events between
burned and unburned results is small for small thresholds
and becomes larger as threshold increases. As intense rain-
fall rate events (>1 mm day ") are usually associated with
convective storms, we can conclude that burned areas had
a stronger impact on convective stronger rainfall events
than in non-convective weaker events, thus supporting the
hypothesis that burned areas reduces convective instabil-
ity in the study area. Our regional model results suggest
that vegetation and ground condition changes associated
with burned areas reduced precipitation in the sub-Sahara
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Table 2 Impact of burned areas on Sahel’s monthly and annual mean precipitation for the major land cover types in area A (%)
Land cover Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Year
Rainforests 1.1 —-14 —4.1 —10.3 —-19.2 —5.2 -2.0 -32 2.7 —4.4 4.0 2.0 -33
Other forests —0.2 -0.3 -2.0 —6.9 —8.8 —1.1 -0.7 -3.1 -1.0 -0.7 —8.0 1.6 —2.6
Savannas —0.1 —0.2 —3.8 -6.7 —13.8 —6.9 —4.1 —49 —0.2 -2.1 —4.0 0.9 —3.8
Grasslands 0.3 —04 —4.0 -59 -52 -0.5 —-14 -33 1.3 —1.6 -3.1 0.9 -19
Shrublands 0.4 —1.3 -19 -7.2 -3.6 -0.7 -29 -3.1 —0.6 1.0 1.6 —6.6 —2.1
Croplands 0.7 0.3 -2.3 —8.3 —04 -1.8 -1.0 —0.5 —0.8 —0.6 0.5 —-14 -1.3
All land 0.3 —0.8 -33 —8.3 —11.6 —3.6 —2.6 —3.8 0.1 —-14 -2.0 -0.3 -32

Shrublands include shrubs with and without ground cover. Only grid points with differences significant at 90 % level of confidence were used in

the calculation

Africa, including the Sahel region, by increasing albedo
and reducing turbulent heat transfers from land to the
atmosphere, which in turn decreased atmospheric upward
motion and atmospheric MFC and ultimately weakened
convective instability and precipitation in the region.

We also examine the implications of burned-area-
induced surface energy and precipitation changes on
the region’s monthly gross primary productivity (GPP)
(Fig. 17). On average, the total amount of carbon fixed by
vegetation through photosynthetic assimilation in the area
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diminishes every month of simulation. The months with
the largest GPP losses are August, July, and June with
—248.9, —241.1 and —230.5 gC m~2 year™!, respectively
(Fig. 17a). However, the relative differences (percentage
of GPP loss) indicate that period between February and
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May experienced the strongest impacts with approximately
15 % decrease in GPP. Our results suggest that the decrease
in GPP is probably due to a combined effect of vegetation
modification during the dry season and precipitation reduc-
tion during the wet season.
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The modeling results analyzed in this study do not
include some important processes that might also affect
the response of precipitation and GPP to burned-area-
induced circulation and surface energy changes. For exam-
ple, the role of vegetation regrowth in burned area, which
is observed after prolong wet periods is not included in
model. This process might have a significant role on the
precipitation impact especially during the late phase of the
monsoon when new vegetation may contribute to additional
evapotranspiration and thus affect surface energy balance
and wind circulation.

Similarly, the radiative effect of aerosol particle and car-
bon emissions during vegetation burning is omitted in the
simulations. These emissions can affect the radiation bal-
ance leading to further changes in surface energy (Tum-
mon et al. 2010; Wu et al. 2011). In addition, on-going
observational study in Southern Africa suggests that char-
coal removal period varies for different land cover types
and may be longer than the 10-day period utilized in this
study for some types. Charcoal removal period is an impor-
tant variable in modeling studies of burned area impacts on
regional climate and requires further investigation.

Furthermore, the temporal averaging approach utilized
to generate the burned area information may inadvertently
produce larger fractional burned area estimates than actu-
ally observed during the October 2010-September 2011
studied period. Consequently, impacts on precipitation and
GPP should be interpreted as a first-order approximation.

5 Concluding remarks

This study investigated the impact of burned areas on the
monthly and seasonal precipitation in the Northern Africa.
Mean burned area fractions were calculated based on
MODIS approximate date of burning product, which were
then implemented in a set of 1l-year-long WRF-NMM/
SSiB2 model simulations. In these experiments, vegeta-
tion and soil properties were modified based on the burned
area fraction and on survival rates for each vegetation land
cover type. We also carried out a set of unburned experi-
ments, which did not include any vegetation or soil condi-
tion alterations, to provide a benchmark for assessing the
impact of burned areas.
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Benchmark simulations analysis revealed that the
WRF-NMM/SSiB2 was able to simulate the West African
monsoon system evolution and intensity. Annual mean
precipitation bias and root-mean-squared error over the
area of study were approximately 1.1 and 3.0 mm day~!,
respectively, based on TRMM estimates. The model also
simulated reasonably well the monthly surface air tem-
perature variability patterns over Northern Africa. Annual
mean temperature bias and root-mean-squared error aver-
aged over the same area were calculated as 0.1 and 1.4 °C,
respectively, based on CAMS observations. Additionally,
the analysis of monthly zonal wind pressure-latitude cross-
sections revealed that the model can simulate reasonably
the key circulation features related to the West African
monsoon system evolution, including the upper-level tropi-
cal easterly jet, the mid-level African easterly jet, and the
low-level tropical westerlies associated with the monsoonal
moisture flow from the Atlantic Ocean.

The effects of burned areas in the sub-Saharan Africa’s
precipitation and surface climate were evident. We found
that vegetation condition deterioration due to wildfires
increased land surface albedo by exposing the brighter bare
ground, which in turn diminished surface net radiation in
the burned areas. The drop in surface net radiation resulted
initially in a decrease in surface sensible heat flux to atmos-
phere during winter and early spring, followed by a reduc-
tion in evapotranspiration from April onwards through the
rainy season. Substantial decrease in atmospheric MFC
was also observed in the burned area experiments over the
Sahel.

Simulation results indicate that the drying and cool-
ing of atmosphere associated with burned areas led to the
strengthening of subsidence during pre-onset and to the
weakening of upward motion during onset and mature
stages of the monsoon leading to a waning of convective
instability and precipitation. Moreover, the precipitation
decrease was not limited to the burned regions but included
areas with little to no observed wildfires, such as the West
African rainforest, indicating that changes in wind circu-
lation and moisture advection outside burned regions also
contributed to the total precipitation decrease. Precipitation
energy analysis revealed that most of precipitation decrease
originated from convective events, which corroborates
the hypothesis of convective instability weakening due to
burned areas.

Precipitation intensification was observed to the south and
north of the main precipitation reduction belt throughout the
simulation. From January through May, enhanced precipita-
tion to the south of the Sahel monsoon area formed as favora-
ble conditions for convection arose with the intensification
of upward motion and atmospheric MFC there. In summer,
intensification of atmospheric MFC and convection also
developed to the north and south of the main precipitation
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reduction belt in the burned area simulations, resulting in
increased precipitation in those locations compared to the
unburned scenario. Overall, however, precipitation reduc-
tion was the more dominant outcome due to the burned-area-
induced changes. Results also showed implications of burned
area on photosynthetic assimilation. The resulting rainfall
decrease and vegetation deterioration caused a drop in GPP
in the Sahel. The summer months showed the largest GPP
total losses. However, the strongest impacts were observed in
late winter and early spring when an approximate 15 % rela-
tive decrease in GPP was simulated.

The quantification of the burned-area impacts on pre-
cipitation and surface energy and its implications on carbon
fluxes between the terrestrial biosphere and the atmosphere
are of scientific importance and relevant to our understand-
ing of climate and climate change. This study supports
more observational effort and modeling studies on this
subject.
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