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Abstract: The present study investigates the effect of biomass burning on the water cycle using a 23 
case study of the Chari-Logone Catchment of Lake Chad Basin. The Chari-Logone catchment was 24 
selected since it supplies over 90% of the water input to the Lake, which is the largest basin in the 25 
NSSA. Two water balance simulations, one considering burning and one without, were compared 26 
from the years 2003 to 2011. For a more comprehensive assessment of the effects of burning, albedo 27 
change, which has been shown to have a significant impact on a number of environmental factors, 28 
was used as a model input for calculating potential evapotranspiration. Analysis of the burning 29 
scenario show that burning grassland, which composes almost 75% of Chari-Logone total land 30 
cover, causes increased ET and runoff during winter months. Recent studies have demonstrated 31 
the increasing trend in LCB of converting shrubland, grassland, and wetlands to cropland. This 32 
change from grassland to cropland has the potential of decreasing water available to water bodies 33 
during the winter. All vegetative classes in a burning scenario showed a decrease in ET during the 34 
wet season, supporting the idea that, with increased burning, there would be a severe decrease of 35 
precipitation. 36 

Keywords: Lake Chad Basin; biomass burning; water balance; evapotranspiration; MODIS; albedo 37 
 38 

1. Introduction 39 
The Lake Chad Basin (LCB) experienced a dramatic change in precipitation since the 40 
1960s, which has drastically affected the size of Lake Chad [1]. Lake Chad gained wide- 41 
spread attention from the scientific communities and the general public due to its rapid 42 
shrinkage from 25,000 km2 in 1963 to less than 3,000 km2 in 2008 [2].  Lake Chad’s 43 
shrinkage is significantly detrimental to regional sustainability as it is an economically 44 
important water resource that agricultural and fishing activities depend upon. In a series 45 
of surveys interviewing 25,000 households in the southwestern portion of the lake, 59% 46 
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of the households earned three-quarters of their income from farming, 36% earned in- 47 
come from a combination of fishing and farming, and 5% relied entirely on fishing [3]. A 48 
number of factors have been attributed to the Lake shrinkage, including decrease in pre- 49 
cipitation [4], poor water management practices [5], and land use change [6].  50 

 Most of the rainfall in the LCB is immediately lost to ET [7] leaving the region sen- 51 
sitive to precipitation anomalies. Precipitation in the region is bi-seasonal with wet sea- 52 
son monsoonal rains lasting from April to October and the dry season the rest of the year. 53 
The monsoonal rains are driven by the Intertropical Convergence Zone (ITCZ), created 54 
by the convergence of trade winds from the northern and southern hemispheres forming 55 
the ascending branch of the Hadley circulation [8]. Precipitation in the Sahel has been 56 
shown to be affected by the El Niño Southern Oscillation (ENSO) system, which is a cycle 57 
of ocean and atmospheric interaction that produces an irregularly periodic variation in 58 
winds and sea surface temperatures over the tropical eastern Pacific Ocean. During El 59 
Niño years, the wind pattern associated with the West African Monsoon has been shown 60 
to create a dry condition across the Sahel region leading to precipitation deficits [9]. High 61 
variability of rainfall due to these meteorological factors and other regional phenomena 62 
have contributed to a series of droughts in the 1970s and 1980s, with a gradual trend of 63 
annual rainfall recovery occurring since the 1990s contributing to Lake Chad recovery 64 
(Figure 1). 65 

 66 
Figure 1. LCB regional cumulative rainfall anomalies taken from GPCP Stations from 1978 to 2014 67 
[10]. Precipitation was more level during the 2003 – 2011 study period as indicated on the figure. 68 

Another factor that has not been paid much of attention to is the occurrence of bio- 69 
mass burning, whether through wildfires or human induced burning. Biomass burning 70 
has been shown to have significant impacts on climate by altering land cover and vege- 71 
tation [11–13], introducing aerosols and trace gases [14–15], and changing land surface 72 
characteristics, especially in regard to surface albedo [16–17]. Ichoku's study [18]of bio- 73 
mass burning in the NSSA, showed an increased conversion of shrubland, grassland, and 74 
wetlands to cropland from 2003 to 2013. This in turn affect the amount of biomass burn- 75 
ing that occurs since prescribed burning is one of the primary sources of biomass burning 76 
in the NSSA. The study also found areas with relatively high burn activity experienced 77 
much higher evapotranspiration and posited a relationship between biomass burning 78 
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and increased precipitation. However, there have been no studies specifically in the LCB 79 
examining the relationship of burning and the water cycle. 80 

 The Chari-Logone catchment (CLC), a sub-basin of LCB, was chosen for this study 81 
as it provides 95% of the water input to Lake Chad and is the main driver for the entire 82 
lake system [19]. The Chari and Logone rivers provide an average of 1,946 mm/year to 83 
the lake whereas direct rainfall contributes a mere 329 mm annually [20]. The spatial ex- 84 
tent of the study area is 601,350 km2  and is located within the borders of Cameroon, 85 
Chad, Central African Republic, and Sudan. The catchment lies between 5° N and 15° N 86 
at the eastern part of the Sahel (Figure 2).  87 

 88 

 89 
Figure 2. Map of Lake Chad Basin located in Sahelian Africa. The Catchment study region is out- 90 
lined in red and located in the southeastern portion of the Basin. 91 

 A large contributor to biomass burning within the LCB is the use of fire to remove 92 
vegetative growth at the end of a growing season and the clearing of grassland and sa- 93 
vanna for agricultural use. At the early to late dry season (November-March), a patch 94 
mosaic burning regime to clear unwanted vegetation has been used to clear savannah 95 
and woody areas of wild animals and facilitate clearing land for planting crops. Burning 96 
primarily occurs during the dry season when rainfall is at a minimum to clear the wet 97 
season's growth or to convert the land for future agricultural use.  Aerosol byproducts of 98 
biomass burning have been known to produce significant amounts of black carbon, car- 99 
bon monoxide, and carbon dioxide [14]. Furthermore, the resultant ash and charcoal 100 
deposition and change in land cover have been known to have a significant impact on 101 
surface albedo [16,21–22]. Surface albedo darkening from burning is caused by char 102 
deposition that increases absorption of solar radiation [23].  Desales [17] found that 103 
change in albedo coupled with a decrease in leaf area index (LAI) and vegetative land 104 
cover fraction from burning was linked to convective instability. The cause of this con- 105 
vective instability and precipitation loss is a cooling and drying of the atmosphere, 106 
leading to the weakening of upward atmospheric motion during the onset and mature 107 
stages of the monsoon.  108 

Biomass burning effect on water cycle in the Sahel have been addressed to some 109 
degree in regard to ET, soil moisture, and precipitation, but conclusive evidence is lim- 110 
ited by issues associated with burning and vegetative seasonality [18].  Other studies 111 
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associating water cycle changes with burning include its effect on soil infiltration rates, 112 
surface runoff [24], and soil erosion [25–26]. Previous studies on the water cycle of Sahe- 113 
lian regions use models focused on terrestrial water storage (TWS) using data from sat- 114 
ellites such as Gravity Recovery and Climate Experiment (GRACE)  [27–38]. While such 115 
models have helped to bring about great advances in understanding hydrologic dynam- 116 
ics on a climate scale, their spatial resolution is too coarse for detailed characterization of 117 
burned areas.   118 

Lack of in situ data is largely due to the sparseness of meteorological stations and 119 
the fact that existing stations are inconsistent at recording data on a daily or even 120 
monthly basis [31–33]. Additionally, installing new stations is difficult in the LCB due to 121 
insecurity in the region. Water balance is the conservation of hydrologic inputs and 122 
outputs within a system. WetSpass, which stands for Water and Energy Transfer between 123 
Soil, Plants and Atmosphere under quasi-Steady State, is a physically based water bal- 124 
ance model that is not as data intensive as other water balance models [34–35]. Baba- 125 
maaji[6] demonstrated the effective use of WetSpass in the LCB.  126 

A drawback of WetSpass is its inability to calculate water balance more frequent 127 
then seasonally. This however, has been addressed in the newer version, WetSpass-M 128 
[35], which was designed specifically to calculate monthly water balance.  129 

WetSpass-M utilizes raster data and calculations are performed on a cell by cell basis 130 
where the input data is geospatially overlayed and sub-divided into vegetated, bare soil, 131 
open water, and impervious surface fraction. Water balance calculation of each pixel is 132 
processed in the following order: interception (process 1), surface runoff (process 2), 133 
evapotranspiration (process 3), and recharge (process 4) (Figure 3).  Additionally, 134 
land-use/land-cover fraction values for each pixel are used as weighting factors for the 135 
calculation of the water balance [35]. 136 

 137 
Figure 3. Schematic representation of WetSpass-M inputs and outputs. Data sets shown in red were 138 
adjusted to account for burning scenarios. 139 

 There has been little research on using a water balance model to calculate the effect 140 
of biomass burning on a hydrological system, especially in a data scarce region in Africa. 141 
In order to accomplish this, the present study investigates burning effects on the water 142 
balance in the LCB by incorporating burning parameters such as surface albedo and land 143 
cover characteristics of burned areas into a water balance model. The present water bal- 144 
ance modeling approach determines how biomass burning affects regional scale water 145 
cycles and interpret if burning would affect the shrinkage of the lake. The time period 146 
chosen for this study is from 2003 to 2011 in order to use albedo change from burning as 147 
described by [16]. The study hopes to find a correlation between increased evapotran- 148 
spiration or increased precipitation due to burning. If there is a correlation, what vegeta- 149 
tive land types are most greatly affected? Supposing a continued conversion of other land 150 
use types to cropland, what does this imply for water balance in LCB? To answer these 151 
questions, it is necessary to use model to comparing how burning affects water balance 152 
within the LCB, particularly examining water balance change in vegetative areas. De- 153 
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termining which parameters are affected by burning and the percentage of land use 154 
within the study area are also important steps to building a comprehensive model. 155 

 156 

2. Materials and Methods 157 
 158 
2.1 The WetSpass-M: the water balance model 159 

 WetSpass-M has shown favorable results for modeling water balance in the western 160 
Sahel in the Black Volta Basin [35] and in Northern Africa [36]. Calculations for the res- 161 
olution of the input land cover and soil raster imagery is important to influence sub-cell 162 
land cover heterogeneity as their classification is compared to a series of look-up tables 163 
for parameterization during water balance calculation [34]. The look up tables include 164 
land use and land cover, soil type, and rainy days per month. For this study, additional 165 
land cover parameters were included in the land use look up table to account for burning. 166 
These land cover parameters include LAI, vegetated area, burned area, impervious area, 167 
open water area, root depth, minimum stomata opening, vegetative height, Manning 168 
coefficient, land factor, and aerodynamic resistance. LAI change was calculated using the 169 
same method employed by[37]with original unburned vegetation cover, the fractional 170 
burned area, and vegetative survival rate as input parameters. Raster datasets required 171 
for input into WetSpass-M include precipitation, temperature, wind, soil, land cover, el- 172 
evation, slope, and potential evapotranspiration (PET).The water balance model outputs 173 
are interception, actual evapotranspiration, surface runoff, recharge the summation of 174 
which are equal to precipitation. WetSpass-M calculates impervious or actual evapo- 175 
transpiration (ET) using vegetation coefficients in conjunction with PET.  176 
 177 
2.2 Datasets and parameters for burning 178 

Ground station observations from the National Oceanic and Atmospheric Administra- 179 
tion's (NOAA) National Center for Environmental Information (NCEI) database are 180 
available for sub-Saharan Africa. However, the stations in the study area are relatively 181 
few as compared to the United States or Europe and monthly or even yearly data is not 182 
always recorded for many stations. African stations are also not always accurate either 183 
due to instrument error or poor data management. 184 

 With such few ground stations, even if data is accurate, when the data is interpo- 185 
lated large areas within the study area, they are skewed based on spatial distribution. 186 
We, therefore, adopted the precipitation data from the NASA's Tropical Rainfall Meas- 187 
urement Mission (TRMM) https://disc.gsfc.nasa.gov/datasets/TRMM_3B31_7/summary. 188 
TRMM level 3 3B31was used for the study, with a 0.5 degree x 0.5 degree resolution at a 189 
monthly time scale and units in mm/month. The data covers the area from 40°N to 40°S 190 
latitude, and were collected from January 1998 to April 2015, shortly before the satellite 191 
re-entered Earth's atmosphere. A number of studies have examined the accuracy of 192 
TRMM data compared to station data in different regions [38–39]. One such study by Ojo 193 
and Omotosho[40] looked specifically at the accuracy of TRMM in Nigeria. The study 194 
found that TRMM performed very well when compared to the few meteorological sta- 195 
tions available. TRMM did however have a tendency to marginally over estimate pre- 196 
cipitation especially toward southwestern Nigeria, which is far from the study area.  197 

 Soil rasters were extracted from the United Nation's Food and Agriculture Organi- 198 
zation (FAO) Harmonized World Soil Database (HWSD). HWSD was released in 2008 199 
and is a 30 arc-second raster database with over 16,000 different soil mapping units that 200 
combine existing regional and national updates of soil information worldwide. Land 201 



Earth2021, 2, FOR PEER REVIEW 6 
 

 

cover data were derived from MODIS MCD12Q1 Collection 6. This Level 3 dataset is a 202 
land classification raster created from an algorithm combining data from the Moderate 203 
Resolution Imaging Spectrometer (MODIS) instrument onboard NASA's Terra and Aqua 204 
satellites. The satellites were launched December 1999 and May 2002, respectively. An 205 
advantage of MODIS is its ability to capture images every 1-2 days with a 2,330 km wide 206 
swath. Thirty-six discrete spectral bands ranging in wavelengths from 0.4 µm to 14.4 µm 207 
[41–42]. MODIS data has widely been used and validated ina number of studies of Africa 208 
[18,43–45]. MCD12Q1 is available yearly at a 1 km x 1 km resolution. The yearly availa- 209 
bility of MCD12Q1 makes it preferable in this study over Globcover, which has shown 210 
better performance in Africa, but only provides data from December, 2004 - June, 2006 211 
and January - December 2009 [46].  212 

 The MCD12Q1 data is divided into eighteen distinct land classifications, which were 213 
converted into another set of classifications required by WetSpass-M. Of the eighteen 214 
MODIS classifications, only ten were found in the study area. A model was built in 215 
ArcGIS to convert the numbers signifying those ten MODIS classes into eight 216 
Wetspass-M classes (Table 1). 217 

 218 

MODIS WetSpass-M 
Label Number Label Number 

Rainfed Cropland 12, 14 Agriculture 21 
Mosaic Vegetation 12, 14 Reference Grassland 307 

Forest 6, 7 Mixed Forest 33 
Shrubland 6, 7 Shrub 36 
Grassland 9, 10 Reference Grassland 307 

Sparse Vegetation 9, 10 Reference Grassland 307 

Table 1. Conversion table of MODIS land cover class values to WetSpass-M class values. 219 

 Two different land cover datasets were created, one considering burning and one 220 
without burning. The dataset considering burning combined the land classification raster 221 
with fire counts derived from MOD14/MYD14 Collection 5 fire data. MOD14 data is de- 222 
rived from a fire detection algorithm which takes the two 4-µm channels, numbered 21 223 
and 22. Classification of a pixel as containing fire ia only considered if the fire is strong 224 
enough [47–48]. For each grid cell, Terra/Day, Terra/Night, Aqua/Day, or Aqua/Night 225 
settings were selected based on which had the most fire detected; this value was then 226 
used for the day. Each daily total was then summed in order to get a monthly value per 227 
grid cell (Figures 4a and 4b).Though the monthly value represents one overpass per day, 228 
the data is quantitatively representative of the diurnal burn pattern, but does provide 229 
statistically qualitative information. The fire data were then overlaid onto the land cover 230 
map using GIS to simulate which vegetated areas were likely affected by burning.  231 
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 232 
(a) (b) 

Figure 4. MOD14 fire counts from dry season August 2010 (a) and burning season month January2010 (b). 233 

 A GIS model was built, which first extracted the fire count for the desired month 234 
and then created a raster of only pixels detecting fire was created using the Raster Cal- 235 
culator tool. Specific land cover types were extracted from the previously created yearly 236 
land cover data used in the non-burning WetSpass-M model. The extracted land cover 237 
classes were: cropland, savanna, mixed forest, deciduous forest, coniferous forest, and 238 
grassland (Figure 5a). Each land cover area was then used as a mask to extract only those 239 
areas which experienced burning. For example, a new raster for savanna was created 240 
only showing those areas in the savanna in which fire was detected for a particular 241 
month. Each of the newly created land cover rasters was then assigned a number corre- 242 
sponding to a WetSpass code used in the look-up table [Table A1]. The burned areas were 243 
merged with the other land cover types such as urban, bare soil, etc. and new classes 244 
were assigned to vegetated areas shown as burned: burned coniferous, burned decidu- 245 
ous, burned mixed forest, burned savannah, and burned grassland (Figure 5b).  The 246 
land cover values were then used by WetSpass-M to assign land use parameters by 247 
means of a lookup table used in water balance calculation.  248 
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 249 
(a) (b) 

Figure 5(a). Map showing January 2010 WetSpass-M land use classifications derived from MODIS MDC12Q1. (b) Map 250 
showing August 2010 WetSpass-M land use classifications derived from MODIS and MOD14. Pie chart shows land cover 251 
percentages in the Chari-Logone catchment derived from MDC12Q1. Grassland is by far the greatest land cover type 252 
followed by cropland. All other land cover types such as forest, bare soil, wetland, urban, and open water are combined 253 
into the category "other". 254 

 For this study, additional land cover types were included in the land use look-up 255 
table to account for burning. For example, LAI (the quantity of leaf coverage compared to 256 
ground surface area) changes to the look-up table parameters were calculated using the 257 
same method employed by [37] with the modification of the equation: 258 

𝑉𝐶	 = 	𝑉𝐶![1	 − 𝐹𝐵𝐴 × (1	 − 𝑆𝑅)] (1) 259 

where  VC is the burned vegetation cover, VCu is the original (unburned) vegetation 260 
cover, FBA is the fractional burned area, and SR is the survival rate. Effected land cover 261 
parameters include LAI, vegetated area, burned area, impervious area, open water area, 262 
root depth, minimum stomata opening, vegetative height, Manning coefficient, land 263 
factor, and aerodynamic resistance. LAI is a quantity measuring the leaf area per unit of 264 
ground surface area. LAI modifies the amount of water from precipitation and heat 265 
fluxes, affecting ET and runoff.  Minimum stomata opening refers to the minimum size 266 
of stomata for that land cover type. Stomata, which are the pores on leaves used for gas 267 
exchange, have been shown to change size with temperature depending on water avail- 268 
ability [49]. Burning also reduces vegetative height as land is cleared of vegetation, and 269 
thus increasing wind speed. Increased wind speed reduces sensible heat, increasing leaf 270 
temperature and stomatal resistance, thus increasing transpiration. Conversely, de- 271 
creased vegetative height tends to decrease aerodynamic resistance, also known as drag. 272 
Aerodynamic resistance is calculated for the WetSpass-M table using: 273 

𝑟" =	
#

$!!"%"
2𝑙𝑛 5%"&%#

%$
67

'

 (2) 274 
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where ra is the aerodynamic resistance, K is the von Karman constant (0.41), Ua is the 275 
wind speed at elevation Za, Zd is the zero displacement elevation , and Z0 is the aerody- 276 
namic roughness height of surface [34]. Decreased aerodynamic resistance has the effect 277 
of decreasing ET [50].   278 

 Analysis of land use model inputs for the CLC show the dominant classes to be 279 
grassland (74.88%), cropland (21.81%), and savanna (1.90%). Coniferous, deciduous, and 280 
mixed forest combined only make up 0.12%, with wetland covering 0.2%. Non-vegetative 281 
cover are open water (0.28%), urban build-up (0.18%), and bare soil (0.93%) (Figure 5 (b)).  282 

 283 

Burning within the dominant land cover types show grassland to have the highest fire 284 
detection with an average of 5%-20% of grassland showing fire during the dry season. 285 
Grassland fires may be due to controlled burning or wildfires, but that they make up 286 
such a large portion of the catchment is significant. Peak burning appears to occur from 287 
November through January for all classes with little to no burning occurring May 288 
through July (Figure 6). 289 

 290 
Figure 6. Average percent of monthly burning for major land cover types from 2003-2011 taken 291 
from MOD14. 292 

 Temperature data was extracted from the MOD11C3 Version 5 monthly daytime 293 
CMG land-surface temperature product from MODIS Terra. MOD11C3 is derived from 294 
the MOD11C1 daily global product, taking daily clear sky land surface temperature 295 
values and averaging them for a month at 0.05 degree resolution (~5.56 km). Validation of 296 
MODIS land surface temperature has been well researched [51–53]. Hulley and Hook [54] 297 
show the high degree of MODllC1 accuracy in Africa by comparing the data to in situ 298 
measurements taken in Namibia, Botswana, and South Africa. MODllC1 Version 5 299 
showed a mere 1.93% combined mean temperature difference to ground measurements. 300 
Analysis of land surface temperature shows a decrease in temperature during the wet 301 
season due to the cooling effect of precipitation over land. 302 

 Global climate models, such as the Global Forecast System (GFS) or Modern-Era 303 
Retrospective analysis for Research and Applications (MERRA), have the capability to 304 
calculate wind speed at various atmospheric layers. Unfortunately, GFS has a relatively 305 
low resolution of 28 km, which is far too coarse for this study. Custom climate models 306 
such as a Weather Research and Forecasting (WRF) model could be built for the study 307 
area. However, this was beyond the scope of the study and, even then, such models have 308 
difficulty accounting for the complex terrain when calculating near surface winds at a 309 
desired resolution [55–56]. For these reasons, station data were used for wind speed de- 310 
spite issues with data continuity. NOAA does not provide monthly wind speed averages, 311 
so daily records from NCEI Global Summaries of the Day were used and averaged 312 
monthly. The average wind speed values were also converted from 0.1 knots to m/s. 313 
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Once the wind speed data was averaged, it was imported into ArcGIS as a shapefile and 314 
converted to a raster using kriging [57]. The data was then processed and converted into 315 
the proper format for input into WetSpass-M. 316 

 PET is the maximum evaporation and transpiration that could occur assuming suf- 317 
ficient water.  As noted earlier, burning has a significant impact on surface albedo 318 
change. This change in albedo affects the energy balance and therefore should not be 319 
overlooked when calculating PET. Two PET datasets were created for use for the two 320 
WetSpass-M models. Albedo values considering burned and non-burned vegetative 321 
classes were derived from [16] and those of non-vegetative areas are taken from Yu and 322 
Lu [58]. The spatial distribution of albedo was assigned using the modified MDC12Q1 323 
(Type1) yearly land cover data showing burned areas. To consider the effect of albedo 324 
change on PET, a simplified penman equation was used following the method outlined 325 
by Valiantzas[59]: 326 

𝐸()* ≈ 	0.051(1	 − 𝛼)𝑅+√𝑇 + 9.5 − 	2.4 5
,%
,&
6
'
+ 0.052(𝑇 + 20) 51 − ,-

#..
6 (𝑎/ − 0.38 + 0.54𝑢)(3) 327 

where EPEN is the Penman potential evapotranspiration, α is the albedo, Rs is the solar 328 
radiation, T is the surface temperature, RA is the extraterrestrial radiation, RH is the rela- 329 
tive humidity, au is a wind function coefficient of 1, and u is the wind speed. The wind 330 
coefficient of 1, was used originally used by Penman [60].  Since no solar radiation is 331 
available from regional station data, it is estimated from measured sunshine hours using 332 
the equation: 333 

𝑅+ 	= 	𝑅0 	× 50.5 + 0.25	 ×	
1
*
6(4) 334 

where n is the measured bright sunshine hours per day, and N is the maximum possible 335 
duration of daylight which is derived from the latitude of the site and the number of 336 
Julian months are given [61–62]. RA is calculated using: 337 

𝑅0 = 37.59𝑑2[𝜔+ sin(ϕ) sin(𝛿) + 	sin(𝜔+)𝑐𝑜𝑠(ϕ)𝑐𝑜𝑠(𝛿)] (7) 338 

where dr is the relative distance between the sun and the earth, ϕ is the radians, and δ is 339 
the solar declination. Maximum possible duration of daylight is calculated using the 340 
equation: 341 

𝑁 =	 '3
4
𝜔+ (8) 342 

where ωS is the sunset hour angle in radians. δ is the solar declination and is determined 343 
using: 344 

𝛿 = 0.409 sin(5 '4
567
6 𝐽 − 1.39) (9) 345 

whereJ is the Julian day corresponding to the respective month [60–61]. Relative humid- 346 
ity was calculated using the equation: 347 

𝑅𝐻 = 100 5 8"
8°(:)

6 (10) 348 

where e°(T) is the saturation vapor pressure (kPa) and ea is the actual vapor pressure.  349 
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 Climate station data from NCEI Global Summaries of the Month were used to cal- 350 
culate solar radiation, extraterrestrial radiation, and relative humidity and these values 351 
were used to create raster datasets. The data were imported into GIS and a model was 352 
used to calculate the two PET datasets and export them for use as WetSpass-M inputs. 353 
PET was validated by comparing the calculated PET to Consultative Group for Interna- 354 
tional Agricultural Research (CGIAR-CSI) PET, which averages PET observations from 355 
1950 - 2000 [63–64]. Calculated PET with albedo matched well against the CGIAR PET 356 
[Figure S1].  357 

 Elevation from a digital elevation model (DEM) was provided by the Shuttle Radar 358 
Topography Mission (SRTM). The Shuttle Radar Topography Mission (SRTM) is an in- 359 
ternational project coordinated by the National Imagery and Mapping Agency (NIMA) 360 
and NASA [65]. The primary objective of the mission was the acquisition a complete 361 
high-resolution digital topographic database of the Earth. SRTM flew onboard the Space 362 
Shuttle Endeavour consisted of a specially modified radar system and had an 11-day 363 
mission in February of 2000. The digital topographic map products were designed to 364 
meet Interferometric Terrain Height Data (ITHD) specifications: with 30 m x 30 m spatial 365 
sampling and absolute vertical height accuracy (90% linear error) of 16 m. The absolute 366 
horizontal accuracy (90% circular error) is 20 m. The SRTM resolution used in this study 367 
is 90 m x 90 m (Sun et al., 2003). Slope was calculated using the elevation input by the 368 
WetSpass-M program. 369 

Lastly, a groundwater raster dataset was generated using 2009 measurements taken from 370 
a collaborative study in the Lake Chad Basin by the University of Missouri, Kansas City 371 
and NASA Goddard Space Flight Center and [66]. The data were imported into ArcGIS 372 
and converted to shapefile points and converted to raster using kriging. This same data 373 
was used by Babamaji [6]. 374 

3. Results 375 
3.1 Validation 376 
We performed model validation by comparing runoff outputs from Wetspass-M to the 377 
Logone river discharge measurements acquired at the Bongor station during2003 to 2007 378 
[67]. A Nash-Sutcliffe Efficiency (NSE) of 0.57 was found for the data sets, indicating that 379 
the model did well in calculating hydrological parameters (Figure S2 (a)), where a value 380 
between 0 and 1 is considered good with 1 being the perfect match [68]. An r2 value of 381 
0.68 (Figure S2(b)) found between the measured and calculated value was satisfactory.  382 
3.2 Analysis 383 

 Analysis of the model results considering albedo change from burning shows the 384 
majority of precipitation being distributed to ET and recharge. The majority of available 385 
water from precipitation are lost to ET (45.19%) and groundwater recharge (45.35%), 386 
leaving a smaller portion available for surface runoff. We determined the burning impact 387 
by subtracting the monthly average outputs of without burning from with burning for 388 
2003 to 2011.  389 

 To get a more detailed understanding of fire effect in the CLC, an investigation of 390 
the effect of fire by land cover type was performed. Particular attention was paid to the 391 
three primary land cover classes in the study area: grassland, savanna, and cropland. 392 
Average wet season ET decreased 7.56E+18 mm per month and a decrease 3.47 mm/day 393 
or 1.06E+19 mm per month for the dry season. This is in agreement with other research 394 
[69–70], who found that ET was especially reduced by burning during the early mon- 395 
soonal season. Increases in ET, recharge, and runoff due to fire were observed in the dry 396 
season and can be attributed primarily to grassland burning (Figures 7a & 7b). Consid- 397 
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ering burning, grassland, shows an increase in ET and recharge during the dry season 398 
but they show a decreasing pattern in the wet season. These parameters have an increase 399 
in runoff during the wet season (Figure 7b).  400 

Considering no burning, there is more ET observed during the wet season in savanna, 401 
whereas there is less ET, more runoff, and more recharge when considering burning 402 
(Figure 7c). Cropland shows more runoff, but less recharge and ET during the wet season 403 
(Figure 7d). 404 

  
(a) (b) 

  
(c) (d) 

 405 

Figure 7. Average monthly output difference of hydrological parameters from non-burning model subtracted from the 406 
model considering burning. Top to bottom panels show burning difference for: (a) all land classes, (b) grassland, (c) sa- 407 
vannah, (d) cropland. 408 

 To take the amount of monthly fire distribution into account MODIS 409 
MOD14/MYD14 fire count data were compared to water cycle indicators using general 410 
linear least squares regression analysis [Figure 8]. Correlation between annual burning 411 
changes to water balance parameters are negative. This matches findings by Ichoku [18] 412 
and supports the idea that with increased severity of fire, there is a severe decrease in 413 
hydrologic parameters including precipitation.  414 
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 415 

Figure 8. Correlation coefficients between biomass burning count (each count being 2km 416 
x 2km pixel) from MOD14/MYD14 Collection 5 compared to water balance model 417 
outputs considering burning based on different time periods: (a) integration or 418 
averaging through the full-year cycle and, (b) integration or averaging through only the 419 
dry season (November–March), (c) integration or averaging through only the wet season 420 
(April–October). 421 

To minimize the effects of quantitative biases and uncertainties, correlations between fire 422 
count and water-cycle parameters were calculated for the dry season and wet season. 423 
Both seasons showed a consistent negative correlation between fire count and wa- 424 
ter-cycle parameters. The dry season findings differ from what was found in the Ichoku 425 
[18] study. However, it should be noted that the study area of the entire North Central 426 
block included significant wetland converted to agriculture, especially near the LCB. The 427 
CLC has very little wetland making up a mere 0.2% of total land coverage; the majority 428 
wetlands of the LCB lie to the northwest of this area. Therefore, it is reasonable to pre- 429 
sume that changes due to wetland conversion to cropland mentioned by Ichoku [18] 430 
would not be observed since the land cover is different in this regard. Results from a 431 
scatter plot of fire count against precipitation for the CLC shows that burning has an in- 432 
verse relationship with precipitation [Figure 9]. The results look remarkably similar to 433 
those found by Ichoku [18] and further emphasize the inverse relationship between 434 
burning and monsoonal rainfall. 435 
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 436 

Figure 9. Scatter plot of monthly biomass burning count against precipitation from 437 
TRMM showing the demarcation between the monsoonal season (May–October) and 438 
dry season (November–March) season. 439 

 The ability of WetSpass-M to approximate discharge found in situ shows great 440 
promise of using it to calculate hydrological parameters despite severe lack of data. By 441 
the use of satellite data in lieu of meteorological station records, temporal and spatial 442 
data limitations may be mitigated. Development of a system to incorporate albedo into 443 
PET calculations at a relatively high resolution may prove useful for future studies ex- 444 
amining the impact of burning on albedo and land cover type. 445 

4. Discussion 446 
When comparing model simulations with and without fire activity considerations, a 447 

clear pattern of decreased ET is observed in the burning model. However, lower ET may 448 
limit the water available for precipitation and could have significant meteorological im- 449 
pacts on agriculture, though more study in this area is needed.Burning seems to also 450 
have an impact on the primary land cover types of the CLC, which in turn, gave a sig- 451 
nificant impact on hydrological parameters. Analysis of the burning scenario show that 452 
burning grassland, which composes almost 75% of Chari-Logone total land cover, causes 453 
increased ET and runoff during winter months. Recent studies have demonstrated the 454 
increasing trend in LCB of converting shrubland, grassland, and wetlands to cropland. 455 
This change from grassland to cropland has the potential of decreasing water available to 456 
water bodies during the winter.  457 

 The ability of WetSpass-M to approximate discharge found insitu shows great 458 
promise for using it to calculate hydrological parameters despite severe lack of data. By 459 
the use of satellite data, in lieu of meteorological station records, temporal and spatial 460 
limitations may be mitigated. Development of a system to incorporate albedo into PET 461 
calculations at a relatively high resolution may prove useful for future studies examining 462 
the impact of burning on albedo and land cover type, as well as on the hydrological cycle. 463 

5. Conclusion 464 
Burning and no-burning models were used in WetSpass-M to determine the affect of 465 

burning on land classes. The affect of burning varied by vegetative type and whether the 466 
burning occurred during the dry or wet season in LCB. A negative correlation of fire to 467 
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water cycle was clearly observed. Water balance is affected by land cover, with each land 468 
cover responding differently to burning. If the pattern of converting shrubland to 469 
cropland continues, the primary difference will be less groundwater recharge. Since 470 
grassland constitutes the majority of landcover in the CLC, it is worth noting that burn- 471 
ing increases ET and recharge during the dry season but decreases ET and recharge wet 472 
season. These parameters have an increase in runoff during the wet season. This research 473 
provides insight into how burning affects different land use types within a critical region 474 
of the LCB since it provides a significant amount of water to Lake Chad. All vegetative 475 
classes in a burning scenario showed a decrease in ET during the wet season, supporting 476 
the idea that, with increased burning, there would be a severe decrease of precipitation. 477 

Further research detailing the groundwater recharge along the Chari and Logone 478 
rivers would be beneficial to understanding the hydrology of the CLC in relation to fire, 479 
but would probably need more detailed field data for rainfall and wind, as well as 480 
groundwater measurements. A greater distribution of these measurements increasing in 481 
number near the confluence of the Chari and Logone Rivers and near their combined 482 
discharge to Lake Chad would be beneficial. If more data for burning to non-burning 483 
albedo comparisons would become available, a longer study period could allow for bet- 484 
ter analysis of the effect of land cover change on burning in the CLC.  485 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: 486 
title, Table S1: title, Video S1: title. 487 
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Figure S1. Comparison of  averaged PET by month using the modified Penman 503 
equation for 2003-2011 compared to CGIAR-CSI  worldwide monthly averages from 504 
1950-2000. 505 

 506 
(a) (b) 

Figure S2. In situ monthly Logone river discharge data from Bongor station compared to WetSpass-M outputs 507 
considering burning (a). Scatter plot of monthly discharge data from 2003 to 2011 for Bongor station compared to 508 
model outputs considering burning (b). 509 

 510 

Table A1. WetSpass-M Vegetative Land Lookup Table. 511 

Land Use 

Type 

Vegetated 

Runoff 

Vegetated 

Area 

Bare 

Area 

Impervious 

Area 

Open 

Water 

Area 

Root 

Depth 
LAI 

Min 

Stomata 

Opening 

Vegetative 

Height 
nManing 

Land 

Factor 

Aerodynamic 

Resistance 

cropland crop 0.8 0.2 0 0 0.4 4 180 0.6 0.037 0.541 115.013 

burned 

cropland 
crop 0 1 0 0 0.4 0 180 0.6 0.02 0.541 115.013 

deciduous 

forest 
forest 1 0 0 0 2 5 250 18 0.1 0.2 27.196 

burned 

deciduous 
forest 0.75 0.25 0 0 2 5 250 18 0.02 0.2 27.196 

coniferous 

forest 
forest 1 0 0 0 2 6 500 15 0.1 0.2 28.631 

burned 

coniferous 
forest 0.75 0.25 0 0 2 5 500 15 0.02 0.2 28.631 

mixed 

forest 
forest 1 0 0 0 2 5 375 16 0.1 0.2 28.098 

burned 

mixed 

forest 

forest 0.75 0.25 0 0 2 4 375 16 0.02 0.2 28.098 

savannah grass 1 0 0 0 0.6 6 110 2 0.05 0.4 66.329 
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burned 

savanna 
grass 0.15 0.85 0 0 0.6 5 110 2 0.02 0.4 66.329 

grass grass 1 0 0 0 0.3 2 140 0.12 0.035 0.571 212.014 

burned 

grass 
grass 0 1 0 0 0.3 0 140 0.12 0.02 0.571 212.014 
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