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model of the Lake Chad Basin, however the results they presented included streamflow and 88 

elevation, but not surface area. 89 

     Coe and Birkett (2004) used upstream measurement of river height along with in-situ stream 90 

flow and gauge height to estimate river discharge 500 km downstream and wet season height of 91 

Lake Chad, greater than 600 km downstream.  Their method, though, clearly relies on hard-to-92 

obtain in-situ measurements and does not include lake area. 93 

     The first objective of this paper is to assemble and examine a set of satellite- and model-based 94 

data for the southern Lake Chad Basin relevant to developing a statistical model for the area of 95 

the lake during its flooding season.  This data set includes time series of satellite- and gauge-96 

based precipitation and modeled ET for the southern part of the basin, modeled lake ET data, 97 

satellite-based lake elevation data, and satellite-based estimated lake total surface water area.  98 

Given the limitations of the existing models described above, the second objective is to develop a 99 

predictive statistical model for total lake surface water area using regression methods on the data 100 

set.  The regression method includes backward elimination variable selection and a Leave One 101 

Out Cross Validation (LOOCV) analysis to optimize the resulting statistical model. 102 

2 Study Area 103 

     The Lake Chad basin is approximately 2.5 million square kilometers, about eight percent of 104 

the African continent, and the largest endorheic basin in the world (Gao et al., 2011).  Lake Chad 105 

is the terminal lake of this basin.  The northern part of the basin lies within the Sahara and does 106 

not generate runoff that reaches Lake Chad (Delclaux et al., 2008). 107 
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uniformly. However, since this is not the case, the areas should only be viewed as providing 153 

context for Lake Chad landforms and hydrology. 154 

 155 

 

 

 

 

 

Fig. 3 Blue areas have elevations at or below (a) 279m ASL, (b) 280m ASL, (c) 281m ASL 156 

 157 

     According to (Leblanc et al., 2011) most of the flooded area of Lake Chad is covered by 158 

aquatic vegetation including rooted and floating plants.  This area is not readily measured with 159 

optical remote sensing, but must be accounted for to get an accurate estimate of total surface 160 

water area for the lake (Policelli et al., 2018). 161 

     Lake Chad receives 90-96% of its water from the Chari-Logone River system (Zhu et al., 162 

2017a), with the remaining coming from smaller tributaries and direct rainfall.  Most of this 163 

water arrives from such a distance that the peak lake level and lake area occur months after the 164 

rainfalls that produce them.  The delay is due to the slow runoff and routing of flood water to 165 

Lake Chad from the southern portion of the basin where precipitation rates are highest (Leblanc 166 

et al., 2011).  It is the reason that the Lake Chad peak level and area take place in the dry season. 167 

27 
 

 

 

 

7.6%, while the error using the average May area is 13.1% on average, and the error when using 384 

�W�K�H���S�U�H�Y�L�R�X�V���\�H�D�U�¶�V���D�U�H�D���I�R�U���0�D�\���L�V������.6% on average.  Using the average May lake area of 385 

13,363 sq. km, these percentages are equivalent to 1017 sq. km, 1751 sq. km, and 2085 sq. km 386 

respectively. 387 

5. Discussion 388 

     The lake elevation data show that the maximum average monthly elevation typically occurs in 389 

November (though on occasion in October, and once during our record in January).  It is curious 390 

therefore that the maximum area typically though not always occurs in February or March. The 391 

reason for this seems to be the complex meteorology and hydrology of Lake Chad. The 392 

movement of the water in Lake Chad is influenced by both the winds and the Chari-Logone 393 

water supply.  Monsoon winds drive the displacement of the southern waters toward the north, 394 

and movement begins around the northeastern end of the Great Barrier in June, at the end of the 395 

low water.  The Chari-Logone flood waters begin in August and provide half of their water in 396 

October and November when the northeasterly wind known as the Harmattan drives the water 397 

back toward the southern pool.  This is also when the satellite radar altimeters (which collect data 398 

over the southern pool) typically record the highest levels.  During the peak of the riverine 399 

flooding, water again reaches the northern pool and also spreads into the archipelago from the 400 

south basin.  Following the end of the movement of water to the north pool in January, there is a 401 

general spreading of water in the southern pool to the periphery until April. (Carmouze et al., 402 

1983).  These movements result in a complex and changing lake surface topography, and are 403 

likely the reason we find poor correlation between lake elevation and lake area.   404 
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Appendix 609 

     We examined the correlation between P�±ET for the southern Lake Chad Basin and the lake 610 

elevation variation relative to 1993-2002 for 1992 to 2017, and found the maximum correlation 611 

of 0.69 at four months lag time between these variables.  Next, we examined the correlation 612 

between the P�±ET for the southern part of the basin and the lake surface area and found the 613 

maximum correlation of 0.37 at eight months lag time.  We also examined the correlation 614 
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between the lake elevation variation and the lake surface water area and found the maximum 615 

correlation of 0.57 at four months lag time.  We found a maximum correlation of 0.43 for ET vs 616 

�W�K�H���O�D�N�H�¶�V���V�X�U�I�D�F�H���Z�D�W�H�U���D�U�H�D���D�W�������P�R�Q�W�K�V�����D�Q�G���D���F�R�U�U�H�O�D�W�L�R�Q���R�I�������������I�R�U���W�K�H���V�X�U�I�D�F�H���Z�D�W�H�U area 617 

�Y�H�U�V�X�V���W�K�H���S�U�H�Y�L�R�X�V���\�H�D�U�¶�V���V�X�U�I�D�F�H���Z�D�W�H�U���D�U�H�D���I�R�U���W�K�H���V�D�P�H���P�R�Q�W�K�������7�K�H�U�H���L�V���D�S�S�D�U�H�Q�W�O�\ memory 618 

�R�I���W�K�H���S�U�H�Y�L�R�X�V���\�H�D�U�¶�V���D�U�H�D���L�Q���W�K�H system. 619 

     To determine the value added by the ET data to our analysis, we examined the correlation 620 

between precipitation (without subtracting ET) for the southern Lake Chad Basin and the lake 621 

elevation and found an increase in the maximum correlation to 0.80 at four months lag time. We 622 

found the correlation between the percentage of the 1988-2016 average lake ET and the lake total 623 

surface water area to be 0.65 at zero lag time.  We also examined the correlation between 624 

precipitation and total lake surface area and found an increase in the maximum correlation to 625 

0.39 at seven months lag time.  This is the same lag time as for the maximum correlation 626 

between ET and total lake surface area and represents the time it takes for much of the net 627 

precipitation to make its way from run off in the southernmost part of the Lake Chad basin, to 628 

flowing through the Chari-Logone River system, to reaching the lake and causing an increase in 629 

the lake area.  A surprising result of the correlation analysis is that the use of FLDAS ET data in 630 

the analysis to produce (P-ET) causes a small decrease in the correlation numbers relative to 631 

what is achieved with precipitation alone.  Note however that ET is somewhat more closely 632 

correlated with total lake surface water area than is precipitation (.43 vs. .39, both at 7 months lag 633 

time).  Precipitation and ET have a maximum correlation coefficient of 0.93 with a one month 634 

delay between the two.  635 
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Fig. 6 a. lake elevation anomaly relative to the 1993-2002 mean level 304 

b. average monthly lake elevation anomaly relative to the 1993-2002 mean level 305 

 306 

Figure 7.a. presents the annual average dry season surface water area for Lake Chad from 307 
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November 1992 through May 2017.  As expected, the pattern of the graph is similar to that of the 308 

graph of Lake Chad percentage of 1988 to 2016 average wet season lake ET (figure 5).  The 309 

trend line shows an average increase of approximately 82 square kilometers per year in lake area 310 

over this period. Wet season data was not considered suitable for calculation of water extent 311 

because of cloud coverage and the fact that the LST method cannot distinguish well between soil 312 

moisture and flooded areas (Policelli et al., 2018).   The total surface water area includes both 313 

open water and flooded vegetation.  Figure 7.b. presents the average dry season monthly total 314 

surface water area for Lake Chad from November 1992 through May 2017.   While the peak 315 

water elevation occurs on average in November, the peak total surface water area occurs in 316 

March on average.  The peak total surface water area is not a sharp peak; the two antecedent and 317 

two following months are not far from the maximum318 

 319 

y = 82.095x - 151391

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

1990 1995 2000 2005 2010 2015 2020

Dr
y 

Se
as

on
 a

nn
ua

l a
ve

ra
ge

 to
ta

l s
ur

fa
ce

 
w

at
er

 a
re

a 
(k

m
^2

)

Year

(a)







23 
 

 

 

 

  

 

 

0

5000

10000

15000

20000

70 90 110 130 150Ja
nu

ar
y 

la
ke

 a
re

a 
(k

m
^2

)

Previous wet season lake ET 
percent of 1988-2016 average

(b)

0

5000

10000

15000

20000

600 700 800 900 1000Ja
nu

ar
y 

La
ke

 a
re

a 
(k

m
^2

)

Previous wet season precipitation (km^3)

(c)

0

5000

10000

15000

20000

-0.5 0 0.5 1 1.5Ja
nu

ar
y 

La
ke

 a
re

a 
(k

m
^2

)

November lake elevation anomaly (m)

(d)



24 
 

 

 

 

 

Fig. 8  Example (January) scatter plots for independent variables vs. lake area  (a) previous wet 343 

season ET, (b) previous wet season lake ET percentage of the 1988-2016 average, (c) previous 344 

wet season precipitation, (d) November lake elevation anomaly, (e) previous January lake area. 345 

 346 

From our regression analysis we found that for the equation types we examined, 1st order linear 347 

equations provided the minimum average absolute percent error from LOOCV for December, 348 

February and May.  For January, March and April, higher order polynomial equations




























