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This report aims to make a state of the art of the evolution of heat waves during the period 1982 to
2014 in the Sahel and to try to establish a link between heat waves and precipitation as well as
Normalized Difference Vegetation Index (NDVI). This will allow a better predictability of future
changes in heat waves, the only way to minimize the damage because the models predict that
warming will continue even beyond the 21st century. Estimation of heat waves was made on the basis
of the heat index that combines air temperature and relative humidity to get a value which determines
the temperature
temperature felt by the skin. The threshold is set at the 90th percentile of the heat index for a
period of at least 3 days together with a minimal spatial extension. Heat waves appear seasonally,
with a maximum during the month April-May-June
April
June (WAN) and they had a high inter-annual
variability during the period 1982-2014.
1982 2014. The years 1998 and 2010 have been severe heat waves
extensions while those of 1982, 1984 and 1985 recorded low. The study on the severity of episodes of
summer heat waves carried on the threshold of the intensity of the heat index and duration. It appears
that the years 1998, 2001 and 2010 were severe. The correlation between heat waves in spring and
summer precipitation in the same year give a correlation coefficient r = 0.30. This result was imp
impacted
by the effect of El Nino Southern Pacific (Multivariate ENSO Index (MEI)) and lowered r=0.10. The
MEI is correlated with heat waves of spring and summer precipitation for respective values of
correlation coefficient r = -0.20 and r = -0.17. Then the correlation coefficient of the precipitation of
the year (n-1)
(n 1) and the heat waves of the year (n) was r = 0.29. This correlation value is found to be
very strong by eliminating the abnormally hot years (1998 and 2010), with a coefficient r = 0.56.The
studies
es also try to link heat waves and the last year normalized difference vegetation index (NDVI) a
correlation coefficient equal to r = 0.28 was found and correlation between NDVI and summer
precipitation gave r = 0.67.
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INTRODUCTION
Africa is one of the most vulnerable continents to climate
variability and change, a situation aggravated by the
interaction of multiple stresses occurring at various levels of
people with low adaptive capacity [IPCC AR4, 2007].
Temperatures in West Africa, especially in the Sahel, have
evolved faster than the global trend, with increases ranging
from 0.2°C to 0.8°C per decade since the late 1970s in the
Sahel-Saharan
Saharan zone, Sahelian and Sudanian [CEDEAO[CEDEAO
CSAO/OCDE/CILSS, 2008]. These temperature
temperatu increases in
the Sahel region can extend over a significant period thereby
generating heat waves episodes.

This will result, heavy rainfall flooding in the Sahel such as
Ghana (2007), Ouagadougou (2009), Senegal and Niamey
(2012). On the only region of Niger, nearly 80 episodes of
torrential rains and floods have been recorded between 1970
and 2000 [Tarhule, 2005] changes in recent decades. The years
1950-1960
1960 were particularly rainy in the center of the Sahel
(Niger), while the next 20 years (1970
(1970-1980) were extremely
dry [Lebel et al., 2009]. Since the late 1990s, there has been a
succession of dry and wet years with very strong interannual
variability, which seems to respond to an intensification of the
hydrological cycle in this region [Panthou et al., 2013].
Another consequence is that heat waves are now major risk
events due to their impact on health by creating stress in living
things.
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This stress is all the reactions from the body due to application
of adaptation caused by heat waves. Indeed it is the
physiological function of thermoregulation which sets the body
temperature around 37°C in normal conditions and that can
produce a defense reaction when the temperature exceeds this
value. The defense capability of this feature varies by gender
and age. Heat waves can generate serious health problems such
as dehydration, heat stroke, which is very common in children
and in the elderly, and can also cause worsening of existing
diseases. During the August 2003 heat wave in France, the
report of the National Institute of Health and Medical Research
(INSERM) showed that women were more affected than men,
with respective increases mortality of 70 and 40%. As for
people over 75 years exposed for five days in Paris, the excess
mortality was 135% for men and 275% for women (National
Heat wave Plan 31/05/04 version of the Ministry of Health and
French Social Protection). although it is difficult today to give
figures on the death rate due to heat waves in the Sahel, but the
finding shows greater increase in deaths during the summer (of
occurrence of heat waves period).
Data
MERRA: To conduct the study on the estimation of heat
waves we used MERRA called a data set. MERRA [ModernEra Retrospective Analysis for, Research and Application] is a
re-analyzed database of NASA, for simulation of earth
observation. The reanalyzed data from meteorological satellite
data assimilation models meteorologists, and which have been
reworked to ensure long term stability and consistency
required for climate [Rienecker et al., 2008]. The analysis of
the estimated heat waves depends on two climate variables of
air temperature and relative humidity. For this purpose for our
study area, we extract MERRA the air temperature values and
specific humidity at 2m altitude. The MERRA version used is
5.2.0 of GEOS-5 (Goddard Earth Observations Simulation)
which each model and analysis have a resolution of ½° x 2/3°.
The data of MERRA update regularly and are compiled in
three phases of 10 years from 1979: 1979 to 1989, 1989 to
1998 and 1998 to today. It is time data that can be compared to
the scale daily, monthly or yearly. The data are NETCDF
format and available in the following configuration:
Dimensions, Variables, Global awarded.
GPCP: In order to check a possible impact of the precipitation
regime on heat waves in the Sahel, we extracted the
precipitation data at a data set called GPCP (Global
Precipitation Climatology Project). It is a global precipitation
database that was established by WCRP (World Climate
Research Program) to quantify the distribution of precipitation
around the world for several years. One of the main objectives
of GPCP is to develop a more complete understanding of the
spatial and temporal patterns of global precipitation. This is a
set of data from the stations and satellite observations to
estimate monthly merged precipitation on a global grid
resolution of 2.5°x 2.5° available from 1979 to the present day.
AVHRR-NOAA: To assess the potential impact of vegetation
on heat waves, we used the Normalized Vegetation Index
(NDVI), produces AVHRR (Advanced Very High Resolution
Radiometer) of NOAA (National Oceanic and Atmospheric
Administration). AVHRR imager is radiation detection used
remote sensing to determine cloud cover, snow and the surface
of the earth (bare soil, water, vegetation). The satellite data are
available NETCDF format.

They are available every 15 days, the dates 10 and 25 of each
month with a resolution of 1.09 km.
Multivariate ENSO Index (MEI): The Pacific Southern
Oscillation (ENSO) is the ocean-atmosphere fluctuation
strongest on Earth in the inter-annual scale and has global
impacts although having originated the tropical Pacific
[Mazzarella et al., 2012]. It is a complex phenomenon and
oceanic air which has deep economic and social consequences
[Wang & Fieldler 2006]. MEI is a multivariate measurement of
ENSO signal. This is the first major component of the six main
observed variables over the tropical Pacific: sea level, pressure,
zonal and meridional component of surface winds, ocean
temperature, and air temperature and cloud sky. These are
available monthly values from January 1950 to date.

METHODOLOGY
90th percentile threshold and duration: There are several
methods of detecting heat waves that their relevance depends
on the climate of the study area. For this work we adopted the
method of estimation based on the threshold percentiles. This
choice is justified through the works of [Rome et al, 2014]
which aimed to bring some elements terminology thermal
events in the Sahel. [Rome et al, 2014] indicate that a heat
wave in the Sahel region is set when the air temperature (Tmin
and Tmax) at or above the 90th percentile (T90p) for at least
three (3) consecutive days. This general definition they gave
two variants, the explanation of the first fixed threshold T90p
for a period of 3 days and the second threshold for a T85p
(85th percentile) for a period of 5 days. The 90th percentile
threshold means that 10% are above this threshold and are the
heat waves (figure3). Finally, to estimate these heat waves
from the value of the heat index in our study area (latitude 1017N-20E and 13W longitude), we made a program that
extracts all relevant pixels by heat waves by imposing the
condition, heat index (HI) greater than T90p for a period of at
least three (3) consecutive days. The formula of T90p is given
by:

Figure 3. 90th percentile threshold of a Gaussian distribution HI

Criterion of representativity: After stopping the estimation
method based on heat waves heat index (HI) of US, choose the
90th percentile threshold for a period of at least three days, we
set a heat wave representativeness criterion field of study
[10N-17N_13W-20E]. That is to say, in addition to the 90th
percentile threshold and duration of at least 3 days, it is
considered a heat wave only if it covers at least 20% of the
study area. So for the rest we notes HI_P90_3j_20% on [10N17N_13W-20E]. All pixels that meet the conditions to be
above the 90th percentile in terms of HI, for at least three days
and whose area exceeds 20% of the area of study.
Exploring the relationship between heat waves and other
weather parameters: To try to understand the role of land
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surfaces in the emergence and dynamics of heat waves in the
Sahelian zone, we were forced to make a correlation study
between the evolutions of the extension of the heat wave with
other meteorological variables. For this article we tested two
weather variables which are: precipitation and Normalized
Difference Vegetation Index (NDVI).

RESULTS AND DISCUSSION
Dynamics of heat waves 1982-2014: The table1 below shows
the monthly evolution of the number of pixels affected by heat
waves for the period 1982-2014 in the [10N-20E-17N_13W],
that is to say which checks the definition HI_P90_3j_20% on
510N-17N_13W-20E]. It appears that most heat waves occur
during the months of April, May and June (AMJ). This period
is specific in the Sahel because it determines the end of the dry
season and the rainy season begins. And it is also the time of
year when temperatures are highest. Figure 4 show the
evolution of the extension of heat waves on the basis
HI_P90_3j_20% on [10N-20E-17N_13W] similar to Table 2.
From top to bottom these graphs indicate the daily, monthly
and yearly evolution of heat waves over the period 1982-2014.
The number of pixels increases as one moves from the daily
scale to the monthly and annual basis since we summon the
concerned pixels. It appears that the years 1998 and 2010 were
the highest in heat wave, those of 1982, 1984 and 1985
recorded the lowest. The year 1998 appears most affected
compared to 2010 in terms of the evolution of the daily
extension as it hits 500 pixels against 400 for 2010. But two
years (1998 and 2010) are almost the same compared to
changes in the monthly and annual extension. The equality of
the dynamics of the expansion of heat waves between 1998
and 2010 at the monthly and annual changes is due to the
extension in 2010 of heat waves until July (with 206 pixels
concerned). Then from years of low heat wave is the year
1985, which is the lowest with less than 1000 pixels affected
by heat waves throughout the year 1985. It is surprising that
the period 1982-1985 has been the driest period as the Sahel
has experienced in the 20th century [Lebel et Barbé, 1997].

Figure 4. Evolution of the daily, monthly and annual expansion of
heat waves in the study area bounded by 10N-17N latitude and
13W-20E longitude based on the heat index above T90p with
duration of at least 3 days and a representative rate of 20% of the
total number of pixels (HI_P90_3j_20%).

Figure 5. spatial evolution of heat waves 2D in the field [024N_10W-60E] for 1985 (lower heat wave year) and 2010 (a year
of strong heat wave)

Figure 5 shows an example of the spatial extension of heat
waves for the Africa area bounded by the 0-24N latitude and
longitude 10W-60E for two contrasting years (1985 and 2010).
In 1985, there is a maximum of 15 days of heat waves in
northern Senegal, while in 2010 some part of the central Sahel,
including northern Burkina Faso, the heat waves were
observed for more than 70 days. There is also certain
homogeneity of these two contrasting years, 1985 has
practically no heat wave across Sahelian Africa while the
presence of heat wave is almost universal in 2010. The yellow
dotted area materializes the study area. To illustrate what may
be the spatial extent of an episode of heat waves, we have
chosen a date selected in AMJ interval (eg 26 May). Figure 6
show the extension of heat waves that day for 1985 and 1998.
It appears that to date, the Mali-Niger border has recorded a HI
of 35°C for 1985, while for 1998, the HI values exceed 43°C
in the same area.

Figure 6. State of the heat waves dated May 26 for 1985 and 1998.
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Study the severity of heat waves: The study of the severity of
a weather event is based on two aspects. The first aspect is
related to the intensity and frequency of the event while the
second aspect is based on the event's impacts on the economic
and societal. It is now conducting a retrospective study hard on
the latter in the Sahel due to the lack of statistics on mortality
and economic loss of data due to heat waves. So our severity
study deals only with the first aspect. This is to see the
intensity and duration of the HI heat waves episodes from 1982
to 2014 in the Sahel. For that two cases were studied: severity
due to the HI intensity and severity due to the duration of heat
waves episodes.
Severity due to the duration of heat waves episodes: This
part consists of fixing the 90th percentile threshold HI while
varying the duration. Figure 8 shows the evolution of the
spread of heat waves for different criteria over time (5, 15 and
25 days). This indicates a decrease in the number of pixels
affected by the waves. The years 1998, 2001 and 2010 appear
to be the most severe heat wave in years because the number of
pixels involved reached 1000 for a period of not less than 25
days. The extension of the heat waves in 2001 is lower than
that of 1998 and 2010, with 6000 pixels affected by the heat
wave in 2001 for a period of at least five days against 18000
pixels concerned in 1998 and 2010. Despite this difference in
the number of pixels involved, heat waves episodes in 2001
have the same severity due to the duration of at least 25 days
than in 1998 and 2010. To this end, we can say that the
severity related to the duration of an episode of heat waves
does not depend on its expansion in the area.

Figure 8. Annual evolution of the extension of heat waves with HI
threshold above 33°C (top) and 40°C (bottom) for a period of at
least three days with representative criterion pixels 20%.

Correlation study
Correlation between heat waves and precipitation: Figure
11 shows the result as a "point cloud" between the heat waves
of the year n (abscissa) and precipitation of the year n-1
(ordinate). The correlation (r) is 0.29 but seems much
influenced by two very strong years in terms of heat waves
(1998 and 2010). However, it seems there is some organization
less extreme years. If one performs the correlation calculation
only on the red dots in FIG 11, there is obtained r = 0.56. In
addition to its relatively high value suggesting a statistical link,
the positive correlation may seem surprising. Intuitively, it is
easier to imagine a very rainy season will tend to reduce the
heat waves the following spring. This is exactly the opposite
occurs. As the season is rainy (year n-1), more heat waves are
strong (year n).

Figure9: Correlation between the annual rainfall of the year (n-1)
and the heat waves of the year (n) during the period 1982-2014,
field [10-17N_13W-20E]
Figure7: Annual evolution of the expansion of heat waves as a
function of time: Severity due to a threshold for the duration of HI
or greater T90p and a representativeness criterion of 20% of the
pixels.

Severity due to HI intensity: The study of this severity was
conducted by fixing the duration of heat waves episodes at
least three days and varying the intensity of the HI. We sought
to characterize heat waves referenced as "Extreme discomfort"
and "Danger" HI in the table, that is to say, respectively upper
HI at 33 ° C and 40 ° C in place of HI above the 90th
percentile. We thus obtain the two graphs of Figure 9 below.
HI above 33 ° C, all the years of 1982-2014 experienced heat
waves with extreme discomfort with the maximum in 1998 and
2010. With the condition SI greater than 40, only 2010
registered about 1000 pixels concerned for heat waves
episodes in the area of danger. The year 2010 appears as a very
severe year in terms of heat waves.

We then looked to see if there is a correlation between heat
waves and precipitation of a year. Indeed, there is a perception
in Mali who says that a major heat wave in the spring often
announces good rains during the next summer. We found a
correlation coefficient r = 0.30, worth quite comparable to the
correlation between rainfall in the previous year. However, if
we perform the calculation without taking into account the
extreme years (1998 and 2010) we obtain r = 0.16. This
reflects that it does not seem to be any statistical link between
heat waves in spring and the precipitation accumulated
following the rainy season. To explain the statistical link of
precipitation (n-1) on heat waves (n) is a hypothesis that
precipitation can influence the humidity in the following spring
and, consequently, increase the risk of wave heat. This
hypothesis has been tested and provides the results presented
in Table 2.
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Table 1. Monthly evolution of the number of pixels affected by heat waves during the period 1982-2014
in the field [10N-17N_13W-20E]
Année
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014

Janv.
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Fév.
0
0
0
0
0
0
27
0
0
0
0
0
0
0
0
0
14
0
0
0
0
0
0
11
0
0
0
0
51
0
0
24
0

Mars
0
0
0
7
0
0
139
0
0
7
0
0
61
10
39
0
209
0
0
31
37
39
35
615
23
249
20
0
156
580
0
230
28

Avr.
27
1841
34
0
558
176
891
58
605
1284
542
961
1381
1076
680
71
5862
414
1232
1544
1505
1306
851
2355
1104
1783
287
719
4903
2974
1021
608
1369

Mai
253
3707
430
21
178
2847
2187
1607
1158
1029
504
3080
1764
3311
3421
863
6999
1394
2954
3089
3274
3263
3464
2183
1951
4400
1060
2259
6991
2076
1208
3519
2271

Juin
387
555
0
78
25
267
412
1541
655
1536
447
639
167
4023
229
512
2228
995
479
32
1024
260
484
1000
715
723
390
850
2693
86
708
2348
2671

Juil.
34
24
0
0
0
558
0
0
0
0
16
7
0
0
0
16
14
0
0
0
374
0
1
75
218
0
0
94
206
0
0
0
194

Août
0
0
0
0
0
0
0
0
0
0
0
22
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Sept.
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Oct.
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Nov.
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Déc.
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Table 2. Correlations between the rainfall of the year n-1 and humidity of the air (1000 hPa) for year n (January-June)
Pluie (n-1) / humidité de l’air
r

Janv.
0.72

It is noted that there is a strong correlation for the month of
January (r = 0.72), but this correlation decreases rapidly for the
following months. The strong correlation in January is
probably related to a moisture remains in the lower layers of
the atmosphere associated with the rainy season. However, the
correlation is relatively low for the month occurring heat
waves (AMJ).
Partial correlation between heat waves and precipitation
ineffective MEI: We know that there is also a signal of ENSO
on rainfall in the Sahel. It might be interesting to check if the
relationship between we get a warm spring and an abundant
monsoon could then be explained by a common influence of
ENSO on these two phenomena. For this article we conducted
a partial correlation study between heat wave, precipitation and
MEI to remove the impact MEI. After this study we find a new
correlation coefficient value of r = 0.10 between precipitation
and summer heat waves of spring. This means that the
relationship between heat waves and precipitation in the Sahel
region is impacted by El Niño oscillation Pacific, as the first
value of the correlation was r = 0.30. The values of the
correlation coefficient between heat waves-MEI and between
precipitation-MEI are respectively: r= -0.20 and r= -0.17. So
heat waves and precipitation in the Sahel region is anticorrelated with MEI.
Correlation between heat waves and NDVI: The idea that
vegetation can also play a role in the onset of heat waves was
tested.

Févr.
0.56

Mars
0.39

Avril
0.38

Mai
0.14

Juin
0.18

For this, we used vegetation index called Normalized
Difference Vegetation Index (NDVI), which is sensitive to the
strength and quantity of vegetation while considering the leaf
density. Its calculation is based on the reflectance property of
vegetation cover in the visible spectrum (RED) and near
infrared (NIR). It varies between -1 and 1 [Rousse et al. 1974].
The value NDVI = -1 corresponds to the surfaces or snow,
water or clouds; and to a bare floor surface positive and its
value is close to 0. For a vegetated area, its value approaches 1.
Figure 10 shows the correlation graph obtained from the
annual evolution of heat waves and the vegetation index during
the previous year for the [10N-20E-17N_13W] during the
period 1982-2012. The value of the correlation coefficient of
this study is r = 0.28.
Correlation between precipitation and NDVI: The study of
the relationship between the extension of spring heat waves
and summer precipitation on the one hand and the Normalized
Difference Vegetation Index on the other hand showed a
positive correlation in both cases in the Sahel. It seems obvious
to us that the correlation between precipitation and NDVI is
also positive. Figure 11 shows the graph of this correlation
study between precipitation and NDVI. The value of the
correlation coefficient between the two variables between 1982
and 2012 gave r = 0.67. To this result, we can say that there is
a strong relationship between precipitation and NDVI in the
Sahel.
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So, Nicholson and Tucker (1998); Milich and Weiss 2000a,
2000b had also said that Sahel region, vegetation dynamics is
strongly linked to rainfall changes. [Justice et al. 1991] had
also analyzed the relationship between NDVI decadal and
decadal rainfall estimated from the duration of cold cloud
(Meteosat data). They found a strong relationship between the
two parameters while stressing that the vegetation response
time to precipitation of one to two decades.

CONCLUSION
The study highlighted a variability extension of heat waves
during the period 1982-2014 in the Sahel zone bounded by the
latitude 10N-17N and longitude 13W-20E. The occurrence of
heat waves in this study area is seasonal and almost entirely
takes place in April-May-June (AMJ). It is apparent that the
years 1998 and 2010 are recorded the biggest waves of
extensions while those of 1982, 1984 and 1985 were the
lowest. The study of the severity of heat waves has been
conducted under the aspect of the evolution of the HI intensity
and the duration of an episode of heat waves; this resulted in
two types of severity. The severity due to the length of a heat
wave episode, the years 1998, 2001 and 2010 were the most
severe episodes with duration of at least 25 days registered.
The second severity due to the intensity of the heat index has
recorded 2010 as the only in severe heat waves (with HI
greater than 40°C and for a period of at least 3 days). This
indicates that 2010 was the most severe on both the duration
and the intensity of the heat index. This result was found in the
works of Justine RINGARD in 2013 on retrospective and
prospective study of heat waves in West Africa. Justine said
that during the heat wave occurred in April 2010 in Niamey,
Niamey National Hospital has seen many deaths including
children and the elderly. During this period, more than 30
cases of death have been reported by day; the temperature
record was broken in several districts of Niamey reaching
absolute temperatures under 47°C shelters. Remember that
Niamey is at the center of the Sahel and in our study area
[10N-17N_13W-20E].
The study of the research links between the annual change in
the extension of the spring and the heat waves in summer
precipitation of the previous year over the period 1982-2014
revealed that there is a positive correlation r = 0.30. Then we
made a study of the partial correlation to extract the impact of
El Niño oscillation Pacific (ENSO) characterized by MEI, and
that gave a correlation coefficient value r = 0.10. This result
shows that the ENSO oscillation influence both the onset of
heat waves in spring but summer rainfall in the Sahel. This
result is in line with the work of Mozzarella A. et al in 2012,
indicating that the South Pacific is traversed by a poorly
explained thermal oscillation known as El Nino, which has an
important influence on the climate. Heat waves and annual
precipitation were anti-correlated with MEI, the respective
correlation coefficient values were: r = -0.20 and r = -0.17. The
correlation between the precipitation of the year (n-1) and the
heat waves of the year (n) were correlated with the same value
of the coefficient r = 0.29. When removes two unusually warm
years (1998 and 2010), a strong correlation is obtained as the
coefficient r = 0.56. We are not able to explain this result by
the hypothesis that excessive rain in a given year could create
excess air humidity the following spring and thus increase the
risk of heat waves.

The correlation between precipitation and humidity being
strong enough to January but too low to influence the WAN
heat waves. The value of the correlation coefficient between
the Normalized Difference Vegetation Index (NDVI) for the
previous year and the evolution of the spread of heat waves
gave r = 0.28 over the period 1982-2012 while between NDVI
and precipitation annual, the correlation coefficient is r = 0.67.
This allows to infer that vegetation cover is closely related to
precipitation in the Sahel [Nicholson and Tucker (1998);
Milich and Weiss, 2000a, 2000b]. According to IPCC (2007),
in the 21st century global warming in Africa and the Sahel in
particular will be more important at the global level. To this
end, it will expect even more severe heat waves that can have
painful consequences on health if nothing is done to increase
the adaptive capacity of the population to global warming.
Finally, the policies in the Sahel countries must integrate into
their society project methods, coping skills means to climate
change in general, and to heat waves and its consequences in
particular to minimize the risks.
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