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global warming partly depend on the robustness of precipi-
tation projections.
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1  Introduction

Quantifying recent and future warming rates is an impor-
tant issue in climatological research. While increases in 
greenhouse gases (GHG) concentrations are a key factor 
accounting for both global and regional warming trends, 
a number of other factors may either have an enhancing 
or dampening effect on these trends at local and regional 
scales. This includes the influence of several components 
of the water cycle such as the cooling effect of clouds at 
daytime and that of the evaporation of surface soil mois-
ture, for instance. Whenever these components of the 
hydrologic cycle show long-term trends, this may affect 
temperature trends themselves. For instance, the “warming 
hole” (i.e., absence of warming trend) found over the east-
central United States since the 1950s has been attributed to 
precipitation changes, cloud cover increases and shortwave 
cloud forcing due to aerosols (Pan et  al. 2004; Portmann 
et  al. 2009; Tang and Leng 2013; Yu et  al. 2014). Over 
Eurasia, Tang and Leng (2012) found a summer tempera-
ture dependence on cloud cover at the high latitudes and 
in the midlatitude wet areas, and a dependence on precipi-
tation in southern and central Asia. The damped warming 
trend observed from 1982 to 2009 in Western Siberia was 
associated with a cloud cover increase, while the strong 
warming in Europe was accompanied by a cloud cover 
decrease, suggesting that locally cloud cover (and precipi-
tation over some regions) modulates summer temperature 

Abstract  The relationships between precipitation and 
temperature in the central Sudano-Sahelian belt are inves-
tigated by analyzing 50  years (1959–2008) of observed 
temperature (Tx and Tn) and rainfall variations. At daily 
time-scale, both Tx and Tn show a marked decrease as a 
response to rainfall occurrence, with a strongest departure 
from normal 1 day after the rainfall event (−0.5 to −2.5 °C 
depending on the month). The cooling is slightly larger 
when heavy rainfall events (>5  mm) are considered. The 
temperature anomalies weaken after the rainfall event, but 
are still significant several days later. The physical mecha-
nisms accounting for the temperature response to precipita-
tion are analysed. The Tx drop is accounted for by reduced 
incoming solar radiation associated with increased cloud 
cover and increased surface evaporation following surface 
moistening. The effect of evaporation becomes dominant 
a few days after the rainfall event. The reduced daytime 
heat storage and the subsequent sensible heat flux result 
in a later negative Tn anomaly. The effect of rainfall vari-
ations on temperature is significant for long-term warming 
trends. The rainfall decrease experienced between 1959 
and 2008 accounts for a rainy season Tx increase of 0.15 
to 0.3 °C, out of a total Tx increase of 1.3 to 1.5 °C. These 
results have strong implications on the assessment of future 
temperature changes. The dampening or amplifying effects 
of precipitation are determined by the sign of future pre-
cipitation trends. Confidence on temperature changes under 
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changes. Dong et al. (2016) noted that over Western Europe 
the rapid summer warming was explained by the combined 
effect of sea-surface temperature changes, GHG increases 
and reduced anthropogenic aerosols, but with important 
positive feedbacks from the drying of the land surface and 
the reduced cloudiness.

At global scale, there is a strong anti-correlation between 
precipitation and daytime maximum temperature from 
daily to interannual time-scales (Dai et al. 1999). However, 
the spatial and seasonal patterns of interannual tempera-
ture-precipitation relationships are complex (Trenberth and 
Shea 2005; Déry and Wood 2005; Adler et al. 2008; Berg 
et al. 2015). Although negative correlations tend to domi-
nate tropical land areas, it is uneasy to fully understand the 
mechanisms behind the temperature-precipitation relation-
ship, more so because some discrepancies exist between 
numerical models (Berg et  al. 2015). The role of changes 
in the water cycle on temperature variations is also shown 
in climate projections. Recent studies have emphasized the 
role of soil moisture feedback in amplifying the projected 
mid-latitude warming over land (Seneviratne et  al. 2013; 
Lorenz et al. 2016). Douville et  al. (2016) found that this 
feedback explains up to half of the increase in the sever-
ity of the heat waves by the late twenty-first century. Berg 
et al. (2015) noted that in the regions showing on interan-
nual time scales a strong temperature-precipitation anticor-
relation, the projected long-term regional warming was 
partly modulated by the regional response of precipitation 
to global climate change. An analysis of the spatial patterns 
of observed warming rates (1979–2012) showed larger val-
ues in zones of lower vegetation indices (Zhou et al. 2015), 
suggesting negative feedbacks operate over wetter areas 
and ecosystems.

In West Africa, the sudano-sahelian belt has experienced 
huge decadal-scale variations in precipitation amounts 
since the 1950s, mainly in the form of a strong drying 
trend in the 1950–1990 period followed by a very partial 
recovery in the next two decades (Nicholson 2005; Lebel 
and Ali 2009). Similar variations were found in Burkina 
Faso, where the drought period climaxed in the mid-1980s 
(Lodoun et  al. 2013; De Longueville et  al. 2016). Mean-
while, rising temperatures were found over the region. Col-
lins (2011) found a 0.12 to 0.19 °C/decade warming over 
tropical northern Africa (1979–2010). Note that the change 
was larger and more significant in the dry season (Decem-
ber–February) than in the wet season (June–August). 
Zhou et  al. (2007) found that for the period 1950–2004, 
the largest world declines in diurnal temperature range 
(DTR) occurred over arid or semiarid regions, particularly 
the West African Sahel. DTR interannual variations are 
inversely related to those of Sahelian rainfall (and clouds at 
annual time-scale, their Table 1), although the DTR long-
term trend cannot be accounted for by changes in rainfall 

and cloud cover. Ringard et  al. (2016) analysed the sea-
sonal temperature trends (Tx, Tn and extremes) over the 
Sahel (10°–20°N; 10°W–10°E), using the homogenized 
Berkeley Earth Surface Temperatures observation data set 
(Rohde et al. 2013). They found that since the mid-twenti-
eth century the nocturnal/Tn warming was greater than the 
diurnal/Tx warming, although the opposite occurred over 
the post-1980s period. Moron et  al. (2016) analyzed both 
the “Global Surface Summary of the Day” (GSOD ver-
sion 7; Lott et al. 2008) and the “Global Historical Climate 
Network” (GHCN; Menne et  al. 2012) datasets in North-
ern Tropical Africa from 1961 to 2014. They showed that 
annual mean Tx and Tn are increasing with linear trends 
equal to +0.20 °C/decade and + 0.28 °C/decade, respec-
tively. This significant warming is associated with more 
frequent warm temperatures over the 90th percentiles, as 
well as longer durations and higher occurrences of heat 
waves in both synoptic observations (Moron et  al. 2016), 
NCEP/NCAR (Fontaine et  al. 2013) and ERA-interim/
ECMWF (Oueslati et  al. 2017) reanalyses. Over Burkina 
Faso, De Longueville et  al. (2016) found very significant 
trends in both cold extremes (negative trends) and warm 
extremes (positive trends) from 1950 to 2013.

Several studies, in particular within the African Mon-
soon Multidisciplinary Analysis (AMMA) program, have 
documented the responses of the radiative balance and sur-
face fluxes to convection in the Sudan and the Sahel. Tay-
lor et al. (2005) noted that surface temperature in the 2000 
rainy season, estimated from Meteosat data for the Sahel 
band, drops sharply after rainfall and increases gradually 
in the following days as the surface dries up. Schwendike 
et al. (2010), based on data collected from field campaigns 
in southern Burkina Faso, found that mesoscale convective 
systems (MCS) resulted in a surface temperature drop by 
up to 10 °C, and an increase in evapotranspiration by up to 
2.5 mm.d−1, which largely diminished within 2 to 3 days. 
Once the vegetation is well established, the amplitude of 
the response is weaker. Guichard et  al. (2009), based on 
data collected in the Gourma region of Sahelian Mali, also 
noted the sharp drops in 2-m temperature accompanying 
rainfall events. As a result of thick cloud covers, they found 
occasional reductions of incoming solar radiation of large 
magnitude during the rainy season, these variations having 
a much greater control on surface incoming radiative flux 

Table 1   Linear temperature trends for Burkina Faso as a whole 
(average of nine stations), May–October, over the early and late 
parts of the study period. The p values of the F statistics are shown 
between brackets

Tx (°C per decade) Tn (°C per decade)

1959–1983 +0.49 (p = 0.995) +0.54 (p > 0.999)
1984–2008 +0.28 (p = 0.860) +0.57 (p > 0.999)
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than those of downward longwave radiation. Further obser-
vations from Sahelian sites in Niger clearly show a strong 
decrease in sensible heat flux immediately after each rain-
fall event, and a parallel increase in latent heat flux (Guich-
ard et  al. 2012). These variations gradually vanish after a 
few days. In a wetter context, flux monitoring of the 2008 
season at Nalahou (northern Benin, Sudanian climate) 
similarly shows strong day-to-day variations of net short-
wave radiation, related to changes in cloud cover (Mama-
dou et al. 2014). These studies provided detailed accounts 
of seasonal and diurnal variations (and to some extent day-
to-day variations) of the local energy balance during the 
monsoon season in the sudano-sahelian belt. However, the 
overall statistical relationship between temperature varia-
tions and rainfall at daily time-scale and over a large area 
has not been studied, and the contribution of this relation-
ship to interannual variability and long-term climate trends 
is also unknown.

In this study, we document the lead-lag relationships 
between these two parameters (precipitation and temper-
ature) at the scale of Burkina Faso, in the central part of 
the sudano-sahelian belt, and their possible contribution to 
explain part of the long-term warming trends. Both daily 
and annual time-scales are considered. The aim is first to 
assess how daily temperature (maximum and minimum) 
responds to a rainfall event occurring either the same day 
or on previous days. This response is then extracted from 
the daily temperature variations, and the residual temper-
ature signal is analysed for long-term trends. Daily maxi-
mum (Tx) and minimum (Tn) temperatures are considered 
separately since their relationship to cloud cover and pre-
cipitation are likely to be different, as shown for eastern 
Africa (Camberlin 2016). Physical mechanisms accounting 
for the temperature response to precipitation variations are 
also discussed by considering reanalysis and remote sensed 
data.

Section 2 describes the data sets and the methodology. 
The daily temperature variations associated with rainfall 
occurrence and their interpretation are presented in Sect. 3. 
The long-term temperature trends and the possible contri-
bution of rainfall variations to these trends are finally inves-
tigated in Sect. 4.

2 � Data and methods

Most of Burkina Faso lies in the Sudanian zone of West 
Africa, characterized by a single, relatively long rainy sea-
son starting in April–May and ending in October, and a 
mean annual rainfall in the range of 600–1100 mm (Fig. 1). 
The northern part of the country lies in the drier Sahelian 
zone, and has a shorter rainy season (June–September) and 
lower annual rainfall (400–600 mm). August is the wettest 

month at all locations. Mean monthly temperature during 
the rainy season is high (25–33 °C), with warmest condi-
tions shortly before and in the early part of the rainy sea-
son (April–May), a moderate decrease in the middle of the 
rainy season (August), followed by a small increase.

Daily precipitation data for nine stations were obtained 
from Direction Générale de la Météorologie du Burkina 
Faso (DGMB). Over the period 1959–2008, the data are 
almost complete (from 0.01 to 0.61% of missing values 
depending on the station). A comparison was made with 
the corresponding data from the global summary of the 
day (GSOD) dataset archived by NOAA (http://www1.
ncdc.noaa.gov/pub/data/gsod). Evidence was found of 
small number of discrepancies, including a 1-day lag in 
some instances, as well as a few unreported rainfall events 
and incorrect truncations in GSOD. Given that data from 
the national meteorological service was first hand, priority 
was given to it. The stations are located between 10°N and 
14°N (Fig.  1), with a strong meridional gradient in mean 
annual precipitation between the southernmost station, 
Gaoua (1058 mm and 74 rainy days), and the northernmost 
station, Dori (481 mm and 37 rainy days) (Fig. 1).

Daily maximum (Tx) and minimum (Tn) air tempera-
tures (at 2 meters) are extracted from the global historical 
climate network daily (GHCND) data set (Menne et  al. 
2012). They have been supplemented by GSOD data. 
To match the rainfall data, the same nine stations were 
retained, each one having at least 6200 available daily 
temperature records (equivalent to 17 full years) over the 
period 1959–2008. In the final analysis dedicated to the 
assessment of the regional temperature trend over the full 
50-year period, only six stations were retained, due to too 
many missing temperature data (>20%) at Ouahigouya, 
Dédougou and Po. Daily temperature data from DMGB 
could only be obtained for 1 year (2008). They were used 
for quality control of the GSOD data. The comparison 
revealed that most of the time the two data sets were in very 
good agreement at all the nine stations. Over 2422 daily 
observations, the correlation coefficients between DMGB 
and GSOD data at zero lag are 0.994 and 0.987 for Tx and 
Tn respectively. The root-mean square error is 0.4 °C for 
Tx and 0.63° for Tn, for which there exists a small positive 
bias in GSOD.

In principle, daily observations in both the GHCND 
and GSOD data sets cover the 24-h period between 0000 
and 2359 GMT (local time in Burkina Faso is the same 
as GMT). However, 24-h records in GSOD may include a 
portion of the previous day (https://data.noaa.gov/dataset/
global-surface-summary-of-the-day-gsod). Some discrep-
ancies in the period covered by the 24-h record may also 
be found in the GHCND data, although the problem was 
mainly detected for some US stations (Menne et al. 2012). 
According to WMO standards, and as a rule in DGMB 

http://www1.ncdc.noaa.gov/pub/data/gsod
http://www1.ncdc.noaa.gov/pub/data/gsod
https://data.noaa.gov/dataset/global-surface-summary-of-the-day-gsod
https://data.noaa.gov/dataset/global-surface-summary-of-the-day-gsod
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records, 24-h precipitation summaries should be recorded 
from 0601 to 0600 UTC the following day (WMO 2009). 
Since most precipitation is likely to fall in the 0600 to 2400 
time span of the first day (especially in tropical land areas 
where an afternoon peak is common), the rainfall record 
should appropriately be allocated to the first day, which is 
not done in GSOD data. A comparison between precipita-
tion from the DGMB national meteorological service and 
GSOD actually revealed that most of the time GSOD data 
were lagging by 1 day. While the problem of time stamping 
for precipitation is checked by giving priority to DGMB 
data, we cannot exclude that some of the temperature data 
were not affected. Although this issue may result in a small 
uncertainty in the exact timing of the response of tem-
perature to rainfall events, it should not be seen as a major 
shortcoming since the extraction of the rainfall signal in the 
temperature time-series will consider several time lags.

Linear trends were analyzed using least mean squares 
regressions. For a comparison with seasonal trends over the 
Sudano-Sahelian belt as a whole, additional data were used. 
Monthly precipitation, Tx and Tn data from the Climatic 
Research Unit (CRU) 0.5° data base (Harris et  al. 2014) 
were averaged over the region 15°W–20°E, 10–15°N, cor-
responding to the central part of the Sudano-Sahelian belt, 

and the period from May to October, which is the wet sea-
son in most of the region.

Relationships between daily temperature variations and 
precipitation were investigated by means of composite 
analyses, linear correlation and regression analyses, as in 
Camberlin (2016). Daily temperature anomalies were first 
obtained by removing from the raw data at each station a 
smoothed seasonal cycle (50-year daily average smoothed 
on 21-day running windows), and removing the long-term 
linear trend computed separately for each month. Then 
lead-lag composites of daily temperature anomalies for 
all days recording rainfall (at least 1 mm) were computed. 
Other composites were also computed using a higher rain-
fall threshold to test whether the temperature anomaly was 
dependent on the amount, and by considering different 
sequences of dry and wet days to test the effect of persistent 
rainfall or absence of rainfall. The corresponding tempera-
ture anomalies were tested for statistical significance using 
Student’s t test. The analysis is first carried out at the sta-
tion scale, then a composite index is computed for Burkina 
Faso as a whole (see below).

Given the fact the relationships between temperature 
and precipitation is sometimes found at different lags, a 
multiple linear model was designed at each station with 
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Fig. 1   Stations locations and mean rainfall regimes (1959–2008). 
Large dots indicate the six stations with the most complete temper-
ature series and retained for the trend analysis. Bars denote mean 
monthly rainfall (mm, with months receiving over 100  mm in red); 

black lines are the mean monthly number of rain days (x10). The 
mean annual rainfall amounts and mean annual number of rain days 
are also provided
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temperature on day d0 (T0) as the dependent variable, and 
both precipitation occurrence (O) and amount (A) on days 
d-4 to d0 as predictors (Eq. 1):

Predictors to be retained in the models were selected 
using a stepwise procedure. Note that of course occurrence 
and amount are strongly interrelated, but attempts to use 
only one of these variables gave coefficients of determina-
tion lower than when considering both variables as poten-
tial predictors. This will be discussed later. The inclusion 
of rainfall predictors for up to 4 days before the target day 
is justified in the composite analyses below. To account for 
seasonality, separate models are defined for each month of 
the rainy season.

Predicted daily temperature variations from these mod-
els are deducted from the raw data to obtain residual tem-
peratures, i.e. with the effect of precipitation removed. 
These residuals are averaged at monthly and seasonal 
time-scales, then analyzed for linear trends over the period 
1959–2008. This enabled to assess how much warming 
trend is left after extracting the temperature variations asso-
ciated with those of rainfall.

The contribution of rainfall variations to those of tem-
perature was also asserted at seasonal time-scale using 
simple linear regression. Raw seasonal temperature vari-
ations were regressed against seasonal rainfall amounts, 
and the temperature residuals analyzed for linear trends. 
These trends were compared with the long-term warming 
trends computed from the raw temperature data, and those 
obtained with above method to extract rainfall effect from 
daily temperature.

To further diagnose the thermodynamics associated 
with the rainfall events, data documenting the heat fluxes 
were extracted from the ERA-INTERIM reanalyses, pro-
duced by the ECMWF (Dee et  al. 2011). They cover the 
30-year period 1979–2008 at daily time-scale and include 
precipitation, 2-m maximum temperature (taken over the 
time period 1200 to 2400 GMT) and minimum temperature 
(taken from 0000 to 0600), daily sensible surface heat flux 
(SH), latent surface heat flux (LH) as well as daily surface 
net shortwave (SWR) and longwave radiation (LWR).. Note 
that the time span over which daily precipitation is accu-
mulated (0000 to 2400) differs from the observation (0600 
to 0600) which may slightly affect the comparison between 
the two data sets. This issue is further discussed below. In 
order to assess the quality of ERA-INTERIM in represent-
ing surface radiative fluxes, a comparison with the clouds 
and the earth’s radiant energy system synoptic (CERES-
SYN1deg) daily satellite product (Rutan et al. 2015) avail-
able from the period 2001–2008 is carried out. It includes 

(1)T
0
=

0
∑

i=−4

ai.Oi +

0
∑

j=−4

bj.Aj + c

both all-sky and clear-sky surface SWR and LWR. Short-
wave (SWCRE) and longwave (LWCRE) cloud radiative 
effects are computed as the difference between all-sky and 
clear-sky surface net SWR and LWR.

An area-averaged index was defined, to identify 
regional-scale precipitation events and examine their rela-
tionship with temperature in the reanalysis fields. This was 
necessary since reanalysis data cannot be used to assess 
local-scale climate variations. This index is computed as 
the daily percentage of stations (out of nine stations, for the 
observation) and the daily percentage of grid-points within 
the 5°W–2°E, 10–15°N region (for ERA-INTERIM) which 
recorded rainfall of at least 1 mm. Days when the index is 
above 50 and 80% in GHCND and ERA-Interim, respec-
tively, were retained for the composite analysis. Given that 
rainfall events in ERA-INTERIM tend to be more wide-
spread than in the observation, different thresholds are 
necessary to obtain a sample of similar size to that used 
in the observation. Like for the analysis carried out at sta-
tion scale, lead-lag daily mean anomalies were computed 
for each day from 4 days before to 7 days after the rainfall 
event.

3 � Daily temperature variations associated 
with rainfall

3.1 � Temperature composites

Composites of local daily temperature anomalies (Tx and 
Tn) associated with rain days (d0) are computed at each 
station and for each month. The composites extend from 
4 days before to 7 days after d0. The results for the month 
of September, a typical month of the rainy season, and four 
sample stations are shown in Fig. 2. Rain days are defined 
as days with at least 1 mm (bold lines) or at least 15 mm 
(thin lines). The 15 mm threshold was chosen to single out 
relatively heavy rainfall events, with a third of the rain days 
exceeding this threshold during the May–October period 
for the nine stations combined. All stations show a fairly 
similar pattern, although the anomalies are larger at the 
drier (northernmost) stations. Rainfall events are charac-
terized by a significant (P = 0.99) drop in both Tx and Tn, 
which is initiated at d0, at least for Tx, but is greatest at 
d+1. The temperature decrease on d+1 at Dori (northern 
Burkina Faso) is −1.3 to −1.5 °C, with little difference 
between Tx and Tn. Later on temperature rises up, but 
Tx still shows significant negative anomalies on d+2 and 
sometimes in the following days. On the other hand the 
Tn decrease is short-lived. Considering only heavy rainfall 
events (≥15  mm) results in stronger negative anomalies 
on d+1 and frequently in the following days as well, espe-
cially for Tx at the driest stations. This indicates that not 
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only rainfall occurrence but also its intensity has an effect 
on surface temperature.

Since the composites are fairly similar throughout Bur-
kina Faso, a regional composite combining the nine sta-
tions is constructed by selecting all days where over 50% 
of the stations across the country were recording rainfall 
(1 and 15  mm thresholds). For the May–October period, 
this represents 20% of the total number of days (for the 
1 mm threshold). The temperature anomalies averaged over 
the nine stations and the days selected for these compos-
ites are plotted for each month of the May–October period 
(Fig. 3). On the whole, little differences are found between 
the 6 months although the anomalies are stronger in the dri-
est months (especially May and October) and smaller in the 
peak rainfall month of August. All months show a highly 
significant (P = 0.99) temperature decrease associated with 
the rainfall events, which is most pronounced on the day 
following the rain (d+1). Both Tx and Tn are affected, 
and in the first part of the rainy season (May–July) the Tn 
decrease is as large as that of Tx, reaching −2.3 °C in May. 
Later in the season, the Tx decrease becomes stronger (e.g., 

−2 °C in October as against −0.8 °C for Tn). For Tx, the 
decrease is already apparent on d0, although it is much 
smaller than on d+1. As noted earlier for September, Tx 
anomalies remain negative and often significant for several 
days after the rainfall event. These anomalies are slightly 
larger when the sample is based on heavier rainfall days 
only (over 5 mm, thin lines). Note that in July–August the 
day preceding the rainfall event (d−1) is slightly warmer 
than normal. This can be related to the results of Tay-
lor et al. (2011) who showed that convection triggering is 
enhanced by mesoscale heterogeneity of surface soil mois-
ture with convection tending to develop over dry warm 
areas.

Given that the above composites are based on any rain 
day, with no consideration whether the preceding and fol-
lowing days are themselves dry or wet, additional analy-
ses have been carried out by defining different samples 
of consecutive wet and dry days. Temperature anomalies 
for totally dry spells are compared to spells starting with 
a wet day (1  mm threshold, Fig.  4). When comparing a 
sequence of a wet day followed by a dry day (“10”) to 

Fig. 2   Composite September temperature anomalies from 4  days 
before to 7  days after a rain-day (day 0), at sample four stations in 
Burkina Faso. Rain-days are defined as receiving at least 1  mm 

(thick lines) or 15 mm (thin lines). Stars show significant anomalies 
(P = 0.95) according to a Student’s t test. The September mean rain-
fall amount is shown above each panel
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a sequence of two dry days (“00”), large and significant 
(stars, t-test, P = 0.99) temperature differences are found 
on the second day between the two samples. This applies 
to both Tx and Tn in any month from May to October 
(Fig.  4, second row), but the difference is particularly 
large for Tx at the beginning and end of the rainy sea-
son (temperatures 1.5 to 2.5 °C lower following a wet 
day) and at the beginning of the rainy season (2–3 °C) for 
Tn. It is also shown that these differences are much larger 
than when simply comparing the temperature of wet days 
to that of dry days (Fig.  4, first row). It is noteworthy 
that at the end of 3 days sequences there is still a differ-
ence of 0.8 to 1.3 °C in Tx (significant at most stations, 
Fig. 4, third row), suggesting that the cooling effect of a 
wet day on Tx is still felt 2 days after the rain occurred. 
The cooling effect is found on Tn as well, but only at the 
beginning of the rainy season. At the end of a sequence 
of 4 days, there is still a small difference (0.2 to 0.8 °C) 

in Tx, which is significant at most stations, especially in 
the early part of the monsoon season (Fig. 4, fourth row). 
The effect on Tn is weaker and restricted to May and 
June. Significance is lost at the end of 5-day sequences at 
most stations, although a 0.5 °C average difference is still 
found for Tx. Note that using more complex sequences 
(green lines, middle Tx panels) further indicate that sev-
eral consecutive wet days (e.g., “1100” sequences) result 
in cooler conditions, even 2  days after the end of the 
rains, than isolated wet days (“0100” sequences), but in 
the early stage of the season only. When a higher precipi-
tation threshold is retained (e.g., 15 mm instead of 1 mm, 
not shown), similar patterns are obtained except that the 
temperature differences between wet and dry sequences 
are larger, and the effect on Tn much less durable than 
that on Tx. On the whole, these results suggest that the 
“memory” of a rainfall event in the temperature anoma-
lies lasts for about 3–4 days.
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Fig. 3   Composite temperature anomalies over Burkina Faso as a 
whole (average of nine stations) from 4  days before to 7  days after 
a rain-day (day 0) in the observed data, from May to October. Rain 
days defining the composite sample are days where over 50% of the 

stations received at least 1  mm (thick lines) or 15  mm (thin lines). 
Stars show significant anomalies (P = 0.99) according to a Student’s 
t test
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These results indicate a robust (in space and time) 
response of surface temperature to rainfall. The dominant 
lag between rainfall occurrence and temperature suggests 
that temperature responds to rainfall (or atmospheric 
variables related to rainfall), and not the reverse. Several 
candidates could explain the cooling found shortly after 
the rainfall event, including increased cloud cover, evap-
oration of precipitated water, or horizontal advection of 
cooler air. Reanalysis data are used, together with pub-
lished material based on field campaigns, to discuss the 
mechanisms involved in the temperature variations.

3.2 � Surface fluxes

This section documents day-to-day changes in several 
atmospheric variables, based on ERA-INTERIM reanaly-
sis data for SH, LH, SWR and LWR and on CERES-SYN-
1deg daily satellite product for SWR, LWR, SWCRE and 
LWCRE.

The use of reanalysis data to document surface fluxes 
is contingent upon the ability of ERA-INTERIM to repro-
duce the daily temperature-rainfall relationships depicted 
above. A first step is therefore to analyse these relationships 

Fig. 4   Composite temperature 
anomalies (average of nine 
stations across Burkina Faso) 
for the last day of different 
sequences of wet and dry days. 
“1” stands for a rain day (1 mm 
or more) and “0” for a dry 
day. For instance, composite 
“1000” shows the temperature 
anomalies found on the last day 
of a sequence of one wet day 
followed by three dry days, and 
composite “0000” is the same 
but for a sequence of four dry 
days. Blue circles at the top of 
each subplot denote months for 
which the difference between 
temperature anomalies from the 
two main samples (solid red and 
black dashed lines) is significant 
(t test, P = 0.99) for over 50% of 
the stations (stars significant for 
all stations)
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in ERA-INTERIM (Fig.  5). The same lead-lag tempera-
ture composites as for observed rainfall are computed, 
except that the retained spatial extension of the rainfall 
event is different between the two datasets (i.e. 80% of 
the grid-points for ERA-INTERIM and 50% for raingauge 
data), as explained earlier, and the threshold to discrimi-
nate the 33% heaviest rainfall events is lower (5  mm as 
against 15 mm). Rainfall events are accompanied and fol-
lowed by a significant cooling (P = 0.99) in all months, 
and in both Tx and Tn, as in the observed data. The tem-
perature decrease occurs generally slightly earlier than in 
the observation. While the largest anomalies are generally 
found on d+1, on d0 the anomalies are almost as large, or 
sometimes larger for Tx. This results from two facts : (1) 
the spatial smoothing inherent to ERA-INTERIM reanaly-
ses, and (2) biases in the rainfall diurnal in cycle rainfall, 
since ERA-INTERIM, as many other global and regional 

climate models in the inland tropics, shows a strong maxi-
mum around noon (Betts et al. 2009; Nikulin et al. 2012), 
whereas in the observation rainfall peaks between 1500 
and 2100 local time over West Africa, or later in the night 
where the influence of travelling systems is dominant (Roca 
et  al. 2010; Nikulin et  al. 2012). This unrealistic diurnal 
cycle results in temperature (especially Tx) being impacted 
earlier by precipitation occurrence than in the observation, 
where the maximum cooling is clearly on d+1. As in the 
observation, the temperature anomalies are larger in the 
drier months (e.g., May, June, October). The magnitude of 
the rainfall event also plays a role, actually more so than 
in the observation. For instance, August Tx anomalies 
for rainfall events above 1 mm are at −0.8 °C on d+1, but 
reach −2.3 °C for rainfall events above 5 mm. There is also 
some persistence of the negative anomalies beyond d+1, 
again with a larger magnitude than in the observation. For 
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Fig. 5   Composite temperature anomalies over Burkina Faso as a 
whole (ERA-INTERIM reanalyses, average of all grid-points, period 
1983–2008) from 4 days before to 7 days after a rain-day (day 0) in 
the reanalysis, from May to October. Tx is shown in red and solid 
lines and Tn in blue and dashed lines. Rain-days defining the com-
posite sample are days where over 80% of the grid-points received at 

least 1 mm (thick lines) or 5 mm (thin lines). Stars show significant 
anomalies (P = 0.99) according to a Student’s t test. There are not 
enough days in the samples at the 5 mm threshold in May, June and 
October for the composite anomaly to be computed. Tx is taken from 
the 0000 to 2400 interval, and Tn from the 0000 to 1200 interval
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instance, the cooling is still significant 7 days beyond the 
heavy (>5  mm) rainfall events in August, 3  days beyond 
in September. This could be associated with the so-called 
drizzle bias (e.g. Sun et  al. 2006). Indeed, climate mod-
els tend to simulate higher frequency of low precipitation 
events resulting in an overestimated persistence of rainfall 
and temperature cooling (Fig. 5).

On the whole, the composite pattern remains reason-
ably similar to that found in the observations. This suggests 
that ERA-INTERIM can now be used to document surface 
radiative and turbulent fluxes possibly accounting for the 
cooling.

3.2.1 � Surface radiative fluxes

Composites of daily SWR and LWR anomalies associ-
ated with rain days (d0) are computed for each month 
over Burkina Faso, for both ERA-INTERIM (Fig.  6) 

and CERES (Fig. 7) data. The radiative fluxes anomalies 
obtained from CERES are computed relative to rainfall 
events in GHCND. With the exception of the early part of 
the rainy season (especially May), the composite pattern 
of ERA-INTERIM is reasonably similar to that found in 
the observations. Rainfall events are accompanied and 
followed by a significant reduction in SWR in all months, 
resulting in Tx cooling. As in the observation, the radia-
tive fluxes anomalies are larger in the driest months (e.g., 
May, June, October). The magnitude of the rainfall event 
in ERA-INTERIM plays a significant role, actually more 
so than in the observation, in consistency with tempera-
ture anomalies composites (Fig. 5). For instance, August 
SWR anomalies for rainfall events above 1 mm are at -10 
Wm−2 on d0, but reach −40 W m−2 on the same day for 
rainfall events above 5 mm. In the reanalysis, there is also 
some persistence of the negative SWR anomalies beyond 
d+1. For instance, the SWR reduction is still significant 
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Fig. 6   Composite surface anomalies of shortwave radiation (SWR) 
and net longwave radiation (LWR) over Burkina Faso as a whole 
(ERA-INTERIM reanalyses, average of all grid-points, period 1983–
2008) from 4 days before to 7 days after a rain-day (day 0) in the rea-
nalysis, from May to October. SWR is shown in red and solid lines 
and LWR in blue and dashed lines. Rain-days defining the composite 

sample are days where over 80% of the grid-points received at least 
1 mm (thick lines) or 5 mm (thin lines). Radiative fluxes are counted 
positive downwards so that negative (positive) anomalies of SWR 
(LWR) represent a radiative cooling (heating) of the surface. Stars 
show significant anomalies (P = 0.99) according to a Student’s t test
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7  days beyond the heavy (>5  mm) rainfall events in 
August, 3  days beyond in September, but this could be 
an artefact since there is virtually no signal in the satel-
lite product. In the observation, the reduced SWR is lim-
ited to d0 and d+1. The reduction in the incoming SWR 
during the rainfall event is explained by an increase in 
SWCRE (Fig. 8) associated with an increased cloud cover 
and optical depth. LWR does not explain the temperature 
cooling. Indeed, positive anomalies are obtained during 
rainfall events, that are larger in the driest months (May 
and October), indicating that more infrared radiation is 
radiated back to the earth’s surface, contributing in tem-
perature warming. The anomalous downward LWR is not 
explained by the cloud greenhouse effect (Fig.  8) but is 
mainly associated with water vapor anomalies that are 
larger in the driest months, as highlighted in previous 
studies (e.g. Guichard et al. (2009)).

3.2.2 � Surface turbulent fluxes

In this section, we explore the role of surface turbulent 
fluxes in temperature cooling using ERA-INTERIM data. 
It is important to be careful when using reanalyses because 
land surface states and fluxes are not assimilated and are 
based on the forecast model that is subject to errors and 
uncertainties. Because of the absence of flux towers in this 
region, the use of ERA-INTERIM is necessary to docu-
ment the impact of surface turbulent fluxes, by focusing on 
the sensitivity of temperature to these fluxes. This is done 
using the Evaporative Fraction (EF) defined as the ratio of 
LH to the sum of LH and SH to document the partition-
ing of the available energy at the land surface into latent 
and sensible heat flux. Composites of EF mean and anoma-
lies associated with rain days (d0) are computed as above, 
using ERA-INTERIM data (Fig.  9). Rainfall events are 
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Fig. 7   Composite surface net SWR and LWR anomalies over Bur-
kina Faso as a whole (CERES-SYN1deg data, average of all grid-
points, period 2001–2008) from 4 days before to 7 days after a rain-
day (day 0) in observed data, from May to October. SWR is shown 
in red and solid lines and LWR in blue and dashed lines. Rain-days 
defining the composite sample are days in GHCND where over 50% 

of the stations received at least 1  mm (thick lines) or 15  mm (thin 
lines). Radiative fluxes are counted positive downwards so that nega-
tive (positive) anomalies of SWR (LWR) represent a radiative cooling 
(heating) of the surface. Stars show significant anomalies (P = 0.99) 
according to a Student’s t test
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accompanied and followed by a significant increase in EF 
in all months. EF is stronger for heavy rainfall events in the 
wettest months (July, August and September) and persists 
a long time (4–7 days) after rainfall occurrence. The heat 
flux due to surface evaporation is greater than the sensi-
ble heat flux during rainfall events and contributes signifi-
cantly to the persistent temperature cooling (Fig. 5). This is 
explained by the larger amount of water available for evap-
oration and the persistence in time of soil moisture. This 
result suggests that the soil moisture-temperature coupling 
is important in the central part of the sudano-sahelian belt 
in consistency with other studies (e.g. Fischer et al. 2007a, 
b). After rain occurrence, EF decreases gradually follow-
ing the increase in sensible heat flux and the drying of 
the surface. These results are consistent with Lohou et al. 
(2014) who examined the surface response to rain events 
using flux towers in Hombori (Mali), Niamey (Niger) and 
Djougou (Benin). They showed that the immediate surface 
response to rainfall event is an increase in EF that mainly 

depends on the soil moisture content. Several days after 
the rain, EF decreases following soil moisture depletion 
and vegetation drying. Land surface models describe rela-
tively well the immediate response. However, the simulated 
decrease of EF is slower and weaker than observed.

Composites of daily SH and LH anomalies associated 
with rain days are shown in Fig. 10. In the wettest months, 
LH anomalies are close to zero before d0 and become 
larger after d+2, for heavy rainfall events only (Fig.  10). 
This is explained by the larger amount of soil moisture 
and the gradual increase of net shortwave radiation 2 days 
after precipitation occurrence. In the late part of the season 
(September–October), LH anomalies are significant a long 
time (4–7 days) after the rainfall event in response to per-
sistent soil moisture. In the early part of the rainy season 
(May–June) the most significant anomalies are found ear-
lier, near the time of rainfall occurrence, possibly as a result 
of the drier atmosphere and abrupt shift from a dry to a wet 
surface. Rainfall events are accompanied and followed by 
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Fig. 8   Composite surface anomalies of shortwave (SWCRE) and 
longwave (LWCRE) cloud radiative effects over Burkina Faso as a 
whole (CERES-SYN1deg data, average of all grid-points, period 
2001–2008) from 4  days before to 7  days after a rain-day (day 0), 
from May to October. SWCRE and LWCRE effects are computed 
as the difference between all-sky and clear-sky surface net SWR and 

LWR. SWCRE is shown in red and solid lines and LWCRE in blue 
and dashed lines. Rain-days defining the composite sample are days 
in GHCND where over 50% of the stations received at least 1  mm 
(thick lines) or 15  mm (thin lines). Negative anomalies of SWCRE 
correspond to a larger cooling effect of clouds at the surface. Stars 
show significant anomalies (P = 0.99) according to a Student’s t test
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a significant reduction in SH in all months. The magnitude 
of the rainfall event plays a significant role. For instance, 
August SH anomalies for rainfall events above 1 mm are at 

−5 Wm−2 on d0, but reach −13 W m−2 on the same day for 
rainfall events above 5 mm. SH anomalies are persistent up 
to 7 days beyond the heavy (>5 mm) rainfall events in the 

Fig. 9   Composite of evapo-
rative fraction (EF) mean 
(a) and anomalies (b) over 
Burkina Faso as a whole (ERA-
INTERIM reanalyses, average 
of all grid-points, period 
1983–2008) from 4 days before 
to 7 days after a rain-day (day 
0), from May to October. Rain-
days defining the composite 
sample are days where over 
80% of the grid-points received 
at least 1 mm (thick lines) or 
5 mm (thin lines). Stars show 
significant anomalies (P = 0.99) 
according to a Student’s t test
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wettest months. Before the wet event, SH values are close 
to the climatology. The SH negative anomalies during the 
rainfall event are linked to SWR anomalies (Fig. 6). Dur-
ing rainfall events, less SWR is absorbed by the surface in 
response to enhanced cloud cover, resulting in a decrease 
in SH release into the atmosphere. SH can be thus viewed 
as a consequence of Tx reduction. However, it is a possible 
cause of Tn reduction. The cooling of the surface during 
the day results in a reduction of SH during the day and the 
night, which in turn contributes in cooling Tn.

On the whole, temperature cooling after rainfall events 
is explained by a reduction in SWR in response to an 
increase in cloud cover and an increase in surface evapo-
ration in response to surface moistening. Surface evapora-
tion contributes in the persistent cooling several days after 
the rainfall event. As a result, SH decreases and contributes 
in Tn cooling. We also analysed the wind patterns associ-
ated with rainfall events in ERA-INTERIM (not shown) 

and found north-easterly anomalies at d0 and d+1, which 
are not in line with any large-scale advection of cool air 
(which could have been a possible explanation for Tx and 
Tn cooling) since in the rainy season the sudano-sahelian 
belt shows much higher temperatures in the north than in 
the south.

These conclusions are consistent with Taylor et  al. 
(2005) who found that the modulation of rainfall and 
cloud over associated with mesoscale convective systems 
was a key element in the variability of surface fluxes and 
temperature. They noted that warm and cool regions were 
well-organized at synoptic scale; with anomalies propa-
gating westwards at a period of about 4–5 days. However, 
these anomalies could not be directly explained by advec-
tion of warm/ cool air, they are mainly determined by the 
combined effect of surface wetness and incoming solar 
radiation. Evaporative processes can also affect tempera-
ture during a rainfall event through their contribution in 
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Fig. 10   Composite latent heat (LH) and sensible heat (SH) anoma-
lies over Burkina Faso as a whole (ERA-INTERIM reanalyses, 
average of all grid-points, period 1983–2008) from 4 days before to 
7 days after a rain-day (day 0), from May to October. SH is shown in 
red and solid lines and LH in blue and dashed lines. Rain-days defin-
ing the composite sample are days where over 80% of the grid-points 

received at least 1 mm (thick lines) or 5 mm (thin lines). Surface tur-
bulent fluxes are counted positive upwards so that positive (negative) 
anomalies of SH and LH correspond larger (smaller) release of tur-
bulent fluxes into the atmosphere. Stars show significant anomalies 
(P = 0.99) according to a Student’s t test
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the development of downdrafts and cold pools. In par-
ticular, Provod et al. (2015) found that cold pools associ-
ated with squall-lines observed at Niamey (Niger) in 2006 
were associated with temperature decreases of 2–14 °C. 
Oueslati et  al. (2013) showed that the convective cool-
ing associated with downdrafts weakens the atmospheric 
boundary layer temperature and associated gradients, 
which in turn controls the latitudinal position of Inter-
tropical Convergence Zone in the atmospheric general 
circulation model LMDz. Considering both heavy and 
total rainfall events, we show that temperature anoma-
lies and associated processes are influenced by precipita-
tion amplitude, which is in contrary to Schwendike et al. 
(2010) who found that the temperature decline was nearly 
independent of the amount of precipitation, based on a 
smaller number of observations. The importance of sur-
face evaporation and shortwave radiation in temperature 
inter-annual variability was also highlighted in Lenderink 
et al. (2007). By investigating the surface energy budget 
in nine different regional climate models, they showed 
that both fluxes are responsible for model biases in tem-
perature variability.

4 � Long‑term temperature trends and contribution 
from rainfall

This section now considers interannual variations of sea-
sonally-averaged Tx, Tn and rainfall. Beyond the descrip-
tion of climatic trends since the late 1950s, the aim is to 
evaluate whether part of the interannual variations and 
trends in temperature could be explained by those of rain-
fall, given the relationship between temperature and rainfall 
at daily time-scale as documented above.

4.1 � Raw temperature and rainfall trends

During the rainy season (May–October), both precipitation 
and temperature exhibit long-term trends over the 50-year 
period 1959–2008 (Fig.  11). As an average over Burkina 
Faso (nine stations), rainfall decreased by about 7% from 
1959 to 2008, but the trend is not linear : a strong decrease 
is found between 1959 and 1984, then a moderate increase 
is found in the second half of the period. Large interannual 
fluctuations are superimposed on these trends, in particular 
in the 1990s. Both the decadal-scale and interannual rain-
fall variations in Burkina Faso are strongly consistent with 

Fig. 11   Mean May–October 
precipitation and temperature 
variations over Burkina-Faso 
(average of nine stations) and 
the Central Sudan/Sahel (CRU 
data, 15°W–20°E, 10–15°N), 
1959–2008. The legend pro-
vides the linear change over the 
50-year period
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those observed over the central Sudan-Sahel as a whole, 
as depicted from CRU data (Fig. 11, top panel). They also 
agree with Nicholson (2005) and Lebel and Ali (2009).

Temperature trends are apparently more linear, both 
Tx and Tn showing a strong warming since 1959. Over 
Burkina Faso, May–October Tn increased more than Tx 
(+1.7 °C as against +1.2 °C). This is a larger increase than 
over the central Sudan-Sahel as a whole, especially for 
Tn. Quite large interannual variations are also present, at 
least for Tx whose extremes ranged from 32.7 °C in 1964 
to 35 °C in 2002. These variations are strongly similar to 
those found in the CRU data for central Sudan-Sahel. 
The increase is also larger than that found by Moron et al. 
(2016), but the periods are slightly smaller and their study 
considers the whole year and a much larger region cover-
ing most of tropical North Africa. For July–September, 
Ringard et  al. (2016) found a warming close to +0.3 °C/
decade between 1950 and 2012 in the central Sahel, closer 
to what found for Burkina Faso rainy season. The larger 
increase in Tn compared to Tx over Burkina Faso is in 
agreement with observations over the Sahel as a whole over 
the period 1950–2004 (Zhou et al. 2007).

Given the change found in the precipitation trend around 
1984 (strongly decreasing precipitation before this year, 
increasing precipitation thereafter), slopes of the tempera-
ture trends have also been computed separately on the two 
periods (Table 1). Both Tx and Tn trends are strongly posi-
tive in the two periods. However, while Tn rates of increase 
remained steady, Tx rates declined from +0.49 °C/dec-
ade in the period 1959–1983 to +0.28 °C in 1984–2008. 
Ringard et al. (2016) also found a weakening of the posi-
tive trends from the 1980s in the Sahel during July–Sep-
tember, becoming non-significant. This contrasted behavior 
of temperature before and after the mid-1980s, while the 
rainfall trends also showed a shift, suggests an association 
with rainfall.

Correlations between seasonally-averaged values of 
temperature and rainfall are presented in Table 2, for vari-
ous periods. Interannual correlations based on detrended 
time-series are shown between brackets. Strong negative 
correlations between Tx and rainfall reveal that dry years 
tend to be abnormally hot, even after removing long-term 

linear trends. The relationship between Tn and precipita-
tion is less obvious. While in the 1959–1983 sub-period, 
the raw correlation is highly significant, it is mostly the 
result of opposite trends (increasing temperature and 
decreasing rainfall), while after detrending the time-series 
the correlation becomes insignificant, as in the latter period 
(1984–2008). These results confirm the strong interactions 
between precipitation and temperature as discussed above. 
Linear regressions could be used to analyze the tempera-
ture trends after removing the precipitation signal, but at 
seasonal times-scale it is difficult to separate actual pro-
cesses from mere covariations. An alternative method is 
therefore to get back to the daily time-scale, at which the 
diagnosis on physical processes has been made, to analyze 
the residual temperature signal.

4.2 � Contribution of rainfall to temperature trends

As a first step to extract the rainfall effect on temperature 
variations, predictive models explaining daily Tx and Tn 
from concurrent and previous days rainfall were defined 
(Sect. 2). Table 3 provides, for Tx at Fada N’gourma sta-
tion as an example, the list of the rainfall predictors 
retained from the stepwise procedure and the correspond-
ing regression coefficients. As discussed above, both rain-
fall occurrence and rainfall amounts are used as separate 
predictors, for attempts to use only one of these group of 
predictors resulted in lower r-square values. In addition, 
there is a rationale for considering separately rainfall occur-
rence and amounts. Rainfall occurrence can be seen as a 
rough proxy for cloudiness, while rainfall amounts modu-
lates the soil moisture content, thus implying two different 
driving mechanisms for temperature variations, through 
the radiative balance and latent heat flux, respectively. For 
Fada N’gourma, rainfall occurrence on day d0 significantly 
contributes to a Tx decrease in any month (Table 3). Rain-
fall occurrence and amounts on previous days also have a 
significant effect, always negative. Coefficients generally 
decrease as the lead time increases, but rainfall for days 
day-3 to day-4 often still contributes significantly to explain 
temperature variations in most months.

Table 2   Correlation 
coefficients between seasonally-
averaged (May–October) 
temperature and rainfall 
variations, for Burkina Faso as a 
whole (average of nine stations), 
over the full period and two 
sub-periods

Correlations based on linearly detrended data are shown between brackets. A double (single) star indicates 
significant values at P = 0.99 (P = 0.95)

1959–2008 1959–1983 1984–2008

P Tx P Tx P Tx

TX −0.62**
(−0.67)**

−0.75**
(−0.61)**

−0.63**
(−0.77)**

TN −0.33*
(–0.35)*

0.84**
(0.74)**

−0.68**
(−0.32)

0.89**
(0.86)**

−0.09
(−0.36)

0.64**
(0.61)**
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Figure 12 shows daily rainfall variations (bars) and Tx 
(circled red line) for the month of September in two sam-
ple years (1960 and 1995) at Fada N’gourma. The pre-
dicted temperature from the multiple regression model for 
September is plotted (solid blue line). There is a clear Tx 
decrease accompanying or shortly following most rainfall 
events. Note that the recovery is sometimes gradual after 
the rain event. The predicted Tx values replicate quite well 
the observed Tx variations, although the amplitude of the 

changes is underestimated, as is typical of regression-based 
prediction models (Von Storch 1999).

The models are generalized for all stations and months 
from May to October. Statistics on the rainfall variables 
included in the 54 models (nine stations × 6  months) as 
well as the multiple correlation coefficients are shown in 
Figs. 13 and 14, for Tx and Tn respectively. Multiple cor-
relations are in the range of 0.4 to 0.6 for Tx, with little dif-
ference between the months. This indicates that an average 

Table 3   Regression coefficients 
from the stepwise models 
predicting daily Tx (day 0) at 
Fada N’gourma from daily 
precipitation occurrence (O) 
and daily precipitation amounts 
(A) for day −4 to day 0

Units: tenths of °C per rain day occurrence (O) and tenths of °C per mm (A). Stars indicate that the predic-
tor was not picked in the model at P = 0.95. The last row shows the multiple correlation coefficient

May June July August September October

O day0 −10.7 −8.1 −8.7 −11.5 −9.8 −4.4
O day-1 −23.2 −14.6 −11.8 −8.6 −12.0 −10.3
O day-2 −6.8 −5.2 ** −5.1 −5.1 −5.7
O day-3 ** ** −3.6 −3.9 −4.5 **
O day-4 −3.8 ** ** ** −3.5 **
A day-0 ** ** −0.17 ** −0.13 −0.67
A day-1 −0.41 −0.63 −0.23 −0.30 −0.38 −0.96
A day-2 −0.32 −0.32 −0.24 ** −0.18 −0.62
A day-3 −0.41 −0.41 ** ** ** −0.57
A day-4 ** −0.35 −0.20 ** −0.13 −0.62
Multiple corr 0.498 0.475 0.426 0.465 0.561 0.542

Fig. 12   Daily Tx and precipita-
tion times-series for September 
of 2 sample years at Fada 
N’gourma. Observed tem-
peratures: red line with circles; 
temperature as predicted from a 
multiple regression model based 
on precipitation occurrence and 
amount for the whole period 
1959–2008: blue solid line. See 
Table 1 for the rainfall predic-
tors retained and the regression 
coefficients
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22% of the daily Tx variations are explained by rainfall 
across Burkina Faso. This is high enough to hypothesize 
that the rainfall trends significantly contribute to the tem-
perature trends found during the rainy season in Burkina 
Faso. Figure  13 shows that both rainfall occurrence and 
amounts explain the daily Tx variations, with a dominant 
part played by rainfall occurrence on day 0 and a generally 
greater contribution of rainfall amounts on days day-2 and 
day-3. As expected the contribution of rainfall decrease 
with increasing lead time. Models for Tn generally yield 
higher multiple correlations in the early part of the rainy 
season (e.g.: May 0.61, June 0.59 as a median value across 
the nine stations). Rainfall amount is much less often 
picked up as a predictor than rainfall occurrence, and 
except at the beginning of the season, rainfall at a long lead 
time explains little of the Tn variations. This is in accord-
ance with the composite analyses in Sect. 4.

We now shift from the daily to the interannual time-
scale. Monthly Tx and Tn averages for each year of the 
period 1959–2008 are computed using both raw data and 
predicted values from the daily regression models. At 
this stage, only 6 stations are kept due to too many gaps 

in the daily temperature time-series to compute monthly 
averages at three stations. Sample interannual Tx time-
series, together with rainfall, are shown in Fig.  15 for 
Fada N’gourma (July and September). Since 1959, there 
has been a clear warming trend in both months (+0.34 to 
0.35 °C per decade). At the same time, rainfall has been 
decreasing at a rate of −0.44 to −0.49 mm.day−1 per dec-
ade. The red lines show Tx estimated from daily rainfall as 
from the above regression models. Very low rainfall as in 
July 1967, 1980 and 1984 coincide with high Tx, as pre-
dicted from the daily regression models. Wet years (July 
1961, 1981 and 1993 for instance) result into abnormally 
low predicted Tx, in agreement with the observations. 
The predicted Tx shows a weak positive trend for July 
(+0.06 °C per decade), much larger in September (+0.18 °C 
per decade), as a result of the long-term drying trends. 
There remains quite large differences between predicted 
and observed Tx in many years. Mean monthly residuals 
tend to be negative at the beginning of the period, and posi-
tive later on. It is these residuals which are next analyzed 
at all stations combined, to assess temperature trends free 
from the contribution of rainfall.
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Fig. 13   Summary statistics of multiple linear regression models pre-
dicting daily Tx variations on day 0 from rainfall occurrence (O, yel-
low bars) and rainfall amounts (a, brown bars) from day −4 to day 
0, for each month from May to October. Bars indicate the number of 
models (i.e., stations) for which each rainfall variable is retained in 

the model (P = 0.95). The boxplot to the right of each panel shows 
the distribution of the multiple correlation between Tx and the rain-
fall predictors retained, across the nine stations of the network (the 
median correlation value is printed on top)
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The contribution of rainfall variations to linear Tx 
trends, for the six stations retained for trend analysis and 
the 6 months (May to October), is shown on Fig. 16. In all 
the 36 cases, this contribution is that of a warming trend. 
The most frequent rainfall-induced trend values are com-
prised between 0.2 and 0.3 °C par decade.

The residual temperature trends (i.e. regression coef-
ficients of Tx and Tn regressed on time), after extraction 
of the rainfall-induced signal over the period 1959–2008, 
are shown on Fig. 17, on a monthly basis and as an aver-
age over Burkina Faso. The solid red lines stand for trends 
on raw values, while the dashed red lines are those of the 
monthly averages residuals, after the contribution of rain-
fall variations has been removed from the daily temperature 
data. The black dashed line also shows rainfall trends. A 
strong warming trend (+0.2 °C to +0.5 °C/decade, i.e. +1 
to +2.5 °C during the 50-year period) is found for both Tx 
and Tn in all months except January and February (for Tx). 
This warming is strongest near the beginning of the rainy 
season (April–May), but it is highly significant in the rest 
of the rainy season as well. As shown above, Tn increased 
more than Tx, especially in the first part of the year where 
January–February Tn even warmed significantly contrary 
to Tx.

The extraction of the contribution from rainfall vari-
ations results in smaller warming rates. The rainfall 

trend has been negative in all months of the rainy season 
except October. This contributed to a Tx warming exceed-
ing + 0.03 °C per decade from June to September, with a 
maximum in this latter month (+0.06 °C/decade). Com-
pared to the overall temperature trends, these are small, 
although significant trends. The highest contribution is 
in September, where 0.3 °C out of the 1.5 °C total Tx rise 
during 1959–2008 can be viewed as a result of the dry-
ing trend. The rainfall trends contribution to Tn trends is 
smaller. The drying trend resulted in a warming com-
prised + 0.015 to +0.036 °C/decade from May to Septem-
ber. This is a very small, almost negligible contribution to 
the overall Tn increase, which is comprised between +0.32 
and +0.49 °C per decade during the rainy season months.

These results therefore show a noticeable effect of rain-
fall variations on temperature trends, mainly those of Tx, 
but they do not challenge the strong warming found over 
Burkina. The fact that the warming rates have been strongly 
positive in both the early part (1959–1983) and the late part 
(1984–2008) of the period of study, while in the same time 
precipitation decreased then slightly increased, is an evi-
dence that the warming of the last 50 years is not entirely 
related to rainfall variations. However, it is noteworthy 
that the Tx warming rates have been stronger until 1983 
than from 1984 (Table  1). This suggests that in the early 
part of the record the effect of the drying trend has been to 
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enhance warming. Ringard et al. (2016) actually noted that 
the Tx trend in July–September has been non linear since 
1960 over the Sahel, with a much faster increase before 
the 1980s than after. The absence of significant Tx and Tn 
trends since the 1980s in the Sahel is likely related to the 
wetting trend, as found in Burkina Faso. Also in line with 
our study, Zhou et  al. (2007) demonstrated that the DTR 
variations in the Sahel region are inversely related to those 
of rainfall and clouds, but long-term changes in rainfall and 
cloud cover cannot fully account for the DTR trend.

5 � Conclusion

The analysis of 50 years (1959–2008) of observed tem-
perature (Tx and Tn) and rainfall variations in the central 
Sudano-Sahelian belt revealed strong interactions between 
these variables. At daily times-scale, both Tx and Tn show 
a marked decrease as a response to rainfall occurrence, 
with the largest departure from normal 1 day after the rain-
fall event (from −0.5 to −2.5 °C depending on the month). 
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The cooling is slightly stronger when heavy rainfall events 
(>15  mm) are considered. The temperature anomalies 
weaken in the following days, but a significant cooling can 
still be found several days after the rainfall event, mainly in 
Tx and at the beginning and end of the rainy season. The 
amplitude of the temperature response is also larger in the 
early and late phases of the rainy season. These relation-
ships between daily temperature variations and precipita-
tion events markedly differ from those found in other cli-
matic environments like most of Canada (Isaac and Stuart 
1992) where, across a wide range of situations, many areas 
show positive associations (more precipitation related to 
warmer weather). Contrasted patterns were also found in 
the Eastern Horn of Africa (Camberlin 2016), where high-
lands stations often display lower Tx but higher Tn asso-
ciated with rainfall events, whereas lowland, semi-arid 
locations have temperature anomaly patterns close to those 
found in Burkina Faso.

Reanalysis data (ERA-INTERIM) reproduce reason-
ably well the temperature response to rainfall occurrence. 
A slight phase shift, seen in the maximum cooling being as 

strong on day 0 than on day+1, can be explained by some 
differences in the reference 24-h period between the obser-
vation and the reanalysis data. The reanalysis data, supple-
mented by CERES satellite observations, indicate that the 
initial Tx drop is accounted for by reduced incoming solar 
radiation and increased surface evaporation. A smaller 
increase in net longwave radiation, resulting from enhanced 
water vapor anomalies rather than from the cloud cover, 
does not compensate the lower incoming shortwave radia-
tion. These changes in radiative fluxes are short lasting. 
Changes in turbulent fluxes are more durable. An increased 
latent heat flux from the surface to the atmosphere, as a 
result of the moistened land surface, follows the rainfall 
event. The peak in the latent flux anomaly occurs gradually 
later as the season advances (from 2  days to 5  days after 
the rain event, from July to October) following the gradual 
increase of net shortwave radiation 2 days after the rainfall 
event. It is suggested that evaporation is controlled not only 
by moisture availability but also by net radiative energy 
as suggested by previous studies (e.g. Koster et al. 2004). 
Shortwave radiation anomalies are larger at the end of the 
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wet season favoring more surface evaporation. A decrease 
in sensible heat flux, significant from the rainfall event 
up to 3–7  days later, is linked to the latent heat increase 
and can be viewed as a response of temperature changes 
themselves.

The kind and scale of the data used at this stage are not 
accurate enough to have a thorough understanding of the 
mechanisms of the temperature-rainfall interactions, but 
they are useful in showing theimportant role of reduced 
solar radiation (in consistency with Guichard et  al. 2009, 
and Mamadou et al. 2014), which reduces Tx, the daytime 
heat storage and the subsequent sensible heat flux, resulting 
in a later negative Tn anomaly. This is not compensated by 
the increased net longwave radiation. The increased latent 
flux resulting from evaporation is also contributing to the 
negative temperature anomaly, becoming dominant a few 
days after the rainfall event and in the second part of the 
rainy season.

Relationships between temperature and precipitation 
were next examined at interannual time-scales. Strong 
negative correlations are found between Tx and precipi-
tation, even after detrending. For Tn the relationship is 
weaker and not significant. At global scale, negative cor-
relations between seasonal mean temperatures and pre-
cipitation actually dominate, at least over land and in 
summer or in the main rainy season in the tropics (Adler 
et  al. 2008; Berg et  al. 2015). Since the Sahelian climate 
has undergone strong decadal-scale and long-term vari-
ations since the mid-twentieth century, and given the sig-
nificant temperature-precipitation relationships, the contri-
bution of rainfall trends to those of temperature has been 
analysed. Over Burkina Faso, climate trends are broadly 
similar to those depicted for the rest of the sudano-sahelian 
belt, with a strong drying-up between 1959 and 1984 fol-
lowed by a weaker precipitation increase, while both Tn 
and Tx increased (except in boreal winter), in agreement 
with Ringard et al. (2016) and Moron et al. (2016).. How-
ever, the rate of Tx increase has been much slower (and 
even non-significant) in the second part of the period, dur-
ing which rainfall recovered. We demonstrated that taking 
into account the precipitation trends in Burkina Faso helps 
in understanding the particulars of wet season temperature 
trends in the last decades. The strong Tx warming trend 
found in the first half of the period, as in the central Sahel 
as a whole (Ringard et al. 2016), is partly the result of the 
drought conditions found in the 1970s and early 1980s. 
Reciprocally, the absence of statistically significant trends 
since the 1980s (Ringard et al. 2016) can be ascribed to the 
partial return to wetter conditions, which resulted in almost 
canceling out the long-term warming likely associated with 
enhanced GHG. In the longer-term, and based on multivar-
iate regression models relating daily temperature variations 
to rainfall, the precipitation trend between 1959 and 2008 

accounted for a rainy season Tx increase of 0.15 to 0.3 °C, 
out of a total Tx increase of 1.3 to 1.5 °C. Tn changes were 
only marginally influenced by those of rainfall.

The noticeable effect of rainfall variations on tempera-
ture trends have strong implications on future changes in 
response to global warming. Cattiaux et al. (2013) studied 
the temperature inter-model spread in Europe and high-
lighted the important roles of local radiative effects and 
SST changes. As already highlighted in the mid-latitudes 
(e.g. Douville et  al. 2016), precipitation projections will 
indeed tend to amplify or dampen temperature warming in 
the Sudano-Sahelian zone depending on the sign of rain-
fall change. Precipitation projections still exhibit large 
inter-model uncertainties in many regions, including the 
Sahel (e.g. Oueslati et  al. 2016), resulting in discrepan-
cies in future temperature changes. However, despite these 
uncertainties it is possible to detect in the XXI century pro-
jections a significant decrease of rainfall amounts in the 
Western Sahel, and an increase over the Central and East-
ern Sahel including Burkina Faso (Monerie et  al. 2013). 
This suggests that the temperature trends associated to the 
global warming could be different in the various parts of 
the Sahel.

Large efforts are thus needed to investigate the temper-
ature-precipitation coupling in the recent and future cli-
mate by examining this relationship in regional and global 
simulations, as well as associated physical processes. Two 
types of processes are identified as drivers of the precip-
itation-temperature interaction: the shortwave cloud radia-
tive effect and soil moisture control on evaporation. The 
role of shortwave cloud radiative effect could be addressed 
by using COOKIE (Clouds On/Off Klimate Intercompari-
son Experiment) numerical experiments in which clouds 
are made transparent to radiation (Stevens et al. 2012). The 
soil moisture-temperature coupling could be investigated 
using regional and global simulations of recent and future 
climatic conditions with varying land–atmosphere interac-
tions (e.g. Seneviratne et al. 2006; Berg et al. 2015). These 
experiments are planned in the Land Surface, Snow and 
Soil Moisture Model Intercomparison Project (LS3MIP; 
Van Den Hurk et  al. 2016) as part of the sixth phase of 
the Coupled Model Intercomparison Project (CMIP6). 
Advancing our understanding of these processes is crucial 
to gain confidence on climate projections, anticipate future 
changes and develop adequate adaptation strategies.
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