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Abstract

Previous studies have suggested that the recent increase in tropical extreme deep convection, in particular over
Asia and Africa during the boreal summer, has occurred in association with cooling in the tropical lower strato-
sphere. The present study is focused on the Sahel region of West Africa, where an increased occurrence of ex-
treme precipitation events has been reported over recent decades. The results indicate that the changes over West
Africa since the 1980s involve a cooling trend in the tropical lower stratosphere and tropopause layer, combined
with warming in the troposphere. This feature is similar to that which might result from increased greenhouse-gas
levels but is distinct from the interannual variation of precipitation associated with the transport of water vapor
from the Atlantic Ocean. It is suggested that the decrease in the vertical temperature gradient in the tropical
tropopause region enhances extreme deep convection over the Sahel, where penetrating convection is frequent,
whereas tropospheric warming suppresses the shallower convection over the Guinea Coast. Therefore, the essen-
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tial feature of the recent changes over West Africa is the depth of convection rather than the total amount of sur-

face precipitation.
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1. Introduction

West Africa is particularly susceptible to the
impacts of climate change, with rising temperatures
already threatening human health (Russo et al. 2016),
and significant changes in the precipitation regime
are likely to occur over the next few decades (Gaetani
et al. 2020). Assessing the role of the tropical tropo-
pause layer (TTL; around 140-70 hPa) in driving
precipitation trends is a valuable step forward that will
improve our understanding of the present and future
evolution of the rainfall regime in West Africa.

Kodera et al. (2019) have indicated that extreme
deep convection in the ascending branch of the boreal
summer Hadley circulation became more active over
recent decades, particularly over the African and Asian
sectors. In West Africa, this increase in convective
activity was associated with the recent recovery of
rainfall over the Sahel following the long and severe
drought conditions of the 1970s and 1980s (Fontaine
et al. 2011; Nicholson 2013; Maidment et al. 2015).
Such a recovery was associated with accelerating
global warming, which increased the moist static
energy in the troposphere over West Africa by en-
hancing local evaporation (Giannini 2010) and also
strengthened moisture transport from the subtropical
North Atlantic (Giannini et al. 2013; Dong and Sutton
2015). The present increase in precipitation over the
Sahel is, however, not a simple recovery to the former
wet state: the characteristics of rainfall have also
changed, becoming more intense and intermittent.
According to Panthou et al. (2014, 2018) the number
of rainy days per year is still below average, implying
that there has been an increase in severe rainfall
events. It should be noted that the increase in rainfall
has not occurred uniformly over West Africa; for ex-
ample, rainfall decreased somewhat over the Guinea
coastal region (Odoulami and Akinsanola 2018).

As hydrological changes have a major impact on
human activity in West Africa (Sultan and Gaetani
2016), a number of studies have investigated precipi-
tation at the surface, as documented in review papers

(Rodriguez-Fonseca et al. 2011; Biasutti 2019). These
studies have demonstrated the important role of sea
surface temperatures (SSTs) with respect to the last
drought over the Sahel (Folland et al. 1986; Mohino
et al. 2011; Rodriguez-Fonseca et al. 2015). The inter-
annual variation of rainfall is also related to the phase
of El Nifio—Southern Oscillation (ENSO; Janicot et al.
2001; Diakhaté et al. 2019; Hart et al. 2019). How-
ever, state-of-the-art climate models still struggle to
reproduce precipitation variability and trends in West
Africa through the historical period, which is mainly
due to their low skill in simulating the observed SST
teleconnections (Rowell 2013).

Taylor et al. (2017; hereafter referred to as T17)
demonstrated that the occurrence frequency of me-
soscale convective systems (MCSs) with a cloud top
temperature (CTT) of less than —70°C has tripled
since the mid-1980s, whereas more common MCSs
with CCT up to —40°C have increased only moderate-
ly in frequency. They investigated the role of recent
Saharan warming, enhanced wind shear, and changes
in the properties of the Saharan Air Layer as drivers of
MCS intensification. Further evidence supporting the
important role of enhanced meridional temperature
gradients in deepening MCSs has subsequently been
presented for the wider tropical North African region
(Taylor et al. 2018; Klein and Taylor 2020; Klein et al.
2020). The increase in the number of cold cloud top
MCSs can be related to the increase in extreme rain-
fall events over the Sahel (Klein et al. 2018). It should
be noted that an air temperature of —70°C roughly
corresponds to the 140-hPa level at the bottom of the
TTL. This suggests the possible role of TTL processes
in the recent precipitation increase over the Sahel. In
the present study, we demonstrate the importance of
TTL processes for explaining this rainfall recovery
and show that the atmospheric circulation associated
with the precipitation increase is somewhat different
from the accepted paradigm based on the transport of
water vapor from the ocean (Druyan and Koster 1989;
Pu and Cook 2012; Giannini et al. 2013).
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Fig. 1. (a) Climatological mean surface precipitation over West Africa during JAS and (b) its linear trend over the

period 1979-2018. (c, d, and e) Time series of JAS mean precipitation averaged over (c) the Sahel, (d) the Guinea
Coast, and (e) West Africa. Straight lines and numbers indicate linear trend (mm/day/decade). Regions within West
Africa are indicated by dotted lines within the brown box in (a). Contours with dotted lines indicate topography of

500 m.

2. Data

We make use of monthly mean meteorological
reanalysis data by the Japan Meteorological Agency,
JRA-55 (Kobayashi et al. 2015), during the period
of satellite observation era after 1979. For this study,
we defined climatology as the 40-year mean for the
period of 1979-2018 (unless stated otherwise), and
the standard deviation was also calculated over this
period.

Analysis of the surface precipitation was conducted
using the Global Precipitation Climatology Project
(GPCP) monthly mean data version 2.3 (Adler et al.
2003). Extreme deep convection, such as tropical
overshooting clouds (COV) that penetrate beyond
the level of neutral buoyancy and overshoot into the
TTL, was identified using the diagnostics developed
by Hong et al. (2005). These diagnostics are based on
the differences in brightness temperature measured

by three high-frequency channels of the advanced
microwave sounding unit (AMSU) or the microwave
humidity sensor (MHS) for the period of 2001-2018
(Funatsu et al. 2016). This is similar to the approach
used by Kodera et al. (2019). We compared our results
with the occurrence frequency of MCSs over the Sahel
obtained by T17.

3. Results

The changes in precipitation during the summer
monsoon season [July, August, and September (JAS)]
from the 1980s to the present have not occurred ho-
mogeneously over West Africa (Fig. 1). Precipitation
increased over the Sahel (15°W—-20°E, 12.5—-17.5°N;
Fig. 1c), but decreased over the Guinea Coast (15°W—
20°E, 2.5-7.5°N; Fig. 1d), as also reported by Odou-
lami and Akinsanola (2018). In fact, surface precipita-
tion does not show a clear trend when averaged over
the whole of West Africa (15°W-20°E, 2.5—17.5°N;
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Fig. 2. Climatology for JAS. Horizontal divergence at (a) 125, (b) 300, and (c) 925 hPa. (d) Frequency of convec-
tive overshooting. (e) Equivalent potential temperature at 925 hPa. Contours with dotted lines indicate topography

of 500 m.

Fig. le).

In fact, convective activity strongly varies within
West Africa during the monsoon season; e.g., broad
stratiform clouds frequently occur over the coastal
region, whereas extreme deep convection is common
further inland (Zuluaga and Houze 2015). A decreas-
ing precipitation trend is particularly pronounced
over the coastal regions west of the Guinea Highlands
and South Cameroon Plateau (Fig. 1b). Over these
elevated terrains, convergence of the air from the
ocean (Fig. 2¢) results in heavy precipitation (Fig. 1a).
As the convection over the coastal region is generally

not deep enough to penetrate into the TTL, uplifted
air diverges in the upper troposphere (Fig. 2b). An
increasing precipitation trend is observed in regions of
high equivalent potential temperature near the surface
(Fig. 2e), where extreme deep convective clouds with
overshooting tops occur (Fig. 2d). This extreme deep
convection is also evident in the large horizontal di-
vergence at higher levels in the TTL (Fig. 2a).

These results suggest that the regional differences
in recent precipitation trends (Fig. 1b) may arise
from the difference in the structure of convection. In
particular, precipitation increased where extreme deep
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convection frequently occurs but decreased where
convection is relatively shallow. This implies the im-
portant role of the depth of convection in precipitation
changes over the last few decades.

We now focus on the Sahelian region. The time
series shown in Fig. 1c is also shown in Fig. 3a. Large
interannual variations are superimposed over the
increasing precipitation trend. The red dots and black
crosses indicate the maxima and minima, respectively,
in the interannual variations. The first thing to eluci-
date is whether the decadal trend is produced by the
same processes causing the year-to-year variability.
To investigate this, we conducted composite analysis
of the standardized anomalies, i.e., anomalies normal-
ized using the standard deviation of the interannual
variation. For the composite means of the year-to-year
variation, the 8 largest positive deviations in precip-
itation above the linear trend line (wet years: 1980,
1986, 1988, 1994, 1999, 2003, 2010, and 2012) and
the same number of precipitation minima below the
linear trend line (dry years: 1984, 1987, 1990, 1997,
2002, 2004, 2011, and 2014) were selected.

The composite differences between the dry and wet
years are indicated in the left-hand panels of Fig. 3,
and the composite differences between two 19-year
periods, 2000—-2018 and 1979—1997, are shown in the
right-hand panels. Naturally, we can see an increase
in the precipitation over the Sahel in both cases, al-
though the contrast between increased precipitation in
the Sahel and decreased precipitation over the Guinea
Coast is more pronounced in the decadal changes
(Fig. 3c). The relationship between moisture flux and
precipitation over Africa has been studied. Significant
differences in environmental conditions are observed
from the zonal moisture flux in the lower troposphere
(Fig. 3c). The anomalous zonal moisture flux at 850
hPa extends from the Atlantic Ocean over the African
continent during the wet years. This feature is consis-
tent with the feedback process proposed by Rowell
(2003), whereby precipitation increases over the Sahel
due to a teleconnection from remote oceans, which
induces stronger westerlies over the Atlantic Ocean,
thus transporting more water vapor over the continent
and further increasing precipitation over the Sahel.
However, the decadal changes indicate a weaker con-
nection between the moisture flux from the oceanic
sector (Fig. 3f). The occurrence of wet and dry years
corresponds well to years of large and small eastward
moisture flux, respectively, driven by zonal wind over
the Atlantic Ocean (Fig. 7c). The decadal change in
water vapor flux rather shows a meridional seesaw
between the Sahel and Guinea Coast. Thus, the overall
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change in Western Africa is small, consistent with
the insignificant trend in precipitation averaged over
Western Africa (Fig. 1b). We note that some of the wet
years (1988, 1999, and 2010) correspond to La Nifia
years, whereas some of the dry years (1987, 1997, and
2002) correspond to El Niflo years. This suggests the
possible role of ENSO variability in influencing the
decadal trend. However, Pomposi et al. (2020) found
minor influence of ENSO variability in the recent
precipitation trend in West Africa.

Increased precipitation induces upwelling in the
atmosphere. The year-to-year variability suggests
that this response is limited mainly in the troposphere
(Fig. 3d). However, the decadal changes indicate that
upwelling generally increases in the TTL, except for a
region of suppressed tropospheric upwelling over the
West African coast. In the following, we investigate
why the decadal changes in vertical velocity differ
between the Sahel and the Guinea Coast.

The evolution of the JAS mean anomalous tem-
perature and pressure vertical velocity (@) over West
Africa is illustrated in Fig. 4. The amplitude of ver-
tical velocity is shown relative to the climatological
value, @y, as (©/dy,) % 100. The black and red
contours indicate ratios greater and less than 100 %,
respectively. Although there is no clear trend in the
surface precipitation averaged over West Africa (Fig.
le), trends are evident in the temperature and vertical
velocity in the TTL. In particular, the temperature de-
creased by more than 2 K over this time period, while
the vertical velocity increased fourfold from 50 % to
200 % around 150—100 hPa. A decreasing trend in the
upwelling in the troposphere is also seen in associa-
tion with the tropospheric warming trend.

The evolution of the temperature and horizontal
divergence are presented in Figs. 5a and 5b for the
Sahel and Guinea Coast, respectively. The vertical
velocity in both regions is shown in Figs. 5¢ and 5d.
Cooling trends in the lower stratosphere and TTL are
observed in both regions. The divergence field indi-
cates that convection over the Sahel reaches the TTL.
It should be noted that cooling in the TTL can enhance
deep convective activity, consistent with that found in
a study on a sudden stratospheric warming (SSW) in
January (Eguchi et al. 2015). Contrarily, because con-
vection over the Guinea Coast is not very deep, there
is a clear separation between the upwelling above
and below the 150-hPa level. Accordingly, although
cooling and upwelling trends are observed in both
the lower stratosphere and TTL, tropospheric vertical
velocity does not show an increasing trend over the
Guinea Coast.
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Fig. 3. (a) Time series of JAS mean surface precipitation over the Sahel from GPCP. Red dots and black crosses
indicate wet and dry summers, respectively. (b—d) Composite mean differences between wet and dry summers: (b)
surface precipitation, (c) standardized anomalous zonal moisture flux at 850 hPa, and (d) standardized anomalous
pressure vertical velocity over the West African sector (15°W—20°E). (e, f, g) As (b, ¢, d) except the differences
were calculated between two 19-year periods; 2000—-2018 and 1979—1997 indicated by two arrows in (a).
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Fig. 6.

(a) Meridional cross-section of standardized mean JAS 2000—2018 anomalies over the West African sector

(15°W-20°E). Temperature is shown by color shading, and pressure vertical velocity are shown by contour lines
(positive by solid lines, and negative by dashed lines). Climatology of the horizontal divergence is shown by dot-

ted lines. Contours are for 1, and 2 x 10°° s

. (b, ¢) Standardized JAS mean COV occurrence frequency from 2001

to 2018 over (b) the Sahel and (c) the Guinea Coast. These two regions are indicated by the arrows along the x-ax-
is of (a). Blue dashed lines in (b) indicate the standardized JAS mean MCSs with a CTT below —70°C from T17

(same as in Fig. 7a).

Latitudinal differences between the two regions can
be clearly seen in the meridional cross section of the
JAS mean standardized temperature and vertical ve-
locity anomalies shown in Fig. 6. Although cooling in
the TTL occurred over a range of latitudes, upwelling
in the troposphere was enhanced over the Sahel, but
suppressed over the Guinea Coast.

The widespread cooling over the regions of both
increasing and decreasing convections suggests that
lower stratospheric temperatures are driving changes
in convection and are not a simple response to con-
vective activity (Holloway and Neelin 2007). This
leads to a working hypothesis that the cooling in the
TTL mainly impacts those regions where upwelling
extends from the upper troposphere to the TTL (i.e.,
about 200140 hPa), as indicated by the climatologi-
cal divergence field (dotted lines).

Figures 6b and 6¢ show the evolution of standard-
ized COV frequencies during the period of 2001—
2018. The mean occurrence frequency of COV over
the Sahel is 4.4 %o, which is four times as large as
that over the Guinea Coast. There is an increasing
trend superimposed on the year-to-year variability in

the COV occurrence frequency over the Sahel, which
matches the evolution of MCSs with a CTT of less
than —70°C reported by T17. In fact, the increase
in MCSs over the Sahel had already began in the
1980s, as is presented in Fig. 7. Contrarily, the COV
occurrence frequency over the Guinea Coast exhibits
a decreasing trend.

We also compared the time series of the horizontal
divergence at 125 hPa over the Sahel with the occur-
rence frequency of MCSs with a CTT below —70°C
obtained by T17. It should be noted that the clima-
tological air temperature around 125 hPa is about
—75°C. As expected, not only is the large increasing
trend common to both properties, some in-phase in-
terannual variability is also seen, with the correlation
coefficient () between the two being 0.87. The cor-
relation coefficient between the detrended time series
of divergence and MCS is 0.47 and is still statistically
significant for 35-year data (Fig. S1). It is noted,
however, that good correlation comes from the late
period, when very cold MCSs became more frequent.
It should also be noted that the vertical temperature
gradient in the TTL (i.e., the temperature difference
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Fig. 7. Time series of JAS mean standardized anomalies. (a) Horizontal divergence at 125 hPa (brown lines), occur-
rence frequency of MCSs with a CTT below —70°C (blue lines), and anomalous temperature differences between
125 hPa and 175 hPa (black dotted lines). (b) Horizontal divergence at 200 hPa (brown lines), MCSs with a CTT
below —40°C (blue lines), and surface precipitation (black dotted lines). (¢) Horizontal divergence at 250 hPa
(brown lines) and anomalous zonal wind over the Atlantic Ocean (10—15°N, 30—15°W) at 925 hPa (black dotted
lines). The correlation coefficients between the divergence and other variables are indicated on the top of each
panel. Vertical lines indicate peak years in the year-to-year variability of surface precipitation in Fig. 3a.

between 125 hPa and 175 hPa) shows a decreasing
trend, i.e. destabilization.

In the case of the divergence at the top of the tro-
posphere at 200 hPa, we observed a good correlation
(r = 0.78) between MCSs with a CTT below —40°C
(Fig. 7b). It was noted in T17 that precipitation over
the Sahel region is better correlated with the more
common MCSs (CTT < —40°C; r = 0.88) than the
extremely cold MCSs. Increasing trends at the top of
the troposphere are less pronounced than those in the
TTL due to the large interannual variability, especially
prior to 2000. Peaks in the year-to-year variability of
horizontal divergence become more prominent at a
lower level. The divergence at 250 hPa correlates well
(r = 0.77) with the near-surface zonal wind velocity
over the Atlantic Ocean west of Africa (10—15°N,
30-15°W) (Fig. 7c). This is consistent with the anal-
ysis in Fig. 3d that the variation of the moisture flux
from the ocean produces large year-to-year variability

in the upwelling within the troposphere.

Seasonal differences in the spatial structure of
temperature and vertical velocity in the West African
sector are shown in Fig. 8. West African monsoon
evolves during the summer: the landing of the rain belt
on the coast occurs in May—June, and the actual Sahe-
lian rain season occurs in July—September. The recent
decadal change in the temperature field shows very
similar feature throughout the early and late summer
with cooling in the stratosphere and warming in the
troposphere (Figs. 8a, c), although the active center
of the convection shifts northward in mid-summer
from the coastal region to over the continent (contours
in Figs. 8b, d). This suggests that the change in the
temperature in the lower stratosphere does not reflect
local convective activity.

Recent decadal changes in the vertical velocity in
early summer (May—June) resulted in the suppression
of upwelling in the troposphere in association with the
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20°E) between 2000 and 2018: (Top) May—June and (Bottom) July—August. (a, ¢) Air temperature, (b, d) pressure
vertical velocity. Climatological pressure vertical velocity is shown by contours for —0.01, —0.04, and —0.07 Pas™'

in (¢) and (d).

warming there, but upwelling in the TTL enhanced
in association with cooling in the TTL and the lower
stratosphere. An increasing trend in the upwelling
is also evident near the surface around the southern
edge of the Sahara Desert, which is associated with a
large warming near the surface. The active center of
convection shifts northward over land according to the
seasonal march in mid-summer (July—August) (Figs.
8c, d). Deep convection in mid-summer becomes
deeper and shifts northward in recent decades.

4. Discussion and conclusions

The recent precipitation trends in West Africa
during the summer monsoon season differ according
to the regional characteristics of convective activity.

There is an increasing precipitation trend over the
Sahel where extreme deep convection develops,
whereas a decreasing precipitation trend is evident
over the Guinea Coast where convection is relatively
shallow (Figs. 1, 2). These trends support the find-
ings of previous studies (Odoulami and Akinsanola
2018; Biasutti 2019). However, surface precipitation
averaged over the entire West African region shows
no clear trend (Fig. le), suggesting that the change in
the total amount of water vapor transported over West
Africa may not be essential for the recent decadal
changes.

The different precipitation trends observed over the
Sahel and Guinea Coast can be interpreted as a result
of the differences in the depth of convective clouds
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in the two regions. Penetrating deep convection over
the Sahel is susceptible to temperature changes in the
TTL and thus increases in response to TTL cooling.
Contrarily, convective activity over the Guinea Coast
is not influenced by cooling in the TTL but rather
suppressed by warming in the troposphere.

Although an increasing decadal trend in summer
precipitation exists over the Sahel, there is also sub-
stantial year-to-year variability, which may be driven
by the transport of water vapor from the Atlantic
Ocean (Fig. 3). Modulation of the upward velocity by
this year-to-year variability in precipitation is limited
to the troposphere. Contrarily, circulation changes
related to the recent decadal trends are observed in the
TTL. This suggests that the recent trends in circulation
are driven by processes other than those producing the
year-to-year variability in the tropospheric circulation.

Variations in the lower stratospheric temperature
are similar between the Sahel and Guinea Coast (Fig.
5). However, in the Sahel, upwelling produced by
convection is connected to the lower stratospheric cir-
culation, whereas over the Guinea Coast, tropospheric
upwelling is decoupled from the stratosphere. In the
present analysis, we assumed that the horizontal diver-
gence in the upper troposphere and TTL is related to
detrained air around the cloud top in deep convection.
This relationship was verified through a comparison
of the horizontal divergence with the occurrence fre-
quency of MCSs (Fig. 7).

Panthou et al. (2018) noted that the recent decadal
increase in precipitation over the Sahel is by no means
a recovery to the former wet period, but rather a shift
to more intermittent and extreme rainfall regime.
Convective clouds with extremely high tops generally
produce extreme precipitation (Zhou et al. 2013;
Kim et al. 2018; Klein et al. 2018). Thus, the recent
increase in intense precipitation over the Sahel is
likely to be related to an increase in the frequency of
extreme deep convection. The most notable change
in mid-summer is the increased upwelling in the TTL
over the Sahel. This enhanced Sahelian upwelling may
be connected with that over the Sahara, as discussed
in T17, but it could also be caused by the increase in
extreme deep convection penetrating to the TTL.

Increases in greenhouse-gas levels have resulted in
recent tropospheric warming, but the effects are not
limited to the troposphere. The indirect effects gen-
erated via the enhanced Brewer—Dobson circulation
and resultant ozone decrease have caused the lower
tropical stratosphere to cool, which has, in turn, led to
a decrease in vertical static stability in the TTL (Lin
et al. 2017). The intensification of extreme deep con-
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vective activity over the Sahel in July and August in
recent decades is associated with cooling in the lower
tropical stratosphere and TTL. It has been said that the
effect of global warming on precipitation is that “wet
gets wetter” (Held and Soden 2006); however, in that
analysis, the depth of convection was not considered.
What we observe over West Africa is rather that “deep
gets deeper”.

It is difficult to use statistical methods to demon-
strate a causality between two variables exhibiting
large trends, such as the vertical temperature gradient
and divergence in the TTL (» = 0.72) in Fig. 7a. Over
intraseasonal timescales, a causal relationship between
the tropical stratospheric temperature and deep con-
vection was demonstrated using large ensemble ex-
periments focusing on the September 2009 SSW event
(Noguchi et al. 2020). Careful inspection of their Fig.
4b over the African region reveals that precipitation
over Sahel increases, while that over the Guinea Coast
decreases following a cooling in the TTL, similar to
the present study, as shown in Fig. 1b.

This model study supports a physical relationship
between the temperature variation in the tropical
lower stratosphere and deep convective activity that
penetrates the TTL. In this study, we used the vertical
velocity and divergence data from the JRA-55 reanal-
ysis. However, vertical velocity is not an observable
variable and strongly depends on the model (i.e., the
cumulus parameterization) used for the reanalysis.
This is especially true in the TTL, where there is little
observational data available. The preliminary analysis
of the European Centre for Medium-Range Weather
Forecasts reanalysis data (ERAS) in Western Africa is
shown in the supporting material (Fig. S2). There is
good agreement between JRA-55 and ERAS in terms
of air temperature at 100 hPa. Although sufficient
agreement in vertical velocity is observed over the
Guinea Coast, pressure vertical velocities at 150 hPa
disagree over the Sahel: no trend is detected in ERAS.
Discrepancies are especially large along a zone in
frequent COV. It should be noted that the horizontal
divergence of JRA-55 agrees quite well with a number
of MCS of TCC < —70°C (Figs. 7a, S1). It should also
be noted that the trend in surface precipitation over the
Sahel is completely missed in ERAS, whereas that in
JRA-55 is exaggerated (Quagraine et al. 2010). This
could be due to a problem of a parameterization of the
cumulus convection over land in the model used for
reanalysis. This is a key aspect for the understanding
of the TTL role in driving deep convection in the
Sahel and the tropics and should be investigated more
in detail in future studies.
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Supplements

Figure S1: (a) Time series of JAS mean standard-
ized anomalies for horizontal divergence at 125 hPa
(brown lines), occurrence frequency of MCSs with
CTT below —70°C (blue lines) same as in Fig. 7a. (b)
Same as (a), but for the detrended time series. Cor-
relation coefficients between the two variables are 0.87
for (a) and 0.47 for (b) based on the 35-year data.

Figure S2: Comparison between JRA-55 and ERAS
reanalyses. (a) JAS mean air temperature at 100 hPa
over Sahel (10—20°N, 0-20°E) from 1979 to 2020.
Red and blue lines are for ERAS and JRA-55 re-
analyses, respectively. (b) Same as in (a), except for
pressure vertical velocity at 150 hPa (w150). (¢ and d)
Same as (a and b) except for over Guinea Coast (0—
10°N, 0-20°E). Equatorial temperature variation
related with the stratospheric QBO is visible in (c). (e)
Difference in spatial structure of seasonal difference
in anomalous w150 from climatology between ERAS
and JRA-55 during recent decades (JAS 2000—2020
mean). Difference is large where extreme deep con-
vection is frequent (c.f. Fig. 2). Climatology is JAS
1981-2010. Images are provided by the NOAA-ESRL
Physical Sciences Laboratory, Boulder Colorado from
their Web site at https://psl.noaa.gov/.
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