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Abstract
The Congo Basin situated in equatorial Africa is home to the second largest rainforest on the globe and plays an important 
role in the Earth’s climate system. For instance, the Congo is one of the most convective regions in the world and enhances 
the tropical large-scale circulation. Although tropical convection is crucial for rainfall and the sustenance of the rainforest, 
the most intense thunderstorms do not necessarily produce the largest amounts of rainfall over equatorial Africa. Aiming 
to better understand the decreasing rainfall trend over the Congo, trends in thunderstorm intensity from 1983 to 2018 are 
analyzed in this paper using the Gálvez-Davison index (GDI), i.e., a thermodynamic index used to measure thunderstorm 
potential. Consistent with previous studies, thunderstorm activity increased during all seasons over the Congo. The GDI 
suggests that the increasing trends in thunderstorm activity are attributable to an increase in hydrostatic instability. More 
specifically, the GDI shows that (1) an increase of cold troughs at 500 hPa, (2) an increase in the temperature gradient 
between 700 and 950 hPa, and (3) a decrease of the equivalent potential temperature ( �

e
 ) gradient with height collectively 

act to promote taller, more intense thunderstorms. This study concludes by proposing feedback mechanisms explaining the 
intensification of thunderstorms. The mechanisms highlight the cooling and moistening of the mid-troposphere, drying and 
warming at the surface and lower troposphere, and a decrease in vertical stability and convective inhibition. These factors 
may act to re-enforce the drying trend which has stressed the Congo rainforest over the past 40-years.

Keywords Congo rainforest · Gálvez-Davison index · Rainfall · Thermodynamic stability · Tropical thunderstorms

1 Introduction

Most of the precipitation in the tropics stems from convec-
tive rainfall (Dai 2006). Naturally, the majority of the rainfall 
over the Congo Basin located in equatorial central Africa 
originates from deep convection and mesoscale convective 
systems (Jackson et al. 2009). The Congo Basin, Amazonia, 
and the Indonesian maritime continent form the three most 
convective regions on the globe and enhance the large-scale 
tropical circulation (Zipser et al. 2006; Raghavendra et al. 
2019). In fact, thunderstorms over the Congo are typically 
stronger and more intense when compared to other equa-
torial regions like Amazonia or Indonesia. In spite of its 

smaller size, the Congo is characterized by the second larg-
est latent heating rate from convection after the Indonesian 
maritime continent (Washington et al. 2013). Equatorial 
Africa is also associated with the greatest annual mean light-
ning flash rate, having a higher frequency in thunderstorm 
occurrence and mean flash rate than the rest of the deep trop-
ics (Christian et al. 2003). However, despite the Congo’s for-
midable convection heating rate, thunderstorm intensity and 
lightning activity, the second largest rainforest in the world, 
i.e., the Congo Basin, receives less rainfall than Amazonia 
or Indonesia (Adler et al. 2017). The reduced availability of 
rainfall exasperates the Congo rainforest’s vulnerability to 
droughts when compared to other major rainforests (Zhou 
et al. 2014). On a concerning note, trends in the mean rain-
fall, forest greenness, and dry season length over the Congo 
Basin indicate a long-term and large-scale drying trend 
(Zhou et al. 2014; Jiang et al. 2019).

In order to understand rainfall variability and to identify 
potential drivers for the well-documented decrease in rainfall 
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over the Congo, there exists a crucial need to understand 
deep convection. This emphasizes the need to investigate 
recent trends in thunderstorm activity over the Congo Basin. 
Despite the decrease in rainfall rates in the Congo Basin, 
Raghavendra et al. (2018) found an increase in number, 
size and intensity of thunderstorms over the time period of 
1982–2016 during April, May, and June (AMJ), using sat-
ellite data. These results were later complemented by other 
studies which point to a general increase in thunderstorm 
activity over the Congo Basin throughout the year (e.g., Tay-
lor et al. 2018; Hart et al. 2019; Raghavendra et al. 2019). 
This seemingly unintuitive relationship between increas-
ing thunderstorm activity and decreasing rainfall over the 
Congo may be reconciled by Hamada et al. (2015), who 
demonstrated a weak relationship between thunderstorm 
intensity and rainfall. However, specific physical mecha-
nisms explaining the complex relationship between tropical 
deep convection, surface rainfall, and an increase in thunder-
storm activity over the Congo have only been incompletely 
identified. One explanation given for the observed increase 
in thunderstorm activity over the Congo Basin includes an 
increase in horizontal wind shear attributed to an increas-
ing temperature contrast between the equator and northern 
Africa (Taylor et al. 2018).

Thermodynamic stability of the atmosphere is a key 
ingredient which determines the potential and intensity for 
atmospheric convection. Often, thermodynamic indices are 
collectively used to assess the stability of the atmosphere. 
Although stability indices have been widely used to fore-
cast thunderstorms (e.g., Haklander and Van Delden 2003; 
Jayakrishnan and Babu 2014), Gálvez and Davison (2016) 
found that traditional stability indices often lack skill when 
attempting to predict tropical convection since the processes 
driving convection differ between the tropics and the extra 
tropics, and stability plays a different role in the develop-
ment of moist convection. Quantifying tropical convection 
can be challenging since the skill of traditional stability 
indices like the Lifted-Index (LI), K-Index (KI), Showalter-
Index (SI) or convective available potential energy (CAPE) 
in predicting deep convection is limited for the tropics (Uma 
and Das 2019).

In the mid-latitudes, convection can be triggered by 
dynamic processes (e.g., frontal systems). However, 
tropical convection depends more on column stability and 
thermodynamic processes since dynamical processes are 
usually weak. Aiming to improve forecasts for tropical 
convection, the Gálvez-Davison Index (GDI) was devel-
oped by the NOAA Weather Prediction Center (WPC) in 
2014, focusing on thermodynamic processes more than on 
dynamical processes (Gálvez and Davison 2016). Miller 
et al. (2019) utilized the GDI and other stability indices to 
forecast rainfall in Puerto Rico and found that CAPE, the 
KI and Total Totals had very little skill when compared to 

the GDI. Since the GDI is a relatively new index, follow-
up studies are limited in numbers. In this study, the GDI 
and its sub-indices are utilized to investigate the increas-
ing trends in thunderstorm activity over the Congo dur-
ing different seasons, and thus providing a perspective to 
understand thermodynamic characteristics of thunderstorm 
as well as profound indications of changes in thunderstorm 
activity. The physical processes influencing the GDI trends 
are later diagnosed in order to gain a better understanding 
about the increasing trend in a thunderstorm activity and 
decreasing trend in rainfall over the Congo.

2  Data

This study focuses on the Congo Basin, which is defined 
as the area from 5° N–5° S and 12° E–25° E. All four 
seasons, i.e., December, January, February (DJF), March, 
April, May (MAM), June, July, August (JJA) and Septem-
ber, October, November (SON) were examined. MAM and 
SON are the two wet seasons and DJF and JJA are the two 
dry seasons (Pokam et al. 2012; Dyer et al. 2017), where 
dry seasons in the tropics represent yearly periods with 
low amounts of rainfall, which coincide with the seasonal 
shift of the tropical rain belt (Nicholson 2018; Jiang et al. 
2019). Two different datasets were used in this study, i.e., 
a satellite and reanalysis dataset.

2.1  GridSat‑B1 satellite data

Infrared (IR) channel brightness temperature  (Tb) from 
the Gridded Satellite (GridSat-B1) dataset sampled by the 
European Meteosat (MET) series of geostationary satel-
lites, available from 1981–present (Knapp 2008; Knapp 
et al. 2011), was used in this study. The GridSat-B1 dataset 
was created by remapping and merging the International 
Satellite Cloud Climatology Project (ISCCP) B1 data onto 
0.07° × 0.07° grids using nearest-neighbor sampling at a 
3-h temporal resolution. The GridSat-B1 dataset provides 
a uniform set of quality controlled geostationary satel-
lite observations for the visible (0.7 μm), infrared win-
dow (11.0 μm) and infrared water vapor (7.7 μm) chan-
nels. However, only the IR channel  Tb has received more 
extensive inter-satellite calibration and is thus identified 
as a Climate Data Record (NRC 2004). Raghavendra et al. 
(2020b) reported large volumes of missing data between 
1982 and 1985 in the GridSat-B1 data record. However, 
 Tb from 1983 to 2018 was used in this study since seasonal 
means were used, and missing data is occurring in smaller 
chunks.
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2.2  ERA‑Interim reanalysis data

The ERA-Interim dataset (ERA-I; Dee et al. 2011) was used 
to obtain atmospheric temperature and specific humidity at 
950 hPa, 850 hPa, 700 hPa and 500 hPa, and zonal (u) and 
meridional (v) wind at 850 hPa and 500 hPa at a 0.7° × 0.7° 
spatial resolution. Although reanalysis products other than 
the ERA-I dataset could have been utilized for this study, the 
lack of surface observations and radiosonde networks over 
the Congo Basin makes it challenging to identify the most 
accurate reanalysis dataset (Washington et al. 2013; Hua 
et al. 2019). However, the bias and the root-mean-square 
error associated with the ERA-I wind field is found to be 
comparable to other reanalysis datasets and therefore the 
ERA-I dataset is found to be adequate for this study (Hua 
et al. 2019).

The ERA-I dataset was produced by the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF) using 
the Integrated Forecast System (IFS) release Cy31r2 which 
was used for operational forecasting between 12 Decem-
ber 2006 and 5 June 2007 (Dee et al. 2011). Since the GDI 
was developed for the operational analysis and forecasting 
of tropical convection, the atmosphere needs to be evalu-
ated before convection has occurred. Over the Congo Basin, 
thunderstorm activity is strongly influenced by the tropical 
diurnal cycle (Yang and Slingo 2001) and convection usually 
peaks between 15:00 and 18:00 UTC. Therefore, monthly 
mean data at 12:00 UTC was used from the ERA-I reanalysis 
dataset for all calculations to evaluate thunderstorm activity 
at 15:00 UTC using satellite observations from the GridSat-
B1 data. The ECMWF forecast model is regarded as one of 
the most accurate numerical weather prediction model in 
the meteorological model community (Buizza et al. 2005; 
Wedam et al. 2009; Perez et al. 2010), therefore the ERA-I 
reanalysis dataset is also likely to be the best reanalysis data-
set choice for this study due to the 3-h lag in evaluating the 
reanalysis data (atmospheric variables) and satellite observa-
tions (thunderstorm activity).

2.3  Dataset limitations

The GridSat-B1 dataset was derived from more than 30 
geostationary satellites (Knapp 2008) and the data covering 
the Congo Basin was sampled by the European Meteosat 
(MET) series of geostationary satellites (MET 2–10) that 
provide excellent coverage over Central Africa (Raghav-
endra et al. 2018). Despite improved data processing and 
inter-satellite calibrations (Knapp 2012), the possibility that 
long-term trends estimated from the GridSat-B1 may suffer 
from biases associated with inter-satellite calibrations, satel-
lite view zenith effects, gaps in coverage, and differences in 
instrument spectral response functions cannot be excluded 

(Knapp 2016). Therefore, higher-quality datasets and mod-
eling work will be included in future studies.

Differences and uncertainties among different reanalysis 
products, climate model simulations and satellite derived 
datasets over the Congo Basin (Diem et al. 2014; Hua et al. 
2019), and the lack of observations to validate the model 
outputs and reanalysis data (Washington et al. 2013; Als-
dorf et al. 2016) represent a major challenge for scientific 
studies over the Congo. A limitation of this study therefore 
includes the poor correlation between different observation 
and reanalysis datasets over the Congo Basin, especially for 
moisture fields (Lee and Biasutti 2014). The fact that only 
one reanalysis dataset was used represents another limita-
tion of this study. But, the data requirements for the analysis 
performed for this study are very specific, i.e., daily data at 
12:00 UTC for specific pressure levels at a fine resolution. 
Therefore, only one reanalysis dataset was analyzed.

3  Methods

3.1  Thunderstorm detection

In order to evaluate thunderstorm activity and trends using 
satellite data, low  Tb values (e.g.,  Tb < − 50 °C) were used 
to detect cold cloud top temperatures, which may be used to 
quantify thunderstorm spatial extent and intensity. The lower 
the  Tb, the deeper the convection and the stronger the inten-
sity of the storm (Raghavendra et al. 2018). In order to detect 
intense thunderstorms over the Congo, cold cloud fraction 
with  Tb between − 50 and − 70 °C was estimated from the 
re-gridded GridSat-B1 data by calculating the percentage 
(%) of pixels with  Tb between − 50 and − 70 °C within each 
0.98° × 0.98° grid.

3.2  The Galvez‑Davison index (GDI) its sub‑indices

The GDI was calculated as a measure of thunderstorm 
potential over the Congo Basin. It consists of three different 
sub-indices analyzing different physical processes and a ter-
rain correction, and is calculated as follows:

where the three sub-indices are the Column Buoyancy Index 
(CBI) considering the availability of heat and moisture in the 
middle and lower troposphere, the Mid-Tropospheric Warm-
ing Index (MWI) considering stabilizing and destabilizing 
effects of mid-level ridges and troughs, and the Inversion 
Index (II) considering entrainment of dry air and stabiliza-
tion associated with trade wind inversions. There is also an 
optional terrain correction (TC) that can be added. GDI val-
ues range from around − 20 to + 45, indicating the thunder-
storm potential. GDI values of − 20 indicate fair conditions 

(1)GDI = CBI +MWI + II + TC
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and shallow convection producing very light, isolated rain. 
GDI values around + 45 indicate a high potential for scat-
tered to widespread thunderstorms.

In order to calculate the GDI and its sub-indices, tem-
perature and specific humidity at four vertical levels, i.e., 
950 hPa, 850 hPa, 700 hPa, and 500 hPa were obtained from 
the ERA-I data. Those four vertical levels are used to define 
three layers, i.e., A, B, and C. A evaluates the conditions at 
950 hPa, B evaluates the conditions averaged over 850 hPa 
and 700 hPa, and C evaluates the conditions at 500 hPa 
(Gálvez and Davison 2016). Specific humidity and tempera-
ture data was used in order to obtain relative humidity for 
each level (Bolton 1980; Brock and Richardson 2001). The 
formulas used to derive mixing ratios (r), potential tempera-
ture ( � ), and equivalent potential temperature ( �e ) proxies for 
each layer (Betts and Dugan 1973; Bolton 1980; Gálvez and 
Davison 2016), which are needed to calculate the GDI, are 
documented in AppendixA.

3.3  Column buoyancy index (CBI)

The CBI analyzes moisture availability and temperature of 
the layers A and C by calculating the �e of those layers. The 
CBI is an enhancement factor and produces positive values. 
It is the only sub-index of the GDI producing positive val-
ues. The higher the CBI is, the larger is the potential for deep 
convection. Deep convection is characterized by a warm and 
moist mid tropospheric layer (ME) which is being reinforced 
by a warm and moist layer in the lower troposphere (LE). A 
high CBI therefore indicates the presence of a deep moist 
layer, leading to deep convection and potential heavy rain-
fall. The CBI is calculated as follows:

where � = 303 K is an empirical constant, which is used to 
set a lower boundary for the availability of heat and moisture 
in the boundary layer, and � = 6.5 × 10−2  K−1 is an empiri-
cal scaling factor used to obtain values comparable to the 
relatively better-known K-Index (Gálvez and Davison 2016).

3.4  Mid tropospheric warming/stabilization index 
(MWI)

By calculating the temperature of layer C, the MWI con-
siders mid tropospheric stabilization induced by warm 
ridges and destabilization by cold troughs. The MWI is an 

(2)ME = �e(C) − �

(3)LE = �e(A) − �

(4)CBI =

{
𝛾 × LE × ME, LE > 0

0, LE ≤ 0

inhibition factor producing negative values. If temperatures 
are higher than the threshold � = 263.15 K, MWI values 
are negative, indicating strong inhibition of convection and 
stabilization of the layer by a warm ridge. The MWI is cal-
culated as follows:

where � = −7  K−1 is an empirical scaling factor which 
introduces a negative sign, and controls the relative weight 
of the MWI in the GDI formula (Gálvez and Davison 2016).

3.5  Inversion index (II)

The II aims to include the effects of trade wind inversions. 
Like the MWI, the II is an inhibition factor, producing 
negative values. The II considers the stabilizing effects of 
inversions and dry air entrainment, which act to inhibit con-
vection. A stability factor  (IIS) is calculated by taking the 
difference in temperature between 950 and 700 hPa, with 
lower values of  IIS indicating stronger stabilization. To take 
dry air entrainment into account, the difference in �e between 
the layers A and B is considered, and a drying factor  (IID) is 
calculated. The lower and more negative  IID, the larger the 
decrease of �e with height, indicating the occurrence of dry 
air and subsidence, leading to inhibition of convection. A 
low  IIS and  IID leads to a low value for II and represents an 
inhibition of convection and vice-versa. The II is calculated 
as follows:

where � = 1.5 K−1 is an empirical factor to control the 
weight of the II in the GDI formula (Gálvez and Davison 
2016).

3.6  Terrain correction (TC)

To improve visualization over higher terrain, a TC factor can 
be added, which may be calculated as follows:

where P1 = 500 hPa , P2 = 9000 hPa , P3 = 18 hPa which 
are empirical constants, and PSFC is the surface pressure 
(hPa) (Gálvez and Davison 2016). The TC was not included 
in the GDI calculation in this study since the study region 

(5)MWI =

{
𝜇 ×

(
T500 − 𝜏

)
, T500 − 𝜏 > 0

0, T500 − 𝜏 ≤ 0

(6)IIS = T950 − T700

(7)IID = �e(B) − �e(A)

(8)II =

{
0, IIS + IID > 0

𝜎 ×
(
IIS + IID

)
, IIS + IID ≤ 0

(9)TC = P3 −
P2

PSFC − P1
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only experienced relatively small spatial variations in topog-
raphy from 12 to 25° E (e.g., Raghavendra et al. 2020a). 
Furthermore, the mean surface pressure within the Congo 
Basin is ~ 960 hPa which results in a relatively small value 
of TC ≅ 1.5, and dynamic fields such as surface pressure 
show relatively little variability in the tropics especially for 
seasonal timescales. Therefore, neglecting the TC term has 
an insignificant impact on the results presented in this paper. 
To clarify, the TC term should be included if the analysis 
or forecast period is under two weeks especially at higher 
elevations.

3.7  Wind shear

Since the Coriolis parameter and the horizontal temperature 
gradient are very small near the equator, dynamic–thermo-
dynamic indices such as the Eady growth rate (e.g., Raghav-
endra and Milrad 2019) are of little use. However, dynamics 
such as wind shear should not be ignored when diagnosing 
thunderstorms since vertical wind shear influences the struc-
ture and organization of convective systems, as well as their 
evolution (Marion and Trapp 2019; Raghavendra et  al. 
2020a). Vertical wind shear can organize convection into 
convective clusters and squall lines producing intense pre-
cipitation and extending the lifetime of convective systems 
(Robe and Emanuel 2001; Anber et al. 2014). Wind shear 
also advects moisture and temperature which impact ther-
modynamic stability (Robe and Emanuel 2001). Therefore, 
a relatively simple approach was used to calculate and ana-
lyze the vertical wind shear, i.e., Wind shear =

||
||

⇀

V
500

||
||
−
||
||

⇀

V
850

||
||
.

3.8  Trend analysis

To quantify long-term changes of thunderstorm activity over 
the Congo, seasonal trends and interannual variability of 
cold cloud fraction, the GDI and its sub-indices, and wind 
shear were calculated. The linear trend was estimated based 
on least square regression at both the grid and regional lev-
els. The statistical significance (p-value) of the linear regres-
sion was evaluated using the two-tailed Student’s test.

4  Results

4.1  More vigorous thunderstorms diagnosed 
by cold cloud top temperatures

In order to quantify changes in thunderstorm activity using 
satellite data, the cold cloud fraction (%) with  Tb ranging 
between − 50 and − 70 °C was calculated. This served 
as a method to quantify intense thunderstorms over the 
Congo, as intense storms are characterized by  Tb < − 50 °C. 

Figure 1a–d shows spatial patterns of the seasonal climatol-
ogy and trends in cold cloud fraction, indicating an increase 
in cold cloud fraction over large parts of the study region 
for all seasons. The seasonal cycle can also be observed 
in Fig. 1a–d. The north- and southward movement of the 
tropical rain belt is visible, as the tropical rain belt is char-
acterized by enhanced convection and therefore higher per-
centages of cold cloud fraction. The green contours show 
the climatological values of the cold cloud fraction (%). The 
highest values, representing the tropical rain belt, are located 
south of the equator in DJF, and then shift northwards to the 
equator in MAM. In JJA, the highest values lie north of the 
equator in JJA, and then shift back south again during SON 
(Nicholson 2018).

Figure 1e shows the interannual variability of the cold 
cloud fraction averaged over the study region and indicates 
significant increases in cold cloud fraction of 0.03–0.04% 
 year−1 (p < 0.10) during all months. The detected increases 
in cold cloud fraction suggests that the spatial extent of 
thunderstorms over the Congo has been increasing during 
all seasons. This is consistent with previous works such as 
Hart et al. (2019) and Raghavendra et al. (2018) showing 
a widespread increase in the areal extent and intensity of 
thunderstorms over the Congo over the past 30 years, and 
Chou and Chen (2010) showing an increase in convection 
depth in a warmer climate.

4.2  Changes in GDI and its sub‑indices

Seasonal trends in GDI show a significant increase over large 
parts of the Congo (Fig. 2a–d), with the GDI significantly 
increasing during all seasons (0.1–0.17 year−1; p < 0.10). 
The largest increase of 0.17 year−1 is detected in MAM and 
JJA, followed by SON with an increase of 0.12 year−1, and 
DJF with the lowest increase of 0.1 year−1 (Fig. 2e). This 
increase in GDI suggests a significant increase in thunder-
storm activity over the Congo during all seasons, which is 
consistent with the trends detected in cold cloud fraction. 
Aiming to discover the physical mechanisms responsi-
ble for the increase in thunderstorm activity, the different 
sub-indices of the GDI were analyzed separately. First, the 
observed trends in the GDI sub-indices are presented, and 
later complimented by an explanation for each trend detected 
in the GDI.

The CBI shows a small but insignificant decrease over 
most of the Congo during all seasons (Fig. 3a–e). This 
leads to the conclusion that the interannual variability of 
the CBI does not contribute to the increase in thunderstorm 
activity. In contrast to that, the MWI is becoming weaker 
over most parts of the Congo, with the strongest and most 
significant trend in JJA, followed by MAM and SON, with 
DJF exhibiting the weakest trend (Fig. 4a–d). The interan-
nual variability indicates a trend of 0.10 year−1 (p < 0.10) 
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in JJA, 0.09 year−1 (p < 0.10) in MAM and 0.05 year−1 
(p < 0.10) in SON. The trend for DJF is not significant at 

p < 0.10 (Fig. 4e). Thus, the MWI likely contributes to the 
increasing thunderstorm activity in MAM, JJA and SON. 

Fig. 1  a–d Seasonal trends in cloud fraction (%  year−1 ) for T
b
 

between − 50 and − 70 °C at 15:00 UTC from 1983 to 2018. Gray 
boxes (5° N–5° S and 12° E–25° E) represent the Congo Basin. 
Trends significant at p < 0.05 are shown using a black dot. The green 

lines show the climatological values of the cloud fraction (%) from 
1983 to 2018. e Interannual variability and trends of the seasonal 
mean cloud fraction with T

b
 ranging from − 50 to − 70 °C at 15:00 

UTC from 1983 to 2018 over the Congo Basin
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The II is also becoming weaker during all seasons 
with significant trends in almost the entire study region 
(Fig. 5a–d). The interannual variability shows trends of 
0.10–0.11 year−1 (p < 0.10) during all seasons (Fig. 5e). 

Since the II is the sum of two terms i.e.,  IID and  IIS, these 
terms were also analyzed separately. The  IID became 
weaker over the entire study region (Fig. 6a–d), and the 
linear trend in the  IID increased by 0.07–0.08  year−1 

Fig. 2  a–d Seasonal trends in GDI (GDI year−1 ) at 12:00 UTC from 
1983 to 2018. Gray boxes (5° N–5° S and 12° E–25° E) represent the 
Congo Basin. Trends significant at p < 0.05 are shown using a black 

dot. The green lines show the climatological values of the GDI from 
1983 to 2018. e Interannual variability of the GDI at 12:00 UTC from 
1983 to 2018 over the Congo Basin
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(p < 0.10) during all seasons as well (Fig. 6e). A smaller 
 IID suggests that the �e gradient is decreasing with 
height and the entrainment of dry air over the inversion 

is becoming less frequent. This ultimately results in 
enhanced convection and thunderstorm activity (James and 
Markowski 2010). The  IIS shows an increasing trend over 
most of the Congo Basin, and the interannual variability 

Fig. 3  a–d Seasonal trends in CBI (CBI year−1 ) at 12:00 UTC from 
1983 to 2018. Gray boxes (5° N–5° S and 12° E–25° E) represent the 
Congo Basin. Trends significant at p < 0.05 are shown using a black 

dot. The green lines show the climatological values of the CBI from 
1983 to 2018. e Interannual variability of the CBI at 12:00 UTC from 
1983 to 2018 over the Congo Basin
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increased by 0.03–0.07 year−1 (Fig. 7) depending on the 
season, with DJF exhibiting the largest increase, fol-
lowed by MAM, JJA and SON. These findings indicate 
that the temperature gradient between 950 and 700 hPa 

is increasing, leading to a decrease in stability of the 
column and therefore supporting an increase in tropical 
convection.  

Fig. 4  a–d Seasonal trends in MWI (MWI year−1 ) at 12:00 UTC from 
1983 to 2018. Gray boxes (5° N–5° S and 12° E–25° E) represent the 
Congo Basin. Trends significant at p < 0.05 are shown using a black 

dot. The green lines show the climatological values of the MWI from 
1983 to 2018. e Interannual variability of the MWI at 12:00 UTC 
from 1983 to 2018 over the Congo Basin
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4.3  Wind shear

Wind shear was found to be increasing significantly over 
the Congo during all seasons besides DJF. An increase of 

0.03–0.07 ms−1 year−1 (p < 0.10) is shown with the larg-
est increase in SON, followed by JJA and MAM (Fig. 8). 
This presents an additional factor potentially contribut-
ing to the increase in thunderstorm activity since wind 

Fig. 5  a–d Seasonal trends in II (II year−1 ) at 12:00 UTC from 1983 
to 2018. Gray boxes (5° N–5° S and 12° E–25° E) represent the 
Congo Basin. Trends significant at p < 0.05 are shown using a black 

dot. The green lines show the climatological values of the II from 
1983 to 2018. e Interannual variability of the II at 12:00 UTC from 
1983 to 2018 over the Congo Basin
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shear and orography significantly influence convection 
and precipitation over the Congo Basin. The unique Afri-
can orography with the East African highlands and the 
Ethiopian highlands located in the northeast of the Congo 
modifies wind patterns by blocking tropical easterlies 

(zonal wind) and intensifying meridional wind around 
the mountain. This increase in wind shear potentially 
results in well-organized and intense thunderstorms over 
the Congo Basin (Marion and Trapp 2019; Raghavendra 
et al. 2020a).

Fig. 6  a–d Seasonal trends in  IID  (IID year−1 ) at 12:00 UTC from 
1983 to 2018. Gray boxes (5° N–5° S and 12° E–25° E) represent the 
Congo Basin. Trends significant at p < 0.05 are shown using a black 

dot. The green lines show the climatological values of the  IID from 
1983 to 2018. e Interannual variability of the  IID at 12:00 UTC from 
1983 to 2018 over the Congo Basin
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5  Discussion and conclusion

In this study, thunderstorm activity over the Congo is ana-
lyzed using satellite-derived cold cloud top temperatures 

and the GDI including its sub-indices (CBI, MWI, and 
II). The GDI is a thermodynamic index developed to bet-
ter diagnose tropical convection, with the CBI analyzing 
the availability of heat and moisture in the middle and 
lower troposphere, the MWI considering stabilizing and 

Fig. 7  a–d Seasonal trends in  IIS  (IIS year−1 ) at 12:00 UTC from 
1983 to 2018. Gray boxes (5° N–5° S and 12° E–25° E) represent the 
Congo Basin. Trends significant at p < 0.05 are shown using a black 

dot. The green lines show the climatological values of the  IIS from 
1983 to 2018. e Interannual variability of the  IIS at 12:00 UTC from 
1983 to 2018 over the Congo Basin
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destabilizing effects of mid-level ridges and troughs, and 
the II considering entrainment of dry air and stabiliza-
tion associated with trade wind inversions. The results 
show an increasing trend in convective activity over the 
Congo during all seasons from 1983 to 2018, which is 
consistent with previous findings indicating an increase in 
the extent and intensity of thunderstorms over equatorial 

Africa (e.g., Raghavendra et al. 2018; Taylor et al. 2018; 
Hart et al. 2019). The increase in thunderstorm activity 
is found to be the result of three processes: (1) a cooling 
of the 500 hPa temperature, which may be attributable to 
an increase in cold troughs, diagnosed using the MWI, 
(2) an increase in the temperature gradient between 700 
and 950 hPa, diagnosed using the  IIS, and (3) a decrease 

Fig. 8  Interannual variability 
in wind shear between 500 and 
850 hPa ( ms−1 year−1 ) at 12:00 
UTC from 1983 to 2018 over 
the Congo Basin

Fig. 9  Seasonal trends in temperature  (10–1 × °C year−1 ) at 12:00 UTC from 1983 to 2018. Trends significant at p < 0.05 are shown using a black 
dot. The green lines show the climatological values (°C) from 1983 to 2018
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of the �e gradient with height indicating a decrease of dry 
air entrainment, diagnosed using the  IID. In addition, an 

increase in wind shear also appears to contribute to the 
increase in thunderstorm activity from March–November.

Fig. 10  Seasonal trends in relative humidity (% year−1 ) at 12:00 UTC from 1983 to 2018. Trends significant at p < 0.05 are shown using a black 
dot. The green lines show the climatological values from 1983 to 2018

Fig. 11  Seasonal trends in �
e
  (10–1 × K year−1 ) at 12:00 UTC from 1983 to 2018. Trends significant at p < 0.05 are shown using a black dot. The 

green lines show the climatological values (K) from 1983 to 2018
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Notwithstanding uncertainties in both satellite and rea-
nalysis datasets (Sect. 2.3), the trends of the GDI and its 
sub-indices are in good agreement with observations, includ-
ing in-situ and satellite observations over the study region 
(e.g., Bush et al. 2020). The temperature profile over the 
study region (Fig. 9) shows the increase in the occurrence 
of cold troughs at 500 hPa diagnosed using the MWI, and 
the increase in the temperature gradient between 700 and 
950 hPa diagnosed using the  IID. In addition, the relative 
humidity profile (Fig. 10) indicates a drying trend of the 
lower levels (i.e. Congo Basin) and a moistening of the 
upper levels. The �e profile over the study region is shown 
in Fig. 11 in order to evaluate the combined trends in tem-
perature and moisture. The decrease of the �e gradient with 
height diagnosed using the  IID is associated with a decrease 
of �e in the lower troposphere (i.e., the Congo) and an 
increase of �e in the mid/upper troposphere, resulting mostly 
from a change in moisture (i.e., a decrease in moisture in the 
lower troposphere and an increase in the mid/upper tropo-
sphere) rather than a change in temperature (Soden et al. 
2005; Su et al. 2006; Fu 2015; Bush et al. 2020).  

The frequent occurrence of cold troughs and cooling at 
500 hPa may be a result of an increase in the occurrence of 
Kelvin waves over the Congo as detected by Raghavendra 
et al. (2019). An increase in the occurrence of Kelvin waves 
may lead to an increase in cold ridges at 500 hPa and thus 
also enhance deep convection over the Congo Basin (Sin-
claire et al. 2015; Schlueter et al. 2019a, b). On the other 
hand, a decrease in the �e gradient with height may be the 
combined effect of two processes, a decrease in vegetation 
greenness and water content associated with droughts over 
the Congo, and vegetation greening over the East African 
highlands region (e.g. Hawinkel et al. 2016; Musau et al. 
2018; Zhao et al. 2018). Moisture recycling is a crucial 
process in the tropical rainforests where evapotranspira-
tion contributes substantially to regional precipitation (e.g. 
Dyer et al. 2017). The large-scale forest browning observed 
over the Congo, reducing evapotranspiration and decreas-
ing rainfall (Zhou et al. 2014; Hua et al. 2016; Jiang et al. 
2019), may reduce the regional moisture supply and thus dry 
the lower troposphere. The greening over the East African 
highlands potentially leads to a moistening of the air parcels 
over the highlands (Musau et al. 2018) before being advected 
over the Congo Basin by the easterly winds, moistening the 
air layers aloft the Congo. This could be one reason for the 
moistening of the mid-troposphere and a decrease in the �e 
gradient with height.

The drying trend in the lower levels (i.e., the Congo 
Basin) and moistening trend in the mid- and upper tropo-
sphere (Fig. 10) may also be the consequence of the increase 
in deep convection, transporting moisture upwards, drying 
the lower levels and moistening the mid/upper troposphere. 
This possibly causes an increase in deep convection, as the 

vertical gradient in �e is relaxed, which further destabilizes 
the vertical column and promotes a positive feedback mech-
anism resulting in taller and more intense thunderstorms. 
This hypothesis is complemented by previous works such 
as Soden and Fu (1995) and Zelinka and Hartmann (2009), 
showing that enhanced tropical convection in a warming 
climate is responsible for the increased upper-tropospheric 
relative humidity, with deep convection being the primary 
source of high clouds and free-tropospheric water vapor 
through moisture transport to the mid/upper troposphere. 
The upward transported moisture may then be advected away 
from the Congo by the poleward flow of the Hadley cell 
or easterly flow at higher altitudes (Byrne and Schneider 
2016). This may possibly lead to less rainfall given the high 
water recycling ratio over the Congo (Dyer et al. 2017) and 
could potentially explain the decrease in rainfall detected 
over the Congo (e.g., Fu 2015; Raghavendra et al. 2018). 
Further, Figs. 9, 10, 11 suggest that the lifted condensation 
level (LCL) may have shifted to higher altitudes due to sur-
face drying. Prein and Heymsfield (2020) showed that the 
melting height level and warm cloud depth has increased 
over the Congo, possibly affecting cloud microphysics and 
rainfall characteristics. This supports the hypothesis of a 
higher LCL, reducing the rainfall reaching the surface, and 
ultimately causing the drying trend over the Congo Basin as 
more water or ice particles falling out of a cloud may vapor-
ize before reaching the ground (virga).

In summary, the increase in thunderstorm activity over 
the Congo Basin is found to be the result of a cooling of the 
500 hPa temperature, an increase in the temperature gradient 
between 700 and 950 hPa, and a decrease of the �e gradient 
with height. The cooling of the 500 hPa temperature may be 
attributable to an increase in cold troughs, which is hypoth-
esized to be the consequence of an increase in the occur-
rence of Kelvin waves over the Congo (e.g., Raghavendra 
et al. 2019). The decrease of the �e with height is shown to 
be the effect of a decrease in moisture in the lower levels and 
an increase in moisture in the mid and upper levels (Fig. 10). 
The decrease in moisture in the lower levels is assumed to 
be a direct effect of the drying trend over the Congo, while 
the moistening of the mid/upper levels is hypothesized to 
be a result of a greening and moistening of the East African 
Highlands (e.g., Musau et al. 2018), from where moist air is 
being advected over the Congo. Further, the upward trans-
port of moist air during deep convection is hypothesized 
to additionally destabilize the column and enhance convec-
tive processes. The upward transported moisture potentially 
being advected away by the Hadley cell, and less rainfall 
reaching the surface due an elevation of the LCL and melt-
ing level likely result in a decreasing trend in rainfall and 
enhanced drying trend over the Congo.

Figure 12 summarizes the key findings of this work, 
including the observed changes in atmospheric temperature 
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and moisture from 1983 to 2018 leading to the detected 
increase in thunderstorm activity (Fig. 12a, b), trends found 
in the GDI and its sub-indices including their impacts posed 
on atmospheric stability (Fig. 12c). It also includes a sche-
matic of the proposed possible physical mechanisms, linking 
enhanced thunderstorm activity to the observed drying trend 
found over the Congo (Fig. 12d). In conclusion, thunder-
storm activity over the Congo has increased, while rainfall 
has decreased significantly. The increasing trend in thunder-
storm activity may be linked to an increase in the occurrence 
of cold troughs at 500 hPa, an increase of the temperature 
gradient between 700 and 950 hPa, and a decrease of the �e 
gradient with height. These mechanisms were also linked 
together in a positive feedback loop (Fig. 12d) which poten-
tially explain the increase in thunderstorm activity and the 
decrease in surface rainfall and vegetation over the Congo. 
The enhanced convective activity likely moistens the mid/
upper troposphere, and moisture may be transported away 
from the Congo Basin by the poleward flow of the Hadley 
cell and the tropical easterlies. This transport of moisture 
away from the Congo which is characterized by a large water 

recycling ratio could be one possible reason for the observed 
decrease in rainfall.

From a future climate perspective, significantly more 
work is necessary to understand rainfall and vegetation 
characteristics over the Congo Basin. From an observa-
tions and historical climate standpoint, there is consider-
able spread in rainfall estimates amongst datasets (Wash-
ington et al. 2013). While studies such as Fotso-Nguemo 
et  al. (2018) have shown the relatively well-known 
increases in heavy rainfall events in a warmer climate 
using GCMs for central Africa, the complex orography 
and overall uncertainties amongst GCMs over the Congo 
Basin is non-trivial (e.g., Haensler et al. 2013; Washing-
ton et al. 2013; Raghavendra et al. 2020a, b). Therefore, 
the need for high-resolution regional climate models (e.g., 
Tamoffo et al. 2019) and convection allowing simulations 
(Stratton et al. 2018) are necessary to further expand our 
understanding of both the present and future climate for 
Africa (especially the Congo Basin).

Fig. 12  a, b Schematic of changes in temperature and moisture (diag-
nosed using the GDI) and wind shear from 1983 to 2018 leading to 
the observed increase in thunderstorm activity. c Diagnosed trends of 
the GDI and its sub-indices and their impacts on atmospheric tem-

perature, moisture and stability. d Feedback loop of proposed factors 
leading to taller and more intense thunderstorms, in turn impacting 
atmospheric conditions and further enhancing deep convection
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Appendix A: Calculation of �
e
 proxies for each 

layer from specific humidity and temperature, 
used to calculate the GDI

First, relative humidity (RH) was calculated at every level 
using specific humidity (q) and temperature (T) from the 
ERA-I dataset:

where e∗ is the saturated vapor pressure (hPa) and T is the 
temperature in °C (Bolton 1980). q∗ is the saturation specific 
humidity and P is the atmospheric pressure (hPa) (Brock and 
Richardson 2001).

Potential temperature ( θ ; K) and mixing ratios (r; kg  kg−1) 
were then calculated for each layer using RH (Gálvez and 
Davison 2016).

Layer A:

Layer B:

(A1)e∗ = 6.112 exp
[

17.76T

T + 243.5

]

(A2)q∗ = 0.622
e∗

P

(A3)RH =
q

q∗
× 100

(A4)�A = �950 = T950

(
1000

950

) 2

7

(A5)Pws950
= 6.116441 × 10

[
7.591386×T950

T950+240.7263

]

(A6)Pw950
= Pws950

×
RH950

100

(A7)rA =
621.9907

1000
×

Pw950

950 − Pw950

(A8)

�B = 0.5(�850 + �700) = 0.5

[

T850

(
1000

850

) 2

7

+ T700

(
1000

700

) 2

7

]

(A9)Pws850
= 6.116441 × 10

[
7.591386×T850

T850+240.7263

]

Layer C:

where Pws = saturation vapor pressure, Pw = partial pressure 
of water vapor (Gálvez and Davison 2016).

The �e was then calculated, where the following formula 
from Betts and Dugan (1973), simplified by Bolton (1980) 
was chosen since the calculation for �e is non-trivial:

where Lo = 2.69 × 106 J kg−1 is the latent heat of vaporiza-
tion, Cpd = 1005.7 J kg−1 K−1 is the specific heat of dry air 
at constant pressure, and TLCL is the temperature in K at the 
lifted condensation level LCL.

TLCL was then replaced by the 850 hPa temperature (K) 
to work around the complex calculation for TLCL , which 
results in the following calculation of �e used to calculate 
the GDI:

(A10)Pws700
= 6.116441 × 10

[
7.591386×T700

T700+240.7263

]

(A11)Pw850
= Pws850

×
RH850

100

(A12)Pw700
= Pws700

×
RH700

100

(A13)r850 =
621.9907

1000
×

Pw850

850 − Pw850

(A14)r700 =
621.9907

1000
×

Pw700

700 − Pw700

(A15)rB = 0.5
(
r850 + r700

)

(A16)�C = �500 = T500

(
1000

500

) 2

7

(A17)Pws500
= 6.116441 × 10

[
7.591386×T500

T500+240.7263

]

(A18)Pw500
= Pws500

×
RH500

100

(A19)rC =
621.9907

1000
×

Pw500

500 − Pw500

(A20)�e = � exp

(
Lor

CpdTLCL

)

(A21)�e = � exp

(
Lor

CpdT850

)
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Gálvez and Davison (2016) tested replacing TLCL by the 
850 hPa temperature and only found very small differences 
on the final GDI values. Therefore, this simplification was 
used in this study as well.

For each layer, �e proxies are then calculated using 
Eq. A21:

Layer A:

Layer B:

Layer C:

where ∝= −10 K is an empirical adjustment constant aim-
ing to limit excessive GDI values in regions with plentiful 
moisture at and above 850 hPa (Gálvez and Davison 2016).
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