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ABSTRACT 

Tropical rainforests regulate global and regional climate systems and play a vital role in the 

world’s water and carbon cycles. The Congo Basin, situated in central equatorial Africa, is home 

to the second largest rainforest on the planet and is one of the most convective regions in the world. 

Recent studies indicate that a large-scale and long-term drying trend, characterized by an increase 

in dry season length, a decrease in forest greenness, and a decrease in precipitation, has been 

stressing the region since the 1980’s. Despite the alarming drying trend and the Congo’s important 

role in the planetary circulation and the global terrestrial water and biochemical cycles, the region 

remains largely understudied compared to other major rainforests. Motivated by the need to better 

understand changes in convection and its associations with the drying trend, this dissertation aims 

to investigate variations and trends in convection from a diurnal perspective and explores relevant 

physical processes over the region.  

First, trends in thunderstorm activity were investigated from 1983 to 2018 across all seasons, 

i.e., December-February (DJF), March-May (MAM), June-August (JJA), and September-

November (SON). An analysis of Gridded Satellite (GridSat-B1) cold cloud fractions (i.e., areas 

with low brightness temperatures) and the Gálvez-Davison Index (GDI) reveals an increase in 

thunderstorm activity throughout all seasons, primarily linked to a decrease in hydrostatic stability. 

More specifically, the observed changes can be attributed to a decrease in temperature at 500 hPa, 

an increase in the temperature gradient between 700 and 950 hPa, and a decrease of the equivalent 

potential temperature (θe) gradient with height. These changes collectively act to decrease vertical 

stability and subsequently increase convective activity over the region. 

Second, to increase our understanding of trends in thunderstorms over the Congo, changes 

in the diurnal cycle of convection were investigated from 1979 to 2019, and possible connections 

to the observed drying trend were explored. An analysis of the fifth generation of the European 

Centre for Medium Range Weather Forecasts reanalysis data (ERA5) as well as GridSat-B1 and 
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MODerate Resolution Imaging Spectroradiometer (MODIS) satellite data highlight a decrease in 

clouds in the morning, contrasted by an increase in clouds and convective activity in the afternoon, 

during all four seasons. Additionally, findings revealed a decrease in precipitation efficiency (i.e., 

the ratio between rainfall and total column water) and an increase in cloud base height. These 

detected changes can potentially be connected to the drying conditions over the region. Elevated 

surface temperatures and reduced surface relative humidity will likely raise the lifting 

condensation level, and ultimately decrease the precipitation efficiency. These factors would 

collectively exacerbate the existing drying trend.  

Third, the impacts of the Madden-Julian Oscillation (MJO) on the diurnal cycles of 

convection and precipitation were evaluated during October through March from 1985 to 2019. 

GridSat-B1 and Tropical Rainfall Measuring Mission (TRMM) satellite data were used in 

conjunction with ERA5 reanalysis data, aiming to investigate the differences in the diurnal cycles 

of convection and precipitation during the MJO enhanced convective phase (RMM phases 1 and 

2) versus the MJO suppressed convective phase (RMM phases 5 and 6). Results indicate increased 

precipitation and convection during the MJO enhanced convective phase and decreased 

precipitation and convection during the MJO suppressed convective phase as would be expected, 

where the largest differences were discovered during the morning hours, the time of day when 

convective processes are weakest. Additionally, the MJO’s impact on stratiform precipitation was 

found to be more pronounced, while the convective precipitation fractions remain similar during 

both MJO phases. These identified changes were attributed to MJO induced shifts in circulation 

patterns: Enhanced upward air motion in the mid- and upper levels coupled with strong divergence 

in the upper levels act to increase stratiform rainfall during the enhanced phase. In contrast, the 

suppressed phase is characterized by strong mid-level divergence and upper- to mid-level 

subsidence, mainly during the nighttime and morning hours, resulting in decreased convection and 

precipitation.  
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Finally, the impacts of drying soils associated with the Congo drying trend on atmospheric 

stability and convection were investigated by using the Weather Forecasting and Research (WRF) 

model. The WRF model was run at a 4 km convection permitting resolution, and hourly ERA5 

reanalysis data were used for initial and boundary conditions. Two sets of WRF simulations were 

conducted, i.e., one dry season case (16-January to 21-January 2018) and one wet season case (21-

October to 26-October 2019), resulting in two six-day case studies. For the experiment run (EXP), 

the soil moisture was decreased by 50% compared to the control run (CTL). No other changes 

were made to the EXP run. Results highlight a decrease in low-level clouds with drier soils, which 

was attributed to the simulated decrease in near surface water vapor and increase in temperature 

in the lower levels. Conversely, mid- and high-level clouds were increased. Factors contributing 

to the observed increase in clouds include increased lifting condensation level (LCL) and planetary 

boundary layer (PBL) heights and decreased atmospheric stability due to the warming of the lower 

levels. Additionally, simulated circulation changes such as increased vertical velocity as well as 

increased near surface convergence and mid-level divergence likely contribute to the increase in 

mid-level clouds. Comparing both case studies, the changes during the dry season were more 

pronounced, possibly due to the already limited moisture availability, while the changes during 

the wet season were comparatively more subtle. 
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CHAPTER 1: Introduction 

1.1 Background 

The Congo Basin, located in central equatorial Africa, is home to the planet’s second largest 

rainforest and plays a vital role in the world’s water and carbon cycles (Creese at al. 2019). It is a 

global epicenter for biodiversity and has an important impact on climate change (Lewis 2006). 

Central Africa is also a hotspot for thunderstorms and is one of the most convective regions in the 

world, characterized by intense thunderstorm activity (Dai 2001a; Zipser et al. 2006), a greater 

annual mean lighting flash rate than the rest of the deep tropics (Christian et al. 2003), and the 

second largest heating rate from convection after the Indonesian maritime continent (MC) 

(Washington et al. 2013). The extraordinarily high heating rate is the primary driver of the regions 

general circulation through condensation of water vapor in deep convective clouds, while the 

latitudinal temperature gradient is weak (Brncic et al. 2007; Webster 1973). 

 

Recent studies have documented a long-term and large-scale drying trend accompanied by 

a decreasing trend in rainfall over the Congo (e.g., Zhou et al. 2014). This drying trend has led to 

forest browning, reduced canopy water content, increased dry season length (Jiang et al. 2019), 

increased forest fires, as well as changes in plant growth, water availability, biodiversity, 

agriculture, and human health (Nkem et al. 2013; Kamitewoko 2021). The Congo rainforest 

already exists close to the hydrological limits of closed-canopy forest which is largely impacted 

by climatic variability and hydrological changes (Lewis et al. 2009). Consequently, higher-

biomass and closed-canopy forests such as the Congo might transition to more open and lower-

biomass forests with lower water availability over a longer time-period (Zhou et al. 2014). 

Furthermore, African arid regions and drylands will be expanding under a warming climate (Feng 

and Fu 2013), and continued deforestation as a result of agricultural demands is posing another 
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threat to the Congo rainforest (Chakraborty et al. 2019). Despite its important role in the global 

climate system, and its vulnerability to climate change, the Congo remains largely understudied 

compared to other major rainforests such as the Amazon or the rainforests of the MC (Adler et al. 

2017). This is mainly associated with the lack of long-term homogenous and widespread rainfall 

records, in-situ measurements, and other climate observations in the region, where the number of 

rain gauges have been decreasing since 1980 (Washington et al. 2013). Thus, it is imperative to 

understand deep convection in order to better comprehend the variability in rainfall and convection 

across the region. This is especially crucial for investigating recent trends and changes in 

convection associated with the drying trend over the Congo Basin. Since large parts of the tropical 

rainfall and cloudiness can mainly be explained by the diurnal cycle controlled by surface heating 

over land (Yang and Slingo 2001), it will also be important to examine how the drying trend is 

affecting the intensity and timing of the diurnal cycle of convection and cloudiness over the Congo. 

Additionally, modes of variability like the Madden-Julian Oscillation (MJO) influence convection 

and precipitation variability and interact with the diurnal cycles of deep convection and 

precipitation over the Congo (Slingo et al. 2003; Sakaeda et al. 2017; Hart et al. 2019; Jiang et al. 

2021). Consequently, it will be helpful to investigate such influences and interactions in order to 

be able to understand trends in thunderstorm activity and the diurnal cycle of deep convection. 

 

1.2 Literature Review 

1.2.1 Deep convection and rainfall over the Congo Basin 

The Congo Basin is one of the three most convective regions in the tropics and influences 

the large-scale tropical circulation together with the two other major convective regions, i.e., the 

MC and Amazonia (Webster 1973; Washington et al. 2013). However, despite the Congo’s 

formidable convection heating rate, thunderstorm intensity and lightning activity, the region 

receives less rainfall than the Amazon or the MC (Adler et al. 2017), and the mean precipitation 
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has been decreasing further during recent years (Zhou et al. 2014; Hua et al. 2016, 2018). In 

contrast to the decreasing rainfall trends, Raghavendra et al. (2018) found an increase in the 

number, size, and intensity of thunderstorms over the time period of 1982–2016 during April, May, 

and June (AMJ), using satellite 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., 

Taylor et al. 2018; Hart et al. 2019). This seemingly unintuitive relationship between increasing 

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 in the 

tropics. However, specific physical mechanisms explaining the complex relationship between 

tropical deep convection, surface rainfall, and an increase in thunderstorm 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 increasing temperature contrast between the equator and northern Africa (Taylor 

et al. 2018).  

 

The potential and intensity for atmospheric convection can generally be determined by 

assessing the thermodynamic stability of the atmosphere. Therefore, thermodynamic indices are 

often collectively used to assess atmospheric stability. However, although stability indices have 

been widely used to forecast 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 development 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 
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and Das 2019). In the mid-latitudes, convection can be triggered by dynamic processes (e.g., 

frontal systems) while 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 developed 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 little skill when 

compared to the GDI. Since the GDI is a relatively new index, follow-up studies are limited in 

numbers. 

 

Spatial extent and intensity of convection can also be estimated using satellite data. Satellite 

measured brightness temperature (Tb) is often used to detect convective clouds, where Tb is a 

measurement of the radiance of an object, expressed in units of the temperature of an equivalent 

blackbody. Convective clouds can be detected by quantifying cloud top Tb. More specifically, 

lower Tb are indicative of deeper convection since low Tb point to cold cloud top temperatures, 

and cold cloud tops are indicative of stronger and deeper convection. Thus, the lower the Tb, the 

stronger and more intense are convection and thunderstorms (Hong et al. 2005; Mapes and Houze 

1993; Schmetz et al. 1997). 

 

1.2.2 The diurnal cycle of deep convection 

The diurnal cycle is one of the most fundamental modes of atmospheric variability, 

attributable to large variations in the solar forcing over the course of the day, and rainfall and 

convection in the tropics are largely influenced by the diurnal cycle (Dai 2001b; Dai et al. 2007; 

Yang and Slingo 2001). For the rainfall in the tropics, the maximum is reached during the mid- to 

late afternoon over land and at nighttime over oceans. The maximum rainfall in the afternoon over 



 

 

 

 

5 

land is a result of surface solar heating during the day, destabilizing the atmosphere and 

subsequently encouraging the onset of convection (Yang and Smith 2006). Over most tropical land 

areas, mornings are relatively clear, followed by a rapid afternoon buildup of convective clouds 

associated with a maximum in rainfall and a more gradual decay of clouds during the night 

(Garreaud and Wallace 1997).  

The diurnal cycles of tropical convection and rainfall have been studied extensively and 

various methods have been used to analyze the diurnal cycles of clouds and precipitation over 

different tropical regions, where significant differences exist over land compared to oceans. For 

example, using water vapor absorption band radiance data from geostationary satellites, Soden 

(2000) found significant diurnal variations in the upper tropospheric relative humidity in the 

tropics over both land and oceans, where the variations over land are out of phase with those over 

the oceans. Tian et al. (2004) showed large diurnal variations in deep convection, precipitation, 

and high clouds over deep convective regions. They indicated that upper tropospheric relative 

humidity peaks around midnight over oceans and at 03:00 LST over land, with stronger diurnal 

variations of deep convection over land, which maximizes in the late afternoon and early evening 

hours. Hendon and Woodberry (1993) further investigated the diurnal cycle of tropical convection 

using global cloud imagery derived from 11μm satellite radiance measurements. Using only Tb 

lower than 230 K to isolate deep convection, they found the diurnal amplitude of deep convection 

to be significant over tropical landmasses while the diurnal cycle is weak over tropical oceans. 

Worku et al. (2019) investigated the diurnal cycle of rainfall, convection, and precipitation features 

over the MC using Tropical Rainfall Measuring Missions (TRMM) Multi-satellite Precipitation 

Analysis as well as data from the convective classifications from the International Satellite Cloud 

Climatology Project (ISCCP). Their results show isolated convection initiating around midday 

over the elevated parts of the larger islands, and convection becoming more organized during the 

afternoon and evening hours, with a peak in rainfall over the islands around 18:00-21:00 LST. 
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During the nighttime, convection is shown to propagate offshore where the rainfall peak is 

recorded around 06:00-09:00 LST. Angelis et al. (2004) investigated the diurnal cycle of rainfall 

over the Brazilian Amazon using 3 years of 3-hourly data from 24 rain gauges. They found the 

rainfall over the study area to be highly variable spatially and temporally with the northern Amazon 

forming the wettest and the southern Amazon forming the driest part. A diurnal cycle of rainfall 

was evident for all locations, but the diurnal rainfall peak was found to be at different times 

depending on the station. For Africa, Yang and Slingo (2001) used global 0.5º and 3-hourly 

satellite infrared data to provide a climatology of the diurnal cycle of convection and surface 

temperature in the tropics, showing that the moisture budget over central Africa is dominated by 

the diurnal cycle. 

Little has been published about the diurnal cycle of convection over the Congo Basin, 

although analyzing the causes and effects of a shift in the diurnal timing and intensity of deep 

convection over the Congo Basin would be an important step in better understanding the observed 

drying trend over the region and implications of climate change. This emphasizes the need to better 

understand the diurnal cycle of convection over the region and how it has been affected by the 

ongoing drying trend. 

 

1.2.3 Role of the Madden-Julian Oscillation 

Subseasonal climate variability such as temperature extremes, dry spells, floods, or unusual 

high or low precipitation, have important impacts on ecosystems, agriculture, infrastructure, lives, 

and livelihoods in central equatorial Africa and can have significant economic and social 

consequences (Zaitchick 2017). Africa is one of the most vulnerable continents to climate 

variability, and central equatorial Africa is particularly at risk due to its rural population and 

agriculture practices that are rainfed (Sandjon et al. 2012). One important factor influencing 

rainfall and convection on intraseasonal timescales over the Congo is the MJO, the dominant mode 
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of subseasonal climate variability in the tropics (Madden and Julian 1971; Madden and Julian 

1972). Zaitchick (2017) showed that the MJO has a significant impact on intraseasonal rainfall 

variability over Africa including the Congo, while Raghavendra et al. (2020) indicated a 

relationship between the number of wet and dry MJO days and rainfall enhancement and 

suppression over the Congo. They further found a significant increase in MJO dry days since 1979 

which may help to partially explain the drying trend over the region. However, most other studies 

analyzing the impacts of the MJO on the African continent have focused on Eastern Africa (e.g., 

Pohl and Camberlin 2006; Berhane and Zaitchik 2014; Vashisht and Zaitchik 2022; Maybee et al. 

2022; Talib et al. 2023), Southern Africa (e.g., Hart et al. 2013) or Western Africa (e.g., Alaka and 

Maloney 2012; Sossa et al. 2017). Understanding how the different phases of the MJO impact 

convection, rainfall, and their diurnal cycles over the region may not only help to enhance our 

understanding of rainfall variability and variations in convection over the region, but might also 

help to improve weather forecasts, allowing farmers to better plan ahead, reducing negative 

impacts of unpredicted anomalous precipitation or droughts on their livelihoods. 

 

1.2.4 Modeling impacts of soil moisture on atmospheric stability and convection 

To improve our understanding of physical mechanisms in a climate system, numerical 

models are often used. For regional climate studies, regional climate models (RCMs) are utilized 

as they represent fine-scale physical processes more accurately. However, the simulation of deep 

convection and convective precipitation is challenging in climate models since the horizontal grid 

spacing in RCMs is coarse and typically larger than 12 km (Jacob et al. 2014) and cumulus 

parameterizations are required for coarser resolutions. Since deep convection can be triggered from 

various factors and processes ranging from microscale to the synoptic and planetary scales, 

parameterizing deep convection is challenging and cumulus parameterization schemes are one of 

the main contributors to errors and uncertainties in RCMs (Sherwood et al. 2014; Déqué et al. 
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2017). Additionally, since convective parameterization schemes interact with other schemes, 

weaknesses in convective parameterization can impact other schemes as well. Using convection 

parameterization schemes can therefore lead to errors like the misrepresentation of the diurnal 

cycle of convective precipitation (Dai et al. 1999). To simulate convection and convective 

precipitation more accurately, a higher spatial resolution is necessary and convection-permitting 

models (CPMs) with at least 4 km horizontal grid spacing have been shown to significantly 

improve the representation of convection. CPMs do not rely on convection parameterization 

schemes since deep convection starts to be resolved explicitly at smaller grid scales and convection 

parametrization schemes can be switched off (Weisman et al. 1997; Prein et al. 2015). Convective 

processes are therefore simulated more realistically in CPMs than in coarse resolution models.  

The Weather Research and Forecasting (WRF) model has been used frequently to study the diurnal 

cycle of precipitation and convection at regional scales (e.g., Evans and Westra 2012; Hassim et 

al. 2016; Scaff et al. 2020). Hassim et al. (2016) examined the diurnal cycle of rainfall over New 

Guinea using convection-permitting WRF model simulations, focusing on a period of suppressed 

regional-scale conditions in February 2010 with maximized local diurnal forcings. The modeled 

diurnal precipitation showed good agreement with the satellite-observed rainfall derived from the 

TRMM 3B42 product. Furthermore, Jucker et al. (2020) used convection-permitting simulations 

in WRF to simulate convection over tropical Australia, while Heath and Fuelberg (2014) used 

WRF convection-permitting simulations to examine regions where convection is impacting the 

Asian summer monsoon anticyclone. Rasmussen and Houze (2016) used WRF to simulate 

mesoscale convective systems in the Andes in subtropical South America, analyzing the effects of 

various topographic features on Mesoscale Convective Systems (MCSs).  

 

Convective initiation requires a supply of available energy from the environment (i.e., 

convective available potential energy and gross moist instability) as well as dynamic conditions 
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for the energy to be released (i.e., rising motion and lower wind shear) (Fu et al. 1999). For 

convection to develop, solar heating warms the Earth’s surface and lower atmosphere, and heat is 

subsequently transported upward from the surface, where warmer and/or moister air at the surface 

will lead to more vigorous convection and higher cloud tops. Consequently, changes in land 

surface properties such as changes in soil moisture may influence the initiation and development 

of convection by modulating the solar heating at the surface and thereby influencing atmospheric 

temperature and humidity profiles (Betts and Ball 1998; Taylor and Ellis 2006; Taylor 2015). 

However, studies disagree on how soil moisture affects convective storms across the globe (Taylor 

2015). Polcher (1995) showed that deforestation in tropical land areas will lead to an increased 

sensible heat flux and therefore more deep convective events, where the reduction of evaporation 

caused by deforestation modulates this mechanism by decreasing precipitation. Guillod et al. 

(2015) showed that afternoon precipitation over central Africa falls more often over soils that are 

drier than their surroundings, and Taylor et al. (2012) showed that rain in the afternoon is generally 

more likely to fall over areas that are wetter than surrounding areas, where this phenomenon is 

most pronounced over semi-arid regions, where new convection typically occurs near the boundary 

between cool, wet regions and a dry region. 

Analyzing how a decrease in soil moisture will affect convection over the Congo will be an 

important step in determining how the drying trend might be influencing convection over the 

region. The long-term drought over the Congo is expected to largely reduce surface latent heat due 

to decreased soil moisture, which functions as a transition to shift the energy partitioning mostly 

toward sensible heat and thus warm the surface and the planetary boundary layer (Zhou et al. 

2014). Although there are no regional studies about how changes in soil moisture impact 

convection over the Congo, the WRF model has previously been used to investigate the impacts 

of changes in soil moisture on various variables in other regions. Yuan et al. (2017) used WRF to 

assess the impacts of initial soil moisture and the vegetation fraction on the diurnal temperature 
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range in China’s semiarid and arid regions. They found that soil moisture affects the daily 

maximum and minimum temperatures by changes in the distribution of the available energy 

between the sensible and latent heat fluxes during the day and by changes in the surface emissivity 

during the night. Additionally, variations in the vegetation fraction are shown to modify the surface 

radiation and the energy budget. Zeng et al. (2014) used a succession of 24-hour WRF simulations 

to investigate the sensitivity of a short-range high-temperature weather event in July 2003 in East 

China to initial soil moisture conditions and indicated that hot weather can be amplified under low 

soil moisture conditions. Furthermore, Zhang et al. (2018) used WRF to simulate the impacts of 

soil moisture on summer heatwaves over the contiguous U.S. and showed that soil moisture can 

amplify the frequency and intensity of summer heatwaves through soil moisture-temperature 

feedbacks.   

 

1.3 Research Questions 

Motivated by the importance to gain a better understanding of trends and variations in 

convection over the Congo rainforest, I pursue the research outline presented below, including a 

brief motivation, research question, and hypotheses for each section, in four chapters. 

 

Chapter 2: Analysis of trends in thunderstorm activity  

Motivation: Several recent studies have detected a large-scale and long-term drying trend 

over the Congo basin, which is accompanied by a decline in forest greenness and canopy water 

content and an increase in dry season length. While rainfall has been shown to be decreasing, 

Raghavendra et al. (2018) found an increase in the number, size, and intensity of thunderstorms 

over the region during April, May, and June in recent years. Similarly, Taylor et al. (2018) 

highlight an increase in intense MCS frequency over the Congo during February, while Hart et al. 

(2019) found a general increase in convective activity over Africa during the satellite era. Some 
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factors suggested to play a role in the observed increase in thunderstorm activity include increased 

shear favoring intense MCSs associated with baroclinicity trends and strong warming north of the 

Congo (Taylor et al. 2018), and interhemispheric asymmetry in surface warming (Hart et al. 2019). 

However, a comprehensive and extensive study analyzing trends in convective activity during all 

months of the year including an analysis of the physical mechanisms responsible for the observed 

trends has not been conducted yet over the Congo.  

Research Question #1: What are the trends in thunderstorm activity during all four seasons 

over the Congo Basin during recent years? What physical mechanisms are causing the observed 

trends in thunderstorm activity?  

Hypothesis: Despite an observed decrease in rainfall, thunderstorm activity over the Congo 

has been increasing. The warming and drying trend over the region is likely contributing to a 

decrease in atmospheric stability, which is resulting in more vigorous convection and 

thunderstorms over the region.  

 

Chapter 3: Changes in the diurnal cycle of deep convection 

Motivation: Thunderstorm activity over the Congo has been increasing, while several 

studies have documented a large-scale and long-term drying trend over the region. Since 

thunderstorms and convection over the Congo Basin are largely influenced by the diurnal cycle, 

which is mainly controlled by surface solar heating, the drying trend observed over the region may 

have an important impact on diurnal variations of convection and clouds, characterized by changes 

in the diurnal cycle of convection. However, a comprehensive analysis of changes of the diurnal 

cycle of convection and potential associations with the drying trend has not been conducted yet. 

Research Question #2: How has the diurnal cycle of deep convection been changing during 

the past 40 years? What are the mechanisms contributing to the changes?  
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Hypothesis: The diurnal amplitude of deep convection has increased, due to a decrease of 

clouds in the morning, an earlier onset of convection, and more vigorous convection in the 

afternoon. These changes may have been caused by the warming and drying trend observed over 

the region. The warmer and drier conditions are possibly leading to a decrease in cloud cover in 

the morning due to the decreased moisture availability (i.e., greater CIN), while the surface 

warming is enhancing the vertical temperature gradient and decreasing the equivalent temperature 

gradient (i.e., greater CAPE), which will ultimately increase convective potential in the afternoon. 

 

Chapter 4: Impacts of the MJO on the diurnal cycles of convection and rainfall 

Motivation: The MJO is one of the most fundamental modes of atmospheric variability and 

profoundly influences precipitation and convection over the tropics. However, although the 

impacts of the MJO on African climate have been analyzed, most studies have focused on Eastern 

Africa, Southern Africa, and Western Africa, while studies focusing on the Congo are very limited. 

Raghavendra et al. (2020) found a significant relationship between the MJO and rainfall during 

October through March and showed a decreasing number of MJO dry days, which may be 

contributing to the observed decrease of rainfall over the region. Other studies on the MJO’s 

influence over the Congo are limited in numbers. While the impact of the MJO on convection, 

cloudiness, and rainfall, as well as their diurnal cycles have been extensively studied over other 

tropical regions such as the maritime continent, an examination on the MJO’s impacts on 

convection and rainfall from a diurnal perspective has yet to be conducted over the Congo. 

Research Question #3: How does the MJO impact the diurnal cycles of convection and 

precipitation? What are the mechanisms controlling the observed impacts on convection and 

rainfall?  

Hypothesis: The MJO highly impacts the diurnal timing and intensity of deep convection 

and precipitation over the Congo and thus significantly contributes to variations in convection and 
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precipitation over the region. During the MJO enhanced convective phase, convective activity and 

precipitation over the Congo are increased, increasing their diurnal amplitudes, and delaying the 

peak of convection to later in the day. During the MJO suppressed convective phase, convective 

activity over the Congo is weakened and precipitation is decreased, decreasing the diurnal 

amplitudes of convection and precipitation, and shifting the peak in convection to earlier in the 

day. These impacts are the result of circulation changes caused by the MJO. 

 

Chapter 5: Impacts of drier soils on atmospheric stability and convection 

Motivation: Land surface properties such as soil moisture can modulate clouds and 

convection through land-air interactions and changes in the partitioning of the surface heat fluxes 

and the PBL. Thus, the observed drying trend over the Congo may be influencing thunderstorm 

activity over the region through changes in soil moisture. However, there is a lack of studies 

investigating how drier soils might influence atmospheric stability and convection over rainforests 

in general and over the Congo specifically. Therefore, it will be crucial to understand how the 

observed drying trend may be impacting clouds and convection over the region. 

Research Question #4: How does a decrease in soil moisture impact atmospheric stability 

and the diurnal cycle of convection? What are the mechanisms causing the changes in atmospheric 

stability and convection? How do the changes compare during the wet vs. the dry season? 

Hypothesis: Since the diurnal cycle of deep convection is mainly controlled by surface 

heating, the long-term drying trend greatly modifies the diurnal cycle of convection. Drying 

conditions characterized by a decrease in soil moisture will result in a decreased latent heat flux 

and an increased sensible heat flux, increasing surface heating and decreasing humidity. These 

changes collectively act to decrease atmospheric stability, subsequently increasing convection in 

the afternoon. The impacts are more pronounced during the dry season due to the already limited 

water availability. 
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CHAPTER 2: 

Analyzing intensifying thunderstorms over the Congo Basin using the Gálvez-

Davison index from 1983–2018 

 

This chapter addresses research question 1) in Chapter 1.3 by analyzing trends in cold cloud 

fraction and the GDI, including its sub-indices, over the Congo during all four seasons from 1983 

to 2018. The hypothesis of this study includes that despite a decrease in rainfall, thunderstorm 

activity over the Congo has increased as a result of the observed drying trend. The warming and drying 

conditions over the region have decreased atmospheric stability and thereby decreased convective 

inhibition, resulting in more vigorous convection over the region.   

This article was published in Alber, K., Raghavendra, A., Zhou, L., Jiang, Y., Sussman, H.S., 

and Solimine, S.L., 2021a. Analyzing intensifying thunderstorms over the Congo Basin using the 

Gálvez-Davison index from 1983–2018. Clim. Dyn. 56, 949–967. 

 

2.1 Introduction 

Most of the precipitation in the tropics stems from convective 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 equatorial regions like Amazonia or Indonesia. In spite of its smaller size, the Congo is 

characterized by the second largest latent heating rate from convection after the Indonesian 

maritime continent (Washington et al. 2013). Equatorial Africa is also associated with the greatest 

annual mean lightning flash rate, having a higher frequency in thunderstorm occurrence and mean 
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flash rate than the rest of the deep tropics (Christian et al. 2003). However, despite the Congo’s 

formidable convection heating rate, thunderstorm intensity and lightning activity, the second 

largest rainforest in the world, i.e., the Congo Basin, receives less rainfall per unit area than 

Amazonia or Indonesia (Adler et al. 2017). The reduced availability of rainfall exacerbates 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 rainfall, 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 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 satellite 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., Taylor et al. 2018; Hart et al. 2019; Raghavendra et 

al. 2019). This seemingly unintuitive relationship between increasing 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 

mechanisms explaining the complex relationship between tropical deep convection, surface 

rainfall, and an increase in thunderstorm 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 increasing temperature 

contrast between the equator and northern Africa (Taylor et al. 2018). 
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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 

forecast 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 development 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 developed 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 increasing 

trends in thunderstorm activity over the Congo during 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. 
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2.2 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 September, 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. 

 

2.2.1 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 satellites, 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 

satellite observations for the visible (0.7 μm), infrared window (11.0 μm) and infrared water vapor 

(7.7 μm) channels. 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. (2020) 

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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2.2.2 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 Centre for Medium-Range Weather 

Forecasts (ECMWF) using the Integrated Forecast System (IFS) release Cy31r2 which was used 

for operational forecasting between 12 December 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 evaluated 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 

models 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 dataset 

choice for this study due to the 3-h lag in evaluating the reanalysis data (atmospheric variables) 

and satellite observations (thunderstorm activity). 
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2.2.3 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 (Raghavendra 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, satellite view zenith effects, gaps in coverage, 

and differences in instrument spectral response functions cannot be excluded (Knapp 2016). 

Therefore, higher-quality datasets and modeling 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; Alsdorf 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 limitation 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. 

 

2.3 Methods 

2.3.1 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 
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stronger the intensity 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. 

 

2.3.2 The Gálvez -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 terrain 

correction, and is calculated as follows: 

 𝐺𝐷𝐼 = 𝐶𝐵𝐼 + 𝑀𝑊𝐼 + 𝐼𝐼 + 𝑇𝐶 Eq. (2.1) 

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 

Warming Index (MWI) considering stabilizing and destabilizing effects of mid-level ridges and 

troughs, and the Inversion Index (II) considering entrainment of dry air and stabilization associated 

with trade wind inversions. There is also an optional terrain correction (TC) that can be added. 

GDI values range from around − 20 to + 45, indicating the thunderstorm potential. GDI values of 

− 20 indicate fair conditions and shallow convection producing very light, isolated rain. GDI 

values around + 45 indicate a high potential for scattered to widespread thunderstorms. 

In order to calculate the GDI and its sub-indices, temperature 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 

temperature data were 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 temperature (𝜃), 
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and equivalent potential temperature (𝜃𝑒) proxies for each layer (Betts and Dugan 1973; 

Bolton 1980; Gálvez and Davison 2016), which are needed to calculate the GDI, are documented 

in Appendix A. 

 

2.3.3 Column buoyancy index (CBI) 

The CBI analyzes moisture availability and temperature of the layers A and C by calculating 

the 𝜃𝑒 of those layers. The CBI is an enhancement factor and produces positive values. It is the 

only sub-index of the GDI producing positive values. 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 rainfall. The CBI is calculated as follows: 

 

 𝑀𝐸 = 𝜃𝑒(𝐶) − 𝛽 Eq. (2.2)  

 𝐿𝐸 =  𝜃𝑒(𝐴) −  𝛽 Eq. (2.3) 

  𝐶𝐵𝐼 = {
𝛾 ×  𝐿𝐸 ×  𝑀𝐸, 𝐿𝐸 > 0

0 , 𝐿𝐸 ≤ 0
 Eq. (2.4) 

where 𝛽 = 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 𝛾 = 6.5 𝑥 10−2 [𝐾−1] is an empirical 

scaling factor used to obtain values comparable to the relatively better-known K-Index (Gálvez 

and Davison 2016). 

 



 

 

 

 

22 

2.3.4 Mid tropospheric warming/stabilization index (MWI) 

By calculating the temperature of layer C, the MWI considers mid tropospheric stabilization 

induced by warm ridges and destabilization by cold troughs. The MWI is an inhibition factor 

producing negative values. If temperatures are higher than the threshold 𝜏 = 263.15 𝐾, MWI 

values are negative, indicating strong inhibition of convection and stabilization of the layer by a 

warm ridge. The MWI is calculated as follows: 

 

 𝑀𝑊𝐼 = {
𝜇 × (𝑇500 −  𝜏), 𝑇500 −  𝜏 > 0

0, 𝑇500 −  𝜏 ≤ 0
 Eq. (2.5) 

where 𝜇 =  −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). 

 

2.3.5 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 convection. 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 𝜃𝑒 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 𝜃𝑒 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: 

 

 𝐼𝐼𝑆 = 𝑇950 − 𝑇700 Eq. (2.6) 

  𝐼𝐼𝐷 = 𝜃𝑒(𝐵) − 𝜃𝑒(𝐴) Eq. (2.7)  
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  𝐼𝐼 = {
0, 𝐼𝐼𝑆  + 𝐼𝐼𝐷 > 0

𝜎 × (𝐼𝐼𝑆 + 𝐼𝐼𝐷), 𝐼𝐼𝑆  + 𝐼𝐼𝐷 ≤ 0
 Eq. (2.8)  

where 𝜎 = 1.5 [𝐾−1] is an empirical factor to control the weight of the II in the GDI formula 

(Gálvez and Davison 2016). 

 

2.3.6 Terrain correction (TC) 

To improve visualization over higher terrain, a TC factor can be added, which may be 

calculated as follows: 

 𝑇𝐶 =  𝑃3 − 
𝑃2

𝑃𝑆𝐹𝐶− 𝑃1
 Eq. (2.9) 

where 𝑃1 = 500 [ℎ𝑃𝑎], 𝑃2 = 9000 [ℎ𝑃𝑎], 𝑃3 = 18 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 only experienced relatively small spatial variations 

in topography from 12 to 25° E (e.g., Raghavendra et al. 2022). 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. 

2.3.7 Wind shear 

Since the Coriolis parameter and the horizontal temperature gradient are small near the 

equator, dynamic–thermodynamic indices such as the Eady growth rate (e.g., Raghavendra 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 structure and organization of 
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convective systems, as well as their evolution (Marion and Trapp 2019; Raghavendra et al. 2022). 

Vertical wind shear can organize convection into convective clusters and squall lines producing 

intense precipitation and extending the lifetime of convective systems (Robe and Emanuel 2001; 

Anber et al. 2014). Wind shear also advects moisture and temperature which impact 

thermodynamic stability (Robe and Emanuel 2001). Therefore, a relatively simple approach was 

used to calculate and analyze the vertical wind shear, i.e., 𝑊𝑖𝑛𝑑 𝑠ℎ𝑒𝑎𝑟 =  |𝑉⃑ 500| − |𝑉⃑ 850|. 

 

2.3.8 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 levels. The statistical significance (p-value) of the linear regression was evaluated using 

the two-tailed Student’s test. 

 

2.4 Results 

2.4.1 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 2.1 a–d shows spatial patterns of the seasonal climatology 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. 2.1 a–d. The north- and southward 

movement of the tropical rain belt is visible, as the tropical rain belt is characterized by enhanced 

convection and therefore higher percentages of cold cloud fraction. The green contours show the 

climatological values of the cold cloud fraction (%). The highest values, representing the tropical 
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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). 
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Figure 2.1: (a)-(d) Seasonal trends in cloud fraction ( % yr-1) for Tb between -50°C and -70°C at 

15:00 UTC from 1983–2018. 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 1983–2018. (e) Interannual variability and trends of the 

seasonal mean cloud fraction with 𝑇𝑏 ranging from -50°C to -70°C at 15:00 UTC from 1983–2018 

over the Congo basin. 



 

 

 

 

27 

2.4.2 Changes in GDI and its sub-indices 

Seasonal trends in GDI show a significant increase over large parts of the Congo (Fig. 2.2a–

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. 2.2e). This increase in GDI 

suggests a significant increase in thunderstorm activity over the Congo during all seasons, which 

is consistent with the trends detected in cold cloud fraction. Aiming to discover the physical 

mechanisms responsible 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. 
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Figure 2.2: (a)-(d) Seasonal trends in GDI (GDI yr−1) at 12:00 UTC from 1983–2018. 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 1983–2018. (e) 

Interannual variability of the GDI at 12:00 UTC from 1983–2018 over the Congo basin. 
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The CBI shows a small but insignificant decrease over most of the Congo during all seasons 

(Fig. 2.3a–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. 2.4a–d). The interannual variability 

indicates a trend of 0.10 year−1 (p < 0.10) 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. 2.4e). Thus, 

the MWI likely contributes to the increasing thunderstorm activity in MAM, JJA and SON. 
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Figure 2.3: (a)-(d) Seasonal trends in CBI (CBI yr−1) at 12:00 UTC from 1983–2018. 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 1983–2018. (e) 

Interannual variability of the CBI at 12:00 UTC from 1983–2018 over the Congo basin. 
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Figure 2.4: (a)-(d) Seasonal trends in MWI (MWI yr−1) at 12:00 UTC from 1983–2018. 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–

2018. (e) Interannual variability of the MWI at 12:00 UTC from 1983–2018 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. 2.5a–d). The interannual variability shows trends of 0.10–0.11 year−1 (p < 0.10) 

during all seasons (Fig. 2.5e). 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. 2.6 a–d), and 

the linear trend in the IID increased by 0.07–0.08 year−1 (p < 0.10) during all seasons as well (Fig. 

2.6e). A smaller IID suggests that the 𝜃𝑒 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 increased by 0.03–0.07 year−1 (Fig. 2.7) 

depending on the season, with DJF exhibiting the largest increase, followed 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. 
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Figure 2.5: (a)-(d) Seasonal trends in II (II yr−1) at 12:00 UTC from 1983–2018. 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 1983–2018. (e) 

Interannual variability of the II at 12:00 UTC from 1983–2018 over the Congo basin. 
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Figure 2.6: (a)-(d) Seasonal trends in IID ( IID yr−1) at 12:00 UTC from 1983–2018. 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 1983–2018. (e) 

Interannual variability of the IID at 12:00 UTC from 1983–2018 over the Congo basin. 
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Figure 2.7: (a)-(d) Seasonal trends in IIS ( IIS yr
−1) at 12:00 UTC from 1983–2018. 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 1983–2018. (e) 

Interannual variability of the IIS at 12:00 UTC from 1983–2018 over the Congo basin. 



 

 

 

 

36 

2.4.3 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 largest increase in 

SON, followed by JJA and MAM (Fig. 2.8). This presents an additional factor potentially 

contributing to the increase in thunderstorm activity since wind shear and orography significantly 

influence convection and precipitation over the Congo Basin. The unique African 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. 2022). 

 

Figure 2.8: Interannual variability in wind shear between 500hPa and 850hPa (m/s yr−1) at 12:00 

UTC from 1983–2018 over the Congo basin. 
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2.5 Discussion and conclusion 

In this study, thunderstorm activity over the Congo is analyzed 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 better diagnose tropical convection, with the CBI analyzing 

the availability of heat and moisture in the middle and lower troposphere, the MWI considering 

stabilizing and destabilizing effects of mid-level ridges and troughs, and the II considering 

entrainment of dry air and stabilization 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 of the 𝜃𝑒 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. 

Notwithstanding uncertainties in both satellite and reanalysis datasets (Sect. 2.2.3), the 

trends of the GDI and its sub-indices are in good agreement with observations, including in-situ 

and satellite observations over the study region (e.g., Bush et al. 2020). The temperature profile 

over the study region (Fig. 2.9) 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. 2.10) indicates a drying 

trend of the lower levels (i.e., Congo Basin) and a moistening of the upper levels. The 𝜃𝑒 profile 

over the study region is shown in Fig. 2.11 in order to evaluate the combined trends in temperature 

and moisture. The decrease of the 𝜃𝑒 gradient with height diagnosed using the IID is associated 
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with a decrease of 𝜃𝑒 in the lower troposphere (i.e., the Congo) and an increase of 𝜃𝑒 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 troposphere) rather than a change in 

temperature (Soden et al. 2005; Su et al. 2006; Fu 2015; Bush et al. 2020). 

Figure 2.9: Seasonal trends in temperature (10-1 × °C 𝑦𝑟−1) at 12:00 UTC from 1983–2018. 

Trends significant at p < 0.05 are shown using a black dot. The green lines show the climatological 

values (°C) from 1983–2018. 
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Figure 2.10: Seasonal trends in relative humidity (% yr−1) at 12:00 UTC from 1983–2018. Trends 

significant at p < 0.05 are shown using a black dot. The green lines show the climatological values 

from 1983–2018. 
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Figure 2.11: Seasonal trends in 𝜃𝑒 (10-1 × K 𝑦𝑟−1) at 12:00 UTC from 1983–2018. Trends 

significant at p < 0.05 are shown using a black dot. The green lines show the climatological values 

(K) from 1983–2018. 

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 (Sinclaire et al. 2015; 

Schlueter et al. 2019a, b). On the other hand, a decrease in the 𝜃𝑒 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 evapotranspiration contributes substantially to regional 

precipitation (e.g. Dyer et al. 2017). The large-scale forest browning observed over the Congo, 
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reducing evapotranspiration and decreasing 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 𝜃𝑒 gradient with height. 

The drying trend in the lower levels (i.e., the Congo Basin) and moistening trend in the mid- 

and upper troposphere (Fig. 2.10) 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 𝜃𝑒 is relaxed, which 

further destabilizes the vertical column and promotes a positive feedback mechanism 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. 2.9, 2.10, 2.11 suggest that the lifted condensation level (LCL) may have shifted to higher 

altitudes due to surface 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 
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the surface, and ultimately causing the drying trend over the Congo Basin as more water or ice 

particles falling out of a cloud may vaporize 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 𝜃𝑒 gradient with height. The cooling of the 500 hPa 

temperature may be attributable to an increase in cold troughs, which is hypothesized to be the 

consequence of an increase in the occurrence of Kelvin waves over the Congo (e.g., Raghavendra 

et al. 2019). The decrease of the 𝜃𝑒 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. 2.10). 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 transport of moist air during deep convection is 

hypothesized to additionally destabilize the column and enhance convective 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 melting level likely result in a decreasing 

trend in rainfall and enhanced drying trend over the Congo. 

Figure 2.12 summarizes the key findings of this work, including the observed changes in 

atmospheric temperature and moisture from 1983 to 2018 leading to the detected increase in 

thunderstorm activity (Fig. 2.12a, b), trends found in the GDI and its sub-indices including their 

impacts posed on atmospheric stability (Fig. 2.12c). It also includes a schematic of the proposed 

possible physical mechanisms, linking enhanced thunderstorm activity to the observed drying 

trend found over the Congo (Fig. 2.12d). In conclusion, thunderstorm activity over the Congo has 

increased, while rainfall has decreased significantly. The increasing trend in thunderstorm activity 

may be linked to an increase in the occurrence of cold troughs at 500 hPa, an increase of the 
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temperature gradient between 700 and 950 hPa, and a decrease of the 𝜃𝑒 gradient with height. 

These mechanisms were also linked together in a positive feedback loop (Fig. 2.12d) which 

potentially 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. 

 

Figure 2.12: (a–b) Schematic of changes in temperature and moisture (diagnosed using the GDI) 

and wind shear from 1983–2018 leading to the observed increase in thunderstorm activity. (c) 

Diagnosed trends of the GDI and its sub-indices and their impacts on atmospheric temperature, 

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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From a future climate perspective, significantly more work is necessary to understand 

rainfall and vegetation characteristics over the Congo Basin. From an observations and historical 

climate standpoint, there is considerable spread in rainfall estimates amongst datasets (Washington 

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; Washington et al. 2013; Raghavendra et al. 2020; 2022). 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). 

 

Appendix A: Calculation of θe 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: 

 

 𝑒∗ = 6.112 𝑒𝑥𝑝 [
17.76𝑇

𝑇 + 243.5
] 

Eq. (A1) 

 

 

𝑞∗ = 0.622
𝑒∗

𝑃
 

Eq. (A2) 

 𝑅𝐻 =  
𝑞

𝑞∗
× 100 

 

Eq. (A3) 
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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).  
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Eq. (A4) 
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Eq. (A5) 
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Eq. (A6) 
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Eq. (A7) 
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Eq. (A8) 

 𝑃𝑤𝑠850
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7.591386×𝑇850
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Eq. (A9) 



 

 

 

 

46 

 

 𝑃𝑤𝑠700
= 6.116441 × 10

[
7.591386×𝑇700
𝑇700+240.7263

]
 

Eq. (A10) 
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Eq. (A11) 
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Eq. (A12) 
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Eq. (A13) 
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Eq. (A14) 

 
𝑟𝐵 = 0.5(𝑟850 + 𝑟700) 

 

Eq. (A15) 
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Eq. (A16) 

 
𝑃𝑤𝑠500

= 6.116441 × 10
[
7.591386×𝑇500
𝑇500+240.7263

]
 

Eq. (A17) 
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Eq. (A18) 
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Eq. (A19) 
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where 𝑃𝑤𝑠 = saturation vapor pressure, 𝑃𝑤 = partial pressure of water vapor (Gálvez and 

Davison 2016).  

 

The 𝜃𝑒 was then calculated, where the following formula from Betts and Dugan (1973), 

simplified by Bolton (1980) was chosen since the calculation for 𝜃𝑒 is non-trivial: 

 

 𝜃𝑒 =  𝜃 exp(
𝐿𝑜𝑟

𝐶𝑝𝑑𝑇𝐿𝐶𝐿
) 

 

Eq. (A20) 

where 𝐿𝑜 = 2.69 𝑥 106 𝐽 𝑘𝑔−1 is the latent heat of vaporization, 𝐶𝑝𝑑 = 1005.7 𝐽 𝑘𝑔−1𝐾−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 850hPa temperature (K) to work around the complex 

calculation for 𝑇𝐿𝐶𝐿, which results in the following calculation of 𝜃𝑒 used to calculate the GDI: 

 

 𝜃𝑒 =  𝜃 exp(
𝐿𝑜𝑟

𝐶𝑝𝑑𝑇850
) 

 

Eq. (A21) 

   

Gálvez and Davison (2016) tested replacing 𝑇𝐿𝐶𝐿 by the 850hPa 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, 𝜃𝑒 proxies are then calculated using Eq. A21: 
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Layer A: 
𝜃𝑒(𝐴) = 𝜃𝐴 exp

𝐿𝑜𝑟𝐴
𝐶𝑝𝑑𝑇850

 
Eq. (A22) 

Layer B: 
𝜃𝑒(𝐵) = 𝜃𝐵 exp

𝐿𝑜𝑟𝐵
𝐶𝑝𝑑𝑇850

+ ∝ 
Eq. (A23) 

Layer C: 
𝜃𝑒(𝐶) = 𝜃𝐶 exp

𝐿𝑜𝑟𝐶
𝐶𝑝𝑑𝑇850

+ ∝ 

 

Eq. (A24) 

where ∝ =  −10 (𝐾) is an empirical adjustment constant aiming to limit excessive GDI 

values in regions with plentiful moisture at and above 850hPa (Gálvez and Davison 2016). 
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CHAPTER 3: 

A shift in the diurnal timing and intensity of deep convection over the Congo 

Basin during the past 40 years 

 

This chapter addresses question 2) in section 1.3 by analyzing GridSat-B1 and MODIS 

satellite datasets in conjunction with ERA5 reanalysis data. Diurnal variations of cloudiness and 

deep convection from 1979 to 2019 were investigated during all four seasons. Additionally, 

connections with the warming and drying trend observed over the region are explored, where 

associations with trends in precipitation efficiency and connections to the observed decrease in 

precipitation were evaluated. The hypothesis of this study includes that the amplitude of deep 

convection has increased as a result of a decrease of clouds in the morning, and more vigorous 

convection in the afternoon. These changes are hypothesized to be associated with the observed 

drying trend over the Congo. 

This article was published in Atmos. Res., 264, Alber, K., Zhou, L., and Raghavendra, A., 

A shift in the diurnal timing and intensity of deep convection over the Congo Basin during the past 

40 years, 0169-8095, Copyright Elsevier (2021). 

 

3.1 Introduction 

The diurnal cycle is one of the most fundamental modes of atmospheric variability 

attributable to large variations in the solar forcing over the course of the day (Yang and Slingo 

2001). For the rainfall in the tropics, the maximum is reached during the mid- to late afternoon 

over land and at nighttime over oceans. The maximum rainfall in the afternoon over land is a result 

of surface solar heating during the day, destabilizing the atmosphere and subsequently encouraging 

the onset of convection (Yang and Smith 2006). Over most tropical land areas, mornings are 

relatively clear, followed by a rapid afternoon buildup of convective clouds associated with a 
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maximum in rainfall and a more gradual decay of clouds during the night (Garreaud and Wallace 

1997). Using water vapor absorption band radiance data from geostationary satellites, Soden 

(2000) found significant diurnal variations in the upper tropospheric relative humidity in the 

tropics over both land and oceans, where the variations over land are out of phase with those over 

the oceans. Tian et al. (2004) showed large diurnal variations in deep convection, precipitation, 

and high clouds over deep convective regions. They indicated that upper tropospheric relative 

humidity peaks around midnight over the oceans and at 03:00 local solar time (LST) over land, 

with stronger diurnal variations of deep convection over land, which maximizes in the late 

afternoon and early evening hours. 

Central Africa is a hotspot for thunderstorms and one of the most convective regions in the 

world, characterized by intense thunderstorm activity (Zipser et al. 2006). The Congo Basin, 

situated in Equatorial Central Africa, is home to the Congo rainforest, the second largest rainforest 

in the world. Naturally, thunderstorm activity over the Congo is largely influenced by the diurnal 

cycle, with a morning minimum and a peak in convection and convective rainfall in the late 

afternoon between 16:00 and 19:00 LST (Yang and Slingo 2001; Jackson et al. 2009). As most 

precipitation over the tropics stems from convection (Dai, 2006), the majority of the Congo rainfall 

originates from deep convection and mesoscale convective systems (MCSs) (Jackson et al. 2009). 

However, although the Congo experiences some of the most intense thunderstorms and a higher 

lightning flash rate compared to other tropical regions (Washington et al. 2013), it receives less 

precipitation than other equatorial regions like Amazonia or the Indonesian maritime continent. 

Additionally, surface temperatures in Africa have been rising and are projected to further increase 

(James and Washington 2013; Engelbrecht et al. 2015). Furthermore, studies found that the Congo 

has experienced a large-scale and long-term drying trend, associated with an increase in dry season 

length (Jiang et al. 2019) and a decrease in mean precipitation since the 1980s (Zhou et al. 

2014; Hua et al. 2016, Hua et al. 2018). Counterintuitively, the number, intensity and size of 
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thunderstorms over the Congo have increased (Raghavendra et al. 2018; Alber et al. 2021a) despite 

the decreasing rainfall trend. Hamada et al. (2015) explained this relationship by showing a weak 

linkage between heavy rainfall and tall thunderstorms, arguing that the tallest thunderstorms do 

not necessarily produce the most intense rainfall events. 

As large parts of the tropical cloudiness and rainfall can be explained by the diurnal cycle 

(Yang and Slingo 2001), which is mainly controlled by surface heating, one important question is 

whether the long-term drought may has modified the diurnal cycle of clouds and deep convection 

over the Congo. Identifying the diurnal changes in clouds and deep convection over the region 

promises to enhance our understanding of rainfall patterns and variability as well as associated 

thunderstorm activity, and may thereby help to reconcile the observed inverse trends in deep 

convection and rainfall. The goals of this study therefore are to analyze the diurnal cycle of deep 

convection over the Congo, to investigate its changes from 1979 to 2019, and to ultimately link 

the changes found in the diurnal cycle of deep convection to the observed decrease in precipitation. 

The data used is presented in section 3.2 and the methods are described in section 3.3. In section 

3.4 we present our results followed by a summary in section 3.5. 

 

3.2 Data 

The study domain is the Congo Basin, defined as the area from 5°N to 5°S and 12°E to 30°E. 

Four datasets were used in this study, 1) the Gridded Satellite (GridSat-B1) (Knapp 2008; Knapp 

et al. 2011), 2) MODerate Resolution Imaging Spectroradiometer (MODIS) (Wan et al. 

2015a; Wan et al. 2015b), 3) ERA5 reanalysis (Hersbach et al. 2020), and 4) NOAA Climate 

Prediction Center Precipitation data (CPC) (Sun et al. 2018). All seasons, i.e., December, January, 

February (DJF), March, April, May (MAM), June, July, August (JJA), and September, October, 

November (SON) were investigated. MAM and SON are the two wet seasons while DJF and JJA 

are the two dry seasons receiving lower amounts of precipitation (Pokam et al. 2012; Dyer et al. 
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2017) as a result of the seasonal shift of the tropical rain belt (Nicholson 2018). All times of day 

are indicated in West Africa Standard Time (GMT +1). 

 

3.2.1 GridSat-B1 satellite data 

Climate Data Record quality (NRC, 2004) infrared (IR) channel (11 μm) Tb data sampled 

by the European Meteorological (MET) series of geostationary satellites from the International 

Satellite Cloud Climatology Project (ISCCP; Schiffer and Rossow 1983) was used in this study. 

The GridSat-B1 Tb data is available at a 0.07° × 0.07° spatial and 3-hourly temporal resolution 

(Knapp 2008; Knapp et al. 2011). While the maximum time span available from the GridSat-B1 

dataset is from 1981 to present, only the years from 1985 to 2019 were utilized here because of 

high frequencies of missing data between 1982 and 1985 (Raghavendra et al. 2020). As the 

atmosphere is almost transparent at 11 μm, the satellite measured radiance was used to derive 

Tb for cloud top (cloudy-sky) or surface (clear-sky) temperatures. 

 

3.2.2 MODIS land surface temperature satellite data 

MODIS land surface temperature from both Aqua (Wan et al. 2015a) and Terra (Wan et al. 

2015b) satellites was further incorporated in this study. The Aqua and Terra satellites are equipped 

with the MODIS instruments and image the Earth's surface in 36 spectral bands between 0.405 

and 14.385 μm at three spatial resolutions (250 m, 500 m, 1000 m). Terra passes the equator at 

10:30 and 22:30 LST, and Aqua passes the equator at 01:30 and 13:30 LST. The MODIS land 

surface temperature from 2003 to 2019 was obtained from NASA's Land Processes Distributed 

Active Archive Center (LP DAAC) (e4ftl01.cr.usgs.gov). The MODIS tiles h19v08, h19v09, 

h20v08 and h20v09, covering the spatial area 10°N to 10°S and 10°E to 30°E, were remapped to 

5°N to 5°S and 12°E to 30°E to match the study region. Since daily data often contains missing 

values, the 8-day composites at 1 km resolution from collection 6 were used (Aqua: MYD11A2; 

http://e4ftl01.cr.usgs.gov/
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Terra: MOD11A2), providing the best quality clear-sky (cloud-free) land surface temperature 

measurements from each 8-day period. 

 

3.2.3 ERA5 reanalysis data 

The ERA5 dataset (Hersbach et al. 2020) was used to obtain several variables for the time 

span from 1979 to 2019 at a 0.25° × 0.25° spatial resolution, i.e., 2-m temperature (T2m), 2-m dew 

point (D2m), precipitation, cloud base height, and total column water. Additionally, specific 

humidity and temperature at 4 different pressure levels (i.e., 950 hPa, 850 hPa, 700 hPa and 

500 hPa) were used. The time period 1979–2019 was chosen to maximize the temporal coverage. 

Although the same time period as used for the GridSat-B1 (1985–2019) could have been chosen 

instead, the results do not change significantly if using the shorter time period. All variables 

besides precipitation and total column water were obtained at a 3-hourly temporal resolution to 

match the satellite acquisition times of the GridSat-B1 Tb to ensure the consistency between 

observed and reanalysis data in terms of temporal resolution. Precipitation and total column water 

were utilized at a 1-hourly resolution to calculate precipitation efficiency. The ERA5 total column 

water is defined as the total amount of water including vapor, cloud water and cloud ice, integrated 

vertically from the ground to the nominal top of the atmosphere. Further, the ERA5 cloud base 

height, the height above surface of the base of the lowest layer of clouds, is defined as the height 

of the lowest level with a cloud fraction greater than 1% and a condensate content greater than 

1 × 10−6 kg kg−1, where the lowest model layer is not utilized to exclude fog. The temperature and 

specific humidity at the four pressure levels were utilized to calculate the Gálvez-Davison Index 

(see section 3.3.2), and the T2m and D2m served to retrieve the 2-m relative humidity (RH2m) 

using the improved Magnus formula (Alduchov and Eskridge 1996). The ERA5 precipitation is 

provided by the Global Precipitation Climatology Project (GPCP) based on satellite data and the 

Global Precipitation Climatology Centre (GPCC) which also includes rain-gauge observations. 
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Although other reanalysis products could have been utilized for this analysis, it is difficult to 

identify the most accurate dataset over the Congo Basin due to the extremely limited surface 

observations such as gauge stations and radiosonde networks. However, Hua et al. (2019) showed 

that the bias and root-mean-square error associated with the ERA-Interim reanalysis dataset is 

comparable to other reanalysis products, and Gleixner et al. (2020) found that the ERA5 matched 

the observations over Africa even better than the ERA-Interim data. Therefore, the ERA5 dataset 

was decided to be appropriate for this study. 

 

3.2.4 CPC precipitation data 

To compare ERA5 hourly reanalysis precipitation to daily gauge-based products, the NOAA 

Climate Prediction Center (CPC) global unified gauge-based daily precipitation was further used, 

where gauge observations were merged with satellite derived data (Sun et al. 2018). The dataset 

was provided by the NOAA/OAR/ESRL PSL and was obtained online (psl.noaa.gov/) at a 0.5° × 

0.5° spatial resolution. 

 

3.3 Methods 

3.3.1 Thunderstorm and cloud detection 

To detect thunderstorm activity, the GridSat-B1 data was used and the fraction of pixels with 

Tb lower than −50 °C (e.g., Alber et al. 2021a) within each 0.07° × 0.07° grid over the study 

domain was estimated from the GridSat-B1 data. The fraction of pixels with Tb lower than −50 °C 

was defined as cold cloud fraction (CCF). Since deep tropical convection is characterized by lower 

values of Tb, the CCF was used to represent areas in which deep convection occurs (Taylor et al. 

2017; Hart et al. 2019). To detect the total cloud fraction (TCF), the fraction of pixels with Tb lower 

than +10 °C within each 0.07° × 0.07° grid was further calculated. The TCF was used to estimate 

the amount of all cloud types, including mid- to low-level clouds. Although the threshold +10 °C 

http://psl.noaa.gov/
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was used for this study, other thresholds (i.e., 0 °C, +5 °C, +15 °C) have been tested as well and 

showed similar results. 

 

3.3.2 Gálvez-Davison Index 

To measure the thunderstorm potential over the region, the Gálvez-Davison Index (GDI) 

was used (e.g., Alber et al. 2021a). The GDI is a thermodynamic index, developed by Michael 

Davison and José Gálvez at NOAA's Weather Prediction Center (WPC). This index can forecast 

convection in the tropics more accurately than traditional indices by focusing on thermodynamic 

processes rather than dynamical processes. The GDI, a unitless parameter, is used diagnostically, 

where higher values indicate a higher potential for thunderstorms. To calculate the GDI, 

temperature and specific humidity values are needed at four different levels, i.e., at 950 hPa, 

850 hPa, 700 hPa, and 500 hPa (Gálvez and Davison 2016). In this study, ERA5 temperature and 

specific humidity data at these levels were used at a 3-hourly resolution for the GDI calculation. 

A complete derivation and explanation of the GDI is presented in Gálvez and Davison 

(2016) and Alber et al. (2021a). 

 

3.3.3 Precipitation efficiency 

Precipitation efficiency was used to evaluate how efficiently the convective systems produce 

precipitation by measuring how much of the water condensing in a rising column of air eventually 

reaches the surface as precipitation (Lau and Wu 2003; Sui et al. 2007; Lutsko and Cronin 2018). 

While there are numerous techniques to calculate precipitation efficiency, in this study the ratio 

between rainfall and total column water was used to estimate the precipitation efficiency. More 

specifically, the hourly ERA5 precipitation values were summed up to daily total precipitation, 

and the daily average ERA5 total column water was calculated from the hourly total column water. 
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To determine the precipitation efficiency, the total daily precipitation was divided by the daily 

average total column water (Sellers 1965; Market et al. 2003). 

 

3.3.4 Diurnal cycle analysis 

The seasonally averaged diurnal cycles were calculated for T2m, RH2m, and cloud base 

height from the ERA5 dataset for the years 1979–2019, and for Tb, CCF and TCF from the GridSat-

B1 product for the years 1985–2019. Temporal changes of the diurnal cycles of Tb, CCF, TCF, 

T2m, RH2m, cloud base height, and GDI were analyzed by comparing the averages and 95% 

confidence intervals of two groups with different time periods. The first group was calculated by 

averaging over the first third of the time span analyzed, i.e., 1985–1996, while the second group 

represented the average of the last third of the time span analyzed, i.e., 2008–2019. This method 

helped to analyze changes in the diurnal cycle by determining if the 95% confidence interval of 

first third is significantly different from the 95% confidence interval of the last third, where the 

95% confidence intervals were determined by multiplying the standard error with the 95% 

probability intervals of the t-distribution at each timestep. The diurnal cycles were calculated using 

a 3–24-hour spectral filter. The discrete Fourier transform (DFT) was applied to the anomaly data 

using a fast Fourier transform (FFT) in order to extract the diurnal cycles (e.g., Frigo and Johnson 

1998, Frigo and Johnson 2005; Tian et al. 2004). To do so, the 3-hourly data was first interpolated 

to 1-hourly resolution by applying the spline interpolation method to acquire more datapoints for 

a more detailed analysis and to prevent spectral aliasing by using a 3-hour filter. This interpolation 

of the 3-hourly to 1-hourly data may introduce some uncertainties associated with indicating 

specific hours of the day after interpolating. Additionally, since thunderstorms over the Congo 

Basin normally propagate from the East African Highlands westwards over the Congo Basin, the 

time of peak convection (e.g., highest percentage of CCF) is earlier in the eastern parts of the study 
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domain compared to the western areas. As time averages over the whole domain were used for this 

study, the peak times of CCF deviate slightly from the indicated values depending on the region. 

The diurnal Tb amplitude was further obtained by subtracting the values averaged over 

12:00–13:00 LST from the values averaged over 18:00–19:00 LST, where 12:00–13:00 LST is the 

time of maximum Tb or minimum convection, and the values at 18:00–19:00 LST represent the 

lowest Tb values when the CCF is highest, and convection is deepest. The diurnal T2m amplitude 

was calculated by subtracting the values averaged over 04:00–06:00 LST, i.e., the time of 

minimum T2m, from the values averaged over 13:00–15:00 LST, i.e., the time of maximum T2m. 

To calculate the diurnal MODIS land surface temperature amplitude, the MODIS data was 

interpolated to 2-hourly data since the equator passing times of Aqua and Terra are not ideal to 

calculate the diurnal land surface temperature amplitude and the available times do not match the 

times used to calculate the T2m ERA5 amplitude. After interpolating the dataset, the values at 

05:30 LST and the values averaged over 13:30 and 15:30 LST (i.e., 14:30 LST) were chosen to 

calculate the diurnal land surface temperature amplitude. 

 

3.3.5 Trend analysis 

The linear trends of the ERA5 and CPC precipitation, ERA5 precipitation efficiency, and 

the diurnal amplitudes of the GridSat-B1 Tb, MODIS land surface temperature and ERA5 T2m 

were determined in order to identify changes of the different variables. Linear trends were 

calculated based on least squares regression and the statistical significance (p-value) of the linear 

regression was evaluated using the two-tailed Student's t-test. 

 

3.4 Results 

The seasonally averaged diurnal Tb cycles in Fig. 3.1a show generally higher Tb values 

during the two dry seasons and lower values during the two wet seasons. The Tb is highest at 12:00 
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LST during SON (1.2 °C), and at 13:00 LST during DJF (4.8 °C), MAM (2.3 °C), and JJA 

(7.0 °C), while it is lowest at 20:00 LST during JJA (−3.3 °C) and SON (−11.3 °C), at 21:00 LST 

during MAM (−11.2 °C), and at 03:00 LST during DJF (−6.3 °C). Fig. 3.1b is similar to Fig. 3.1a 

but for the CCF, with a maximum at 18:00 LST during JJA (9.0%) and SON (16.7%), and at 19:00 

LST during DJF (10.3%) and MAM (16.8%). The lowest percentage of CCF is recorded at 11:00 

LST during SON (3.1%), and at 12:00 LST during DJF (2.3%), MAM (3.3%) and JJA (1.5%). 

The CCF is generally higher during the two wet seasons than the two dry seasons. Fig. 3.1c shows 

a minimum in TCF at 13:00 LST during JJA (39.6%), and at 14:00 LST during DJF (44.6%), 

MAM (50.0%) and SON (52.2%), while the maximum is at 04:00 LST during all seasons (68.5% 

for DJF; 75.2% for MAM; 60.2% for JJA; 77.6% for SON). Overall, the highest Tb values at 

12:00–13:00 LST and the lowest TCF values at 13:00–14:00 LST indicate a minimum in cloud 

cover around noon and in the early afternoon, while the maximum in CCF at 18:00–19:00 LST 

suggests that convection is deepest around sunset. Consequently, the minimum in the diurnal cycle 

of deep convection and convective rainfall is recorded right after noon and the maximum around 

sunset. 
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Figure 3.1: Diurnal cycles of (a), (d), (g), (j), (m) GridSat-B1 Tb (C), (b), (e), (h), (k), (n) 

GridSat-B1 CCF (%), and (c), (f), (i), (l), (o) GridSat-B1 TCF (%). Averaged over the study 

domain. (a), (b) and (c): Seasonal averages over the years 1985–2019. (d)-(o): Averages over the 

years 1985–1996 and 2008–2019 (black lines) with the respective 95% confidence intervals shown 

separately, where the blue color represents the years 1985–1996 and the red color represents the 

years 2008–2019. 

 

To investigate changes in the diurnal cycles of Tb, CCF and TCF, the diurnal cycles averaged 

over the years 1985–1996 (first third) and 2008–2019 (last third) are shown in Figs. 3.1d–o, 
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together with the respective 95% confidence intervals. For the Tb (Figs. 3.1d, g, j and m), values 

have increased during the last third when compared to the first third during all seasons, especially 

in the morning and early afternoon hours until around 14:00 LST. More specifically, the 95% 

confidence intervals indicate significant differences (p < 0.05) between the first and last third from 

02:00–15:00 LST and 20:00–21:00 LST during DJF, 02:00–14:00 LST and 22:00–23:00 LST 

during MAM, 07:00–13:00 LST during JJA, and 01:00–14:00 LST and 19:00–24:00 LST during 

SON. Consequently, the Tb has increased significantly during all seasons in the mornings, possibly 

due to a decrease of clouds in the morning and early afternoon, as well as in the late evening. 

Further, the amount of CCF has increased, mainly in the afternoon hours (Figs. 3.1e, h, k and n). 

While the 95% confidence intervals of the first and last third are not different during DJF, they are 

different from 14:00–18:00 LST during MAM, 12:00–17:00 LST during JJA, and 13:00–17:00 

LST during SON, indicating a shift to a higher percentage of CCF in the afternoon during all 

seasons besides DJF, suggesting that thunderstorm activity in the afternoon has been increasing. 

This is consistent with previous studies showing an intensification of MCSs during the month of 

February (Taylor et al. 2018), and a general increase in mean convective activity across Africa 

(Hart et al. 2019). Changes in TCF (Figs. 3.1f, i, l and o) confirm that the amount of clouds has 

been decreasing in the morning hours, where the 95% confidence intervals of the first and last third 

are different from 06:00–15:00 LST during DJF, 03:00–24:00 and 01:00 LST during MAM, 

02:00–13:00 LST during JJA, and 01:00–24:00 LST during SON, with lower TCF during the later 

period. Overall, the increased Tb and decreased TCF in the morning, and the increased CCF during 

the afternoon suggest a decreasing trend in clouds in the morning and a tendency towards stronger 

and more intense convection in the afternoon in recent years. 

To corroborate the above changes of the diurnal cycles of clouds and deep convection 

obtained from satellite data, the same analysis was conducted using ERA5 T2m and RH2m from 

1979 to 2019. Figs. 3.2a and b show the seasonally averaged diurnal cycles of T2m and RH2m, 



 

 

 

 

61 

with a T2m maximum at 14:00 LST during all seasons (29.3 °C for DJF; 29.0 °C for MAM; 

28.0 °C for JJA; 27.7 °C for SON), and a minimum at 04:00 LST during SON (21.1 °C), 05:00 

LST during MAM (21.9 °C), and at 06:00 LST during DJF (21.2 °C) and JJA (20.9 °C). The 

RH2m maxima are recorded at 04:00 LST during SON (96.4%), 05:00 LST during MAM (95.7%), 

and at 06:00 LST during DJF (92.2%) and JJA (94.6%), while the RH2m minima are at 14:00 LST 

during all seasons (57.3% for DJF; 65.4% for MAM; 63.5% for JJA; 68.1% for SON). 

Furthermore, changes in the diurnal RH2m and T2m cycles (Figs. 3.2c–j) indicate a general 

warming and drying trend, where the T2m has increased significantly during all hours of the day 

and all seasons. The RH2m increased during all hours and seasons as well, besides at 07:00 LST 

during DJF where the changes are not significant. 
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Figure 3.2: Diurnal cycles of (a), (c), (e), (g), (i) ERA5 T2m (C), and (b), (d), (f), (h), (j) ERA5 

RH2m (%). Averaged over the study domain. (a) and (b): Seasonal averages over the years 1979–

2019. (c)-(j): Averages over the years 1985–1996 and 2008–2019 (black lines) with the respective 

95% confidence intervals shown separately, where the blue color represents the years 1985–1996 

and the red color represents the years 2008–2019. 

 

The increase in Tb in the morning hours and in CCF during the afternoon are also illustrated 

in Figs. 3.3a and b, while Figs. 3.3c and d show the general increase of the T2m and the decrease 

of the RH2m. More specifically, the Tb increased significantly (p < 0.05) in the morning during all 
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months besides February, May and June, while trends in the afternoon are insignificant (Fig. 3.3a). 

Additionally, trends in CCF (Fig. 3.3b) show significant increases in the afternoon during all 

months except January, February and December. This is generally consistent with the results 

from Fig. 3.2, confirming that Tb has increased in the morning while convection intensified in the 

afternoon. 

 

Figure 3.3: Trends in (a) GridSat-B1 Tb (C year-1) from 1985–2019, (b) CCF (% year-1) from 

1985–2019, (c) ERA5 T2m (C year-1) from 1979–2019, and (d) ERA5 RH2m (% year-1) from 

1979–2019. Averaged over the study domain. Trends significant at p < 0.05 are shown using a 

black dot. The green lines show the climatological values of Tb (C) and CCF (%) from 1985–

2019, and ERA5 T2m (C) and RH2m (%) from 1979–2019. 

 

To investigate changes in thunderstorm potential, the diurnal cycles of the GDI averaged 

over the first (1985–1996) and last (2008–2019) third are shown in Fig. 3.4, together with the 

according 95% confidence intervals. While there are no significant changes during DJF, the GDI 
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increased significantly (p < 0.05) in the afternoon from 13:00–17:00 LST during MAM, from 

15:00–18:00 LST during JJA, and from 11:00–17:00 LST during SON. As the GDI is used as a 

forecasting tool, this confirms that thunderstorm potential has increased in the afternoon and 

evening hours, complementing the findings in Fig. 3.1, Fig. 3.3. 

Figure 3.4: Diurnal cycles of the GDI averaged over the study domain. Averages over the years 

1985–1996 and 2008–2019 (black lines) with the respective 95% confidence intervals shown 

separately, where the blue color represents the years 1985–1996 and the red color represents the 

years 2008–2019. 

 

Table 3.1 lists the trends of the CCF for the years 1985–2019 and the hours 13:00–19:00 

LST. The CCF has increased significantly (p < 0.05) from 14:00–17:00 LST during all seasons 

except DJF. More specifically, the increase in CCF is largest at 16:00 LST during JJA (4.18 × 

10−2% year−1) and SON (6.65 × 10−2% year−1), and at 17:00 LST during MAM (6.65 × 10−2% 

year−1) while DJF does not show any significant trends. Consequently, thunderstorms have 

intensified the most during the afternoon buildup period, and not during the time of maximum 
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deep convection around sunset. The increased thunderstorm intensity during the buildup period 

may possibly be a result of the surface warming and drying trend associated with the long-term 

Congo drought and the subsequent decrease in cloud cover in the morning, leading to increased 

heating and an earlier onset of convection since the convective temperature is reached earlier. The 

increase in T2m might eventually lead to a shift in the maximum of CCF to an earlier time of 

day. Fig. 3.5 confirms this hypothesis, where the blue boxplots represent the percentage of CCF 

averaged over the years 1985–1996 (first third) at 13:00–19:00 LST, and the red boxplots show 

the same for the years 2008–2019 (last third). The results in Fig. 3.5 are consistent with the trends 

listed in Table 3.1. The notches of the boxplots of the first and last third for DJF overlap for all 

times, indicating that they are not significantly different. During MAM, the CCF increased 

significantly (p < 0.05) from 14:00–18:00 LST. For JJA and SON, the differences between the 

first and last third are significant (p < 0.05) from 13:00–17:00 LST, indicating increased CCF in 

the afternoon hours during all seasons besides DJF. Additionally, the maximum percentage of CCF 

generally shifted to earlier in the day during all seasons.  

 

Table 3.1. Trends in CCF (10–2 × % yr−1) for the different seasons and hours in the afternoon 

from 1985 to 2019. Values significant at the 95% level are indicated by an asterisk (*). 
 

DJF MAM JJA SON 

13 LST −1.29 1.52 1.66* 3.35* 

14 LST −0.62 3.11* 2.69* 5.12* 

15 LST 0.01 4.90* 3.67* 6.39* 

16 LST 0.37 6.31* 4.18* 6.65* 

17 LST 0.14 6.65* 3.75* 5.41* 

18 LST −0.80 5.51* 2.15 2.47 

19 LST −2.01 3.54 0.37 −1.04 
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Figure 3.5: CCF (%) at the different times of day (LST) averaged over the first third (1985–1996; 

blue color) and the last third of the time period analyzed (2008–2019; red color) for the different 

seasons. Averaged over the study domain. The central black bar on each box represents the median, 

the edges of the box indicate the 25th and the 75th percentiles, and the notches represent the 95% 

confidence intervals of the median. The upper and lower whiskers show the variability outside the 

upper and lower quartiles while outliners are plotted as red crosses. 

 

The interannual variability and linear trends of the diurnal Tb amplitude are displayed in Fig. 

3.6. The diurnal Tb amplitude has increased significantly (p < 0.05) during all seasons besides JJA, 

with the largest increase during MAM (0.06 °C year−1), followed by DJF (0.03 °C year−1) and 

SON (0.03 °C year−1). Consistent with the trends of the diurnal Tb amplitude, the diurnal T2m 

amplitude has increased by 0.01 °C year−1 (p < 0.05) during DJF and MAM, and 

0.02 °C year−1 (p < 0.05) during JJA and SON (Fig. 3.7, solid lines). The trends of the ERA5 T2m 

diurnal amplitude are further compared to the MODIS land surface temperature (Fig. 3.7, dashed 

lines). The diurnal land surface temperature amplitude shows a significant increasing trend during 

DJF (0.04 °C; p < 0.05) and SON (0.05 °C; p < 0.10). The increase found during all seasons in the 
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T2m diurnal amplitude, during DJF, MAM and SON in the Tb diurnal amplitude, and during DJF 

and SON in the land surface temperature diurnal amplitude complement the findings from Fig. 

3.4, Fig. 3.5, indicating an increase in the diurnal amplitude due to a decrease of clouds in the 

morning and more vigorous convection in the afternoon, which may be caused by the increased 

heating and drying observed over the region. 

Figure 3.6: Interannual variability and linear trends (C year-1) of the diurnal amplitude of GridSat-

B1 Tb (12:00–13:00 LST vs. 18:00–19:00 LST) from 1985–2019, averaged over the study domain. 
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Figure 3.7: Solid lines: Interannual variability and linear trends (C year-1) of the diurnal amplitude 

of ERA5 T2m (04:00–06:00 LST vs. 13:00–15:00 LST) from 1979–2019. Dashed lines: 

Interannual variability and linear trends (C year-1) of the diurnal amplitude of MODIS land 

surface temperature (05:30 LST vs. 13:30–15:30 LST) from 2003–2019. Averaged over the study 

domain. 

 

Fig. 3.8a illustrates the diurnal variations in cloud base height for the different seasons, with 

a minimum in the morning hours and a maximum in the evening. More specifically, the minimum 

is recorded at 08:00 LST during SON (445.9 m), 10:00 LST during MAM (785.8 m) and JJA 

(869.3 m), and at 11:00 LST during DJF (1387.0 m). The maxima are at 23:00 LST during all 

seasons (2432.7 m for DJF; 1899.6 m for MAM; 1765.1 m for JJA; 1615.1 m for SON). Figs. 3.8 

b–e further show a general increase in cloud base height during all hours of the day during MAM, 

JJA and SON, and from 01:00–10:00 LST and 22:00–24:00 LST during DJF. The increase is most 

pronounced during the early morning hours and can be explained by the surface warming and 

drying trend in the study region, as increasing the T2m and decreasing the RH2m will raise the 

lifted condensation level and ultimately increase the cloud base height. 
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Figure 3.8: Diurnal cycles of the ERA5 cloud base height (m) averaged over the study domain. 

(a): Seasonal averages over the years 1979–2019. (b)-(e): Averages over the years 1985–1996 and 

2008–2019 (black lines) with the respective 95% confidence intervals shown separately, where the 

blue color represents the years 1985–1996 and the red color represents the years 2008–2019. 

 

Consistent with the observed drought over the Congo, the trends of both the ERA5 and CPC 

precipitation are decreasing during all seasons (Figs. 3.9a–d). Further, the trends in precipitation 

efficiency (Fig. 3.9e) have decreased significantly during all seasons, with the strongest decrease 

of −0.10% year−1 (p < 0.05) during DJF, MAM and SON, followed by a decrease of −0.08% 
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year−1 (p < 0.05) during JJA. The decreasing precipitation efficiency may be a result of the 

increased cloud base height, leading to an increase in virga and less precipitation reaching the 

surface (see more discussion in Section 3.5). 

Figure 3.9: (a)-(d) Interannual variability and linear trends (mm year-1) of the seasonal mean 

precipitation from hourly ERA5 and daily CPC data from 1979–2019. The ERA5 data is averaged 

over the study domain, and the CPC data is averaged over the domain 5.25N to 5.25S and 

12.25E to 30.25E. (e) Interannual variability and linear trends (% year-1) of the precipitation 

efficiency, calculated using hourly ERA5 precipitation and ERA5 total column water. 



 

 

 

 

71 

3.5 Discussion and conclusions 

In this study, changes in the diurnal cycles of clouds, deep convection and other variables 

including T2m and RH2m were analyzed over the Congo Basin from 1979 to 2019. The aim of 

this analysis is to explain and link the changes in the diurnal cycle of deep convection, the decrease 

in precipitation, and the drying trend observed over the region. The diurnal cycles of Tb, CCF, 

TCF, T2m, RH2m, cloud base height and GDI were calculated, and their changes were identified 

and analyzed using a 3–24-hour spectral filter. Furthermore, the long-term trends of the diurnal 

Tb, land surface temperature, and T2m amplitudes, the CCF, precipitation and precipitation 

efficiency were investigated. 

The results show a maximum in Tb at 12:00–13:00 LST and a minimum in TCF at 13:00–

14:00 LST, while a maximum in CCF was found at 18:00–19:00 LST, indicating a minimum in 

clouds around noon and in the early afternoon, and a peak in deep convection around sunset. 

Additionally, trends show that the Tb has increased and the TCF has decreased in the morning, 

suggesting a decrease of cloudiness during the morning hours. In the afternoon, the GDI and CCF 

have increased where the strongest increase in CCF was detected at around 16:00 LST. This shows 

increased thunderstorm activity, especially during the afternoon build up period, which is 

consistent with previous findings showing increased MCS intensity over the Congo 

(e.g., Raghavendra et al. 2018; Taylor et al. 2018) and enhanced mean convective activity across 

Africa (Hart et al. 2019). Furthermore, the maximum in CCF shifted to earlier in the day, 

suggesting that the increased heating and the decrease of clouds in the morning may lead to an 

earlier onset of convection. Results also show that the diurnal amplitude of convection over the 

Congo has increased, with the increase in the Tb amplitude reaching from 0.03 °C year−1 to 

0.06 °C year−1, depending on the season. This may be the combined effect of the decrease in clouds 

found in the morning and an increase of deep convection in the afternoon. 
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The enhanced convection found in the study region during recent years may be caused by 

the observed long-term warming and drying trend over the Congo. Alber et al. (2021a) showed 

that the increase in thunderstorm activity over the Congo might be the result of 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 equivalent potential temperature gradient with height. While the 

increase in the occurrence of cold troughs is potentially the effect of an increased occurrence of 

Kelvin waves (Raghavendra et al. 2019), the increase of the temperature gradient and the decrease 

of the equivalent potential temperature gradient, reducing the vertical stability, may be the result 

of the observed warming and drying trend of the surface. The enhanced heating and drying during 

recent years could explain the decrease of clouds in the morning hours and the decrease in the 

vertical stability of the atmosphere, ultimately enhancing thunderstorm intensity over the region. 

Consistent with our results, previous studies (e.g., Taylor et al. 2017; Hart et al. 2019) found that 

MCS frequency is highly correlated with land surface temperatures. Taylor et al. (2017) showed 

intensified Sahelian MCSs as a result of Saharan warming during the months of June–September. 

They further demonstrate an asymmetric increase in North African temperatures with increased 

surface warming in the Northern Hemisphere, which might be correlated to the increase in 

convective activity found over Africa (Hart et al. 2019). Furthermore, other factors like changes 

in the mid-latitude circulation may have also contributed to the intensifying convection observed 

over the Congo (Taylor et al. 2018). For example, upper-level troughs forming over Iberia 

and Northern Africa during the months of November–March have been found to be related to 

strong MCS events by Ward et al. (2021). The warming and drying of the surface over the Congo 

could have further led to the observed increase in cloud base height and the subsequent increase 

in virga, resulting in more precipitation being vaporized before reaching the surface. This might 

have caused the recorded decrease in precipitation efficiency (−0.08 to −0.10% year−1), resulting 

in the observed decrease of precipitation at the surface, reaching from −3.00 mm year−1 to 
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−4.09 mm year−1 according to the ERA5 reanalysis dataset, and from −1.26 mm year−1 to 

−3.60 mm year−1 according to the CPC dataset. The decrease in precipitation may also be a result 

of more intense thunderstorms that do not necessarily produce large amounts of precipitation, 

which has been documented by Hamada et al. (2015) using the Tropical Rainfall Measuring 

Mission spaceborne radar observations. Therefore, the increased number of thunderstorm cells 

with increased convective activity observed over the Congo (Raghavendra et al. 2018) possibly 

also contributes to the decrease in precipitation observed over the region. Additionally, dry 

air advection from North Africa into the Congo, reduced low-level moisture transport and 

enhanced subsidence over the Congo Basin may further reduce relative humidity and decrease 

precipitation over the region (Jackson et al. 2009; Hua et al. 2016). 

Based on our results, we propose some potential feedback mechanisms (Fig. 3.10) that may 

help to explain the contrasting trends in deep convection and precipitation over the Congo. The 

observed drought, enhancing surface warming and drying, may have caused the detected decrease 

in clouds during the morning, which increases the Tb. These changes may further result in an earlier 

onset of convection as the convective temperature is reached earlier, and could explain the 

stronger, more intense convection in the afternoon, ultimately increasing the diurnal amplitude. 

Additionally, the drying trend possibly caused the increase of the cloud base height and the 

subsequent increase in virga, decreasing the precipitation efficiency and accelerating the warming 

and drying at the surface as less precipitation reaches the ground. 
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Figure 3.10: Proposed potential feedback mechanisms leading to the observed increase in 

thunderstorm activity, the decrease in precipitation observed at the surface, and the increase in the 

diurnal amplitude of T2m and convection over the Congo Basin, including a decrease in clouds in 

the morning and an increase in convection in the afternoon. The study domain is indicated by the 

red box (Image credits: Background picture made with Natural Earth). 

 

In summary, our results showed that the diurnal amplitude of convection over the Congo has 

increased due to the combined effect of an increase of Tb and a decrease in TCF in the morning, 

and an increase of deep convection in the afternoon. In the morning, Tb has increased while the 

cloud cover has decreased, possibly due to the observed warming and drying trend in the study 

region. The surface warming may also enhance the vertical temperature gradient and decrease the 

equivalent potential temperature gradient with height, resulting in a decrease in convective 

inhibition, as suggested by Alber et al. (2021a). The decrease in convective inhibition may have 

caused the increase in thunderstorm activity in the afternoon. While convection has become 

stronger, precipitation has been shown to decrease. The decrease in precipitation may be a result 
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of more intense thunderstorm cells producing lower amounts of rainfall, as well as the increased 

surface warming and drying observed over the region, leading to an increase of the cloud base 

height and a decrease in precipitation at the surface. 
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CHAPTER 4: 

Influence of the Madden-Julian Oscillation on the diurnal cycles of convection 

and precipitation over the Congo Basin 

 

This work addresses question 3) in section 1.3 and analyzes the impacts of the MJO on the 

diurnal cycles of convection and precipitation over the Congo and explores possible mechanisms 

leading to the observed changes by using GridSat-B1, TRMM, and ERA5 data. The hypothesis 

includes that the MJO modulates precipitation and convection over the region, increasing clouds 

and rainfall, and delaying peak convection during the enhanced phase. During the suppressed 

phase the opposite will happen, with a decrease in convection and precipitation and a shift of peak 

convection to earlier in the day. Circulation changes induced by the MJO are hypothesized to be 

associated with the observed changes.  

This article was published in Atmos. Res., 294, Alber, K., Zhou, L., Roundy, P.E., and 

Solimine, S.L., Influence of the Madden-Julian Oscillation on the diurnal cycles of convection and 

precipitation over the Congo Basin, 0169-8095, Copyright Elsevier (2023). 

 

4.1 Introduction 

The Congo Basin situated in equatorial tropical Africa is one of the most convective regions 

in the world and has the second largest latent heating rate from convection after the Maritime 

continent (MC) (Washington et al. 2013; Feng et al. 2021). Convection and rainfall over the Congo 

are predominately associated with surface solar heating, resulting in a strong diurnal cycle of 

clouds and precipitation with a minimum in clouds in the morning and a peak in clouds and 

convection in the late afternoon and early evening hours (Jackson et al. 2009; Alber et al., 

2021b; Hartman 2021). Several previous studies have shown that convection varies diurnally, and 

that the diurnal variations also differ spatially. Different techniques and datasets have been utilized 
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to investigate the diurnal cycles of tropical convection and precipitation. For example, Hendon and 

Woodberry (1993) used brightness temperature (Tb) derived from 11 μm satellite radiance 

measurements lower than 230 K as a threshold to isolate deep convection. Nesbitt and Zipser 

(2003) used Tropical Rainfall Measuring Mission (TRMM) satellite precipitation 

measurements to highlight variations in rainfall over tropical land areas, while Yang and Slingo 

(2001) used global 0.5° and 3-hourly satellite infrared data to provide a climatology of the diurnal 

cycle of convection and surface temperature in the tropics. 

According to Lazri et al. (2014), the life cycle of a convective system can generally be 

divided into three stages, i.e., growth, maturity, and dissipation. The cycle begins with the vertical 

growth of a convective core with intensifying vertical updrafts. During this stage, the cloud top 

height increases, the cloud expands horizontally, and the cloud optical thickness increases while 

precipitation droplets grow. During the maturity stage, both updrafts and downdrafts exist 

simultaneously, where evaporating precipitation cools surrounding areas which favors downdrafts 

while the anvil expands. During the dissipation stage, updrafts weaken and begin to disappear 

while the anvil reaches a maximum and begins to dissipate and the cloud droplet radius decreases. 

In the young portions of the cloud, defined by vigorous vertical motion, precipitation is mostly 

convective where precipitation particles increase the size and mass by collection of cloud water 

through coalescence and/or riming and the particles fall in heavy showers. In the older regions of 

the cloud when the vertical motions weaken, precipitation is more stratiform and drifts to the 

ground more slowly as the particles increase their mass by vapor diffusion (Houze Jr. 1997). 

Precipitation and convection over the tropics can be influenced by various modes of 

variability such as the Madden-Julian Oscillation (MJO), El Niño Southern Oscillation (ENSO) 

and Indian Ocean Dipole (IOD) (Otto et al. 2013; Hart et al. 2019; Raghavendra et al. 2020; Jiang 

et al. 2021). The MJO (Madden and Julian 1971, Madden and Julian 1972) is one of the most 

fundamental modes of atmospheric variability and is the leading mode of intraseasonal variability 
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in the tropics (Dias et al. 2017). It is characterized as an eastward moving planetary-scale signal, 

associated with strong convection that originates in the Indian Ocean and moves along the 

equatorial Indian and western-central Pacific Oceans, recurring every 30–90 days (Zhang 

2005; Kim et al. 2008). Convection is increased during the MJO enhanced phase and decreased 

during the MJO suppressed phase. It has also been shown that the MJO interacts with the diurnal 

cycle (Slingo et al. 2003; Sakaeda et al. 2017). However, the modulation of precipitation by the 

MJO varies in different regions of the world, and studies disagree on how the MJO affects the 

diurnal cycle phase and amplitude of rainfall and convection depending on the region. While the 

diurnal amplitude is found to be decreased during the MJO enhanced phase over the islands of the 

MC, it is shown to increase over the oceans of the MC during the same phase (Sui et al. 1992; Sui 

et al. 1997; Rauniyar and Walsh 2011; Oh et al. 2012), suggesting that the MJO impacts the diurnal 

cycles of rainfall and convection differently over land and the ocean. Furthermore, studies 

analyzing the influence of the MJO on the diurnal phase show contradictive results. For 

example, Oh et al. (2012) and Rauniyar and Walsh (2011) identified the MJO's influence on the 

diurnal phase, while Tian et al. (2006) and Suzuki (2009) found no relationship between the two 

at all. 

Over the Congo, Raghavendra et al. (2020) found a significant relationship between the 

MJO and rainfall during October through March from 1979 to 2018, showing that the MJO 

significantly impacts rainfall over the region. They utilized the daily MJO real-time multivariable 

(RMM) phase index data (Wheeler and Hendon 2004), where RMM phase 2 was regarded as the 

MJO enhanced phase and RMM phases 5 and 6 were regarded as the MJO suppressed phase over 

the region. The study showed that the number of days in the MJO suppressed phase increased 

significantly by 0.34 days year−1 from 1979 to 2018, while no significant trends for the number of 

MJO enhanced days were found. The study concluded that the decreasing trend in the number of 

MJO dry days may contribute to the observed decrease in rainfall by 13.6% and may thereby help 
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to partially explain the large-scale and long-term drying trend documented during the past three 

decades over the Congo (Zhou et al. 2014; Hua et al. 2016, Hua et al. 2018; Jiang et al. 2019). 

Interestingly, in contrast to this drying trend, several studies such as Taylor et al. 

(2018), Raghavendra et al. (2018), and Alber et al. (2021a) also showed an increase 

in thunderstorm intensity over the Congo during the past 20 to 30 years. 

However, despite being the second largest rainforest on earth, the Congo remains 

understudied compared to other major rainforests such as the Amazon (Zhou et al. 2014; Alsdorf 

et al. 2016). Although the impacts of the MJO on African climate have been analyzed, most studies 

have focused on Eastern Africa (e.g., Pohl and Camberlin 2006; Berhane and Zaitchik 

2014; Vashisht and Zaitchik 2022; Maybee et al. 2022; Talib et al. 2023), Southern Africa 

(e.g., Hart et al. 2013) or Western Africa (e.g., Alaka and Maloney 2012; Sossa et al. 2017). To 

the best of our knowledge, no studies have been conducted yet to investigate how the MJO may 

influence the diurnal variations of convection and rainfall over the Congo. This study therefore 

aims to shed light on the yet unanswered question of how the MJO might impact the diurnal cycles 

of convection and precipitation over the Congo and investigates the physical mechanisms leading 

to the observed changes. The results of this analysis will fill the knowledge gap regarding the 

variability of Congo rainfall and convection and may ultimately help to answer open questions 

about the long-term drying trend over the Congo. The data used is presented in section 4.2, the 

methods are described in section 4.3, the results are presented in section 4.4, followed by a 

summary and conclusion in section 4.5. 

 

4.2 Data 

For this study, three different datasets were used, i.e., Gridded Satellite (GridSat-B1) (Knapp 

2008; Knapp et al. 2011), TRMM precipitation (Huffman et al. 2007), and ERA5 reanalysis data 

(Hersbach et al. 2020), where the time period 1985–2019 was investigated. Although the MJO 
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impacts convection and precipitation during all seasons, the months October through March 

(ONDJFM) were chosen for the analysis because the MJO signal is stronger and the RMM 

amplitude is generally higher during these months (Zhang and Dong 2004; Raghavendra et al. 

2020). Additionally, this period includes both the wet and dry seasons over the Congo since the 

analysis captures the entire December–February (DJF) dry season, the start of the March–May 

(MAM) wet season, and most of the September–November (SON) wet season (Nicholson 2018), 

resulting in the analysis capturing three wet months and three dry months. It is worth noting that 

the MJO's impacts on convection do not differ significantly between the three dry vs. wet months 

and we therefore decided to combine these 6 months into one single ONDJFM study period for 

brevity and clarity. Comparing the modulation of convection by the MJO during all four seasons, 

i.e., DJF, MAM, JJA, and SON (not shown), also indicated similar results for all seasons besides 

JJA when the differences between the two MJO phases are more pronounced from noon through 

the afternoon instead of the nighttime and morning hours. The study domain, i.e., the Congo Basin, 

is defined as the area from 5°N to 5°S and 12°E to 30°E and is depicted by the black boxes in Fig. 

4.1. The diurnal cycle data are indicated in Coordinated Universal Time (UTC). 

 

4.2.1 GridSat-B1 satellite data 

The GridSat-B1 infrared channel (11 μm) brightness temperature (Tb) dataset derived from 

the International Satellite Cloud Climatology Project (ISCCP; Schiffer and Rossow 1983) was 

used in this study to identify convective clouds. This Climate Data Record quality, long-term 

Tb dataset was sampled from the European Meteorological (MET) series of geostationary 

satellites. Since the atmosphere is almost transparent at 11 μm, the satellite measured radiance was 

utilized to derive Tb for cloud top (i.e., cloudy-sky) or surface (i.e., clear-sky) temperatures. The 

dataset is available at a 0.07° × 0.07° spatial and 3-hourly temporal resolution from 1981 to present 
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(Knapp 2008; Knapp et al. 2011). However, only the data from 1985 to 2019 was used here due to 

the high frequency of missing data between 1982 and 1985 (Raghavendra et al. 2020). 

 

4.2.2 TRMM precipitation data 

TRMM satellite precipitation estimates, i.e., TRMM 3B42 and TRMM 2A23, were analyzed 

to investigate the diurnal cycle of precipitation. The TRMM satellite was launched in November 

1997, carrying a precipitation radar (i.e., an active microwave sensor), allowing the sampling 

throughout the diurnal cycle (Zipser et al. 2006). For the TRMM 3B42, rainfall estimates were 

acquired from NASA's Goddard Earth Sciences Data and Information Services Center 

(https://disc.gsfc.nasa.gov/datasets/TRMM_3B42_7/summary), available from 1998 to 2019 at a 

3-hourly temporal resolution and a 0.25° × 0.25° spatial resolution. Studies such as Munzimi et al. 

(2015) and Nicholson et al. (2019) showed that the dataset performs well over the Congo. 

Additionally, the TRMM precipitation radar rain characteristics (TRMM 2A23) version 7 orbital 

data were used to provide rain type classification information, i.e., stratiform and convective 

precipitation. The dataset was acquired from the University of Washington TRMM Database 

(UWTD) (http://trmm.atmos.washington.edu), available from 1998 to 2013 and interpolated to a 

0.05° × 0.05° spatial resolution and to a 1-hourly temporal resolution. 

The differentiation between stratiform and convective precipitation in the TRMM 2A23 

dataset was made using an algorithm developed by Awaka et al. (1997), where the precipitation 

type was classified into “stratiform”, “convective” and “other” by using two different methods, 

i.e., the vertical profile method (V-method) and the horizontal pattern method (H-method). The V-

method first attempts to detect a bright band (BB) and the precipitation is classified as stratiform 

if a BB is found. If no BB is detected, the algorithm looks for a strong radar echo which will 

classify the precipitation as convective. If neither a BB nor a strong radar echo is detected, the 

precipitation is classified as “other”. For the H-method, the radar first aims to detect a convective 

https://disc.gsfc.nasa.gov/datasets/TRMM_3B42_7/summary
http://trmm.atmos.washington.edu/
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core and then classifies the precipitation type around the core by examining horizontal patterns of 

the maximum reflectivity factor. The precipitation classification performed by the two methods is 

then merged and a final classification is made (Awaka et al. 1997). 

It is worth pointing out that the TRMM precipitation data is estimated during the passage of 

the TRMM satellite over the study region. Thus, the values are relative due to the low sampling 

frequency of TRMM which is about 0.5 times day−1 near the equator, making it imperative to use 

measurements over several years to be able to sample the diurnal cycle (Jackson et al. 2009). 

 

4.2.3 ERA5 reanalysis 

The ERA5 reanalysis dataset (Hersbach et al. 2020) was used to obtain the variables needed 

to calculate the Gálvez-Davison Index (GDI), i.e., temperature and specific humidity data at 

950 hPa, 850 hPa, 700 hPa, and 500 hPa (see section 4.3.3 for a more detailed explanation of the 

GDI). Additionally, divergence, vertical velocity, U and V wind, relative humidity, and 

temperature data were acquired in intervals of 50 hPa from 100 hPa to 1000 hPa. For comparison 

to the TRMM satellite precipitation, ERA5 total precipitation was obtained as well. The data was 

used at a 0.25° × 0.25° spatial resolution and an hourly temporal resolution from 1985 to 2019 to 

match the timespan utilized for the GridSat-B1 data. Due to the scarcity of surface observations 

(e.g., gauge stations and radiosonde networks) over the Congo, it is difficult to identify the most 

accurate reanalysis dataset over the region. However, it has been shown that the bias and root-

mean-square error associated with the ERA-Interim reanalysis dataset is comparable with other 

reanalysis products over the region (Hua et al. 2019). Additionally, Gleixner et al. (2020) found 

that the correlation in temperature and precipitation between the ERA5 data and observations 

improved when compared to the ERA-Interim reanalysis data over Africa. 
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4.3 Methods 

4.3.1 MJO Identification 

The daily MJO real-time multivariable (RMM) phase index data (Wheeler and Hendon 

2004) from the Bureau of Meteorology in Australia (http://www.bom.gov.au/climate/mjo/) was 

used to suggest the phases of the MJO. The RMM index, based on a pair of empirical orthogonal 

functions (EOFs) of the combined fields of outgoing longwave radiation (OLR), 850 hPa and 

200 hPa zonal winds averaged from 15°N to 15°S, is widely used to monitor the MJO (Wheeler 

and Hendon, 2004). Days with an RMM index amplitude >1 were regarded as active MJO days, 

while days with an RMM index amplitude <1 were considered as inactive MJO days (LaFleur et 

al. 2015). RMM phases 1 and 2 were defined as the MJO enhanced convective phase, and phases 

5 and 6 were considered as the MJO suppressed convective phase over the Congo (Gottschalck et 

al. 2010; Zaitchik, 2017). A total of 912 days were identified as MJO enhanced days while 

1148 days were identified as MJO suppressed days. 

 

4.3.2 GridSat-B1 cloud fraction 

To quantify convection, the cold cloud fraction (CCF) was derived from the GridSat-B1 

data, by calculating the fraction of grid points with Tb < −50 °C within the study domain 

(e.g., Raghavendra et al. 2018; Alber et al. 2021b). The CCF represents areas in which deep 

convection occurs since tropical deep convection is characterized by very cold Tb values (Taylor 

et al. 2017; Hart et al. 2019). Additionally, the cloud fractions with Tb > −50 °C and < −25 °C, and 

Tb > −25 °C and < 0 °C were calculated to investigate the diurnal cycles of warmer clouds. 

 

4.3.3 Gálvez-Davison Index 

For comparison to the GridSat-B1 CCF, the GDI was derived from the ERA5 reanalysis data 

to estimate convection. The GDI is calculated by using temperature and specific humidity values 

http://www.bom.gov.au/climate/mjo/


 

 

 

 

84 

at 4 different levels (i.e., 950 hPa, 850 hPa, 700 hPa, and 500 hPa), where ERA5 temperature and 

specific humidity data was used for the calculation in this study. The GDI is a thermodynamic 

index, developed by Michael Davison and José Gálvez at NOAA's Weather Prediction Center 

(WPC) (Gálvez and Davison 2016), aiming to improve forecasts of tropical convection since the 

skill of traditional stability indices is limited in the tropics. The GDI focusses on thermodynamic 

processes in the mid- and low troposphere rather than dynamical processes and consists of several 

different sub-indices evaluating different processes that dominate the variability of convection. It 

consists of three different sub-indices, the Column Buoyancy Index (CBI) considering the 

availability of heat and moisture in the middle and lower troposphere, the Mid-Tropospheric 

Warming Index (MWI) accounting for the stabilizing and destabilizing effects of mid-level ridges 

and troughs, and the Inversion Index (II) analyzing the entrainment of dry air and stabilization 

associated with trade wind inversions. The higher the GDI value, the more intense and more likely 

are thunderstorms and convection. Alber et al. (2021b) showed that trends in the GDI over the 

Congo are consistent with trends in CCF, and Miller et al. (2019) found that the GDI's skill is 

considerably higher in forecasting rainfall over Puerto Rico than other stability indices such as 

CAPE or the K-Index. A complete derivation of the GDI can be found in Gálvez and Davison 

(2016) and Alber et al. (2021b). 

 

4.3.4 Diurnal cycle calculation 

To quantify the impacts of the MJO on the diurnal cycles of convection and precipitation, 

the diurnal cycles of the GridSat-B1 CCF, the ERA5 derived GDI, and TRMM and ERA5 

precipitation for the MJO enhanced and suppressed convective phases were calculated. To 

highlight the impacts of the MJO on the diurnal cycles, the relative mean differences (RMD) 

between MJO enhanced and suppressed phases were further calculated by dividing the difference 

between the two phases by the climatological mean, resulting in a dimensionless quantity. To 
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calculate the diurnal cycles for different variables, the discrete Fourier transform (DFT) was 

applied to the anomaly data using a fast Fourier transform (FFT) and a 3–24-h spectral filter was 

applied. Additionally, the 95% confidence intervals of the diurnal cycles were derived by 

multiplying the standard error with the 95% probability intervals at each timestep. The diurnal 

cycles of convective and stratiform precipitation derived from the TRMM 2A23 data were 

calculated by dividing the stratiform and convective precipitation fraction, respectively, by the 

daily sum of all precipitation, resulting in the stratiform and convective precipitation data being 

displayed as percentage of the daily total precipitation. As suggested by Negri et al. (2002), a 4-h 

smoothing was then applied to reduce errors due to the high sampling variability of the TRMM 

data. Because of the high frequency of missing values in the TRMM 2A23 dataset, the diurnal 

cycles of stratiform and convective precipitation were calculated using climatological means and 

were not derived using Fourier analysis. To investigate the physical mechanisms leading to the 

observed changes in precipitation and deep convection, the time-height cross sections of 

divergence, vertical velocity, relative humidity, wind speed, and temperature were calculated for 

the MJO suppressed and enhanced phases, where the according values were averaged over all MJO 

enhanced days and all MJO suppressed days, respectively. Additionally, the difference between 

the two MJO phases for each variable was computed separately. To highlight the variations across 

the day, the diurnal variations of the differences were calculated as follows: For each pressure 

level, the diurnal average of the difference was calculated first. Then, the diurnal average was 

subtracted from the difference at each hour and according pressure level. 

 

4.4 Results 

4.4.1 Spatial and temporal anomalies associated with the MJO phases 

The MJO enhanced and suppressed convective phases are associated with different cloud 

and rainfall anomaly patterns over the Congo rainforest (Fig.4.1 a–d). During the MJO suppressed 
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phase, a decrease in CCF and a decrease in precipitation of up to 2 mm day−1 across some parts of 

the Congo Basin can be observed over the study region, with the exception of a very small area of 

slightly increased CCF and precipitation values along the western rift valley and some small areas 

of increased precipitation areas scattered through the study region (Fig. 4.1a and c). During the 

enhanced phase, CCF and precipitation are increased over most of the study area, where 

precipitation increases by up to 1.5 mm day−1 in some parts of the study area. Some exceptions 

include the same area along the western rift valley, showing slightly decreased CCF values (Fig. 

4.1b), and smaller patches of decreased precipitation throughout the study domain including along 

the rift valley (Fig. 4.1d). The anomalies along the western rift valley could be a result of the 

unique topography in that region, where the altitude increases >1000 m from the Congo Basin up 

to the East African Highlands. It is also worth noting the strong MJO induced precipitation 

anomalies outside the study domain along the Gulf of Guinea, which could be an area of future 

research, where Zaitchik (2017) suggests that the influence of the MJO on West African rainfall 

might be linked to African Easterly Wave activity during boreal summer. 

As for the temporal variations of the number of enhanced and suppressed MJO days, Fig. 

4.1e shows that the number of suppressed MJO days has been increasing from 1985 to 2019, while 

the number of enhanced MJO days has been decreasing slightly but insignificantly. As suggested 

by Raghavendra et al. (2020), the increase in MJO suppressed days could be a contributing factor 

to the decrease in precipitation and therefore the drying trend observed over the region. In Fig. 

4.1f, the temporal variability of MJO enhanced and suppressed days is shown by month for our 

study period from 1985 to 2019. The total number of suppressed MJO days per month varies 

between 161 (March) and 218 (January). For the enhanced phase, the numbers range from 

110 days (December) to 203 days (March).  
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Figure 4.1: (a–d): Anomalies of (a), (b) 3-hourly GridSat-B1 CCF (%) and (c), (d) daily TRMM 

precipitation (mm) for the MJO enhanced phase (top) and the MJO suppressed phase (middle) 

from 1985–2019. The study region (i.e., the Congo Basin) is represented by the black box. The 

black dots indicate that the values during the enhanced and suppressed phase are significantly 

different from each other at p <0.05 (determined using a two-sample t-test). (e): Interannual 

variability of the number of enhanced (blue) and suppressed (red) MJO days over the study region 

during ONDJFM. (f): Number of enhanced (blue) and suppressed (red) MJO days per month from 

1985–2019 averaged over the study region. 

 

4.4.2 Influence of the MJO on the diurnal cycles of convection and rainfall 

The diurnal cycles of CCF and the GDI, indicating deep convection, are shown in Fig. 4.2a 

and b for the MJO enhanced convective (blue) and suppressed convective (red) phases as well as 

the climatology (black). Convection peaks in the afternoon, followed by a decrease in clouds 

during the night and a minimum in the morning, where the CCF and GDI values are generally 
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higher during the MJO enhanced phase and lower during the suppressed phase, as would be 

expected. According to the purple line representing the RMD between the two MJO phases (right 

y-axis), the difference is lowest in the afternoon (0.2 for the CCF and 0.093 for the GDI) and 

increases during the nighttime until it peaks at 09:00 UTC for the CCF (0.65) and at 07:00 UTC 

for the GDI (0.123). The small difference in timing between the CCF and the GDI could be the 

result of how the GDI was developed for the operational analysis and forecasting of tropical 

convection, and the atmosphere is evaluated before convection occurs, where radiative 

and evaporative cooling induced by clouds will weaken the GDI. Therefore, the GDI is showing 

the highest values right before peak convection. 

Figure 4.2: Diurnal cycles of (a) GridSat-B1 CCF, (b) ERA5 GDI, (c) GridSat-B1 cloud fractions 

with Tb between -50°C and -25°C, and (d) GridSat-B1 cloud fractions with Tb between -25°C and 

0°C averaged over the study region from 1985–2019. The red line shows the distribution for the 

MJO suppressed phase, the blue line shows the distribution for the MJO enhanced phase, and the 

black line indicates the climatology, and the purple line represents the RMD between the enhanced 

and suppressed phase (right y-axis). The 95% confidence intervals are indicated by the blue and 

red shadings. The black dots indicate that the difference is significant at p <0.05. 
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In addition to the analysis of MJO induced changes on cold clouds (i.e., CCF), the impacts 

of the MJO on warmer cloud fractions were investigated next, where Fig. 4.2c and d show the 

diurnal cycles of cloud fractions with Tb between −50 °C and −25 °C (Fig. 4.2c), and −25 °C and 

0 °C (Fig. 4.2d) for both MJO phases. The cloud fraction with Tb between −50 °C and −25 °C 

peaks at 21:00 UTC during the suppressed phase and at 00:00 UTC during the enhanced phase, 

indicating a slightly delayed peak during the enhanced phase. A minimum is recorded at 09:00 

UTC for both phases. For the cloud fractions with Tb between −25 °C and 0 °C, the maximum is 

slightly later at 03:00 UTC while the minimum is shown at 15:00 UTC for both phases. The RMDs 

between the enhanced and suppressed MJO phase are significant (p < 0.05) at all times for both 

cloud fractions, where the difference is highest at 09:00 UTC for the colder cloud fraction and at 

12:00 UTC for the warmer fraction. These consistently and significantly higher fractions of clouds 

with cloud top temperatures higher than −50 °C during the MJO enhanced phase suggest that the 

MJO not only affects very cold clouds (i.e., CCF in Fig. 4.2a) but also greatly impacts warmer 

clouds. 

In Fig. 4.3a and b, the impacts of the MJO on TRMM and ERA5 precipitation are analyzed, 

showing a peak in precipitation in the afternoon at 15:00 UTC for the TRMM and at 14:00 UTC 

for the ERA5 data, where precipitation amounts are generally higher for the ERA5 when compared 

to the TRMM data. A morning minimum is recorded at 09:00 UTC for TRMM, and at 06:00 UTC 

for the ERA5 data, which is consistent with the diurnal variations of the CCF and the GDI. As 

expected, the amount of precipitation is generally higher during the MJO enhanced phase, where 

the RMD between the two MJO phases is highest through the nighttime and the early morning for 

both datasets, with the difference peaking at 09:00 UTC for TRMM and at 07:00 UTC for ERA5, 

similar to the timing of the RMD of CCF and the GDI. Thus, the largest differences in precipitation 

and convective clouds between both MJO phases seem to occur during the nighttime and morning, 

when convective processes weaken. During this dissipating stage, the anvil cloud reaches maximal 
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horizontal extent and begins to weaken, while the optical thickness of the cloud decreases, cloud 

top temperatures begin to increase, and the precipitation changes from convective to more 

stratiform. Therefore, the impacts of the MJO on stratiform and convective precipitation were 

investigated separately in a next step, where Fig. 4.3c and d show the diurnal cycles of convective 

(Fig. 4.3c) and stratiform (Fig. 4.3d) precipitation for the MJO enhanced and suppressed phases. 

The convective and stratiform precipitation is indicated as fractions of the daily sum of all 

precipitation, where 59.6% of all precipitation was classified as convective, 36.3% was classified 

as stratiform, and 4.1% was classified as other. Please note that the TRMM convective and 

stratiform precipitation data is available from 1998 to 2013 only, while the TRMM total 

precipitation is available from 1998 to 2019. Although the years 1998 to 2019 were used in this 

study for the TRMM total precipitation, the diurnal cycle of total precipitation is similar when 

using the timespan 1998 to 2013 only.  
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Figure 4.3: Diurnal cycles of (a) TRMM precipitation (1998–2019), (b) ERA5 precipitation 

(1985–2019), (c) TRMM convective precipitation contributions to the daily sum (1998–2013), and 

(d) TRMM stratiform precipitation contributions to the daily sum (1998–2013), averaged over the 

study region. The red line represents the distribution for the MJO suppressed phase, the blue line 

shows the distribution for the MJO enhanced phase, the black line indicates the climatology, and 

the purple line represents the RMD between the enhanced and suppressed phase (right y-axis). The 

95% confidence intervals are indicated by the blue and red shadings. The black dots indicate that 

the difference is significant at p <0.05. A 4-hour smoothing was applied to the data TRMM 

convective and stratiform precipitation data due to the high spatial variability of the TRMM 2A23 

sampling. 

 

The convective precipitation fractions for the MJO enhanced and suppressed phases are 

similar, where a minimum is recorded at around 06:00 UTC for both MJO phases. For the enhanced 

phase, a first maximum occurs around 14:00 UTC (4.0%) with a second smaller peak at 20:00 

UTC (3.6%). During the suppressed phase, a first maximum is recorded around 14:00 UTC (4.5%), 

followed by a second peak at 22:00 UTC (4.3%). The stratiform precipitation fraction exhibits a 

minimum at 14:00 UTC during the enhanced phase (0.7%) and 15:00 UTC during the suppressed 

phase (0.6%), followed by an increase in precipitation with a maximum at 22:00 UTC during the 
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suppressed phase (2.1%). For the enhanced MJO phase, a first maximum is recorded at 23:00 UTC 

(1.6%), followed by a second peak at 10:00 UTC (1.7%). The difference between the two phases 

is highest at that time, where the difference is significant (p < 0.05) between 09:00 and 12:00 UTC. 

These results suggest that the difference in precipitation between the MJO enhanced and 

suppressed phase shown in Fig. 4.3a is mainly due to the difference in the stratiform precipitation. 

Thus, the MJO may impact the stratiform precipitation more than convective precipitation. 

 

4.4.3 Possible physical mechanisms responsible for the MJO induced modulations 

To investigate the underlying physical processes leading to the observed differences in the 

diurnal cycles of precipitation and convection between the MJO enhanced and suppressed phases, 

two variables relevant to vertical circulation, i.e., horizontal divergence and vertical velocity, were 

investigated next (Fig. 4.4). Divergence and vertical velocity profiles are useful to gain 

information about heating profiles since they are tightly coupled and play an important role in 

large-scale tropical dynamics (Mapes and Lin 2005). The vertical and diurnal structures of 

divergence shown in Fig. 4.4a and c are similar for both MJO phases. For the upper tropospheric 

levels (100 hPa to 300 hPa), divergence is prominent during all hours of the day with the strongest 

values in the evening. From 300 hPa to 400 hPa, a band of convergent air motion is recorded. In 

the mid-levels from 400 hPa to 700 hPa, divergent air motion is evident from the nighttime through 

the early afternoon, where divergence is strongest between 08:00 UTC and 12:00 UTC. During 

the afternoon and evening, the airflow changes from divergent to convergent. In the levels below 

700 hPa, the airflow is convergent during all times of day. The contour lines show that the biggest 

anomalies are recorded in the upper levels during all times of day and during the morning hours in 

the mid-levels, where divergence is anomalously strong in the mid-levels during the suppressed 

phase and in the upper levels during the enhanced phase. 
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Figure 4.4: (a–d): Time-height cross sections of (a), (c) ERA5 divergence (10-5 × s-1) and (b), (d) 

ERA5 vertical velocity (10-1 × Pa s-1) for the MJO suppressed phase (top) and the MJO enhanced 

phase (middle), averaged over the study region from 1985–2019. The shading represents the values 

averaged over all MJO suppressed days and all MJO enhanced days, respectively. The black 

contour lines indicate the anomalies (i.e., the difference between the MJO enhanced/suppressed 

days and all days during ONDJFM). (e–f): Difference between the MJO enhanced and suppressed 

phase for (e) ERA5 divergence and (f) ERA5 vertical velocity (shading) where the black dots 

indicate that the difference is significant at p <0.05. The contour lines show the diurnal variations 

of the difference. 
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Looking at the time-height cross sections of vertical velocity (Fig. 4.4b and d), the diurnal 

patterns are similar during both MJO phases as well. The figures indicate evening and 

nighttime subsidence in the lowest levels (900 hPa to 1000 hPa), uplift in the low and mid-levels 

(600 hPa to 1000 hPa) from the late morning through the early afternoon, and strong rising motion 

during the afternoon and evening from the mid through the upper levels (200 hPa to 700 hPa). 

Additionally, there is subsidence evident during the suppressed phase from 100 hPa to 500 hPa 

from around 03:00 to 10:00 UTC, while the air motion is neutral or lightly upward during the 

enhanced phase at the same time and levels, besides a small area of subsidence at 100 hPa. This 

may lead to shallower convection and faster dissipation of the stratiform precipitation portions of 

the clouds during the suppressed phase. According to the contour lines, the largest anomalies for 

both phases are occurring around 400 hPa in the morning and early afternoon hours. 

Although the vertical and diurnal divergence and vertical velocity structures are similar 

during the MJO enhanced and suppressed phase, important differences between the two phases 

can be observed, mostly related to the strength of the airflow, where Fig. 4.4e and f highlight those 

differences. Fig. 4.4e shows stronger upper-level divergence during all times of the day and weaker 

mid-level divergence at night during the MJO enhanced phase. Additionally, mid-level 

convergence is stronger in the afternoon and evening during the enhanced phase. These results 

suggest deeper convection and stronger stratiform precipitation portions of deep convection when 

the MJO is in its enhanced phase. The contour lines in Fig. 4.4e show variation from the diurnal 

average of the anomalies at each level and hour, highlighting the diurnal variations of the 

differences between the two MJO phases. For the upper levels, the variations are greatest from 

03:00 UTC to 05:00 UTC, indicating that the differences are greatest during the nighttime. For the 

mid-levels, the differences are enhanced from around 09:00 UTC to 13:00 UTC, and for the lower 

levels, they are strongest from 00:00 UTC to 03:00 UTC. Overall, the differences in divergence 

between the two MJO phases are largest in the upper levels, followed by the mid and lower levels. 
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In the upper and lower levels, the differences are strongest during the nighttime. For the mid-

levels, the differences are largest during the mid-morning, which is consistent with the time of 

peak changes in convection and precipitation shown in Fig. 4.2, Fig.4.3. 

For the vertical velocity, the difference cross section (Fig. 4.4f) shows that there is generally 

more upward air motion during the enhanced phase from 100 hPa to around 700 hPa during all 

times of day, where the difference is most pronounced from about 09:00 UTC to 13:00 UTC. To 

a smaller extent, there is more subsidence during the enhanced phase in the lower levels. As shown 

by the contour lines indicating the variations across the day, the difference between the two MJO 

phases is largest from 09:00 UTC to 13:00 UTC from 400 hPa to 600 hPa, which is consistent with 

the time of the largest differences in precipitation and convection shown in Fig. 4.2. In the levels 

below 700 hPa, the largest differences are recorded from the evening through the early morning. 

In summary, upward air motion is stronger during the MJO enhanced phase when compared 

to the suppressed phase, especially in the mid-levels and around noon. Additionally, upper-level 

divergence is stronger during the MJO enhanced phase. During the suppressed phase, nighttime 

and morning mid- and upper-level subsidence and mid-level divergence are pronounced. 

Regarding the diurnal variations, the largest differences in divergence and vertical velocity 

between the two MJO phases occur from the late morning through the early afternoon in the mid-

levels which is consistent with the time of the largest differences in precipitation and convection, 

and during the nighttime in the lower (divergence and vertical velocity) and upper (divergence 

only) levels. Furthermore, the timing of peak TRMM and ERA5 precipitation and GridSat-B1 CCF 

is consistent with the strong upward vertical velocities as well as enhanced convergence in the 

low- and mid-levels and strong divergence in the upper levels derived from the ERA5 data, 

indicating that the two satellite datasets are generally consistent with the ERA5 reanalysis data. 

To better explain the different impacts of the MJO on stratiform and convective 

precipitation, the time-height cross sections for wind speed, relative humidity, and temperature are 
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shown in Fig. 4.5 since previous studies (e.g., Schumacher and Houze Jr. 2003; Schumacher and 

Houze 2006; Lin et al. 2004) suggest that wind shear and relative humidity play an important role 

in the formation of stratiform precipitation, and deep convection may also impact the temperature 

in the troposphere (Johnston et al. 2018). The diurnal wind speed patterns are relatively similar 

during both MJO phases (Fig. 4.5a and d). However, the diurnal structures are generally weaker 

during the enhanced phase. The contour lines, indicating the anomalies during the respective MJO 

phase, show the largest anomalies in the upper levels during both phases. Additionally, Fig. 4.5g 

shows that wind speeds are generally weaker in the mid-levels and stronger in the upper and lower 

levels during the enhanced phase. This may contribute to the increased production of stratiform 

precipitation during the enhanced phase since weaker mid-level winds may increase stratiform rain 

by decreasing entrainment in stratiform clouds through decreased sublimation and evaporation 

(Schumacher and Houze 2006). Furthermore, vertical wind shear appears to be stronger during the 

enhanced phase, which contributes to convective organization (Anber et al. 2014; Robe and 

Emanuel 2001) and may also increase stratiform precipitation (Saxen and Rutledge 2000). The 

diurnal variations of the differences between the two MJO phases (contour lines in Fig. 4.5g) are 

relatively small, where the highest differences are recorded from 18:00 UTC to 21:00 UTC in the 

upper levels, from 05:00 UTC to 10:00 UTC in the mid-levels, and from 00:00 UTC to 05:00 UTC 

in the lowest levels. The observed decrease in wind speed in the mid-levels during the enhanced 

phase, which is most pronounced during the mornings, might be another contributing factor to the 

increased stratiform precipitation during the morning. 
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Figure 4.5: (a–f) Time-height cross section of (a), (d) ERA5 wind speed (ms-1), (b), (e) ERA5 

relative humidity (%), and (c), (f) ERA5 temperature for the MJO suppressed phase (top) and the 

MJO enhanced phase (middle), averaged over the study region from 1985–2019. The shading 

represents the values averaged over all MJO suppressed days and all MJO enhanced days, 

respectively. The black contour lines indicate the anomalies (i.e., the difference between the MJO 

enhanced/suppressed days and all days during ONDJFM). (g-i): Difference between the MJO 

enhanced and suppressed phase for (g) ERA5 wind speed, (h) ERA5 relative humidity, and (i) 

ERA5 temperature (shading) where the black dots indicate that the difference is significant at p 

<0.05. The contour lines show the diurnal variations of the difference. 

 

The relative humidity profiles (Fig. 4.5b, e, and h) show generally higher relative humidity 

during the enhanced phase. The contour lines in Fig. 4.5b and e, as well as the shading in Fig. 4.5h 

indicate that the differences between the two MJO phases are greatest around 400 hPa. Similar to 

the wind speed, the diurnal structures of relative humidity are weakened during the enhanced 

phase, where the area of lower relative humidity around 400 hPa is less pronounced during the 

enhanced phase. According to the contour lines in Fig. 4.5h indicating the diurnal variations of the 

difference, the highest differences are recorded in the evening from 100 hPa to 600 hPa, from 
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03:00 UTC to 10:00 UTC from 600 hPa to 800 hPa, and from 12:00 UTC to 15:00 UTC from 

800 hPa to 1000 hPa. Thus, the higher relative humidity during the MJO enhanced phase, 

especially in the upper and mid-levels during the nighttime and morning, may help in enhancing 

precipitation during the MJO enhanced phase. The observed higher relative humidity during the 

enhanced phase may also be contributing to the observed increase in stratiform precipitation during 

that phase, since studies such as Schumacher and Houze (2006) propose that a moist atmosphere 

may assist stratiform growth. 

The temperature profiles (Fig. 4.5c and f) show similar structures overall, with generally 

colder temperatures during the MJO enhanced phase where the greatest differences are recorded 

in the afternoon and early evening below 800 hPa (Fig. 4.5i). Increased deep convection during 

the MJO enhanced phase could possibly be leading to enhanced atmospheric cooling and cold 

convective downdrafts, resulting in a transport of cold air to the lower levels and subsequently 

lowering the air temperature near the surface. Additionally, evaporative and radiative cooling 

could also be contributing factors to the lower temperatures during the MJO enhanced phase 

(Schiro and Neelin 2018; Rooney et al. 2018). 

Overall, the higher relative humidity and the lower wind speed in the mid-levels in the 

morning during the enhanced phase could both be factors contributing to the development of 

increased stratiform precipitation in the morning with convective cooling possibly leading to the 

observed lower temperatures during the enhanced phase. 

 

4.5 Summary and discussion 

This study analyzes the impacts of the MJO on the diurnal cycles of convection and 

precipitation from 1985 to 2019, using TRMM and GridSat-B1 satellite as well as ERA5 reanalysis 

data. Additionally, the physical mechanisms leading to the observed differences in the diurnal 

cycles between the MJO enhanced and suppressed phases are investigated using ERA5 vertical 
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velocity, divergence, wind speed, relative humidity, and temperature data. Results show that the 

differences between the MJO enhanced and suppressed phases are largest during the nighttime and 

morning hours when convection is weakest and are possibly the result of circulation changes due 

to the MJO. Figure 4.6 summarizes the most important processes observed during the MJO 

enhanced and suppressed convective phase, respectively, and highlights the differences in clouds, 

precipitation, horizontal divergence, and vertical velocity between the two MJO phases, where the 

green arrows indicate the processes that are most important for the respective MJO phase compared 

to the other phase. During the MJO suppressed phase (Fig. 4.6a), subsidence is evident in the upper 

and mid-levels during the nighttime and morning hours (Fig. 4.4b), accompanied by strong 

divergence in the mid-levels (Fig. 4.4a). The observed subsidence and divergence may suppress 

convection, enhance the decay of convective clouds and the dissipation of the anvil while also 

inhibiting the vertical growth of new convective cores and vertical updrafts in the mid and upper 

levels. This will eventually result in more shallow convection and weakened stratiform 

precipitation portions of deep convection, ultimately leading to a decrease in stratiform 

precipitation (Fig. 4.3). During the enhanced phase (Fig. 4.6b), divergence in the upper levels is 

stronger, while nighttime and morning divergence in the mid-levels is much weaker (Fig. 4.4c). 

The air motion is generally upward with no observed subsidence in the mid- and upper levels (Fig. 

4.4d), which may lead to the weaker mid-level divergence. This is possibly causing a slower decay 

of older convective clouds and dissipation of anvils during the nighttime and morning, and may 

encourage the growth of new convective cores, resulting in larger anvils and enhanced stratiform 

precipitation rates (Fig. 4.3). Additionally, mid-level rising air motions and convergence are 

enhanced in the afternoon and evening (Fig. 4.4d), which is possibly contributing to the increased 

and deeper afternoon convection as well as the increased precipitation amounts. 
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Figure 4.6: Schematic of the diurnal cycle for the (a) MJO suppressed and (b) MJO enhanced 

phase, for clouds, rainfall, and air motions (i.e., divergence and vertical motions), where the green 

colored arrows indicate dominant processes during the respective MJO phase compared to the 

other MJO phase, and the brown arrows indicate less important processes for the respective phase. 

Convective precipitation is indicated by the red lines at the bottom of the convective clouds and 

stratiform precipitation is represented by the blue lines at the anvils. 

 

The above-described observed impacts of the MJO on the diurnal cycles of precipitation and 

convection over the Congo differ somewhat from the MJO's influence on other tropical regions 

close to the MJO's center. Oh et al. (2012) analyzed the impacts of the MJO on the diurnal cycle 

of rainfall over the western MC and found the largest impacts over land to occur during peak 

convection in the afternoon and not during the morning, showing an increased hourly maximum 

rain rate during the MJO enhanced phase when compared to the suppressed phase. The observed 

changes are attributed to anomalous low-level winds during the respective MJO phase, interacting 

with the monsoonal flow over the MC. Liu et al. (2022) also found the MJO to be interacting with 

the American and African monsoons through different mechanisms, for example by exciting 

Kelvin waves and mid-latitude teleconnections. While we found small changes in the diurnal 

amplitudes of precipitation or convection, Lu et al. (2019) showed that the difference between the 

MJO enhanced and suppressed phase over the MC mainly reveals itself in variations of the diurnal 

amplitude of precipitation, where the amplitude is larger during the enhanced phase and smaller 

during the suppressed phase. The differences are mainly attributed to changes in wind and moisture 

convergence and divergence patterns. Sakaeda et al. (2017) also observed a difference in the 
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amplitude of the diurnal rainfall rates between both MJO phases over the MC, together with a 

delayed peak in rainfall during the MJO enhanced phase. Similar to our results, Sakaeda et al. 

(2017) also observed enhanced stratiform precipitation after peak convective rainfall during the 

enhanced phase, which might be causing the observed delay in peak rainfall. They conclude that 

convection is more organized during the MJO enhanced phase, leading to increased formation of 

stratiform anvil clouds with greater horizontal extents, which will contribute to increased total 

rainfall rates. The differences in the MJO's impacts over the Congo from other tropical regions 

such as the MC could be the result of differences in topography, where the MC consists of multiple 

islands of different sizes surrounded by the ocean, while the Congo basin sits in the center of the 

African continent containing dense tropical rainforest promoting intense convection, surrounded 

by land on three sides and the Atlantic Ocean in the west. 

A limitation of this study is the usage of regional averaging over the entire study domain for 

the diurnal cycles and the atmospheric fields. This domain-wide averaging does not account for 

the fact that convection and precipitation varies spatially across the Congo basin and does not 

exclude grid-points which may not be raining. If including only the rainy points, for example 

during the enhanced phase, the specific divergence and vertical velocity patterns might be more 

pronounced when compared to including all grid points. Additionally, while this study discovers 

the impacts of the MJO on the diurnal cycles of convection and precipitation and explores some 

physical mechanisms leading to the observed changes, further work is needed to fully understand 

how the MJO modulates the diurnal variabilities of convection and rainfall. For example, 

explaining why the MJO is influencing the stratiform and convective precipitation differently 

could enhance our understanding about the MJO's impact on precipitation and may help to better 

resolve and simulate the MJO and associated variabilities in rainfall and convection, ultimately 

improving predictions of MJO modulated rainfall. Additional analysis on the impacts of the MJO 

on storm lifetime and initiation using high spatial and temporal resolutions data could also be 
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useful to understand variations in the frequency, intensity, and duration of convective systems due 

to the MJO. 

Overall, the results presented above answer the question of how the MJO, the most dominant 

intraseasonal variability in the tropics, impacts convection and precipitation over the Congo from 

a diurnal perspective and improve our understanding about factors influencing the diurnal cycle of 

convection and rainfall over tropical rainforests. Our findings are not only useful in identifying the 

main drivers of the observed long-term and large-scale drying trend that has been stressing the 

Congo Basin but also help in improving weather forecasts and model development. For example, 

one major finding of this study is that the impact of the MJO on convection and rainfall is greatest 

in the morning hours, influencing the stratiform portion of the rain more than the convective 

precipitation. Since the changes in rainfall and convection are largest during the morning hours 

when rainfall totals are usually lowest, the MJO could be used to predict exceptionally high 

precipitation rates in the morning. Additionally, considering that the MJO modulates convective 

and stratiform precipitation differently could help to predict the modulation of rainfall by the MJO 

more accurately. 
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CHAPTER 5: 

Impacts of drying soils on atmospheric stability and the diurnal cycle of 

convection over the Congo Basin 

This chapter addresses research question 4) in Chapter 1.3 by using the WRF model to 

understand how a decrease in soil moisture influences atmospheric stability and convection. Two 

sets of simulations using different soil moisture initializations were conducted and ERA5 

reanalysis data are used to provide initial and boundary conditions. For the experiment runs (EXP), 

soil moisture was decreased by 50% compared to the control runs (CTL), while the EXP and CTL 

runs were otherwise identical. By comparing the differences between the EXP and CTL runs, soil 

moisture impacts were quantified. Two 6-day case studies were investigated to examine the 

seasonal variations, i.e., one during the dry season (DJF) and one during the wet season (SON) 

over the region. The hypothesis of this study is that land surface properties such as soil moisture 

can impact the development of convection through modulation of the solar heating and the 

planetary boundary layer (PBL) and the subsequent influence on atmospheric temperature and 

humidity profiles.  

 

5.1 Introduction 

The Congo rainforest, the second largest rainforest on the planet, has been experiencing an 

increase in dry season length (Jiang et al. 2019) and a decrease in forest greenness (Zhou et al.  

2014) as a result of an observed long-term drying trend over the region. As rainforests become 

increasingly drier, soil moisture can become a limiting factor if evapotranspiration increases while 

rainfall amounts are low (Jiang et al. 2019; Guan et al. 2015). Soil moisture can influence a variety 

of variables, such as the surface heat fluxes, the planetary boundary layer (PBL), and near surface 

relative humidity and temperature. Subsequently, soil moisture induced changes can cause 

modifications in the atmospheric circulation and stability and thereby impact the formation, 
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propagation, and development of convective storms and precipitation. While several studies 

suggest a positive feedback between soil moisture and convection, with convective systems mostly 

being generated over wetter soils, some studies also show a negative feedback with decreased 

convective activity over wetter areas (Taylor and Ellis 2006; Liu et al. 2022).  

For example, Pal and Eltahir (2001) suggest a positive feedback with higher soil moisture 

enhancing convection. They argument that an increase in soil moisture will increase 

evapotranspiration and the latent heat flux while decreasing the sensible heat flux. This may lead 

to lowered turbulent mixing and a shallower PBL, increasing the moist static energy as well as 

CAPE (i.e., amount of energy available for convection) and reducing CIN (i.e., energy needed to 

lift an air parcel to the level of free convection) and thereby enhancing convective activity. Higher 

soil moisture may also reduce albedo, leading to increased absorption of surface radiation.  

On the other hand, studies such as Findell and Eltahir (2003) have shown a negative feedback 

between soil moisture and convection. According to their study, increased soil moisture may lead 

to decreased ground temperatures, increased surface air pressure, reduced PBL height, an increased 

vertical gradient of equivalent potential temperature and thus increased atmospheric stability. This 

reduces the sensible heat flux, decreases the thickness of the convective PBL, and leads to fewer 

air parcels being able to overcome CIN which may decrease convective activity. Thus, increased 

soil moisture may inhibit the vertical movement of air. In contrast, a decrease in soil moisture may 

limit evapotranspiration and the latent heat flux, increase surface temperatures, vertical velocity, 

PBL height, and reduce CAPE. Although reduced CAPE is not favorable for convection, the 

increased surface heating may make it easier for air particles to overcome CIN (Liu et al. 2022). 

Taylor and Ellis (2006) studied the interactions between soil moisture and precipitation using 

TRMM satellite precipitation data over the Sahel and found convection to be suppressed over wet 

soil during the afternoon and evening when compared to adjacent drier areas, contributing the 
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decreased convection to suppressed convective initiation over wetter soils due to a shallower, 

moister, and cooler boundary layer.  

Most previous studies analyzing these feedbacks are focused on regional hotspots of land-

atmosphere interactions, which are mostly located in transitional zones between dry and wet 

climates, such as the U.S. Great Plains, the semiarid Sahel, Northern India, and the Mediterranean 

region (Koster et al. 2004; Seneviratne et al. 2006; Guo et al. 2006; Guo et al. 2011), while it is 

largely unknown how tropical rainforests will respond to droughts. Guan et al. (2015) showed that 

forest canopy photosynthetic activities are sensitive to water stress and co-vary with precipitation 

seasonality in the rainforests of Africa. They further suggest that with precipitation totals greater 

than 2000 mmyr-1, tropical rainforests can sustain plant water needs throughout the year, inferring 

that water will not be a limiting factor for photosynthesis. With 90% of African tropical evergreen 

forests existing below the 2000 mmyr-1 threshold, water storage from the wet season may not be 

able to satisfy plant water demands during the subsequent dry season. Thus, the observed long-

term drying trend might result in a transition of the rainforest from higher-biomass, closed-canopy 

forests to lower-biomass, open-canopy forests (Zhou et al. 2014), with rainforests becoming 

another hotspot with strong land-atmosphere interactions, where evapotranspiration responds 

strongly to soil water availability and affects the subsequent PBL development and convection 

(Koster et al. 2004; Seneviratne et al. 2006; Guo et al. 2006; Guo et al. 2011). 

 

Interestingly, despite the observed drying trend and the decreasing trend in precipitation 

(Zhou et al. 2014; Hua et al. 2016; Hua et al. 2018; and Jiang et al. 2019) convective activity over 

the Congo Basin has been observed to be increasing (Raghavendra et al. 2018; Taylor et al. 2018, 

Alber et al. 2021a; Alber et al. 2021b). Since changes in soil moisture can have impacts on 

atmospheric stability, convection, and precipitation as discussed above, it is crucial to understand 

how the observed drying trend may be impacting atmospheric stability and convection over the 
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Congo. Nevertheless, no other studies have investigated this issue to the author’s knowledge. Thus, 

this study aims to close this knowledge gap by answering the open question of how a decrease in 

soil moisture will impact convection and atmospheric stability, from a diurnal perspective. The 

data and methods used, including a description of the model setup and verification, are presented 

in section 5.2, the results are described in section 5.3, and section 5.4 entails a discussion and 

conclusions. 

 

5.2 Data and Methods 

5.2.1 Model Setup 

The NCAR advanced Weather Research and Forecasting (AWR-WRF) model version 4.4.1 

was used in this study to simulate the effects of a decrease in soil moisture on convection over the 

study region, the Congo Basin. The study domain is defined as the area from 5°S to 5°N and 12°E 

to 30°E (Fig. 5.1). Two 192-hour (8-day) simulations were conducted where the first 48 hours 

were reserved for model stabilization and spin up and were discarded, resulting in two 6-day 

simulation periods that were analyzed. One dry season case (16-January to 21-January 2018) and 

one wet season case (21-October to 26-October 2019) was selected. Hourly European Centre for 

Medium Range Weather Forecast (ECMWF) ERA5 reanalysis data were used to provide initial 

and boundary conditions. The model was initialized at 00:00 UTC and run at a 4 km convection 

permitting resolution. Running the model at a 2 km resolution showed a minimal increase in model 

performance. 38 vertical levels and 511 longitude and 310 latitude grid points were used. The 

parameterization schemes are summarized in Table 5.1, where no cumulus parameterization 

schemes were used since the model was run at a convection permitting resolution to resolve 

convection more accurately. Several sensitivity tests were conducted to evaluate the performance 

of different WRF parameterization schemes and achieve the most accurate configurations. For the 

control runs (CTL), the WRF model was initialized with ERA5 data and run for the two selected 
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case studies with no further changes. For the experiment runs (EXP), the soil moisture was 

decreased by 50% compared to the CTL runs, to simulate the decrease in soil moisture over the 

region. More specifically, the soil moisture was changed by decreasing the soil moisture of the 

ERA5 data used for initial conditions. No other changes were made compared to the CTL runs. A 

decrease of soil moisture by 25% showed similar, but less pronounced impacts (not shown).  

The selected Noah land surface model has one canopy layer and one snow layer and includes 

the prognostic variables soil moisture, soil temperature, canopy moisture, snow depth, as well as 

surface and ground runoff accumulation. Soil moisture is simulated in four layers of increasing 

thickness at 0.1 m, 0.3 m, 0.6 m, and 1.0 m, with the depth of the total soil column being 2.0 m. 

The vegetation data are derived from MODIS land-cover and leaf area index (LAI) data (Srivastava 

et al. 2015; Wei et al. 2010). The Noah land surface model takes soil and vegetation processes into 

account to close the surface energy and water budgets (Wei et al. 2010; Zhuo et al. 2019).  The 

root zone depth lies in the upper 1 m of the soil and varies spatially depending on the vegetation 

class while the layers below serve as a reservoir including drainage at the bottom due to gravity 

(Srivastava et al. 2015). Each layer’s soil moisture (i.e., soil water movement and flow between 

soil layers) is calculated based on the mass conservation law and the diffusivity form of the 

Richard’s equation, while infiltration is controlled by a conceptual parameterization taking soil 

moisture and precipitation into account. Evapotranspiration is calculated using the Ball-Berry 

equation and considers the canopy intercepted water evaporation, transpiration from vegetation 

canopies, and evaporation from the soil (Achugbu et al. 2020; Srivastava et al. 2015; Zhuo et al. 

2019).  
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Table 5.1: Selected WRF parameterization schemes. 

Model Physics Parameterization Scheme Used 

Longwave radiation Rapid Radiation Transfer Model (Mlawer et al. 1997) 

Shortwave radiation Dudhia scheme (Dudhia 1989) 

Surface layer Monin-Obukhov surface layer scheme (Jiménez et al. 2012) 

Boundary layer Yonsei University (YSU) boundary layer parameterization scheme 

(Hong et al., 2006) 

Land surface Noah land surface scheme (Chen and Dudhia 2001; Ek et al. 2003) 

Microphysics Thompson microphysics scheme (Thompson et al. 2008) 

Convection No scheme used since model was ran at 4 km convection permitting 

resolution. 

 

Figure 5.1: Map of Africa and the study domain (i.e., the Congo Basin) which is depicted by the 

red box. 
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5.2.2 Satellite Data used for Model Validation 

Due to the scarcity of surface observation and in-situ measurements over the Congo as well 

as the decreasing number of rain gauges available since 1980 (Washington et al. 2013), two 

different satellite datasets were used for the model validation, i.e., the GridSat-B1 and TRMM 

satellite data. From the GridSat-B1 data (Knapp 2008; Knapp et al. 2011), infrared (IR) 11 μm 

channel brightness temperature (Tb) was derived to identify convective clouds. The GridSat-B1 

Tb, sampled by the European Meteorological (MET) series of geostationary satellites from the 

International Satellite Cloud Climatology project (ISCCP; Schiffer and Rossow 1983) is available 

at a 3-hourly temporal and a 0.07° × 0.07° spatial resolution. The GridSat-B1 Tb data was used for 

comparison to the WRF model derived Tb from the CTL run to validate the time series and spatial 

patterns of convective clouds. The Tb from the WRF CTL run was converted from model OLR by 

using the Stefan-Boltzman law for a more accurate comparison between the model output and 

satellite observations (Yang and Slingo 2006). 

TRMM satellite precipitation data was used for comparison to the modeled precipitation, 

since the TRMM dataset has been shown to perform well over the Congo by several different 

studies such as Munzimi et al. (2015) and Nicholson et al. (2019). More specifically, the TRMM 

3B42 product was used, which is available at a 3-hourly temporal and a 0.25° × 0.25° spatial 

resolution from 1998 to 2019. The data was acquired from NASA’s Goddard Earth Sciences Data 

and Information Services Center (https://disc.gsfc.nasa.gov/datasets/TRMM_3B42_7/summary).  

 

5.2.3 Model Validation 

To evaluate the WRF model performance in reproducing clouds and precipitation, WRF 

model derived Tb and precipitation 6-day time series averaged over the study domain, as well as 

spatial patterns from the CTL run were compared to the satellite derived Tb (GridSat-B1) and 

precipitation (TRMM). The model simulated Tb captures the diurnal structures and matches the 

https://disc.gsfc.nasa.gov/datasets/TRMM_3B42_7/summary
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satellite derived Tb reasonably well (Figs. 5.2a and b). The correlations between the model and 

satellite Tb time series are significant with R=0.79 (p<0.01) for the dry season case and R=0.70 

(p<0.01) for the wet season case. As expected, the skill of the WRF model to simulate precipitation 

is lower (Figs. 5.2c and d). However, the CTL and TRMM derived precipitation data are still 

significantly correlated, with R values of 0.59 (p<0.01) for the dry season case and R=0.5 (p<0.01) 

for the wet season case. 

Additionally, the spatial patterns of the WRF Tb are compared to the GridSat-B1 Tb patterns 

over the study domain at 6-hourly time steps for the dry season case (Fig.  5.3) and the wet season 

case (Fig. 5.4). The model is mostly able to capture the spatial extent and propagation of 

thunderstorms over the Congo Basin. For the dry season case, storms are simulated reasonably 

well for day 1 to 4, where the model is mostly able to reproduce the spatial extent, location, and 

intensity of the storms. For day 5, the locations of the storms are too far to the east, and for day 6 

the model does not capture the storms at the southern border of the domain very accurately. For 

the wet season case, days 1, 2 and 4 are reasonably simulated, while the intensity is overestimated 

for days 3 and 6. For day 5, the intensity is first overestimated and then underestimated.  

Overall, the WRF model simulates Tb and precipitation reasonably well and captures general 

spatial patterns and diurnal time series, with some deviations from the observations being 

expected. 
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Figure 5.2: Spatially averaged (a), (b) Tb from the CTL run (red) and GridSat-B1 satellite data 

(black), and (c), (d) rainfall from the CTL run (red) and TRMM satellite data (black), for the dry 

season case (16-21 January 2018; left) and the wet season case (21-26 October 2019; right) over 

the study domain. 
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Figure 5.3: Spatial evolution of Tb from the CTL run (respective top rows) and from GridSat-B1 

(OBS; respective bottom rows) from 16-21 January 2018 (dry season case) over the study domain, 

shown every 6 hours.   
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Figure 5.4: Spatial evolution of Tb from the CTL run (respective top rows) and from GridSat-B1 

(OBS; respective bottom rows) from 21-26 October 2019 (wet season case) over the study domain, 

shown every 6 hours.   
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5.2.4 Gálvez -Davison Index 

The Gálvez-Davison Index (GDI) was used to estimate the potential for convection in 

addition to CAPE and CIN. The GDI is a thermodynamic index developed by Michel Davison and 

José Gálvez at NOAA’s Weather Prediction Center (WPC). It consists of different sub-indices, 

where each sub-index evaluates different thermodynamic process in the mid- and low troposphere. 

The Column Buoyancy Index (CBI) analyzes the availability of heat and moisture in the mid- and 

low troposphere, the Mid-Tropospheric Warming Index (MWI) considers the stabilizing and 

destabilizing effects of mid-level ridges and troughs, and the Inversion Index (II) evaluates the 

entrainment of dry air and stabilization associated with trade wind inversions. One major 

advantage of the GDI is that changes in convective potential can be attributed to changes of 

different thermodynamic processes by evaluating the sub-indices separately. For the calculation of 

the GDI, temperature and specific humidity values at 950 hPa, 850 hPa, 700 hPa, and 500 hPa are 

needed. For this study, model derived temperature and specific humidity data were used to 

calculate the GDI. The reader is referred to Gálvez and Davison (2016) and Alber et al. (2021a) 

for a complete derivation of the GDI. 

 

5.3 Results 

5.3.1 Impacts on surface heat fluxes, temperature and humidity profiles, LCL, and PBL 

The impacts of a decrease in soil moisture on the surface heat fluxes, temperature and 

humidity profiles, LCL and PBL height are analyzed first, since changes in soil moisture can 

modulate convection through changes in the partitioning of the surface heat fluxes, as well as in 

changes in atmospheric temperature and humidity profiles, which will impact the LCL and PBL 

height. The 6-day composites of the sensible and latent heat fluxes for the CTL and EXP runs are 

illustrated in Fig. 5.5 for both cases. As expected, the decrease in soil moisture changes the 

partitioning of the energy fluxes, where the sensible heat flux is generally increased, and the latent 
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heat flux is decreased during the EXP run. The differences between the CTL and EXP run are 

highest between 10:00 UTC and 12:00 UTC when the heat fluxes are at a maximum. However, 

there is no observed shift in the diurnal cycle when comparing the EXP and CTL runs.  

To investigate the impacts of drier soils on atmospheric temperature and humidity profiles, 

the 6-day time-height composites for temperature, water vapor mixing ratio, relative humidity, and 

equivalent potential temperature are illustrated in Fig. 5.6. For the lower atmospheric levels (below 

700 hPa), the temperature is generally increased during the EXP run, where the differences are 

most pronounced in the afternoon around 15:00 UTC during the dry season case and around 13:00 

UTC during the wet season case (Fig. 5.6a and b). Additionally, a slight but not significant decrease 

Figure 5.5: Diurnal cycle of the (a), (b) sensible and (c), (d) latent heat fluxes for the dry season 

case (left) and the wet season case (right), for the CTL run (blue; left y-axis), the EXP run (orange; 

left y-axis), and the difference between the two (black; right y-axis). The values are averaged over 

all 6 days and the study domain. Black dots indicate that the difference is significant at p<0.1 

(determined using a two-sample t-test). 
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in temperatures is observed in the early morning hours during the EXP run. From around 700 hPa 

to 550 hPa, there is a distinct area of decreased temperatures during the EXP run. The differences 

aloft are less pronounced and not statistically significant. Comparing the dry season and the wet 

season case, the differences between the CTL and EXP run are generally higher during the dry 

season, where the strip of colder temperatures around 600 hPa is more pronounced during the dry 

season case while it is not statistically significant during the wet season case. The water vapor 

mixing ratio (Figs. 5.6c and d) shows a similar pattern, with a decrease in water vapor mixing ratio 

below 700 hPa, an increase between 700 hPa and 550 hPa, and smaller differences aloft. The same 

pattern can be observed for the relative humidity and equivalent potential temperature profiles as 

well (Fig. 5.6e-h), with decreased values during the EXP run below 700 hPa, an increase right 

above from around 700 hPa to 550 hPa, and smaller differences aloft. The differences are again 

more pronounced during the dry season case. Overall, a decrease in soil moisture in the EXP run 

leads to increased temperatures, decreased moisture, relative humidity, and equivalent potential 

temperature in the levels below 700 hPa, where the differences are most pronounced in the early 

afternoon. Right above, around 600 hPa, there is a distinct narrow area showing opposite signals, 

i.e., decreased temperature, and increased moisture, relative humidity, and equivalent potential 

temperature, while the levels above 550 hPa do not show a clear pattern. When comparing the 

changes in temperature to the changes in water vapor mixing ratio, it becomes apparent that the 

changes in moisture are more pronounced. 
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Figure 5.6: Time-height cross section composites of (a), (b) temperature (K), (c), (d) water vapor 

mixing ratio (10-3 × kg kg -1), (e), (f) relative humidity (%), and (g), (h) equivalent potential 

temperature (K) values for the CTL run (dashed lines), the EXP run (solid lines), and the  

differences between the EXP and the CTL run (shading) for the dry season case on the  left side 

and the wet season case  on the right side. All values are averaged over all 6 days and the study 

domain. Stippling indicates that the difference is significant at p<0.1 (determined using a two-

sample t-test). 
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Figs. 5.7a and b show the diurnal cycles of the LCL for both the wet and the dry season case. 

The LCL is lowest in the morning for both cases and reaches a maximum in the afternoon around 

14:00 UTC. The LCL is generally higher during the EXP run, where the difference between the 

EXP and CTL run is largest in the early afternoon when the LCL is highest. Figs. 5.7c and d 

highlight the changes in PBL height. The PBL height is increased during the EXP run, where the 

differences are largest around noon, similar to the changes in the LCL. Both the increase in LCL 

and PBL height are possibly the result of the drier and warmer surface air layer. The changes in 

the LCL height are discussed in more detail below. 

 

Figure 5.7: Diurnal cycles of the (a), (b) LCL (m), and (c), (d) PBL (m) height, for the dry season 

case (left) and the wet season case (right), for the CTL run (blue line; left y-axis), the EXP run 

(orange line; left y-axis), and the difference between the two (black; right y-axis). Averaged over 

all 6 days and the study domain. Black dots indicate that the difference is significant at p<0.1 

(determined using a two-sample t-test). 
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5.3.2 Impacts on atmospheric stability and convective potential 

In a next step, the impacts of a decrease in soil moisture on atmospheric stability and 

convection are analyzed by evaluating different tools and variables such as Skew-T diagrams, 

CAPE, CIN, and the GDI. Figs. 5.8 and 5.9 show Skew-T diagrams for the CTL (dotted lines) and 

EXP (solid lines) runs averaged over all 6 days at 6-hourly time steps, i.e., 00:00 UTC, 06:00 UTC, 

12:00 UTC, and 18:00 UTC, for the dry and wet season case, respectively. Although the diagrams 

only show results at 6-hourly time steps, the other hours have similar results. As illustrated by the 

temperature (red) and dewpoint (green) lines, a parcel at the surface is generally warmer and has 

a lower dewpoint (i.e., less moisture) during the EXP run. The parcel paths, depicted by the black 

lines, indicate that a parcel in the EXP run is warmer than in the CTL run in the lower levels, 

before becoming colder compared to the CTL run at higher levels. While a parcel is lifted from 

the surface, it cools at the dry adiabatic lapse rate (i.e., 9.8°C / 1000m) and eventually reaches 

saturation, i.e., the LCL, which is depicted by the black dots in the Skew-T diagrams. Since a 

parcel in the EXP run contains less moisture and has a higher temperature at the surface, it takes 

longer for the parcel to reach saturation while ascending at the dry adiabatic lapse rate and thus, 

the LCL is higher compared to the CTL run. After reaching the LCL, the parcel will subsequently 

cool at the moist adiabatic lapse rate (~5°C / 1000m) and will therefore be cooling at a slower rate. 

Since a parcel during the EXP run takes longer to reach saturation, the change to cooling at the 

moist adiabatic lapse rate will take place at a higher atmospheric level when compared to the CTL 

run. Thus, a parcel in the EXP run will cool at a faster rate (i.e., at the dry adiabatic lapse rate) 

compared to a parcel in the CTL run at the same level, before reaching saturation and changing to 

cooling at the moist adiabatic lapse rate. This slower change from the dry adiabatic to the moist 

adiabatic lapse rate in the EXP run results in a parcel being warmer in the lower levels and colder 

aloft when comparing the EXP to the CTL run. This may also help to partially explain the band of 

decreased temperature and increased moisture from 700 hPa to 550 hPa during the EXP run. The 
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Skew-T diagrams further show that the difference between the EXP and CTL run are higher for 

the dew point than for the temperature, suggesting that the changes in moisture due to a decrease 

in soil moisture have a greater impact on changes in the LCL height and the parcel path than the 

changes in temperature. Looking at the vertical wind profiles, the differences between the EXP 

and CTL run are minimal.  

To further investigate the impacts of drier soils on convective potential, Fig. 5.10 shows the 

composited diurnal cycles of maximum CAPE and CIN for both cases. The maximum CAPE and 

CIN are calculated by considering a parcel with maximum 𝜃𝑒 in the lowest 3000 m. A 500 m deep 

parcel is then calculated, which is used to compute CAPE and CIN. Generally, there is a minimum 

in CAPE in the morning around 06:00 UTC and a maximum right before noon. CIN shows the 

opposite pattern, with a maximum during the nighttime and the early morning and a minimum 

right before noon. Comparing CAPE and CIN for the EXP and CTL runs, CAPE is lower during 

the EXP run for both cases (Figs. 5.10a and b) while CIN is generally higher (Figs. 5.10c and d). 

Consequently, these results suggest that there is less energy available for convection (i.e., 

decreased CAPE), while more energy is needed to lift an air parcel adiabatically to the LCL (i.e., 

increased CIN). The diurnal cycles of CAPE and CIN are similar for the EXP and CTL runs but 

show a slight shift to an earlier peak of CAPE and an earlier minimum in CIN during the EXP run. 
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Figure 5.8: Skew-T diagrams for the dry season case for different hours of day. Values are 

averaged over all 6 days for the respective hour. The red lines indicate the temperature, the green 

lines indicate the dew point, and the black lines show the parcel paths for the EXP run (solid lines) 

and the CTL run (dotted line). Wind barbs (knots) are shown for the CTL (left) and the EXP (right) 

runs. 
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Figure 5.9: Skew-T diagrams for the wet season case for different hours of day. Values are 

averaged over all 6 days for the respective hour. The red lines indicate the temperature, the green 

lines indicate the dew point, and the black lines show the parcel paths for the EXP run (solid lines) 

and the CTL run (dotted line). Wind barbs (knots) are shown for the CTL (left) and the EXP (right) 

runs. 
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In Fig. 5.11, the impacts of a decrease in soil moisture on the potential for convection are 

investigated further by looking at changes in the GDI and its sub-indices. Similar to the diurnal 

cycle of CAPE, Figs. 5.11a and b show a minimum in the GDI in the early morning and a maximum 

around noon. For the dry season case (Fig. 5.11a), the GDI is generally decreased (i.e., decreased 

convective potential) during the EXP run with the differences being significant in the afternoon 

and evening hours, which is consistent with the observed changes in CAPE and CIN during the 

EXP run. The differences in the GDI between the EXP and CTL run for the wet season case (Fig. 

5.11b) are very small and not significant. To investigate the changes in the GDI further, Figs. 5.11c 

to h analyze changes in the sub-indices of the GDI. The CBI (Figs. 5.11c and d) evaluates the 

Figure 5.10: Diurnal cycle of (a), (b) maximum CAPE, and (c), (d) maximum CIN for the dry 

season case (left) and the wet season case (right), for the CTL run (blue line; left y-axis), the EXP 

run (orange line; left y-axis), and the difference between the two (black; right y-axis). Averaged 

over all 6 days and the study domain. Black dots indicate that the difference is significant at p<0.1 

(determined using a two-sample t-test). 
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moisture availability and temperature at 950 hPa and 500 hPa by calculating the θe of the 

respective layer. Higher values are indicative of a larger potential for deep convection, since a 

warm and moist mid tropospheric layer, reinforced by a warm and moist lower tropospheric layer 

suggests the presence of a deep moist layer, which will enhance convective activity. The observed 

decrease of the CBI in the EXP run during both cases thus suggests that the decreased potential 

for convective activity is associated with decreased moisture availability. Figs. 5.11e and f show 

minor and insignificant differences in the MWI between the EXP and CTL run, which analyzes 

mid-level warming and cooling at 500 hPa. Looking at the differences in the II, Figs. 5.11g and h 

reveal that the values are less negative during the EXP run, indicating weaker stabilization and 

thus an increased potential for convection during the EXP run. To investigate this further, the two 

sub-indices of the II, the IIS and the IID are analyzed separately in Fig. 5.12. The IIS considers the 

difference in temperature between 950 hPa and 700 hPa, with lower values indicating stronger 

stabilization. The IIS values are higher during the EXP run for both cases (Figs. 5.12a and b), and 

subsequently indicate weaker stabilization and a higher potential for convection during the EXP 

run. Similarly, the IID (Figs. 5.12c and d) shows less negative values during the EXP run, which 

suggests a decreased θe gradient with height, resulting in enhanced convection and thunderstorm 

activity. Consequently, the less negative II during the EXP run suggests increased thunderstorm 

potential with decreased soil moisture, despite the observed overall decrease in GDI (and CAPE). 

Overall, the decreased GDI during the dry season case can mostly be attributed to a decrease in 

CBI (i.e., decreased moisture availability), whereas the less negative II values (i.e., decreased 

stabilization) in turn act to increase the GDI during the EXP run. Consequently, while the GDI is 

decreased during the EXP run, indicating decreased convective potential with drier soil conditions, 

a decrease in soil moisture may also result in decreased stabilization through increased temperature 

differences between low and mid-level layers, as well as a decrease of the θe gradient with height. 

This, in turn, acts to enhance convective activity. From a diurnal standpoint, the peak in GDI 
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shifted to a slightly earlier time of day, which is consistent with the small shift observed in CAPE 

and CIN. 

In summary, a decrease in soil moisture over the study domain leads to a decrease in CAPE 

and the GDI, and an increase in CIN. This suggests that drier soils are associated with decreased 

convective potential due to decreased moisture availability. However, while an overall decrease in 

convective potential is observed, certain effects triggered by a decrease in soil moisture (i.e., an 

increased temperature gradient and a decrease in the θe gradient with height) may counteract the 

reduced potential for convection by decreasing atmospheric stability. 
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Figure 5.11: Diurnal cycles of the (a), (b) GDI, (c), (d) CBI, (e), (f)  MWI, and (g), (h) II, for the 

dry season case (left) and the wet season case (right), for the CTL run (blue line; left y-axis), the 

EXP run (orange line; left y-axis), and the difference between the two (black; right y-axis). 

Averaged over all 6 days and the study domain. Black dots indicate that the difference is significant 

at p<0.1 (determined using a two-sample t-test). 
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5.3.3 Impacts on cloud fractions and precipitation 

To investigate changes in clouds associated with a decrease in soil moisture, Fig. 5.13 

illustrates differences in cloud fraction between the EXP and CTL run. Figs. 5.13a and b analyze 

the diurnal cycles of total cloud fraction, i.e., the average cloud fraction for all layers. The total 

cloud fraction is slightly increased during the EXP run for both cases, despite the observed 

decrease in CAPE and the GDI. However, the differences between the EXP and CTL runs are not 

significant for either case. Additionally, Figs. 5.13c and d show the time-height cross section 

composites for the cloud fraction over the study domain. Clouds are decreased in the lower-level 

Figure 5.12: Diurnal cycles of the (a), (b) IIS, and (c), (d) IID, for the dry season case (left) and 

the wet season case (right), for the CTL run (blue line; left y-axis), the EXP run (orange line; left 

y-axis), and the difference between the two (black; right y-axis). Averaged over all 6 days and the 

study domain. Black dots indicate that the difference is significant at p<0.1 (determined using a 

two-sample t-test). 
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during the EXP run and increased in the mid- and upper levels. The changes are significant in the 

lower and mid-layers for both cases, while the changes are not significant in the upper levels. The 

observed significant changes in clouds may be the effect of the detected decrease in moisture and 

increase in temperature (decrease in low-level clouds) and the associated increase of the LCL and 

PBL height (increase in mid-level clouds).  

Figure 5.14 shows the composited diurnal cycles of precipitation for the two cases, where 

the differences are small and not statistically significant, suggesting that a decrease in soil moisture 

may have limited impacts on precipitation over the region. 

Figure 5.13: (a), (b) Diurnal cycles of total cloud fraction (%) for the dry season case (left) and 

the wet season case (right), for the CTL run (blue line; left y-axis), the EXP run (orange line; left 

y-axis), and the difference between the two (black; right y-axis). Black dots indicate that the 

difference is significant at p<0.1 (determined using a two-sample t-test). (c), (d) Time-height cross 

section composites of cloud fraction (%) for the CTL run (dashed lines), the EXP run (solid lines), 

and the differences between the EXP and the CTL run (shading) for the dry season case on the left 

side and the wet season case on the right side. All values are averaged over all 6 days and the study 

domain. 
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5.3.4 Impacts on mesoscale circulation 

Next, soil moisture induced changes in omega, divergence, and surface pressure are 

investigated to analyze the impacts of drier soils on air flow and circulation, which can possibly 

help explain some of the observed changes in cloud fractions. For the dry season case, Figs. 5.15a, 

c, and e indicate increased convergence below 800 hPa, increased vertical air movement between 

600 hPa and 900 hPa, and increased divergence between 600 hPa and 800 hPa during the EXP run. 

Additionally, surface pressure is decreased. These circulation changes are likely contributing to 

the increase in mid-level clouds during the EXP run, where the increased vertical velocity in the 

lower levels can help air parcels to overcome CIN more easily. For the wet season case (Figs. 

5.15b, d, and f) the circulation changes are more subtle and not statistically significant. Vertical 

velocity is slightly increased during the EXP run. Additionally, convergence is enhanced in the 

lower levels, and divergence is increased around 800 hPa and 160 hPa, while the differences in 

surface pressure are minimal. Consequently, circulation changes induced by the decrease in soil 

moisture may help to explain changes in cloud patterns during the dry season, where areas of 

Figure 5.14: Diurnal cycles of precipitation (mm) for the dry season case (left) and the wet season 

case (right), for the CTL run (blue line; left y-axis), the EXP run (orange line; left y-axis), and the 

difference between the two (black; right y-axis). All values are averaged over all 6 days and the 

study domain. Black dots indicate that the difference is significant at p<0.1 (determined using a 

two-sample t-test). 
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increased vertical velocity and divergence coincide with areas of increased cloud fractions. For the 

wet season case, the relationship between changes in clouds and related dynamic effects may be 

much weaker. 

Figure 5.15: (a-d)Time-height cross section composites of (a), (b) omega (10-1 × Pa s-1), and (c), 

(d) divergence (10-5 × s-1) values for the CTL run (dashed lines), the EXP run (solid lines), and 

the  differences between the EXP and the CTL run (shading) for the dry season case on the  left 

side and the wet season case  on the right side. Stippling indicates that the difference is significant 

at p<0.1 (determined using a two-sample t-test). (e), (f) Diurnal cycles of surface pressure (hPa). 

Black dots indicate that the difference is significant at p<0.1 (determined using a two-sample t-

test). All values are averaged over all 6 days and the study domain. 
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5.4 Discussion and Conclusions 

The Congo has been experiencing a long-term and large-scale drying trend accompanied by 

a decrease in precipitation since around 1980 (Zhou et al. 2014; Hua et al. 2016; Hua et al. 2018; 

Jiang et al. 2019). Simultaneously, an increase in convective activity has been observed over the 

region (Raghavendra et al. 2018; Taylor et al. 2018, Alber et al. 2021a; Alber et al. 2021b). To 

explore possible connections between the observed drying trend and changes in convection over 

the Congo rainforest, this study investigates the impacts of a decrease in soil moisture on 

atmospheric stability and convection by using the WRF model. Two 6-day case studies are 

analyzed (i.e., one wet season case and one dry season case), where the soil moisture was decreased 

by 50% and the effects on several different variables such as heat fluxes, temperature and humidity 

profiles, LCL, PBL, CAPE/CIN, the GDI, and cloud fraction are quantified. Additionally, 

circulation changes induced by drier soils are investigated through an analysis of changes in 

omega, divergence, and surface pressure. 

Results indicate an increase in total cloud fraction when decreasing soil moisture. More 

specifically, mid- and high-level clouds (i.e., convective clouds) show an increase consistent with 

previous studies (Raghavendra et al. 2018; Taylor et al. 2018, Alber et al. 2021a; Alber et al. 

2021b), whereas low-level clouds are decreased. Interestingly, the GDI and CAPE are decreased 

while CIN is increased, indicating a decrease in convective potential associated with drier soils. 

An analysis of the sub-indices of the GDI suggests that the decrease in convective potential is 

mainly attributable to reduced moisture availability in the lower and mid layers. However, some 

drying induced changes (i.e., increasing temperature difference between mid and low layers, and 

a decreasing 𝜃𝑒 gradient with height) are enhancing convective potential and are possibly 

contributing to the observed increase in mid-level clouds. Overall, the decrease in CAPE and GDI 

can primarily be attributed to a decrease in moisture in the mid- and lower layers, which has a 

more pronounced effect compared to temperature changes. Simultaneously, although less 
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pronounced, temperature changes are resulting in decreased atmospheric stability which will in 

turn act to enhance thunderstorm activity.  

Figure 5.16 summarizes the soil moisture induced changes in low-, mid-, and high-level 

clouds as well as the processes associated with the observed changes. A decrease in soil moisture 

will decrease the latent heat flux and increase the sensible heat flux, which enhances the warming 

and drying of near surface atmospheric layers. These changes may increase the LCL and lead to 

the simulated decrease in low-level clouds. Additionally, the reduced moisture availability 

decreases the overall GDI and CAPE, which may also help to decrease clouds below 700 hPa. 

Contrastingly, the warmer and drier surface conditions will increase the PBL height and result in 

parcels reaching saturation at higher levels, subsequently increasing the LCL height, which likely 

contributes to the observed increase in mid-level clouds. A warmer and drier surface layer also 

increases the ability of air parcels to overcome CIN, which enhances convection (Findell and 

Ethair 2003; Hohenegger et al. 2009; Liu et al. 2022). Additionally, the warming of the lower 

layers increases the temperature differences between low and mid-level layers, which destabilizes 

the atmosphere, increases the GDI, and ultimately increases convective activity. These factors 

likely collectively act to enhance mid- and high-level clouds. Taking dynamic soil moisture 

responses into account as well, results indicate altered circulation patterns with decreasing soil 

moisture. Observed changes include increased near surface convergence and vertical motion, 

which possibly helps to enhance mid- and high-level clouds. In summary, although the overall 

GDI and CAPE are decreased due to the limited latent heat flux with reduced soil moisture, the 

sensible heat flux is increased. This will result in more heat being produced and thus increased 

surface temperatures, PBL height, and vertical velocity. These changes likely enhance the ability 

of air parcels to overcome CIN and may destabilize the column by increasing the temperature 

differences between low and mid-level layers, possibly contributing to the simulated increase in 

clouds with reduced soil moisture.  
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Although several studies have documented a drying trend and an increase of thunderstorms 

and convection over the Congo in recent years, the presented WRF results indicate an overall 

decrease of convective potential associated (i.e., decreased CAPE and overall GDI) with a decrease 

in soil moisture. This discrepancy with other studies may be explained by several factors.  

Firstly, previous studies have shown that CAPE is not necessarily a good indicator for 

convection in the tropics. For example, Schiro et al. (2020) argue that while CAPE estimates the 

maximum potential of convective systems, high CAPE does not necessarily mean that the 

indicated high potential will always lead to the strongest convective storms or high precipitation 

amounts. Furthermore, studies such as Chen et al. (2020), Yin et al. (2015), Adams and Souza 

(2009), or DeMott and Randall (2004) indicate that trends in CAPE are primarily driven by 

changes in low-level moisture. Thus, a decrease in soil moisture as simulated in the presented 

study, and hence a decrease in low-level moisture, will likely lead to a decrease in CAPE, which 

is consistent with our results. However, increased surface heating and drying will also impact 

convective activity and act to increase convection. This is reconciled by an analysis of the sub-

indices of the GDI, suggesting that an increase in the temperature difference between low- and 

mid-levels enhances convection, which is possibly linked to the increase in mid- and high-level 

clouds. This is consistent with the observed increase in convective activity found in other studies 

and can be associated with the increased surface heating and the subsequent increase in LCL and 

PBL heights as well as circulation changes with drier soils.  

Secondly, here, the results of a controlled modeling study are presented, where only one 

variable was altered. Other factors that have possibly been influencing trends in convective activity 

over recent years such as changes in forest greenness and leaf area index, wave activity, climate 

variability, or other circulation changes were not taken into account. However, these factors may 

have been contributing to the increase in thunderstorm activity documented in other studies using 

reanalysis and satellite data.  
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An intriguing result was revealed by the time-height cross section composites of temperature 

and humidity (Fig. 5.6), namely a very distinct strip of decreased temperature and increased 

moisture around 600 hPa as a result of a reduction in soil moisture. This result is consistent with 

the temperature, relative humidity, and equivalent potential temperature trends presented in Alber 

et al. (2021a), which showed a decrease in temperature as well as an increase in relative humidity 

and equivalent potential temperature around 600 hPa over the Congo Basin from 1983 to 2019. 

One possible explanation for this observed cooling and moistening signal is the increased LCL 

height associated with drier soil conditions. With wetter soils (i.e., CTL run), the saturation and 

thus the LCL is reached earlier, and the latent heat release will offset the cooling, resulting in 

warmer temperatures in the CTL run compared to the EXP run. More specifically, as discussed in 

section 5.3.2, a parcel in the EXP run is warmer and drier at the surface. It then cools dry 

adiabatically while it is lifted until it reaches saturation, after which it cools moist adiabatically 

and thus at a slower rate. Since a parcel in the CTL run is colder and moister, it reaches saturation 

earlier and changes to cooling at the moist adiabatic lapse rate at lower levels, and thus cools at a 

slower rate when compared to the EXP run. This difference in the cooling rate could help to 

partially explain the colder temperatures around 600 hPa. However, one caveat of this explanation 

is that it focuses on the temperature and moisture of the parcel and not the environment. Since the 

base of the cooling strip is collocated with the base of the area of increased clouds, cloud radiative 

feedbacks could also play a role. 

Looking at the changes in clouds and convection from a diurnal standpoint, the largest and 

most significant changes in temperature, humidity, LCL, and CAPE are observed in the early 

afternoon, while the GDI and cloud fractions showed the largest changes in the late afternoon and 

evening. Additionally, some variables such as CAPE and the GDI, indicated a small shift of 

maximum values to earlier in the day, suggesting that the peak in convection is shifting to earlier 
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in the day as a result of drier soil conditions, which is consistent with changes observed in Alber 

et al. (2021b).  

When comparing the wet season case to the dry season case, it becomes evident that the 

effects of drier soils are more pronounced and substantial during the dry season. The enhanced 

impacts during the dry season may be linked to the reduced water availability during this period, 

where the limited moisture availability likely amplifies the effects of soil moisture changes.  

Overall, the results presented in this study enhance our understanding of the present and 

future climate over the Congo by learning how drying soils will impact convection, clouds, and 

atmospheric stability. This is crucial when trying to understand trends in rainfall and convection 

over the region and how these trends are connected to the long-term and large-scale drying trend 

that has been stressing the Congo Basin since the 1980’s. 

Figure 5.16: Schematic summarizing the impacts of a decrease in soil moisture on clouds and 

convection over the Congo Basin, identified by conducting two different WRF modeling 

experiments. 
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CHAPTER 6: 

Summary, Conclusions, and Future Work 

In this dissertation, I have conducted a comprehensive analysis of trends and variations in 

convection over the Congo Basin in central equatorial Africa. Based on four different research 

questions posed in Chapter 1.3, I first identified trends in thunderstorm activity over the region 

since 1983. I then explored changes in the diurnal cycle of convection and possible connections to 

the observed long-term drying trend detected over the Congo. In a next step, I looked into how the 

MJO impacts the diurnal cycles of convection and rainfall. A WRF study investigating how a 

decrease in soil moisture impacts atmospheric stability and convection over the study region 

concludes this dissertation. The presented results enhance our understanding of trends and 

variations in convection and how the observed changes might be connected to the long-term and 

large-scale drying trend that the Congo has been experiencing since the 1980s. This will help us 

to better apprehend past and future climatic changes over central equatorial Africa. Furthermore, 

this work contributes to the limited research and literature conducted on the Congo, which remains 

understudied compared to other major rainforests. This may be partly due to the very limited 

surface observations available over the region. This limitation was overcome in this dissertation 

by utilizing a range of different datasets (i.e., reanalysis and satellite data) and conducting 

numerical modeling studies. Below, the key results of each chapter are summarized and some 

avenues for future work are explored. 

 

6.1 Summary and Conclusions 

In Chapter 2, I used the GDI and GridSat-B1 satellite cold cloud fraction to analyze trends 

in thunderstorm activity over the Congo rainforest from 1983 to 2018 during all four seasons (i.e., 

DJF, MAM, JJA, and SON). The GDI was chosen for this study because it focuses on 

thermodynamic rather than dynamical processes, and its different sub-indices evaluating different 
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atmospheric processes allow a more in-depth analysis of the different factors contributing to the 

observed changes in thunderstorm activity. ERA-Interim specific humidity and temperature data 

were used for the GDI calculation. Additionally, GridSat-B1 cloud fraction with Tb between -50°C 

and -70°C was used to quantify intense thunderstorms in addition to using the GDI to achieve a 

more comprehensive analysis by utilizing both reanalysis and satellite data. The analysis of both 

the GDI and the cloud fraction indicated an increasing trend in thunderstorm activity during all 

four seasons over the region. Evaluating the trends of the different sub-indices of the GDI 

attributed the increase in convective activity to the three following processes decreasing the 

hydrostatic stability: 1) a cooling of the 500 hPa temperature, 2) an increase of the temperature 

gradient between 700 hPa and 950 hPa, and 3) a decrease of the θe gradient with height. The 

cooling of the 500 hPa temperature was hypothesized to be connected to the more frequent 

occurrence of Kelvin waves over the region detected by Raghavendra et al. (2019). Furthermore, 

the observed warming of the lower levels and the cooling of the mid-levels was shown to be 

responsible for the increase in the temperature difference between 700 hPa and 950 hPa. Lastly, 

the decrease of the θe gradient with height was demonstrated to be associated with a decrease of 

θe in the lower troposphere and an increase of θe in the mid/upper troposphere. This change is 

resulting mostly from a change in moisture (i.e., a decrease in moisture in the lower troposphere 

and an increase in the mid/upper troposphere) rather than a change in temperature. Overall, the 

presented results highlight the cooling and moistening of the mid-troposphere, and drying and 

warming of the near surface levels, resulting in a decrease in vertical stability and convective 

inhibition and thus an increase in convective activity. Together, these factors may act to reinforce 

the drying trend which has stressed the Congo rainforest over the past 40-years.  

To expand on the analysis of Chapter 2, Chapter 3 investigated changes in convective 

activity over the Congo Basin from a diurnal perspective. More specifically, this chapter analyzed 

changes in the diurnal variations of cloudiness and deep convection from 1979 to 2019 during all 
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four seasons over the region, evaluated their associations with trends in precipitation efficiency, 

and explored possible connections to the observed decrease in precipitation. In addition to using 

the GDI and GridSat-B1 cold cloud fraction (CCF), MODIS satellite land surface temperature, 

CPC precipitation, and ERA5 reanalysis data were included in this study for a more comprehensive 

analysis. Results showed contrasting trends in clouds and Tb during the morning versus the 

afternoon. In the morning, a decrease in clouds and an increase in Tb was observed, while 

convective activity was shown to be increasing in the afternoon, which is resulting in an 

amplification of the diurnal Tb amplitude. These changes can possibly be connected to the observed 

warming and drying trend over the region, where the enhanced surface warming and drying may 

be contributing to the detected decrease in clouds in the morning. Additionally, the surface warimg 

possibly increases thunderstorm activity in the afternoon by decreasing the equivalent potential 

temperature gradient with height, decreasing convective inhibition, and ultimately leading to 

increased convective activity in the afternoon. Furthermore, precipitation efficiency was shown to 

be decreasing while the cloud base height is increasing. Such changes may also be partly 

attributable to the Congo drought, since increased surface temperatures and decreased surface 

relative humidity will raise the lifted condensation level, increase the cloud base height, and 

possibly decrease the precipitation efficiency. This positive-feedback mechanism may be a 

contributing factor to the observed decrease in precipitation at the surface, which will further 

accelerate the drying trend over the Congo. Possible connections between the drying trend and 

convective activity over the region are further explored in the WRF modeling study presented in 

Chapter 4. 

Before diving deeper into investigating the impacts of the warming and drying conditions 

on convection over the region, I first focused on the variability of convection and precipitation 

induced by the MJO in Chapter 3. The MJO is the leading mode of intraseasonal variability in the 

tropics and can significantly impact precipitation and convection over tropical land areas. Thus, 
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this study analyzed the influence of the MJO on diurnal variations of convection and precipitation 

over the Congo from 1985 to 2019 during October through March. Additionally, possible 

mechanisms leading to the observed changes were explored, aiming to enhance our understanding 

of the MJO's impacts on precipitation and convection variability, ultimately contributing to 

improving predictions of MJO modulated rainfall over the Congo. An analysis of GridSat-B1 and 

TRMM satellite as well as ERA5 reanalysis data showed that convection and precipitation are 

increased during the MJO enhanced convective phase (RMM phases 1 and 2) and decreased during 

the MJO suppressed convective phase (RMM phases 5 and 6). Exploring changes of the diurnal 

cycles of convection and precipitation revealed that the differences between the two phases are 

largest during the morning hours when convection is weakest. Additionally, the influence of the 

MJO was found to be stronger on stratiform precipitation while the impact on convective 

precipitation is negligible. More specifically, the diurnal cycles of convective precipitation are 

similar during both MJO phases, while the stratiform precipitation is significantly higher during 

the MJO enhanced phase, mainly in the morning hours. Overall, convection was found to be 

shallower during the MJO suppressed phase and deeper during the MJO enhanced phase, where 

the decay of convective clouds and anvils is also slower during the enhanced phase. To investigate 

possible physical mechanisms responsible for the MJO induced modulations of convection and 

precipitation, changes in divergence, vertical velocity, wind speed, relative humidity, and 

temperature were analyzed. Enhanced upward air motion in the mid- and upper levels as well as 

strong divergence in the upper levels were identified to be contributing to the increase in 

precipitation and convection during the MJO enhanced phase. During the MJO suppressed phase, 

strong mid-level divergence and upper- to mid-level subsidence, mainly during the nighttime and 

morning hours, were the main factors identified to contribute to the observed changes in 

convection and rainfall. Additionally, a decrease in mid-level wind speed and an increase in upper-
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level wind speed, together with increased relative humidity were found to be contributing to the 

increased formation of (stratiform) precipitation during the enhanced phase. 

To further explore the impacts of a decrease in soil moisture on atmospheric stability, 

convection, and clouds, I performed and analyzed numerical experiments using the WRF model 

in Chapter 5. The model was run at a 4 km convection permitting resolution and initialized with 

hourly ERA5 reanalysis data. Two 6-day case studies were performed. For comparison between 

the wet and the dry season, one case study was selected during the dry season (16-January to 21-

January 2018) while the other case study was selected during the wet season (21-October to 26-

October 2019). Soil moisture was decreased by 50% for the EXP run to simulate the impacts of 

the drying trend on convection since studies such as Taylor et al. (2015) have shown that land 

surface properties and changes such as soil moisture can influence the development of convection 

through modulation of solar heating at the surface and thereby influencing atmospheric 

temperature and humidity profiles. A decrease of soil moisture by 25% showed similar but less 

pronounced results (not shown). As expected, the latent heat flux is limited as a result of a 

reduction in soil moisture, while the sensible heat flux is increased. These changes were associated 

with increased surface and near surface temperatures and decreased near surface humidity. Results 

further showed decreased convective potential (i.e., CAPE and GDI) as a result of drier soils, 

where the observed decrease in convective potential was attributed to a decrease in moisture 

availability, mainly in the lower and mid layers. Although results indicated an overall decrease in 

convective potential, two processes induced by a decrease in soil moisture, identified using the 

GDI and its sub-indices, were discovered to be contributing to increased convective activity. These 

processes include the increasing temperature difference between the mid- and low layers, and a 

decreased θe gradient with height. An analysis of the impacts of drier soils on cloud fractions 

showed a decrease in clouds in the lower levels (below 700 hPa), an increase in clouds in the mid-

levels (700 hPa to 550 hPa), and a slight but mostly insignificant increase in clouds in the upper 
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atmospheric levels (above 550 hPa). The decrease in cloud in the lower levels was mostly 

attributed to the decreased moisture availability in the near surface levels associated with a 

reduction in soil moisture. The increase in clouds in the mid (and upper) levels was hypothesized 

to be the effect of increased surface heating, leading to an increase in PBL and LCL height, a 

decrease in atmospheric stability, and circulation changes such as increased near surface 

convergence and vertical motion. These factors may collectively act to increase clouds in the mid-

levels. Overall, this chapter analyzes the complex interactions between changes in soil moisture 

and atmospheric stability and convection over the Congo rainforest, where a decrease in soil 

moisture was found to significantly impact convective potential, especially during the dry season, 

while also modulating clouds depending on the respective atmospheric level. 

 

6.2 Future Work 

This dissertation points to more questions and future research ideas that will help to further 

enhance our understanding of observed trends and variations in convection, rainfall, and other 

variables over the Congo.  

In this dissertation, it was determined that thunderstorm activity over the Congo has been 

increasing by using several methods and datasets. Simultaneously, precipitation has been 

decreasing over the region. Although some potential mechanisms explaining this counterintuitive 

relationship have been explored in this dissertation, a more detailed analysis determining specific 

physical mechanisms should be conducted in order to completely solve this puzzle. Studies such 

as Schiro et al. (2020) suggest that precipitation intensity does not necessarily correlate strongly 

with environmental instability, while other studies such as Hamada et al. (2015) or Zipser et al. 

(2006) conclude that the heaviest precipitation does not always occur in the most unstable 

environments with strong updrafts. Accordingly, the relationship between convection and 

precipitation over the Congo should be further examined. 
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A cooling and moistening trend in the mid-atmospheric levels around 500 hPa was identified 

in this dissertation both by conducting a trend analysis of reanalysis data from 1983 to 2018 as 

well as by running numerical modeling experiments investigating impacts of a reduction in soil 

moisture on atmospheric stability profiles. Some possible explanations for this phenomenon were 

described. However, the underlying mechanisms should be examined more extensively. For 

example, the connection of the cooling to cloud radiative feedbacks should be investigated further. 

This could be done by running more extensive numerical modeling experiments.  

In this dissertation, the effects of the drying trend on atmospheric stability were investigated 

by decreasing the soil moisture by 50%. However, other variables are also affected by the drying 

trend. The WRF modeling work should be expanded to include these factors such as changes in 

the LAI. 

A significant increase in MJO dry days was discovered in this dissertation, which could be 

a contributing factor to the drying trend over the region. It would be of interest to find the factors 

responsible for this increase since the decrease in MJO dry days could be a remote factor 

contributing to the drying trend over the Congo. 
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