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Abstract

The Congolese rainforest is a hotspot for convection where thunderstorms and rainfall exhibit a
strong diurnal cycle. Previous studies have shown that various modes of variability such as the
Madden-Julian Oscillation (MJO), the leading mode of intraseasonal variability in the tropics, can
impact the diurnal cycles of precipitation and convection over tropical land areas. Thus, this study
analyzes the influence of the MJO on diurnal variations of convection and precipitation over the
Congo and explores possible mechanisms leading to the observed changes, using Gridded Satellite
(GridSat-B1), Tropical Rainfall Measuring Mission (TRMM), and ERAS reanalysis data. Results
show that convection and precipitation are increased during the MJO enhanced convective phase
(RMM phases 1 and 2) and decreased during the suppressed convective phase (RMM phases 5 and
6), where the differences are found to be largest during the morning hours when convection is
weakest. Convection is generally deeper during the enhanced phase and shallower during the sup-
pressed phase, accompanied by a slower decay of convective clouds and anvils during the en-
hanced phase. Furthermore, the influence of the MJO was found to be stronger on stratiform pre-
cipitation compared to convective precipitation. While the diurnal cycles of convective precipita-
tion fractions are similar during both MJO phases, the fraction of stratiform precipitation is higher
during the enhanced phase, mainly in the morning hours. Suggested atmospheric drivers contrib-
uting to the observed differences between the two MJO phases include enhanced upward air mo-
tion in the mid- and upper levels and strong divergence in the upper levels during the enhanced
phase, and strong mid-level divergence and upper- to mid-level subsidence during the suppressed
phase, mainly during the nighttime and morning hours. Furthermore, decreased mid-level wind
speed, increased upper-level wind speed, and enhanced relative humidity may be contributing fac-
tors to the increased formation of stratiform precipitation during the enhanced phase. These results
enhance our understanding of the MJO’s impacts on precipitation and convection variability, ulti-
mately improving predictions of MJO modulated rainfall over the Congo.

1. Introduction
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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. 2021a;
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 to
investigate the diurnal cycles of tropical convection and precipitation. For example, Hendon and
Woodberry (1993) used brightness temperature (Tp) derived from 11um satellite radiance
measurements lower than 230 K as a threshold to isolate deep convection. Nesbitt et al. (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 precipi-
tation 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 coa-
lescence 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 1997).

Precipitation and convection over the tropics can be influenced by various modes of variability
such as the Madden-Julian Oscillation (MJO), El Nifio 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, 1972) is one of the most fundamental modes of atmospheric
variability and is the leading mode of intraseasonal variability 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 in-
creased 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 de-
creased 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 and Lau 1992; Sui et al. 1997; Rauniyar and
Walsh 2011; Oh et al. 2012), suggesting that the MJO impacts the diurnal cycles of rainfall and
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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 1979-2018, 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 ! from 1979-2018, 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 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, 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.
2020b 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 2016).
Although the impacts of the MJO on African climate has 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 varia-
tions 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 precipi-
tation 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 2, the methods are described in section 3,
the results are presented in section 4, followed by a summary and conclusion in section 5.

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 ERAS reanalysis data
(Hersbach et al. 2020), where the time period 1985-2019 was investigated. Although the MJO
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 ampli-
tude 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. Note that the MJO’s impacts on
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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. 1. The
diurnal cycle data are indicated in Coordinated Universal Time (UTC).

2.1 GridSat-B1 satellite data

The GridSat-B1 infrared channel (11 pm) brightness temperature (Ty) 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 Ty dataset
was sampled from the European Meteorological (MET) series of geostationary satellites. Since the
atmosphere is almost transparent at 11 pm, the satellite measured radiance was utilized to derive
Ty for cloud top (i.e., cloudy-sky) or surface (i.e., clear-sky) temperatures. The dataset is available
at a 0.07° x 0.07° spatial and 3-hourly temporal resolution from 1981 to present (Knapp 2008;
Knapp et al. 2011). However, only the data from 1985-2019 was used here due to the high fre-
quency of missing data between 1982 and 1985 (Raghavendra et al. 2020).

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 the 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° x 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. Addi-
tionally, 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 precipita-
tion. 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° x
0.05 spatial resolution and to a 1-hourly temporal resolution.

The differentiation between stratiform and convective precipitation in the TRMM 2A23 da-
taset 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 core and then
classifies the precipitation type around the core by examining horizontal patterns of the maximum
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reflectivity factor. The precipitation classification performed by the two methods is then merged
and a final classification is made (Awka 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™! near the equator, making it imperative to use
measurements over several years to be able to sample the diurnal cycle (Jackson et al. 2009).

2.3 ERAS reanalysis

The ERAS reanalysis dataset (Hersbach et al. 2020) was used to obtain the variables needed to
calculate the Géalvez-Davison Index (GDI), i.e., temperature and specific humidity data at 950 hPa,
850 hPa, 700 hPa, and 500 hPa (see section 3.3 for a more detailed explanation of the GDI). Ad-
ditionally, 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, ERAS5 total precipitation was obtained as well. The data was used at a 0.25°
% (.25° spatial resolution and an hourly temporal resolution from 1985-2019 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 as-
sociated 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 tem-
perature and precipitation between the ERAS data and observations improved when compared to
the ERA-Interim reanalysis data over Africa.

3. Methods

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
identify 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 phases over the Congo (Gottschalck et al. 2010;
Zaitchik 2016). A total of 912 days were identified as MJO enhanced days while 1148 days were
identified as MJO suppressed days.

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 T, <—50 °C within the study domain (e.g., Raghaven-
dra 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 Ty values (Taylor et al. 2017; Hart et
al. 2019). Additionally, the cloud fractions with Ty > —50°C and Ty <-25°C and Ty > -25°C and
Ty < 0°C were calculated to investigate the diurnal cycles of warmer clouds.

3.3 Galvez-Davison Index
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For comparison to the GridSat-B1 CCF, the GDI was derived from the ERAS reanalysis data
to estimate convection. The GDI is calculated by using temperature and specific humidity values
at 4 different levels (i.e., 950 hPa, 850 hPa, 700 hPa, and 500 hPa), where ERAS 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¢ Galvez at NOAA's Weather Prediction Center
(WPC) (Gélvez 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 availa-
bility 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 associ-
ated 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 Galvez and Davison
(2016) and Alber et al. (2021Db).

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 ERAS derived GDI, and TRMM and ERAS precipita-
tion for the MJO enhanced and suppressed phases were calculated. To highlight the impacts of the
MJO on the diurnal cycle of convection, the relative mean differences (RMD) between MJO en-
hanced and suppressed phases were further calculated by dividing the difference between the two
phases by the climatological mean, resulting in a dimensionless quantity. To 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-hour 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-hour 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 precip-
itation 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, relative humidity, wind speed, and tem-
perature 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. Addition-
ally, 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
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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. Results

4.1 Spatial and temporal anomalies associated with the MJO phases

The MJO enhanced and suppressed phases are associated with different cloud and rainfall
anomaly patterns over the Congo rainforest (Figs. 1a—d). During the MJO suppressed phase, a
decrease in CCF and precipitation (up to 2 mm day™! 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
values along the western rift valley (Figs. 1a and c) and some small areas of increased precipitation
areas scattered through the study region. During the enhanced phase, CCF and precipitation are
increased over most of the study area, except for the same area along the western rift valley
showing slightly decreased CCF values (Fig. 1b), and smaller patches of decreased precipitation
throughout the study domain (Fig. 1d). Precipitation increases by up to 1.5 mm day™! in some parts
of the study area. The anomalies along the western rift valley could be a result of the unique
topography in that region, where the altitude increases more than 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 golf of Guinea, which could be an area of future
research, where Zatichik (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. 1e
shows that the number of suppressed MJO days have been increasing from 1985-2019, while the
number of enhanced MJO days have 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. 1f,
the temporal variability of MJO enhanced and suppressed days is shown by month. 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).

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 Figs. 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 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 0.095 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
(0.12). The small difference in timing between the CCF and the GDI could be the result of the fact
that 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.

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 Figs. 2c and d show the diurnal
cycles of cloud fractions with Ty, between —50°C and —25°C (Fig. 2¢), and —25°C and 0°C (Fig.
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2d) for both MJO phases. The cloud fraction with Ty 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 Ty, 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. 2a) but also greatly impacts warmer clouds.

In Fig. 3a and b, the impacts of the MJO on TRMM and ERAS 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 ERAS data, where precipitation amounts are generally higher for the ERAS when compared
to the TRMM data. A morning minimum is recorded at 09:00 UTC for TRMM, and at 06:00 UTC
for the ERAS 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 ERAS,
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
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 in-
vestigated separately in a next step. Figures 3¢ and 3d show the diurnal cycles of convective (Fig.
3c) and stratiform (Fig. 3d) precipitation for the MJO enhanced and suppressed phases. The con-
vective 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 precipita-
tion 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.

The convective precipitation fractions for the MJO enhanced and suppressed phases are simi-
lar, 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
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
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suppressed phase shown in Fig. 3a is mainly due to the difference in the stratiform precipitation.
Thus, the MJO may impact the stratiform precipitation more than convective precipitation.

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). 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 trop-
ical dynamics (Mapes and Lin 2005). The vertical and diurnal structures of divergence shown in
Figs. 4a and 4c 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 through the nighttime and the early afternoon,
where divergence is strongest between 08:00 UTC and 12:00 UTC. During the afternoon and even-
ing, 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.

Looking at the time-height cross sections of vertical velocity (Figs. 4b and 4d), the diurnal
patterns are similar during both MJO phases as well. The figures indicate evening and nighttime
subsidence in the lowest levels (900 hPa — 1000 hPa), uplift in the low and mid-levels (600 hPa —
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 — 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 shal-
lower 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 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 Figs. 4e and 4f highlight those dif-
ferences. Fig. 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 conver-
gence 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. 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 dif-
ferences 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
MIJO phases are largest in the upper levels, followed by the mid and lower levels. In the upper and
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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 convec-
tion and precipitation shown in Figs. 2 and 3.

For the vertical velocity, the difference cross section (Fig. 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. 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. Regard-
ing 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 ERAS 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 ERAS data, indicating that the
two satellite datasets are generally consistent with the ERAS5 reanalysis data.

To better explain the different impacts of the MJO on stratiform and convective precipitation,
the time-height cross sections for wind speed, humidity, and temperature are shown in Fig. 5 since
previous studies (e.g., Schumacher and Houze 2003, 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 (Figs. 5a and 5d). However, the
diurnal structures are weaker during the enhanced phase, with the two areas of higher wind speed
in the morning and nighttime around 700 hPa decreasing during the enhanced phase when com-
pared to the suppressed phase. The contour lines, indicating the anomalies during the respective
MIJO phase, show the largest anomalies in the upper levels during both phases. Additionally, Fig.
5g shows that wind speeds are generally weaker in the mid-level and stronger in the upper and
lower levels during the enhanced phase. This may contribute to the increased production of strati-
form precipitation during the enhanced phase since weaker mid-level winds may increase strati-
form rain by decreasing entrainment in stratiform clouds through decreased sublimation and evap-
oration (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 Emmanuel 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. 5g)
are relatively small, where the highest differences in wind speed 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
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during the enhanced phase, which is most pronounced during the mornings, might be another con-
tributing factor to the increased stratiform precipitation during the morning.

The relative humidity profiles (Figs. 5b, Se, and 5h) show generally higher relative humidity
during the enhanced phase. The contour lines in Figs. 5b and 5Se, as well as the shading in Fig. 5h
indicate that the differences between the two MJO phases are greatest in the upper levels around
400hPa. 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 400hPa is less pronounced
during the enhanced phase. According to the contour lines in Fig. 5h indicating the diurnal varia-
tions of the difference, the highest differences are recorded in the evening from 100 hPa to 600
hPa, from 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 (Figs. 5c and 5f) 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. 51). Deep convection during the MJO enhanced
phase could lead to 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 2017; Rooney et al. 2019).

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.

5. Summary and Discussion

This study analyzes the impacts of the MJO on the diurnal cycles of convection and
precipitation from 1985-2019, using TRMM and GridSat-B1 satellite as well as ERAS 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 ERAS vertical
velocity, divergence, wind speed, relative humidity, temperature, and TRMM total, stratiform and
convective precipitation 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 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. 6a), subsidence is evident in the upper and mid-levels during the nighttime
and morning hours (Fig. 4b), accompanied by strong divergence in the mid-levels (Fig. 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
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convection and weakened stratiform precipitation portions of deep convection, ultimately leading
to a decrease in stratiform precipitation (Fig. 3). During the enhanced phase (Fig. 6b), divergence
in the upper levels is stronger, while nighttime and morning divergence in the mid-levels is much
weaker (Fig. 4c). The air motion is generally upward with no observed subsidence in the mid- and
upper levels (Fig. 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 morn-
ing, and may encourage the growth of new convective cores, resulting in larger anvils and en-
hanced stratiform precipitation rates (Fig. 3). Additionally, mid-level rising air motions and con-
vergence are enhanced in the afternoon and evening (Fig. 4d), which is possibly contributing to
the increased and deeper afternoon convection as well as the increased precipitation amounts.

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. (2011) 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 Kel-
vin waves and mid-latitude teleconnections. While we found small changes in the diurnal ampli-
tudes 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 am-
plitude of precipitation, where the amplitude is larger during the enhanced phase and smaller dur-
ing the suppressed phase. The differences are mainly attributed to changes in wind and moisture
convergence and divergence patterns. Naoko et al. (2017) also observed a difference in the ampli-
tude 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, Naoko 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 dur-
ing the enhanced phase, the specific divergence and vertical velocity patterns might be more pro-
nounced 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 phys-
ical mechanisms leading to the observed changes, further work is needed to fully understand how
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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 pre-
dictions of MJO modulated rainfall. Additional analysis on the impacts of the MJO on storm life-
time and initiation using high spatial and temporal resolutions data could also be useful to under-
stand 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 pre-
cipitation. 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 accu-
rately.
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Figure 1: (a—d): Anomalies of (a), (b) 3-hourly GridSat-Bl1 CCF (%) and (c), (d) daily TRMM
precipitation (mm) for the MJO enhanced phase (top) and the MJO suppessed 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 ttest). (e).: Interannual variability of
the number of enhanced (blue) and suppressed (red) MJO days over the study region. (f): Number
of enhanced (blue) and suppressed (blue) MJO days per month from 1985-2019 averaged over
the study region.
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Figure 2: Diurnal cycles of (a) GridSat-Bl CCF, (b) ERAS5 GDI, (c¢) cloud fractions with T}y be-
tween >-50°C and -25°C, and (d) cloud fractions with Ty 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 indi-
cates the climatology, and the purple line represents the RMD between the enhanced and sup-
pressed phase (right y-axis). The 95% confidence intervals are indicated by the blue and red shad-
ings. The black dots indicate that the difference is significant at p <0.05.
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Figure 3: Diurnal cycles of (a) TRMM precipitation (1998-2019), (b) ERAS precipitation (1985—
2019), (¢) 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 2423
sampling.
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Figure 4: (a—d): Time-height cross sections of (a), (c) ERA5 divergence (107 x s7!) and (b), (d)
ERAS vertical velocity (107 x Pa s™) for the MJO suppressed phase (top) and the MJO enhanced
phase (middle), averaged over the study region from 1985-2019. The shading represents the val-
ues 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) ERAS divergence and (f) ERAS vertical velocity (shading) where the black dots in-
dicate that the difference is significant at p <0.05. The contour lines show the diurnal variations
of the difference.
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Figure 5: (a—f) Time-height cross section of (a), (d) ERAS5 wind speed (ms™), (b), (e) ERAS
relative humidity (%), and (c), (f) ERAS 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, re-
spectively. 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) ERAS5 wind speed, (h) ERAS relative humidity, and (i)
ERAS 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.
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Figure 6: Schematic of the diurnal cycle for (a) the MJO suppressed and (b) the 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
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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.

23



