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Abstract

Twenty years of IMERG precipitation estimates are used to evaluate the contributions of mesoscale
convective system (MCS) rainfall to total rainfall in the Congo Basin. Studying these systems advances
our basic understanding of Congo Basin rainfall on all time scales.

The seasonality of MCS rainfall in the Congo Basin follows the seasonality of total rainfall with high
rainfall in spring, summer, and fall and a winter dry season in each hemisphere. In the equinoctial
seasons, MCS rainfall accounts for >80% of total rainfall within 5° of the equator with the highest rainfall
rates occurring along the eastern and western boundaries of the basin. In boreal summer, MCS rainfall
maxima occur near the Cameroon Highlands (9°E-18°E) and in boreal winter, they occur along the
eastern orography (22°E-28°E). The 80% percent contribution is sustained in the continental interior
(15°E-25°E, 5°S-5°N) throughout the year.

The diurnal cycle of MCS rainfall is similar to that of total rainfall. Diurnal cycles are unimodal in the
equinoctial seasons but are regionally and seasonally inhomogeneous in the solstitial seasons. Regardless
of modality, MCS rainfall is highest at 15Z (1600/1700 LT) and lowest at 10Z. MCS percent contribution
changes little throughout the diurnal cycle but is highest (=90%) at 04Z close to the continental interior.
Larger MCSs contribute their greatest percentage of MCS rainfall (83-92%) between 04Z and 07Z, while
more-intensely precipitating MCSs have no seasonally or regionally consistent diurnal cycle.

Seasonal and diurnal MCS rainfall maxima are associated with unstable MSE profiles in the lower
troposphere. Changes in moisture drive the seasonal cycle of MSE while changes in temperature drive its

diurnal cycle.

Key words: Congo Basin rainfall, equatorial African precipitation, African rainfall seasonality, African

rainfall diurnal cycle, mesoscale convective system, IMERG
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1. Introduction

The Congo Basin is one of the most convectively-active areas on the planet. It contains six of the
top ten and over half of the top 500 locations of highest lightning frequency within the Tropical Rainfall
Measuring Mission (TRMM) satellite range (Albrecht et al. 2016) and has the largest fraction of the top
0.1% most extreme values in brightness temperature, lightning flashes per minute, and maximum height
of 40-dBZ radar reflectivity (Zipser et al. 2006). The extreme nature of Congo convective proxies
suggests this region is prone to intense rainfall as precipitation ice-water content and lightning flash-rate
density correlate positively with instantaneous rain rates, although how they correlate to total surface
rainfall is less well-understood (Petersen and Rutledge 2001, Zipser et al. 2006).

Mesoscale convective systems (MCSs) are organized systems of convective cells capable of
producing heavy rain and damaging winds and that exhibit a distinct life-cycle of growth, maturity, and
decay when compared to individual convective cells (Leary and Houze 1979, Zipser et al. 1982). Using
the TRMM Precipitation Radar, MCSs were found to be the primary contributor of Congo Basin rainfall,
delivering upwards of 70% of annual precipitation to this region (Nesbitt et al. 2005). This suggests
MCSs are vital to the delivery of rainfall in the Congo Basin and play an important role in establishing the
diurnal cycle of rainfall. Prior MCS studies for the Congo Basin have primarily focused on the equinoctial
rainy seasons (Laing et al. 2011, Hartman et al. 2020), however, the month of maximum lightning flash
rate density can occur outside the equinoctial seasons depending on the region of the Congo (Albrecht et
al. 2016). An assessment of MCSs and their diurnal cycles in all four seasons is needed to further develop
our understanding of rainfall delivery systems for the Congo Basin and to fully account for regional
differences in MCS activity. Here we construct a 20-year climatology of MCS rainfall in the Congo Basin
using Integrated Multi-satellite Retrievals for GPM (IMERG) precipitation estimates and describe its
seasonal, diurnal, and regional variations. In addition, MCS contributions to total rainfall are quantified.

Background on MCS rainfall and its variability over central equatorial Africa is reviewed in

Section 2. Data and methodology, including MCS identification criteria, are provided in Section 3.



112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

Results in section 4 are in two sections: equinoctial and solstitial seasons. Connections to physical
mechanisms are shown in section 5. Section 6 provides a summary and conclusions.
2. Background

MCSs are associated with high rainfall events such as flash floods and contribute a large
percentage of total rainfall in the tropics and subtropics. Using data from the Tropical Rainfall
Measurement Mission (TRMM), Nesbitt et al. (2005) found that 50-90% of tropical and subtropical
rainfall is contributed by MCSs. Other studies with a focus on Aftrica confirm this result. For example,
Vizy and Cook (2018) found that MCSs generated in a convective-permitting WRF model contribute over
90% of nocturnal rainfall in August over the southwestern Sahel. Similarly, Liu et al. (2019) found that
MCSs identified in TRMM contributed 80% of total rainfall to sub-Saharan Africa during boreal summer.
A subset of MCSs, termed mesoscale convective complexes (MCCs), strongly influence certain regions
of Africa such as the northern Sahel, which received 36% of its total July rainfall from only 7 MCCs in
1987 (Laing et al. 1998). These large storm systems persist on average for 11 hours and typically form
cloud shields 300,000 km? in size (Laing and Fritsch 1993).

Compared to sub-Saharan Africa, MCSs in the Congo Basin are less well-documented and their
regional importance is unclear. Hartman et al. (2020) found that the region between 0° and 5°S shows the
greatest seasonal consistency in average MCS speed and duration, but how MCSs were related to total
rainfall was not quantified. Studies agree that MCSs are most abundantly generated to the west of the high
terrain of the Great Rift Valley and near the Cameroon Highlands (Jackson et al. 2009, Laing et al. 2011,
Hartman et al. 2020) although Vemado and Filho (2021) found that westward-propagating MCSs may
initiate in East Africa and regenerate along the orography of the Rift Valley, impacting the Congo.
Studies also agree that MCSs are most frequent in the afternoon between 15Z and 18Z in equatorial
Africa (Jackson et al. 2009, Laing et al. 2011, Hartman et al. 2020) but achieve their largest areal extent at
night as the storms mature (Nesbitt and Zipser, 2003).

The seasonal rainfall regime in the Congo Basin is often described as bimodal but this is an

artifact of a large averaging region that extends over the equator (Cook and Vizy, 2022). Except for a thin
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strip along the equator classified as humid and several small bimodal regions in the east, Hermann and
Mohr (2011) find rainfall is unimodal in Congo Basin at the seasonal scale. In the past, precipitation
seasonality in the Congo has been erroneously attributed to the migration of the Intertropical Convergence
Zone (ITCZ) across the basin but seasonal influences on rainfall are more complex and vary regionally. In
a study examining the seasonal influence of various sea surface temperature (SST) anomalies on five sub-
divisions of the Congo, Balas et al. (2007) found that rainfall in each region was affected by a unique
combination of seasonal SSTs. For the Congo, Dyer et al. (2017) found that while the Indian Ocean and
local evapotranspiration are the primary sources of precipitable moisture for the Congo, their relative
importance may shift as contributions from other sources of moisture such as the Atlantic shift seasonally.

Observational studies of Congo precipitation are largely satellite-based as only a handful of rain
gauge stations remain operational (Nicholson et al. 2018). Without calibration from ground
measurements, satellite rainfall estimates can differ by up to 2000 mm per year between datasets
(Washington et al. 2013) and blended satellite and gauge datasets can produce spurious trends if the
quantity of rain gauges decreases over the study period (Maidment et al. 2015). Such a decrease has
happened over the last century in the Congo. However, satellite-based observation continues to improve
through advances in sensor technology and international collaboration such as with the deployment of the
Global Precipitation Measurement mission (GPM) and its core observatory.

In this paper, we present a climatological assessment of MCSs (2000-2020) with a regional
emphasis. We examine how MCS rainfall varies over the seasonal and diurnal cycles and consider how
those cycles may change regionally. We do not seek to diagnose variability in MCS storm morphology or
rainfall mechanisms but this paper provides a valuable foundation for future diagnostic research.

3. Data and Methodology
3.1 Data

Precipitation estimates from the IMERG gridded precipitation dataset for 2000-2020 (Huffman et

al. 2019) are analyzed in this paper. The 0.1°-resolution IMERG final run product 3BBIMERGHHR

merges microwave and microwave-calibrated infrared estimates from numerous satellites, providing
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rainfall estimates every 30 minutes. For years prior to 2014, IMERG V06 recalibrates estimates initially
calibrated to TRMM to GPM in order to extend the IMERG dataset back to 2000 and to produce a
consistent temporal and spatial resolution. V06 improvements to grid point interpolation and satellite
intercalibration have improved IMERG’s ability to capture the diurnal cycle compared to similar
observational datasets (Tan et al. 2019). IMERG also validates well at the synoptic scale over Africa
(Dezfuli et al. 2017) and its predecessor TRMM Multi-satellite Precipitation Analysis (TMPA)
demonstrates excellent agreement with rain gauges in West Africa on monthly timescales (Nicholson et
al. 2003). IMERG is chosen here for estimating MCS rainfall over the rain-gauge sparse Congo Basin for
its high spatial and temporal resolutions, including its ability to capture the diurnal cycle of rainfall.

The Congo Basin is defined here as western equatorial Africa between 10°S-10°N and 9°E-30°E.
This area is further sub-divided by latitude into four 5° averaging regions which extend from the Atlantic
coast to 30°E (Fig. 1). Box 1 spans 10°N — 5°N, box 2 from 5°N to 0°, box 3 from 0° to 5°S, and box 4
from 5°S to 10°S. Averaging regions are determined from areas of coherent MCS contribution to total
rainfall in Figures 3 and 8 as well as from areas of similar diurnal and seasonal peak rainfall via a grid
point analysis (not shown).. Elevations exceeding 1000m occur in boxes 1 and 4, and near the eastern
boundaries of boxes 2 and 3. The interiors of boxes 2 and 3 are at lower elevations (<400m) than their
surroundings and elevations exceeding 600m divide the interiors of boxes 2 and 3 from the Atlantic coast.
Rainfall in this region progresses northward across the Congo from austral summer to boreal summer,
with peaks most often concentrated near high terrain (Fig 1a-d).
3.2 Methodology

Rainfall rate thresholds and size criteria are used to identify MCSs, similar to previous studies
(Laurent et al. 1998, Laing et al. 1998, Durkee et al. 2009, Laing et al. 2011, Hartman et al. 2020).
Individual MCS storms are not tracked in this study, but rather, MCS rainfall is identified every half-hour
for the 20-year period. We define MCS rainfall as a rainfall rate of 25 mm day™' or greater that occupies at
least 2000 km? area. These criteria are consistent with past studies (Vizy and Cook 2019, Vizy and Cook

2018, Liu et al. 2019). While the 25 mm day™' rain rate may exclude some smaller MCS rainfall rates
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associated with the stratiform rain anvil and decay of the cloud shield (Roca et al. 2017), the threshold
must be high enough in order to isolate MCS rainfall from weaker convective events over the 20-year
period. As such, results presented in this paper may slightly underestimate MCS rainfall. A 2000 km?
rain-shield threshold is commonly used in MCS studies (Mohr and Zipser 1996, Nesbitt and Zipser 2003,
Vizy and Cook 2019, Liu et al. 2019) to distinguish more disorganized convective activity from organized
systems of thunderstorms. Roca et al. (2017) found that 97% of tropical MCSs attained sizes larger than
5000 km? which suggests our size threshold selection should not impact results.

Since there may be some dependency of the results on the selection of these threshold values,
additional thresholds at higher values are applied and compared to our results to test the sensitivity of
threshold choice. This includes using an increased rain rate threshold of 100 mm day™ over a contiguous
area of 2000 km? (abbreviated throughout the paper as LRR MCS) and a larger size threshold of 10,000
km? that rain contiguously at least 25 mm day™' (LS MCS). The choice of higher threshold values is
somewhat arbitrary, however, the values are selected to be large enough to contrast the lower threshold
MCS rainfall but not so large as to be infrequent.

After MCS rainfall has been identified, it is compared with the MCS percent contribution to total
rainfall (MCS rainfall divided by total rainfall) in order to evaluate the importance of MCS rainfall to
total rainfall. The use of both metrics allows us to identify when high MCS rainfall has a low percentage
contribution to total rainfall or vice versa.

Additionally, MCS percent contribution at the higher thresholds is used to examine how MCS
characteristics such as areal size and rainfall intensity vary throughout the diurnal cycle. This provides
information on whether peaks in the diurnal cycle occur because of an increase in MCS size, an increase
in MCS rainfall intensity, or a combination of both. Peaks may also occur due to changes in the number
of MCSs, however, we do not count MCSs in this study. We choose not to count storms because we do
not track individual storms through space or time due to the dynamic behavior and life cycle of storms.
Because of this, an MCS count metric would be flawed. However, a peak associated with neither larger

nor more intensely raining MCSs may by elimination be associated with an increase in the number of
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MCSs. Note that MCS percent contribution for the higher thresholds is calculated by dividing the higher
threshold MCS rainfall by the lower threshold MCS rainfall, not by total rainfall. This is because the LS
and LRR MCS rainfall are already included within “total” MCS rainfall identified at the lower thresholds.

To assess MCS modality over the diurnal cycle, several quantitative criteria are applied to MCS
rainfall, similar to prior studies (Zhang et al. 2016, Liu et al. 2019). Diurnal cycles are calculated as the
mean rainfall rate that occurs at each half-hour interval. A peak is defined as when MCS rainfall is at
least 0.5 mm day™' higher than MCS rainfall £3 hours away. The threshold value of 0.5 mm day™' was
selected as it successfully distinguishes between the sharp and gentle decreases in MCS rainfall in the
diurnal cycle shown in Figures 4 and 9. A diurnal cycle consisting of one peak is deemed unimodal, two
peaks as bimodal, and zero peaks as neither. MCS rainfall is further classified into continuous afternoon
and nighttime rainfall to characterize diurnal cycles without peaks. A diurnal cycle is said to have
continuous afternoon rainfall if MCS rainfall +3 hours away from the afternoon maximum is at least 85%
of the afternoon maximum value. Similarly, a diurnal cycle is deemed to have continuous nighttime
rainfall if MCS rainfall at 04Z is at least 75% of MCS rainfall at 21Z. The times 21Z and 04Z are selected
as they respectively represent the evening minimum and nighttime maximum for instances of bimodal
rainfall observed in the diurnal cycles in Figures 4 and 10. The value of 75% is used over 85% due to the
longer nighttime averaging period.

For our seasonal analysis, the wettest and driest months (Apr, Oct, and Jan, Jul respectively) are
selected to contrast dry and wet seasons. We opt for representative months in our analysis as the typical
three-month seasonal delineation e.g. MAM, JJA, etc. may not fit onto the seasonality of rainfall in the

Figure 1 averaging regions.

4. Results
4.1 Seasonality of MCSs
A variety of influences modify Congo Basin precipitation only on a seasonal basis. For example,

ascent associated with both the Tropical Easterly Jet (TEJ) and the northern African Easterly Jet (AEJ)
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increases mid-level convergence, and consequently precipitation, over the northern Congo in boreal
summer (Nicholson 2009), and low-level winds north of 6°N are primarily controlled by cyclonic
circulation driven by the Saharan heat low in boreal summer (Pokam et al. 2014). Because these
phenomena strongly impact only a portion of the Congo, it is important here to assess seasonal
precipitation at the regional scale to best capture differences in total and MCS rainfall.

In Figure 2, the total rainfall rate (solid black line), the MCS rainfall rate (solid red line), and the
MCS percent contribution toward total rainfall (dotted red line) are averaged over each Congo averaging
region (Fig. 1) for every month of the year. In the two boundary regions (Fig. 2a-b), there is only one wet
season and one dry season for both total and MCS rainfall. In the northern boundary region box 1 (Fig.
2a), total and MCS rainfall rates are highest in August averaging 7.7 and 6.1 mm day™' respectively and
are lowest in Dec-Jan both averaging <1 mm day'. The boreal winter minimum in box 1 is seasonally
opposite to the minimum of the southern boundary region box 4 which occurs in Jun-Jul (Fig. 2b), and
both average <1 mm day™'. However, the box 4 maximum in November is not seasonally opposite to the
Aug maximum of box 1, and total and MCS rainfall average 6.7 and 5.1 mm day' respectively at that
time.

MCS percent contributions in box 1 (Fig. 2a) and box 4 (Fig. 2b) plateau before MCS rainfall
reaches its respective seasonal maximum. MCS percent contribution plateaus in box 1 at near 80% of
total rainfall from May-Oct and in box 4 between 70-75% of total rainfall from Sep-Apr. The plateau is
reached as average MCS rainfall surpasses approximately 4 mm day™ in both regions. Thereafter, MCS
percent contribution in box 1 and box 4 reaches a minimum of <35% as MCS rainfall falls to ~0 mm day"'
in the winter seasons.

Similar to the boundary regions, total and MCS rainfall are highest in late summer/boreal autumn
and lowest in the solstitial seasons. In the northern equatorial region box 2 (Fig. 2c¢), total and MCS
rainfall are highest in October averaging 7.5 and 6 mm day' respectively and are lowest in January

averaging 1 mm day!, thus sustaining MCS rainfall even in the driest season. In the southern equatorial
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region box 3 (Fig. 2d), total and MCS rainfall are highest in November averaging 8 and 6.5 mm day!
respectively and are lowest in July, also averaging 1 mm day'.

Unlike the two boundary regions, box 2 (Fig. 2¢) and box 3 (Fig. 2d) maintain high average MCS
percent contributions of 75-80% of total rainfall throughout the year, even during their respective dry
seasons. However, average MCS percent contributions in box 3 decrease to 60% of total rainfall during
boreal summer while they remain high in box 2 year-round.

In general, MCS rainfall supports the seasonality of total rainfall in the Congo Basin. All regions
comprising the Congo Basin experience one wet season from spring to fall and one dry season in winter
in the monthly averages for both total and MCS rainfall. This is consistent with the analysis of Cook and
Vizy (2022) which showed that a mistaken impression of bimodal seasonality in the Congo Basin arises
when averaging regions that span the equator are used. The highest average MCS rainfall occurs in every
region in roughly boreal autumn, and the month of maximum MCS rainfall progresses southward from
August in box 1, to October in box 2, and to November in boxes 3 and 4. Boxes 1, 2, and 3 average
similar maximum seasonal values (6-6.5 mm day™") while box 4 averages the least (5 mm day™'). MCS
rainfall is lowest in either January or July for all four averaging regions depending on the hemisphere.
Averaging regions sufficiently capture the seasonality of rainfall and an individual IMERG grid point
analysis of seasonality yielded similar results with few zonal differences (not shown).

In the two equatorial regions, the seasonal cycles of both total and MCS rainfall appear to be
bimodal with peaks in the equinoctial seasons. However, because total and MCS rainfall rate averages
remain high (>3 mm day™") during the interim solstitial season, the seasonal cycles are better characterized

as unimodal with decreased rainfall during the interim solstitial season.

4.2.1 Equinoctial Seasons — Seasonal Cycle
To better highlight inter-seasonal and regional differences, equinoctial months are assessed
separately from solstitial months. In Figure 3, average monthly MCS rainfall (mm day™') and MCS

percent contribution are mapped across the Congo Basin for the equinoctial months April (Fig. 3a-b) and

11
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October (Fig. 3c-d). In April (Fig. 3a), a MCS percent contribution maximum of >85% develops in the
continental interior centered on 21°E along the Congo River. MCS percent contribution remain high at
80% throughout the basin from 5°S to 5°N and along the southern Atlantic coast. MCS percent
contribution decreases meridionally but not symmetrically, tapering off to 70% toward 10°S and to 50-
60% toward 10°N. MCS rainfall (Fig. 3b) also decreases with latitude and reaches a minimum in northern
box 1, coinciding with the MCS percent contribution minimum. However, MCS rainfall maxima are not
necessarily located within the MCS percent contribution maximum centered on 21°E (Fig. 3a) but rather
are found along the Atlantic coast, in spots along the 6-7°S latitude band, and at the feet of the Rwenzori
mountains around 27°E.

In October (Fig. 3c), the distribution of MCS percent contribution values resembles that of April
(Fig. 3a). An MCS contribution of 80% of total rainfall is found from 5°S to 5°N, however, the
continental interior maximum observed in April does not form and MCS percent contribution are high
(>70%) throughout all of the Congo, including in northern box 1. Higher MCS contribution in box 1
during October is likely supported by the higher MCS rainfall (Fig. 3d) which exceeds 1 mm day!
throughout the basin.

Both equinoctial seasons share an MCS percent contribution of at least 80% between 5°S and 5°N
and an area of high MCS rainfall (>8 mm day™') along 27°E near the Rwenzori mountains. MCS rainfall
is higher and more well-distributed throughout the Congo Basin in October resulting in a decreased
meridional gradient of MCS percent contribution from the equatorial region to 10°. A decrease from 1
mm day™' in October to 0 mm day™ in April along 10°N produces a 20% drop in MCS percent
contribution (Fig. 3a-b), suggesting MCS percent contribution is sensitive to low MCS rainfall rates.
MCS percent contribution shows less sensitivity to higher MCS rainfall rates as exemplified by the large
range of MCS rainfall values (3-8 mm day!) within the April percent contribution maximum. However,
MCS percent contribution insensitivity to MCS rainfall may be dependent on location as a 5-8 mm day
decrease in MCS rainfall along the southern Atlantic coast in box 4 in October only results in a decrease

of 10-15% in percent contribution.
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4.2.2 Equinoctial Seasons - Diurnal Cycle

Previous TRMM studies find that MCS counts are highest in the afternoon between 15Z and 18Z
in both sub-Saharan Africa (Liu et al. 2019) and in the Congo Basin (Jackson et al. 2009). The half-hour
resolution in IMERG V06 offers an improvement over the resolution of TRMM and allows us to more
accurately resolve the timing of the MCS diurnal cycle.

Figure 4 displays the diurnal cycles of MCS rainfall (solid lines) and MCS percentage
contribution to total rainfall (dashed lines) in April and October averaged over the equatorial (Fig. 4a-b)
and boundary (Fig. 4c-d) Figure 1 averaging regions. Diurnal cycles begin at 12Z to more easily compare
evening, nighttime and morning rainfall. Total rainfall is not plotted due to its high similarity to MCS
rainfall. In April (Fig. 4a) and October (Fig. 4b), MCS rainfall in boxes 2 and 3 is highest at 157
(1600/1700 Local Time (LT)) and lowest at 10Z (1100/1200 LT). Time zones in the Congo split at
approximately 20°E into UTC +1 in the west and UTC +2 in the east. The diurnal cycle of MCS
rainfall in box 3 is unimodal with continuous nighttime rainfall in both equinoctial seasons. The diurnal
cycle of MCS rainfall in box 2 is classified as continuous through the afternoon and nighttime in April
and as bimodal in October with a secondary minimum and maximum at 227 and 04Z, respectively. In
both seasons, nighttime and early morning MCS rainfall in box 2 averages about 1 mm day' higher than
in box 3 but MCS percent contributions in both boxes remain similar. The diurnal cycle of MCS percent
contribution is comparatively flat, changing by ~10% between 12Z and 07Z.

In the boundary regions, MCS rainfall is also highest between 15Z-16Z and lowest at 10Z in both
April (Fig. 4c) and October (Fig. 4d). Here both regions’ diurnal cycles are unimodal but nighttime MCS
rainfall is lower than in the equatorial regions. MCS percent contribution is seasonally higher by 5-15% in
the wetter boundary region, but is similar between regions in the morning and afternoon between 08Z and
18Z. Overall, MCS percent contribution is lower than in the equatorial regions, particularly when either

region is dry.
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In the equinoctial seasons, the diurnal cycle of MCS rainfall is similar to that of total rainfall with
unimodal rainfall throughout the basin except in box 2. MCS percent contribution remains consistent
through the afternoon and night despite large changes in MCS rainfall over the diurnal cycle. Nighttime
MCS rainfall is lower than afternoon MCS rainfall for all regions and is lowest in box 1. Equatorial
regions distinguish themselves from the boundary regions with continuous nighttime MCS rainfall
sustained above 3.5 mm day™! and bimodal rainfall in box 2.

In Figure 5, MCS rainfall is mapped across the Congo Basin at key times in the diurnal cycle
identified in Figure 4. Here, MCS rainfall in April and October is shown at the 15Z MCS rainfall
afternoon maximum (Fig. 5a-b), the 04Z secondary maximum (Fig. 5c-d), and the 10Z diurnal minimum
(Fig. Se-f). At 15Z, MCS rainfall maxima are found on the eastern and western boundaries of the basin in
both April (Fig. 5a) and October (Fig. 5b). The maxima (22-28 mm day™') along the eastern orography in
box 3 and in the northern basin along the Atlantic coast are seasonally invariant and occur to the west of
elevated terrain. Additional high MCS rainfall (12-26 mm day™') occurs on a seasonal basis in the
southern interior basin and along the southern Atlantic coast in boreal spring and throughout the northern
interior basin in boreal fall.

At 04Z (Fig. 5¢-d), MCS rainfall maxima (8-18 mm day™') surround the continental interior of the
basin in both equinoctial seasons with larger rainfall rates in the east. MCS rainfall falls below 4 mm day
! where the 15Z maxima occur. There is little difference in the distribution of maxima between April and
October although maxima values are larger in October (Fig. 5d).

At the diurnal minimum 10Z (Fig. Se-f), MCS rainfall is concentrated within the continental
interior close to the Congo River in both April (Fig. Se) and October (Fig. 5f), but similar to 04Z, MCS
rainfall maxima values are slightly higher in October.

Figures 5 shows a distinction in the location of afternoon and nighttime MCS rainfall maxima
during the equinoctial seasons. Afternoon MCS rainfall maxima occur along the eastern and western

boundaries of the basin while nighttime MCS maxima occur closer to the continental interior. Afternoon
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MCS rainfall at 15Z shifts meridionally within the interior basin but changes little in magnitude between
April and October while nighttime MCS rainfall at 04Z remains stationary but intensifies in October.

In Figure 6, MCS percent contribution is mapped across the Congo in April and October at the
afternoon MCS rainfall maximum 15Z (Fig. 6a-b), the secondary maximum 04Z (Fig. 6¢-d), and the
diurnal minimum 10Z (Fig. 6e-f). While afternoon MCS rainfall maxima in Figure 5 were found only on
the eastern and western boundaries of the basin, MCS percent contribution in April (Fig. 6a) exceeds 80%
throughout the eastern and central basin with some locations within 5° of the equator exceeding 90% of
total rainfall. Moreover, an >80% percent contribution occurs wherever MCS rainfall exceeds 4 mm day!
(see Fig. 5a), well below the maximum values observed at this time. In October (Fig. 6b), MCS percent
contribution is more homogenous, and again exceeds 80% wherever MCS rainfall exceeds 4 mm day!
(Fig. 5b).

At 04Z, a 90% MCS percentage contribution is found throughout the continental interior and an
80% MCS percentage contribution is found throughout the basin from 8°S to 8°N in both April (Fig. 6¢)
and October (Fig. 6d). The 90% MCS percent contribution is centered on the northern Congo river in
April and additionally along the southern Congo river in October. MCS rainfall exceeds 80% wherever
MCS rainfall rates are 2 mm day™! or greater (see Fig. 5¢-d).

At 10Z, MCS percentage contribution is lowest throughout the boundary regions and along the
eastern and coastal orography (10-60%) in both April (Fig. 6¢) and October (Fig. 6d). A 70% MCS
percent contribution is maintained in the continental interior within boxes 2 and 3 where MCS rainfall is
sustained above 4 mm day™.

By examining the diurnal cycle of MCS rainfall and percent contribution, we find that the diurnal
cycle of equinoctial MCS rainfall is unimodal in boxes 1, 3, and 4, with a peak at 15Z and a minimum at
10Z (Fig. 5). High nighttime rainfall in box 2 results in continuous afternoon and nighttime rainfall in
April and bimodal rainfall in October. The 15Z peak is comprised of seasonally invariant MCS rainfall
(>20 mm day™) that occurs along the eastern and western boundaries of the Congo Basin, primarily to the

west of elevated terrain. Additional high MCS rainfall occurs within the interior of the hemisphere for
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which summer most recently occurred (e.g. the northern basin in October). At 04Z, MCS rainfall maxima
shift away from the eastern and western boundaries and toward the continental interior suggesting
propagation of MCSs inland. MCS rainfall almost completely accounts for total rainfall in the continental
interior at 04Z (=90%). Because MCS rainfall rates are on average lower at 04Z than during the 1572
afternoon peak, higher MCS percent contribution at 04Z indicate a drastic reduction in non-MCS rainfall
at this time.

In order to assess threshold sensitivity and how MCSs may intensify between the 15Z afternoon
and 04Z nighttime maxima, we evaluate MCSs at a higher size threshold (LS MCSs) and at a higher
rainfall rate threshold (LRR MCSs). Figure 7 shows the percentage of MCS rainfall contributed by LS
MCS:s (dashed lines) and LRR MCSs (solid lines) over the diurnal cycle for the representative equinoctial
months April (Fig. 7a) and October (Fig. 7b). In April (Fig. 7a), the LS MCS percent contribution
increases linearly over the diurnal cycle from its minimum at 10Z-13Z (61%-79% of MCS rainfall) to its
maximum at 06-07Z (85-92%). This result agrees with the examination of the MCS diurnal cycle by
Nesbitt and Zipser (2006) which found that after afternoon genesis, the median area of MCSs increased
over the diurnal cycle with a peak at 09Z. This suggests that on average equinoctial MCS rainfall at 04Z
is delivered by larger MCSs compared to 15Z as MCSs develop and expand their cloud shield through the
night in accordance with the MCS life cycle (Houze 1981, Roca et al. 2017). Regional variations are
small, and the equatorial regions maintain a MCS percent contribution 5-10% higher than the boundary
regions throughout the diurnal cycle in April. The diurnal cycle of LRR MCSs is more complicated with a
minimum at 10Z followed by small maxima at 20Z, 00Z, and 04Z in all four regions. Our results suggest
that more intensely raining MCSs are more uniform through the diurnal cycle than larger MCSs in boreal
spring.

In October (Fig. 7b), the diurnal cycle of LS MCSs is similar to that of April (Fig. 7a) although
regional differences are smaller from 15Z-06Z. In contrast to April, a clear maximum in LRR MCSs
emerges at 04Z-05Z in the equatorial regions with an MCS percent contribution nearly 20% higher than at

the 15Z maximum. This suggests that on average MCS rainfall at 04Z is delivered by more intensely
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precipitating MCSs than at 15Z in boreal autumn, but only in the equatorial regions. While Nesbitt and
Zipser (2006) found MCS rain rates did not increase over the diurnal cycle, differences may be
attributable to their use of the entire TRMM domain (35°S to 35°N) or to differences in the diurnal cycle
that cannot be resolved at the TRMM 3-hour temporal resolution. While our results suggest some
congruence in the timing of LS and LRR MCSs, particularly in the early and late morning, Mohr and
Zipser (1996) found no significant relationship between size and intensity for MCSs. If LSS and LR
MCSs do not underlie the 15Z maximum, then it is likely that this peak arises due to an increase in the
number of MCSs.

Figure 7 confirms that our results are insensitive to the size threshold. Despite increasing the size
threshold by a factor of four, LS MCSs account for 80-92% of MCS rainfall except at the 10Z diurnal
minimum when MCS rainfall is low. Equatorial regions are more insensitive to the threshold than
boundary regions. Our results may be somewhat sensitive to the rain rate threshold as MCS rainfall at the
increased threshold accounts for only 40-60% of MCS rainfall outside of the 10Z diurnal minimum. This
difference in MCS percent contribution between the larger size and rain rate thresholds may be due to
differences in their respective range of values. For example, 97% of MCSs are larger than 5000 km?
(Roca et al. 2017) and MCCs easily achieve sizes of 300,000 km? (Laing and Fritsch 1993), a magnitude
100 times larger than our size threshold. However, MCS cores observed in IMERG rarely exceed 800 mm
day!, a magntiude about 10 times larger than our rain rate threshold.

4.3.1 Solstitial Seasons — Seasonal Cycle

Here we examine the seasonality and diurnal cycle of MCS rainfall and MCS percent contribution
during the representative months for the solstitial seasons. In Figure 8, average monthly MCS rainfall
(mm day™') and MCS percent contribution are shown for the representative solstitial months, January (Fig.
8a-b) and July (Fig. 8c-d). In January (Fig. 8a), MCS percentage contribution exceeds 80% throughout
box 3 and in portions of box 2, but rapidly falls under 50% north of 5°N. A maximum of 85-90%
develops close to the equator but less coherently than in April (Fig. 3a). The low MCS percent

contribution in box 1 is associated with MCS rainfall under 1 mm day™! (Fig. 8b). In contrast to the
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equinoctial seasons, MCS rainfall maxima in boreal winter are found only in the east: close to the
Rwenzori Mountains and in the eastern portion of box 4.

The distribution of MCS percent contribution in boreal summer (Fig. 8c) differs from both the
other solstitial season January (Fig. 8a) and the two equinoctial seasons shown in Figure 3. During boreal
summer, a >85% MCS percent contribution maximum develops in western box 1 to the north of the
Cameroon highlands, not near the continental interior. MCS percent contribution falls under 50%
throughout box 4 and along the Atlantic coast south of 0°. In July, MCS rainfall (Fig. 8d) is at a
maximum in the northwest, aligning with the percent contribution maximum, and decreases along the
meridional gradient of MCS percent contribution.

Figure 8 shows that regional differences in MCS percent contribution between the solstitial
seasons are greater than those between the equinoctial seasons. While both box 1 and box 4 peak in MCS
rainfall in their respective summer season, the summer MCS percent contribution maximum is found
close to the equatorial continental interior in boxes 2 and 3 during austral summer and towards the Sahel
in box 1 during boreal summer. In contrast to the equinoctial seasons, solstitial MCS rainfall is
concentrated on only one of the lateral boundaries of the Congo. Moreover, low MCS rainfall and percent
contribution are zonally uniform in box 1 during austral summer but are not zonally uniform in boreal
summer. In both boundary regions, MCS rainfall falls to 0 mm day™' at the edge of the Congo rainforest
which dips further south in the interior basin (10°S-0°).

4.3.2 Solstitial Seasons - Diurnal Cycle

Figure 9 displays the diurnal cycles of MCS rainfall (solid lines) and MCS percentage
contribution to total rainfall (dashed lines) for the solstitial seasons averaged over the equatorial (Fig. 9a-
b) and boundary (Fig. 9c-d) Figure 1 averaging regions. In January (Fig. 9a), the diurnal cycle of MCS
rainfall in box 3 is unimodal with a peak at 04Z and the MCS rainfall in box 2 is continuous through the
afternoon and night with a maximum at 16Z. Box 3 in January is the only instance of higher MCS rainfall
occurring at nighttime and not in the afternoon. In July (Fig. 9b), the diurnal cycle in box 2 is bimodal

despite its lower nighttime MCS rainfall compared to box 3 in January. MCS percent contribution in box
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3 remain below 60% throughout the diurnal cycle, averaging the lowest MCS percent contribution for
either equatorial region in any season.

In the boundary regions, MCS rainfall is unimodal in box 4 in January (Fig. 9c) and is continuous
throughout the afternoon and night in box 1 in July (Fig. 9d). In their respective dry seasons, both MCS
rainfall and percent contribution are extremely low in boxes 1 and 4, averaging <1 mm day™' and 5-30%
of total rainfall throughout the diurnal cycle respectively. Box 1 averages higher MCS rainfall through the
night in boreal summer than any other Congo region at any point in the year, highlighting the high
seasonality north of 5°N which has the lowest nighttime MCS rainfall through the rest of the year. In
contrast, the unimodal diurnal cycle with continuous nighttime MCS rainfall is seasonally invariant in box
4 (barring the dry season).

Figure 9 shows that the diurnal cycle of MCS rainfall changes regionally and seasonally in the
solstitial seasons, in contrast to the more uniform equinoctial seasons (Fig. 4). However, in all seasons,
rainfall in the Congo is MCS percent contribution retains the flat diurnal cycle also observed in the
equinoctial seasons, although it is much lower in value when MCS rainfall is low. Regions with low MCS
rainfall (0.5 - 1.5 mm day") show an MCS percent contribution (35-60%) and regions with near-zero
MCS rainfall (<0.5 mm day™) show the lowest MCS percent contribution (5-30%).

In Figure 10, MCS rainfall is shown at the afternoon MCS rainfall maximum 15Z (Fig. 10a-b),
the secondary maximum 04Z (Fig. 10c-d), and the diurnal minimum 10Z (Fig. 10e-f) for the solstitial
seasons. At 15Z, MCS rainfall maxima occur near both lateral boundaries of the basin in January (Fig.
10a) and in July (Fig. 10b) despite only appearing on one boundary in the seasonal average (Fig. 8a-b),
and are smaller in magnitude compared to the equinoctial seasons (10 to 18 mm day™!). However, MCS
rainfall maxima at 04Z occur near only one lateral boundary, specifically, in the east close to the equator
near the Rwenzori Mountains in January (Fig. 10¢) and in the northwest close to the Cameroon Highlands
in boreal summer (Fig. 10d). At 10Z, MCS rainfall resembles the distribution of 04Z minima (Fig. 10e-f)

similar to other seasons.
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Figure 10 shows, similar to the equinoctial seasons, 15Z maxima occur along both the eastern and
western boundaries and 04Z maxima occur near the continental. Boreal summer is an outlier and is the
only season with nighttime MCS rainfall maxima that occur mostly outside of the equatorial regions.
Because afternoon MCS rainfall far exceeds nighttime rainfall in the equinoctial seasons, the monthly
average largely reflects afternoon. In the solstitial seasons, afternoon and nighttime rainfall are of similar
magnitudes. This results in MCS rainfall concentrating on one side of the Congo in the monthly average
(Fig. 8) wherever both afternoon and nighttime MCS rainfall occur.

In Figure 11, MCS percent contribution in January and July is mapped across the Congo at the
afternoon MCS rainfall maximum 15Z (Fig. 11a-b), the secondary maximum 04Z (Fig. 11c-d), and the
diurnal minimum 10Z (Fig. 11e-f). At 15Z, MCS rainfall exceeds 80% in both January (Fig. 11a) and July
(Fig. 11b) wherever MCS rainfall exceeds 2 mm day!, a lower threshold than in the equinoctial seasons.
MCS percent contribution rapidly fluctuates between 0% and 90% between 3°N and 8°N in January and
between 0° and 9°S in boreal summer where MCS rainfall is very low. This suggests that while MCSs are
seasonally uncommon during these regions’ winters, they are highly important to total rainfall when they
impact that region. This is also observed at 04Z in both January (Fig. 11c) and July (Fig. 11d) in the same
regions but areas of 90% MCS contribution are augmented. This does not occur as commonly in the
equinoctial seasons when MCS rainfall is low (<1 mm day™), but can be observed at 10Z in April (Fig.
6¢). Similar to the equinoctial seasons, MCS percent contribution is high (>90%) throughout the
continental interior. MCS rainfall maxima at 10Z (Fig 11e-f) follow the destruction of maxima at 04Z and
again displays rapidly changing MCS percent contribution (0-90%) where MCS rainfall is extremely low.

Figure 12 shows the percentage of MCS rainfall contributed by LS MCSs (dashed lines) and LRR
MCSs (solid lines) over the diurnal cycle for the representative solstitial months January (Fig. 12a) and
July (Fig. 12b). Due to extremely low MCS rainfall at the higher threshold, box 1 and box 4 are omitted
from their respective dry seasons. In January, the MCS percent contribution of LS MCSs is at a maximum
at 06Z-07Z (83-91%) and is at a minimum at 12Z-15Z (63-73%), as in the equinoctial seasons. The MCS

percent contribution of LRR MCSs is at a maximum at 04Z for boxes 3 and 4 but similar to the
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equinoctial seasons, it is not regionally homogenous. A minimum occurs at 10Z across regions. Diurnal
cycles in July (Fig. 12b) are similar to those in April. However, boreal summer is the only season out of
four where LS MCS and LRR MCS percent contribution is highest in a boundary region (box 1).

Figure 12 shows that LS MCSs increase linearly in percentage contribution of MCS rainfall in all
seasons. This suggests that the 04Z maximum and nighttime MCS rainfall more broadly are associated
with larger MCSs and afternoon MCS rainfall is not, in agreement with prior MCS studies (Nesbitt and
Zipser 2003, Roca et al. 2017). MCS rainfall maxima likely occur at 15Z due to an increase in the number
of MCSs in all seasons. Moreover, MCS counts double at 15Z compared 04Z (not shown) as afternoon
heating of the surface generates new convective cells. The diurnal cycle of LRR MCSs is more regionally
and seasonally variable, but some regions seasonally display a 04Z maximum, suggesting that the 04Z
maximum in total MCS rainfall is seasonally associated with more intensely precipitating MCSs.

5. Connections Between Convection and Environmental Conditions

An examination of moist static energy (MSE) profiles is used to understand environmental
controls on the seasonal and diurnal cycles of MCS rainfall. This analysis distinguishes between the roles
of low-level temperature and moisture variations in producing a vertically unstable environment (e.g.,
Zhang et al. 2016, Zhou and Cook 2020). MSE is defined as the sum of the energy contributed by dry
enthalpy, latent heating, and geopotential in an air parcel according to

MSE = ¢pT + Lyq + gz, (1)
where ¢, is the specific heat of dry air at constant pressure, 7 is air temperature, L, is the latent heat of
vaporization for water, ¢ is specific humidity, g is acceleration due to gravity, and z is height from the
surface. When MSE decreases with altitude, the environment is convectively unstable, and vice versa. A
neutral MSE profile can indicate that convection is operating to mix heat vertically.

Figure 13 displays vertical profiles of MSE and its components averaged over the regions shown
in Fig.1 during their respective wet and dry seasons. All profiles begin at 950 hPa to clear the topography

and end at 675 hPa since MSE profiles are similar above this level. Results are summarized below:
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Figure 13a shows MSE profiles averaged over the equatorial regions (boxes 2 and 3).
Here, the wet and dry seasons are both associated with unstable (negative) MSE profiles
below 725 hPa. An examination of other months (not shown) indicates that these regions
are convectively unstable throughout the year.

Figure 13b shows the moisture components of MSE in the equatorial averaging regions.
The dashed gray line is the geopotential component, which is the same in all seasons and
regions. Seasonal differences in MSE gradients (Fig. 13a) are associated with this
component but they are small - slopes during the dry season are steeper than during the
wet season, but by less than 20%.

The temperature component, ¢,7, does not vary seasonally box 3 (Fig. 13c). Low-level
warming in box 2 during the dry season mitigates the moisture effect of stabilizing the
vertical column (Fig. 2b), but it does not dominate.

Figure 13d shows MSE profiles in the boundary regions (boxes 1 and 4). Both boundary
region wet seasons have negative MSE profiles between 900 and 725hPa. In contrast, the
dry season in box 1 has a positive MSE profile below 725hPa; the dry season in box 4 has
an overall neutral MSE profile.

Figure 13e shows seasonal moisture profiles in the boundary regions. The seasonal
differences in the signs of the MSE profiles in these regions are replicated in the L,g
profiles.

Small seasonal changes in the temperature profile (17% and 25%, respectively) do not
account for the seasonal changes in the MSE profile (Fig. 13f). Similar to box 2, the
temperature profile in box 1 is more negative in the dry season, however, this seasonal

change is small compared to the change in the moisture profile.

In summary, during the dry seasons in boundary regions (boxes 1 and 4), which average about 0

mm day™' in MCS rainfall, MSE profiles are positive and neutral, indicating large-scale atmospheric
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conditions that are unfavorable to deep convection. In the equatorial regions (boxes 2 and 3), where MCS
rainfall is sustained even in the relatively dry seasons (averaging >1 mm day™), MSE profiles remain
negative throughout the year. In all regions, seasonal differences in MSE profiles are driven by seasonal
changes in the moisture component, L.g.

Figure 14 displays vertical profiles of MSE at 15Z (dark lines) when all regions experience a
precipitation maximum, and at 04Z (light lines) when some regions experience a secondary maximum.
All profiles are averaged over the representative months when MCS rainfall is present, meaning year-
round in the equatorial regions and during the respective wet seasons of the boundary regions. Results are
summarized below:

e MSE profiles in the equatorial regions are negative below 725hPa at 15Z (Fig. 14a). At 4Z, MSE
slopes are ~70% steeper (more neutral) than at 15Z below 850 hPa, consistent with differences in
MCS precipitation.

e This diurnal difference in the MSE slopes is not due to diurnal differences in the moisture
component slopes (Fig. 14b), which increase by only about 6%, but rather by a 50% increase in
the slope of the temperature component below 850 hPa (Fig. 14c).

e Profiles of MSE and its components in the boundary regions are shown in Figs. 14d-f. The
results are similar to the equatorial regions, with temperature differences dominating the diurnal
cycle. Slopes are negative from 875 to 725 hPa and neutral below 875 hPa at 15Z. At 4Z, the
slope of MSE profiles below 875 hPa is ~ 50% larger, indicating less favorable conditions for
convection. This corresponds to lower nighttime MCS rainfall in these regions compared to the
equatorial regions.

In summary, the MCS rainfall 15Z maximum is associated with negative MSE profiles between

875 and 725 hPa. Diurnal differences in MSE profiles are driven primarily by diurnal temperature

differences.

6. Summary and Conclusions
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Prior research has shown that mesoscale convective storms (MCSs) are frequent and intense in
the Congo Basin, delivering at least 70% of Congo rainfall (Nesbitt et al. 2005). In this paper, we clarify
the importance of MCSs to Congo rainfall through an evaluation of the seasonal, diurnal, and regional
variability of climatological MCS rainfall. Using IMERG precipitation estimates, MCS rainfall is
identified every half hour for twenty years via size and rainfall criteria and compared with total rainfall.
IMERG’s high spatial and temporal resolution, cross-dataset climatological adjustments, and validation in
other parts of Africa (Dezfuli et al. 2017) provide confidence in its ability to estimate rainfall in a region
where precipitation observations have been historically limited (Washington et al. 2013). Assessment at
the regional scale is critical to understanding Congo rainfall because precipitation regimes and its
seasonal influences are not homogenous across the basin.

Findings on the seasonality of MCS activity in the Congo Basin are summarized as follows:

e The seasonality of MCS rainfall in the Congo Basin follows the seasonality of total rainfall. Both
exhibit one wet season and one dry season. The wet season occurs during spring, summer and fall and
the dry season occurs during winter (Cook and Vizy 2021).

o Similar to total rainfall, MCS rainfall is at a maximum in late boreal summer and fall for all regions
of the Congo. The month of maximum MCS rainfall progresses southward from August at 5°N-10°N,
to October at 0°-5°N, and to November at 10°S-0°.

e The percent contribution of MCS rainfall to total rainfall varies seasonally and regionally as detailed

below.

In the equinoctial seasons,

e MCS rainfall is highest (>8 mm day™") along the Atlantic coast and adjacent to the eastern orography,
i.e., the eastern and western boundaries of the Congo Basin. Maxima north of 2°S in boreal autumn
and south of 0° in boreal spring, although there is a maximum to the west of the Rwenzori Mountains

(3°S - 0°) in both equinoctial seasons.
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MCS percent contribution maxima (80-85%) are uniform in the continental interior within 5° of the
equator, and even higher values (85%-90%) develop around the northern Congo River (17°E-25°E) in

boreal spring.

In the solstitial seasons,

In contrast to the equinoctial seasons, MCS rainfall maxima do not occur simultaneously on the
eastern and western boundaries of the Congo Basin. A maximum (>8 mm day™!) occurs in the
west adjacent to the Cameroon Highlands in boreal summer and a maximum (>6 mm day™) is in
the east close to the Rwenzori Mountains in austral summer.

Similar to the equinoctial seasons, MCS percent contribution maxima (>80%) are uniform in the
continental interior in boreal winter, but they are less homogenous north of the equator.
Additional MCS percent contribution maxima (>80%) occur between 5°N and 10°N in boreal
summer.

Differences in the location of MCS rainfall and MCS percent contribution maxima in the monthly
average are attributed to differences in their maxima timing and location within the diurnal cycle.
MCS rainfall rates and percent contribution are extremely low (~0 mm day', <50%) in winter in
both hemispheres between 5° and 10° latitude. In boreal winter, the dryness is zonally uniform
between 5°N-10°N, tracing the northern edge of the tropical rainforest. In austral winter, the
dryness between 10°S-5°S is not zonally uniform. Low MCS and total rainfall rates also trace the

southern perimeter of the tropical forest which dips further south in the continental interior.

Findings about the diurnal cycle of MCSs in the Congo are as follows:

The diurnal cycle of MCS rainfall is the same as that of total rainfall. In the regional averages, the
MCS and total precipitation maxima always occur in the afternoon at 15Z during all seasons. The

minimum is always in the late morning at 10Z.
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Bimodal diurnal cycling occurs in the northern equatorial region (0°-5°N) during boreal summer

and boreal fall. Here, a second maximum occurs at 04Z and a second minimum occurs at 227.

In the equinoctial seasons,

The diurnal cycle of MCS rainfall is unimodal throughout the Congo except in in the northern
equatorial region (0°-5°N) during boreal summer and fall.

Between the equator and (0°-5°N), MCS rainfall falls continuously throughout the afternoon and
night (15Z-04Z) in boreal spring and is bimodal in boreal fall.

MCS percent contribution varies throughout the diurnal cycle. Between 15Z and 08Z, it ranges
between 75%-82% of total rainfall close to the equator (5°S-5°N) and falls to 60%-65% at 10Z
(precipitation minimum). At 5°-10° latitude in both hemispheres, it ranges from 62%-80%
between 15Z and 08Z and falls to 45-50% at 10Z. The minimum occurs at 10Z as nighttime
MCSs continue to dissipate and afternoon MCS generation has not yet begun.

At the 15Z maximum, high MCS rainfall (up to 26 mm day') occurs in both equinoctial seasons
along the eastern and western boundaries of the basin adjacent to the Cameroon Highlands,
Rwenzori Mountains, and equatorial Atlantic coast. Additional high MCS rainfall (12-26 mm
day™) occurs in the southern continental interior (16°E-25°E) and along the southern Atlantic
coast in boreal spring and throughout the northern continental interior (13°E-22°E) in boreal fall.
An MCS percent contribution of >80% occurs wherever the MCS rainfall exceeds 4 mm day™'.
At 04Z, strong MCS rainfall (8-12 mm day™') occurs close to the continental interior biased
toward the east. Here an MCS percent contribution of >80% occurs wherever average MCS
rainfall exceeds 2 mm day™'. An MCS percent contribution of >90% occurs over the northern

Congo River in both equinoctial seasons and additionally over the southern Congo River in

boreal fall.
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At the 10Z minimum, MCS rainfall occurs primarily in the continental interior (15°E-25°E) with

a percent contribution of >70%.

In the solstitial seasons,

In contrast to the equinoctial seasons, the diurnal cycle of MCS rainfall is not homogenous across
regions or seasonally within regions.

In the summer season in both hemispheres, the diurnal cycle of MCS rainfall is unimodal south of
the equator but it is bimodal between 0°-5°N. Between 5°N-10°N it is continuous throughout the
afternoon and night.

During the winter, average MCS rainfall remains near 0 mm day™' through the diurnal cycle
beyond 5° of the equator.

In both seasons, MCS rainfall maxima at 15Z occur along the eastern and western boundaries to
the west of high terrain. Maxima in austral summer are lower than in other seasons (14-18 mm
day™) and have the smallest areal extent.

At 04Z, high MCS rainfall in austral summer (8-12 mm day™') occurs primarily in the continental
interior toward the east, similar to the equinoctial regions. In boreal summer, high MCS rainfall
(8-12 mm day™) does not occur in the continental interior but instead occurs in the northwestern
portion of the basin.

At the 10Z minimum, MCS rainfall occurs in the continental interior with a percent contribution

0f >70%, and also in NW Congo (9°E-25°E), similar to equinoctial seasons.

Results from examining larger MCSs, with an area >10,000 km? and rain rates exceeding 25 mm day' are

as follows:

Larger systems follow the seasonality and distribution of the total population of MCSs but there

are differences in the diurnal cycle.
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The contribution of larger MCSs to total MCS rainfall increases linearly through the diurnal cycle
from a minimum at mid-day (10Z-13Z; 60%-80%) to a maximum in the early morning (06Z-07Z;
83%-92%). Equatorial regions (within 5° of the equator) remain above 80% throughout the
diurnal cycle. Percent contributions mostly above 80% indicate that the sensitivity to the choice
of the 2000 km? size threshold is small.

The MCS rainfall peak at 04Z has a greater contribution from larger MCSs compared to the

afternoon peak at 15Z.

MCSs that deliver intense precipitation, greater than 100 mm day!, have the following

characteristics:

Intense storms have the same seasonality and distribution as the total MCS population, but there
are differences in the diurnal cycle.

Diurnal cycles differ depending on season and region. However, in regions with a defined
maximum, it always occurs at 04Z. The contribution of intense storms to total MCS rainfall
ranges from 20%-55% to in the equinoctial seasons, and from 25%-68% in the solstitial seasons.
Large decreases in MCS percent contribution (40-80%) indicates some sensitivity to the 25 mm
day! threshold, particularly when MCS rainfall is low.

Depending on the season and region, the MCS rainfall peak at 04Z has a greater contribution

from more intensely raining MCSs than the peak at 15Z.

Connections to the large-scale environment are as follows:

e Seasonal and diurnal MCS rainfall maxima are associated with negative (unstable) MSE
profiles in the lower troposphere.
o This large scale instability is driven seasonally by differences in moisture and diurnally by

differences in temperature.
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e Lower nighttime temperatures that support atmospheric stability are uniform throughout the
Congo.

e The moisture levels that largely control atmospheric stability vary more strongly in the
boundary regions than in the equatorial regions, and this leads to stronger seasonality of MCS

rainfall in the boundary regions.

This analysis shows that MCS activity in the Congo Basin exhibits complex variations on seasonal
and diurnal time scale. Further developing our understanding of these systems is vital to advancing our
ability to capture these systems in models and predict their behavior on all time scales. This detailed study
of MCS activity in the Congo Basin would not have been possible without the existence of the IMERG
dataset, and especially its extension from seven to twenty years by the incorporation of TRMM data.
Twenty years of observations is minimal for capturing a climatology, and probably inadequate for
detecting precipitation trends. Continued and enhanced production of high resolution datasets at the
climatological scale is vital to improve our current understanding of Congo Basin rainfall, especially as

the climate continues to change through the twenty-first century.
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Figure 1. 2001-2020 IMERG climatological precip (mm/day) for (a) January, (b) April, (c) July,
and (d) October. Elevation is shown in 400m contour intervals. Location of Congo Basin analysis
region (a, red box) and smaller rainfall averaging regions: box 1 (10°N-5°N), box 2 (5°N-0°), box 3
(0°-5°S), and box 4 (5°S-10°S). All averaging regions extend from the Atlantic coast to 30°E.
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Figure 2. 2000-2020 climatological monthly-mean MCS rainfall (solid red line; mm day™), total rainfall
(solid black line; mm day™') and percentage of total rainfall delivered by MCSs (dotted red line; percent)
averaged over the boundary regions (a) box 1 and (b) box 4 and the equatorial regions (¢) box 2 and (d)
box 3 shown in Figure 1. Rainfall over water is excluded.
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Figure 3. April climatological (a) MCS percentage contribution to total rainfall (%) and (b) MCS rainfall
(mm day™) at 0.1° resolution. (¢) and (d) are the same as (a) and (b), respectively, but for October.
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Figure 4. The diurnal cycles of MCS rainfall (solid lines; mm day™') and MCS percentage contribution
(dotted lines, percent) for the box 2 and box 3 averaging regions for (a) April and (b) October. (¢)-(d) is
the same as (a)-(b), respectively, but for box 1 and box 4. Rainfall over water is excluded.
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Figure 5. Climatological MCS rainfall (mm day') at 0.1° resolution for April and October respectively
at (a, b) 15Z, (¢, d) 04Z, and (e, f) 10Z.
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Figure 6. Same as Figure 5, but for MCS percent contribution (%) to total rainfall.
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Figure 7. Climatological percentage of MCS rainfall contributed by MCSs at an increased size threshold
(dashed lines; 25 mm day!, 10,000 km?) and at an increased rain rate threshold (solid lines, 100 mm day
!, 2000 km?) for Figure 1 averaging regions in (a) April and (b) October. Percent changes are calculated
from the initial MCS criteria: 25 mm day™' and 2000 km?. Rainfall over water is excluded.
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Figure 8. January climatological (a) MCS percentage contribution to total rainfall (%) and (b) MCS
rainfall (mm day™) at 0.1° resolution. (¢) and (d) are the same as (a) and (b), respectively, but for July.
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Figure 9. The diurnal cycles of MCS rainfall (solid lines; mm day) and MCS percentage contribution
(dotted lines; %) for the box 2 and box 3 averaging regions for (a) January and (b) July. (¢) and (d) are
the same as (a) and (c), respectively, but for box 1 and box 4. Rainfall over water is excluded.
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Figure 10. Climatological MCS rainfall (mm day™") at 0.1° resolution for January and July respectively at

(a, b) 15Z, (¢, d) 04Z, and (e, f) 10Z.
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Figure 11. Same as Figure 10, but for MCS percent contribution to total rainfall.
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Figure 12. Climatological percentage of MCS rainfall contributed by MCSs at an increased size threshold
(dashed lines; 25 mm day™!, 10,000 km?) and at an increased rain rate threshold (solid lines, 100 mm day-
!, 2000 km?) for Figure 1 averaging regions in (a) January and (b) July. Percent changes are calculated
from the initial MCS criteria: 25 mm day™' and 2000 km?. Rainfall over water is excluded.
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Figure 13. 1979-2020 ERAS vertical profiles of MSE (a), L,q (b) and ¢, T (¢) averaged over the box 2
and 3 averaging regions for respective wet (dark lines) and dry (light lines) seasons. (d) — (f) are the same

as (a) — (¢) but for boxes 1 and 4. Units are in 10* m? s2. Geopotential is included in panel (b) and (e)
(dashed line).
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Figure 14. 1979-2020 ERAS vertical profiles of MSE (a), L,q (b) and ¢, T (¢) averaged over the box 2
and 3 averaging regions at 15Z (dark lines) and 04Z (light lines) for respective wet seasons. (d) — (f) are

the same as (a) — (¢) but for boxes 1 and 4. Units are in 10° m? s2. Geopotential is included in panel (b)
and (e) (dashed line).
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