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Abstract. The Congo Basin equatorial region (2°S-2°N, within the watershed), experiences semi-annual rainy seasons (RSs) 

in boreal spring and fall. Previously, the mechanisms driving the transitions to these RSs have not been investigated 

systematically. We show that both RS transitions begin with increases in the low-level atmospheric moisture transport from 

the Atlantic Ocean into the region, ~1.5 months prior to the spring RS and ~2 months prior to the fall RS. Evapotranspiration 10 

contributes the most to atmospheric moisture but does not change significantly throughout both transition periods. Sharp 

precipitation jumps 10 days before the start of the spring and fall RSs result from boundary layer moisture increases 

orographically uplifted to the lower troposphere by the East African Rift and Congo Basin Cell ascending branch. This 

destabilizes the lower free troposphere, lowering the level of free convection and decreasing convective inhibitionve energy. 

Meanwhile, the African Easterly Jet-North and westerly return flow of the Congo Basin Cell induce vertical shear for the 15 

spring and fall RSs, respectively. Mid-tropospheric convergence strengthens due to return flow at ~700 hPa from shallow 

meridional cells that direct low-level moisture towards the West African Heat Low prior to the spring RS, and to the Congo 

Air Boundary prior to the fall RS. Therefore, the RS onsets over the equatorial region are driven by seasonal changes in large-

scale atmospheric circulation, contrasting with the pivotal role of increasing evapotranspiration in driving the transition to the 

RS onset over the southern Congo Basin. 20 
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1 Introduction 

The Congo Basin is a global water and carbon centre hosting vast rainforest, rivers, and precipitation (Brummett et 

al., 2009; Alsdorf et al., 2016; Xu et al., 2021). However, due to a lack of in situ data and limited infrastructure for research 

(Alsdorf et al., 2016), its meteorology and hydrological cycle have been less studied compared to the rest of Africa 25 

(Washington et al., 2013; Biasutti, 2019; Biasutti and Sobel, 2009; Lv et al., 2024; Seth et al., 2013; Yang et al., 2015; 

Thorncroft et al., 2011). Most studies examining process controls on seasonal rainfall have focused on specific months during 

the dry or the rainy seasons (Nicholson, 2018; 2022; Cook and Vizy, 2022; Pokam Mba et al., 2022). As such, the processes 

that control the transition to the rainy season onsets are virtually unknown. To fundamentally understand observed rainfall 

variability (Jiang et al., 2019; Zhou et al., 2014; Hua et al., 2016; 2018) within the equatorial region (defined as the area 30 

between 2°S-2°N, within the Congo Basin watershed), which experiences two rainy seasons, in boreal spring and fall, 
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respectively (Fig. 1; Pokam Mba et al., 2022; Nicholson, 2022), necessitates a full understanding of the mechanisms controlling 

its seasonal rainfall. In addition, understanding the mechanisms controlling the transition periods to the rainy seasons can aid 

identification of errors in climate models for seasonal rainy season onset forecasting, which is important climate information 

for agricultural production (Zampieri et al., 2023; Tchinda et al., 2022). 35 

 

Figure 1: (a) Above-ground biomass averaged between 2000-2019. Black outline denotes the Congo Basin watershed 
and the dashed lines at 𝟐°𝑺 and 𝟐°𝑵 represent the boundary of the equatorial region. (b) Precipitation climatology for 
the equatorial region. Shades are the standard error of the mean over of the different years. 

The equatorial Congo Basin is unique in that its rainy seasons are not associated with strong near surface moisture 40 

flux convergence (Nicholson, 2018; Yang et al., 2015). Instead, near-surface moisture diverges away from the equatorial 

Congo basin, while mid-tropospheric moisture convergence appears to be central for rainfall formation (Nicholson, 2022). 

Atmospheric moisture for rainfall mainly comes from evapotranspiration (ET) both within Congo basin and from the adjacent 

land (e.g., Risi et al., 2016; Sorí et al., 2022; van der Ent et al., 2010; Worden et al., 2021), though moisture transport from the 

surrounding oceans is important for its rainy seasons as well (e.g., Pokam et al., 2012). Several dynamic systems play important 45 

roles: a shallow zonal circulation referred to as the Congo Basin Cell (Longandjo and Rouault, 2020), the Congo Air Boundary 

(Howard and Washington, 2019) where warm, humid air from the Congo meets with relatively cool and dry air from the 

subtropical southern hemispheric Africa, the African Easterly Jet North and South (AEJ-N, AEJ-S; (Nicholson, 2022; Chen 

2005; Kuete et al., 2020), a deep Walker-like zonal circulation (Longandjo and Rouault, 2020), and shallow meridional 

overturning cells (Longandjo and Rouault, 2023). Additionally, the East African Rift helps to induce uplift of near surface air 50 

and hence precipitation on the Congo Basin’s eastern boundary (Nicholson, 2022). 

However, the moisture contributions from land and terrestrial sources, and the presence and intensity of these 

dynamical systems vary throughout the year, likely leading to differences in the mechanisms controlling the transitions to the 

spring and fall rainy seasons. For example, the annual presence of the zonal Congo Basin Cell is debated. While Longandjo 
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and Rouault (2020) argue that the cell is present year-round, Neupane (2016) and Cook and Vizy (2016) indicate that it is 55 

present only in the second half of the year. The Congo Air Boundary is strongest between August-October, and weakest 

between December-January (Howard and Washington, 2019). The AEJ-N is present year-round but moves latitudinally such 

that it is centred near the equator during the spring rainy season but centred outside of the Congo Basin around 10°N during 

the fall rainy season (Kuete et al., 2020; Nicholson and Grist, 2003). The AEJ-S only develops in the boreal fall in September 

(Kuete et al., 2020). 60 

The influences of the heat lows over Sahara and Kalahari Desert, respectively, on the equatorial Congo region also 

change between the two rainy seasons, which is important for meridional moisture transport. During the fall rainy season, the 

southern African dry heat low is centred over the plateau region as the Angola heat low, but prior to the spring rainy season, a 

moist Angola thermal low migrates to the Kalahari region to become the Kalahari heat low (Howard and Washington, 2018; 

2019; Attwood et al., 2024). Meanwhile, the northern hemisphere West African heat low is centred around the Sahelian region 65 

during the spring rainy season (around 10°𝑁 − 15°𝑁). During the fall rainy season, it transitions back towards the northern 

Congo Basin (Lavaysse et al., 2009). The different position of the heat lows can affect meridional moisture flow in and out of 

the basin (Cook et al., 2020). The mechanisms controlling the transition periods to the rainy seasons likely reflectare likely 

related to the seasonal presence or movement of these key features. 

ET provides about 70% of the atmospheric moisture over the Congo basin (e.g., van de Ent et al. 2010; Risi et al. 70 

2013; Worden et al. 2021), and as much as 83% of the atmospheric moisture in February and March, during the transition to 

spring rainy season. Worden and Fu (2025) further shows that, over the Southern Congo (2°𝑆 − 14°𝑆, 15°𝐸 − 30°𝐸), the 

increase of ET driven by increasing surface solar radiation plays a pivotal role to increase moisture in the atmospheric boundary 

layer, which, in turn, increases deep convection and leads to rainy season onset in boreal fall. On the other hand, most previous 

studies emphasize increasing moisture transport as a potential key driver for the rainy season (e.g., Pokam et al. 2012; 75 

Nicholson and Dezfuli, 2013; Balas et al., 2007). For the equatorial Congo basin, whether ET plays a similar role as over the 

Southern Congo basin has been unclear. In this study, we will investigate the roles of the aforementioned dynamic and 

thermodynamic processes in driving the transition to the spring and fall wet seasons, respectively, over the equatorial Congo 

basin. 

2 Data and Methods 80 

2.1 Data  

Reanalysis datasets differ in terms of magnitude of seasonal rainfall and atmospheric circulation characteristics but 

generally agree on major features and seasonal evolution over Central Africa (Hua et al. 2019; Kenfack et al. 2023; Nicholson 

& Klotter 2021). The European Centre for Medium-Range Weather Forecasts 5th generation reanalysis, ERA (Hersbach et al. 

2020), is commonly adopted as a primary reanalysis for Congo Basin studies (Cook & Vizy 2022; Kenfack et al. 2024; 85 

Longandjo & Rouault 2020) and other African regions (Cook & Vizy 2022; Vizy & Cook 2019). Its relatively high resolution 
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helps capture topographic structure relevant to regional climate (Vizy & Cook 2019), and its precipitation is broadly consistent 

with recommended observational products for the basin (Nicholson et al. 2019; Cook & Vizy 2022). 

We use satellite data and reanalysis products in our study. We resample all the daily data to 5-day pentads, except for 

the Tropospheric Emission Spectrometer (TES) data, in which we use daily HDO and H2O measurements in this analysis 90 

instead of pentad measurements as the number of observations is limited compared to the other products. For all other datasets, 

we average our products over 2000-2018 or 2003-2018 depending on when the datasets are available. 

The TES data requires quality control processing described here: the following quality flags were used when 

retrieving the data from the TES satellite: “Species Retrieval Quality = 1,” “Degrees of Freedom for Signal >1,” and “Average 

Cloud Optical Depth <0.4” to ensure good quality data as suggested by Worden et al. (2012). The accuracy of these data is ~6 95 

per mil (6 parts per thousand relative to the reference value) with a precision of 20 per mil (Worden et al., 2012) for the vertical 

range used in this analysis (~900-420 hPa, or about 1-6 km above sea level). We use data between 2005-2011 when the quality 

of estimates is suitable for our analysis (Worden et al., 2021).  
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Table 1: Data used in this study 

2.2 Methods  100 

2.2.1 Calculating the Onsets and Ends of the Rainy Seasons 

Using TRMM precipitation data, we calculate the rainy season onsets and ends (RSOs and RSEs, respectively) in the 

equatorial Congo Basin similar to the approach used in Chakraborty et al. (2021), originally developed by Li and Fu (2004), 
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for RSOs and RSEs in the Amazon. This definition is designed to capture persistently high rainfall during the rainy season and 

persistent low rainfall in the dry season using the annual mean rainfall as the threshold. We first calculate the climatological 105 

pentad (5 day mean) rainfall for each year over our domain, then determine the rainy season onsets and endsRSOs and RSEs 

in the following steps.  

For the spring rainy season, the onset is defined as the first pentad of each year that meets the following criterion: 

four out of the previous six pentads are less than the climatological annual mean, and four out of the following seven pentads 

are more than the climatological annual mean. Likewise, the end of the spring rainy season is defined as the first pentad of 110 

each year that meets the following criterion: four out of the previous six pentads are more than the climatological annual mean, 

and four out of the following sixeven pentads are less than the climatological annual mean.  

 

Figure 2: Pentad starts of the RSOs and RSEsRainy season onset (RSO) and rainy season end (RSE) for the spring and 
fall rainy seasons for each year infor the equatorial Congo: (a) Spring RSOs; (b) Spring RSEs; (c) Fall RSOs; d) Fall 115 
RSEs. 
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For the fall rainy season, the onset is defined as the first pentad of each year that meets the following criterion: fivesix 

out of the previous eight pentads are less than the climatological annual mean, and fivesix out of the following eight pentads 

are more than the climatological annual mean. The fall RSE is defined as the first pentad of each year that meets the following 

criterion: six out of the previous eight pentads are more than the climatological annual mean, and six out of the following eight 120 

pentads are less than the climatological annual mean. We note that this criterion for the fall rainy seasons differs from that of 

the spring rainy season because the latter is shorter and weaker than that of the fall rainy season (Fig. 2). Therefore, a shorter 

period and less persistent threshold was needed to best capture the starts and ends of persistently high and low rainfall for the 

spring RSO and RSE.  

Figure 2 shows the RSOs and RSEs for the spring and fall rainy seasons between the years 2000-2020. We excluded 125 

the year 2000 when calculating the spring RSO because we needed to consider the ends of the prior years in our RSO 

calculations. Similarly, we excluded the year 2020 when calculating the fall RSE because we needed to consider the start of 

the next years in our RSE calculations. We additionally excluded from our following analyses any years during which a RSO 

or RSE was unable to be identified, or if the length of a rainy season was less than 5 pentads. The spring RSO ranges from the 

6th to 14th pentad (with Days 1-5 defined as Pentad “0”), corresponding to early-February to mid-March. On average, the 130 

spring RSO occurs on 20 February-24 February. The spring RSE ranges from the 25th-32nd pentads, corresponding to mid-

May to mid-June. On average, the spring RSE occurs on 21 May-25 May. The fall RSO ranges from the 40th-50th pentads, 

corresponding to mid-July to early-September. On average, the fall RSO occurs on 18 August-23 August. The fall RSE ranges 

from the 64th-71st pentads, corresponding to mid-November to late-December. On average, the fall RSE occurs on 2 

December-6 December. We show 15 pentads prior to the spring RSO and 19 pentads prior to the fall RSO as these periods 135 

capture the key changes in processes that drive the dry to rainy season transition as in Li and Fu (2004) and Wright et al. 

(2017).  

Figure 2 shows the RSOs and RSEs for the spring and fall rainy seasons between the years 2000-2020. We excluded 

the year 2000 when calculating the spring RSO because we needed to consider the ends of the prior years in our RSO 

calculations. Similarly, we excluded the year 2020 when calculating the fall RSE because we needed to consider the start of 140 

the next years in our RSE calculations. We additionally excluded from our following analyses any years during which a RSO 

or RSE was unable to be identified, or if the length of a rainy season was less than 5 pentads. The spring RSO ranges from the 

6th to 14th pentad (with Days 1-5 defined as Pentad “0”), corresponding to early-February to mid-March. On average, the 

spring RSO occurs on 25 February-2 March. The spring RSE ranges from the 22nd-32nd pentads, corresponding to late-April 

to mid-June. On average, the spring RSE occurs on 21 May-25 May. The fall RSO ranges from the 40th-50th pentads, 145 

corresponding to mid-July to early-September. On average, the fall RSO occurs on 29 August-2 September. The fall RSE 

ranges from the 64th-71st pentads, corresponding to mid-November to late-December. On average, the fall RSE occurs on 2 

December-6 December. There are no overlaps between the fall RSO and the spring RSE, as well as between the spring RSO 

and the fall RSE. There are 19 pentads between the average spring RSO and fall RSE and 20 pentads between the average fall 

RSO and spring RSE. We show 15 pentads prior to the spring RSO and 19 pentads prior to the fall RSO as these periods 150 
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capture the key changes in processes that drive the dry to rainy season transition as in Li and Fu (2004) and Wright et al. 

(2017).  

2.2.2 Computation of Key Variables 

We calculate the area-mean equivalent potential temperature (𝜃௘) from AIRS gridded data at daily time resolution to 

examine atmospheric instability during and after the transition to the rainy season. We calculate 𝜃௘ using the following equation 155 

from Bolton (1980): 𝜃௘ = 𝑇௞ ቀଵ଴଴଴௣ ቁ଴.ଶ଼ହସ൫ଵି଴.ଶ଼×ଵ଴షయ∗௥൯ × 𝑒𝑥𝑝 ቂቀଷ.ଷ଻଺்ಽ − 0.00254ቁ × 𝑟ሺ1 + 0.81 × 10ିଷ𝑟ሻቃ     Eq. 1 

Where 𝑇௞ is the absolute temperature (K) at pressure level p, 𝑝 is pressure (hPa), 𝑟 is the mixing ratio (g/kg), 𝑇௅ is the absolute 

temperature at the lifting condensation level (K) calculated by the following:  𝑇௅ = ଶ଼ସ଴ଷ.ହ௟௡்ೖబି௟௡௘ିସ.଼଴ହ + 55           Eq. 2  160 

Where 𝑒 = ௣∗௥଺ଶଶା௥ is the water vapor pressure, and here 𝑇௞଴ is the absolute temperature at the surface, defined here as 925 hPa 

as the surface of the equatorial region is above sea level. We use the AIRS mass mixing ratio, temperature, and pressure in 

these calculations. We similarly calculate saturated equivalent potential temperature 𝜃௘ೞ by letting 𝑟 = 𝑟௦, where 𝑟௦ is the 

saturated mixing ratio. We calculate 𝑟௦ by the following: 

We calculate 𝑒௦ as in Bolton (1980): 165 𝑒௦ = 6.112𝑒𝑥𝑝 ቀ ଵ଻.଺଻்்ାଶସଷ.ହቁ                  Eq. 3 

Where T is the temperature in Celsius (°𝐶). We calculate saturated vapor pressure by: 𝑟௦ = ఌ௘ೞ௣ି௘ೞ              Eq. 4 

Where 𝜀 = 0.622 is ratio of molar masses of vapor and dry air, and 𝑒௦ is the saturation vapor pressure, calculated as in Bolton 

(1980): 170 𝑒௦ሺ𝑇) = 6.112 exp ቀ ଵ଻.଺଻்்ାଶସଷ.ହቁ             Eq. 5 

We also calculate moist static energy (MSE) where MSE is represented by: 𝑀𝑆𝐸 = 𝑐௣𝑇 + 𝐿𝑞 + 𝑔𝑧.               Eq. 6 

Where 𝑐௣ is the specific heat capacity at constant pressure, L is the latent heat of evaporation and g is gravity. Finally, we 

examine changes in moisture in the equatorial Congo with the following: 175 

Finally, we examine changes in moisture in the equatorial Congo with the following. We use vertically integrated 

moisture flux 𝑀𝐹 = ׬ 𝑞 ∙ 𝑉ሬ⃗ 𝑑𝑝௣೅ೀಲ௣ೞ /𝑔, where q is the specific humidity, and 𝑉ሬ⃗ =(u,v), is the horizontal wind, with 𝑢 the zonal, 

and 𝑣 the meridional wind components, respectively. 𝑃௦ denotes the surface pressure and 𝑃்ை஺ denotes the pressure of the top 

of the atmosphere. In particular, we calculate the net zonal and meridional 𝑀𝐹 as follows: We take the zonal vertically 

integrated 𝑀𝐹௭௢௡௔௟ = ׬ 𝑞 ∙ 𝑢𝑑𝑝/𝑔௣೅ೀಲ௣ೞ  across the western and eastern boundaries of the equatorial Congo basin, and the 180 
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meridional vertically integrated 𝑀𝐹௠௘௥௜ௗ௜௢௡௔௟ = ׬ 𝑞 ∙ 𝑣𝑑𝑝௣೅ೀಲ௣ೞ /g across its northern and southern boundaries. For simplicity, 

we choose the northern boundary along 2°𝑁 and between 14 − 30°𝐸, and the southern boundary along 2°𝑆 and between 14 −30°𝐸. The western boundary is along 14° 𝐸 and between 2°𝑆 − 2°𝑁 and the eastern boundary is along 30° 𝐸 and between 2°𝑆 − 2°𝑁. To be able to compare to vertically integrated MF convergence, we calculate the length between the 

western/eastern boundaries and the northern/southern boundaries, respectively, and integrate average 𝑀𝐹௭௢௡௔௟ and 185 𝑀𝐹௠௘௥௜ௗ௜௢௡௔௟across these boundaries as in Satyamurty et al. (2013): 𝑄ா = න𝑀𝐹௭௢௡௔௟,ா𝑑𝑦 𝑄ௐ = 𝑀𝐹௭௢௡௔௟,ௐ𝑑𝑦           Eq. 7 𝑄ே׬ = න𝑀𝐹௠௘௥௜ௗ௜௢௡௔௟,ே𝑑𝑥 

𝑄ௌ = න𝑀𝐹௠௘௥௜ௗ௜௢௡௔௟,ௌ𝑑𝑥 190 

Where 𝑀𝐹௭௢௡௔௟,ா is 𝑀𝐹௭௢௡௔௟integrated along the eastern boundary, 𝑀𝐹௭௢௡௔௟,ா is 𝑀𝐹௭௢௡௔௟ integrated along the western 

boundary, 𝑀𝐹௠௘௥௜ௗ௜௢௡௔௟,ே is 𝑀𝐹௠௘௥௜ௗ௜௢௡௔௟ integrated along the northern boundary, and 𝑀𝐹௠௘௥௜ௗ௜௢௡௔௟,ௌ is 𝑀𝐹௠௘௥௜ௗ௜௢௡௔௟ 
integrated along the southern boundary. 𝑦 is the length of the northern/southern boundaries, and 𝑥 is the length of the 

western/eastern boundaries. To calculate the net zonal vertically integrated MF, we calculate 𝑄௭௢௡௔௟ = 𝑄ௐି𝑄ா. To calculate 

the net meridional vertically integrated MF, we calculate 𝑄௠௘௥௜ௗ௜௢௡௔௟ = 𝑄ௌ − 𝑄ே . This ensures that positive values of 𝑄௭௢௡௔௟ 195 

and 𝑄௠௘௥௜ௗ௜௢௡௔௟ means net convergence, and negative means net divergence. 

We examine vertically integrated moisture flux (MF) transport, 𝑀𝐹 = ׬ 𝑞 ∙ 𝑉ሬ⃗ 𝑑𝑝௣೅ೀಲ௣ೞ , where q is the specific humidity and 𝑉ሬ⃗ =(u,v), is the horizontal wind, with u the zonal, and v the meridional wind component, respectively. 𝑃௦ denotes the surface 

pressure and 𝑃்ை஺ denotes the pressure of the top of the atmosphere. We examine the net zonal 𝑀𝐹 = ׬ 𝑞 ∙ 𝑢𝑑𝑝௣೅ೀಲ௣ೞ  across 

the western and eastern boundaries of the equatorial Congo basin. We also examine the net meridional 𝑀𝐹 = ׬ 𝑞 ∙ 𝑣𝑑𝑝௣೅ೀಲ௣ೞ  200 

across its northern and southern boundaries. For simplicity, we choose the northern boundary along 2°𝑁 and between 14 −30°𝐸, and the southern boundary along 2°𝑆 and between 14 − 30°𝐸. The western boundary is along 14° 𝐸 and between 2°𝑆 −2°𝑁 and the eastern boundary is along 30° 𝐸 and between 2°𝑆 − 2°𝑁 . To be able to compare to vertically integrated MF 

convergence, we calculate the length between the western/eastern boundaries and the northern/southern boundaries, 

respectively𝑖. However, the distance between the zonal boundaries is about four times larger than the distance between the 205 

meridional boundaries. Therefore, we divide the zonal difference by four as a best approximation of the divergence calculation 

for MF. Finally, we calculate the first component of the moisture flux convergence term (named the moisture convergence 

term,-𝑞 × 𝛻.𝑉ሬ⃗ ) and moisture transport vectors (𝑞𝑉ሬ⃗ ) averaged between different pressure levels to represent the lower and 

middle tropospheric moisture transport. We do not examine the evolution of moisture advection term as it is small compared 

to that of the moisture convergence term (Cook and Vizy 2022; Figures S1-S4). 210 
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2.2.3 Examining the ET Contribution to Atmospheric Moisture 
Due to a lack of reliable ET measurements, we use the deuterium content of water (𝐻𝐷𝑂) derived from satellite 

measurements and an isotope mixing model to estimate the fractional contribution of ET to atmospheric moisture. 𝐻𝐷𝑂 is 

expressed as the relative ratio of the number of 𝐻𝐷𝑂 molecules to the total number of 𝐻ଶ𝑂 molecules in parts per thousand 

(‰) relative to the isotopic composition of ocean water as shown below: 215 𝛿𝐷 = 1000 × ቀோିோೞ೟೏ோೞ೟೏ ቁ               Eq. 87 

Where 𝑅 is of the ratio of 𝐻𝐷𝑂 molecules to the total number of 𝐻ଶ𝑂 molecules and 𝑅௦௧ௗ  is the corresponding ratio in a 

reference standard, taken here to be the Vienna Standard Mean Ocean Water: 𝑅௦௧ௗ = 3.11 × 10ିସ (e.g. Wright et al., 2017 

and references therein). The isotopic composition of water vapor in the free troposphere is due to a mixture of air parcels 

originating from different sources (Galewsky, 2018; Galewsky and Hurley, 2010). We can use the isotopic composition of an 220 

air mass to trace its source to either vegetation or ocean because 𝛿𝐷 values from ocean evaporation are distinctively different 

from those by rainforest ET. Atmospheric moisture coming from transpiration will generally be more isotopically enriched (or 

heavier) than evaporation because lighter isotopes preferentially evaporate (Risi et al., 2020; Tremoy et al., 2014; Worden et 

al., 2007). However, observed values of free-tropospheric deuterium content also depend on atmospheric processes, such as 

the type of convection present, described further in Galewsky et al. (2016). This is because they vary by the first order with 225 

changes in specific humidity (Bailey et al., 2017).  

Therefore, we compare the observed isotopic composition of water vapor in the free troposphere to two models, a 

mixing model and a Rayleigh model, to identify which air parcels are likely influenced by land (i.e., transpiration) versus 

ocean (i.e., evaporated water; Noone, 2012). A mixing model describes what happens to a mixture of two air masses with 

different water vapor isotopic compositions. Meanwhile, under the Rayleigh distillation model, as an air mass moves upward 230 

(or towards cooler conditions), condensate enriched with heavy isotope is completely removed immediately after it forms 

under the assumption of pseudo adiabatic process (Galewsky et al., 2016; Wright et al., 2017). A further description of these 

models can be found in the Supplementary and in S. Worden et al. (2021).  

2.2.4 Key Dynamic Features 

We examine the seasonal evolution of key dynamic features that transport moisture and energy within and around the Congo 235 

Basin, They se are discussed further in several review papers: Nicholson, (2022); Pokam et al. (2026) 

1) Low Level Westerlies (LLWs): These winds transport moisture from the Atlantic Ocean into Central Africa, with 

varying seasonal intensity (Pokam et al., 2012; 2014; Vondou et al., 2010; Pokam e tal.,  

2) Congo Basin Cell: The LLWs are the lower branch of both shallow and deep zonal circulations found over the Congo 

Basin. The shallow zonal circulation is called the Congo Basin Cell, with ascent over the Congo Air Boundary (see 240 

below), return at mid-levels via an easterly jet, and subsidence over the Atlantic Ocean (Longandjo and Rouault 2020) 
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3) Shallow meridional overturning cell: Here, moisture moves meridionally from the Congo Basin to the Sahel heat low, 

with return leading to mid-tropospheric moisture convergence over the Congo Basin (Longandjo and Rouault 2024) 

1)4) African Easterly Jet North and South (AEJ-N, AEJ-S): The AEJ-N is a year-round feature with seasonal meridional 

migration from 5°N-17°N, while the AEJ-S is present between September-November with its core at ~8°S (Nicholson 245 

and Grist 2003; Kuete et al., 2020) 

2)5) Congo Air Boundary: An extreme gradient in temperature and specific humidity that denotes the southern limit of 

Congo Basin, present between August to November (Howard and Washington 2019). 

3 Results 

3.1 Transition from the Dry Season to the Spring RSO 250 

3.1.1 Early Transition  

The first part of the spring transition, i.e., the early-transition period, starts with a turning point from strengthening to 

weakening vertically integrated MF divergence (Fig. 3a) 10 pentads (50 days) before the spring RSO. To explain this 

weakening, we evaluate net zonal and meridional MF (Fig. 3c). Negative values indicate net moisture leaving the basin for 

both 𝑛𝑒𝑡 𝑧𝑜𝑛𝑎𝑙 𝑀𝐹 𝑄௭௢௡௔௟and 𝑛𝑒𝑡 𝑚𝑒𝑟𝑖𝑑𝑖𝑜𝑛𝑎𝑙 𝑀𝐹𝑄௠௘௥௜ௗ௜௢௡௔௟. Variations in 𝑛𝑒𝑡 𝑧𝑜𝑛𝑎𝑙 𝑀𝐹𝑄௭௢௡௔௟ during the early transition 255 

period are driven by increases in low-level moisture transport from the Atlantic Ocean, by the lower branch of the Congo Basin 

Cell, which goes through the equatorial Congo, towards the West African Heat Low (Lavaysse et al., 2009) in the northern 

Congo (Fig. 4a, b; Fig. B1a, e). This is driven by increasing near-surface temperature gradients between the Atlantic Ocean 

and West African Heat Low (Fig. S51a, b; Fig. S62). These increases in low-level moisture transport, combined with increases 

in the second half of the transition period of mid-level moisture transport into the basin across its eastern boundary, acts against 260 

zonal moisture leaving the basin at mid-levels, across the western boundary (Fig. B1a, b), but is not enough to lead to 𝑛𝑒𝑡 𝑧𝑜𝑛𝑎𝑙 𝑀𝐹𝑄௭௢௡௔௟ convergence (Fig. 3c). Meridionally, mid-level moisture entering the basin across the northern boundary 

does not change significantly, although low-level moisture leaving the basin across the northern boundary increases in response 

to increased low-level moisture transport towards the West African Heat Low (Fig. 4a, b; Fig. B1c, f). Across the southern 

boundary, moisture transport entering the basin at low levels increases, while moisture transport leaving the basin at mid-levels 265 
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does not significantly change (Fig. B1d, f). Ultimately, it is changes in low-level meridional moisture transport that drive 

changes in 𝑛𝑒𝑡 𝑚𝑒𝑟𝑖𝑑𝑖𝑜𝑛𝑎𝑙 𝑀𝐹𝑄௠௘௥௜ௗ௜௢௡௔௟ divergence (Fig. 3c).  

Figure 3: For the transition to the spring RSO: (a) Precipitation (P), vertically integrated MF convergence (MFC), and 
evapotranspiration (ET); (b) column water vapor (CWV); and (c) Net vertically integrated MF across the zonal and 
meridional boundaries (𝑸𝒛𝒐𝒏𝒂𝒍,𝑸𝒎𝒆𝒓𝒊𝒅𝒊𝒐𝒏𝒂𝒍E/W: East minus West; N/S: North minus South; Methods, Units: kg/s*1e7). 270 
Positive means convergence, negative means divergence. All are relative to the RSO (denoted as ‘0’ in the graph). Time 
series are smoothed using a Savitsky-Golay filter (number of coefficients: 5, polynomial order 2). Shades represent the 
standard error of the mean of the different years. 

Meanwhile, the contribution of ET does not change significantly to atmospheric moisture increases somewhat 

compared to the pre-transition (𝑓௠௜௫௣௥௘ = 0.611761 േ 0.09382; 𝑓௠௜௫೐ೌೝ೗೤ = 0.77264 േ 0.112), and is clearly the dominant 275 

contributor to moisture (Fig. 5a, b). This is consistent with S. Worden et al., (2021) for a similar domain. Therefore, ET is 
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important for maintaining high background moisture while weakening in vertically integrated MF divergence initiates the 

transition to the spring rainy season onset.RSO.  

Furthermore, the atmosphere appears thermodynamically primed for deep convection, with large convective available 

potential energy  (convective available potential energyCAPE) and conditional instability as shown by ௗఏ೐ௗ௣ ൏ 0 (Fig. 6c, d). 280 

However, weak ascent or even subsidence still exists above 650 hPa (Fig. 6e). Additionally, the level of free convection (LFC; 

Fig. 7a), and therefore convective inhibitionve energy (CIN, Fig. 6c) do not change significantly throughout the early transition 

period. This indicates that the atmospheric conditions, especially the dynamic conditions, are still not ready for large-scale 

increases of deep convection and subsequently, rainfall.  

Figure 4: Moisture transport vectors (𝒒 ∗ 𝒗) and moisture convergence (𝒒 ∗ 𝑫𝑰𝑽; shades, positive means convergence) 285 
for (a)-(c) average of 925-875 hPa for the “before,” early, and late transition period, respectively; (d)-(f) average of 850-
600 hPa for the “before,” early, and late transition period, respectively. Vectors are scaled up by a factor of 2 to better 
visualize the changes in magnitude and direction between periods. White masks in (a)-(c) represent areas where the 
elevation is higher than 875 hPa. Aqua contours in (a)-(c) represent sharp 925 hPa specific humidity gradients, which 
overlap with the area of convergence.  290 



14 
 

We explain this as following: with weakening atmospheric vertically integrated MF divergence, boundary layer 

specific humidity begins to increase (Fig. 7d), due to increases in moisture transport from the equatorial Atlantic Ocean into 

the equatorial Congo (Fig. 4a, b). The increase of boundary layer moisture, rather than increase of near-surface temperature, 

drives boundary layer increases in MSE (Fig. 7b-d). However, at the mid-levels, MSE initially decreases and then increases in 

mid-level specific humidity (Fig. 7b), which is driven by mid-level moisture divergence. Therefore, while the boundary layer 295 

MSE is favourable for deep convection, additional changes are needed to support deep convection in the mid-layers of the 

atmosphere.  

 
Figure 5: Fraction of observed 𝜹𝑫 above a series of mixing (solid) and Rayleigh (dashed) models. Blue shades 

represent a density map of the TES 𝜹𝑫 observations. Green indicates land-based water vapor models, while black 300 
indicates ocean-based water vapor models. 𝒇𝒎𝒊𝒙 is the fraction of observed 𝜹𝑫above the uppermost, land-based mixing 
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model. For (a) the “before” period (15-11 pentads prior to the spring RSO); (b) the early-transition; and (c) the late-
transition. 

3.1.2 Late Transition Period 

The late-transition period starts with a rapid increase in atmospheric column water vapor (CWV; Fig. 3b), a key 305 

condition for deep convection (Bretherton et al., 2004; Schiro et al., 2018). This is accompanied by rapid increases in 

precipitationP and vertically integrated MF convergence (Fig. 3a). ET does not change significantly (𝑓௠௜௫௟௔௧௘ = 0.778 േ0.139; Fig. 5c), revealing the importance of large-scale circulation changes in altering atmospheric moisture over the equatorial 

Congo prior to the spring rainy season.  

Figure 6: Prior to the spring RSO: (a) cloud area fraction for high, mid-high, mid-low, and low clouds; (b) cloud top 310 
temperature and cloud top height; (c) convective available potential energyCAPE; and CINconvective inhibitive energy; (d) 
equivalent potential temperature (𝜽𝒆; shades) and saturated equivalent potential temperature (𝜽𝒆𝒔); e) vertical velocity; and f) 
black contours: 650 hPa zonal wind (𝒖𝟔𝟓𝟎) greater than 𝟔.𝟓 𝒎 𝒔ି𝟏, denoting the AEJ-N. Shaded contours represent the wind 
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shear (𝒖𝟗𝟎𝟎 − 𝒖𝟔𝟓𝟎). Shades of the time series in a)-c) represent the standard error of the mean of the different years. All the 
time series have been smoothed using a Savitsky-Golay filter (number of coefficients: 5, polynomial order 2).  315 𝑄௭௢௡௔௟ and 𝑄௠௘௥௜ௗ௜௢௡௔௟Net meridional and zonal MF rapidly switch from divergence towards convergence (Fig. 3c). 

Zonally, further increases in near surface temperatures over the West African Heat Low drive stronger LLWs from the Atlantic 

and across the equatorial region along the way (Fig. B1a; Fig. S51c; Fig. S62; Fig. 4c). This, together with increases in mid-

level (above 800 hPa) zonal moisture transport across the eastern boundary (Fig. B1b) compensate the increases in mid-level 

moisture transport leaving the basin across the western boundary (Fig. B1a). The latter is likely due to the formation of the 320 

AEJ-N (Fig. 6f). Therefore, 𝑧𝑜𝑛𝑎𝑙 𝑀𝐹𝑄௭௢௡௔௟ becomes convergent, although weakly so (Fig. 3c). Meridionally, moisture 

transport entering the basin at low levels through the southern boundary increases (Fig. B1c), bringing with it moist air from 

the southern Congo (Fig. S73c), which is experiencing its rainy season during this time (Worden and Fu, 2025). However, 

moisture transport leaving the basin across its northern boundary towards the West African Heat Low increases as well (Fig. 

B1d), leading to net low level meridional moisture transport out of the basin (Fig. 4c). In contrast, moisture convergence at 325 

mid-levels increases (Fig. 4f) as mid-level moisture leaving the basin across the southern boundary decreases (Fig. B1d, f). 

All togetherAltogether, this leads to 𝑛𝑒𝑡 𝑚𝑒𝑟𝑖𝑑𝑖𝑜𝑛𝑎𝑙 𝑀𝐹𝑄௠௘௥௜ௗ௜௢௡௔௟ convergence (Fig. 3c).  

Figure 7: Evolution of (a) the level of free convection (LFC); (b) MSE at 925 hPa and 700 hPa; (c) MSE component 𝑪𝒑𝑻 
925 hPa and 700 hPa; and (d) MSE component 𝑳𝒗𝒒 at 925 hPa and 700 hPa. All are relative to the spring RSO, averaged 
between 𝟏𝟒°𝑬 − 𝟐𝟔°𝑬 to avoid topography errors in the calculations, and smoothed using the Savitsky-Golay filter. 330 
Shades represent the standard error of the mean of the different years.  
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These changes in atmospheric moisture transport increase boundary layer moisture, as indicated by increasing relative 

humidity (Fig. 8a, b), but subsidence from the surface to ~850 hPa (Fig. 6e; Fig. 8a, b) between 10°𝐸 − 26°𝐸 (west of the East 

African Rift) likely prevents this moisture from being uplifted within large parts of the interior equatorial region. Instead 

increases in westerly wind within the interior of the region pushes this moisture towards the East African Rift (Fig. 8), where 335 

orographic lifting forces this moist air into the free troposphere above 800 hPa. Additionally, moisture is uplifted by the 

ascending branch of the Congo Basin Cell over the equatorial coastline (highlands of Gabon and Cameroon) at the western 

edge of the equatorial Congo (Fig. 8). Therefore, this results in increasing mid-level moisture and mid-level MSE while 

decreasing LFC and convective inhibitive energyCIN (Fig. 6c; Fig. 7a, b, d). Upward vertical velocity increases in strength 

starting in the mid-levels and reaches 300 hPa for the first time (Fig. 6e). Meanwhile, shear increases with the increasing 340 

strength of the AEJ-N (Fig. 6f), thus creating conditions favourable for deep convection and the start of the spring rainy season. 

This is indicated by increases in high clouds, increases in cloud top height, and decreases in cloud top temperature (Fig. 6a, 

b).  

Figure 8: Relative humidity (shades) and vectors of 𝒖 and 𝝎 ∗ 𝟏𝟎𝟐 for (a) 10-3 pentads prior to the spring RSO; (b) 2-
0 pentads prior to the spring RSO. Zonal wind (𝒖) for (c) 10-3 pentads prior to the spring RSO; (d) 2-0 pentads prior 345 
to the spring RSO. Grey shading in (a)-(b) and white shading in (c)-(d) denotes the topography of the region. 
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3.2 Transition from the Dry Season to the Fall RSO 

3.2.1 Early Transition Period 

 350 

Figure 9: For the transition to the fall RSO: (a) Precipitation (P), vertically integrated MF convergence (MFC), and 
evapotranspiration (ET); (b) column water vapor (CWV); (c) 𝑵𝒆𝒕 𝑴𝑭 𝒂𝒄𝒓𝒐𝒔𝒔 𝒕𝒉𝒆 𝒛𝒐𝒏𝒂𝒍 ሺ𝑾𝒆𝒔𝒕 −𝑬𝒂𝒔𝒕) 𝒂𝒏𝒅 𝒎𝒆𝒓𝒊𝒅𝒊𝒐𝒏𝒂𝒍 ሺ𝑺𝒐𝒖𝒕𝒉 − 𝑵𝒐𝒓𝒕𝒉)𝒃𝒐𝒖𝒏𝒅𝒂𝒓𝒊𝒆𝒔𝑸𝒛𝒐𝒏𝒂𝒍 and 𝑸𝒎𝒆𝒓𝒊𝒅𝒊𝒐𝒏𝒂𝒍 (Methods; Units: kg/s*1e7). Positive 
means convergence, negative means divergence. All are relative to the RSO (denoted as ‘0’ in the graph). All have been 
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smoothed using a Savitsky-Golay filter (number of coefficients: 5, polynomial order 2). Shades represent the standard 355 
error of the mean of the different years. 

As in the transition to the spring RSO, the early-transition period starts 14 pentads before the fall RSO with weakening 

in vertically integrated MF divergence over the equatorial Congo (Fig. 9a), indicated reduced moisture export out of the region. 

This is mainly due to decreases in 𝑛𝑒𝑡 𝑧𝑜𝑛𝑎𝑙 𝑀𝐹𝑄௭௢௡௔௟ divergence (Fig. 9c), which becomes convergent about halfway 

through the early transition period. This acts against the change of 𝑛𝑒𝑡 𝑚𝑒𝑟𝑖𝑑𝑖𝑜𝑛𝑎𝑙 𝑀𝐹𝑄௠௘௥௜ௗ௜௢௡௔௟, which starts convergent 360 

and switches to divergence during the transition period (Fig. 9c).  

Figure 10: Moisture transport vectors (𝒒 ∗ 𝒗) and moisture convergence (𝒒 ∗ 𝑫𝑰𝑽; shades, positive means 
convergence) for (a)-(c) average of 925-875 hPa. The westerly winds represent the lower branch inflow of the Congo 
Basin Cell; the aqua shades denote areas of sharp 925 hPa specific humidity gradients. The southern aqua gradients 
therefore note the rough location of the Congo Air Boundary. (d)-f) average of 850-800 hPa; and (g)-i) average of 775-365 
600 hPa. The easterly winds represent the upper branch return flow of the Congo Basin Cell. Vectors have been 
multiplied by a scale factor of 2 in all panels. Area of convergence between 4°𝑺 and 𝟖°𝑺 in a-c) represents the rough 
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location of the Congo Air Boundary (CAB). Mainly zonal moisture transport between 𝟔°𝑵− 𝟏𝟓°𝑵 represents the AEJ-
N. 

Changes in initial 𝑛𝑒𝑡 𝑧𝑜𝑛𝑎𝑙 𝑀𝐹𝑄௭௢௡௔௟ divergence are primarily due to increases in low-level moisture transport into 370 

the basin, across the western boundary (Fig. 10a, b; Fig. B2a), which combined with steady moisture transport between 800-

600 hPa into the basin across the eastern boundary (Fig. B2b), acts against weakly decreasing moisture transport out of the 

western boundary above 800 hPa (Fig. B2a) via the return branch of the Congo Basin Cell (Longandjo et al., 2020). Increases 

in low-level atmospheric moisture across the western boundary are driven by the near-surface temperature gradient between 

the Atlantic Ocean and the equatorial and southern Congo (Fig. S84a, b; Fig. S95), which strengthens the lower branch of the 375 

Congo Basin Cell (Longandjo and Rouault, 2020).  
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Figure 11: Fraction of observed 𝜹𝑫 above a series of mixing (solid) and Rayleigh (dashed) models. Blue shades 
represent a density map of the TES δD observations. Green indicates land-based water vapor models, while black 
indicates ocean-based water vapor models. 𝒇𝒎𝒊𝒙 is the fraction of observed 𝜹𝑫 above the uppermost, land-based mixing 380 
model. For (a) the “before” period (19-14 pentads prior to the fall RSO); (b) the early-transition; and (c) the late-
transition. 
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Net meridional MF𝑄௠௘௥௜ௗ௜௢௡௔௟  convergence initially divergence weakens towards zero (Fig. 9c). Across the southern 

boundary, moisture transport leaving the basin at low levels increases (Fig. B2d, f), moving towards the Congo Air Boundary 

(aqua contours in Fig. 10b denote sharp surface humidity gradients that show the rough location of the Congo Air Boundary; 385 

Howard and Washington, 2019) and associated low-level convergence band (Fig. 10b). Additionally, moisture transport into 

the equatorial Congo across the southern boundary, above 850 hPa, decreases in strength (Fig. 10d, e). This acts against 

increases in low-level moisture entering the basin across the northern boundary (Fig. B2d). Together, this causes the 𝑛𝑒𝑡 𝑚𝑒𝑟𝑖𝑑𝑖𝑜𝑛𝑎𝑙 𝑀𝐹𝑄௠௘௥௜ௗ௜௢௡௔௟ divergence by the end of the transition period.  

Figure 12: Prior to the fall RSO: (a) cloud area fraction for high, mid-high, mid-low, and low clouds; (b) cloud top 390 
temperature and cloud top height; (c) convective available potential energyCAPE; and convective inhibitive 
energyCIN; (d) equivalent potential temperature (𝜽𝒆; shades) and saturated equivalent potential temperature (𝜽𝒆𝒔); 
(e) vertical velocity; and (f) black contours: 650 hPa zonal wind greater than 6.5 m/s, denoting the AEJ-N. Shaded 
contours represent the wind shear (𝒖𝟗𝟎𝟎 − 𝒖𝟔𝟓𝟎). Shades of the time series in (a)- (c) represent the standard error of 



23 
 

the mean of the different years. All the time series have been smoothed using a Savitsky-Golay filter (number of 395 
coefficients: 5, polynomial order 2). 

Meanwhile, the contribution of ET to atmospheric moisture does not change significantly: 𝑓௠௜௫ = 0.612 േ 0.082 during 

the “prebefore” period, while 𝑓௠௜௫ = 0.665 േ 0.168 during the early transition (Fig. 11a, b). Therefore, it is the increases of 

low-level moisture from the Atlantic Ocean that initiate the early transition period prior to the fall RSO.  

Figure 13: Evolution of (a) level of free convection (LFC), (b) MSE at 925 hPa and 700 hPa; (c) 𝑪𝒑𝑻 at 925 hPa and 700 400 
hPa; and (d) 𝑳𝒗q at 925 hPa and 700 hPa. All are prior to the fall rainy season. All are averaged between 𝟏𝟒𝑬° − 𝟐𝟔°𝑬 
to account for effects of topography in the eastern part of the region. All have been smoothed using a Savitsky-Golay 
filter. Shades represents the standard error of the mean of the different years. 

Despite an overall unstable lapse rate (ௗఏ೐ௗ௣  <0), the thermodynamic condition of tropospheric column does not yet support 

deep convection. In the first half of the early transition, decreases in low-level atmospheric moisture (Fig. 13d) weakens 405 

negative ௗఏ೐ௗ௣ , coinciding with rising convective inhibitive energyCIN and LFC, as well as decreasing convective available 

potential energyCAPE and low and mid-level MSE (Fig. 12c, d; Fig. 13b, c). Changes in MSE at both levels are mainly due 

to changes in 𝐿௩𝑞 rather than 𝐶௣𝑇 (Fig. 13b, c, d). In the second half of the early transition, low-level moisture begins to 

increase, corresponding to increases in 𝜃௘ in the low-levels and strengthening negative (destabilizing) ௗఏ೐ௗ௣  (Fig. 12c; Fig. 13d). 
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This corresponds to the LFC stabilizing (no longer consistently increasing) between -7 to -2 pentads prior to the RSO (Fig. 410 

13a) and decreases in convective inhibitive energyCIN (Fig. 12c). Additionally, the vertical velocity is near zero above 600 

hPa (Fig. 12e). Therefore, atmospheric dynamic conditions are not yet ready to facilitate increase of deep convection, consistent 

with relatively low and constant mid-high and high cloud covers (Fig. 12a), cloud top temperatures, and cloud top heights (Fig. 

12b).  

Figure 14: The zonal and vertical cross-section of relative humidity (shades) and vectors of 𝒖 and 𝝎 averaged between 415 
2°S-2°N for (a) the early transition period, i.e., 14-3 pentads prior to the fall RSO; (b) the late transition period, i.e., 2-
0 pentads prior to the fall RSO. The vertical wind, ω, is magnified by multiple 100. As in (a)-(b), but for zonal wind 
speed (𝒖) for (c) 14-3 pentads prior to the fall RSO; and d) 2-0 pentads prior to the fall RSO. Grey mask in (a)-(b) and 
white mask in (c)-(d) denote the topography of the region. 

 420 

3.2.2 Late Transition Period 

The late transition period to the fall rainy season starts with sharp increases in precipitation P, vertically integrated 

MF convergence, and CWV (Fig. 9a, b). Meanwhile, the contribution of ET to atmospheric moisture (𝑓 = 0.613 േ 0.194) 

does not change significantly (Fig. 11c). 𝑍𝑜𝑛𝑎𝑙 𝑀𝐹𝑄௭௢௡௔௟ convergence sharply increases, while meridional M𝑄௠௘௥௜ௗ௜௢௡௔௟F 

divergence weakens to near zero (Fig. 9c). 425 
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Zonally, the speed of low-level westerly wind that carry moisture from the Atlantic Ocean further increases (Fig. 

10b,c). This is due to further increases in the zonal temperature gradient as the Atlantic cold tongue develops (Fig. S84b, c; 

Fig. S95; Caniaux et al., 2011), which increases the strength of the lower branch of the Congo Basin Cell (Longandjo and 

Rouault, 2020). Meanwhile, the strength of the mid-level zonal moisture transport does not change as much compared to its 

low-level counterpart, indicating that the sharp increase in 𝑛𝑒𝑡 𝑧𝑜𝑛𝑎𝑙 𝑀𝐹𝑄௭௢௡௔௟ convergence is driven by increases  low-level 430 

moisture transport (Fig. 9c; Fig. B2a, b, e).  

Meridionally, in the low-levels, moisture transport out of the southern boundary into the southern Congo continues 

to increase as the low-level winds move towards the Congo Air Boundary (Fig. 10b, c). However, this is compensated by 

moisture transport into the southern equatorial Congo across the southern boundary above 850 hPa (Fig. 10e, f, h, g; Fig. B2d). 

Across the northern boundary, low level moisture transported into the basin increases, acting against mid level moisture leaving 435 

the basin (Fig. B2c). Therefore, 𝑛𝑒𝑡 𝑚𝑒𝑟𝑖𝑑𝑖𝑜𝑛𝑎𝑙 𝑀𝐹𝑄௠௘௥௜ௗ௜௢௡௔௟ divergence decreases (Fig. 9c). 
Ats the low-levels, atmospheric moisture increases rapidly due to increases in westerly winds (Fig. 14) and further 

destabilizes (strengthens negative ௗఏ೐ௗ௣ ; Fig. 12d). The increased  atmospheric moisture lifts up into the mid-troposphere above 

800 hPa via the ascending branch of the Congo Basin Cell (located between 10°𝐸 − 20°𝐸𝐶) as well as orographically along 

the slope of the East African Rift (Fig. 14a, b), Therefore, mid-tropospheric relative humidity increases (Fig. 14b) despite 440 

subsidence in the low troposphere in the interior of the basin (Fig. 12e; Fig. 14b). As the mid-troposphere moistens, the 

thermodynamic atmospheric condition becomes favourable for deep convection rapidly, as shown by decreases in convective 

inhibitive energyCIN (Fig. 12c) and LFC (Fig. 13a) and increases in convective available potential energyCAPE (Fig. 12c). 

Meanwhile, despite the absence of the AEJ-N or AEJ-S over the equatorial region (Fig. 12f), the return branch of the 

Congo Basin Cell provides the vertical wind shear (Fig. 12f, on average within the equatorial region 8.30 𝑚 𝑠ିଵ during the 445 

late transition period prior to the fall RSO compared to 8.55 𝑚 𝑠ିଵ during the late transition period prior to the spring RSO) 

needed for favourable dynamic conditions for mesoscale convective systems (MCSs). These conditions enable rapid increase 

of P (Fig. 9a), and lead to the fall RSO as indicated by increases in the strength of vertical velocity from the lower atmosphere 

to 300 hPa (Fig. 12e), sharp increases (decreases) in high/mid-high (low) clouds, sharp increases in cloud top height, and sharp 

decreases in cloud top temperatures (Fig. 12a, b). 450 

In summary, the transition from the boreal summer dry season to the fall RSO is mainly initiated by increasing 

westerly moisture transport from Atlantic Ocean into the equatorial Congo basin in the boundary layer via the lower branch of 

the Congo Basin Cell (925-875 hPa). These changes start 14 pentads (around mid-June) before the fall RSO (around late 

August). This weakens the vertically integrated MF divergence, which, in turn, slows down the drying trend during the dry 

season. Low-level moisture increases due to increases in moisture transport from the Atlantic Ocean during the early transition 455 

(14-3 pentads before the fall RSO). Mid-level atmospheric moisture increases as a result of increased uplift via the ascending 

branch of the Congo Basin Cell and orographic uplift against the East African Rift during the late transition period. This 
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increases CWV, which subsequently reduces convective inhibitive energyCIN and lows the LFC, while increasing convective 

available potential energyCAPE, MSE and vertical wind shear. Subsequently, the fall rainy season begins.   

4 Discussion 460 

4.1 Comparing the Transition to the Spring vs Fall Rainy Seasons 

Here, we compare how conditions evolve to trigger the spring and fall rainy seasons, clarifying the similarities and 

differences in the controlling processes and their interactions that lead to each season's onset. 

Prior to the spring rainy season, low-level moisture from the equatorial region is transported to the West African Heat 

Low, mixes with warm air from the Sahelian region (Fig. 4c; Fig. S51), uplifts, and then returns to the equatorial Congo (Fig. 465 

4f) at the mid-levels (850-600 hPa). Therefore, a shallow meridional overturning cell exists that moves moisture northward at 

low levels, and southward at mid-levels. In contrast, prior to the fall rainy season, low-level moisture from the Atlantic Ocean 

turns towards the Congo Air Boundary located in the southern Congo. This low-level moisture transport into the equatorial 

Congo across the western boundary is greater in the fall rainy season compared to the spring rainy season, consistent with 

Pokam et al. (2012) who found that the Atlantic Ocean plays an important role in low-level moisture flux between August-470 

November. As this low-level moisture reaches the Congo Air Boundary, it mixes with warm air from the southern Congo 

Basin (Fig. S84e, f) and South Africa (Worden and Fu 2025), uplifts, and then returns to the equatorial Congo (Fig. 10d-i) 

Therefore, a shallow meridional overturning cell exists that moves moisture southward at low levels, and northward at mid-

levels. 

Furthermore, the Congo Basin Cell moves further into the interior of the basin prior to the fall RSO compared to the 475 

spring RSO, with its ascending branch located around 20°𝐸 prior to the fall and located around 15°𝐸 prior to the spring rainy 

season (Fig. 8a, b; Fig. 14a, b). Therefore, less moisture is brought into the region across its western boundary prior to the 

spring (Fig. B1a; Fig. B2a) and prior to the fall. Finally, the cause of the lower to middle tropospheric wind shear differs 

between the two rainy seasons. The zonal shear increases prior to the start of the rainy season is induced by the formation of 

the AEJ-N, present in the equatorial region. Meanwhile, prior to the fall rainy season, shear exists due to the return branch of 480 

the Congo Basin Cell, at similar pressure levels, but it is weaker compared to the wind shear prior to the spring RSO.  

Additionally, the thermodynamic conditions are more favourable for convection prior to the fall RSO than the spring 

RSO. Convective inhibitive energyCIN prior to the spring rainy season ranges from 226-308 J/Kg and is 226 J/kg 1 pentad 

prior to RSO, while convective inhibitive energyCIN prior to the fall rainy season ranges from 149-222 J/kg and is at 149 J/kg 

1 pentad prior to the RSO. The LFC is also higher by the beginning of the spring RSO compared to the fall RSO. Therefore, 485 

the cloud base is higher, and convective air must overcome stronger convective inhibitive energyCIN prior to the spring RSO.  

Finally, both transition periods show increasing low-level atmospheric moisture before increases in mid-level 

atmosphere, and the moistening of the mid-level during late transition seasons that is important for increasing deep convection 

and initiating both RSOs. The increase of low-level zonal moisture transport is mainly responsible for increasing the lower-
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level moisture, whereas the increase of mid-level is main due to lifting of the low-level moisture to the mid-level by ascending 490 

branch of the Congo Basin Cell over the western equatorial Congo basin and by the East African rift over the eastern equatorial 

Congo basin.  

4.2 Comparing the Transition to the Fall Rainy Season in the Equatorial vs Southern Congo 

We next compare the transition period to the fall rainy season in the equatorial versus southern Congo. The fall rainy 

season onsetRSO is earlier over the equatorial Congo basin, beginning on average 1829 August, than that over the southern 495 

Congo, beginning on average 9 October (Worden and Fu, 2025). This difference in timing is likely driven, in part, by the 

seasonal movement of the Congo Air Boundary (Longandjo and Rouault, 2020), which is centred closer to the equator prior 

to the equatorial RSO (Fig. 10b, c) and then moves towards the southern Congo prior to the fall RSO (Worden and Fu, 2025). 

This southward movement brings with it moisture from the equatorial region, supporting the southern Congo RSO in boreal 

fall. Furthermore, moisture contributions between the two regions differ greatly. ET is the dominant contributor to atmospheric 500 

moisture prior to the fall rainy season in the equator; however, it does not change significantly during the transition period. 

Meanwhile, for the southern region, ET increases significantly and contributes equally to atmospheric moisture as the oceanic 

moisture transport by the late transition period. Therefore, the increases of moisture prior to the RSOs in the equatorial region 

are primarily controlled by advected oceanic moisture, while over the southern Congo, moisture increases are controlled by 

increases of both moisture transport from the ocean and from ET over land.  505 

Additionally, atmospheric instability differs strongly. In the equatorial region, convective available potential 

energyCAPE is much higher than convective inhibitive energyCIN for the entire transition period, helping initiate a large jump 

in precipitation P once convective inhibitive energyCIN decreases as there is plenty of energy for deep convection. However, 

in the southern region, convective available potential energyCAPE is lower, and convective inhibitive energyCIN is higher 

than in the equatorial Congo, where above 700 hPa is dominated by adiabatic warming due to subsidence until the late transition 510 

period. Therefore, the equatorial region has larger potential for storms and heavy rain to occur than in the southern Congo 

basin.  

Finally, the AEJs play different roles between the equatorial region and the southern Congo. In the equatorial region, 

both the AEJ-S and AEJ-N do not play a direct role in determining vertical wind shear prior to the fall RSO. In contrast, the 

AEJ-S directly contributes to the vertical wind shear prior to the RSO in the southern Congo. Therefore, it is important to 515 

consider the sub-basin scale variability in the evolution of atmospheric conditions prior to the transition to the RSOs that will 

likely react differently to climate perturbations and hence the seasonal rainfall cycle. 
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5 Conclusion 

Using a suite of satellite and reanalysis data, we examined the mechanisms controlling the transition periods to the 

spring and fall rainy season in the equatorial Congo. We summarize these mechanisms below.  520 

 

Figure 15: Summary of the key systems controlling moisture transport over the equatorial Congo Basin prior to (a) the 
spring RSO and (b) the fall RSO. 

Spring rainy season onset: 
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(1) Early-transition: This period starts with a turning point from strengthening to weakening of the vertically integrated MF 525 

divergence. Changes in both 𝑧𝑜𝑛𝑎𝑙 𝑎𝑛𝑑 𝑚𝑒𝑟𝑖𝑑𝑖𝑜𝑛𝑎𝑙 𝑀𝐹𝑄௭௢௡௔௟ and 𝑄௠௘௥௜ௗ௜௢௡௔௟ lead to near zero vertically integrated 

MF divergence by the end of this period. This is due to (1) increases in low-level moisture entering the basin from the 

Atlantic Ocean; and (2) initial decreases and then increases in mid-level moisture entering the basin from the Indian Ocean 

and leaving the basin back towards the Atlantic Ocean. Changes in 𝑛𝑒𝑡 𝑚𝑒𝑟𝑖𝑑𝑖𝑜𝑛𝑎𝑙 𝑀𝐹𝑄௠௘௥௜ௗ௜௢௡௔௟ are due to increases 

in low-level moisture leaving the basin across the northern boundary towards the West African heat low level moisture 530 

entering the basin across the southern boundary. ET contributes the most to atmospheric moisture but does not change 

significantly. Meanwhile, large convective available potential energyCAPE, and negative ௗఏ೐ௗ௣ ,but large convective 

inhibitive energyCIN and high LFC, as well as the presence of subsidence in the upper troposphere, indicates that 

thermodynamic conditions are beginning to change in favour of deep convection. 

(2) Late-transition: This period starts with increases sharp increases in CWV, indicating atmospheric moistening, MF 535 

convergence, and precipitationP. Increases in low-level moisture transport into the region from the Atlantic Ocean and 

mid-level transport into the region from the Indian Ocean act against moisture leaving the region at mid-levels back 

towards the Atlantic Ocean. Low-level moisture is lifted to the mid-troposphere by the ascending branch of the Congo 

Basin Cell on the western edge of the region, and by orographic uplift in the eastern part of the region as moisture is 

pushed up the East African Rift. Meridionally, more moisture transport enters the region across the northern boundary 540 

than leaves the basin across the southern boundary, supporting mid-level MF convergence (most important feature for 

predicting precipitation; Table 2). Atmospheric moisture increases, causing decreases in CIN (second-most important 

feature for predicting precipitation; Table 2) and lowering of the LFCAt the mid-levels, meridional MF convergence 

strengthens : more moisture transport enters the region across the northern boundary than leaves the basin across the 

southern boundary. Therefore, mid-level atmospheric moisture increases, causing decreases in convective inhibitive 545 

energyCIN and lowering of the LFC. Additionally, the AEJ-N moves over the equatorial region, providing vertical wind 

shear. This all leads to sharp increases in precipitationP. That ET contribution to atmospheric moisture does not change 

significantly indicates that it provides background moisture but does not contribute to transitioning the atmospheric 

conditions to be conducive for deep convection. 

Fall rainy season onset: 550 

(1) Early Transition: This period starts from a turning point from increasing to weakening vertically integrated MF 

divergence, which reaches convergence about halfway through the period. These changes are primarily due to large 

increases in 𝑛𝑒𝑡 𝑧𝑜𝑛𝑎𝑙 𝑀𝐹𝑄௭௢௡௔௟ convergence, as increases in low-level moisture transport from the Atlantic Ocean, due 

to the strengthening of the low-branch Congo Basin Cell (Longandjo and Rouault, 2020), act against mid-level moisture 

transport out of the region back towards the Atlantic Ocean. Therefore, low-level moisture increases in the second half of 555 

the transition period, increasing CWV and strengthening the negative ௗఏ೐ௗ௣  gradient. However, as mid-level atmospheric 
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moisture decreases to a minimum, atmospheric thermodynamic conditions are not yet ready to support deep convection, 

as convective inhibitive energyCIN is high and the LFC are highis elevated.  

(2) Late Transition: CWV, vertically integrated MF convergence, and precipitation P increase sharply. ET remains the same, 

but it contributes an equal amount of atmospheric moisture for rainfall as in the early transition period. Net zonal MF 560 

convergence increases as low-level moisture from the Atlantic Ocean increases. 𝑁𝑒𝑡 𝑚𝑒𝑟𝑖𝑑𝑖𝑜𝑛𝑎𝑙 𝑀𝐹𝑄௠௘௥௜ௗ௜௢௡௔௟ 
divergence goes to near zero despite increases in low-level moisture transport towards the Congo Air Boundary across the 

southern boundary. Low-level moisture is pushed upwards by the ascending branch of the Congo Basin Cell, located more 

centrally in the region compared to prior to the spring RSO, as well as up against the East African RiftThis, along with 

increases in mid-level meridional MF convergence (moisture transport entering the basin is greater than moisture transport 565 

leaving the basin above 850 hPa) supports mid-level MF convergence (most important feature for predicting precipitation; 

Table 2) and moistens the mid-troposphere, lowering CIN and the LFC. This, along with increases in net mid-level 

meridional moisture transport convergence (moisture transport entering the basin is greater than moisture transport leaving 

the basin above 850 hPa) moistens the mid-troposphere, lowering convective inhibitive energyCIN and the LFC. The 

westerly return branch of the Congo Basin Cell provides the vertical shear needed. Therefore, conditions are conducive 570 

for the start of the rainy season.  

Table 2: Summary of changes to key features controlling the rainy season transition periods for the spring and fall 
rainy seasons. A ridge regression was performed to show which features are most important to controlling P during 
the transition period. The 𝑹𝟐 represents the performance of the test dataset (30% of data withheld when training the 
model).  575 

Spring Early Transition Phase Spring Late Transition Phase 𝑃௦௣௥ோௌை = 0.45𝑀𝐹௠௜ௗି௟௘௩௘௟ − 0.27𝐶𝐼𝑁 + 0.16𝑀𝐹௟௢௪ି௟௘௩௘௟ + 0.014𝑆ℎ𝑒𝑎𝑟 − 0.005𝑀𝑆𝐸௟௢௪ି௟௘௩௘௟ − 0.002𝐶𝐴𝑃𝐸 + 3.51 𝑅ଶ = 0.58 

 𝑀𝐹௟௢௪ି௟௘௩௘௟ (𝑞.𝐷𝐼𝑉 averaged between 925-875 hPa): 

Convergence decreasing. Moisture transport from 

Atlantic Ocean, through equatorial Congo, towards 

West African Heat Low. 

𝑀𝐹௟௢௪ି௟௘௩௘௟: Convergence decreasing.  Moisture transport 

from Atlantic Ocean, through equatorial Congo, towards 

West African Heat Low. 

𝑀𝐹௠௜ௗି௟௘௩௘௟ (𝑞.𝐷𝐼𝑉 averaged between 850-600 hPa): 

Convergence increasing. Moisture transport from 

Indian Ocean, through equatorial Congo, towards 

Atlantic Ocean. 

𝑀𝐹௠௜ௗି௟௘௩௘௟: Convergence increasing. Zonal Moisture 

transport from Indian ocean, through equatorial Congo, 

towards Atlantic Ocean. 

𝐶𝐼𝑁: Steady 𝐶𝐼𝑁: Decreasing 
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𝐶𝐴𝑃𝐸: Increasing 𝐶𝐴𝑃𝐸: Increasing 𝑀𝑆𝐸௟௢௪ି௟௘௩௘௟(averaged between 925-875 hPa):  
Increasing 

𝑀𝑆𝐸௟௢௪ି௟௘௩௘௟: Increasing 

𝑆ℎ𝑒𝑎𝑟: Steady 𝑆ℎ𝑒𝑎𝑟: Increasing, from return branch of Congo Basin 

Cell 𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛: Steady 𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛: Increasing 

Fall Early Transition Phase Fall Late Transition Phase 𝑃௙௔௟௟ோௌை = 0.24𝑀𝐹௠௜ௗି௟௘௩௘௟ + 0.13𝑀𝑆𝐸௟௢௪ି௟௘௩௘௟ + 0.10𝐶𝐴𝑃𝐸 + 0.09𝑀𝐹௟௢௪ି௟௘௩௘௟ − 0.06𝐶𝐼𝑁 − 0.014𝑆ℎ𝑒𝑎𝑟+ 3.49 

 𝑅ଶ = 0.43 𝑀𝐹௟௢௪ି௟௘௩௘௟: Convergence increasing. Moisture 

transport switch from northeast direction to southeast 

direction: from Atlantic Ocean, through equatorial 

Congo, towards Congo Air Boundary  

𝑀𝐹௟௢௪ି௟௘௩௘௟: Convergence increasing.  Moisture transport 

from Atlantic Ocean, through equatorial Congo, towards 

Congo Air Boundary. 

𝑀𝐹௠௜ௗି௟௘௩௘௟: Convergence increasing. Moisture 

transport from Southern Congo and Indian Ocean, 

through equatorial Congo, towards Atlantic Ocean. 

𝑀𝐹௠௜ௗି௟௘௩௘௟: Convergence increasing. Moisture transport 

from Southern Congo and Indian ocean, through equatorial 

Congo, towards Atlantic Ocean. 𝐶𝐼𝑁: Decreasing 𝐶𝐼𝑁: Decreasing 𝐶𝐴𝑃𝐸: Decreasing 𝐶𝐴𝑃𝐸: Increasing 𝑀𝑆𝐸௟௢௪ି௟௘௩௘௟: Decreasing 𝑀𝑆𝐸௟௢௪ି௟௘௩௘௟: Increasing 𝑆ℎ𝑒𝑎𝑟: Steady 𝑆ℎ𝑒𝑎𝑟: Steady, from return branch of Congo Basin Cell 𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛: Steady 𝑃𝑟𝑒𝑐𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛: Increasing 

The clarification of the atmospheric processes that drive the dry to rainy season transition provided by this study will 

lay the groundwork for understanding variability in the seasonal cycle of precipitation. This includes changes induced by 

ENSO, the Indian Ocean Dipole, and Madden-Julian Oscillations (e.g., Kebacho and Sarfo, 2023; Moihamette et al., 2022; 

Jury et al., 2009; Creese et al., 2019), variability induced by aerosols (Chakraborty et al., 2020), by the poleward movement 

of the northern and southern heat lows (Cook et al., 2020), and by the long-term AMJ drought (Jiang et al., 2019). Overall, the 580 

equatorial region seasonal rainfall is influenced by a combination of local (e.g., ET providing background moisture, and 

orographic uplift) and regional factors (e.g., moisture from the Atlantic Ocean, the West African Heat Low, and the Congo Air 

Boundary). Therefore, it is important to consider the influence of climate variability on the rainy season timing and intensity 

on both scales.  
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6 Appendices 585 

6.1 Appendix A 

The following text further explains the comparison of the observed 𝛿𝐷 measurements to the mixing and Rayleigh 

models, as well as the error calculations involved: 

A mixing model is described as follows: 𝛿௠௜௫ = 𝑞଴(𝛿଴ − 𝛿ி) ଵ௤ + 𝛿ி                        Eq. A1 590 

Where 𝑞଴ and 𝛿௢ are, respectively, the specific humidity and its 𝛿𝐷 value of the dry air mass in the upper troposphere, and 𝑞ி 

and 𝛿ி are, respectively, the specific humidity and 𝛿𝐷 value of the air mass at the surface. 𝑞 = 𝑞଴+ 𝑞ி is the specific humidity 

of the mixed air mass between dry air mass in the upper troposphere and humid air mass from its surface source (Noone, 2012). 

We also examine the observed 𝛿𝐷 values in relation to a Rayleigh model, which describes the change of 𝛿𝐷 with 

water vapor mixing rate as liquid water evaporates in 595 

equilibrium with temperature: 𝛿௥௔௬ ≃ (𝛼 − 1) ln ቀ ௤௤బቁ + 𝛿଴                          Eq. A2 

where 𝛼 is set to equal the temperature-dependent equilibrium fractionation factor between liquid and water vapor (Majoube, 

1971). Further discussion of 𝛿𝐷 and these models can be found in (Worden et al., 2021).  

Following Worden et al. (2021), we compare the observed 𝛿𝐷 measurements to the mixing and Rayleigh models to 600 

identify the relative contribution of ET to atmospheric moisture. The initial values of modeled 𝛿𝐷 (𝛿ி) were −50‰ and −80‰ for land-based and ocean-based models, respectively, chosen based on representative values of 𝛿𝐷 from land and 

ocean. Any observed 𝛿𝐷 above the land-based mixing model is considered as transpired by the plants over land.  Any 𝛿𝐷 

value shown between the land-based and ocean-based mixing models likely comes from some mixture of the two sources. The 

fraction of atmospheric moisture coming from ET is represented by the fraction of observed 𝛿𝐷 above the land-based mixing 605 

model (𝑓௠௜௫). This fraction can be considered a lower bound on the amount of ET contributing to atmospheric moisture because 

rainfall processes as well as vapor originating from oceans or evaporation and mixing with vapor from ET will decrease 𝛿𝐷. 
To calculate the error on this fraction, we assume a 12‰ error in the 𝛿𝐷 observations, and recalculate the fraction of 𝛿𝐷 above 

the land-based mixing model with 12‰ added and subtracted from the observations as in Worden et al. (2021). We then find 

the differences between the original fraction and the new fractions and average the two to calculate our final error. 610 
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6.2 Appendix B 

 

Figure B1: (a) Zonal moisture transport (𝒒 ∗ 𝒖) across 𝟏𝟓°𝑬 and between 𝟐°𝑺 − 𝟐°𝑵; (b) zonal moisture transport (𝒒 ∗𝒗) across 𝟑𝟎°𝑬 and between 𝟐°𝑺 − 𝟐°𝑵. Note that contours below 875 hPa should not be considered as they are below 
the East African Rift, but all pressure levels are shown to emphasize the mid-level moisture transport. (c) meridional 615 
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moisture transport (𝒒 ∗ 𝒗) across 𝟐°𝑵 and between 𝟏𝟓°𝑬 − 𝟑𝟎°𝑬; d) meridional moisture transport (𝒒 ∗ 𝒗) across 𝟐°𝑺 
and between 𝟏𝟓°𝑬 − 𝟑𝟎°𝑬; e) zonal moisture  transport at 925 hPa (orange) and 700 hPa (purple) across the western 
and eastern boundaries; and f) meridional moisture transport at 925 hPa (green) and 700 hPa (grey) cross the northern 
and southern boundaries.  For (a) and (b), positive values equal eastward transport and negative equal westward 
transport. For (c) and (d), positive equals northward transport and negative values equal southward transport. 620 
Additionally, for longitude values greater than 𝟐𝟔°𝑬, meridional moisture transport values have been masked out 
between 925-875 hPa to account for the topography of the East African Rift. Therefore, shades below 875 hPa represent 
meridional moisture transport between 𝟏𝟓°𝑬 − 𝟐𝟔°𝑬.  Prior to the spring RSO. 
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Figure B2: a) zonal moisture transport (𝒒 ∗ 𝒖) across 𝟏𝟓°𝑬 and between 𝟐°𝑺 − 𝟐°𝑵; b) zonal moisture transport (𝒒 ∗625 𝒗) across 𝟑𝟎°𝑬 and between 𝟐°𝑺 − 𝟐°𝑵. Note that contours below 875 hPa should not be considered as they are below 
the East African Rift, but all pressure levels are shown to emphasize the mid-level moisture transport. c) meridional 
moisture transport (𝒒 ∗ 𝒗) across 𝟐°𝑵 and between 𝟏𝟓°𝑬 − 𝟑𝟎°𝑬; and d) meridional moisture transport (𝒒 ∗ 𝒗) across 𝟐°𝑺 and between 𝟏𝟓°𝑬 − 𝟑𝟎°𝑬; e) zonal moisture  transport at 925 hPa (orange) and 700 hPa (purple) across the 
western and eastern boundaries; and f) meridional moisture transport at 925 hPa (green) and 700 hPa (grey) cross the 630 
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northern and southern boundaries. For a) and b), positive values equal eastward transport and negative values equal 
westward transport. For c) and d), positive values equal northward transport and negative values equals southward 
transport. Additionally, for longitude values greater than 𝟐𝟔°𝑬, meridional moisture transport values have been 
masked out between 925-875 hPa to account for the topography of the East African Rift. Therefore, shades below 875 
hPa represent meridional moisture transport between 𝟏𝟓°𝑬 − 𝟐𝟔°𝑬. Prior to the fall RSO. 635 
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data and TRMM 3b42 daily precipitation can be downloaded using the NASA GES DISC: https://disc.gsfc.nasa.gov. 

ERA5 products can be found at: https://cds.climate.copernicus.eu/cdsapp#!/home. TES HDO and H2O estimates can be found 
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