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Abstract 19 

The boreal summer dry season length is reported to have been increasing in the last three decades 20 

over the Congo rainforest, which is the second-largest rainforest in the world. In some years, the 21 

wet season in boreal autumn starts early while in others it arrives late. The mechanism behind such 22 

a change in wet season onset date has not been investigated yet.  Using multi-satellite datasets, we 23 

discover that the variation of aerosols in dry season plays a major role in determining the 24 

subsequent wet season onset. Dry season aerosol optical depth (AOD) influences the strength of 25 

the southern African easterly jet (AEJ-S) and thus the onset of the wet season. Higher AOD 26 

associated with a higher dust mass flux reduces the net downward shortwave radiation and 27 

decreases the surface temperature over the Congo rainforest region, leading to a stronger 28 

meridional temperature gradient between the rainforest and the Kalahari Desert as early as in June.  29 

The latter, in turn, strengthens the AEJ-S, sets in an early and a stronger easterly flow, leads to a 30 

stronger equatorward convergence and an early onset of the wet season in late August to early 31 

September.  The mean AOD in the dry season over the region is strongly correlated (r =0.7) with 32 

the timing of the subsequent wet season onset.  Conversely, in low AOD years, the onset of the 33 

wet season over the Congo basin is delayed to mid-October.    34 

 35 

 36 

 37 

 38 

 39 

 40 

 41 
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1. Introduction 42 

Wet season onset over the Congo rainforest marks the end of the dry season with increasing 43 

precipitation; thus it is important for the groundwater as well as soil moisture replenishments, 44 

photosynthetic rate, greenness, ecology, and sustainability of the rainforest, especially in a 45 

warming climate (Erfanian et al., 2017; Lewis et al., 2011, 2013; Marengo et al., 2008). Recent 46 

studies show that the Congo rainforest, which is the second-largest rainforest following the 47 

Amazon, has been experiencing a longer boreal summer dry season (Malhi and Wright, 2004; 48 

Zhou et al., 2014). The dry season length has increased by 6.4-10.4 days per decade between 1988-49 

2013  and the rainfall is declining at a striking rate of –0.32 ± 0.10 mm/day per decade over the 50 

last 50 years (Jiang et al., 2019). Observations also indicate a long-term drying and declining of 51 

greenness in the Congo rainforest (Zhou et al., 2014).  Annual rainfall over much of the Congo 52 

rainforest is marginal to sustain the rainforest (Mayer and Khalyani, 2011; Staver et al., 2011). A 53 

significant reduction of rainfall due to the delay of the main rainy season in boreal autumn can 54 

lead to significant water stress to the rainforest. Besides, continuous deforestation, droughts, and 55 

global warming pose serious threats to the rainforest, make it more vulnerable and unsustainable 56 

for future existence (Tyukavina et al., 2018).  57 

Congo basin experiences two different rainy seasons during March-May (MAM) (Nicholson 58 

and Dezfuli, 2013) and September-December (SON) (Dezfuli and Nicholson, 2013) with the 59 

twice-annual passage of the intertropical convergence zone (ITCZ) (Nicholson, 2018; Nicholson 60 

and Dezfuli, 2013). The latter one (SON) during the boreal autumn is stronger, following the 61 

lengthening and widely spreading dry boreal summer (Jiang et al., 2019), and is associated with a 62 

different dynamical mechanism than that of the MAM rainy season (Jackson et al., 2009). Mid-63 

level African Easterly jets (AEJ), especially the southern hemispheric branch (AEJ-S), are known 64 
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to play a crucial role in the boreal autumn wet season (Adebiyi and Zuidema, 2016; Jackson et al., 65 

2009; Nicholson and Grist, 2003). The AEJ-S is associated with equatorward convergence 66 

(Adebiyi and Zuidema, 2016) and is strong during the boreal autumn season, but absent during the 67 

boreal spring or MAM season (Adebiyi and Zuidema, 2016; Jackson et al., 2009). Very intense 68 

mesoscale convective systems (MCS) are associated with the presence of the AEJ-S  and bring 69 

rainfall during boreal autumn (Jackson et al., 2009; Vondou et al., 2010). Thus, the AEJ-S timing 70 

and strength might play an important role in accelerating or delaying the wet season onset over the 71 

Congo basin. 72 

Year Onset Pentad Day Month 
2003 59 295 Late-October 
2004 51 255 Mid-September 
2005 51 255 Mid-September 
2006 56 280 Early-October 
2007 48 240 Late -August 
2008 53 265 Late-September 
2009 54 270 Late-September 
2010 56 280 Early-October 
2011 50 250 Early-September 
2012 48 250 Early-September 

Solstice 35 171 June 20 
Early: 1-10; Mid: 11-20; Late: 21-31 of a month 

 73 

Table 1. Onset pentads between 2003-2012 from GPCP data.   74 
 75 

Out of the entire Congo basin, only the Angolan coast in the west and the eastern Zaire basin 76 

are regulated by the sea surface temperature (SST) anomalies. Circulation features associated with 77 

El Nino (La Nina) conditions are strongly linked to wet (dry) conditions over the eastern Zaire 78 

basin. Warmer western Indian Ocean SST is somewhat weakly associated with the rainfall over 79 
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there compared to a strong association between the Atlantic SST and the rainfall over the Angolan 80 

Coast (Dezfuli and Nicholson, 2013). Since rainfall onsets in the late August to early September 81 

during the early onset years (Table 1), we plot tropical dSST (differences in SST between early- 82 

and late-onset years and henceforth for other parameters) during August and September in Fig. 1 83 

from AIRS datasets. Fig. 1 shows that although SST over the Indian Ocean is higher, La Nina 84 

condition prevails over the Pacific Ocean during the early onset years. On the other hand, La Nina 85 

conditions, warm SST along the Benguela coast, colder western Indian Ocean are related to the 86 

wet conditions over the Angolan coast (Dezfuli and Nicholson, 2013). The rainfall variability over 87 

the Angolan coast exhibits the strongest correlation (r=0.74) with the SST differences between the 88 

warmer Benguela current (10°E–coast, 2°–16°S) and colder western equatorial Indian Oceans 89 

(coast–56°E, and 2°–14°S) (Dezfuli and Nicholson, 2013). Although La Nina condition develops 90 

and Benguela current is warmer, SST over the western equatorial Indian ocean is higher in August-91 

September (Fig. 1) during the early onset years. As a result, SST differences between the western 92 

equatorial Indian Ocean and Benguela current decreases. Other regions over the Congo basin, such 93 

as the northern and southern areas of the Zaire basin, northern slopes of the Central African plateau, 94 

highlands of the central African Republic show weak relationships with the circulation features, 95 

sea level pressure, and SST (Dezfuli and Nicholson, 2013; Vondou et al., 2010). Rather, the rainfall 96 

variability over the central Congo basin (15°-25°E) is strongly associated with the stronger easterly 97 

tropical jet and local effects (Adebiyi and Zuidema, 2016; Dezfuli and Nicholson, 2013; Jackson 98 

et al., 2009; Nicholson and Grist, 2003; Vondou et al., 2010). Thus, these results explain that the 99 

SST patterns cannot solely explain the early arrival of the wet conditions over the Congo rainforest.  100 
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 101 

Figure 1. Map of mean of August and September dSST for between the early and late-onset 102 
years.  103 

 104 

The moisture source during the wet season is the low-level westerly jet that brings moisture from 105 

the Atlantic Ocean below 850 hPa (Cook and Vizy, 2016; Neupane, 2016; Nicholson, 2018); 106 

however, we observe that the difference in the atmospheric moisture content (not shown) is 107 

insignificant between the early- and late-onset years (Dezfuli and Nicholson, 2013). Thus, over a 108 

large part of the rainforest, as indicated by many studies in the past (Adebiyi and Zuidema, 2016; 109 

Dezfuli and Nicholson, 2013; Jackson et al., 2009; Nicholson and Grist, 2003), zonal circulation 110 

and stronger tropical easterly jets might explain the rainfall variability and onset timing. Hence, 111 

we focus on the influence of the regional thermodynamic and dynamical conditions on the wet 112 

season onset over the Congo basin as suggested by previous studies (Jackson et al., 2009; Vondou 113 

et al., 2010).  114 

On the other hand, it is known that dust aerosols are abundant with frequent outbreaks over the 115 

Congo rainforest (Laurent et al., 2008) and they can modulate the precipitation over Africa 116 

(N’Datchoh et al., 2018). Aerosols have a radiative cooling impact at the surface because they 117 

reflect, scatter, and absorb sunlight (Léon et al., 2002). Such a cooling effect can influence the 118 

meridional temperature gradient, which is the primary driver of the thermally driven jets. A few 119 
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attempts, mostly using model simulations, have been made to tease out the dust impacts on the 120 

west African monsoon (Lavaysse et al., 2011; Marcella and Eltahir, 2014); however, such studies 121 

over the Congo rainforest are absent. Adebiyi and Zuidema (2016) found out that a high amount 122 

of aerosol concentration (aerosol optical depth, AOD>0.5) coexists with the SAE-J. However, till 123 

date, it is not clear whether aerosols can influence the wet season onset timing over the Congo 124 

rainforest despite  their well-known impact on the downward shortwave radiation over the 125 

rainforest (Konzelmann et al., 1996), and the impact of the meridional temperature gradient 126 

between the Congo rainforest and the Kalahari Desert on the AEJ-S (Adebiyi and Zuidema, 2016; 127 

Cook, 1999).  128 

Improved understanding of the mechanisms that affect the timing of the wet season is 129 

important for an accurate representation of the wet season onset in climate models (Whittleston et 130 

al., 2017), for reducing the large uncertainty in the rainfall variability over the Congo rainforest 131 

(Whittleston et al., 2017), and assessing the future and sustainability of the rainforest under various 132 

global warming scenarios. The Congo rainforest has been far less studied compared to the Amazon 133 

rainforest (Wright et al., 2017). Although it is known that the AEJ-S is central to the boreal autumn 134 

wet season over the Congo rainforest, the reasons behind the early or late wet season onset are not 135 

clear. In particular, it is not clear whether and how aerosol loading, in addition to the 136 

meteorological, radiative, and dynamic parameters, affect the timing of the wet season onset.  137 

In this study, we examine the wet season onset timing mechanism by analyzing the aerosol 138 

radiative effect on surface temperature (Ts), AEJ-S, and associated convergence. We use a suite 139 

of satellite measurements, ERA-Interim and Modern Era Retrospective‐Analysis for Research 140 

and Applications (MERRA2) dataset over 10 years (2003-2012), focusing on the domain of 5ºN-141 

10ºS,12ºE-32ºE to tease out the influence of the aerosol radiative effect on the wet season onset. 142 
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We analyze the differences in the above-mentioned conditions between three early-onset (2007, 143 

2011, and 2012) and three late-onset (2003, 2006, and 2010) years (Table 1). Methods to detect 144 

the onset pentads from the Global Precipitation Climatology Project (GPCP) data are given in the 145 

methodology section. We calculate precipitation variability between the early- and late- years 146 

from GPCP data. We use cloud cover and surface irradiance data from the Cloud and the Earth’s 147 

Radiant Energy System (CERES). The AOD data from the Moderate Resolution Imaging 148 

Spectroradiometer (MODIS) is used. Ts is obtained from the Atmospheric Infrared Sounder 149 

(AIRS) and ERA-interim reanalysis is used to detect the AEJ-S and calculate divergence (see 150 

Supporting Material). 151 

2. Data and methodology 152 

2.1 Data  153 

GPGP pentad data 154 

The Global Precipitation Climatology Project (GPCP) pentad rainfall data have been used to 155 

compute the climatological mean and the wet season onset dates. The data are provided in a 2.5º 156 

resolution at a 5 day (pentad) temporal average and available at https://data.nodc.noaa.gov/cgi-157 

bin/iso?id=gov.noaa.ncdc:C00933. The version 2.2 data set has rainfall records from 1979 to 158 

present. GPCP pentad data have been used for wet season onset related analysis in previous 159 

studies (Li and Fu, 2006; Wright et al., 2017). 160 

Cloud and the Earth’s Radiant Energy System (CERES) 161 

CERES provides cloud cover and radiant information at 1° spatial resolution at daily scale. We 162 

use the SYN1deg data set (https://ceres.larc.nasa.gov/products.php?product=SYN1deg) for this 163 

study. The product uses 3 hourly radiances and cloud properties to provide cloud cover, surface 164 

radiance, 500 hPa radiance values. We use the longwave and shortwave data at both the upward 165 
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as well as downward direction in the all-sky and clear-sky conditions. CERES data have 166 

previously been used in wet season onset related studies (Wright et al., 2017) are well-validated 167 

against the in-situ measurements (Loeb et al., 2018).  168 

Moderate Resolution Imaging Spectroradiometer (MODIS) 169 

We use MODIS daily aerosol products to calculate daily aerosol optical depth (AOD) over the 170 

domain. MODIS provides AOD over the oceans and land at a spatial resolution of 10 x 10, 1 km 171 

pixels by using the deep blue algorithm. The MODIS onboard the Aqua satellite data are 172 

available every day from 2002 (https://ladsweb.modaps.eosdis.nasa.gov/missions-and-173 

measurements/science-domain/aerosol) and have been extensively used for scientific purposes in 174 

the past few decades (Adebiyi and Zuidema, 2016; Fan et al., 2016).   175 

Atmospheric Infrared Sounder (AIRS) 176 

AIRS data are available from 08-21-2002 177 

(https://disc.gsfc.nasa.gov/datasets/AIRX3STD_006/summary?keywords=airs%20version%206) 178 

with a. spatial coverage of 180°E to 180°W and 90°S to 90°N. We use the AIRS in combination 179 

with Advanced Microwave Sounding Unit (AMSU) and the Humidity Sounder for Brazil (HSB) 180 

data. These data use visible, infrared, and microwave sensors to estimate water vapor and 2m 181 

surface temperature. AIRS is an instrument onboard the Aqua satellite, which is a part of the A-182 

Train constellation. We use the AIRX3STD (Susskind et al., 2014) daily version 6 standard 183 

physical retrieval data at 1° horizontal resolution.   184 

ERA-Interim 185 

We use ERAi data that are available from 1979 to August 2019. We use the zonal and meridional 186 

wind data to analyze the wind field and the jet location for our study. Previous studies have 187 

already used ERAi data to detect the African jets (Cook, 1999; Jackson et al., 2009). The data are 188 
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available at a 0.75 x 0.67 spatial resolution in the longitudinal and latitudinal direction, 189 

respectively at four different hours (00, 06, 12, 18) of temporal resolution. The data are available 190 

at 60 pressure levels from the surface to 0.1 hPa, which can be found at 191 

https://www.ecmwf.int/en/forecasts/documentation-and-support/60-model-levels. We have used 192 

673 hPa and 897 hPa levels wind data to calculate the intensity and direction of the Southern as 193 

well as Northern African Easterly jets (AEJ-S and AEJ-N) and low level African westerly jet, 194 

respectively.  195 

Modern Era Retrospective‐Analysis for Research and Applications (MERRA2) 196 

We use two-dimensional hourly averaged surface and vertically integrated aerosol mass fluxes 197 

(tavg1_2d_aer_Nx) from the Modern Era Retrospective‐Analysis for Research and Applications 198 

(MERRA2) data setsc(Gelaro et al., 2017). The gridded data are provided in 576 grids along the 199 

longitudinal and 361 grids along the latitudinal direction. The data provide five different aerosol 200 

mass fluxes, such as dust (DU), organic carbon (OC), black carbon (BC), sulfates (SU), and sea 201 

salt (SS) in the zonal and meridional direction. We use this dataset to estimate the dominant 202 

aerosol types that contribute to the largest fraction to the aerosol concentrations.  The MERRA-2 203 

aerosol reanalysis data are validated against 793 Aerosol Robotic Network (AERONET) stations 204 

(Gueymard and Yang, 2020) and has already been used for scientific purposes (Sitnov et al., 205 

2020; Xu et al., 2020).  206 

2.2 Methods 207 

We first compute mean rainfall over the domain (5ºN-10ºS,12ºE-32ºE) from 1979 for each pentad. 208 

GPCP Pentad data have often been used to detect wet season onset over other regions of the world 209 

(Li and Fu, 2006; Wright et al., 2017). The climatological (1979-2013) mean rainfall is 4.14 210 

mm/day over the domain. We detect onset dates each year based on three criteria: 1) the rainfall 211 
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of that pentad is higher than the climatological mean, 2) five out of eight pentads before that pentad 212 

has rainfall less than the climatological mean, and 3) five out of eight pentads after that pentad has 213 

rainfall more than the climatological mean (Wright et al., 2017). Onset pentads between 2003-214 

2012 are shown in Table 1. We used GPCP daily data to compute five days (pentad) rainfall. We 215 

compute rainfall time series during the three early (2007, 2011, 2012) and three late (2003,2006, 216 

2010) in Fig. 1A. The differences in rainfall and other parameters including cloud cover, AOD, 217 

wind speed of the AEJ-S, and radiation fluxes from June to September between the early- and late-218 

onset years are computed.  219 

We compute cloud cover from CERES and AOD from MODIS datasets. We compute 220 

pentad values of low, mid-low, mid-high, and high cloud cover (%) over the domain. To 221 

compute AOD, we used daily Aqua MODIS AOD data and averaged over five consecutive days 222 

to estimate pentad AOD values over the domain. To understand the relationships between 223 

rainfall onset and meteorological as well as dynamical conditions over the domain, we have 224 

computed various other parameters from various satellites and ERA-interim reanalysis datasets. 225 

We compute net downward shortwave energy (SWnet) as a difference between the downward 226 

shortwave energy and upward shortwave energy at the surface from CERES data.   227 

We use daily AIRS 2m surface temperature (Ts) to calculate the pentad values over the 228 

domain. To detect the African Easterly Jets, we use ERA interim zonal and meridional wind 229 

data. For the Southern African Easterly Jet (AEJ-S), we use the 650 hPa between 5º-15ºS and 230 

12º-24º E (Adebiyi and Zuidema, 2016). We show the wind map of the jet over the domain in 231 

Figure 3. We also use wind speed and direction in our analysis to show the maps of the easterly 232 

jets at 650 hPa. To compute divergence, we have used the divergence equation as:  233 

𝑑𝑖𝑣 =
𝑑𝑢
𝑑𝑥 +

𝑑𝑣
𝑑𝑦 234 
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Where u and v are the zonal and meridional wind and x and y are the longitudinal and latitudinal 235 

distances, respectively.  236 

3. Results  237 

 238 

Figure 2. (A) Mean precipitation time series during the early (blue) and late (red) onset years at 239 
each pentad. Blue stars (red circles) represent the timing of the early (late) onset years. Rainfall 240 
ranges represent precipitation of individual late- or late-onset years. Mean high and mid-high 241 
cloud cover (B) and low and mid-low cloud cover (C) during the early and late-onset years. 242 
Vertical lines show the ranges of onset times during the early (blue) and late (red) years. (D) 243 
Maps of precipitation differences between the late and early-onset years using GPCP data. 244 

 245 

Figure 2A shows a time series of precipitation over the domain during the early and late-onset 246 

years. Precipitation (Fig. 2A) and high cloud cover (Fig. 2B) increases during August (42-48th 247 

pentads) when the wet season is early (blue stars, Fig. 2A) compared to their slower pick-up during 248 

the late-onset years (red circles, Fig. 2A). The wet season starts in late August to early September 249 
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during the early onset years, unlike the late-onset years when the onset delays until October (Table 250 

1). The rainforest also receives less rain (~ 1 mm/day) during the late-onset years (Fig. 2D). 251 

However, low cloud cover is higher during the late onset years after the 38th pentad as compared 252 

to the early-onset years (Fig. 2C). 253 

Figures 3A-3D show the differences in the dTs (shaded contours,) and the 650 hPa wind speed 254 

(arrows, dWind) and wind direction over the domain between the early- and late-onset years from 255 

June to August.  They show that the Congo rainforest is cooler by more than 3°K in June-August 256 

prior to the early-onsets. Such a cooling creates an early and stronger meridional temperature 257 

gradient throughout boreal summer before the wet season starts during the early onset years. As a 258 

result, dWind at 650 hPa is easterly as early as in June between 8°S -16°S (Fig. 3A). The wind 259 

speed difference between the early and late-onset years is significant (>3m/s) with respect to the 260 

climatological mean speed of ~7 m/s (Adebiyi and Zuidema, 2016). The AEJ-S is known to form 261 

over the Southern hemisphere and gradually move towards the equator as the wet season 262 

approaches. In July (Fig 3B), the easterly dwind spreads over most of the domain. dWind is 263 

cyclonic in the Southern hemisphere in August (Fig. 3C) and over the Congo rainforest in 264 

September (Fig. 3D) during the early-onset years compared to the late-onset years. Consequently, 265 

Figure 5 shows that the southern hemisphere is more convergent during the early-onset years. As 266 

a result, high cloud cover (Fig. 2B) and precipitation (Fig. 2A) increase from August and wet 267 

season onsets as precipitation gradually increases. These findings suggest that stronger surface 268 

cooling and earlier formation of the AEJ-S lead to an earlier wet season onset.  269 
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 270 

Figure 3. Map of differences in 2m skin temperature (dTs, shaded contours) from AIRS and 650 271 
hPa dwind (arrows) from ERA-interim between (A) 30th-36th pentads or June, (B) 36th-42nd 272 
pentads or July, (C) 42nd-48th pentads or August, and (D) 48th -54th pentads or September 273 
between three early-onset years (2007, 2011, and 2012) and three late-onset years (2003, 2006, 274 
2010).  Only the easterly winds are shown in (A) and (B) to show the location of AEJ-S. 275 

 276 

Figure 4 shows the differences in various parameters related to the wet season onset between 277 

the early- and late-onset years. Figure 4A shows that dAOD is positive during the early-onset  278 

years from the 28th pentad (late May). The accumulation of aerosols in the early-onset years is 279 

higher during the 30th-39th pentads and continues until the 45th pentad. The surface during the 280 

early-onset years is cooler (Fig. 4B) than the late-onset years, with the strongest cooling 281 

coinciding to (domain mean dTs ~-0.7° K) with the higher dAOD during the 30-38th pentads in 282 

June-mid July. All-sky dSWnet is less (Fig. 4C) compared to the late-onset years.  The reduced 283 

all-sky dSWnet can be attributed to higher dAOD (Fig. 4A) during the 30-38th pentads as cloud 284 

cover difference is insignificant (Figs. 2B and C) during that time. The role of AOD on the 285 

surface cooling is confirmed in Figure 4D, which shows that the clear-sky dSWnet reaches up to -286 

10 W/m2 during the 30-38th pentads. A strong negative correlation exists between the clear-sky  287 
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 288 

Figure 4. (A) Differences in MODIS AOD (dAOD) from the 24th (day 120) pentad to 72nd 289 
pentad (day 360), (B) As in A, but for dTs from AIRS. Values up to 66th pentad are shown due to 290 
data unavailability in some days after the 66th pentad, (C) as in A, all-sky net downward 291 
shortwave energy difference at the surface (dSWnet) from CERES, (D) As in A, but for clear-292 
sky net downward shortwave energy difference at surface (dSWnet) between the early and late-293 
onset years from CERES. (E) Correlation between dAOD difference (in Fig. 3A) and clear-sky 294 
dSWnet (in Fig. 3D) between the early and late-onset years at the surface. 295 

 296 

dSWnet and dAOD during the 30-48 pentads (r=-0.9, Fig. 4E), suggesting that aerosols play a 297 

significant role in reducing the SWnet over the rainforest during the early-onset years. A lower all-298 

sky and clear-sky dSWnet give rise to a lower dTs.  Hence, these results suggest that aerosols 299 

have a strong impact on the timing and strength of the AEJ-S by reducing SWnet at the surface 300 
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and Ts over the Congo rainforest. Such a cooling begins as early as in June and continues 301 

throughout the summer during the early onset years. 302 

 303 
Figure 5. Differences in the mean meridional divergence between 10N to 20S between 1000 hPa 304 
to 500 hPa (Y axis) averaged over 12°E-32°E over between the early- and late-onset years during 305 
(A) 30th-36th pentads or June, (B) 36th-42nd pentads or July, (C) 42nd-48th pentads or August, and 306 
(D) 48th -54th pentads or September. 307 

 308 

Several important changes in the cloud cover, SWnet, precipitation, and AOD occur after the 309 

40th pentad during the early onset years. An early formation of AEJ-S and stronger easterly wind 310 

makes the southern hemisphere more convergent (Figs. 5). The domain (5°N-10°S) experiences 311 

a comparatively stronger convergence from August. Thus, high cloud cover (Fig. 2B) and  312 

precipitation (Fig. 2A) increase between the 42nd-48th pentads during the early-onset years as 313 

compared to late-onset years. dAOD also increases between the 40th -45th pentad (Fig. 4A). As a 314 

result, clear-sky dSWnet reduces by 5W/m2 during 40-45 pentads (Fig. 4D), whereas all-sky 315 

dSWnet reduces by 18W/m2 during 43-47 pentads (Fig. 4C) because of higher high cloud cover 316 

(Fig.2B). Although clear-sky dSWnet increases by ~10W/ m2 during 45-48 pentads as dAOD 317 

decreases due to higher precipitation and high/midhigh cloud cover, all-sky dSWnet only 318 

increases by 5 W/m2 after the 47th pentad. Hence, dTs decreases by up to 3K in August (Fig. 3C). 319 

Mean dTs over the domain decreases by 0.2-0.5K (Fig. 4B) between 40-46th pentads. These 320 
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results point out that aerosol induced cooling in early boreal summer (June-mid July) leads to 321 

higher cloud cover and precipitation in the late summer by influencing the timing and strength of 322 

AEJ-S and associated convergence. Such changes in cloud cover in the late summer play a 323 

significant role on the all-sky dSWnet and the domain Ts during the late summer (August). As a 324 

result, the onset timing is highly correlated with the AOD over the domain. The correlation (r) 325 

between the onset dates and the AOD averaged over June-August is 0.57 (Fig. 6). When June 326 

AOD is correlated with the onset dates, correlation coefficient becomes even stronger (r = 0.7).  327 

These results indicate a close relationship between the dry period AOD and the wet season 328 

timing over the Congo basin.  329 

 330 

Figure 6. Correlation between the domain mean AOD between June-August and June with the 331 
onset pentads. 332 
 333 

Maps of dAOD from MODIS data are shown in Figs. 7A-C that confirm that the largest 334 

difference in AOD is seen in June when dTs is the highest and the AEJ-S begins (Fig.3A). We 335 

further analyze the integrated aerosol mass flux datasets from MERRA2 reanalysis products to 336 

understand what causes higher aerosol loading over the rainforest in June. The differences in 337 
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AOD between the early- and late-onset years is primarily due to the changes in the dust 338 

concentrations (Fig. 7D) based on the MERRA2 integrated aerosol mass flux data sets (Randles 339 

et al., 2017). The cause of the dust appears to be the long-range transport from the Eastern 340 

Saharan Desert and the Arabian Desert (Fig. 8). Figure 8 suggests that the strength and location 341 

of AEJ-N might play an important role in the aerosol transport from the Eastern Saharan Desert 342 

and the Arabian Desert, thus on the aerosol concentration over the Congo rainforest and 343 

associated early wet season onset. 344 

 345 

Figure 7. Maps of MODIS AOD difference (dAOD) between the early and late-onset years in 346 
(A) June, (B) July, and (C) August.  Differences in MERRA2 aerosol flux for five different 347 
species (D) dust, (E) organic carbon, (F) sea salt, (G), black carbon and (H) sulfate between the 348 
early and late-onset years during June. 349 

 350 
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 351 

Figure 8. Map of differences in dust mass flux between the early and late-onset years from 352 
MERRA2 data. Arrows show the direction of the dust mass flux difference.  353 

Schematics in Figure 9 summarize the early- and late-onset mechanism and how aerosols play 354 

a vital role in such differences. Higher aerosol concentrations during the early-onset years enhance 355 

the reflection and scattering of the incoming solar energy in June. Thus, the rainforest receives a 356 

lesser amount of downward shortwave energy. Consequently, the Ts decreases and driven by the 357 

meridional temperature gradient between the rainforest and the Kalahari Desert, AEJ-S forms. In 358 

August, the Kalahari Desert warms up as the Sun moves equatorward and the meridional 359 

temperature gradient and AEJ-S strengthen. As a result, the equatorward convergence increases, a 360 

stronger cyclonic circulation develops over the region, high cloud cover increases that lead to a 361 

reduction in all-sky dSWnet and dTs, and the wet season onsets in late August to early September. 362 

In contrast, aerosol concentrations are less during the late-onset years. Hence, a higher amount of 363 

solar energy reaches the surface and the rainforest Ts is higher than the early-onset years. 364 

Therefore, the meridional temperature gradient is weaker or becomes negative in the Southern 365 

Hemisphere with the Congo rainforest (Kalahari Desert) being warmer (cooler) during the boreal 366 

summer (Austral winter, June-August). Consequently, the AEJ-S is delayed. In September, as the 367 

Sun moves southward, the Kalahari Desert warms up. Compared to the early onset years, a weaker 368 
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meridional temperature gradient develops across the rainforest and the desert since the rainforest 369 

Ts is higher (Fig. 3D) during the late-onset years. As a result, the AEJ-S is weaker. Not only is the 370 

wet season delayed and the dry season lengthens, the Congo rainforest also receives lesser 371 

precipitation.  372 

 373 

Figure 9. Schematics showing the early- (left) and late- (right) wet season onset mechanism.  374 
 375 

4. Conclusion  376 

These above analysis results highlight the interconnections between the aerosols radiative 377 

effect and the wet season onset timing by decreasing Ts, increasing meridional temperature 378 

gradient, and influencing onset timing and strength of AEJ-S as well as associated convergence.  379 

It is important to note that the meridional temperature gradient increases 2-3 months before the 380 

wet season onset due to the surface cooling, which is caused by the aerosols dimming effect as 381 

the Kalahari Desert is still cold during that time of the year. Because the main driver of the jet is 382 

the meridional temperature gradient between the warm/dry Kalahari Desert and the moist Congo 383 
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rainforest, a reduction in the rainforest Ts (Figs. 3A-D and 4B) in the summer leads to an earlier 384 

and stronger AEJ-S during the early-onset years. Our results highlight an important connection 385 

between the reductions in the clear-sky dSWnet in early summer (June-mid July) due to aerosols, 386 

all-sky dSWnet in the late summer (August) due to a higher cloud cover, and early wet season 387 

onset. 388 

These results indicate a plausible significant threat to the future of the Congo rainforest. 389 

Between 2003-2012, the regional temperature has increased by 1.1° C and the boreal summer dry 390 

season is increasing (Zhou et al., 2014). Thus, a projected increase in the global temperature 391 

anywhere between 1.1° to 5.4° C by 2100 (https://www.climate.gov) might be enough to offset a 392 

net mean rainforest cooling of ~1°C required (Fig. 4B) for an early wet season onset over the 393 

region. This study identifies the role of aerosols on the wet season onset timing over the Congo 394 

Rainforest. Other factors, such as the location and strength of the AEJ-N and the tropical easterly 395 

jet might play an important role in the AOD variation (Fig. 8). Further analysis is required to 396 

understand the role of these jets and how their interannual variability in strength and location can 397 

impact the dust mass flux and wet season onset in the future, especially as the global temperature 398 

increases. Also, canopy cover reduction due to deforestation might affect the meridional 399 

temperature gradient and subsequently AEJ-S and the wet season onset. It is necessary to continue 400 

investigating the impacts of global warming, large-scale circulation change, land-use, and 401 

deforestation on the wet season onset over the Congo rainforest. 402 
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