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Abstract

Many studies examining shortwave-absorbing aerosol-cloud interactions over the southeast Atlantic apply a seasonal averaging.

This disregards a meteorology that raises the mean altitude of the smoke layer from July to October. This study details the

month-by-month changes in cloud properties and the large-scale environment as a function of the biomass-burning aerosol

loading from July to October, based on measurements from Ascension Island (8°S, 14.5°W), satellite retrievals and reanalysis.

In July and August, variability in the smoke loading predominantly occurs in the boundary layer. During both months, the low-

cloud fraction is less and is increasingly cumuliform when more smoke is present, with the exception of a late morning boundary

layer deepening that encourages a short-lived cloud development. September marks a transition month during which mid-

latitude disturbances can intrude into the Atlantic subtropics, constraining the land-based anticyclonic circulation transporting

free-tropospheric aerosol to closer to the coast, and resulting deeper, drier, and cooler boundary layers with strongly reduced

cloud cover near the main stratocumulus deck. The October meteorology is more singularly dependent on the strength of the

free-tropospheric winds advecting aerosol offshore. Low-level clouds increase and are more stratiform, when the smoke loadings

are higher. The increased cloud-top moisture and cloud droplet number concentrations can help sustain a thinner stratiform

cloud layer through microphysical interactions. Overall the monthly changes in the large-scale circulation and aerosol/moisture

vertical structure act to amplify the seasonal cycle in low-cloud amount and morphology, raising a climate importance as

cloudiness changes dominate the top-of-atmosphere radiation budget.
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Key Points:6

• Smoke within the July boundary layer reduces cloud fraction, similar to August,7

attributed primarily to a boundary layer semi-direct effect.8

• Mid-latitude intrusions in September constrain aerosol closer to coast and produce9

deeper, less cloudy boundary layers offshore.10

• Increased free-tropospheric moisture helps sustain the low cloud deck in October.11
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Abstract12

Many studies examining shortwave-absorbing aerosol-cloud interactions over the south-13

east Atlantic apply a seasonal averaging. This disregards a meteorology that raises the14

mean altitude of the smoke layer from July to October. This study details the month-15

by-month changes in cloud properties and the large-scale environment as a function of16

the biomass-burning aerosol loading at Ascension Island from July to October, based on17

measurements from Ascension Island (8◦S, 14.5◦W), satellite retrievals and reanalysis.18

In July and August, variability in the smoke loading predominantly occurs in the bound-19

ary layer. During both months, the low-cloud fraction is less and is increasingly cumuli-20

form when more smoke is present, with the exception of a late morning boundary layer21

deepening that encourages a short-lived cloud development. September marks a tran-22

sition month during which mid-latitude disturbances can intrude into the Atlantic sub-23

tropics, constraining the land-based anticyclonic circulation transporting free-tropospheric24

aerosol to closer to the coast, and resulting deeper, drier, and cooler boundary layers with25

strongly reduced cloud cover near the main stratocumulus deck. The October meteorol-26

ogy is more singularly dependent on the strength of the free-tropospheric winds advect-27

ing aerosol offshore. Low-level clouds increase and are more stratiform, when the smoke28

loadings are higher. The increased cloud-top moisture and cloud droplet number con-29

centrations can help sustain a thinner stratiform cloud layer through microphysical in-30

teractions. Overall the monthly changes in the large-scale circulation and aerosol/moisture31

vertical structure act to amplify the seasonal cycle in low-cloud amount and morphol-32

ogy, raising a climate importance as cloudiness changes dominate the top-of-atmosphere33

radiation budget.34

Plain Language Summary35

The subtropical Atlantic hosts one of the planet’s largest marine low cloud decks36

and interacts with biomass-burning aerosol from approximately July through October.37

This study clarifies how the monthly evolution in meteorology and biomass-burning aerosol38

vertical structure affects the seasonal cycle in its low cloud fraction. The low cloud frac-39

tion reduces in July-August, and is higher in September-October, when more smoke is40

present. We show that absorbing aerosol-moisture-cloud interactions and contrasts in41

meteorology can act to reinforce the July-October evolution in low cloud properties, com-42

pared to that with less aerosol present. These cloudiness changes will dominate the net43

radiative impact attributed to smoke for this region.44

1 Introduction45

The impact of absorbing aerosol on marine boundary layer clouds is sensitive most46

importantly to the relative location of the aerosol layer to the cloud layer, with aerosol47

embedded within the cloud layer giving rise to local aerosol-cloud microphysical inter-48

actions, while aerosol above a cloud layer is only active radiatively until it is entrained49

into the cloud (Johnson et al., 2004; Johnson, 2005; Costantino & Bréon, 2013; Yamaguchi50

et al., 2015; Zhou et al., 2017; Zhang & Zuidema, 2019; Kacarab et al., 2020; Herbert51

et al., 2020). Many studies focusing on the southeast Atlantic region apply a seasonal-52

averaging to improve the robust detection of absorbing aerosol impacts (e.g., Wilcox, 2010,53

2012; Adebiyi & Zuidema, 2018; Mallet et al., 2020). This neglects a noticeable rise in54

the smoke layer, from mostly within the boundary layer in July (Zuidema et al., 2018),55

to a mixture of boundary layer and free-tropospheric smoke in August (Zhang & Zuidema,56

2019; Redemann et al., 2021; Haywood et al., 2021), to mostly above and distinctly sep-57

arated from the cloud layer by September and October (Shinozuka et al., 2020; Rede-58

mann et al., 2021; Haywood et al., 2021).59

Zhang and Zuidema (2019, hereafter ZZ19) characterized the diurnal behavior of60

low-clouds and boundary layer thermodynamic structures as a function of the smoke load-61
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ing during August over Ascension Island (8◦ S, 14.5◦ W) in the remote southeast At-62

lantic. This was motivated by the observation that the near-surface refractory black car-63

bon (rBC) mass concentration measurements were largest during August, based on mea-64

surements from two years gathered through the Layered Atlantic Smoke Interactions with65

Clouds (LASIC; Zuidema et al., 2015, 2018) campaign. Furthermore, when more smoke66

is present within the marine boundary layer (MBL), low clouds are fewer, with lower liq-67

uid water paths and lower precipitation frequencies and intensities, compared to clouds68

occupying a cleaner MBL. The reduction in cloudiness, which often spans multiple days,69

is consistent with a boundary layer semi-direct effect (Ackerman et al., 2000), wherein70

the relative humidity is reduced within a warmer boundary layer and less able to sus-71

tain cloud. The August analyses also support a novel finding in which the boundary layer72

is more coupled in the late morning (after sunrise) under smokier conditions, facilitat-73

ing the cloud vertical development and deepening the boundary layer. Boundary layer74

decoupling from afternoon to pre-dawn encourages the trapping of sub-cloud moisture75

that is then ventilated upwards in the morning. This coupling is short-lived, with most76

of the cloudiness reduction occurring in the afternoon.77

Here we build on ZZ19 and extend the analyses to the other months containing biomass-78

burning aerosol within the southeast Atlantic atmosphere (July–October). Already known79

is that the free-tropospheric transport of smoke to the remote part of the southeast At-80

lantic is related to variability in the strength of the southern African Easterly Jet (AEJ-81

S; Adebiyi & Zuidema, 2016) during primarily September-October, and that the AEJ-82

S can also advect water vapor (Adebiyi et al., 2015; Deaconu et al., 2019; Pistone et al.,83

2021). The meteorology governing aerosol transport in July-August is less well-known,84

although case studies indicate lower-level easterlies bring aerosol in closer contact with85

the cloud layer then, easing entrainment (Zuidema et al., 2018; Diamond et al., 2018).86

Also less well-known, is how the cloud properties could be influenced by the meteorol-87

ogy governing the aerosol transport, and to the co-varying moisture loading, as well as88

how significantly synoptic variability could be imprinting into possible aerosol-cloud in-89

teractions, at synoptic time scales. Although these questions are not new, new datasets,90

in particular the unique island-based LASIC field measurements, provide more detailed91

characterizations capable of providing new insights, than were possible prior to 2016.92

This study characterizes the sub-seasonal evolutionin low-clouds and thermody-93

namic structures as a function of the aerosol loading from July-October of 2016 and 2017.94

In so doing it combines the LASIC field measurements with space-based retrievals of aerosol95

and low-cloud properties that can distinguish the above-cloud aerosol optical depth (Meyer96

et al., 2015), and the newer ERA5 reanalysis, which is known to provide a more accu-97

rate depiction of the vertical moisture distribution (Pistone et al., 2021). Compositing98

methods and datasets are introduced in Section 2. Sections 3-6 present an overview of99

the seasonal cycle, as well as the observed differences by month for high and low smoke100

loading. Section 7 illustrates how a sharp water vapor gradient can promote small-scale101

vertical mixing in the free-tropospheric aerosol layer. Section 8 summarizes the key find-102

ings.103

2 Datasets and Compositing Approach104

Ground-based measurements were collected by the Department of Energy (DOE)105

Atmospheric Radiation Measurement (ARM) Mobile Facility 1 (AMF1; Miller et al., 2016).106

Radiosonde measurements of temperature, water vapor mixing ratio (qv), relative hu-107

midity and wind characterize the thermodynamic and dynamic vertical structure above108

Ascension Island and St. Helena Island (5◦ W, 15◦ S, upwind of Ascension). A Ka-band109

35 GHz zenith-pointing cloud radar (KAZR) provides a diurnal cycle of the cloud ver-110

tical structure. Microwave radiometers at both the AMF1 site and the airport (∼5 km111

away from the AMF1) provide a measure of the cloud liquid water path (LWP). Surface112

rain frequencies and intensities were measured by a disdrometer and a tipping bucket113
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Figure 1. Joint histogram of the MODIS-Meyer above-cloud aerosol optical depth (ACAOD;

Meyer et al., 2015) and near-surface rBC mass concentrations for July through October, by

month, 2016 and 2017 combined. Note variation on the x- and y-axis ranges and # of contribut-

ing days for each month. ACAOD against MODIS-retrieved fine-mode AOD is shown on the

right, for September and October. Satellite retrievals shown are 3◦ by 3◦ domain-averages.

at the AMF1 site. No radar or disdrometer data are available for October, 2017. The114

near-surface rBC mass concentrations were derived from a single-particle soot photome-115

ter (SP2). A micro-pulse lidar provided vertically resolved extinction profiles (Delgadillo116

et al., 2018) for the radiative transfer calculations. Surface observers from the United117

Kingdom’s Meteorological Office at Ascension Island, trained to look away from the is-118

land, reported cloud types following the World Meteorological Organization protocol (WMO,119

1974) every 3 hours. Detailed descriptions of LASIC observations, including quality con-120

trol and post-processing information, can be found in Section 2 of ZZ19.121

The MODerate resolution Imaging Spectroradiometer (MODIS) on board Terra122

and Aqua satellites supported Collection 6 retrievals of liquid-cloud properties (Platnick123

et al., 2003) and fine-mode aerosol optical depth at 550 nm (τaf ; Levy et al., 2013) at124

1◦ resolution (Level-3), chosen to exclude contributions from large aerosol particles, e.g.125

sea salt. Above-cloud aerosol optical depth at 550 nm (ACAOD) from the same plat-126

forms, at 0.1◦ resolution, are available from Meyer et al. (2015, hereafter MODIS-Meyer).127

Cloud droplet number concentrations (Nd) are calculated based on cloud effective ra-128

dius (re) and cloud optical thickness (τcld) from the MODIS-Meyer product, following129

Painemal and Zuidema (2011). MODIS-Meyer cloud and aerosol retrievals are aggregated130

to 1◦ resolution to match the level-3 MODIS retrievals, if the former can provide an areal131

coverage of at least 20%. Daily-mean values of these MODIS-based retrievals over As-132

cension rely on averages between the daily Terra and Aqua overpasses weighted by their133

retrieval counts, and are then averaged spatially over 2◦ by 2◦, 3◦ by 3◦, and 4◦ by 4◦134

domains centered on Ascension. Low-cloud fractions across the diurnal cycle are retrieved135

using the Visible Infrared Solar-Infrared Split Window Technique (VISST; Minnis et al.,136

2008) from the Spinning Enhanced Visible and Infrared Imager (SEVIRI) on board the137

geostationary Meteosat10 satellite. These are averaged over a 4◦ by 4◦ domain latitu-138
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dinally centered on Ascension but with a longitudinal center slightly to the island’s east139

(6-10◦ S, 15-11◦ W), thought to better capture the upwind clouds more typical of the140

island. All-sky albedos at the top-of-atmosphere (TOA) are calculated as the ratio be-141

tween reflected shortwave fluxes at TOA and the incoming solar radiation measured by142

the Clouds and the Earth’s Radiant Energy Systems (CERES; Wielicki et al., 1996) sen-143

sor onboard Terra and Aqua satellites. CERES Single Scanner Footprint (resolution of144

20 km) product Edition 4 (Su et al., 2015) is used for these calculations.145

Meteorological conditions (geopotential heights, temperatures and wind velocities)146

are inferred from the European Centre for Medium-Range Weather Forecasts (ECMWF)147

fifth-generation atmospheric reanalysis (ERA5; Hersbach et al., 2020), available every148

hour and gridded to 0.25◦ spatial resolution. Back trajectories from Ascension Island at149

2000 m, or just above the cloud tops, help indicate the transport of aerosol most likely150

to entrain into the boundary layer near Ascension. The back trajectories rely on the NOAA151

Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT; Draxler & Hess,152

1998) model, initialized by the NOAA National Center for Environmental Prediction (NCEP)153

Global Data Assimilation System (GDAS) at 0.5◦ spatial resolution and relying on the154

model vertical velocity. Radiative transfer calculations rely on the Atmospheric and En-155

vironmental Research Rapid Radiative Transfer Model for GCMs (RRTMG; Clough et156

al., 2005), using version 4.84 of the longwave (LW) code and version 3.8 of the shortwave157

(SW) code.158

The basic approach is to construct composites of those conditions deemed more or159

less smoky for each month, and to analyze the differences in cloud properties with an160

eye on the accompanying meteorology as well as aerosol. A difficulty rests with what to161

call smoky in each month: surface-based measurements may not be indicative of the free-162

tropospheric aerosol loading and vice versa. Joint histograms of daily ACAOD and rBC163

mass concentrations over Ascension, by month, indicate that smoke is predominantly present164

in the boundary layer during July, equally frequent in the boundary layer and free-troposphere165

in August, and mostly in the free troposphere in September and October (Fig. 1). Yet,166

ACAOD is only available when there is cloud underneath (Meyer et al., 2015), allowing167

free-tropospheric smoke in clear conditions to go undetected. This bias is most likely (po-168

tentially) in July, when the low cloud fraction is lower (ZZ19). To reduce this bias, the169

daily-mean τaf was also examined. These are not entirely interchangeable (a correlation170

of ∼0.55 over 3◦ by 3◦ domain-average in September and October, with a clear bias be-171

tween the two measures; Fig. 1, right), but these do provide two independent pieces of172

information. In addition, 3-day running-means (Fig. 2a) and visual inspections of spa-173

tial maps of ACAOD and τaf aim to ensure that the classification of days as more/less174

smoky was representative of the larger region around Ascension. For September and Oc-175

tober, when most of the smoke is above the low cloud deck, daily-mean values of τaf and176

ACAOD over Ascension mostly rely on 2◦ by 2◦ domain-averages, but averages over 3◦177

by 3◦ and 4◦ by 4◦ regions supplement this when information over the smaller domain178

is limited.179

During July–August, column τaf mostly tracks near-surface rBC concentrations,180

except for a few days in early July 2016 (Fig. 2a). Only a few days with high ACAOD181

are identified, with those in 2017 coinciding with high rBC mass concentrations near the182

surface (not so in early July 2016). This suggests that the use of the surface-based rBC183

values is a reasonable indicator of the total column aerosol loading, most of the time, in184

July. In August, ACAOD and τaf track each other well, and, interestingly, appear to an-185

ticipate the high near-surface smoke loadings by up to a week. For August, composite186

decisions primarily follow those of ZZ19, and the behavior of those time periods with in-187

creased free-tropospheric smoke loadings prior, is left to a further study. In September188

and October, τaf tracks ACAOD fairly well, with τaf confirming that those days with189

missing ACAODs indeed correspond to days with little free-tropospheric aerosol (e.g.,190

early September 2016, 2nd week of October 2016). The evolution in the smoke vertical191
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Figure 2. a) Time-series of daily rBC mass concentrations (red), τAC (blue), τaf (dark green),

and 2-4 km mean zonal winds (gray/black) from July through October for 2016 (upper) and

2017 (bottom). A 3-day running mean is applied to all, easterlies lasting at least 5 days are

highlighted with a thicker black line, and monthly mean values are indicated. More/less smoky

composites are indicated by light-red/light-blue shadings in the background. b) Monthly-mean

radiosonde profiles (0-4 km above sea level) of potential temperature, water vapor mixing ratio,

relative humidity, and winds, by month, for 2016 and 2017.
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distribution is consistent with that from space-based lidar observations (Redemann et192

al., 2021) and surface observations (Fig. 2a).193

The implemented approach is to use thresholds to indicate more/less smoky con-194

ditions for each month based approximately on the tercile values of the daily-mean rBC195

mass concentrations in July and August, similar to ZZ19. The thresholds for Septem-196

ber and October rely first on the daily-mean MODIS-retrieved τaf values, because these197

vary more smoothly with time than do the ACAOD values, and secondarily on the ACAOD198

values. No attempt is made to account for the bias between the τaf and ACAOD val-199

ues (Fig. 1, right panel), with the ACAOD values primarily used as a sanity check on200

τaf . Threshold values also account for differences in biomass burning activity between201

the months, and are relaxed to whole numbers for ease of readership. The thresholds ap-202

plied are: rBC mass concentrations of 100 and 400 ng m-3, respectively, for low and high203

smoke loadings in the boundary layer in July; 100 increasing to 500 ng m-3 for the smok-204

ier month of August. In September, optical depths of 0.15 and 0.26, respectively, indi-205

cate low and high smoke loadings, reducing to 0.11 and 0.19 for the less smoky month206

of October. These thresholds lead to 10 (25) days are selected for the high (low) smoke207

loading composite for July, 13 (13) for August, 19 (16) for September, and 19 (13) for208

October, from the two years combined. Ultimately, the use of composites is intended to209

prevent unique time periods from dominating perceptions of aerosol-cloud interaction210

behavior. Instead, composites can provide more statistically robust interpretations than211

can be gleaned from case studies alone. An example is the time period from early July,212

2016, in which a time period with relatively high satellite-derived optical depths is clas-213

sified as “less smoky” based on the surface rBC values. For this particular time period,214

the classification is not completely correct. Nevertheless, the composite will be dominated215

by those days for which the full atmospheric column is truly clean (e.g., early July 2017).216

3 July-October Overview217

The boundary layer cools, shoals, and moistens over Ascension from July to Oc-218

tober (Fig. 2b), with the free troposphere warming more quickly than the surface, in-219

creasing the lower tropospheric stability from July to October (Fig. 2b). The boundary220

layer is also most likely to be decoupled in July, although the mean thermodynamic pro-221

files indicate some decoupling between the sub-cloud and cloud layer for all four months.222

The free-tropospheric wind speeds increase from July to October (Fig. 2). These are pri-223

marily easterly winds above 2 km and affect the timing of free-tropospheric smoke ar-224

riving above Ascension. The easterly wind episodes become more frequent in August (Fig.225

2a). In September, the amount of smoke in the boundary layer reduces abruptly. In Oc-226

tober, as convection moves southward over the African continent and biomass-burning227

activity reduces (Adebiyi et al., 2015; Redemann et al., 2021), less smoke is present both228

below and above the low clouds, despite continuing strong easterlies, reflecting the south-229

ward movement of convection. In September and October, the “more smoky” periods230

correlate with the strength of the 2-4 km easterlies (Fig. 2a), reflecting the critical role231

of the free-tropospheric zonal jet in transporting biomass-burning smoke over the remote232

ocean in austral spring. The August-September transitions in synoptic regimes occur ear-233

lier in 2016 than 2017, evident in the time series of the shifts in the various aerosol mea-234

sures (Fig. 2a), and consistent with larger-scale spatial distributions (Redemann et al.,235

2021). The UK Clouds and Aerosol Radiative Impacts and Forcing (CLARIFY) aircraft236

deployment from Ascension (Haywood et al., 2021) occurred from late August to mid-237

September, 2017, capturing the full range of aerosol-cloud vertical co-locations.238

Consistent with the strengthening and lowering of the trade-wind temperature in-239

version from July to October (Fig. 2b), the satellite-derived low-cloud cover increases240

around Ascension from July to October (Fig. 3a), regardless of the smoke loading. Strat-241

iform clouds become more common, and cumuliform clouds less so (Fig. 3b). The bound-242

ary layer flow at Ascension is slightly downstream of the main southeast Atlantic stra-243
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Figure 3. a) SEVIRI-derived areal-mean (4◦x4◦) low-cloud fraction, with diurnal range and

median values also indicated, b) surface-observed cloud type frequency of occurrence (stratiform

and cumuliform; empty and filled circles, respectively), and c) all-sky areal-mean CERES albedo,

all composited by high and low smoke (red and blue) loadings, including the Terra-only and

Aqua-only mean values, as a function of month (July-October).

tocumulus region (10◦E – 0◦E, 10◦S – 20◦S as per Klein & Hartmann, 1993) and the gross244

aspects of the seasonal cycle in low cloud fraction and properties at Ascension appear245

similarly governed by large-scale meteorological parameters (Fuchs et al., 2017; Scott et246

al., 2020).247

The striking feature of Fig. 3 is that when more absorbing aerosol is present over248

the remote southeast Atlantic, the seasonal cycle in low-level cloudiness and cloud mor-249

phology becomes amplified. The low-cloud fraction reduces in July and August, favor-250

ing more cumuliform and less stratiform, whereas in October, the low-cloud cover increases,251

with stratiform clouds occurring more frequently, compared to a cleaner condition (Fig.252

3). The amplitude of the diurnal cycle (Fig. 3a) is mostly unaffected by the smoke load-253

ing, except in August, when a more pronounced diurnal amplitude can be related to the254

afternoon clearing of stratiform clouds under smokier conditions (ZZ19). Overall the mod-255

ulation of the cloudiness seasonal cycle by the presence (or lack of) smoke is important256

because the cloudiness changes ultimately dominate the change to the top-of-atmosphere257

shortwave radiation balance (Fig. 3c). The all-sky albedo can either decrease or increase,258

depending to first order on the changes in the cloudiness fraction. This in turn depends259

on the relative location of the aerosols and clouds, reinforcing the need to better char-260

acterize the responsible processes (e.g., Che et al., 2021).261

4 Cloud Reduction in July262

In July, when more smoke is present in the boundary layer (BL), low-cloud is less263

frequent throughout the day (Fig. 4a). Cloud based are higher and cloud tops are typ-264

ically lower, when more smoke is present. An exception is the morning (6-12 LST), when265

cloud tops are slightly higher instead under more smoky condition (Fig. 4a), briefly sup-266

porting relatively high liquid water paths (Fig. 4b) and encouraging drizzles (Fig. 4c).267

This is reminiscent of the morning cumulus invigoration documented for August (see Fig.268

8b in ZZ19) when more smoke is present in the BL. Rain frequency is reduced through-269

out the day (Fig. 4c), most pronounced in the afternoon where cloud LWP is also sub-270

stantially reduced (Fig. 4b), compared to a less smoky BL. The low-cloud fraction is re-271

duced over a larger area than just at Ascension when the boundary layer is smokier (Fig.272

4d).273
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Figure 4. July (a) diurnal cycle in the mean cloud frequencies derived using Ka-band zenith

pointing cloud radar (KAZR) reflectivities > -35 dBZ at their vertical resolution of 30 m. (b)

Diurnal cycle of cloud liquid water paths at the airport for July 2017, shown as medians (filled

circles) and interquartile ranges (vertical bars). (c) Disdrometer-derived rain frequencies, at the

AMF1 site, shown as 3-hour aggregations of one-minute samples with rain rates exceeding 0

mm/hr. (d) Difference in MODIS daily liquid cloud fraction (LCF; filled-contours, high smoke

minus low smoke), overlaid with July-mean sea level pressure (hPa, purple) and LCF (black).

Ascension Island and St. Helena Island locations indicated with red and blue stars respectively.

(e) Radiosonde profiles (0-5 km above sea level) of potential temperature (θ), water vapor mix-

ing ratio (qv), relative humidity (RH), and wind speed, horizontal bars indicate 10th and 90th

percentile values. Composite-mean (-median) of MODIS-Meyer Nd (2◦ by 2◦ over Ascension) is

indicated on the first panel. (a)-(c) and (e) are composited by high smoke (red) and low smoke

(blue) conditions. 2016 and 2017 data are combined unless specified otherwise.
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When more smoke is present, the entire boundary layer is warmer by ∼0.3 K (Fig.274

4e). The boundary layers are more decoupled, with a more moist sub-cloud layer and275

a drier cloud layer (Fig. 4e), consistent with the reduction in cloudiness. Given that smok-276

ier conditions last for a few days (Fig. 2a), the shortwave absorbing can continue to warm277

the sub-cloud layer over multiple days, extending through the night (shown for August278

in ZZ19), producing a boundary-layer semi-direct effect. An aerosol-cloud microphys-279

ical interaction is also apparent in the doubling of the satellite-derived Nd (see values280

printed on Fig. 4e left panel). The radiosonde-derived wind speeds indicate slightly weaker281

free tropospheric winds when the boundary layer is more smoky, but ERA5-derived at-282

mospheric circulation patterns are not significantly different (not shown). The lack of283

strong synoptic variations suggests the observed low-cloud variability is driven more strongly284

by the presence of the shortwave-absorbing smoke in the boundary layer.285

5 September: Mid-Latitude Disturbances Raise Boundary Layer Heights286

on Cleaner Days287

Previous studies assessing the impact of above-cloud absorbing aerosol on the bound-288

ary layer height are not in full agreement. The regional modeling studies of Sakaeda et289

al. (2011) and Lu et al. (2018) report an increase in cloud-top heights when biomass burn-290

ing aerosols are present above clouds, attributed to a reduced free-tropospheric subsi-291

dence caused by aerosol heating. Lu et al. (2018) further show an enhanced cloud-top292

entrainment, when the smoke layer is in contact with the cloud layer, increasing Nd, can293

account for half of the cloud-top height increase. In contrast, observational studies re-294

port a reduction in the cloud top height (e.g., Wilcox, 2010, 2012; Adebiyi et al., 2015)295

which could be explained by an enhanced lower-tropospheric stability that reduces cloud-296

top entrainment, as shown within higher-resolution process modeling studies (Johnson297

et al., 2004; Herbert et al., 2020; Yamaguchi et al., 2015; Zhou et al., 2017) less able to298

resolve a feedback on the free-tropospheric model velocity. A recent climate-scale mod-299

eling study (Gordon et al., 2018) also produces a decrease in boundary layer depth un-300

der a plume of biomass burning smoke, when the model free-tropospheric conditions are301

nudged to reanalysis. The change in boundary layer height accompanying free-tropospheric302

aerosol is important to clarify, because more shallow boundary layer heights tend to be303

better coupled to the surface (Zuidema et al., 2009), with the surface moisture fluxes bet-304

ter able to sustain higher cloud fractions.305

The radar-derived cloud vertical structure at Ascension independently indicates per-306

sistent cloud top heights throughout the day in September, regardless of the overhead307

smoke loading (Fig. 5a). The radar-derived cloud top height varies little with smoke load-308

ing, with a slight increase after sunset on days with more smoke. More clear is that cloud309

frequencies at all levels, more pronouncedly in the lower levels, are higher, by at most310

∼20%, when more smoke is present (Fig. 5a). Surface observers do not report a clear311

shift in low cloud type as a function of smoke loading (Fig. 3b). The radiosonde profiles312

do differ significantly between the two composites, and a focus on the cleaner conditions313

provides an alternative perspective from one focused on the smokier conditions. When314

the free troposphere is less aerosol-laden, the boundary layer is less humid (qv, RH de-315

crease of 1 g kg−1, ∼5%), cooler within the cloud layer (∼1K at inversion base), with316

a better-defined inversion base (Fig. 5b). The changes in the free troposphere are equally317

dramatic: much weaker winds, less moisture, and more stable thermodynamic structure.318

Differences between the composite-mean Nds and rBC mass concentrations are statis-319

tically insignificant (numbers printed on Fig. 5b), indicating negligible aerosol-cloud mi-320

crophysical interactions (as expected).321

The atmospheric circulations reigning at 700 hPa (Fig. 5c and d) differ significantly322

between days with low and high free-tropospheric smoke loadings at Ascension. Also ex-323

pected, on days with more smoke, the AEJ-S extends further westward, and backtrajec-324

tories from Ascension near cloud top clearly trace back to continental Africa (Fig. 5c).325
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Figure 5. a) and b) as in Fig. 4a and 4e, but for September, composite-mean (-median) rBC

mass concentrations are added on the left panel of (b). c) and d): HYSPLIT 7-day back trajec-

tories initialized at 2 km over Ascension at noon for September (red spaghetti lines) for days

with c) more and d) less smoke, overlaid on composite-mean τAC (colored contours), 700 hPa

ERA5 geopotential heights (m, grey contours) and winds (purple vectors). e) Difference (low-high

smoke composite) in 800 hPa geopotential heights (m, black countours), winds (blue vectors) and

vertical velocity (hPa day−1, colored background). (f) Difference in MODIS daily liquid cloud

fraction (LCF; filled-contours, low smoke minus high smoke), overlaid with September-mean

LCF (black contours). (g) Height cross-section of the vertical velocity difference (low-high smoke

days) (colored background) and zonal/meridional winds (vectors; differences < 2 m s−1 in the

free-troposphere are omitted) between St. Helena and Ascension (red and blue stars respectively

in panels c-g).
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On days will little smoke, the main circulation at 700 hPa is anticyclonic about a deeper326

land-based pressure high, constraining the aerosol closer to the coast and further south,327

and away from Ascension. Instead, the above-cloud air is more likely to come from the328

north and west of Ascension on these days (Fig. 5d). A primary distinction between the329

two composite circulations is a disruption of the mid-latitude eastward flow, with a high-330

pressure ridge at 700 hPa counteracting the free-tropospheric zonal jet.331

Counterintuitively, subsidence above cloud top is stronger, on the less-smoky days332

when boundary layer at Ascension is not lower (Fig. 5a, b , e and g), and only weaker333

at pressures < 650 hPa (Fig. 5g). This shift in subsidence also reflects the mid-latitude334

intrusion: an anomalous convergence, reflected in anomalous westerlies weakening the335

free-tropospheric winds, supports an anomalous subsidence (Fig. 5e) that is most pro-336

nounced to the east of the 700 hPa pressure ridge (right above the region bounded by337

Ascension and St. Helena), where the flow shifts from cyclonic to anti-cyclonic and the338

AEJ-S receives the strongest weakening (Fig. 5d). At the surface, the mid-latitude dis-339

turbance strengthens the south Atlantic high and shifts it slightly to the southwest (not340

shown), strengthening the southerlies in the boundary layer, although weakly felt over341

Ascension region (Fig. 5g, cyan vectors). Closer to St. Helena, the prevailing southeast-342

erly boundary layer flow is weaken by the anomalous westerlies, corresponding to the upper-343

level (700 hPa) mid-latitude disturbance. These changes in the regional atmospheric cir-344

culation is correlating with a pronounced cloudiness reduction of the main southeast At-345

lantic stratocumulus deck, except at the northern edge of the deck (including at Ascen-346

sion), on days when the mid-latitude intrusion is present (Fig. 5f).347

St. Helena Island is located approximately 2 days upwind within the boundary layer348

flow, with Lagrangian forward trajectories from St. Helena placing boundary layer air349

near if slightly west of Ascension (Fig. 7 within Zuidema et al., 2015). A height cross-350

section between Ascension Island and St. Helena Island (16◦ S, 6◦ W; gray dashed line351

on Fig. 5e), indicates a consistent structure to the free-tropospheric subsidence change352

between days with low/high free-tropospheric smoke loadings (Fig. 5g). As such, the ra-353

diosondes at St. Helena provide insight into the 24-48 hour cloud adjustment time scale354

to large-scale environmental conditions (Klein et al., 1995; Mauger & Norris, 2010; East-355

man et al., 2016), with a 2 day lead incorporated into the St. Helena comparisons be-356

tween low/high smoke days in Figure 6.357

The boundary layer heights are pronouncedly higher at St. Helena, with a much358

weaker gradient in temperature and moisture across the cloud top inversion, on the days359

with less smoke (Fig. 6a), indicating that part of the reason that cloud tops at Ascen-360

sion are not lower given stronger subsidence is simply advection of an deeper boundary361

layer upstream. The potential temperature, qv and relative humidity vertical structure362

differences are qualitatively similar to those at Ascension (Fig. 6a). The boundary layer363

is deeper and less humid near the surface (Fig. 6a), and the lower-tropospheric stabil-364

ity is substantially reduced, on days with less smoke overhead. The boundary layer souther-365

lies extend up to 2 km (Fig. 6a) before reversing in response to the deeper land-based366

heat low. Spatial climatologies indicate the radiosonde composites are representing a larger367

pattern (Figs. 6b-e). Important for the boundary layer cloud characteristics, the strength-368

ened surface Atlantic high encourages advection of air off the Southern Ocean by near-369

surface winds (Fig. 6d, black contours and gray vectors). A pronounced decrease in lower-370

tropospheric stability near and south of St. Helena (Fig. 6d, colored contours) is in full371

agreement with the radiosonde profiles sampled over St. Helena (Fig. 6a) for low smoke372

loading days. This can be explained by anomalous negative horizontal temperature ad-373

vections at 800 hPa (Fig. 6e, colored contours), as a result of anomalous southerly flows374

(gray vectors) corresponding to negative geopotential height anomalies at 800 hPa (black375

contours). The MODIS-derived low-level cloudiness is substantially reduced and disrupted376

west of the prime meridian (Fig. 6c, colored contours), compared to days dominated by377

free-tropospheric flow off of the continent.(Fig. 6b).378
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Figure 6. a) Similar to Fig. 5b, but for St. Helena from 2 days prior to those with high and

low smoke loadings at Ascension. Zonal and meridional components of the winds are shown in-

stead of wind speed. b) and c) Corresponding composite-mean MODIS daily liquid cloud fraction

(colored contours), 700 hPa ERA5 geopotential heights (m, gray contours) and winds (gray vec-

tors). d) Difference (low-high) in composite-mean lower tropospheric stability (LTS; defined as

θ800hPa - θ1000hPa, colored contours), sea level pressure (SLP; hPa, black contours), and 10-m

winds (gray vectors). e) Difference (low-high) in 800 hPa composite-mean horizontal temperature

advection (colored contours), geopotential heights (m, black contours) and winds (gray vectors).

Locations of Ascension and St. Helena indicated in red and blue stars respectively in panels b-e.
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These mid-latitude disturbances, also discussed within Baró Pérez et al. (2020), were379

most frequent in September of 2016-2017 and appear consistent with the climatology of380

Fuchs et al. (2017). Other examples are documented in Diamond et al. (2018); Adebiyi381

and Zuidema (2018); Abel et al. (2020). A longer-term analysis might be needed to ver-382

ify if September captures the climatological annual mean of such intrusions. September383

does represent a transition month when the continent is warming up but the ocean is384

still cool and the mid-latitude westerlies are positioned further north, similar to the south-385

east Pacific (Painemal et al., 2010). Pennypacker et al. (2020) document that ultra-clean386

days at Ascension are most common during September, although only attribute these387

partially to a Southern Ocean origin.388

6 Increased Cloud Cover in October389

Later in the season, during September and October, the temperature gradient be-390

tween the continental heat low in southern Africa and equatorial convection encourages391

a maximum in free-tropospheric easterlies (Tyson et al., 1996; Nicholson & Grist, 2003;392

Adebiyi & Zuidema, 2016), that is largely responsible for the westward long-range trans-393

port of the biomass burning smoke within a deep continental boundary layer reaching394

up to 5-6 km. This encourages smoke to predominantly stay in the free-troposphere over395

the southeast Atlantic (Fig. 1 and 2a). The radar-derived cloud vertical structure dur-396

ing October 2016 does not appear to vary significantly with the free-tropospheric smoke397

loading (Fig. 7a). There is some indication that the cloud layer rises under smokier con-398

ditions, with higher cloud bases consistent with a reduced sub-cloud relative humidity399

(Fig. 7c), and higher cloud tops, particularly in the afternoon. The linear increase in cloud400

frequency with height indicates much of the cloud is stratiform, regardless of the smoke401

loading. Surface observations indicate more stratiform clouds under smokier conditions402

(Fig. 3b). Cloud liquid water paths are less and rain is less frequent under smokier con-403

ditions (Fig. 7b). Combined, these observations suggest smokier conditions correspond404

with thinner stratiform cloud layers near the trade-wind inversion. Figure 7c indicates405

slightly warmer and drier sub-cloud layers, and otherwise little difference in the poten-406

tial temperature profiles of the two composites. The moisture and wind profiles clearly407

differ, with more moisture overhead between 1.5-3.5km and stronger winds from the sur-408

face to 4km on days with more free-tropospheric smoke. The increase in free-tropospheric409

moisture immediately above the cloud tops reduces the relative humidity gradient, and410

should help sustain the stratiform cloud layer through suppressing evaporative drying411

by cloud-top entrainment. Fig. 7d indicates a broad, zonally-oriented band of elevated412

τaf , also seen in ACAOD (not shown). More interestingly, the satellite-derived low-cloud413

fraction is enhanced west of 5◦ W by up to 0.35 (including at Ascension), and slightly414

reduced to the south, east of 0◦ E by at most 0.1 (Fig. 7e), indicating a more zonally-415

oriented, westward extending cloud deck, when more smoke is present overhead.416

In October, an anomalous offshore anti-cyclonic circulation at 700 hPa offshore of417

continental Africa indicates a strengthening of the dominating large-scale circulation on418

the days when the smoke loading is elevated over Ascension (Fig. 7f), consistent with419

the measured stronger winds. The free-tropospheric subsidence is reduced underneath420

the strengthened easterlies centered on 10◦ S, consistent with a secondary circulation (Adebiyi421

& Zuidema, 2016) and explaining the slight increase in cloud top heights at Ascension422

on smokier days. Also notable in Fig. 7f is the enhancement in the subsidence just off423

of the coast of Namibia to the southwest of the strengthened anticyclonic high, corre-424

lating with a local increase in Nd on days with more smoke (Fig. 7g). The contrasting425

decrease in Nd over a narrow region confined within ∼2◦ along the coast of Namibia on426

more smoky days (Fig. 7g) correlates with anomalously near-surface northerly flows (gray427

vectors on Fig. 7g). This circulation pattern advects moist, warm air along the coast of428

Namibia that encourages inland fog (Andersen et al., 2020). Although beyond the scope429
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Figure 7. a) as in Fig. 5a, but for October 2016 only. b) as in 4b and 4c, but for October

(2016 and 2017 combined), 3-hour rain frequencies are derived from the tipping bucket instead

of the the disdrometer. c) as in Fig. 5b, but for October (2016 and 2017 combined). Difference

(high smoke minus low smoke) in October (2016 and 2017 combined) d) MODIS daily τaf (color-

filled contours), overlaid with October-mean sea level pressure (hPa, purple), e) MODIS daily

liquid cloud fraction (LCF; color-filled contours), overlaid with October-mean LCF (black), f)

ERA5 geopotential heights (m, black contours), subsidence (color-filled contours), and horizon-

tal winds (blue vectors) at 700 hPa, and g) daily MODIS-Meyer Nd, overlaid on differences in

sea level pressure (hPa, gray contours) and 10-m winds (gray vectors). Ascension Island and St.

Helena Island locations indicated with red and blue stars respectively in panels d-g.
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of this study, if the increase in moisture increases droplet collision/coalescence, it could430

limit the number of cloud droplets in the clouds.431

More significant to the offshore clouds is the broad expanse of increased Nd, stretch-432

ing from near the Namibian coast to beyond Ascension. At Ascension, the composite-433

mean MODIS-Meyer derived Nd and surface-based rBC almost double between the high434

versus low smoke conditions (printed on Fig. 7c). Christensen et al. (2020) select days435

with enhanced clear-sky τa to the south of the main stratocumulus deck, and find an in-436

crease in cloud fraction/lifetime far downwind within Lagrangian trajectories, consistent437

with the increased low-cloud fraction to the west in Fig. 7e. This, along with the rain438

suppression occurring on smokier days and little change in the lower tropospheric sta-439

bility (Fig. 7b and c), supports the idea that an aerosol lifetime effect (Albrecht, 1989)440

is active, consistent with Christensen et al. (2020). To this we can add that the increase441

in free-tropospheric moisture also helps maintain the cloud against entrainment-driven442

cloud thinning. The elevated Nd on more smoky days can also contribute to the signif-443

icant brightening of the cloudy scene near Ascension in October, despite the reduction444

in cloud liquid water path (all told, a net ∼0.05 increase in TOA all-sky albedo; Fig. 3c).445

We lack an explanation for the smaller reduction in cloud fraction to the south of the446

main stratocumulus deck.447

7 Longwave Cooling by Water Vapor Helps Mix the Free-Troposphere448

In September, when more absorbing aerosol is present, the free-troposphere is also449

more humid and better-mixed over Ascension and St. Helena, compared to the cleaner450

condition (Fig. 5a and Fig. 6a). Individual profiles often indicate clear colocations be-451

tween the elevated humid layer and the aerosol layer (see examples in ZZ19 supplement,452

Adebiyi et al., 2015; Deaconu et al., 2019). The aerosol/humidity layer may have already453

been well-mixed when leaving the continent of Africa; here we show that longwave cool-454

ing at the top of the humidity layers also helps support small-scale mixing. The individ-455

ual free-tropospheric humidity layers typically include a stability cap at the top, ensur-456

ing a sharp gradient to the water vapor mixing ratio, with qv capable of reducing to near457

0 g kg-1 above the aerosol layer, reflecting the large-scale subsidence. This provides a strong458

exposure of the underlying water vapor to outer space, creating a longwave radiative cool-459

ing profile that is maximized at the layer-top and helps maintain the stability cap (Mapes460

& Zuidema, 1996). A negative buoyancy, generated at the top of these layers, can aid461

downward mixing. Although the longwave cooling from the additional water vapor trans-462

ported within the aerosol layers is typically small compared to that from the aerosol short-463

wave absorption (Marquardt Collow et al., 2020), the vertical structure of the radiative464

heating is also altered, with most of the longwave cooling occurring above the maximum465

in the shortwave heating from aerosol. It is this displacement that helps maintain a better-466

mixed aerosol/humidity layer.467

An example is made of a characteristic profile over Ascension from September 2nd,468

2017 with clearly colocated and well-mixed aerosol extinction (derived from the micro-469

pulse lidar according to Delgadillo et al., 2018) and humidity vertical structures (Fig.470

8). Radiative transfer calculations are based on a noon solar zenith angle, a single scat-471

tering albedo (at 500 nm) of 0.8 (Zuidema et al., 2018), and an asymmetry parameter472

of 0.67 loosely based on (Cochrane et al., 2021). These yield a “bench-shaped” longwave473

cooling profile, maximized at ∼-28 K day-1. As expected, the noon-time shortwave heat-474

ing produced by the smoke is larger, with a maximum of ∼34 K day-1. However, the max-475

imum shortwave heating occurs lower in the atmosphere than the maximum longwave476

cooling. As a result, a net cooling (∼-5 K day-1) pervades the top 100 m of the layer,477

even during the time of day when the shortwave warming is strongest. The net heating478

profile encourages small-scale vertical mixing that can allow aerosol to move short dis-479

tances more freely as well, regardless of time of day. Although such mixing is not deep,480

based on a simple diabatic heating/static stability calculation, it does help explain why481
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Figure 8. Calculated instantaneous shortwave (red), longwave (blue), and net (black) heating
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the free-troposphere is typically stratified, as seen in lidar data (Redemann et al., 2021)482

and individual soundings (see also Pistone et al., 2021).483

The free troposphere is better-mixed in September than in October. Although a484

thorough explanation is beyond the scope of this study, convection over land is more likely485

to be dry in September than in October (Adebiyi et al., 2015; Redemann et al., 2021),486

with the warming land surface establishing a continental boundary layer capable of reach-487

ing 5 km (Pistone et al., 2021). In contrast, more of the convection in October is moist,488

reflecting a southward seasonal march of the intertropical convergence zone (Adebiyi et489

al., 2015). This may not distribute moisture as evenly in the atmosphere initially as does490

dry convection.491

8 Concluding Remarks492

This study characterizes the sub-seasonal evolution of the marine boundary layer493

clouds over the remote southeast Atlantic, from July to October during 2016 and 2017,494

as a function of the aerosol loading and its vertical distribution. This extends Zhang and495

Zuidema (2019), which focused on August only, and is distinguished from previous stud-496

ies that apply some form of seasonal averaging (e.g., Wilcox, 2010, 2010; Costantino &497

Bréon, 2013; Adebiyi & Zuidema, 2018; Deaconu et al., 2019). This is done primarily498

because of the dramatic rise in altitude of the aerosol mass centroid during July to Oc-499

tober over the southeast Atlantic. Smoke episodes arriving at Ascension Island mainly500

occupy the boundary layer in July, with the boundary layer smoke loading reaching a501

maximum at Ascension in August. Smoke within the free troposphere also becomes more502

frequent in September and that within the boundary layer reduces dramatically. In Oc-503

tober, the free-tropospheric zonal winds reaching Ascension remain strong but are more504

likely to transport moisture than aerosol. This overall evolution in synoptic regimes oc-505

curs approximately 2 weeks later in 2017 than 2016 (Fig. 1-2). This evolution affects which506

aerosol-cloud interactions are likely to dominate, but is also clearly linked to meteoro-507

logical features that may dominate the cloud response. Key findings are:508

1. When smoke is present, the seasonal evolution in low cloud amount, in which the509

low cloud amount increases and becomes more stratiform and less cumuliform from510

July to October, is amplified. The cloudiness changes dominate the top-of-atmosphere511

all-sky albedo change associated with the smoke intrusions (Fig. 3).512

2. In July, cloud cover, cloud LWP and rain occurrence are reduced when more smoke513

is present, at all times of day but particularly in the afternoon. The thermody-514

namic and wind vertical structure is similar between days with more/less smoke,515

suggesting variability in the smoke loading is driven more by changes in emissions516

rather than synoptics (Fig. 4). A morning increase in liquid water path, even un-517

der smokier conditions, is similar to a recoupling of the cloud layer to the sub-cloud518

layer detailed more comprehensively for August in ZZ19 in the late morning.519

3. A focus on the days with less free-tropospheric smoke over Ascension in Septem-520

ber provides a different synoptic perspective to changes in the boundary layer height521

previously related to the presence of free-tropospheric smoke. Days with less aerosol522

over Ascension are distinguished by mid-latitude synoptic intrusions into the sub-523

tropics. An upper-level pressure ridge constrains the circulation around the land-524

based heat low to the coastal region, reducing the westward extent of the free-tropospheric525

zonal winds at 10◦S that normally disperse aerosol (Fig. 5). A strengthened sur-526

face anticyclone over the Atlantic strengthens boundary layer southerlies more likely527

to advect Southern Ocean air. The lower tropospheric stability is reduced, despite528

stronger synoptically-aided subsidence, helping to raise the boundary layer top,529

particularly noticeable at St. Helena Island (Fig. 6).530

4. In October, the free-tropospheric zonal winds that advect aerosol further offshore531

are stronger when more aerosol is present over Ascension. This also enhances the532
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humidity above the cloud top, reducing entrainment-driven evaporative drying.533

This helps support the increased occurrence of stratiform clouds and large-scale534

enhancement in the satellite-derived low-cloud fraction. Cloud tops are slightly535

higher at Ascension when the smoke loading is higher, consistent with reduced sub-536

sidence associated with the strong zonal winds (Fig. 7). Possible aerosol indirect537

effect indicated by the doubling of cloud droplet number concentration (Nd) is likely538

to contribute to prolonging the lifetime and enhancing the brightness (Fig. 3c) of539

the stratiform clouds. These two effects (an additional moisture source and an aerosol540

cloud lifetime effect) may help explain why the low-cloud fraction is higher, de-541

spite a lower liquid water path, compared to the southeast Pacific stratocumulus542

deck during this time of year (Zuidema et al., 2016).543

5. The sharp gradient in water vapor mixing ratio at the top of a free-tropospheric544

aerosol layer generates a net cooling at the layer-top, even at solar noon, and is545

offset vertically from the larger shortwave warming occurring below through aerosol546

absorption. The negative buoyancy can facilitate a downward vertical mixing that547

also allows the free-tropospheric aerosol to move vertically more freely (Fig. 8).548

This effect helps maintain the notably well-mixed September free-tropospheric ther-549

modynamic profiles. These profiles are less well-mixed in October (Fig. 7c), which550

may reflect the greater prevalence of moist convection over the continent.551

Previous studies applying a seasonal averaging successfully isolate a cloud thick-552

ening when more aerosol is present in the free troposphere, but have typically overlooked553

a cloud reduction when more smoke is present in the boundary layer. It may have re-554

quired recent field campaigns to better appreciate that the boundary layer can also be555

smoky. The cloudiness changes are most dramatic over the main stratocumulus region556

in September (Fig. 5f), in part because of a substantial cloud clearing during the less557

smoky time periods. Fig. 3c also indicates that over the July to October time frame, the558

all-sky albedo changes in October are the most dramatic near Ascension, in part because559

higher cloud fractions then and potentially an aerosol-induced cloud brightening effect.560

Thus, this study also helps raise the point that seasonally averaged changes in the re-561

gional radiation budget induced by biomass burning aerosols might be dominated by the562

signal from October, which then helps explain why the boundary layer semi-direct ef-563

fect has been difficult to isolate in previous studies over the southeast Atlantic.564

Data Availability Statements565

The LASIC ground-based datasets are publicly available from the ARM Climate566

Research Facility (https://www.arm.gov/research/campaigns/amf2016lasic). The567

HYSPLIT model is publicly available from the NOAA Air Resources Laboratory (https://568

www.arl.noaa.gov/hysplit/). The UK Met Office SYNOP hourly weather reports are569

publicly available from the CEDA archive of the Met Office Integrated Data Archive Sys-570

tem (MIDAS, http://catalogue.ceda.ac.uk/uuid/77910bcec71c820d4c92f40d3ed3f249).571

The RRTMG code is publicly available from the AER website (http://rtweb.aer.com/).572

The MODIS Level-3 datasets are publicly available from NASA’s Level-3 and Atmosphere573

Archive & Distribution System Distributed Active Archive Center (https://ladsweb574

.modaps.eosdis.nasa.gov/). The SEVIRI retrievals and CERES SSF data are pub-575

licly available from NASA’s Langley Research Center (https://satcorps.larc.nasa576

.gov/). The fifth-generation ECMWF (ERA5) atmospheric reanalyses of the global cli-577

mate data are available through the Copernicus Climate Change Service (C3S, https://578

cds.climate.copernicus.eu/). The MODIS Level-1 data supporting the ACAOD re-579

trievals are publicly available through the NASA’s Level-1 and Atmosphere Archive &580

Distribution System Distributed Active Archive Center (https://ladsweb.modaps.eosdis581

.nasa.gov/).582
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