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The aerosol direct radiative effect (DRE) of African smoke was analyzed in

cloud scenes over the southeast Atlantic Ocean, using SCIAMACHY satellite

observations and HadGEM2 climate model simulations. The observed mean DRE

was about 30–35 Wm−2 in August and September 2006 – 2009. In some years,

short episodes of high aerosol DRE can be observed, due to high aerosol load-

ings, while in other years the loadings are lower but more prolonged. Climate

models that use evenly distributed monthly averaged emission fields will not re-

produce these high aerosol loadings. Furthermore, the simulated monthly mean

aerosol DRE in HadGEM2 is only about 6 Wm−2 in August. The difference with

SCIAMACHY mean observations can be partly explained by an underestima-

tion of the aerosol absorption Angstrom exponent in the ultraviolet. However,

the subsequent increase of aerosol DRE simulation by about 20% is not enough

to explain the observed discrepancy between simulations and observations.
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1. Introduction

Aerosols present one of the major uncertainties in the current understanding of Earth’s cli-

mate [Kahn, 2011]. While models agree that the net direct radiative effect (DRE) of all aerosols

combined is negative (i.e. a cooling impact), for some aerosol types, such as biomass burning

smoke aerosol, even the sign of the DRE and radiative forcing is in doubt [Boucher et al., 2013;

Sakaeda et al., 2011; Tummon et al., 2010]. Nowhere is this uncertainty in direct effect more

pronounced than over the southeast Atlantic Ocean [Myhre et al., 2013], where biomass burning

smoke aerosols are advected off the African continent above highly-reflective, semi-permanent

stratocumulus clouds. To represent the DRE accurately models represent the geographic dis-

tribution and magnitude of the aerosol optical thickness, the aerosol absorption and scattering

properties, the geographic distribution of cloud and cloud reflectance and the vertical profile of

aerosols relative to the clouds. Thus the SE Atlantic is an area that represents a stringent test for

current aerosol and climate models.

Many studies have been directed at better characterizing the global aerosol load and the

aerosol optical and microphysical properties. Accurate representation of these parameters is

essential in climate models in order to characterize the aerosol climate forcing. However, re-

trieving aerosol properties has proved challenging, due to the heterogeneous distribution of

sources of aerosol in both space and time, the large range of aerosol optical and microphysical

properties, that tend to change with time, and the relatively short lifetime of aerosols, which

is typically a few days to a few weeks. A limited number of field campaigns focused on the

SE Atlantic (e.g. SAFARI-2000 [Swap et al., 2002]) and have resulted in valuable in-situ mea-

surements of aerosol and cloud properties, but for the continuous monitoring of aerosols daily
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measurements from satellites are essential [Kaufman et al., 2002]. However, the retrieval of

aerosol properties from space is difficult, especially in the presence of clouds. Active remote

sensing using lidar can be used to profile the atmosphere above clouds [Chand et al., 2008] and

polarization measurements can be used to distinguish the scattering properties of small sized

aerosols and large cloud droplets [Waquet et al., 2009]. Retrieval of aerosol properties in clear

sky scenes has improved steadily over recent years [Kahn, 2011], but only apply to aerosol

properties near cloud edges [Redemann et al., 2009].

A novel method using passive space-based spectrometer measurements from the UV to the

shortwave-infrared (SWIR) simultaneously supplies cloud parameters and the aerosol DRE at

the top of the atmosphere (TOA) in water cloud scenes with an overlying smoke layer. The

cloud parameters are retrieved from the SWIR reflectances, unbiased by the overlying smoke

layer, while the aerosol DRE is retrieved from the reflectances in the entire UV-SWIR range,

independently from aerosol parameter assumptions. This differential absorption technique for

the retrieval of the aerosol DRE of smoke over clouds is described and quantified in De Graaf

et al. [2012]. In the current paper the aerosol DRE at the TOA from smoke over clouds during

four dry seasons, 2006 – 2009, is presented and analyzed.

2. Method

The aerosol DRE at the TOA is defined as the change in net (upwelling minus downwelling)

irradiance, due to the introduction of aerosols in the atmosphere. Instead of computing the

net irradiances with and without the forcing constituent, in our method the DRE at the TOA

is determined using the measurement of the upwelling irradiance in the case where aerosols

are present, while the irradiance of the case without aerosols is computed using a radiative
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transfer model. Such an approach has been successfully used over cloud-free ocean regions

using aircraft based radiometers to examine the spectral impacts of mineral dust, and volcanic

ash [e.g. Haywood et al., 2011; Newman et al., 2012], but never applied to cloudy regions.

The aerosol DRE over clouds at the TOA is estimated using

DREaer = SW↑
cld − SW↑

cld+aer =

1750 nm∫
240 nm

µ0E0(λ) (R(λ)cld − R(λ)cld+aer)
B(λ, µ0)cld

dλ + ϵ, (1)

where SW↑
cld is the shortwave upwelling irradiance in the aerosol-free cloud scene, and SW↑

cld+aer

is the shortwave upwelling irradiance in the measured scene; µ0E0(λ) is the solar irradiance

incident on a horizontal surface unit at TOA, R(λ)cld+aer is the measured TOA reflectance, R(λ)cld

is the simulated aerosol-free cloud reflectance, and B(λ, µ0) is the anisotropy factor of a scene,

which is measure of the angular distribution of the reflected radiation for a scene and used to

determine the irradiance from a uni-directional reflectance measurement. The aerosol DRE

follows from the integration of the irradiance difference between the simulated aerosol-free

cloud scene and measured aerosol polluted cloud scene over the solar spectrum. In our case the

integration limits are the range of SCIAMACHY contiguous reflectance measurements (240 –

1750 nm) [Bovensmann et al., 1999], which is sufficient to capture the entire aerosol effect. A

reduction of the upwelling irradiance in the measured scene compared to the simulated aerosol-

free scene, the differential absorption, is attributed to the aerosols.

In this study, only pixels with a minimum FRESCO [Wang et al., 2012] effective cloud frac-

tion of 0.3 are used, to guarantee sufficiently cloudy scenes, in which the TOA reflectance is

dominated by the clouds. The simulated reflectance spectrum is determined using cloud op-

tical thickness (COT) and the cloud droplet (effective) radius (reff) inverted from visible and

reflectance measurements [Nakajima and King, 1990]. Since smoke absorbs strongly in the UV
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and visible, cloud parameter retrievals using visible wavelengths are biased [Haywood et al.,

2004]. However, the absorption optical thickness of small smoke particles is negligible in the

SWIR and unbiased cloud parameters can be determined from the unaffected longwave part

of the solar spectrum. Other scene parameters that are used in the retrieval scheme are cloud

height, the total ozone column of the atmosphere and surface albedo. The major advantage of

this method is that no assumptions of aerosol optical parameters are needed, thus greatly in-

creasing the accuracy of the retrieved aerosol DRE. The error ϵ in Eq. 1, due to measurement

calibration errors, retrieval uncertainties, and the uncertainty in modeling the aerosol-free scene,

was estimated to be about 1% of the incoming irradiance [De Graaf et al., 2012].

The derived aerosol DRE over clouds is compared to model results from the Hadley Centre

Global Environmental Model version 2 (HadGEM2) [Bellouin et al., 2011], which includes

interactive chemistry and eight species of tropospheric aerosols, including biomass burning

aerosol, which is the dominant aerosol type in the region of investigation.

3. Results

The aerosol DRE was computed using SCIAMACHY data over an area from 20◦S to 10◦N

and 10◦W to 15◦E over the southeast Atlantic Ocean (Figure 1). During the dry season the

African continent is subject to intense and persistent biomass burning, from agricultural prac-

tices, deforestation and domestic wood-burning activities. The smoke from these fires is period-

ically advected over the Atlantic Ocean under the influence of the dominant anti-cyclonic circu-

lation over the subcontinent and easterly disturbances [Garstang et al., 1996; Swap et al., 1996].

Figure 1a shows the average Absorbing Aerosol Index (AAI) from SCIAMACHY [De Graaf

and Stammes, 2005; Tilstra et al., 2012] in August 2006 – 2009 over the southeast Atlantic
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Ocean. The AAI is indicative of the presence of UV-absorbing aerosols in both cloud-free and

cloudy scenes [Torres et al., 1998], and can be used to show the presence of smoke and desert

dust [e.g. De Graaf et al., 2007]. The outflow of smoke over the southeast Atlantic Ocean is

concentrated between 0 and 20◦S during the June to September period and moves slowly south-

ward as the monsoon progresses [De Graaf et al., 2010]. The smoke usually resides in a layer

between 1 and 4 km, overlying a persistent stratocumulus deck, which is present in a layer be-

tween about 0.5 and 1 km [Keil and Haywood, 2003]. The average SCIAMACHY FRESCO

cloud albedo is given in Figure 1a for August 2006 – 2009, showing the persistence and main

location of the stratocumulus clouds.

The SCIAMACHY aerosol DRE over marine clouds was determined for the same region

in the months August 2006 – 2009 using the method described in section 2 (Figure 1b). The

aerosol DRE is strongly correlated with the AAI in this region [De Graaf et al., 2012], because

the AAI is an indication of the absorption at UV wavelengths.

The SCIAMACHY aerosol DRE in the southern hemisphere part of the region (indicated by

the rectangle in Figure 1) was analyzed for the months June, July, August and September (JJAS)

in the years 2006 – 2009. Only pixels over the oceans and with an effective cloud fraction larger

than 0.3 were processed. In general, aerosol DRE values of about −20 to +150 Wm−2 were

found. The accuracy of the method was estimated at about 8 Wm−2 per pixel [De Graaf et al.,

2012]; the incoming solar irradiance in this season and region is between 900 – 1000 Wm−2.

The DRE values are higher than found for this region in September 2000 using SAFARI-2000

data to constrain radiative model computations (max. 65 Wm−2 [Myhre et al., 2003]). Positive

aerosol DRE is a result of absorption in the UV-visible part of the spectrum, attributed to smoke.
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The main outflow region is the area between about 4◦ to 18◦S and 5◦W to 14◦E, depicted by

the rectangles in Figure 1. The area-averaged aerosol DRE over clouds during JJAS 2006 –

2009 for this region is shown in Figure 2. These are the average aerosol DRE for that area in

the morning hours of each day, since SCIAMACHY’s overpass time is between about 9:00 and

10:30 AM local time. The mean aerosol DRE over clouds for July – August 2006/2007 was 25.9

Wm −2, which compares well with the aerosol DRE over clouds averaged over July-October

2006/2007 found with CALIPSO measurements, which had a maximum of about 32 Wm−2

[Chand et al., 2009]. Figure 2 shows the daily average and the 7-day running mean for each

year. The aerosol DRE changes rapidly from day to day, and the patterns are different from year

to year, depending on the prevailing synoptic patterns [Garstang et al., 1996]. For example, in

August 2006 a thick smoke plume was observed over the southeast Atlantic Ocean, with high

values of SCIAMACHY AAI from about 9 – 17 August (not shown). This plume created strong

absorption during the second week of August 2006 (c.f. Figure 2) and has been used in several

observational studies of aerosol absorption over clouds [e.g. Chand et al., 2008; Waquet et al.,

2009; Jethva et al., 2013]. The difference between the daily average and the 7-day running mean

shows a reduction in the maximum area-averaged aerosol DRE in August 2006 from more than

80 Wm−2 to about 55 Wm−2.

The episodic nature of the aerosol loadings is illustrated further in Figure 3. It shows the fre-

quency distributions of the aerosol DRE over clouds from SCIAMACHY in JJAS 2006 – 2009,

separated per month, for the entire investigated region. Again only SCIAMACHY ocean pixels

with CF > 0.3 are used. The statistics of the various distributions are given in Table 1. Com-

pared to other years, the main biomass burning season of 2006 was very short, concentrated in
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the month of August. This is illustrated by the large tail of high values in August 2006, creat-

ing a higher positive skewness of the distribution. The monthly area average is slightly smaller

than in other years, but thick plumes of smoke caused events with very high aerosol DRE. In

contrast, in most of June and September 2006 the aerosol DRE was low, with no extreme values

in July 2006, creating a symmetric distribution. In 2007 most of the frequency distributions are

broader and more symmetric than in 2006, meaning moderate but more continuous absorption

by cloud-overlying biomass burning aerosols. In both 2008 and 2009 the onset of the strong

absorption period was delayed to the end of August and September, with tails of high aerosol

DRE in September 2008 and 2009. The changing number of events in the various months (the

total number of cloud pixels in June 2008 was 1683, in August 2007 it was 8121) are mainly

due to changes in cloud cover in the region and the subsequent satellite pixel sampling.

The August 2006 event may have been caused by favorable meteorological conditions,

episodic emissions, or both. Biomass burning emission data indicate a slightly higher emission

rate of black and organic carbon during the first half of August 2006 over southern Africa, but

not much. Here, the effect of high aerosol loadings was studied by assuming episodic emission

fields in HadGEM2. Normally, emissions are derived in HadGEM2 by linearly interpolating

between monthly mean emissions from the updated Global Fire Emission Database (GFED)

biomass burning data sets [van der Werf et al., 2006], which prevents large changes in emis-

sions when moving from month to month. Figure 4 shows the cloudy-sky shortwave aerosol

DRE modeled by HadGEM2 for cloud cover larger than 0.3 in Wm−2. The figures show the

DRE averaged over the first 8 days (1–8 August 2006), sampled at 9:30 local time. The mod-

eled aerosol DRE over clouds shows a similar spatial pattern as the SCIAMACHY aerosol DRE
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over clouds, but the modeled values are much smaller than the observed ones. In particular, the

model doesn’t show the high values that were found in the observations.

The effect of more episodic emissions of the aerosol plumes is illustrated in Figures 4b and c.

These show the modeled aerosol DRE over clouds for HadGEM2, when the same total emission

as in Figure 4a was used, but emitted in shorter bursts. Figure 4b shows the averaged aerosol

DRE over clouds from 1–8 August when the aerosols were emitted during a 15-day period,

and Figure 4c shows the averaged aerosol DRE over clouds when the aerosols were emitted

during a 7-day period. The total amount of emitted aerosols is the same in all three model

runs. The effect of emissions in bursts is clear: the spatial monthly distribution of the aerosol

DRE over clouds remains unchanged, but the maximum values increase when the loadings are

larger. However, the monthly averages do not change much. It is 3.80 Wm−2 for the standard

experiment (Fig. 4a), 5.94 Wm−2 in the case of a 15-day plume and 5.64 Wm−2 for the 7-

day plume. This is caused by the short residence times of the biomass burning aerosols in the

atmosphere, which is about 8 days in HadGEM2, and saturation effects that occur at very high

aerosol loadings, see below.

One reason for the discrepancy between the monthly means simulated by the climate model

and the monthly mean observations is the underestimation of the absorption of the aerosol

model, especially in the UV. The aerosol absorption is highly dependent on the assumed aerosol

absorption Ångström exponent and cloud brightness in the model. In Figure 5 the aerosol ef-

fect is compared for the aged biomass burning smoke model used in HadGEM2 and the same

aerosol size distribution, but a refractive index fitted to the SCIAMACHY measurements. The

main change for the fitted model was the much larger absorption Ångström exponent in the UV
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(2.91 instead of 1.45), in accordance with recent observational studies [Jethva and Torres, 2011;

Russell et al., 2010; Bergstrom et al., 2007] (see De Graaf et al. [2012] for details). The effect

is clear from Figure 5a, which shows the simulated reflectance spectrum for absorbing aerosols

over a cloud with an optical thickness (τcld) of 20 and cloud droplet size (reff) of 8 microns, for

various AOT. The black line shows the simulated cloud reflectance that would be observed at

TOA when no aerosols are present, and the colored lines show the reduced reflectance due to

increasing aerosol absorption. Note that the aerosol absorption is strongest at small wavelengths

(UV). The dashed colored lines show the aerosol absorption simulated with the microphysical

aerosol properties as used in HadGEM2. The aerosol absorption is noticeably underestimated,

especially in the UV. This effect is further illustrated in Figures 5b and c, where the aerosol

effect on the radiance and the absorbed energy is given for both aerosol microphysical models.

Finally, in Figure 5d the total aerosol direct radiative effect over clouds is given as a function

of AOT at 550 nm for various solar zenith angles. The total aerosol DRE over clouds is about

20% lower for the HadGEM2 model simulations compared to the SCIAMACHY fitted aerosol

microphysical model. This is insufficient to explain the total discrepancy between the model

simulations and the observations. The figure also shows that the change of aerosol DRE with

increasing AOT is not linear, but the increase in DRE becomes smaller at higher AOT due to

saturation effects at very high aerosol loadings.

4. Conclusions

The aerosol DRE over the southeast Atlantic Ocean during the dry season is poorly under-

stood. The effects of smoke on clouds through absorption of sunlight and the subsequent local

heating of the atmosphere, and through their role as cloud condensation nuclei are not repre-
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sented well in climate models. Accurate measurements of aerosol DRE of smoke over clouds,

both from satellite and in-situ measurements, can help to understand the radiative interaction

between smoke and clouds. The aerosol DRE from June, July, August, and September (JJAS)

from 2006 – 2009, as measured by SCIAMACHY over the SE Atlantic shows large differences

from year to year. Where 2007 was a year with a long biomass burning season in Africa, with

moderate absorption over Atlantic marine clouds throughout the season, in 2006 the absorption

peaked very high, during a short high aerosol loading event in the first part of August.

Currently, climate models are not able to reproduce these details in the measurements [Myhre

et al., 2013]. The current study showed that high aerosol loadings, simulated with short, intense

aerosol emissions, increased the maximum aerosol DRE values. The maxima are increased two-

fold with a four-fold increase of emission rate. Model simulations should therefore include the

episodic nature of aerosol emissions in order to correctly estimate these short-term absorption

aerosol effects. On the other hand, monthly-averaged aerosol DRE are not affected much by

different emission distributions, due to the short lifetime of the biomass burning aerosols, and

saturation effects of the aerosol DRE in extreme cases.

Simulated monthly-averaged aerosol DRE from HadGEM2 are a factor 5 lower than SCIA-

MACHY observations. The differences in monthly averaged DRE can on partly be explained by

an underestimation of the UV aerosol absorption in HadGEM2. Observations show that smoke

from natural fires can have very high absorption Ångström exponents in the UV, due to the pres-

ence of organic carbon [De Graaf et al., 2012; Jethva and Torres, 2011; Russell et al., 2010;

Bergstrom et al., 2007]. The large absorption in the UV is often overlooked by simulations or

observational studies that neglect wavelengths shorter than the visible, and assume wavelength-
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independent microphysical properties of smoke. The large absorption in the UV for smoke has

been confirmed in many studies, and is the basis for the high correlation between the aerosol

DRE and AAI [De Graaf et al., 2012]. The current study showed that the aerosol absorption

Ångström exponent in the UV currently used for smoke in HadGEM2 reduces the aerosol DRE

by 20% as compared to UV-measurement fitted microphysical parameters.

The use of higher aerosol absorption Ångström exponents in climate models will increase

the simulated aerosol absorption and DRE, but not enough to explain the discrepancy with the

observations. The most likely cause for the remaining discrepancy is the incorrect simulation

of the cloud brightness in the model, since aerosol DRE is strongly dependent on cloud fraction

and brightness of the scene, but this needs to be confirmed in further studies.
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Figure 1. a) Average SCIAMACHY Absorbing Aerosol Index (AAI) in August 2006 – 2009 over the

southeast Atlantic (filled contour), and SCIAMACHY cloud albedo (contour lines). Shown are the 0.4

and 0.48 cloud albedos, corresponding to 0.5 and 0.6 effective cloud fractions, representing persistent

clouds. b) Average SCIAMACHY aerosol DRE over marine water clouds for August 2006 – 2009. The

rectangle indicates the main outflow region during the biomass burning season.

Figure 2. Daily area averaged aerosol DRE in Wm−2 for the region 4 – 18◦S, 5◦W – 14◦E (local

overpass times from about 9:00 – 10:30 UTC) in 2006 – 2009 (thin lines) and its 7-day running mean

(bold lines).

Figure 3. Frequency distributions of aerosol DRE (Wm−2) in SCIAMACHY cloud scenes (CF > 0.3)

during JJAS in 2006 – 2009 over the southeast Atlantic region.

Figure 4. (a) HadGEM2 modeled cloud-sky shortwave aerosol direct radiative effect in Wm−2, aver-

aged over 1–8 August 2006 at 9:30 local time for cloud cover larger than 0.3. The mean aerosol DRE

over clouds for this experiment averaged over the whole month is 3.80 Wm−2. (b) Same as (a) but with

emissions distributed over a 15-day period. Monthly mean is 5.94 Wm−2. (c) Same as (a) but with

emissions distributed over a 7-day period. Monthly mean is 5.64 Wm−2.

Waquet, F., J. Riedi, L. C. Labonnote, P. Goloub, B. Cairns, J. -L. Deuzé, and D. Tanré, Aerosol

Remote Sensing over Clouds Using A-Train Observations, J. Atmos. Sci., 66, 2468–2480, doi:

10.1175/2009JAS3026.1, 2009.
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Figure 5. Simulated aerosol DRE for absorbing aerosols over a cloud layer for increasing AOT

(shown at 550 nm) with the following simulation set-up. Geometry: solar zenith angle θ0 = 0◦, viewing

zenith angle θ = 30◦ and relative azimuth ϕ − ϕ0 = 0◦; Surface: albedo As=0.05; Clouds: pressure

CP=925 hPa, droplet size reff=8 µm, optical thickness τcld=20; Aerosols: pressure (AP) between 850–

500 hPa, the solid lines represent the simulations with microphysical parameters fitted to SCIAMACHY

measurements, the dashed lines represent the simulations with the microphysical parameters as used in

HadGEM2 (aged biomass-burning at 60% relative humidity). (a) Simulated reflectance spectra at TOA

for the cloud and aerosol layer with increasing AOT; (b) radiance difference between the aerosol-free

cloud scene and the aerosol+cloud scenes; (c) absorbed energy for various AOT; (d) Aerosol direct

radiative effect of the absorbing aerosols over clouds as a function of AOT at 550 nm at various solar

zenith angles.
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Table 1. Aerosol DRE distribution statistics, over the southeast Atlantic region, as shown in Figure 3.

The monthly and area averaged aerosol DRE above clouds is ⟨dre⟩ in Wm−2, σ is the standard deviation

of the distribution (Wm−2), γ indicates the skewness and n is the number of processed SCIAMACHY

pixels with cloud fraction larger than 0.3.
month year ⟨dre⟩ σ γ n

2006 6.75 10.38 0.17 1988
June 2007 10.91 13.53 0.60 3897

2008 7.50 11.82 0.50 1683
2009 8.17 10.52 0.89 3521
2006 16.96 18.09 1.28 5880

July 2007 15.08 15.98 0.87 5744
2008 22.54 19.08 0.76 4335
2009 18.88 16.15 0.66 4253
2006 27.87 22.62 0.99 7515

August 2007 34.71 21.84 0.42 8121
2008 30.06 18.30 0.32 5738
2009 32.57 19.80 0.33 7414
2006 25.68 13.86 0.63 6734

September 2007 34.08 16.86 0.43 5980
2008 36.86 19.29 0.71 6707
2009 32.14 17.27 0.66 7554
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