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ABSTRACT

Aerosol radiative forcing in the Persian Gulf region is derived from data collected during the United
Arab Emirates (UAE) Unified Aerosol Experiment (UAE2). This campaign took place in August and
September of 2004. The land–sea-breeze circulation modulates the diurnal variability of the aerosol prop-
erties and aerosol radiative forcing at the surface. Larger aerosol radiative forcing is observed during the
land breeze in comparison to the sea breeze. The aerosol optical properties change as the onshore wind
brings slightly cleaner air. The mean diurnal value of the surface aerosol forcing during the UAE2 campaign
is about �20 W m�2, which corresponds to large aerosol optical thickness (0.45 at 500 nm). The aerosol
forcing efficiency [i.e., broadband shortwave forcing per unit optical depth at 550 nm, W m�2 (�500)�1] is
�53 W m�2 (�500)�1 and the average single scattering albedo is 0.93 at 550 nm.

1. Introduction

The United Arab Emirates (UAE) Unified Aerosol
Experiment (UAE2) was conducted in August and Sep-
tember 2004, and included two radiation and aerosol
surface supersites and 15 Aerosol Robotic Network
(AERONET) sites with sun photometers deployed in
the costal and desert regions of the UAE. One of the
two ground observational stations, the Naval Research
Laboratory (NRL) Mobile Atmospheric Aerosol and
Radiation Characterization Observatory (MAARCO)
was located on the Persian Gulf coast approximately 50
km northeast of Abu Dhabi, United Arab Emirates,
and away from the primary city plume. This location
allowed for studies of the aerosol properties over land
in the proximity of both the desert and the Persian
Gulf. The strong sea–land-breeze circulation is a regu-
lar phenomenon in the costal zone of the Persian Gulf
in the absence of strong large-scale flow (Zhu and At-
kinson 2004). During the sea breeze strong winds often

lead to local mineral dust production. Low humidity
and middle-troposphere subsidence are responsible for
the mostly clear-sky conditions; thus, it was a good site
to study the direct aerosol radiative forcing.

The purpose of this study is to extend previous
knowledge about the aerosol optical properties in the
Middle East region. We investigate the influence of
aerosol on the surface radiation budget. The results are
based on the data collected during 6 weeks of measure-
ments performed at the MAARCO site, including sur-
face and columnar observations. We discuss aerosol
forcing estimated by independent methods, including
surface observations of the solar fluxes and radiative
transfer model calculations.

The role of atmospheric aerosols in modifying the
radiation budget of the earth–atmosphere climate sys-
tem is being increasingly recognized (Hansen et al.
1997; Haywood et al. 1999; Ramanathan et al. 2001a).
However, there are still large uncertainties of the aero-
sol radiative forcing on the regional scale (Houghton et
al. 2001) resulting from a lack of sufficient knowledge
of the aerosols’ optical, physical, and chemical proper-
ties, and large spatial and temporal variability. Much of
the recent work has been devoted to reducing the aero-
sol forcing uncertainties by improving global circulation
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models (Chin et al. 2002; Takemura et al. 2002) and
transport models (Collins et al. 2001). Also, establish-
ment of the observational networks, such as the
AERONET (Holben et al. 2001), the European Aero-
sol Research Lidar Network (EARLINET), and the
Micropulse Lidar Network (MPLNET), dedicated to
monitoring the aerosol properties and their vertical dis-
tribution (Wielicki et al. 1996), resulted in fast progress
in this field. Another important component of the aero-
sol forcing research are the observational campaigns in-
volved—smoke, clouds and radiation—Brazil (SCAR-B;
Kaufman et al. 1998), Tropospheric Aerosol Radiative
Forcing Observational Experiment (TARFOX; Hobbs
1999; Redemann et al. 2000), First Aerosol Character-
ization Experiment (ACE1; Bates et al. 1998), Second
ACE (ACE2; Raes et al. 2000), INDOEX (Ra-
manathan et al. 2001b), Mediterranean Intensive Oxi-
dant Study (MINOS; Lelieveld et al. 2003), and Sa-
haran Dust Experiment (SHADE; Tanré et al. 2003).

Based on the Total Ozone Mapping Spectrometer
aerosol index (Goudie and Middleton 2001), the region
of the Persian Gulf has recently been identified as the
world’s third largest dust source (Léon and Legrand
2003). Maximum dust activity occurs during the pre-
monsoonal (spring) and monsoonal (summer) periods
(Ackerman and Cox 1989). During the summer active
dust areas also are located along the Persian Gulf from
Kuwait to the UAE. Large anthropogenic emissions
(Langner et al. 1992) and the interaction of pollution
with mineral dust can lead to complex aerosol particles.
Pollution is emitted mostly by local refineries, factories,
and fossil fuel combustion, in addition to being trans-
ported from the Indian subcontinent. The aerosol op-
tical properties in the Persian Gulf region are not well
characterized. The ground and airborne measurements
made in the spring and summer of 1991 (Draxler et al.
1994; Hobbs and Radke 1992; Nakajima et al. 1996)
were focused on the Kuwaiti oil fires of 1991.

Recently, one site in the Persian Gulf region (Bahr-
ain) was characterized in terms of the background aero-
sol properties (Smirnov et al. 2002) using a scanning
radiometer. The results indicate significant diurnal and
annual variability of the columnar aerosol optical prop-
erties and aerosol size distribution. The annual cycle
mostly is due to seasonal dust production and, there-
fore, aerosol optical thickness (AOT) is negatively cor-
related with the Ångström exponent. The maximum of
AOT is observed during the summer and reaches 0.45
at 500 nm. Based on the Meteorological Satellite (Me-
teosat), observations in both the UV–visible and the
infrared spectrum (Deepshikha et al. 2005) derive the
dust-absorbing efficiency over the north Indian Ocean.

Deepshikha et al. (2005) noticed that dust originating
from the desert areas of the Arabian Peninsula is less
absorbent than dust interacting with the anthropogenic
aerosols; this provided strong evidence for occasional
mixing of dust particles with black carbon.

To the best of our knowledge there is no extensive
body of literature related to the aerosol influence on
the radiation budget in the Persian Gulf. However,
there were several intensive field studies related to the
aerosol radiative forcing over the Indian Ocean and
Arabian Sea. One paper, based on 5 yr of satellite data
analysis (Ramachandran 2005), finds a fairly large an-
nual reduction of the solar radiation (�22 W m�2) at
the earth’s surface over the Arabian Sea. The annual
mean radiative forcing at the top of the atmosphere
(TOA) was found to be �9 W m�2, and large atmo-
spheric absorption of about 13 W m�2 indicates the
significant influence of soot emitted from fossil fuel and
biomass burning. These results are influenced by the
strong emission from the Indian subcontinent and can-
not be directly extended to the Persian Gulf region.
Satheesh et al. (2006), based on AERONET and Mod-
erate Resolution Imaging Spectroradiometer (MODIS)
data, found that the radiative forcing at the TOA over
Saudi Arabia is in the range from �2 to �4 W m�2

(annual mean). While TOA forcing is nearly zero be-
cause of the large surface albedo, the surface aerosol
forcing is negative and varies in the range from �30 to
�70 W m�2. However, the calculated aerosol radiative
effect by Derimian et al. (2006) over Negev Desert in
Israel shows cooling both at the top of the atmosphere
and at the surface during the entire year.

Model studies (e.g., The Florida State University
Limited Area Model) of mesoscale dynamics sensitivity
to the radiative transfer parameterization were per-
formed (Mohalfi et al. 1998) with the two-stream radia-
tive transfer approximation with assumed single scat-
tering dust properties. The results indicated improve-
ments in the modeling of the diurnal variability of the
air temperature when dust was included in the simula-
tions. The dust layer weakens the sea breeze, but does
not have any significant effect on the land breeze. How-
ever, the assumed single scattering albedo (SSA � 0.8)
in this paper was probably too low.

2. Description of the observational site

During UAE2 the aerosol optical, physical, and
chemical properties as well as meteorological param-
eters were collected at the NRL MAARCO.
MAARCO is an air-conditioned shipping container
that has been modified to function as a portable labo-
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ratory. The observational station was located in the
northeastern part of the UAE at 24.700°N, 54.659°E,
about 10 m from the seashore. The site is close to the
local port with occasional small ships sailing back and
forth to the Persian Gulf. There was some building con-
struction in the surrounding area. The absence of high
buildings made MAARCO a good location to investi-
gate radiative fluxes. The coastline in the proximity of
our site was directed from the southwest to the north-
east.

3. Description of the instrumentation

The total and diffuse broadband radiative (280–2800
nm) fluxes were obtained using the CM22 Kipp &
Zonen pyranometers (Table 1). The direct flux was
measured by the CH1 Kipp & Zonen pyrheliometer
mounted on the two-axis sun tracker. All radiometers
were calibrated before and after the campaign at the
Kipp & Zonen calibration facility. The calibration fac-
tor for each instrument was determined by an indoor
side-by-side comparison with a reference radiometer of
a similar type under a stable laboratory calibration
lamp. This follows the indoor radiometer calibration
procedure guidelines of ISO 9847, appendix 3 (Kipp &
Zonen 2004). The reference pyranometer and pyrheli-
ometer used in the comparison were calibrated at the
World Radiation Centre (WRC) at Davos, Switzerland.
The calibration procedure for each type of radiometer
is more fully explained in the instruction manuals for
the pyranometer (Kipp & Zonen 2004) and the pyrhe-
liometer (Kipp & Zonen 2001). The postcampaign cali-
bration factors were found to be within 1.7% of the
precampaign values. In addition, the zero offset correc-

tion was performed for pyranometers and pyrheliom-
eters.

The total aerosol optical depth was measured with a
Cimel instrument (Holben et al. 1998). At the MAARCO
site two Cimel sunphotomers (303 and 328) were in-
stalled. These instruments measure direct and diffuse
solar radiation at eight spectral bands (340, 380, 440,
500, 675, 870, 936, and 1020 nm). AERONET software
processed the data from these instruments. In addition,
one of the instruments had a polarizer to measure po-
larization of the diffuse radiance at 870 nm. The AOT
and the retrieved parameters, such as the SSA, the
asymmetry parameter (Bohren and Huffman 1983),
and the total water vapor content (Halthore et al. 1997;
Bruegge et al. 1992), are analyzed herein.

The Vaisala CT25K laser ceilometer was operating
during the experiment, but its sensitivity limits retriev-
als to the lower troposphere (in this study only limited
CT25K data are presented).

The vertical profiles of the aerosol extinction coeffi-
cient at 532 nm were also measured by a micropulse
lidar (MPL; Welton and Campbell 2000). The vertical
resolution of this instrument is 75 m. The aerosol ex-
tinction coefficient was obtained from the calibrated
lidar signal and the Cimel observations of the AOT (in
this study only limited MPL data are presented).

The aerosol absorption coefficient at the surface was
obtained from the AE-30 aethelometer produced by
the Magee Scientific Company (Allen et al. 1999;
Hansen et al. 1996). The measurements were per-
formed at seven wavelengths (370, 470, 520, 590, 660,
880, and 950 nm) and were corrected for the scattering
error (Remiszewska et al. 2007), the deposit spot size,
the AE-30 flow rate, and the manufacturer’s calibra-

TABLE 1. List of instrumentation and derived quantities.

Instruments Quantity Accuracy

Pyranometer CM21 Total shortwave flux �9 W m�2 and �10 W m�2 for noncosine responsea

Shaded pyranometer CM21 Diffuse shortwave flux �9 W m�2a

Pyrhelometer CH1 Direct shortwave flux �3 W m�2a

Cimel (AERONET) Aerosol optical thickness 0.01–0.02 (Schmid et al. 1999)
Single scattering albedo 0.03 (Dubovik and King 2000)
Asymmetry parameter 3%–5% (Dubovik et al. 2006)
Precipitable water 10% (Schmid et al. 2001)

Nephelometer TSI Scattering coefficient 15% (Anderson et al. 1996)
Aethalometer AE-30 Absorption coefficient 8% (Remiszewska et al. 2006)
Ceilometer CT25K Range-corrected signal 2%b

MPL Aerosol extinction coefficient 15%–20% (Schmid et al. 2006; Welton and Campbell 2002)
Radiosondes Precipitable water 5%c

a Technical information provided by Kipp & Zonen (2001, 2004).
b Technical information provided by the Vaisala.
c Estimate based on Vaisala technical information about accuracy of the relative humidity, temperature, and pressure measurement for

the RS92 radiosonde.

SEPTEMBER 2008 M A R K O W I C Z E T A L . 2879



tion. Measurements of the aerosol scattering and the
hemispheric backscattering coefficients were made with
an integrating nephelometer (Model 3563, TSI, Inc.;
Anderson et al. 1996) at 450, 550, and 700 nm. During
the experiment two nephelometers were simulta-
neously operated—one at near-ambient conditions and
the other one at a constant relative humidity of about
35%.

Radio soundings from the Abu Dhabi International
Airport (about 30 km from MAARCO) were used, and
several soundings were performed at the MAARCO
site. A weather station (ET106) from Campbell Scien-
tific provided local weather conditions, including air
temperature, relative humidity, wind speed, and wind
direction. In addition, the cloud cover was estimated
using the Yankee Whole Sky Camera.

To minimize instruments uncertainties we performed
several calibrations during and after UAE2. In the case
of pyranometers and pyrhelometer we performed the
zero (thermal) offset calibration. This offset is mostly
caused by the disturbance of the thermal equilibrium
within the instruments. Longwave emission of the pyra-
nometer glass domes is the major source of zero offset
for this instrument under stable temperature condi-
tions. Zero offset depends on the difference between
sensor temperature and effective sky temperature and
may be different during the day. This effect is usually
small (Bush et al. 2000) and it is not taken into account
in this study. We used ventilated pyranometers for
which the zero offset is smaller in comparison to un-
ventilated pyranometers. Drummond and Roche
(1965) show that ventilation decreases the zero offset
by using the air to maintain a more uniform tempera-
ture over the surface of the instrument. In addition, we
performed intercomparisons of these instruments to
check their calibrations and response differences.

Daily average downward total flux was calculated us-
ing the direct pyrheliometer and shadowed pyranom-
eter techniques. In this method the shadow disk effect
leads to some uncertainties. The direct flux is measured
by the pyrhelometer (CH1) with the field of view
(FOV) of 5.7°, while for the diffuse flux the shaded disk
blocks 6.4° of the sun’s aureole; this correction is usu-
ally less than 1%. The mean bias of the total fluxes for
both methods is 4.1 W m�2 and the rms difference is 8.9
W m�2. The total flux obtained directly from the non-
shaded pyranometer is slightly larger than that deter-
mined from the direct and the diffuse fluxes.

The total water content from Cimel observations was
verified with the radio soundings. The correlation co-
efficient between both observations is 0.94, but the Ci-
mel measurements give significantly larger values
(7%). We recalibrated the precipitable water from Ci-

mel resulting from this comparison (Halthore et al.
1997).

During the UAE2 campaign we performed several
MPL (Welton et al. 2002) and CT25K ceilometer over-
lap calibrations. The overlap corrections were deter-
mined with instruments pointing horizontally.

4. Meteorological overview

August and September in the UAE is characterized
by a shallow low, located in the southern part of the
Arabian Peninsula (Fig. 1a). This low pressure system is
a part of the large pressure system dominating the In-
dian subcontinent (Zhu and Atkinson 2004). The typi-
cal mesoscale pressure gradient around the UAE is
small [�0.5 hPa (100 km)�1]. There is large contrast
between the land and sea temperature, which is respon-
sible for the local circulation development in the costal
regions of the UAE. Sea-breeze flow is localized close
to the shore and produces circulation with a wind speed
of about 8–10 m s�1 during the day. Climatologically,
the flow at 1000 hPa shows stable southwest wind in the
southeast part of the Arabian Peninsula, which is a part
of the summer monsoon circulation. This flow is stron-
ger in August than in September and sometimes
reaches the section of gulf bordered by UAE. During
this period the low-level flow carries mineral aerosol
from the UAE desert close to the MAARCO site.

Above 700 hPa the circulation over the UAE is an-
ticyclonic with northerly wind over the region (Fig. 1b).
The 500-hPa flow is determined by the large anticy-
clone system, which is located in the eastern part of the
Sahara and the northwest part of the Arabian Peninsula
(Figs. 1c,d). These upper-level northeast winds bring
dust particles from Iran and Afghanistan, where dust
storm activity is significant during the summer season.

Thus, during the summer, the UAE is a convergence
region for pollution from surrounding countries, such
as Kuwait, Saudi Arabia, and India, but there is also
strong dust storm activity in the region itself. During
the UAE2 campaign we observed several small dust
storms close to the MAARCO site, which reduced vis-
ibility to several hundred meters.

The Arabian Peninsula in summer is under the influ-
ence of the subsiding branch of the Hadley circulation.
This is responsible for the mostly clear-sky and extreme
dry conditions throughout the atmospheric column.
The main inversion level is close to 5.5 km, and this
altitude is most often limiting the aerosol layer. With
the addition of moisture altocumulus clouds develop at
around the 700-hPa level, but this is fairly uncommon.
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5. Methodologies of the direct aerosol forcing
estimations

Aerosol forcing is the perturbation of the earth–
atmosphere system radiative fluxes caused by the aero-
sols. Direct aerosol forcing is defined as the difference
between net (down minus up) radiative flux for a clear-
sky atmosphere with aerosols and net clear-sky radia-
tive flux without aerosol. The solar aerosol direct forc-
ing at the surface As is defined as

As � �Fa
↓ � Fa

↑� � �Fc
↓ � Fc

↑�, �1�

where F↑
c and F↑

a are upward aerosol-free and aerosol-
modified solar flux, and F↓

c and F↓
a are the same quan-

tities but for downward solar flux only. We use termi-
nology “mean” diurnal aerosol forcing to indicate the
24-h-averaged aerosol forcing.

There are several approaches for estimating aerosol
radiative forcing. One is based on observations of the
radiative fluxes and aerosol optical properties only.
However, the observed solar flux is strongly affected by
the water vapor direct absorption (Kay and Box 2000)
and by the aerosol growth (Markowicz et al. 2003; Im et
al. 2001). Reduction of the solar radiation by water
vapor absorption is, to the first approximation, propor-
tional to the total water vapor content. Because the

water vapor absorption is the most important source
of aerosol forcing uncertainties we take this into ac-
count by deriving the aerosol forcing efficiency Feff �
	As /	AOT (slope of the mean net diurnal flux versus
the mean aerosol optical thickness at 500 nm) for days
with similar water vapor content. To eliminate diurnal
changes of the solar flux at the surface during several
weeks of measurements we normalized the mean diur-
nal flux at the surface by the mean solar flux at the top
of the atmosphere averaged over the time that our cam-
paign lasted. Another way to deal with the water vapor
issue is to calculate the solar flux from the radiative
transfer model for the case of atmosphere without aero-
sols. This method requires information about the total
water vapor and total ozone, as well as temperature,
pressure, and humidity profiles, which we obtained
from the radio soundings at Abu Dhabi International
Airport (about 30 km from MAARCO). Also, we used
some of the radiosondes at the MAARCO site to re-
calibrate the total water vapor retrieved from the Cimel
sun photometer. Because of model and observational
uncertainties we use slope method to calculate the
aerosol forcing efficiency (Satheesh and Ramanathan
2000). In this method the mean diurnal aerosol forcing
(calculated from the difference between observed and
modeled aerosol-free fluxes) is plotted as a function of

FIG. 1. Mean wind (m s�1) and geopotential height (m) in August 2004 from the NCEP–
NCAR reanalysis: (a) winds at 1000 hPa and the mean sea level pressure, and winds and
geopotential heights at (b) 700, (c) 500, and (d) 300 hPa. Solid circle marks MAARCO’s
position.
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the mean diurnal aerosol optical thickness. The slope of
the linear fit defines the aerosol forcing efficiency,
which can be used to obtain the mean aerosol forcing
for individual days. This method assumes that the aero-
sol optical properties are constant and that the assump-
tion about linearity is valid (this assumption is valid for
a certain range of optical thicknesses). The advantage
of this method is that aerosol forcing estimated from
the slope method is not influenced by observational and
model bias for certain range of AOTs. However, if this
bias changes with the aerosol optical thickness, then the
slope method can be sensitive to observational and
model offset. Information about the total water vapor
and total ozone, as well as temperature, pressure, and
humidity profiles, was obtained from the radio sound-
ings at Abu Dhabi International Airport (again, about
30 km from MAARCO). Also, we used some of the
radiosondes at the MAARCO site to correct the total
water vapor retrieved from the Cimel sun photometer.

Even though measurements were performed over the
land we calculate the aerosol forcing over the water
surface. This allows us to compare our results with re-
sults from other field campaigns. To this end we com-
puted a correction to the net solar flux resulting from
the change of the surface albedo from land to sea. This
transfer requires information about the albedo close to
the measurement station. Because the measuring sta-
tion was located just on the border of water and land we
assume that the surface albedo is a combination of 50%
desert and 50% water. We use observed albedo based
on the MODIS product MOD43B3 (Moody et al.
2008), which includes information about spectral and
broadband “white sky” and “black sky” albedo at nine
wavelengths (0.47, 0.55, 0.67, 0.86, 1.24, 2.1, 0.3–0.7, 0.3–
5.0, and 0.7–5.0 
m). This dataset contains spatially
complete land surface albedo at 1-min resolution on an
equal-angle grid. The database includes only albedo at
the mean solar zenith angle close to noontime, and we
use the streamer model (Key and Schweiger 1998) to
compute the variability of the albedo resulting from
solar elevation. The model of the water albedo assumes
Fresnel reflectance, with the correction resulting from
whitecaps and the mean concentration of chlorophyll at
the seashore.

The MODTRAN version 4.1 (Berk et al. 1998) ra-

diative transfer code with the discrete ordinate radia-
tive transfer (DISORT; Stamnes et al. 1998) solver was
used for the radiative transfer calculations. The DISORT
model includes multiple scattering effects. To obtain
uncertainties of the aerosol radiative forcing �A we as-
sumed that modeled �Fmodeled and measured �Fmeasured

uncertainties are uncorrelated and can be estimated
from the expression

�A � ���Fmodeled�2 � ��Fmeasured�2. �2�

MODTRAN accuracy is about 2% for the aerosol-free
solar flux [cf. the Intercomparison of Radiation Codes
in Climate Models (ICRCCM) of Fouquart et al. (1991)
and the Halthore et al. (2005) study].

Errors associated with the surface albedo
assumption

Our measuring station was located just on the border
between water and land. Therefore, the assumption
that the albedo is a mix of 50% land and 50% water
seems to be quite reasonable. However, to estimate the
maximum error associated with this assumption we per-
formed simulations and calculated aerosol forcing as-
suming that the albedo composition is different with
respect to the base case of 50%–50%. Table 2 presents
the results of such an analysis. For example, the 75%
land and 25% sea surface assumption will lead to about
5% uncertainties in the calculated aerosol forcing over
water (we calculate all forcing over water).

6. Results

a. Columnar aerosol optical properties

The UAE2 was conducted during the summer
months when the dust activity is the strongest and the
mean AOT was large—0.49 at 500 nm. The mean value
of AOT for days without any clouds, which we use for
the radiative forcing calculations, was 0.45 at 500 nm. In
general, the AOTs were in the range of 0.12–1.2, with a
standard deviation of 0.15. These high values of the
AOT have a significant influence on the local energy
balance.

The AOT variability during UAE2 can be explained

TABLE 2. Errors in the surface aerosol forcing resulting from different surface composition.

Surface composition
100% land,
0% water

75% land,
25% water

50% land,
50% water

(base calculations)
25% land,
75% water

0% land,
100% water

Errors in the aerosol forcing with respect
to base calculations

�10.9% �5.4% 0.0% 5.3% 10.6%
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by the following three mechanisms: (a) large-scale
transport of natural and anthropogenic pollution, (b)
local production of mineral dust, and (c) transport re-
lated to the land–sea circulation. The northern, low-
tropospheric flow brings pollution from the Kuwaiti re-
gion. The large-scale flow, from the northeast, carries
mineral dust transported in the middle troposphere
from Afghanistan, Iran, and Pakistan. Southern flow
originates as a clean air mass from the southern Indian
Ocean but becomes polluted over the Arabian Penin-
sula.

Figure 2 shows that the AOT is not correlated with
the Abu Dhabi International Airport and MAARCO
observations (radiosondes launched at 0000 and 1200
UTC) of wind direction at 1 km AGL. The AOT mea-
surements were matched with the radiosonde observa-
tions within the 2-h time frame. This finding holds for
different heights (not shown) and can be explained by
the horizontal homogenous distribution of the AOT in
the Persian Gulf region. Note that the mean wind speed
during UAE2 measured by the radiosondes launched
from the Abu Dhabi International Airport is only 4.6
m s�1 at 1 km and 5.2 m s�1 at the 2.5 km (Fig. 1), and
is responsible for the weak average pollution advection
and ventilation.

The Ångström exponent 
 is defined by the logarith-
mic fit of the aerosol optical thickness � using seven
wavelengths � (ln� � �
 ln� � const). This quantity
shows more significant variability with the wind direc-
tion. The larger values were observed during the on-
shore winds from the western and northern sectors.
This is caused by the advection of the anthropogenic
aerosols. The Ångström coefficient decreases during
the time the offshore winds (east and south wind direc-
tion) transport mineral dust. This result is consistent
with the Ångström exponent pattern observed at the
surface (MAARCO), based on the nephalometer and
aethalometer (Remiszewska et al. 2007). The single
scattering albedo obtained from the AERONET re-
trievals is not significantly correlated with the wind di-
rection (diamonds in Fig. 2).

For the onshore and offshore winds the mean single
scattering albedo is almost the same (0.93). However,
surface observations (Remiszewska et al. 2007) indicate
a small decrease of the single scattering albedo for the
offshore wind. The mean surface single scattering al-
bedo during the land breeze is 0.91 and during the sea
breeze is 0.93 at 550 nm.

Figure 3 shows, based on Cimel measurements, that
there is a significant correlation between the AOT at
1020 nm and the total water vapor content. This corre-
lation increases with the Ångström exponent. For the
Ångström coefficient exceeding 0.5 the AOT is strongly

correlated with the total water vapor content and the
slope of the AOT–total water vapor linear dependence
is about 0.1. For a smaller Ångström exponent (�0.5)
the AOT–water vapor relationship is poor, apparently
because these are large and nonhydroscopic particles.

b. Vertical distribution of aerosol extinction
coefficient

The ceilometer and MPL [we used Klett’s (1985)
modified algorithm as described in Voss et al. (2001)]
are used here to illustrate the vertical distribution of
aerosols. The aerosol layer with relatively large extinc-
tion coefficient values extended from surface up to 600
m. The significant reduction of the aerosol extinction
coefficient, that is, less aerosol loading, is observed
above this altitude. However, some aerosols are still
observed up to 5 and 6 km. This altitude is associated
with a strong and steady subsidence layer. Figure 4
shows the midnight profiles of the aerosol extinction
coefficient, potential temperature, and relative humid-
ity. Weak winds and high relative humidity result in the
accumulation of the pollution at the surface. Some
aerosols are observed at about 5–5.5 km, and this layer
is correlated with the temperature inversion and the
sharp decrease of relative humidity. For an illustration
of typical conditions the mean diurnal variability of the
aerosol extinction coefficient obtained from the ceil-
ometer is presented in Fig. 5. The useable vertical range
of the ceilometer aerosol retrieval is only around 1.5
km. A strong surface return is observed at all times, and
observations show that maximum extinction is ob-
served in the first 500 m. However, a significant reduc-

FIG. 2. The aerosol optical thickness at 500 nm (squares), the
Ångström exponent (circles), and the single scattering albedo
(diamonds) as a function of the wind direction at 1 km. The wind
direction is based on the radiosondes launched from the Abu
Dhabi International Airport at 1200 UTC.
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tion of the extinction coefficient is observed between
0700 and 1000 UTC (between 1100 and 1400 local
time). The diurnal variability surface extinction is
strongly correlated with the land–sea breeze. The larg-

est extinction coefficient is observed in the morning
(0300–0600 UTC) when the wind speed and vertical mix-
ing are minimal. After the sea-breeze onset, both the
surface aerosol layer horizontal ventilation and vertical
mixing (intense around local noon) lead to a more uni-
form distribution of the aerosols. This daily structure is
discussed in more detail in Remiszewska et al. (2007).

FIG. 3. Correlation between the total water vapor and the aerosol optical thickness at 1020
nm: observations with Ångström exponent �0.5 (open diamonds), between 0.5–1 (solid
circles), and �1 (solid squares).

FIG. 4. Profile of (a) the extinction coefficient at 532 nm, and (b)
the potential temperature (solid line) and the relative humidity
(open circles and solid line) observed by the lidar and the radio-
sonde at 0000 UTC 7 Sep 2004.

FIG. 5. Mean diurnal variability of the extinction coefficient [1
(km)�1] at 905 nm as a function of the altitude based on the
ceilometer observations.
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c. Aerosol forcing observations

In this study we used the 24-h mean radiative fluxes,
which are based on the continuous observation of solar
fluxes for days without any cloud. We choose these days
based on the whole-sky camera pictures. Figure 6 shows
the relationship between the mean diurnal net solar
flux at the surface and the AOT at 500 nm. These fluxes
were corrected for mean diurnal flux at the top of the
atmosphere, which takes into account changes of the
solar radiation as time progresses (change in sun dec-
lination). The range of mean diurnal incoming solar
radiation at the top of the atmosphere changes between
380 and 445 W m�2.

The solid squares represent cases with the total water
vapor in the range from 1.9 to 2.4 g cm�2, which cor-
responds to the 25th and 75th percentiles of the water
vapor distribution as a function of water vapor content.
The linear fit (slope) for these points defines the aero-
sol forcing efficiency. Days with extreme total water
vapor content were eliminated to minimize the water
vapor absorption influence on the solar radiation vari-
ability. The vertical lines above the squares on Fig. 6
are proportional to the water vapor content and the
vertical lines below the squares to surface single scat-
tering albedo. The lengths of the vertical lines are
scaled to total variability of these quantities, and zero
length corresponds to either the minimal value of the
water vapor content or the single scattering albedo.
These two parameters can explain the departure of sev-

eral points from the linear fit given by the solid line in
Fig. 6. For example, a few points with small single scat-
tering albedo and/or large total water vapor content are
below the solid line because of strong absorption of
solar radiation. Some data points deviate from the lin-
ear trend resulting from other causes, such as, for ex-
ample, particle nonsphericity.

The slope of linear fit is �53.7 W m�2 (�500)�1 where
�500 is the aerosol optical depth at 500 nm. The estimated
uncertainty of the aerosol forcing efficiency is large [9.0
W m�2 (�500)�1] resulting from water vapor variability.
Therefore, we present the second method, which uses
the modeled solar radiation fluxes for the atmosphere
without aerosols but with the same vertical structure as
that observed (including water vapor content). The
MODTRAN version 4.1 (Berk et al. 1998) radiative
transfer code with a DISORT (Stamnes et al. 1998)
solver was used for the radiative transfer calculations.
The DISORT model includes multiple scattering effects.

Figure 7 shows the aerosol forcing at the surface
based on this observational modeling approach. The
open squares represent days with mean single scatter-
ing albedo that is larger than 0.92 and solid squares
represent days with mean single scattering albedo
smaller than 0.92. The slope of the linear fit to all data
points is slightly smaller compared to the previous
method, and it is �52.9 � 5.4 W m�2 (�500)�1. The slope
for days with single scattering albedo lower than 0.92
(at 550 nm) is �68.8 � 6.2 W m�2 (�500)�1 and for days
with single scattering albedo larger than 0.92 (at 550
nm) is only �45.6 � 6.9 W m�2 (�500)�1. The increase of
the aerosol forcing efficiency for aerosol with a larger

FIG. 6. Mean diurnal net solar flux at the surface corrected for
mean incoming solar radiation at the top of the atmosphere as a
function of the aerosol optical thickness at 500 nm (open squares).
Days with the average total water vapor in the range of 1.9–2.4
g cm�2 (solid squares) and the linear fit to these points (solid line.
The vertical lines below the squares are proportional to surface
single scattering albedo at 550 nm and the vertical lines above
square indicate total water vapor (in arbitrary units).

FIG. 7. The mean diurnal aerosol radiative forcing at the surface
as a function of aerosol optical thickness at 500 nm: days with
mean single scattering albedo at the surface larger than 0.92 (open
squares) and smaller than 0.92 (solid squares). The solid line rep-
resents the linear fit to all data points.
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ratio of the absorption to extinction coefficient is ex-
pected. The mean aerosol forcing efficiency during the
UAE2 campaign is somewhat lower in comparison to
other experiments (Haywood et al. 2003; Markowicz et
al. 2003; Satheesh and Ramanathan 2000).

To better understand experimental results radiative
transfer simulations were performed with vertically uni-
form aerosol optical properties. Figure 8 presents re-
sults of these computations for two different aerosol
models with the same asymmetry parameter (0.75). The
first model describes aerosol with SSA equal 0.95 (dot-
ted circles) and the second is with SSA equal 0.9 (open
squares). The aerosol radiative forcing efficiency at the
surface (Fig. 8a) and the TOA (Fig. 8b) decreases sig-
nificantly with the AOT. Thus, the aerosol radiative
forcing is a nonlinear function of the AOT. Therefore,
in the region where AOT is small the aerosol forcing
efficiency is larger even when the aerosol optical prop-
erties are the same. In addition, the solar energy (diur-
nal mean) at the top of the atmosphere influences both
the aerosol radiative forcing and aerosol radiative effi-
ciency. Note that the increase of the AOT from 0.2 to
0.5 in our aerosol model leads to a decrease of the
aerosol forcing efficiency by about 5–10 W m�2 (�500)�1

at the surface and about 3 W m�2 (�500)�1 at the TOA.
These values depend on the aerosol optical model and
the surface albedo.

d. A simple model of aerosol direct radiative
forcing nonlinearity

In this section we discuss the nonlinear relationship
between the aerosol radiative forcing and AOT. Al-

though a precise determination of the radiative transfer
requires solving the radiation transfer equation, satis-
factory results can be obtained by means of a simple
model.

In this model an analytical equation explains why the
increase of mean AOT leads to a reduction of the aero-
sol radiative forcing efficiency. To this end, we will con-
sider a one-layer aerosol model (Seinfeld and Pandis
1998; Charlson et al. 1991) and assume the following:
that the solar radiation interacts with aerosol particles
and the sun is directly overhead, that the molecular
scattering is assumed to be negligible, and that the sur-
face albedo is equal to zero. The total incident radiation
transmitted downward through the atmosphere layer is

t � e�� � �1 � e�����1 � b�, �3�

where b is the hemispheric backscatter ratio and � is
the single scattering albedo. The first term of this equa-
tion shows the direct part of radiation transmitted by
the aerosol layer and the second term is the diffuse part.
If we assume that I0 is the solar flux at the top of the
atmosphere, the aerosol radiative forcing at the surface
[see Eq. (1)] can by written as

As � �I0�1 � e����1 � ��1 � b��. �4�

The aerosol forcing efficiency Feff is defined as

Feff � �I0e���1 � ��1 � b��. �5�

Figure 9 shows that the increase of the AOT leads to a
reduction of the aerosol forcing efficiency. Notice that
for small optical depths the aerosol forcing is a linear

FIG. 8. Modeled mean diurnal aerosol forcing efficiency [W m�2

(�500)�1] at the (a) surface and (b) TOA. An aerosol model with
single scattering albedo of 0.95 and asymmetry parameter of 0.75
(dotted circles) and single scattering albedo 0.9 and the same
asymmetry parameter (squares).

FIG. 9. (a) Instantaneous surface aerosol forcing and (b) aerosol
forcing efficiency as a function of the aerosol optical thickness.
These quantities are based on a conceptual model, which assumes
a homogeneous aerosol layer with a single scattering albedo of
0.9, a backscatter ratio of 0.1, and a completely absorbing surface.
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function of the optical depth and the aerosol forcing
efficiency is independent on the optical depth. Thus,
this nonlinear relationship is caused by the fact that in
the first approximation aerosol forcing is proportional
to the aerosol transmittance, which is a nonlinear func-
tion of the AOT. However, our observation (see Figs. 6
and 7) does not follow it because of the following two
reasons: a large uncertainty in the aerosol radiative
forcing estimation and a small range of AOT variabil-
ity. In our study the AOT varies between 0.3 and 0.6
only. Nevertheless, the slope of the linear fit of aerosol
radiative forcing versus AOT will be slightly different
in case of a different range of AOT variability.

e. Diurnal cycle of the aerosol optical properties
and the aerosol forcing land–sea modulations

Until now we discussed only the mean 24-h direct
aerosol forcing during the UAE2 campaign. However,
diurnal variability of the aerosol forcing is important in
regards to the local energy balance. In the coastal re-
gion this local energy balance determines the land–sea-
breeze circulation and a modification of this balance
can influence the breeze strength similar to monsoon
circulation (Ramachandran 2005). At the MAARCO
site we observed significant temporal variability of sur-
face aerosol optical properties (Remiszewska et al.
2007) resulting from land–sea-breeze circulation.
Therefore, in this section we discuss the diurnal vari-
ability of aerosol radiation forcing caused by aerosol
optical properties change.

The diurnal cycle of the aerosol forcing depends on a
solar zenith angle and aerosol optical properties, such

as the AOT, scattering phase function (or asymmetry
parameter), and SSA. The surface aerosol forcing effi-
ciency is associated with an upscatter fraction of solar
energy; forcing becomes larger (more negative) for
small aerosols particles (small asymmetry parameter).
Let us consider the following two cases: when the sun is
overhead and when the sun is close to the horizon. For
very small particles the upscatter flux for both zenith
angles is similar because of the phase function symme-
try.

In general, the upscatter flux at sunset and sunrise is
larger in comparison to that at local noon. However,
the solar flux decreases for larger solar zenith angle.
The combination of these two effects results in an aero-
sol forcing efficiency minimum for solar zenith angles
from 50° to 70°. Figure 10a presents surface aerosol as
a function of the solar zenith angle, a fixed asymmetry
parameter (g � 0.7), and several SSAs. The magnitude
of the aerosol forcing slightly decreases for absorbing
aerosols because of the reduction of the scattering ef-
fect. Figure 10b shows this behavior for several values
of the asymmetry parameter. For larger particles the
characteristic minimum (larger asymmetry parameter)
is shifted toward a larger solar zenith angle. The aerosol
forcing for small particles is almost constant for the
solar zenith angles less than 50°, and forcing is large in
comparison to that caused by the larger particles.

Figure 11a shows diurnal variability of the AOT at
500 nm as a function of the solar zenith angle during the
UAE2 campaign. Solid squares indicate observations
before noon (during the land breeze) and open squares
are the AOT after noon (during the sea breeze). The
difference of the AOT between the land and sea breeze

FIG. 10. Modeled surface aerosol forcing at 500 nm as a function
of the solar zenith angle for (a) constant asymmetry parameter
g � 0.7 and the values of the single scattering albedo listed, and
(b) constant scattering albedo SSA � 0.90 and the values of the
asymmetry parameter listed.

FIG. 11. (a) The aerosol optical thickness at 500 nm and (b) the
aerosol radiative forcing at the surface as a function of the solar
zenith angle. Afternoon sea breeze (open squares) and before
noon land breeze (solid squares).
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is small but consistent with the surface observations
discussed by Remiszewska et al. (2007). The onshore
winds bring cleaner air, which results in decreasing val-
ues of the surface absorption and scattering coefficient;
this is also observed for the columnar aerosol optical
properties.

Figure 11b illustrates that the diurnal forcing is larger
during the land breeze when the AOT is also larger.
During the afternoon the forcing is almost constant up
to the solar zenith angle of about 70°. Before noon the
aerosol forcing reaches minimum for solar zenith angles
in the range of 55°–65°. Comparing Figs. 11a,b one con-
cludes that the aerosol forcing can be explained by the
increase of the single scattering albedo and the reduc-
tion of the asymmetry parameter during the sea breeze.
This progression of the aerosol optical properties is
consistent (Remiszewska et al. 2007) with the surface
observation findings.

The diurnal cycle of the aerosol forcing efficiency
(Fig. 12) has a similar daily progression to that of the
aerosol forcing illustrated in Fig. 11. The 20 W m�2

differences for the solar zenith angle of 55° between the
land and sea breeze is again caused by a variation of the
aerosol optical properties. However, the daily mean
forcing efficiency difference between the land and sea
breezes are small and equal �8.8 W m�2; the efficiency
is �4 W m�2 when an alternative method based on the
“slope” linear fit is used. Notice that the noontime re-
duction of the solar radiation at the earth’s surface is
relatively small and reaches �90 W m�2 per unit of the
AOT.

We would like to emphasize that aerosol optical
properties presented in this section are based on the

observation of solar radiation and columnar aerosol op-
tical properties performed during daytime. Thus, the
variability of these parameters does not reflect the en-
tire pattern of the local sea–land-breeze circulation. A
more complete discussion of the diurnal optical prop-
erties at the surface is given in Remiszewska et al.
(2007).

7. Conclusions

In this paper we discuss the reduction of solar radia-
tion at the surface observed during the UAE2 cam-
paign. Good agreement of the aerosol radiative forcing
is obtained by three independent methods. The results
indicate a relatively small value of the aerosol forcing
efficiency at the surface (�53 W m�2), although the
single scattering albedo at 550 nm is not very high—
0.92 on the basis of surface observations—and 0.93—
based on the AERONET retrieval. This apparent in-
consistency with other field projects (Haywood et al.
2003; Markowicz et al. 2003; Satheesh and Ramanathan
2000) can be described by large observed AOT, which
was 0.45 at 500 nm. We show that the aerosol forcing
efficiency decreases with the increasing AOT and,
therefore, estimated aerosol forcing efficiency is small
in comparison to other campaigns.

We found that aerosol during the UAE2 campaign
leads to a significant reduction of the incoming solar
radiation at the surface (about 9%). Obtained values of
the aerosol direct radiative forcing show that aerosol
significantly influences local radiative budget partially
because we observed mostly clear-sky conditions
(85%).

The land–sea circulation influences the aerosol opti-
cal thickness and the aerosol forcing diurnal variability.
During the sea breeze we observed a slightly smaller
aerosol optical thickness and larger Ångström expo-
nent, which was caused by reduction of the amount of
mineral dust particles. Also, surface observations indi-
cate the reduction of the absorption coefficient
(Remiszewska et al. 2007) during the sea breeze.
Changes to the columnar and surface optical properties
lead to modification of the aerosol radiative forcing.
We found an increase of the aerosol forcing efficiency
during the land breeze. On the basis of model calcula-
tions and observed diurnal variability of the aerosol
forcing efficiency we show that its change is due to a
reduction of the single scattering albedo and an in-
crease of the asymmetry parameter during the land
breeze.

Figure 13 presents a conceptual model of the aerosol
radiative forcing and its relationship with local and
large-scale circulation during the UAE2 experiment.
All major circulations are illustrated, but not all of

FIG. 12. Aerosol radiative forcing efficiency for land breezes
(solid squares) and sea breezes (open squares) as a function of the
solar zenith angle. Vertical lines show uncertainties of the aerosol
efficiency.
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them appear at the same time in nature. The sea breeze
brings relatively cleaner air to the region (larger single
scattering albedo) in comparison to the land breeze.
Conceptually, the atmosphere can be divided into three
layers. First, 600 m is polluted and there is a sharp
decrease of dust and soot concentrations above this
layer. There is an elevated large-scale subsidence re-
gion at around 5000 m. The mean flow and advection in
the midtroposphere is relatively weak in comparison to
strong thermal circulations. The differences between
optical properties during the land and sea breeze are
relatively small but observable.
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