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Aerosol optical properties have been analyzed through the ground-based Aerosol Robotic
Network (AERONET) over the mega city Karachi during August 2006–July 2007. The aerosol
optical depth (AOD) is strongly dependent on wavelength; for shorter wavelengths AOD values
are higher than at longerwavelengths. The results reveal that themonthly averageAODat 500 nm
ranges from 0.31 to 0.92 with an annual mean of 0.48±0.18 and monthly averaged angstrom
exponent (Alpha) ranges from 0.17 to 1.05 with an annual mean of 0.49±0.31. The maximum
monthly average AOD value of 0.92±0.28 with the corresponding Alpha value of 0.21±0.11 is
found for July 2007, while the minimum monthly average AOD value of 0.31±0.11 with the
corresponding Alpha value of 0.53±0.13 is recorded forMarch 2007. The volume size distribution
in the coarse mode is higher in summer and lower in winter, whereas in the accumulation mode
the volume size distribution is higher in winter than in other seasons due to the hygroscopic
growth of aerosol particles. The single scattering albedo (SSA) during spring, autumn and summer
seasons shows a slight increase with the wavelength and ranges from 0.88±0.02 to 0.97±0.01.
The asymmetry parameter (ASY) is also wavelength dependent and varies from 0.61±0.03 to
0.74±0.02during theyear. The aerosol radiative forcing (ARF) for thewholeobservationperiod at
the top of the atmosphere (TOA) is in the range of−7 to−35Wm−2 (average−22±6Wm−2),
at the surface from−56 to−96Wm−2 (average−73±12Wm−2), increasing the atmospheric
forcing from +38 to +61Wm−2(average +51±13Wm−2). The SBDART-AERONET radiative
forcing at the surface and TOA agree with correlation of 0.92 and 0.82, respectively.
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1. Introduction

Aerosol radiative forcing (ARF) is intended to be a useful
way to compare different causes of perturbations in the climate
system. In the last two decades, aerosols have been recognized
as a major factor in determining global climate change
(Intergovernmental Panel on Climate Change, IPCC, 2007)
since they play a crucial role in the solar and thermal radiative
transfer in the atmosphere (Kosmopoulos et al., 2008). The ARF
is generally classified as direct forcing and involves scattering
and absorption of solar radiations by aerosols in a cloud free sky
raphy and Geology,
zburg 5020, Austria.

.

All rights reserved.
and indirect forcing through their fundamental role in cloud
microphysics. The various aerosol types have different effects
on the sign andmagnitude of the ARF (Kaskaoustis et al., 2007).
For example, black carbon (BC) aerosols have considerably
contributed to global warming (Jacobson, 2001; Penner et al.,
2003), and appear to be responsible to increase rainfall in the
southern part of China and drought in the northern parts of
China (Menon et al., 2002, Sarkar et al., 2006). Smoke particles
frombiomass burningmay have a significant impact on climate
particularly in altering the global radiation balance (Badarinath
et al., 2009; Kumar et al., 2010). Dust particles modify the
transport of the shortwave as well as long-wave radiation
through the atmosphere byscatteringandabsorptionprocesses
(Otto et al., 2007), and thus heating the atmospheric column
due to dust absorption (Haywood et al., 2001). Several other
studies have been conducted on the optical properties of
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mineral dust aerosols, their seasonal, spatial and temporal
characteristics, and their influence on solar radiation budget
(Ge et al., 2010; Jayaraman, et al., 2006; Liu et al., 2008; Prasad
et al., 2007; Ramanathan et al., 2001; Singh et al., 2010; Smirnov
et al., 2001; Tegen et al., 2004; Zheng et al., 2008).

Aerosol radiative forcing and optical properties have not
been studied in the Karachi region. This region is one of the
‘hotspots’ of atmospheric brown clouds (ABCs) in Asia with
annual mean AOD values greater than 0.3 and the absorption
optical depth being 10% of the AOD. ABCs are basically layers
of air pollution consisting of aerosols such as BC, organic
carbon, dust, sulfates, nitrates, and fly ash (Ramanathan et al.,
2005). The annual mean surface dimming and atmospheric
solar heating by ABCs over Karachi, Beijing, Shanghai and
New Delhi are found to be in the range from 10 to 25%
(Ramanathan et al., 2008). Some studies have been con-
ducted in Karachi to monitor the aerosol concentrations in
terms of total suspended particulate loading (Parekh et al.,
2001) and black carbon concentration (Dutkiewicz et al.,
2009). Recently, Alam et al. (2010) have analyzed the spatio-
temporal variation of aerosol optical depth (AOD) and the
aerosol influence on cloud parameters using Moderate
Resolution Imaging Spectroradiometer (MODIS) data. In the
present study we used Aerosol Robotic Network (AERONET)
data for the first time to analyze the aerosol optical properties
with the aim to investigate the monthly spectral variations in
AOD and Angstrom exponent (Alpha) over Karachi. The study
also analyzes the seasonal variability of aerosol in terms of the
size distribution, and investigates the variability of single
scattering albedo (SSA), asymmetry parameter (ASY) as well
as real and imaginary parts of the refractive index (RI). This
study also carries out the computations of ARF using the Santa
Barbara DISORT Atmospheric Radiative Transfer (SBDART)
model (Ricchiazzi et al., 1998). This paper consists of four
sections. Section 1 describes the introduction to the paper.
Section 2 describes experimental site and instrumentation,
Section 2.4 provides aerosol optical properties (AOD, Alpha,
size distribution, SSA, ASY, and RI) and ARF calculations.
Conclusions are given in Section 3.

2. AERONET sampling site and Instrumentation

2.1. Site description

Karachi is located in the southeastern part of Pakistan (Lat
24º 51′N; Long 67º 02′E) on the Arabian Sea. It is the largest
city of the country with a population of more than 16millions
and covers an area of around 3500 km2. The city has 1.5
million registered vehicles; therefore vehicular traffic is one
of the main sources of atmospheric aerosol. Its climate is
relatively mild, subtropical/arid with scanty rainfall (mean
annual rainfall 170 mm with maximum occurs through July–
September). Karachi has a large industrial base and the major
industries include textiles, pharmaceutical, cement factories,
oil refineries, automobiles, chemicals, heavy machinery,
shipbuilding and a steel mill. Some of the main industrial
zones and major roads are shown in the map (Fig. 1). The
AERONET site (sampling site) is the north-west of Karachi
Airport adjacent to the University of Karachi campus. The
sunphotometer is located on the roof top of a 3 story building
at a height of 12 m above ground level.
2.2. Instrument

Theground-basedCIMEL sky radiometer (KarachiAERONET
station) is operational since August 2006 under the joint
collaboration between NASA and the Institute of Space
Technology Karachi office. AERONET data are available at
three levels; level 1.0 (unscreened), level 1.5 (cloud screened)
(Smirnov et al., 2000) and level 2.0 (quality assured) (Holben
et al., 1998) and canbedownloaded from theAERONETwebsite
(http://aeronet.gsfc.nasa.gov/).

The CIMEL sun/sky radiometer takes measurements of the
direct sun and diffuse sky radiances within the spectral ranges
of 340–1020 nmand 440–1020 nm, respectively (Holben et al.,
1998). The inversion algorithm (Dubovik et al., 2000) provides
improved aerosol retrievals by fitting the entire measured field
of radiances-sun radiance and angular distribution of sky
radiances at four wavelengths (440, 670, 870, and 1020 nm)
to the radiative transfer model (Dubovik et al., 2002). The
inversion algorithm is used for retrieving aerosol volume size
distributions in the size range from0.05 to 15 μmtogetherwith
spectrally dependent complexRI, SSA andASYparameters from
spectral sun and sky radiance data. The uncertainty of the
retrieval of AOD under cloud free condition is b±0.01 for
λN440 nm and b±0.02 for shorter wavelengths, which is less
than ±5 for the retrieval of sky radiance measurements
(Dubovik et al., 2000). Retrieval errors in dV(r)/dlnr typically
donot exceed 15–35% (dependingon the aerosol type) for each
particle radius bin within the 0.1–7 μm range. The errors for
very small particles (0.05–0.1 μm) and very large particles (7–
15 μm) may be as large as 35–100% for a given particle radius
bin. Single scattering albedos are expected to have an
uncertaintyof 0.03–0.05dependingonaerosol typeand loading
(Dubovik et al., 2000). The comprehensive explanation of sun/
sky radiometer retrievals accuracy along with the inversion
algorithm is discussed by Dubovik et al. (2000) and Smirnov
et al. (2001). In the present study, level 2.0 datawere used both
for direct sun (AOD and Alpha) and for inversion products for
the time period of August 2006 to July 2007. Level 2.0 inversion
product for March 2007 has not been released. The period
(August 2006–July 2007) is rather typical in terms of dust
loadings, therefore the studyof aerosol optical properties in this
region is of great importance.We used AODatfivewavelengths
(440, 500, 675, 870 and 1020 nm) alongwithAlpha (440–870),
SSA, ASY parameters and complex RI at four wavelengths (440,
675, 870, and 1020 nm). We have also used a dust image from
the MODIS Terra satellite for July 21, 2007.

2.3. Meteorological conditions

The average prevailing meteorological conditions during
the study period are shown in Fig. 2. Data for monthly mean
wind speeds, wind direction, maximum and minimum tem-
perature and relative humidity and total precipitation are
obtained from Pakistan Meteorological Department. The mean
maximum and minimum temperatures are in the range from
26.3–36 °C and 13–29 °C, respectively. The mean ambient
relative humidity varies in the range from 31 to 76%. The
mean wind speed ranged from 2.05 to 5.40 m/s with lower
value in November 2006 and maximum in June 2007. During
the study period the winds are predominantly directed almost
from southwest. The Karachi area receives very little rainfall:

http://aeronet.gsfc.nasa.gov/


Fig. 1. Map of Karachi showing the sampling site, major roads and industries.
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the total annual rainfall for the study period is 432.7 mmwith a
monthly maximum of 148.6 mm occurring in August 2006.
2.4. Aerosol optical depth and angstrom exponent

The AOD is retrieved at five wavelengths 440, 500, 675,
870 and 1020 nm from the AERONET direct sun product. The
spectral variations of monthly mean AOD from August 2006
to July 2007 are shown in Fig. 3a. The monthly means are
calculated on the basis of daily mean AOD, which are in the
range of 0.12–1.01. It is evident from Fig. 3a that the AODs are
strongly dependent on wavelength: for longer wavelengths
AOD values are lower than for shorter wavelengths.

The AOD values for July 2007 are the highest for the period
investigated at all wavelengths. Singh et al. (2004) reported
spectral variation in AOD and also found the highest values
for the month of July, for both 2003 and 2004. During this
period mostly dust activities occur in the south of Pakistan on
the coast of the Arabian Sea.

Fig. 3b shows the monthly variations of AOD at 500 nm
from August 2006 to July 2007, with the error bars showing
the standard deviation of the monthly averaged value along
with Alpha (400–870 nm). Alpha is determined from the
spectral dependence of the measured optical depth, and is a
good indicator for the aerosol size. High values of alpha
indicate the dominance of fine particles, whereas low values
indicate the dominance of coarse particles and relatively less
concentration of fine particles. Alpha values are in the range
0.17–1.05, with the lowest value in June and highest value in
December. Both AOD and Alpha vary inversely to each other.
The annual average AOD at 500 nm is found to be 0.48±0.18
with an annual average Alpha 0.49±0.31 during the period of
observations. The monthly average AOD shows a maximum
value of 0.92±0.28 for July 2007 with the corresponding
Alpha value of 0.21±0.11 (Table 1). This means that aerosol



Fig. 2. Prevailing meteorological conditions for the study area during Augus
2006 to July 2007.
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Fig. 3. Monthly average variations in (a) AOD at different wavelengths
(b) AOD at 500 nm and Alpha (440–870) and c AOD and RH during Augus
2006 to July 2007.
particles are larger during this period and are likely related to
dust activities. Behnert et al. (2007) found that sea salt and
Saharan dust are associated with low α values representing
the large size of the particles.

The Moderate Resolution Imaging Spectroradiometer
(MODIS) Terra satellite captured dust plumes through
Afghanistan and Pakistan on July 21, 2007 (NASA Earth
Observatory Natural Hazards, 2007) as shown in Fig. 4. The
dust appeared as a beige swirl over the arid landscape. The
pale color of this dust plumewas consistent with that of dried
wetland soils. A break in the plume allowed a relatively clear
view of the land surface along the border between southern
Afghanistan and Pakistan. The dust storm originated from the
Hamounwetland. On the same day (21st July) AOD and Alpha
values were observed to be 1.36 and 0.06 respectively. Alam
et al. (2010) reported a very high AOD value of 0.80±0.34 in
Karachi during summer, which can be attributed to the fact
that it is a large urban, industrial area but at the same time a
coastal city.

In November 2006, AOD and Alpha are found to be 0.52±
0.28 and 0.77±0.20, which indicate that there is an increase in
the contribution of fine particles during this high temperature
period (Liu et al., 2008; Zheng et al., 2008). The local and/or
regional pollutants along with atmospheric convection might
play a major role in the increase in AOD. Dutkiewicz et al.
t

(2009) reported that high black carbon concentrations
(15 μgm−3) also contribute to high AOD values during
November, 2006 in Karachi. The AOD starts increasing from

image of Fig.�3


Table 1
Mean AOD at a wavelength of 500 nm and Alpha (440–870) from August
2006 to July 2007.

Months Mean
AOD (500 nm)
±SD

Mean
Alpha (440–870)
±SD

Aug 2006 0.65±0.12 0.30±0.03
Sep 2006 0.45±0.14 0.51±0.16
Oct 2006 0.46±0.15 0.58±0.27
Nov 2006 0.52±0.28 0.77±0.20
Dec 2006 0.40±0.14 1.01±0.26
Jan 2007 0.39±0.12 0.61±0.26
Feb 2007 0.40±0.08 0.54±0.15
Mar 2007 0.31±0.11 0.53±0.13
Apr 2007 0.41±0.12 0.39±0.20
May 2007 0.47±0.14 0.24±0.11
Jun 2007 0.46±0.24 0.19±0.09
Jul 2007 0.92±0.28 0.21±0.11
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themonth ofMay2007 and reaches the peak value in July 2007.
The AOD during December 2006 and January 2007 is
comparatively higher than the AOD during February and
March, 2007 as shown in Table 1. On the other hand the
Alpha values for December 2006 and January 2007 are high,
indicating the presence of fine particles in the atmosphere.

Fig. 3c shows that AOD has a nearly similar monthly
variation as that of RH. Both AOD and RH are higher in July
and August than for all othermonths. The increase in RH leads
to particle growth, to an increase of scattering, and to an
associated increase in AOD, SSA and asymmetry parameters.
Water vapor and AOD are directly related to each other, and
hence a higher concentration of water vapor in summer leads
to a higher AOD (Alam et al., 2010; Ranjan et al., 2007). The
Fig. 4. Dust plumes originated from Hamoun Wetlands in the southern part of Pakis
values were observed to be 1.38 and 0.07, respectively. The arrows show the direct
water uptake of atmospheric aerosols is important as it can
have a number of consequences: it can alter both the size and
the chemical composition of particles, and consequently their
optical properties (Alam et al., 2010). Changes in aerosol
water uptake behavior can therefore, at least potentially, lead
to changes in both direct and indirect radiative forcing on
climate (Intergovernmental Panel on Climate Change, IPCC,
2001, Intergovernmental Panel on Climate Change, IPCC,
2007).

2.5. Seasonal variation in aerosol size distribution

The size distribution of aerosols is an important parameter
in understanding their effect on climate. The worldwide
aerosol size distribution exhibits two distinct modes: fine
particles with particle size b0.6 μm and coarse with particle
size N0.6 μm (Dubovik et al., 2002). The AERONET aerosol size
distributions are retrieved from the Sun photometer using 22
radius size bins in the size range of 0.05–15 μm. The seasonal
variations in aerosol volume size distributions for the period
of August 2006 to July 2007 are shown in Fig. 5. The volume
size distributions exhibit a bimodal structure, which can be
characterized by the sum of two log-normal distributions as
follows:

dV rð Þ
d ln

r = ∑
2
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Where rV is the volume median radius, CV is the volume
concentrations and σ is the geometric standard deviation.
tan and Afghanistan on 21st July, 2007. On this day AERONET AOD and Alpha
ion of plumes towards Karachi.
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Fig. 5. Seasonal variations in AERONET retrieved aerosol size distributions
during August 2006 to July 2007.
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Thesequantities are calculatedusing the followingexpressions:
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where rmin and rmax denote the radius ranges for corresponding
modes. It is evident from Fig. 5 that the size distribution in the
accumulationmode is dominant at about 0.15 μm,whereas the
coarse mode is dominant with a radius of about 3 μm. The
volume size distributions in the coarse mode are higher in
summer and lower in the winter season; the higher values in
summer are due to the dust activities during this season and
also due to meteorological conditions, such as temperature,
pressure, and relative humidity. Alam et al. (2010) found that
Table 2
Monthly averaged SSA and ASY with corresponding standard deviations during Au

Month Single-scattering albedo

440 nm 675 nm 870 nm 1020 nm

Aug 2006 0.92±0.03 0.94±0.02 0.94±0.01 0.95±0.0
Sep 2006 0.92±0.03 0.93±0.03 0.94±0.03 0.95±0.0
Oct 2006 0.93±0.02 0.93±0.02 0.93±0.02 0.93±0.0
Nov 2006 0.92±0.02 0.92±0.02 0.91±0.02 0.91±0.0
Dec 2006 0.92±0.02 0.90±0.02 0.89±0.03 0.88±0.0
Jan 2007 0.91±0.03 0.90±0.03 0.90±0.03 0.89±0.0
Feb 2007 0.90±0.01 0.90±0.01 0.91±0.01 0.91±0.0
Apr 2007 0.88±0.02 0.92±0.02 0.93±0.02 0.94±0.0
May 2007 0.91±0.02 0.95±0.02 0.96±0.02 0.97±0.0
Jun 2007 0.91±0.02 0.94±0.03 0.95±0.03 0.96±0.0
Jul 2007 0.93±0.01 0.95±0.01 0.96±0.01 0.97±0.0
hygroscopic aerosols increased the AOD over the southern
coastal areas of Pakistan during the humid summer season. The
AOD is found to be in the range of 0.25 to 1.38 during the
summer season. During the summer season, aerosol size
distribution shows 40–70% increase in the volume concentra-
tion in the coarse mode as compared to other seasons. Tripathi
et al. (2005) also found50% increase in volume concentration in
the coarsemode as compared to the yearly average aerosol size
distribution during pre-monsoon and monsoon seasons. The
volume concentration in the accumulation mode is highest in
the winter season. The increase in volume concentration in the
accumulation mode during the winter season is due to the
hygroscopic growth of the ambient particles (Singh et al., 2004;
Tripathi et al., 2005). High fluctuations in aerosol volume size
distributions over Karachi occur in the coarse mode, whereas
minor fluctuations are observed for the fine aerosol mode.
Similar variations in aerosol volume size distribution in the
coarse mode are found in Bahrain using AERONET measure-
ments (Smirnov et al., 2001). Theerrors for theparticle retrieval
in the size range (0.1≤r≤7 μm) do not exceed 10% in the
maxima of the size distribution and may increase up to about
35% for the points corresponding to the minimum values of dV
(r)/dlnr in this size range (Dubovik et al., 2002). However, for
the sizes less than 0.1 μm and higher than 7 μm the accuracy of
the size distribution retrieval drops significantly, because of the
low sensitivity of the aerosol scattering at 0.44, 0.67, 0.87 and
1.02 μm to particles of these sizes. It is known that the aerosol
particle size distributions dV(r)/dlnr have typically low values
at the edges of the respective retrieval size interval and that the
relatively higherrors donot significantly affect thederivation of
the main features of the aerosol particle size distribution
(Dubovik et al., 2000, 2002).

2.6. Single scattering albedo, asymmetry parameter

The Single scattering albedo (SSA) and asymmetry param-
eter (ASY) provide useful information about scattering and
absorption of aerosols and are very important components in
climate model radiative transfer calculations. The SSA is the
ratio of scattering efficiency to total extinction efficiency,
whereas ASY is the cosine-weighted average of the scattering
angle for the scattered radiation. Monthly averaged SSA and
ASY values and corresponding standard deviations at 440, 675,
870 and 1020 nm are shown in Table 2. SSA is found to be
wavelength dependent due to the influence of dust activities
gust 2006 to July 2007.

Asymmetry parameter

440 nm 675 nm 870 nm 1020 nm

1 0.71±0.02 0.70±0.02 0.69±0.02 0.69±0.02
3 0.73±0.02 0.70±0.02 0.68±0.02 0.69±0.02
2 0.72±0.02 0.68±0.02 0.66±0.03 0.67±0.03
2 0.72±0.01 0.65±0.02 0.61±0.03 0.61±0.03
3 0.74±0.02 0.66±0.02 0.61±0.04 0.60±0.04
3 0.72±0.02 0.67±0.02 0.64±0.04 0.64±0.04
1 0.73±0.02 0.70±0.01 0.69±0.02 0.69±0.01
1 0.73±0.02 0.70±0.02 0.69±0.02 0.70±0.02
1 0.74±0.02 0.72±0.01 0.71±0.01 0.71±0.01
3 0.74±0.01 0.73±0.01 0.72±0.01 0.73±0.01
1 0.74±0.01 0.73±0.01 0.72±0.01 0.72±0.01
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during spring, autumnand summer seasons. SSA shows a slight
increasing trend with wavelength (Cheng et al., 2006b;
Dubovik et al., 2002; Xia et al., 2005). The SSA at 440 nm and
675 nm varies from 0.88±0.02 (in April) to 0.93±0.01 (in
July) and from 0.90±0.01 (Dec, Jan, Feb) to 0.95±0.01 (in
July), respectively. Likewise, the SSA at 870 nm and 1020 nm
ranges from 0.89±0.03 (in Dec) to 0.96±0.01 (in July) and
0.88±0.03 (Dec) to 0.97±0.01 (July), respectively. Overall, the
SSA values are lower in winter and higher in summer. The
maximum SSAs are found in summer and are 0.920, 0.947,
0.954, and 0.962 at 440, 675, 870 and 1020 nm, respectively.
This is slightly lower than the SSA values reported by others for
desert dust (0.95–0.99) (Dubovik et al., 2002; Kaufman et al.,
2001), which suggest the possible combination of dust, urban
industrial particles and sea salt aerosols over theKarachi region.

Fig. 6 shows the monthly mean spectral variation of SSA
over the period August 2006 to July 2007. During summer
(June, July, August) when the dust aerosols are dominant over
the local pollutions and the atmosphere has more water
soluble particles, SSA significantly increases with increasing
wavelength. SSA also increases related to wavelength in April
and May, as the high temperature during this period plays a
vital role in heating and lifting loose material from soil due to
higher wind speeds. Singh et al. (2004) found that during pre-
monsoon and monsoon seasons water soluble aerosols grow
hygroscopically in the presence of water vapor and contribute
to higher SSA values at higher wavelengths. During the
months October and November the SSA variation is nearly
flat and there is the possibility of mixed aerosols (dust and
anthropogenic aerosols). Contrarily, during winter (Decem-
ber–January) the absorbing urban aerosols are dominant over
Karachi consequently leading to SSA decreases with increas-
ing wavelengths, which is attributed to the presence of a
mixture of aerosols frommultiple sources. Similar decrease in
SSAwithwavelength is reported by Zheng et al. (2008). Singh
et al. (2004) also reported that the SAA is stronglywavelength
dependent during thewinter season and varies in the range of
0.75 to 0.98 throughout the year. The ASY parameter values
vary from 0.74±0.02 to 0.71±0.02, 0.73±0.01 to 0.65±0.02,
0.72±0.01 to 0.61±0.03, and 0.73±0.01 to 0.60±0.04 at 440,
675, 870 and 1020 nm, respectively. The ASY parameter
Fig. 6. Monthly average spectral variation of single scattering albedo (SSA)
over Karachi during August 2006 to July 2007.
decreases with wavelength and the overall range varies from
0.74 to 0.60 for the four wavelengths.

2.7. Refractive index

The real and imaginary parts of the refractive index (RI)
provide indication of high scattering or highly absorbing type
of aerosols. The useful information about the RI comes from
aureole radiances, which are strongly affected by errors in the
angle-pointing bias. The errors are estimated 30–50% for the
imaginary part and ±0.04 for the real part of the RI (Dubovik
et al., 2002). These estimated errors are for high aerosol
loading (τaero(440)≥0.5) at solar zenith angleN50°. Fig. 7a
shows the monthly averaged real parts of the RI at 440, 675,
870 and 1020 nm. The real part of RI at higher wavelengths is
larger than at shorter wavelengths due to the higher
absorption in the near infrared band by coarse particles
(Cheng et al., 2006a, 2006b). The real parts of RI are found in
Fig. 7. Spectral variations of the (a) real parts and (b) imaginary parts of the
refractive index during August 2006 to July 2007.
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Fig. 8. Monthly averaged variation of simulated aerosol radiative forcing
(ARF) over TOA, surface and in the atmosphere for the period August 2006 to
July 2007 over Karachi.
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the range of 1.41 to 1.57. The real part of RI at 870 nm is
higher than at 1020 nm. The highest RI for the real part is 1.57
(870 nm) in February 2007, where as the lowest is 1.41
(440 nm) in December. The lowest value in December is due
to the anthropogenic activities, whereas the highest value in
February is inconsistent with observed AOD and size distribu-
tion. The real parts of RI are also high (1.56 at 870 nm) in
November 2006 due to some dust events in the south of
Pakistan on the coast of the Arabian Sea (Alamet al., 2010). The
values of the real part for August 2006 and April to July 2007
showed moderate wavelength dependency, which is probably
associatedwith high relative humidity and also could be due to
complex mineralogy during long range transportation.

The real part of RI of dust aerosols is greater than that of
anthropogenic aerosols (Liu et al., 2008). In the present study
we found high real part (1.57) for February, which is not the
typical dust loading period, while in summer (May–July)
(dust loading period) the real part ranges from 1.52 to 1.54
which is comparable to the results reported by Prasad et al.
(2007) and Tripathi et al. (2005).

Fig. 7b shows the spectral variations in the imaginary parts
of the RI. The imaginary part is alsowavelength dependent and
generally decreases as the wavelength increases, but in winter
(December and January) the imaginary parts increase as
wavelength increases. The imaginary part is highest during
December, which shows that anthropogenic aerosols are
dominant during this period. The higher imaginary part values
at the two shortest wavelengths (440 nm and 670 nm) are
attributed to the absorption of organic carbon/black carbon
(Arola et al., 2011). On the contrary, the imaginary parts values
are lower in summer (May–August). This suggests that dust
aerosols aredominantduring the summer season. Similar to the
conditions found over India (Singh et al., 2004).

2.8. Aerosol radiative forcing

The aerosol radiation forcing (ARF) at the top of the
atmosphere (TOA) or at the surface is defined as the difference
in the net solar fluxes (down minus up) (solar plus long wave;
in Wm−2) with and without aerosol. The difference of the two
gives the ARF in the whole atmosphere. In the present case the
net flux was computed in the wavelength range 0.3–4.0 μm
with and without aerosols at the TOA and at the surface
separately using the SBDART model (Ricchiazzi et al., 1998).
This model has been developed by the atmospheric science
community and is being used widely for the radiative transfer
calculations. In the present study the model is run at 1 h
intervals for a 24 h period, and the integrated average forcing is
estimated during clear sky days for every month in the period
from August 2006 to July 2007. The parameters crucial for ARF
estimations are AOD, SSA, ASY and surface albedo. Other input
parameters in the model include solar zenith angle, which is
calculated using one small code in the SBDART by specifying a
particular date, time, latitude and longitude, and atmospheric
profiles (humidity, temperature, ozone and other gasses).
Based on the prevailing weather conditions and measured
parameters, we used the mid-latitude summer atmospheric
model. The AOD, SSA, and ASY have been taken from the
Karachi AERONET site and were used for the ARF calculations.
The surface albedo values are obtained from the Aura OMI
version 3 reflectivity data through the Giovanni online data
system, developed and maintained by the NASA GES DISC
(http://disc.sci.gsfc.nasa.gov/giovanni). The monthly average
ARF variations at TOA, at the surface and in the atmosphere
during the period August 2006 to July 2007 are shown in Fig. 8.
The ARF at TOA, surface and in the atmosphere are found to be
in the range of −7 to −35Wm−2, −56 to −96Wm−2 and
+38 to +61Wm−2, respectively. For northwestern China, Ge
et al. (2010) found the surface forcing ranging from −7.9 to
−35.8 Wm−2, which are lower values than our results. The
averaged forcing for thewhole period of observations at the top
of the atmosphere is −22±6Wm−2, while at the surface it is
−73±12Wm−2, leading to atmospheric forcing of +51±
13Wm−2. The global mean clear-sky ARF at the TOA and the
surface are found to be negative (Ge et al., 2010; Kim and
Ramanathan, 2008; Yuet al., 2006). The TOAand surface forcing
for the month of November 2006 range from −14 to
−36Wm−2 with an average value of −29±10Wm−2 and
−57 to −108 Wm−2 with an average value of −88±
21Wm−2. This results in increasing the atmospheric forcing
from +35 to +84Wm−2 with an average value of +59±
19Wm−2. Similarly, for July 2007 the forcing is in the range of
+11 to−118Wm−2 (average−35±12Wm−2) and−46 to
−130Wm−2 (average −96±33Wm−2) at the TOA and
surface, respectively, giving rise to atmospheric forcing from
+42 to+85Wm−2 (average+61±21Wm−2). Likewise, the
ARF in April 2007 at surface, TOA, and within the atmosphere
are in the range of −47 to −81Wm−2 (average −62±
9Wm−2), +2 to −20Wm−2 (average −7±5Wm−2), and
+39 to +83Wm−2 (average +55±12Wm−2) respectively.
In contrast, the ARF in May is minimum on the surface and
within the atmosphere and ranges from −43 to −68Wm−2

(average −56±9Wm−2), and +27 to +52Wm−2 (average
+41±6Wm−2) respectively, but forcingover TOA is relatively
higher than in April and is in the range of −7 to−23Wm−2

(average −16±7Wm−2).
Prasad et al. (2007) reported the surface and TOA forcing

in the range of −19 to −87 Wm−2 and +2 to −26 Wm−2

respectively during the whole dust period from April–May,
2005, which is comparable to the forcing in the present study

http://disc.sci.gsfc.nasa.gov/giovanni
image of Fig.�8
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for April–May, 2007. Fig. 8 shows that there are large ARF
differences between TOA and surface, which demonstrates
that solar radiation is absorbed within the atmosphere,
consequently heating the atmosphere, reducing eddy heat
convergence, and inducing a reduction in surface tempera-
ture (Ge et al., 2010; Miller and Tegen, 1999). Furthermore,
heating due to absorption of solar radiation by aerosols
reaches its maximum close to its uppermost level where the
heating is stabilized which in turn may suppress convective
activity and prevent cloud formation (Ackerman et al., 2000;
Koren et al., 2004). It can be concluded that the presence of
ABC over Karachi can considerably decrease the surface and
the TOA forcing and enhance the atmospheric forcing.

The ARF values are highest for July 2007 due to the dust
storm activities in the southern part of Pakistan. The ARF
values are also high for November 2006 due to some dust
plumes (Alam et al., 2010) and high black carbon concentra-
tions (Dutkiewicz et al., 2009) over Karachi. The uncertainty
in ARF calculation in the present paper may have arisen due
to (a) uncertainty in retrieval of AOD (b) uncertainty is SSAs
and (c) uncertainty in the surface albedo values. The overall
uncertainty in the estimated forcing due to deviations in
simulation is found to be 10–15% (Parasad et al., 2007).

Table 3 shows comparisons of radiative forcing at the
surface and TOA from AERONET retrievals and SBDART
calculations. The forcing at TOA is maximum (maximum
negative) for AERONET as compared to SBDART during
August 2006–November 2006 and April 2007–July 2007.
Likewise, the forcing at the surface is higher (more negative)
in August 2006 and July 2007 for AERONET than SBDART, for
other months the forcing at surface for AERONET–SBDART is
comparable. Overall the TOA forcing is maximum for
AERONET than SBDART and the surface forcing is almost
similar for AERONET–SBDART except for August 2006 and
July 2007. The correlation for the whole period of observation
for AERONET–SBDART at the surface and TOA is 0.92 and 0.82,
respectively. Overall the comparison shows a convincing
agreement for the radiative forcing at the surface and TOA
from AERONET and SBDART.

3. Conclusions

The optical properties of aerosol (AOD, Alpha, size
distribution, SSA, ASY and RI) have been analyzed over the
Table 3
Comparison of AERONET derived and SBDART calculated radiative forcing at
the surface and TOA.

Months SBDART calculated RF AERONET derived RF

TOA Surface TOA Surface

Aug 2006 −31±7 −70±16 −42±9 −89±24
Sep 2006 −11±6 −65±22 −21±8 −66±19
Oct 2006 −22±8 −66±15 −25±6 −67±21
Nov 2006 −29±11 −88±24 −30±7 −93±39
Dec 2006 −27±13 −73±36 −25±5 −78±21
Jan 2007 −28±8 −80±36 −23±8 −77±20
Feb 2007 −20±5 −68±11 −19±5 −68±15
Apr 2007 −7±5 −62±10 −17±4 −64±12
May 2007 −16±7 −56±9 −20±5 −58±10
Jun 2007 −14±4 −74±22 −20±15 −76±26
Jul 2007 −35±10 −96±32 −39±10 −113±38
mega city Karachi between August 2006 and July 2007. High
AOD values are found for August 2006, November 2006 and
July 2007. The high July AOD values are predominantly
caused by dust activities in the southern part of Pakistan,
whereas high AOD values for November are due to high black
carbon concentrations and to some dust plumes in the
vicinity of Karachi. The seasonal variations in aerosol volume
size distribution exhibit high variability in the coarse mode,
whereas minor variations are observed in the accumulation
mode. The volume concentrations in the coarse mode are
larger in summer than in other seasons. The SSA and ASY
parameters values are wavelength dependent and show high
fluctuations throughout the year. The monthly average real
parts of RI values are also wavelength dependent and range
from 1.41 to 1.57. The monthly average ARF at the TOA varies
from −7 to −35 Wm−2 throughout the year. The monthly
average ARF at the surface and within the atmosphere range
from −56 to −96 Wm−2 and +41 to +61Wm−2, respec-
tively. Direct measurements of dust aerosol size distribution
and the chemical/mineralogical composition of dust samples
with other instruments such as the Grimm dust spectrometer
will be useful in future research to investigate the un-
certainties in AERONET size distribution and other optical
properties (SSA, ASY, RI). This will lead to more accurate
simulations of the radiative forcing calculation. In future
research the aerosol optical properties at Karachi will be
compared to additional AERONET sites in the region, which
will be useful to better understand the regional or local
behavior of aerosol optical properties and radiative forcing
over the Pakistan region.
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