Taylor &Francis
Taylor & Francis Group

INT. J. REMOTE SENSING, 20 DECEMBER, 2003,
VOL. 24, NO. 24, 5147-5160

Shortwave direct radiative forcing of Saharan dust aerosols over the
Atlantic Ocean

XIONG LIU, JUN WANG and SUNDAR A. CHRISTOPHER*

Department of Atmospheric Sciences, University of Alabama in Huntsville,
Huntsville, Alabama 35805, USA

(Received 22 November 2001, in final form 7 February 2003)

Abstract. Using collocated Visible and Infrared Scanner (VIRS) and Clouds
and the Earth’s Radiant Energy Budget Scanner (CERES) data on board the
Tropical Rainfall Measuring Mission (TRMM) satellite, the instantaneous
Shortwave Aerosol Radiative Forcing (SWARF) and daytime diurnally averaged
SWARF at the top-of-atmosphere (TOA) are estimated for Saharan dust
over the Atlantic Ocean (10°N-25°N, 30°W-15°W) for July 1998. A com-
bination of reflectance thresholds, along with infrared spatial coherence techni-
ques, are used to separate dust aerosols from clouds. Using Mie and Discrete
Ordinate Radiative Transfer (DISORT) calculations and the VIRS channel 1
reflectance, dust optical thickness () is retrieved. The average instantaneous
direct SWARF of dust aerosols per unit 7 is —50 Wm™ 2. The daytime diur-
nally averaged SWARF of dust aerosols is —15.24+10.9Wm™? for a mean t
of 0.79+0.39. This study demonstrates that the synergistic use of instruments
from different parts of the electromagnetic spectrum can be used to study the
radiative effects of dust aerosols. This study is also among the first to estimate
the diurnal SWARF of dust aerosols using satellite sensor data.

1. Introduction

The Sahara is a major source of dust aerosols (Prospero 1990) and the dust
transport from the Sahara is an important climatic process (Tegen and Lacis 1996,
Hansen et al. 1997, Coakley and Cess 1985, Moulin et al. 1997). The aerosols reflect
the incoming solar radiation to space, thereby reducing the amount of sunlight
available to the ground. This is called the ‘direct’ radiative effect of aerosols. The
aerosols also serve as cloud condensation nuclei and change the cloud albedo and
microphysical properties of clouds, which is called the ‘indirect’ radiative effect. The
effect of aerosols is comparable in magnitude but opposite in sign to that of the
greenhouse effect (IPCC 1995). While the effect of aerosols is to reduce the surface
temperature, the increase in greenhouse gases increases the surface temperature
(Hansen et al. 1997). The magnitude of the global mean radiative forcing of dust
aerosols is comparable to that of anthropogenic aerosols from sulphate and
biomass combustion (IPCC 1994, Sokolik and Toon 1996). There are considerable
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uncertainties in estimating the radiative effects of dust aerosols. The net radiative
forcing at the top-of-atmosphere (TOA) could be either positive or negative,
depending on several key variables such as surface albedo, particle size, vertical
distribution of the dust layer, dust optical depth (t), and the imaginary part of the
refractive index (Tegen and Lacis 1996, Liao and Seinfeld 1998).

To study the global radiative effects of dust aerosols, routine global observa-
tions from satellites are necessary. The global and temporal distribution of dust
aerosols and their sources and sinks must be well characterized. A variety of
methods have been developed to track dust outbreaks and infer dust mass loading
(e.g. Ackerman 1997, Herman et al. 1997, Kaufman et al. 2000). The detection of
aerosols using visible imagery is most successful over ocean due to the dark ocean
background (Stowe et al. 1997, Ignatov and Stowe 2000). Over desert areas, this
method is limited due to the brighter surface. Satellite remote sensing of dust can
also be conducted using thermal infrared (Ackerman 1989, Tanré and Legrand
1991, Ackerman 1997, Wald et al. 1998) or the ultraviolet part of the electro-
magnetic spectrum (Hsu ez al. 1996). However, there are limitations to these
methods. The thermal techniques are dependent on the scene and atmospheric
temperatures and the UV methods are not sensitive to the dust in the lowest 1-2km
(Herman et al. 1997).

In addition to the dust detection and 7 retrieval using narrowband measure-
ments (e.g. from the Advanced Very High Resolution Radiometer; AVHRR),
broadband measurements (e.g. from the Clouds and the Earth’s Radiant Energy
System, CERES) are necessary for accurately evaluating the radiative effects of
aerosols. Ackerman and Chung (1992) studied the radiative effects of dust using the
Earth Radiation Energy Budget (ERBE) data for sclected days, although no t
retrievals were performed. Christopher et al. (2000) used collocated Visible and
Infrared Scanner (VIRS) and CERES data from the Tropical Rainfall Measuring
Mission (TRMM) satellite and quantified the instantaneous Shortwave Aerosol
Radiative Forcing (SWARF) of smoke aerosols as a function of 7. The precessing
orbit of TRMM (Kummerow et al. 1998) allows for several measurements at the
same location in a single day, thereby improving the temporal sampling to obtain
the diurnally averaged forcing of clouds or aerosols. Recently, Hsu et al. (2000)
used the TOMS and ERBE data to study the radiative effects of dust aerosols.
However, since the TOMS and ERBE instruments are on different satellites, precise
temporally matching of datasets is a problem.

The focus of this paper is to detect Saharan dust aerosols using VIRS imagery
and to estimate t over the Atlantic Ocean. A sensitivity analysis is conducted to
examine the effect of assumed aerosol properties on t retrievals. The instantaneous
and diurnally averaged SWARF are then estimated from CERES data. This is
among the first studies to examine the daytime diurnal variation of dust aerosols
using satellite sensor data.

2. Data

The VIRS and CERES on the TRMM satellite are used. The VIRS is used to
detect dust aerosols and estimate T and the CERES is used to estimate the radiative
effects of dust aerosols.

The VIRS is a five-channel scanning radiometer that measures the solar reflected
and Earth-emitted radiation from the Earth-atmosphere system from a 350 km
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precessing orbit with a nadir resolution of 2.1 km (Kummerow et al. 1998). The five
channels are centred at 0.63, 1.6, 3.75, 10.8 and 12.0 um, respectively. The reflected
and emitted portions of the VIRS 3.75um channel are separated following the
procedures outlined by Kaufman and Nakajima (1993).

The CERES is a broadband instrument that measures radiances at TOA in
three bands (0.3 to >50 um, 0.3-5 um and 8-12 um) at a spatial resolution of about
10km at nadir (Wielicki et al. 1996). In this study, we used the ERBE-like instan-
taneous TOA estimates, which converts the CERES-measured radiances using the
ERBE shortwave angular distribution models (Wielicki and Green 1989).

Twenty-five collocated VIRS and CERES images were used in this study from 2
to 18 July 1998 (table 1). The region of study is between 10° N-25°N and 15° W—
30°W.

3. Methodology and results
3.1. Identifying dust in VIRS imagery

Figure 1(a) shows a radiometrically enhanced pseudo colour-composite VIRS
imagery over the Atlantic Ocean, in which channel 1, 2 and 3 (reflected part) are
associated with red, green and blue colours, respectively. The blurring effect of dust
is seen in the middle and lower part of this image. To study the radiative effects
of dust aerosols, we must first remove clouds from VIRS imagery. The spatial
coherence method (Coakley and Bretherton 1982) and a visible reflectance threshold

Table 1. Twenty-five collocated VIRS and CERES images used in this study from 2 to 18

July 1998.
Latitude range Longitude range
Image Date (°N) (°W) GMT Time
1 2 July 2.5-14.2 26.8-14.5 8:54
2 2 July 17.9-26.9 26.7-17.1 10:30
3 3 July 11.8-21.5 26.8-16.6 9:18
4 3 July 15.1-24.5 26.6-16.5 17:24
5 4 July 19.8-27.9 22.9-15.0 16:12
6 4 July 2.4-16.4 26.7-11.1 17:48
7 5 July 13.7-23.5 26.7-16.1 8:30
8 5 July 13.0-22.8 26.6-16.1 16:36
9 6 July 18.7-27.9 25.8-15.7 15:24
10 6 July 2.5-14.4 26.7-14.1 17:00
11 7 July 11.4-21.1 26.6-16.4 15:48
12 8 July 17.5-26.8 26.5-16.4 14:36
13 9 July 9.7-19.2 26.7-17.0 15:00
14 10 July 16.1-25.1 26.6-17.1 13:48
15 11 July 20.3-27.9 21.7-15.0 12:30
16 11 July 5.2-17.1 26.7-13.8 14:06
17 12 July 14.1-23.5 26.6-16.8 12:54
18 13 July 19.0-27.9 24.7-15.3 11:42
19 13 July 2.4-15.1 26.7-13.0 13:18
20 14 July 12.0-21.8 26.6-16.3 12:06
21 15 July 17.9-27.3 26.5-16.1 10:54
22 15 July 2.5-13.1 26.8-15.9 12:30
23 16 July 10.4-16.8 26.7-16.8 11:18
24 17 July 17.0-25.8 26.5-17.4 10:06

25 18 July 9.6-18.0 26.7-18.8 10:30




5150 X. Liu et al.

(®)

Sun =—
Glint

Clouds ) :““,‘

Figurel. A VIRS image over the Atlantic Ocean on 9 July 1998. (a) Three-band overlay
colour composite image (channel 1 red, channel 2 green, reflected portion of channel
3 blue). (b) The same image after classification, in which white means clouds, red
means sun glint, blue means clear sky, and yellow means dust. A 50% relative
probability cut-off is used to identify sun-glint.

method were used to detect clouds. In the spatial coherence method, the thresholds
of mean temperature and standard deviation are identified by examining the
scatter-plot of standard deviation versus mean channel 4 temperature in a 3—
pixel x 3—pixel template. If the mean temperature of the 3 x 3 array of pixels is less
than 285K or if the standard deviation is greater than 0.2 K, or if the channel 1
reflectance is greater than 25%, then it is classified as cloudy. Sun glint occurs when
the incident light is reflected directly from the surface of the water to the satellite
sensor. To exclude the effects of sun glint, the high-probability (greater than 50%)
sun glint pixels were masked, based on the viewing geometry of the measurements
(Berendes et al. 1999). To obtain the radiative forcing of dust aerosols, clear-sky
pixels must be detected because radiative forcing is defined as the difference
between clear and aerosol conditions (Christopher et al. 2000). The term ‘clear-sky
pixels’ is used to denote pixels that are not contaminated by dust aerosols and
clouds. If the channel 1 reflectance is lower than 6% and the ratio of channel 2 to
channel 1 is less than 0.7, we classify it as a clear-sky pixel. Visible channels from
satellite imagery are effective in detecting aerosols over oceans (Rao et al. 1989,
Ackerman and Chung 1992, Ignatov and Stowe 2000). The existence of dust over
ocean can enhance the reflectance as seen in figure 1(a). The classified image of
figure 1(a) is shown in figure 1(b). Clouds are well separated from dust in this image.
However, some pixels at cloud edges could also be identified as dusty pixels.

We classified all the VIRS images during 6-18 July 1998 in the region between
10° N-25° N and 30° W-15° W, using the methodology described above. The overall
coverage of clear, cloudy, sun glint, and dust are 5.0%, 76.2%, 2.2% and 21.2%,
respectively. Some dust pixels are mixed together with cloudy pixels, which might
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indirectly change the optical properties and radiative effects of clouds. However,
this indirect effect of aerosols is not the focus of this study.

The spectral differences between dust and clear sky is most evident in visible
channels. The average reflectance of dust is 4-6% higher than that of clear sky. The
infrared channels are also useful in detecting dust, especially over land. Ackerman
(1997) showed that the brightness temperature (BT) difference between 11 and
12 yum channels (74s) for dust over desert is negative because dust has higher
emissivity at 12 um than at 11 um. In this study, the average T4s for clear sky is
about 2.1 K. The T,s values are usually larger at lower latitudes, because there is
usually more water vapour in tropical areas. For dust pixels, the average Tjs,
channel 3 and channel 4 BT differences (734) are 1.1 K and 8.1 K, respectively.
Since these BT differences are usually dependent on water vapour amount, we
cannot use fixed thresholds to separate clear-sky pixels from dust pixels. However,
the T4s value of dust is usually smaller than that of clear sky and the 734 values are
usually larger than that of clear sky.

3.2. Dust optical thickness retrieval

A look-up table approach is used to retrieve 7 that is similar to the one used in
Christopher et al. (2000). Mie calculations and a Discrete Ordinate Radiative
Transfer (DISORT) model (Ricchiazzi et al. 1998) are used to build the look-up
table. Although dust aerosols are not spherical (Wiscombe and Mugnai 1988,
Michchenko et al. 1995), it is difficult to obtain information about particle shape
parameters. Therefore, Mie calculations are used in current dust aerosol optical
property retrieval from satellite measurements (e.g. Tanré er al. 1997, Kaufman
et al. 1997, 2000, 2001). Mie calculations require the real (n,) and imaginary part of
refractive index (n;) and aerosol size distribution. The complex refractive index of a
particle depends on the chemical composition. The n,. values for dust ranges from
1.5 to 1.55 (Moulin et al. 1997). However, the n; values are variable, ranging from
0.001 to 0.012 at about 0.63 um (Moulin et al. 1997). We used the complex
refractive index of dust from Kaufman ef al. (2000). The assumed #n, is 1.53 and n; is
0.001. The size distribution of dust aerosols is assumed log-normal, with an
effective radius (R.) of 2 um and a logarithmic standard deviation of 0.8 um. The
calculated single scattering albedo () at 0.66 um is 0.97 and asymmetry factor (g) is
0.72. To analyse the sensitivity of dust optical thickness retrieval to n; and particle
size, we calculated the optical properties while changing n; to 0.002 and 0.003 or
changing the effective radius (R.) to 1 and 3 um (see table2). The single scattering
albedo is more sensitive to n;, and g and extinction efficient are more sensitive to R..

The calculated optical properties listed in table 2 and the phase function serve as

Table2. Dust optical properties calculated from Mie Code (w, single scattering albedo; g,
asymmetry factor; f§, extinction coefficient) at a wavelength of 0.63 um for different
effective radii (R.) and imaginary part of reflective index (n;).

R, (um) 2 2 2 1 3

n 0.001 0.002 0.003 0.001 0.001

o 0.966 0.938 0913 0.983 0.954
0.721 0.728 0.735 0.686 0.747

g
B (m™") 0.0044 0.0044 0.0044 0.0012 0.0096




5152 X. Liu et al.

input to the DISORT model. The average clear-sky TOA reflectance from VIRS
data is about 4.9%. Accounting for atmospheric effects, the ocean surface reflec-
tance is about 3%. Since the region of interest is mainly located northward of 10° N,
the mid-latitude summer atmospheric profiles are used with a water vapour amount
of 2.9gem™? (McClatchey er al. 1971). In the look-up tables, the radiance is
calculated for solar zenith angles ranging from 0° to 75° in 3° increments, view
zenith angles from 0° to 48° in 3° increments, and azimuth angles from 0° to 180°
for 20° increments. For the sensitivity studies, surface reflectance is varied from 2%
to 4% and tropical atmospheric profiles are tested against the mid-latitude profiles.

With these input parameters, the VIRS channel 1 reflectance at the TOA is
calculated as a function of 7 for different conditions. Sensitivity analysis is per-
formed by varying the input parameters as shown in figure2. For smaller 7, the
channel 1 reflectance is most sensitive to surface reflectance but this sensitivity
decreases rapidly for larger t values. For example, when 7 is 0.25, a change in
surface reflectance from 0.03 to 0.04 will increase the TOA reflectance by about 1%.
Therefore, if surface reflectance is assumed to be 0.03 instead of 0.04, the retrieved
dust 7 will increase to 0.4 in the above example. For t values larger than 0.5, the
channel 1 reflectance is very sensitive to the R, and the n;. For example, when 7 is
1.0, the channel 1 TOA reflectance increases from 0.12 to 0.14 as R, increases from
2 um to 3 um, and decreases from 0.12 to 0.11 as n; changes from 0.001 to 0.002.
The decrease of R, increases the reflectance and vice versa. The increase of n; (i.e.
increases dust absorption) decreases the reflectance. The retrieved average t for
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Figure2. Sensitivity of dust aerosol optical thickness retrieval to refractive index, effective
radius, surface reflectance, and water vapour profiles. For the standard case, the
complex refractive index is 1.53-0.001 7, the effective radius is 2 um, and the surface
reflectance is 3%. Mid-latitude summer atmospheric profiles are used.
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Table3. Average optical thickness (+ 1 standard deviation) at 0.63 um retrieved at different
conditions for the image in figure 1. Ry is the surface reflectance, R, is the effective
radius, and »; is the imaginary part of the refractive index.

Conditions Optical thickness
Standard case 0.69+0.40
R,=2% 0.7940.40
Ry=4% 0.5940.40
Tropical 0.67+0.39
R.=1pum 0.574+0.29
R.=3um 0.884+0.55
n;=0.002 0.82+0.51
n;=0.003 0.994+0.73

figure 1 using the look-up tables in the sensitivity analysis is listed in table 3. The
average t value is 0.69+0.4. The n;, R. and surface reflectance are the three key
parameters in retrieving dust optical thickness and therefore in studying their
radiative effects. The increase of n; from 0.001 to 0.002 increases the average t by
0.13; the increase of R, from 2 um to 3 um increases the average t by 0.19; the
increase of surface reflectance from 3% to 4% decreases the average t by 0.10. The
use of tropical profiles instead of mid-latitude profiles does not affect the average ©
values, indicating that the selection of atmospheric profiles is not as critical when
using the 0.63 um channel reflectance for 7 retrieval. The retrieved average t using
all the 25 images is 0.84 4+ 0.40, indicating large dust outbreak events during this period.

3.3. Dust shortwave radiative forcing

Since the scene identification types in CERES do not include dust or any other
types of aerosols, we need multispectral narrowband measurements, such as VIRS,
to first detect aerosols. Figure 3(a) and (b) show the VIRS channel 1 image and
CERES shortwave flux at exactly the same time and location for 9 July 1998. The
dust and cloud features are clearly visible in figure 3. To collocate the VIRS and
CERES, all the VIRS pixels, that lie within the CERES footprint, are obtained. If

(a)

Figure3. Collocated VIRS and CERES images for 9 July 1998. (a) VIRS channel 1
reflectance image and (b) CERES shortwave flux.
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90% of the VIRS pixels are labelled as dust pixels, then the average t and the
corresponding CERES shortwave flux is obtained for those pixels.

3.4. Instantaneous Dust Shortwave Forcing (IDSWARF)
The concept of IDSWARF (Christopher er al. 2000) is the same as cloud
shortwave forcing (Ramanathan et al. 1989), and can be defined as:

IDSWARF =S, cos 0 (telr — tlgust) (1)

in which the 6, is the solar zenith angle; S, is the incoming solar flux; o, and oy,
are the clear-sky albedo and dust-sky albedo at the TOA, respectively. The aerosol
SWAREF is called instantaneous because they are obtained from satellite images
during a specific overpass and time averaging has not been performed. Since we
cannot get the clear-sky albedo exactly at the same time and location, we must use
clear-sky albedo from other days or other pixels in this image. The clear-sky ocean
albedo is a function of 6, (Ramanathan ez al. 1989). The larger the value of 6, the
larger the TOA albedo is. Therefore, the clear-sky albedo is actually dependent on
the latitude and local solar time. The clear-sky pixels (810 pixels) obtained using 25
images are not enough to constitute a clear-sky albedo map in the region (10° N—
25°N, 30°W-15°W). Instead, a second-order polynomial fit from the available
pixels is made as a function of 6,:

dety =23.6—26.7 cos 0, + 9.1 cos 0, (2)

The simulated albedo is 6.1% at 6, of 0° and 19.3% at 80°. The 6, at a given
latitude (¢), date (Julian day, d), and a local solar time (H) is defined (Seinfeld and
Pandis 1997) as:

cos(0,)=sin¢sin A+ cosdpcosAcos15° (12— H) (3)

where A is the solar inclination angle that can be approximated as (Seinfeld and
Pandis 1997):

21
Ax ~ —23.27cosﬁ(d+10) (4)

Figure 4(a) shows the IDSWARF as a function of 7 for figure 1. There is a very
good linear relationship between IDSWARF and 7. A unit 7t amounts to
—50.7W m ™2 (by using the slope from figure 4(a)) shortwave forcing (the average 0,
is about 20°). Note that in figure4(a), there are some pixels with large SWARF
(magnitude greater than 100 W m™?). These pixels with large value of SWARF are
probably cloudy pixels that were incorrectly classified as dust aerosols. The
averaged IDSWARF for this image is —34.3+204Wm™ 2,

3.5. Diurnally Averaged Dust Shortwave Forcing (DSWARF)

Although instantaneous SWARF values are important, we must estimate the
diurnal variation of © and SWARF. However, it is very difficult to obtain the
diurnally averaged forcing directly from polar orbiting (e.g. AVHRR) satellite obser-
vations due to the limited temporal sampling. Because the TRMM satellite is in a
precessing orbit, several measurements a day over a region are possible. This infor-
mation could be exploited to estimate the diurnal variation of t and SWARF. At a
certain region, the = could change during the day. In addition, 6, changes over time,
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Figure4. Relationship between dust shortwave forcing and dust optical thickness for
figurel on 9 July 1998. (a) Instantaneous dust shortwave forcing (the slope and
intercept are —350.68 Wm ™ 2 and —2.74 Wm 2, respectively with a correlation coeffi-
cient of —0.87). (b) Diurnally averaged dust shortwave forcing (the slope and inter-
cept are —18.03Wm 2 and —1.03Wm 2, respectively with a correlation coefficient
of —0.86).

which not only determines the incident solar energy but also affects the o, and
Hdust-

Because the diurnal variation of solar flux is proportional to the cosine of the
0,, we can model the diurnal variation of o, and og4,. Then we can derive the
diurnally averaged SWARF using an instantaneous value at anytime by assuming
that t does not change. If we have several instantaneous values, we can obtain a
diurnally averaged SWARF that actually considers the diurnal variation of 7, o,
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and og,s. The diurnally averaged dust shortwave forcing (DSWARF) is defined as:

sunset

DSWARF = —J IDSWARF(H) dH (5)

sunrise
Inserting (1) and (3) into (5), we obtain:
sunset

1 . .
DSWARF = ﬁS"J {[sin¢ sin A+ cos ¢ cosAcos 15" (12— H)]

X (otetr (H ) —otaust () dH (6)

If we assume that  does not change over time, and we know how o, and a4, vary
with local solar time, then we can derive DSWARF from IDSWAREF at any local
solar time H; (i.e. we know IDSWARF(H))):

L 395 (1sin ¢ sin A+ cos ¢ cos Acos 15° (12— H)] x (st (H) — otgust (H)) } dH

DSWARF = 24 Jsunrise {[ .
[S1n¢81nA+ COS¢COSACOS 15( (12_H1)} X (aclr(Hi) _Ofdusl(Hi))

x IDSWARF (H;) (7)
If we have several instantaneous values of SWARF at the same location in a day,
then 7 could be different for these values. Then we can obtain a diurnally averaged
SWARF according to each one of the instantaneous SWARF values. From n
values of IDSWARF we can obtain n values of DSWARF. If we average these n
values of DSWARF, we can get a diurnally averaged dust SWARF, which
considers the diurnal variation of t:

Jounset {sin ¢ sin A+ cos ¢ cos Acos 15° (12— H)] x (ot (H) — oquse(H))} dH

sunrise

24 x [sin ¢ sin A+ cos ¢ cos Acos 15° (12— H;)] x (oteir (H;) — ctaust (H;))

DSWARF = Z

x IDSWARF(H;) 8)

To understand how o, and og,s change 6,, we can use broadband flux models to
simulate this variation. For simplification, the difference between oy, and ogyg 1S
assumed constant. Then equation (8) can be simplified as follows:

Jusunset s1n¢sinA+ COS¢COSACOS 15°(12—H)] dH

sunrlse

24 x [sin ¢ sin A+ cos ¢ cos Acos 15°(12— H;)]

DSWARF = - Z

x IDSWARF (H;) (9)

In this study, we used equation(9) to obtain the diurnally averaged SWAREF.
Figure 4(h) shows the same DSWARF derived from figure4(a). The averaged
DSWARF is —12.3+7.3 Wm ™2 One unit optical thickness amounts to 18.0 Wm 2
shortwave forcing.

Using all of the available dust pixels (4832 CERES pixels) during 6-18 July 1998
the IDSWARF and the corresponding DSWARF are derived from equation (9).
The average IDSWARF and DSWARF are —37.94272Wm 2 and —1524+
10.9Wm 2, respectively, for a mean 7 of 0.794+0.39. Both IDSWARF and
DSWARF show large spatial variability. The number of dust pixels (CERES) is
very small mainly because most of dust pixels are mixed with clouds or sun glint.
Therefore, investigation of the interaction between dust and clouds are very
important to understand the radiative effects of dust on the global radiation energy
budget. To obtain the mean dust shortwave forcing during this period, we average
the IDSWARF and DSWARF in 1° longitude by 1° latitude areas. The mean
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Figure5. Same as figure4 except that the data is averaged over a 1° longitude x 1° latitude
area for the entire study period (9-18 July 1998). The slope and intercept are
—50.83Wm % and —1.75Wm 2, respectively with a correlation coefficient of —0.73
in (a) and —20.35Wm ™2 and —0.38 Wm 2, respectively with a correlation coefficient
of —0.78 in (b).

IDSWARF and DSWARF as a function of t are shown in figure 5(a«) and (b),
respectively. There are good relationships between dust optical thickness and
IDSWARF and DSWARF values. A unit optical thickness of dust amounts to
—50.83Wm “ and —20.4Wm 2 for IDSWARF and DSWARF, respectively.

4. Summary and conclusions

In this paper, we have examined the radiative effects of dust aerosols using
spatially and temporally collocated CERES and VIRS data on board the TRMM
satellite over the Atlantic Ocean. This region has frequent dust outbreaks, especially
during June through September. Due to the larger radiative effects of clouds, we
first mask clouds using spatial coherence methods and reflectance thresholds.
Nearly 70% of the area was covered with clouds, suggesting that it is important to
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investigate the interaction between clouds and dust on radiation energy budget
balance.

Mie and DISORT calculations are used to retrieve 7 from the VIRS visible
channel measurements. The retrieved t during 2-23 July 1998 is 0.84 +0.40, indica-
ting frequent dust outbreaks during this period. Sensitivity analysis is performed to
understand the effects of key parameters such as particle size, n;, surface reflectance,
and water vapour profile on 7 retrievals. For low values of 7, the retrieved optical
thickness is very sensitive to surface reflectance, but this sensitivity decreases
dramatically when t increases. For larger 7, the optical thickness is sensitive to the
particle size and n;.

Since the clear-sky albedo is a function of solar zenith angle, a second-order
polynomial fit is used to simulate this relationship. Then the IDSWARF is simply
the product of incoming solar flux and the albedo difference between clear-sky and
dust-sky albedo. To obtain diurnally averaged dust shortwave forcing, we derive
DSWARF from several instantaneous values by only considering the diurnal
variation of the input shortwave flux (i.e. by assuming that the albedo difference
between clear sky and dust sky does not change with solar zenith angle). The
average diurnally averaged dust shortwave forcing using the images from 6 July to
18 July is —15.24+10.9Wm 2 for a mean optical thickness of 0.79+0.39. One unit
optical thickness of dust amounts to —20.4Wm 2. A synergistic use of satellite
sensor data from different parts of the electromagnetic spectrum can be used to
examine the role of aerosols on regional and global climate.
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