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ABSTRACT

The effects of dust on the radiative energy budget at the top of the atmosphere were investigated using model
calculations and measurements from the Earth Radiation Budget Experiment (ERBE). Estimates of the dust
optical depth were made from observations of the Advanced Very High-Resolution Radiometer (AVHRR ).
Model calculations of the radiative fluxes at the top of the atmosphere were compared with ERBE measurements
made during a dust outbreak that occurred over the Saudi Arabian peninsula during July 1985.

Measurements of the ERBE over the oceanic regions indicated that the presence of the dust increased the
clear-sky shortwave radiative exitance (SWRE) at the top of the atmosphere (TOA) by 40-90 W m~2. Over
the desert regions the differences in the SWRE between clear and dust-laden regions were difficult to determine
from the satellite observations. In contrast, the presence of dust over the ocean decreased the observed longwave
radiative exitance (LWRE) at the TOA by 5-20 W m2, while over the desert regions its reduction was 20-50
W m™2. The major discrepancy between the observations and calculations occurred for the SWRE over the

desert.

1. Introduction

The geographic distribution of radiative energy is an
important characteristic of a climate system and is de-
termined by the incoming shortwave radiative energy,
surface radiative characteristics, and the horizontal and
vertical distribution of atmospheric constituents (e.g.,
water vapor, ozone, carbon dioxide, clouds, and aero-
sols). Dust, being a common aerosol over deserts
(Takahashi and Arakawa 1981; Carlson and Prospero
1977; Carlson 1979), is an important regional climate
variable. Dust can also be transported, over several
days, from desert regions to nondesert regions (Pros-
pero 1981; Reiff and Forbes 1986), and can therefore
affect the climate of regions adjacent to deserts.

Several field experiments have documented the ef-
fects of dust on atmospheric heating rates and surface
radiative energy budgets (Kondratyev et al. 1976;
Carlson and Benjamin 1980; Cerf 1980; Ackerman and
Cox 1982, 1987; Brinkman and McGregor 1983; Ell-
ingson and Serafino 1984; Smith 1986; Fouquart et al.
1987). A variety of studies have used weather satellite
observations in visible and infrared windows to locate
and track dust outbreaks (Shenk and Curran 1974;
Martin 1975; Ackerman 1989), infer dust mass loading
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(Wolfson and Matson 1986; Norton et al. 1980), and
study the time and spatial variations of dust loading
(Kondratyev et al. 1976; Rao et al. 1989). The detec-
tion of dust using visible channel imagery is most suc-
cessful over oceanic regions because of the contrast
produced by the dark ocean background. Over land,
during the day, the presence of dust is better observed
in the window infrared (10.5-12.5 um) channel. The
impact of dust on visible and infrared window channel
radiances suggests that dust outbreaks may have a large
impact on regional broadband radiative energy budgets.

This study employs shortwave and longwave two-
stream adding models and satellite observations of the
Earth Radiation Budget Experiment (ERBE) to study
the effects of dust on the radiative fluxes at the top of
the atmosphere. Section 2 discusses the models, their
input variables, and results from simulations. Section
3 presents satellite analyses of the radiative impact of
a dust outbreak observed over the Saudi Arabian pen-
insula in July 1985. This section also discusses the ob-
servations in relation to the theoretical calculations.
The results of the study are summarized in section 4.

2. Radiative transfer calculations

Various mathematical methods have been developed
to solve the radiative transfer equation (e.g., Irvine
1975; Lenoble 1977). This study uses two-stream add-
ing models for both the shortwave and longwave spec-
trum to address the impact of dust on the radiation
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budget at the top of the atmosphere (TOA). Two-
stream models consider only the upward and down-
ward irradiances at a given level and are appropriate
for computing radiative fluxes for a large range of at-
mospheric conditions (Meador and Weaver 1980; King
and Harshvardhan 1986).

Several two-stream models for the shortwave (SW)
spectral regime have been used in a variety of atmo-
spheric studies (for review see Meador and Weaver
1980; King and Harshvardhan 1986). The SW two-
stream model of the present study assigns layer reflec-
tances and transmittances according to the hybrid
model of Meador and Weaver (1980).

Two-stream multiple-scattering models have also
been applied to the longwave (LW) radiative transfer
equation (Schmetz and Raschke 1981; Stephens et al.
1990). This paper makes use of a LW two-stream
model similar to that of Geleyn and Hollingsworth
(1979) in which the Planck function B(7) varies lin-
early with optical depth (Wiscombe 1976). The errors
associated with this LW two-stream model are dis-
cussed in Ackerman and Cox (1987).

a. Model input parameters

The simulation of the radiative characteristics of a
dust-laden atmosphere requires the following infor-
mation: the thermodynamic structure of the atmo-
sphere, the absorption and scattering properties of the
air molecules, the absorption and scattering properties
of the dust along with its vertical and horizontal dis-
tribution, the spectral reflectance and emittance of the
surface, and the spectral distribution of extraterrestrial
solar energy. These model input parameters will be
discussed in this section. The present study focuses on
the radiative characteristics of the dust overlying the
Saudi Arabian peninsula and adjacent region and
makes extensive use of the aircraft measurements of
Ackerman and Cox (1982) and Patterson et al. (1983),
as well as the surface measurements of Smith (1986).
Similarity of the dust observed over Saudi Arabia with
dust suspended over other geographic regions has been
discussed by Ackerman and Cox (1988). The atmo-
spheric temperature and moisture profiles are based
on the observations of Ackerman and Cox (1982). It
is not the intent of this paper to present a complete
review of the single-scattering properties of dust, which
was addressed by d’Almeida (1987) and Longtin et al.
(1988). In this section, a brief description of the vertical
" and spectral variability of dust radiative characteristics
observed over the Saudi Arabian region is presented
as 1) a rationale for choosing the dust loadings dis-
cussed at the end of the section and 2) a comparison
of model-determined radiative fluxes to aircraft obser-
vations.

The single-scattering properties of the aerosol are
described in terms of the single-scattering albedo w,
the scattering phase function P(u) [or the asymmetry
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parameter, g = %2 [ P(u)udu], and the volume ex-
tinction coefficient, o,,. These parameters can be cal-
culated (assuming spherical particles) from Mie theory
given the aerosol index of refraction and the particle-
size distribution. Differences between phase functions
generated from Mie theory and those measured by a
polar nephelometer for yellow sand observed over Ja-
pan have been discussed by Nakajima et al. (1989).
Differences between Mie theory and observations of
the phase functions for these large particles were pri-
marily in the backward directions. This section makes
use of the particle-size distributions measured over this
region by Ackerman and Cox (1982) and the indices
of refraction measured by Patterson et al. (1983). The
spectral variation of single-scattering properties of soil-
derived aerosols has been discussed by d’Almeida
(1987), Longtin et al. (1988), and Ackerman and Cox
(1988). Figure 1 depicts the vertical variation of wy
and g for six spectral intervals calculated from aircraft
measurements at six different altitudes. Both w and g
are constant with height, within the errors of the mea-
sured size distribution and index of refraction.

Figure 2 depicts the vertical structure of o over
the Saudi Arabian peninsula determined from the
measurements of Ackerman and Cox (1982) and Pat-
terson et al. (1983). The measurements indicate a
strong vertical variation of o., with maximum values
near the surface. This vertical variation is relatively
independent of wavelength. Similarly, for high dust
concentrations, Kashina (1965) found that the dust
content of the surface layer varies exponentially with
height, while DeLuisi et al. (1976) measured a highly
variable vertical structure in aerosol concentration.
Shaw (1980) measured a bimodal vertical structure in
Oext N an Asian dust layer that was transported over
the Hawaiian Islands; the primary peak occurred near
the top of the layer, while the second smaller peak ex-
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FIG. 1. Vertical variation of the single-scattering albedo and asym-
metry parameter for six wavelengths, as determined by measurements
made during SMONEX.
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FIG. 2. Vertical variation of the extinction coefficient over the
Saudi Arabian peninsula at six wavelengths, as determined from the
measurements of Ackerman and Cox (1982) and Patterson et al.
(1983).

isted at or just below the trade inversion and was at-
tributed to the growth of hygroscopic particles. In their
study of the radiative heating rates of Saharan dust,
Carlson and Benjamin (1980) measured that o, was
nearly constant for their desert case, but used a vertical
variation in o, based on the measurements of Prospero
and Carlson (1972) for their ocean case. Fouquart et
al. (1987) assume that the normalized size distribution
is independent of altitude.

Surface reflectivity is a function of surface compo-
sition and moisture content as well as the angular and
spectral distribution of the incident radiation. This
study assumes the desert surfaces to be dry; a wetting
of the surface would decrease the surface albedo. Desert
surfaces tend to display a distinct difference between
visible and near-infrared albedos (Ackerman and Cox
1982; Smith 1986; Smith et al. 1980), with the latter
being higher. The dependence of surface albedo on so-
lar zenith angle also varies between the visible and near-
infrared wavelengths. This study assumes the solar
zenith angle dependence in the visible and near-infrared
spectral regimes as measured by Smith (1986). Mea-
surements by Coulson (1966) indicate that specular
reflection from desert sand is small, and therefore, it
is assumed that the reflected energy is entirely diffuse.

Emissivities integrated over the spectral region 8-
12 um for sandy soils generally vary between 0.9 and
0.98 (Gayevsky 1951; Buettner and Kern 1965). In
the present study a surface emissivity of 0.95 is assumed
for the LW window regime and a value of 1.0 is as-
sumed for the remaining LW spectral intervals. An
emissivity of 1.0 is assigned for water surfaces.

Molecular absorption is incorporated in the two-
stream models by expressing the transmittance function
averaged over the given spectral interval as a sum of
exponentials (Wiscombe and Evans 1977). In the case
of a layer in which both gases and aerosol are present,
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the layer-mean asymmetry parameter and the single-
scattering albedo are weighted by their clear and dust
optical depths. The scaling approximation discussed
by Chou and Arking (1980) is employed to account
for the nonhomogeneous water vapor pathlengths in
the atmosphere. No pathlength correction is made for
ozone.

The SW version of the two-stream adding model has
11 spectral bands: 6 water vapor absorption bands
(0.94, 1.1, 1.38, 1.87, 2.7, and 3.2 um) and 4 bands
for the 0.2-0.8-um spectral region. A solar constant of
1368 W m™? is assumed and the energy distribution of
each spectral interval is assigned according to the data
of Thekaekara and Drummond (1971). The surface
is assumed to be Lambertian. The longwave model
consists of 20 spectral bands. The transmission of
overlapping gases in the same spectral bandpass is dis-
cussed by Ohring and Joseph (1978).

b. Comparison of the doubling two-stream models and
aircraft observations

In this section, the two-stream models discussed
above are compared with aircraft radiative flux mea-
surements made during the 1979 Summer Monsoon
Experiment (SMONEX) as well as with a more ac-
curate doubling adding model (Grant and Hunt 1969;
Wiscombe 1976; Stephens 1978). The model input
parameters are those discussed above, which are based
on observations made over the Saudi Arabian penin-
sula. Aircraft flux observations are presented in Ack-
erman and Cox (1982).

Comparisons of model-calculated shortwave fluxes
and aircraft-measured fluxes from two aircraft flights
are depicted in Fig. 3. The solar zenith angle of the 10
May flight was 25.9°, while that of 12 May was ap-
proximately 75°. The surface albedos used in the model
corresponded to either the visible (0.28-0.7 um) or
NIR (0.7-2.8 um) albedo measured by the aircraft at
it lowest altitude (approximately 0.3 km). In Fig. 3 the
solid lines represent the upward or downward total SW
fluxes, the dotted line represents the direct component
of the downward flux, and the net SW flux is shown
as the longer dashed line. The thick lines and the dotted
line represent calculations made with the doubling
model, while the thin lines depict the two-stream cal-
culations. The A’s represent the aircraft-measured up-
ward and downward fluxes (Ackerman and Cox 1982),
while the N’s are the measured net fluxes. In general
there is excellent agreement between the model and
measured downward fluxes. Agreement is not as good
for the upward fluxes and might be influenced by an
incorrect specification of the surface boundary condi-
tions, which vary considerably over the flight path
(Smith et al. 1980). The two-stream model tends to
overestimate the upward fluxes for the smaller zenith
angle case, while it underestimates the flux for the large
zenith angle case.
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FiG. 3. Comparison of model-calculated shortwave fluxes to aircraft-measured fluxes made during
the SMONEX over the Saudi Arabian peninsula. Solid lines represent the model-calculated upward or
downward total SW fluxes, the dotted line represents the direct component of the downward flux, and
the net SW flux is shown by the dashed line. The thick lines represent the calculations using the doubling
model, while the thin lines depict the two-stream model results. The A’s represent the measured upward
and downward fluxes, while the N’s are the measured net fluxes.

It is worthwhile to point out some of the interesting
features of the model calculations. Solar absorption by
the dust is large and occurs primarily in the visible
portions of the spectrum. The presence of the dust layer
not only reduces the total incoming flux, but also re-
apportions the energy between the direct and diffuse
components. This redistribution is a strong function
of the solar zenith angle. Within the dust layer the up-
ward fluxes tend to decrease with height for the smaller
solar zenith angle case and increase with height for the
larger zenith angle case. In both cases the net flux and
the downward flux increase with height.
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Longwave flux comparisons of observations and the
model calculations for a dust-laden atmosphere are
shown in Fig. 4. Surface temperature was assigned ac-
cording to aircraft measurements of a downward-facing
spectral radiometer (Ackerman and Cox 1980) at the
lowest flight altitude. Except for the downward fluxes
at the lowest two aircraft flight levels, model calcula-
tions are generally within 4% of the measurements.
Changing the size distribution or index of refraction
does not substantially improve the agreement at the
lowest two levels. Discrepancies between the model and
observed fluxes are within the measurement errors of
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FIG. 4. Comparison of model-calculated longwave fluxes to aircraft-measured fluxes made during the
SMONEX over the Saudi Arabian peninsula. Solid lines represent the model-calculated upward or down-
ward total LW fluxes, and the net LW flux is shown as the dashed line. The thick lines represent the
calculations using the doubling model, while the thin lines depict the two-stream model results. The 4’s
represent the measured upward and downward fluxes, while the N’s are the measured net fluxes.
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the pyrgeometers. According to the model calculations,
the dust primarily affects the 8-13-um region. For ex-
ample, the dusty—clear difference between the down-
ward flux at the surface for the model atmosphere of
10 May is 61 W m™2; of this difference, 56 W m™ is
accounted for in the 8-13-um spectral interval.

¢. Model results

The objective of this study is to assess the effects of
dust on the radiative flux at the top of the atmosphere
from model calculations and satellite observations. In
order to reduce model biases, the effects are presented
in terms of the differences between the model calcu-
lations for a dust-laden atmosphere and calculations
for the same atmosphere with no dust. Aerosols scatter
and absorb solar radiation, and as a result can cool or
warm the earth-atmosphere system depending on the
magnitudes of wy, g, the total dust loading, and the
surface albedo and temperature. Large variations exist
in the single-scattering properties of a dust layer, as
discussed by d’Almeida (1987) and Longtin et al.
(1988). Thus, representative dust-layer characteristics
are chosen to quantify the changes in single-scattering
properties, and thus the radiative fluxes. The index of
refraction corresponds to that of Patterson et al. (1983)
for the shortwave spectrum and Patterson (1981) for
the longwave spectrum. Four different desert-layer mi-
crophysical characteristics were considered. These are:

DESERTL: This model assumes the microphysical
properties of the dust layer to be constant with altitude
with a size distribution corresponding to the light dust-
loading distribution of Patterson and Gillette (1977).
Thus, an increase in optical depth is attained by an
increase in the number of particles. The top of the dust
layer is located near 5 km with a base at the surface.

DESERTH: This case is similar to DESERTL with
the exception that the dust particle size distribution
corresponds to the heavy dust-loading case of Patterson
and Gillette (1977). Thus, differences between DE-
SERTL and DESERTH are in the single-scattering
properties of the dust layer resulting from a change in
size distribution.

DESERTYV: The difference between DESERTV and
the previous models is that this case allows for the ver-
tical variation of ¢, according to the observations of
Ackerman and Cox (1982). The single-scattering al-
bedo and asymmetry parameter are the same as in the
DESERTL case.

OCEANL: The microphysical properties of the dust
layer are assumed to be constant with altitude and re-
side within the 850-550-mb layer. The particle-size
distribution corresponds to the light dust-loading dis-
tribution of Patterson and Gillette (1977).

Differences between the SW upward flux at the top
of the atmosphere (TOA) for a dust-laden and dust-
free environment of the DESERTL (solid) case are
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shown in Fig. 5 as a function of solar zenith angle and
dust optical depth at 0.55 um. The optical depth at a
wavelength of 0.55 um (7,) is used since this is the
most common wavelength for inferring dust optical
depths from surface measurements. Contour intervals
are 20 W m2. Negative values indicate a greater up-
ward flux for the clear-sky case; thus, the presence of
the dust layer results in a net SW energy gain by the
earth-atmosphere system. The largest changes resulting
from increasing 74 are for the smallest solar zenith an-
gles, where the upward flux decreases due to absorption
by the dust. Results for the DESERTH (dashed) and
DESERTYV (dotted) cases are also shown in Fig. 5.
Changing the size distribution (DESERTL vs DE-
SERTH) or the vertical structure of o.,; (DESERTL
vs DESERTYV) results in differences of no more than
approximately 15 W m™2, The DESERTH case is
“darker” than the DESERTL case due to the smaller
single-scattering albedo and the larger asymmetry pa-
rameter. For 7, < 1.2 there is only a weak dependence
on solar zenith angle for 6y < 40°.

Dust-laden minus dust-free differences in the upward
SW flux at the TOA for the OCEANL case are shown
in Fig. 6. Contrary to the desert cases, dust over the
low surface albedo of the ocean results in an increase
in the upward flux with increasing turbidity, for a given
solar zenith angle. Thus, the scattering processes dom-
inate the absorption processes and the presence of the
dust layer decreases the SW energy gain of the earth-
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FiG. 5. Differences in the SW upward flux at the top of the at-
mosphere between a dust-laden and dust-free environment for the
DESERTL (solid), DESERTH (long dashed), and DESERTYV (short
dashed) cases as a function of solar zenith angle and dust optical
depth at 0.55 zm. Contour intervals are 20 W m™2,
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FiG. 6. Dust-laden and dust-free differences in the upward SW
flux at the top of the atmosphere for the OCEANL case. Contour
intervals are 10 W m™2,

atmosphere system. In addition, the ocean case displays
a greater sensitivity of the upward flux to changes in
solar zenith angle and turbidity than the desert cases.

Differences in the LW flux at the TOA between clear-
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sky calculations and dusty atmosphere as a function
of turbidity and surface temperature are shown in Fig,
7. Negative values indicate that the clear-sky values are
greater than those for the dust-laden case. In studying
the sensitivity of the LW fluxes to the presence of var-
ious dust-layer conditions, atmospheric temperatures
above 850 mb are held fixed, based on observations of
Ackerman and Cox (1982), while the temperature
profiles from the surface to 850 mb vary diurnally. For
surface temperatures less than approximately 25°C a
temperature inversion exists. The DESERTL (solid)
and DESERTH (dashed) cases are similar, showing
decreases in the upward flux with increasing optical
depth. This is due to the fact that the presence of the
dust layer reduces the surface LW radiative energy
losses to space, the impact being greater for higher sur-
face temperatures. For the DESERTV case (dotted)
where most of the dust is concentrated in the lowest
atmospheric levels, the presence of the dust can lead
to an increase in the TOA upward flux for lower surface
temperatures and turbidities greater than about 0.4.
This results from the lower-level temperature inversion
in conjunction with the large dust concentrations near
the surface.

3. Satellite observations

Dust is a relatively common phenomenon over the
Arabian peninsula, with most dust outbreaks occurring
during summer (Takahashi and Arakawa 1981; Ack-
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erman and Cox 1989). Meteosat imagery at 1200 UTC
(ESA 1985) was employed as a means of surveying the
presence of dust within the region 10°-40°N and 20°-
60°E for the summer of 1985 (a year when ERBE data
were available). Meteosat data have been used to locate
and estimate the optical depth of dust over the Sahara
(Jankowiak and Tanre 1988; Legrand et al. 1989). The
thermal infrared (IR) window channel in the 10.5-
12.5-um spectral band was used to locate dust over
land (Shenk and Curran 1974; Martin 1975). The vis-
ible channel (VIS) in the 0.4-1.1-um spectral band
was used to locate dust over the sea (Shenk and Curran
1974; Carlson 1979). The infrared water vapor channel
(WV) in the 5.7-7.1-um spectral band was used to
discriminate cirrus clouds from dust clouds. Analyses
of these Meteosat data (ESA 1985) revealed a dust
outbreak that occurred over Saudi Arabia during the
period 5-11 July 1985. This dust outbreak was verified
from surface synoptic data archived by the National
Center for Atmospheric Research and consists of four
observations per day, nominally at 0000, 0600, 1200,
and 1800 UTC.

NOAA-9 1.1-km resolution images of the AVHRR
channel 1 (0.58-0.68 um) and channel 4 (10.5-11.5
pm) observations made on 8 July are shown in Figs.
8a and 8b, respectively. On this day, the dust is seen
over the Persian Gulf in the visible channel (Fig. 8a),
spreading over the interior of the Arabian peninsula
in the infrared image (Fig. 8b), and extending out over
the Arabian Sea (Fig. 8a). The evolution of the dust
outbreak, from analysis of satellite and surface obser-
vations, was similar to that discussed by Ackerman
and Cox (1989); it began near Kuwait and moved east-
southeast, engulfing the eastern and southern Arabian
peninsula, the Persian Gulf, and the western Arabian
Sea. This is the climatological pattern of dust move-
ment for this region (Ackerman and Cox 1989).
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Having located a dust outbreak, data from ERBE
were used to study the effects of dust on the radiative
energy budget (REB) at the top of the atmosphere.
The ERBE archived data (Barkstrom et al. 1989) in-
clude observations of the solar constant, the reflected
shortwave radiation, and the earth-atmosphere-emit-
ted longwave radiation at the TOA. This study makes
use of the ERBE scanner package (Kopia 1986) on
board the NOAA-9 polar-orbiting satellite. A complete
discussion of the ERBE scanner is given by Kopia
(1986). The inversion of satellite observations to TOA
fluxes is discussed by Barkstrom et al. (1989).

The computation of the earth radiation budget from
a scanning radiometer requires spectral and bidirec-
tional models that are scene dependent. The ERBE
inversion algorithms have five surface scene types
(ocean, land, desert, snow, and coastal) combined with
four cloud categories (clear, partly cloudy, mostly
cloudy, and overcast). The geographic regions with dust
will of course be misclassified, the majority of which
are classified as partly and mostly cloudy. This mis-
classification will result in errors in the estimates of
TOA fluxes. Errors resulting from assuming the wrong
limbdarkening and bidirectional reflectance models
due to incorrect scene identification have been studied
by Dieckmann and Smith (1989). In that study it was
demonstrated that the errors in the LW flux estimates
were negligible for all scene types; maximum errors of
the SW fluxes due to misclassification were 14%. Dif-
ferences between the limb-darkening models of clouds
and that of dust indicate that a misclassification will
lead to an error of less than 5 W m™2, For the SW
fluxes we estimate, from the results of Dieckman and
Smith (1989), that the misclassification of dust results
in a maximum error of approximately 10%, or less
than approximately 33 W m™2.

To compare the ERBE observations discussed in the

F1G. 8. NOAA-9 AVHRR (a) channel | and (b) channel 4 observations on 8 July 1985.
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next section with model calculations, an estimate of
the dust loading is required. As direct measurements
of the dust loading were not available, estimates must
be made from the satellite observations. Rao et al.
(1989) have presented a method of inferring aerosol
optical thickness over oceans using radiances measured
by the AVHRR channels 1 and 2. Application of this
method to the observations over the Persian Gulf and
Arabian Sea gives a range of optical thicknesses between
0.5 and 1.5.

The radiative temperature difference between the
AVHRR 3.7- and 1 1-um channels was investigated by
Ackerman (1989) as a possible means of tracking dust
outbreaks and estimating the dust-layer optical depth.
Such an estimate could not be considered in this case
as the AVHRR 3.7-um channel begins to saturate due
to the high surface temperatures associated with the
interior desert, and the additional contribution from
solar reflection. Carlson and Benjamin (1980) dis-
cuss the impact of dust on the infrared window
channel temperatures. Observed differences between
the AVHRR 11-um temperatures between clear-sky
conditions (either surrounding regions or values ob-
served on 4 July) and dust-laden observations are ap-
proximately 5°-20°C. Comparing these differences
with theoretical calculations indicates a range in total
optical depths of 0.5~2.0, which is consistent with es-
timates over the ocean. This is not intended as an ac-
curate assessment of the dust loading, but rather as an
estimate to check the consistency between the ERBE
observations and the theoretical calculations.

This range of optical depths deduced from satellite
observations, as a function of the range in solar zenith
angles and surface temperatures, is depicted in Figs. 5,
6, and 7 as shaded regions. The surface temperature
ranges were estimated from AVHRR window and sur-
face temperature observations over dust-free condi-
tions. The range in the model-calculated differences
between dust-laden and clear atmospheric TOA fluxes
within these shaded regions will be compared to ERBE
observations presented in the next section.

ERBE NOAA-9 scanner observations. Figures 9 and
10 depict, respectively, the shortwave (SWRE) and
longwave (LWRE) radiative exitances at the TOA as
measured from the NOAA-9 for the time period 4-9
July 1985. Also shown in the figures are surface weather
observations (S: dust; HZ: haze). On 4 July, while there
are isolated observations of dust, there is no indication
of a large-scale dust outbreak from the surface obser-
vations or from Meteosat imagery. The SWRE and
LWRE over the Persian Gulf on 4 July are relatively
constant at approximately 100 and 320 W m™2, re-
spectively. Over Saudi Arabia the LW fluxes range from
approximately 330 to 355 W m™2, while the SW fluxes
vary from approximately 345 to 420 W m™2,

The Meteosat and surface weather observations in-
dicated that the dust outbreak began over northern
Kuwait on 5 July. Due to the prevailing lower-layer
northwesterlies over the Arabian peninsula, it is normal
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for the Arabian dust to head southeastward (Ackerman
and Cox 1989). The effect of the dust on the REB at
the TOA on S July can be seen as an area of minimum
LW outgoing radiation near Kuwait, coincident with
the dust outbreak region seen in the surface observa-
tions. The desert regions around the dust outbreak have
LWRE fluxes ranging from 345 to 355 W m™2, while
those in the dust outbreak range from 310 to 335
W m™2. The effect of the dust on the SW fluxes over
land on 5 July is difficult to distinguish from the ad-
jacent clear-sky region.

By 6 July the dust has spread eastward over the Per-
sian Gulf and southward over the Arabian peninsula.
Dust-free desert regions have LW fluxes ranging from
330 to 350 W m™2, while nearby dust regions have
LWRE fluxes from 300 to 320 W m™2. A minimum
in the LWRE over the interior of the peninsula (blue~
green region) is due to high cirrus clouds, as seen in
the Meteosat water vapor image. In the shortwave
spectral region, the effects of the dust on the TOA fluxes
are more distinctly seen over the northern end of the
Persian Gulf, where there is an increase of 10-15
W m™ due to the presence of the dust. The presence
of dust decreases the clear-sky oceanic LWRE on 6
July by approximately 5-10 W m~2,

By 7 July the dust has spread over most of the Ar-
abian peninsula and has extended a substantial distance
offshore, due to the continuation of the generally
northwesterly flow of summer (Takahashi and Arak-
awa 1981; Ackerman and Cox 1989). Over the Arabian
Sea the dust is seen in the SW as a band extending out
from the coast of Oman. The dust increases the SWRE
from approximately 100-110 Wm™2 to 150-200
W m~2, while the LWRE fluxes over the Arabian Sea
decrease approximately 5-10 W m™2. Over the desert,
LWRE fluxes are 305-315 W m™2, while clear desert
regions are 340-350 W m™2.

On 8 July, cloud and dust over the southern Arabian
peninsula, Arabian Sea, and Indian Ocean are difficult
to distinguish from one another in the ERBE broad-
band shortwave observations. An indication of the high
cloudiness over these regions is made from Meteosat
WYV and AVHRR images and surface weather obser-
vations. Over the Arabian Sea off the coast of Oman,
the dust increases the SWRE by approximately 70~90
W m~2. The effects on the LW fluxes over the Arabian
Sea are small, resulting in a decrease of approximately
5-10 W m™2. Over the desert, the dust decreases the
clear-sky LW TOA fluxes by approximately 30-45
W m~2. By 9 July, the dust has engulfed the majority
of the peninsula. The effect of the dust on the nighttime
LW fluxes (not shown) during this period is less than
5Wm2,

In summary, a dust outbreak that occurred during
July 1985 over the Saudi Arabian peninsula resulted
in an increase in the SW TOA fluxes over the ocean
of between 40 and 90 W m™2. This observed increase
is somewhat larger than the model-generated differ-
ences between dust-free and dust-laden conditions of
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approximately 20-60 W m™2. Over the high-albedo
desert regions the differences between SW TOA fluxes
of the dust-free and dust-laden regions were difficult
to determine in the observations. The theoretical cal-
culations indicate a reduction in the outgoing SW flux
due to absorption by the dust of approximately 20-60
W m™2. Comparison of the model used in this study
with aircraft observations indicates that the model is
overestimating the upward SW flux at solar zenith
angles of 25°, the average solar zenith angle of the
NOAA-9 overpasses. Thus, the discrepancy between
observed and calculated SW fluxes over the desert is
likely due to errors in the theoretical two-stream cal-
culations. It should not be construed from the satellite
observations that dust has no impact on the radiative
budget of the desert. Carlson and Benjamin (1980)
and Ackerman and Cox (1987) have demonstrated that
dust increases the SW atmospheric heating while de-
creasing the incoming SW flux at the surface. These
effects tend 10 compensate one another so that the SW
flux at the TOA displays a smaller sensitivity to the
dust optical properties than the surface fluxes or at-
mospheric absorption. Thus, the presence of a dust
layer primarily results in a redistribution of the radiative
energy between the atmosphere and the earth’s surface.

From ERBE observations over the ocean, the pres-
ence of dust decreased the LW TOA fluxes by 5-20
W m~2, while over the desert region the reduction in
the LW TOA fluxes ranged from 20 to 50 W m™2,
Comparison of these LW differences with the shaded
regions in Fig. 7 indicates a consistency between the
ERBE observations, the AVHRR estimate of the dust
loading, and the LW theoretical calculations. However,
an inconsistency exists between the LW obervations
and the theoretical calculations. The AVHRR 11-um
brightness temperature observations are less than the
12-um (channel 5) equivalent blackbody temperatures
by approximately 3°C. Such brightness temperature
differences could not be reproduced with the single-
scattering properties deduced from the observations of
Ackerman and Cox (1982) and Patterson et al. (1983).
The brightness temperature differences were also not
reproducible using the composite desert aerosol models
of Longtin et al. (1988), as the extinction coefficient
generally increases from 11 to 12.5 pm. Thus, while
there tends to be agreement between the observed and
calculated broadband LW fluxes, there are discrepan-
cies in the spectral distribution of energy.

4. Summary

The effects of a dust outbreak on the regional radia-
tive energy budgets of desert and oceanic locations were
investigated using a combination of model calculations
and satellite observations. From the NOAA4-9 ERBE
observations, the presence of the dust increased the
SWRE at the TOA over the ocean by 40-90 W m~2,
but over the desert regions the differences were difficult
to determine. Detection of the dust layer using the
AVHRR SW channels was also difficult over the desert

JOURNAL OF APPLIED METEOROLOGY

VOLUME 31

surface. Over the range of optical depths inferred from
the AVHRR observations and the solar NOAA-9 ge-
ometry, differences in the upward flux between clear-
sky and dust-laden conditions for the ocean case ranged
from 20 to 60 W m™2, a slightly lower difference than
the observations showed. In contrast, the model cal-
culations for the desert cases indicate that the presence
of dust decreased the clear-sky SWRE by 20-60
W m™2. This discrepancy between observed and cal-
culated SW fluxes over the desert is largely due to model
errors. The small sensitivity of satellite-observed SW
fluxes to the presence of dust results from a redistri-
bution of the radiative energy between the atmosphere
and the surface by the dust layer.

The ERBE observations indicate that the presence
of the dust outbreak over the ocean decreased the ob-
served longwave radiative exitance (LWRE) by 5-20
W m~2, while over the desert regions its reduction was
20-50 W m™2. From the model calculations this range
is slightly smaller, 5-15 W m™2 for ocean conditions
and 10-40 W m™? for desert-type conditions. Both the
observations and calculations indicate that the presence
of the dust results in a net radiative heating over the
desert and a net cooling over the ocean.
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