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ABSTRACT

RADIATIVE CHARACTERISTICS OF SOIL DERIVED AEROSOLS

A multiple scattering model is employed to study the impact of a dust layer on the ra-
diative fluxes at the top of the atmosphere, at the bottom of the atmosphere and within
the atmosphere. The sensitivity of the radiative fluxes to various changes in the opti-
cal properties of the dust is assessed. Model calculations of the radiative fluxes, with
environmental conditions as input, are compared to the aircraft measured fluxes.

A parameterization of the extinction coefficient, the single scattering albedo and
the asymmetry parameter for a dust layer in the SW spectral region is presented which
accounts for the physical and chemical changes of a dust layer as it is mobilized and
transported. It is demonstrated that the parameterization scheme is applicable to other
aerosols, including water clouds. A scaling parameter is presented which can be used to
describe the optical properties of an aerosol layer with a large effective size parameter.
The parameterization of the LW radiative properties of the dust layer follows the classic
emissivity approach. The effective emissivity is derived for a non-isothermal layer. The
radiative parameterizations are incorporated into a radiative-convective equilibrium cli-
mate model to assess the impact of the dust microphysical properties on the steady state

temperature.
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Chapter 1

INTRODUCTION

Soil derived aerosols are largely generated by surface wind erosion and are a major
component of the total tropospheric aerosol burden (Study of Man’s Impact on Climate,
1971). Today the major source regions of airborne dust are the world’s deserts, particularly
the Sahara. In the past the weathering processes associated with glaciers, in association
with stormy and dry weather conditions, could have produced large quantities of airborne
dust. In the future, human activity may be a major source as wind erosion is increased
through cultivation, improper grazing, poor watershed management, deforestation and off
road vehicles.

The mobilization, transportation and deposition of dust is a concern of several disci-
plines (e.g. climatology, ecology, geology and pedology). The presence of suspended dust
has an affect on the tropospheric radiative heating rates (DeLuisi et al., 1976; Carlson
and Benjamin, 1980; Ackerman and Cox, 1982; and Ellingson and Serafino, 1984) as well
as the surface radiative energy budget (e.g. King et al., 1980; Cerf 1980; Brinkman and
McGregor, 1983; and Ackerman and Cox, 1982). The radiative properties of the airborne
dust may affect the climate of the earth (Bryson and Barreis, 1967; Randall and Carlson,
1983; Joseph, 1977; and Idso, 1981a and b). In large concentrations dust can also present
a health hazard, suffocate livestock and severely limit visibility causing hazardous traffic
conditions (Péwé, 1981). The mobilization and transportation of dust denudes the source
region surface of needed nutrients and minerals while the deposition of dust contributes
to the mineralogy of the adjacent regions (Prospero, 1981). The present study is con-
cerned with the effects of a dust layer on the atmospheric radiative fluxes, with particular

emphasis on to the parameterization of the dust radiative properties.



In the last 15 years, a variety of field experiments (see Appendix A) have been un-
dertaken to measure the effect of a dust layer on the atmospheric radiative energy budget.
All of these experiments observed a significant impact on solar fluxes while the effect on
the longwave spectrum has not been as conclusive. As a result, recent modeling studies
have investigated the sensitivity of General Circulation Models (GCMs) to the presence
of dust. For example, Randall et al. (1984) and Joseph (1984) indicate that the GCMs
response is not limited to the areas where the dust is assumed to reside. D’Almeida (1986)
has undertaken the task of modeling the atmospheric transport of dust. It may take sev-
eral days for a dust layer to move from one geographic region to another (Reiff et al.,
1986; Rahn et al., 1981; Shaw, 1980). With such a time scale the influence of radiative
processes on the thermodynamic structure of the dust layer need to be addressed. To date
models of atmospheric circulations only crudely treat, if at all, the radiative properties of
the aerosol and do not allow for the interaction between the aerosol optical properties and
the dynamic variables. As global and regional models become more advanced, changes
in the radiative properties of the dust layer during its lifecycle (mobilization, transport
and deposition) need to be considered. This will require appropriate parameterization

schemes.

1.1 Objectives of the research

The radiative forcing of a dust layer not only depends on the dust concentration and
chemical composition, but also on such parameters as surface albedo, solar zenith angle,
surface temperature and the thermodynamic structure of the atmosphere. In addition,
the crustal aerosol can be transported out of a source region by the wind and deposited
in another location. As a dust layer is transported, its radiative characteristics change as
the size distribution and mineralogy are modified by sedimentation; this makes it difficult
to parameterize the radiative properties on a global scale. As a prerequisite to developing
useful parameterization schemes, one must understand the relationship between a dust
layer radiative characteristics and its microphysical structure. Thus the present study has

two major objectives:



1) to describe the interaction of an atmosphere containing soil derived aerosols with its

solar and terrestrial radiative fields
2) to develop a parameterization of the dust radiative properties.

In addition, the parameterization schemes are employed to demonstrate their utility in
assessing the impact of the presence of dust on simple climate systems. As an aid to the

reader, an outline of the study is presented below.

1.1.1 Outline of dissertation

Chapter 2 discusses various observations of the thermodynamic and microphysical
structure of dust laden atmospheres. These parameters are needed as input to the ra-
diative calculations. The present study makes use of observations made over the Saudi
Arabian Peninsula. Observations from other regions of the globe are presented to high-
light commonalities and differences between observations. The shortwave and longwave
radiative transfer models used in the study are discussed in Chapter 3. Appropriate two-
stream/adding models are developed in this chapter. The chapter also discusses the more
accurate doubling/adding models which are used to investigate the remote sensing ap-
plications discussec in Appendix B, and to provide a comparison between the radiative
fluxes calculated with the doubling models, the two stream models and aircraft observa-
tions which are given at the end of the chapter. The two stream models are employed in
chapter 4 to descr:be the effect of a dust layer on the atmospheric radiative fluxes. Of
primary interest are changes in the fluxes at the top of the atmosphere, at the earth’s sur-
face and changes in the atmospheric radiative heating rates. Section 4.1 presents changes
in the solar fluxes as a function of dust optical depth and solar zenith angle while Section
4.2 describes the changes in the longwave fluxes as a function of optical depth and surface
temperature. The effects of the dust layer on the diurnal radiative energy budgets are
presented at the end of chapter 4. Chapter 5 presents the more interesting aspects of the
study as appropriate parameterizations for the shortwave and longwave spectral regions
are developed. The parameterization of the longwave characteristics of dust layer follows

the methodologies often applied to water and ice clouds. One notable exception is that the



layer need not be isothermal. In the case of the shortwave spectrum, a scaling parameter
is presented which can be used to describe changes in the optical properties of a dust layer.
This scaling parameter accounts for much of the variations in the microphysical observa-
tions discussed in Chapter 2. In addition, the scaling parameter can be used to describe
variations of the single scattering albedo of other aerosols, including water clouds, in the
shortwave spectrum. Chapter 6 incorporates the parameterization schemes of Chapter 5
into a simple climate model to address the importance of dust microphysical structure on
the steady state surface temperature. The major results of the study are summarized in

Chapter 7.



Chapter 2

MODEL INPUT PARAMETERS

The simulation of the radiative characteristics of a dust laden atmosphere requires
the following information: the thermodynamic structure of the atmosphere, the absorption
and scattering properties of the air molecules, the absorption and scattering properties
of the dust and its vertical and horizontal distribution, the spectral reflectance and emit-
tance of the surface and the spectral distribution of extra-terrestrial solar energy. These
model input parameters will be discussed in this section. Due to the availability of the
aircraft measurements of Ackerman and Cox (1982) and Patterson et al. (1983) as well
as the surface measurements of Smith (1986) the present study focuses on the radiative
characteristics of tae dust overlying the Saudi Arabian Peninsula and adjacent region.
Few studies have studied the physical and radiative properties on the soil derived aerosols
of this region. Comparisons between the dust observed over Saudi Arabia with dust sus-

pended over other geographic regions will be presented.

2.1 Spatial and temporal variations of airborne dust

In assessing the climatic implications of dust the spatial and temporal variations of
the aerosol must te addressed. Spatial frequency patterns of dust are inevitably linked
to regions of available soil (e.g. Sahara, Rub al Khali, Mojave), while temporal patterns
will primarily depend on meteorological parameters (e.g. wind speed and precipitation).
Perhaps the most common method for studying dust episodes is the analysis of surface
observations of the frequency, duration and intensity of dust storms. Dust outbreaks
over the Sahara and the southwest United States have been described in detail by several
investigators (see for example Orgill and Sehmel, 1976; Morels, 1979 and Pewe, 1981).

Dust outbreaks associated with the geographical region of the southwest Indian monsoon



have received less attention. Thus this study will attempt to focus on the characteristics
of the dust in this region (10°N to 37°N and 35°E to 90°E).

The horizontal and vertical distributions of airborne dust were deduced from surface
weather observations, archived by the National Center for Atmospheric Research, for the
area shown in figure 1. The initial analysis covered the region 30°E to 100°E and 30°S
to 40°N; however due to the limited number of station observations of dust outbreaks,
the study was reduced to the region 35°E to 90°F and 10°N to 37°N. Meteorological
observation times were 00, 06, 12 and 18 GMT. This region includes five major deserts:
the Nafud and Rub al Khali deserts of the Arabian Peninsula, the Great Indian or Thar
Desert, the Dasht-e Kavir in Iran and the southern regions of the Taklimakan Desert of
China. Additional analysis of dust outbreaks and various meteorological parameters (e.g.
wind speed and direction) are given in Appendix B.

There are several disadvantages of working with surface observations of dust. For ex-
ample, data are sparse in largely uninhabited, central-desert regicns. Surface observations
give little quantitative description of the physical properties needed to assess the clima-
tological impact of the dust. Although horizontal visibilities have been correlated with
dust mass loading (Chepil and Woodruff 1957, Patterson and Gillette 1977), a necessary
parameter for radiative transfer calculations. Surface observations also contain variations
resulting from different observers.

On the other hand, surface observations have the advantage of presenting a qualitative
description of the horizontal distribution of suspended dust as well as the number of
occurrences of dust outbreaks; these are two important parameters for estimating the
impact of dust on regional and global circulations. In addition, surface observations lend
insight into the meteorological conditions associated with a dust outbreak as well as the
horizontal movement of the dust.

In the text a dust day is defined as a day in which an observer noted that airborne
dust was present, as reported in the present weather section of the WMO synoptic code
(Table 1). Observations of haze, smoke and duststorms associated with thunderstorms

are not included in the analysis. In addition to tabulating the total number of dust days,
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Table 2.1: Weather symbols of surface observations of airborne dust (after WMO,1974).
CODE SYMBOL REMARKS ]

Widespread dust in suspension in the air, not
06 S raised by wind at or near the station at the time
of observation.
Dust or sand raised by wind at or near the
% the time of observation, but no well- developed
dust whirl(s) and no duststorm or sandstorm
seen
Well-developed dust whirl(s) or sand whirl(s)
08 @ seen at or near the station during the
preceding hour or at the time of observation,
but no duststorm or sandstorm
Duststorm or sandstorm within sight at the time
09 (—8-) of observation or at the station during the
preceding hour

07

- —S" - has decreased during

the preceding hour
Slight or moderate dust- - no appreciable change
31 _8. storm or sandstorm during the preceding
hour
- has begun or has
32 ,-S- increased during the
preceding hour
- has decreased during the
%\ preceding hour
Severe dust-storm or - no appreciable change
34 —_%: sandstorm during the preceding
hour
- has begun or has
35 |% increased during the
preceding hour

33




the data were analyzed for heavy dust loading cases which were defined as an observation
in which dust was observed and the visibility was less than or equal to 5 km. Applying
the formula of Patterson and Gillette (1977) this corresponds to a dust mass loading of
greater than 1 mgm™3.

To assess the impact of soil derived aerosol on various regional and global scale prob-
lems (e.g. climate, ecology, health and traffic hazards) one needs to first assess the seasonal
and geographical distribution of this type aerosol. Figure 1 depicts the number of days
in which an observation of suspended dust was made as a function of month for the year
1979 for several stations in the Indian southwest monsoon region. Also shown (heavy line)
are the number of dust days in which the visibility was less than 5 km. The dashed line
includes dust days and days with haze observations. Tic marks on the ordinate represent
10 day increments while those along the abscissa represent the months of January, April,
August and December. An apparent annual cycle in the number of days with suspended
aerosols is evident at most stations with maximum occurrences in the spring and summer
months.

Middleton (1986) found a similar annual cycle in dust storm frequencies for southwest
Asia. Dubief (1953) also demonstrated a preference of dust storm frequency from early
spring until fall for regions of the Sahara. The summer maximum in the number of dust
days over the desert regions is undoubtedly correlated to the high summer insolation.
The high, daytime summer, near-surface temperatures result in large turbulent eddies
and a mixed layer which can extend to 600 mb (Ackerman and Cox, 1982). Once dust is
injected into the atmosphere it can reach higher altitudes than in the winter months when
the mixed layer and turbuleﬁt eddies are much shallower; this results in a larger residence
times and greater transportation distances.

Seasonal variations in regional circulation systems also play an important role in
the distribution of dust days. The summer minimum at New Delhi (figure 1) and the
minimum in the occurrence of haze in the Ghangi River valley region is associated with
the heavy monsoon rains. The large summer peak in dust days at Salalah and Masirah

as well as haze at Aden may also relate to the summer monsoon circulation. Figure 2
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depicts visibility and present weather observations for Salalah for the months of May,
June, July and August 1979. During May there are only a few dust days and visibility
is generally greater shan 20 km. Shortly after the onset of the summer monsoon on June
11 (Krishnamurti es al., 1981), dust is observed in the atmosphere every day. As the
monsoon retreats near the end of August the number of dust days decreases.

Dust outbreaks have their largest impact on the radiation budget during the summer
months when the solar insolation for the region is the highest and where the dust days tend
to a maxima. Das and Bedi (1981) report that during this time period dust outbreaks over
the Arabian Peninsula have a large effect on the southwest summer monsoon. Because
of the large impact of summer dust outbreaks a five year (1979-1983) climatology of dust
outbreaks was derived for the months of May, June, and July (Table 2). Stations for which
more than 10% of the observations were missing were not included in the composite.
As would be expe:ted, stations nearest to deserts tend to have the largest number of
dust days. It is interesting that the majority of dust outbreaks over Northern India and
Pakistan have visibilities less than 5 km; while this is not the case over the Arabian
Peninsula. Most stations exhibit a diurnal variation in the occurrence of dust outbreaks
with maxima during the day suggesting the importance of surface heating. As solar
insolation heats the surface, turbulent eddies destroy the low level nighttime inversion,
and transport momentum downwards to the surface. If greater than a threshold value,
this added momentum can lift the soil off the surface and the eddies can transport the dust
upward. Analyses by Orgill and Sehmel (1976) and Kalu (1979) also revealed a daytime
preference in dust storm frequency. This daytime maximum is likely correlated to the
period of maximum thermal instability, though observer bias may play a role.

The present day sources of dust are primarily the world’s deserts, in which the greatest
numbers of dust days occur during the summer months. Thus this study will focus on the
atmospheric conditions and Earth-Sun geometry appropriate to summer time conditions.
In addition, we snall consider those outbreaks which cover large geographical regions and

assume the dust layers to be horizontally uniform.
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Table 2.2: Number of observations of dust as a function of time (GMT) for various stations.
For each station there are three rows; the top row is the total number of dust occurrences,
the second row is for conditions with visibilities less than or equal to 5 km and the bottom
row is for visibilites less than or equal to 1 km

| STATION 00Z 06Z 12Z 18Z | STATION 00Z 06Z 12Z 187 |
Riyadh 49 146 108 77 | Quetta 111 186 124 35
18 47 29 20 | Samungli 27 177 117 3
2 4 2 2 2 3 3
Dhahran 53 189 164 40 | Dalbandin 121 120 152 131
31 105 60 15 7 114 148 1
5 7 3 0 7 94 124 1
Qaisomah 38 61 82 53 | Hyperbad 19 32 31 21
7 21 33 15 3 28 27 1
4 2 9 1 2 4 1§ 1
Rafha 22 42 54 23 | Jacobabad 5 11 4 2
13 15 18 12 1 4 1
0 2 3 1 0 1 1 1
Hail 5 35 37 29 | Multan 76 82 87 76
1 7 5 2 27 80 83 1
0 0 0 0 6 6 7 0
Medina 2 41 44 22 | Hissar 36 70 68 32
0 3 8 0 34 70 67 32
0 0 1 0 8 16 8 3
Tabouk 17 106 65 38 | Bikaner 171 174 183 153
0 6 29 8 169 174 181 152
0 1 1 0 25 28 37 35
Eilat 3 2 6 7 | Chhor 20 56 51 22
1 1 6 1 3 54 48 0
0 0 2 0 3 2 2 0
Chaklala 86 151 142 55 | Karachi 1 14 16 2
79 145 136 2 | Airport 0 13 16 1
1 1 0 0 0 0 0 1
Peshawar 136 228 187 27 | New Delhi 228 236 261 245
128 221 177 3 226 236 261 244
1 2 0 0 7 8 5 1
Jhelum 5 9 8 2 | Jaipur 172 194 161 143
2 6 7 0 170 194 161 143
0 1 1 0 10 8 9 2
Sargodha 170 182 110 69 | Gwalior 4 27 20 5
159 174 100 7 4 24 18 5
3 5 6 0 1 3 3 0
Fort 3 3 9 5 | Bhopal 29 55 24 12
Sandemam 6 3 7 0 28 51 24 12
0 0 1 0 0 0 0 0
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Table 2 gﬁrm'nued.
STATION 00Z O_GZ 12Z 18Z | STATION 00Z 06Z 12Z 18Z |
Kabul 0 7 14 2 | Penora 7 22 11 1
Airport 0 1 6 2 2 4 3 1
0 0 0 0 0 0 0 0
Ahmadabad 2 13 29 1 | Patna 1 25 26 1
2 8 15 1 1 24 26 1
0 1 4 0 0 2 0 0
Rajkot 2 14 16 1 | Calcutta 2 0 0 1
1 9 6 1 - 0 0 1
0 2 0 0 0 0 0 0
Bombay 0 1 3 0 | Kota 8 23 21 2
0 1 3 0 8 22 21 2
0 0 2 0 1 1 1 1
Aurangbad 1 i | 2 1 | Sholapur 1 3 2 0
1 0 1 1 0 1 1 0
0 0 0 0 0 1 0 0

2.2 Temperature profiles

Figure 3 displays the mean temperature profiles, plotted on a Tephigram, measured
during four missions of the Convair 990 during SMONEX. Flights on 9 May and 10 May
where flown over the same geographic region of the Saudi Arabian Peninsula and at ap-
proximately the same local time; while the flight on 12 May was flown early in the morning
over the same region. The flight of 31 May was flown over the north central Arabian Sea.
Over the desert the temperature between 850 mb and the top of the dust layer (approxi-
mately 600 mb) ckanges only slightly between flights. The largest temperature variations
occur below 850 mb, where the effect of surface heating is strongly felt. This not only
holds for the mear profiles, but for the individual dropwindsondes as well. In addition, as
the dust layer is transported over the Arabian Sea (as in flight 13) it maintains its uniform
temperature structure above 800 mb.

Figure 4 depicts the mean potential temperature profiles (8) associated with figure 3.
There are four dissinct layers of 8, the surface layer (below 850 mb) where the value of 4 has
a diurnal structure induced by surface temperature changes. The layer between the top of
the dust layer (600 mb) and 850 mb is virtually isentropic (constant #). The top of the dust

layer is marked by a transition layer where § increases with height; above the transition
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layer is a stable layer where (Af/AZ remains fairly constant. The transition layer is
marked by a temperature inversion at the top of the dust layer, which was consistently
observed during SMONEX.

This type of temperature structure has been observed over other desert regions.
Carlson and Prospero (1972) observed this capping temperature inversion in Saharan
air masses crossing the Atlantic. The isentropic layer in the Saharan air mass was ap-
proximately 313 °K, similar to the SMONEX observations. Carlson and Prospero (1972)
note that on leaving the African continent the isentropic layer may be 3-4° K higher than
when it arrives over the Caribbean. Carlson and Caverly (1977) have also discussed the
similarities in the Saharan air layer as it leaves north Africa and crosses the Atlantic. A
uniform @ layer was also observed by Fouquart et al. (1984) over Niger in the winter of
1980 during ECLATS. This isentropic layer was not as deep and had a lower temperature.
Reiff et al. (1986) made use of this characteristic isentropic layer in tracking an African
dust layer across Europe.

Rawinsonde observations (taken at 00 and 12 GMT) at Riyhad, Saudi Arabia for
the year 1979 consistently displayed a temperature inversion between 400 and 600 mb
during the summer months. Figure 5 displays the distribution of temperature inversions
as a function of pressure and Julian Day for Riylaad for the months of May, June, July
and August 1979. Temperature inversions are represented by a T and are defined as an
increase in temperature with a decrease in pressure. Vertical stacking of T’s indicates the
depth of the inversion, thus the stratosphere is distinctly evident. The low level nighttime
surface inversions are also evident in this figure. A third region of prominent temperature
inversions appears in the 500-600 mb layer, associated with the top of the dust layer. This
inversion layer appears in early June and is consistently observed through early October.

Large diurnal variations in surface temperature over desert and semi-desert regions are
well documented. For example, Smith (1986) presents the daily mean surface temperatures
of the Arabian desert. The diurnal amplitude of the surface temperature was near 40 °C.

As dust outbreaks are transported from the desert to the ocean, the lower atmo-

spheric layer undergoes an airmass transformation: cooling and moistening. An example
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of temperature and moisture profiles of an air mass that moved from the Saudi Arabian
peninsula to the Arabian Sea is shown in figure 3 (flight 13). Similar examples of this
transformation can be found in Carlson and Prospero (1972).

The observations presented above were incorporated into a representative tempera-
ture profile for desert and oceanic regimes, and are listed in tables 3 and 4. Radiative

calculations in this study will use these temperature profiles unless otherwise stated.

2.3 Moisture profiles

Observations of the Saharan dust layer by Carlson and Prospero (1972) depict a fairly
uniform mixing ratio with a mean value of 2-4 g K¢~! within the dust layer. Mixing ratios
of 4-6 g K g~! were measured by Fouquart et al. (1984), again uniformly mixed throughout
the isentropic layer. In both studies the top of the dust layer was marked by a temperature
inversion, above which the mixing ratio (q) decreased rapidly with height. The vertical
distribution of q over Saudi Arabia (figure 3) displays less uniformity. Maximum values
of approximately 5-9 g Kg~! were observed near the surface with 1-2 g Kg~! near the top
of the dust layer. As in the other dust laden atmospheres, the top of the dust layer was
marked by a sharp decrease in q. Variations of q are much less above the dust layer than
within. The q structure observed in the mean profile is also exhibited in the individual
soundings. It is apparent in figure 3 that the top of the dust layer approaches saturation;
however, no clouds were observed at the time of the dropwindsonde launchs (see Smith et
al., 1980).

For the desert moisture profiles we assigned a vertical profile in which q decreases
with height. Similar profiles within the dust layer will be assumed for the case of a dust
layer over the sea; however, for this case the lower level moisture will correspond to that
of Figure 3. Both profiles are marked by a strong drying above the dust layer. Examples

of the moisture profiles are given in table 3.

2.4 Size distributions

Size distributions of desert aerosols are generally measured with one of three meth-

ods: 1) microscopic techniques which involve electron-microscopic analysis of particles
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Table 2.3: Ceesert and oceanic temperature and mixing ratio profiles

DESERT OCEAN
Pressurz (mb) | T (°K)  q (g/kg) | T (°K) q (g/kg)
0.0003 210.0 0.002 210.0 .002
0.0579 219.0 0.002 219.0 .002
.854 270.0 0.006 270.0 .006
1.59 265.0 0.009 265.0 .009
3.25 254.0 0.010 254.0 .010
6.0 243.0 0.013 243.0 013
12.2 232.0 0.020 232.0 .020
25.7 221.0 0.016 221.0 .016
30.0 219.0 0.012 219.0 012
35.0 217.0 0.009 217.0 .009
4.9 215.0 0.008 215.0 .008
48.0 211.0 0.006 211.0 .006
56.5 207.0 0.005 207.0 .005
€6.6 203.0 0.004 203.0 .004
78.9 199.0 0.004 199.0 .004
93.7 195.0 0.003 195.0 .003
111.0 197.0 0.003 197.0 .003
132.0 204.0 0.003 204.0 .003
156.0 210.0 0.004 210.0 .004
200.0 222.2 0.04 222.2 .07
250.0 230.2 0.07 231.2 .07
300.0 239.2 0.15 240.2 15
350.0 248.2 0.25 248.2 .25
400.0 255.2 0.37 255.2 44
450.0 260.2 0.60 263.2 .70
500.0 266.2 0.70 266.2 1.1
550.0 268.4 2.75 271.2 1.5
600.0 273.2 3.5 274.7 2.2
650.0 278.2 4.2 279.2 3.2
700.0 283.2 4.9 284.2 3.5
750.0 288.2 5.5 289.2 3.6
800.0 293.2 6.1 293.2 3.6
850.0 208.2 6.8 296.2 4.0
900.0 See Table 4 7.5 297.2 8.5
950.0 See Table 4 8.1 208.2 18.1
1000.0 See Table 4 8.8 301.2 20.5
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Table 2.4: Diurnal variation of temperature for the surface and the three lowest layers of
the desert atmosphere

Local Time Surface 1000 mb 950 mb 800 mb
00 28.4 27.8 32.7 28.8
01 26.9 26.7 32.6 28.7
02 25.3 25.0 32.4 28.6
03 24.3 24.0 32.2 28.5
04 23.7 23.0 31.8 28.4
05 23.0 22.5 31.7 28.3
06 22.7 22.0 31.5 28.2
07 26.9 27.0 31.7 28.3
08 31.6 30.7 31.9 28.4
09 38.5 37.8 32.4 28.4
10 47.2 39.8 32.6 28.5
11 53.5 40.5 32.9 28.6
12 56.4 41.0 33.2 28.7
13 57.4 41.4 33.6 28.8
14 56.9 41.7 33.8 28.9
15 55.5 41.5 34.2 29.0
16 54.0 41.0 34.6 29.1
17 50.6 39.9 34.8 29.2
18 45.8 38.8 35.0 29.4

" 19 39.9 35.5 34.8 29.3
20 35.7 33.6 34.3 29.2
21 33.6 31.7 33.8 29.1
22 31.9 30.7 33.5 29.0
23 30.4 28.7 33.1 28.9
24 28.4 27.8 32.7 28.8
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collected on various filter membranes; 2) light scattering techniques using single particle
optical counters; and 3) the mathematical inversion of radiation measurements. Exten-
sive measurements of dust size distributions n(r) are available in the litera.ture,-of which
a select few are shown in figure 6. This figure is by no means an attempt to include
all measurements, but rather the n(r) shown were chosen to represent a variety of field
experiments over different parts of the world. It is apparent from this figure that the
number of particles ir a given size range can vary by more that two orders of magnitude.
While the variations in n(r) are large several generalizations can be made. First of all the
number concentrations generally decrease with increasing altitude, yet the shape of the
size distributions tends to remain the same (Patterson et al., 1980; Ackerman and Cox,
1982). In addition, as a dust outbreak undergoes its life cycle, the number concentrations
decrease while the shape of the size distribution remains very similar (D’Almeida and
Schutz, 1983). Pattzrson and Gillette (1977) have characterized the size distribution of

aerosols in which so:l-derived particles are an important component into three modes:

A) Mode A consists of particles that have been produced from the parent soil by a
process of sandblasting. It consists of aggregates of clay particles, quartz particles
and other minor crustal components and is characterized by particles whose radius

is less than 10 um.

B) Mode B is composed of particles whose size distribution is characteristic of the soils
from which the aerosols are derived. This mode has a dominant quartz component

characterizec by particles whose radii are generally greater than 10 um.

C) Mode C is composed mostly of anthropogenic secondary aerosols.

These characteristic modes are consistently present in measurements of particle size distri-
butions of crustal aerosols. The importance of a given mode changes as the distance from
the source region increases. At a source region mode B is very pronounced while mode A
becomes the more dominant component of the size distribution as the distance from the
source region increases. The volume mean radius for modes A and B are approximately 3

and 30 pm respectively. A similar bimodal structure in the particle volume distribution
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was observed in Saharan dust and soil by D’Almeida and Schutz (1983), however they
attribute their mode C as a desert aerosol. The bimodal structure was observed in the
continental boundary layer aerosol distribution of Patterson et al. (1980), with those par-
ticles with r > 0.5um being generally crustal aerosol particles. In a study of dust particles
generated by vehicular traffic, Pinnick et al. (1985) noted that the size distribution and
composition of vehicular dust were similar to those of wind blown dust.

For the purposes of this study we will use (unless otherwise stated) the analytic
expressions given by Patterson and Gillette (1977) to represent the dust particle size
distribution. They have fitted measured size distributions to log normal profiles of the

form:

I
afy) = 20 exp( : ) 1)

2In’o

where Nj is the number of particles per unit volume, r,, the mean radius, and o the geo-
metric standard deviation of the distribution. Each mode is represented as a separate log
normal distribution. Mode A is assumed to represent the well mixed long-range transport
fraction of the dust, while Mode B represents local contributions by the source region. As
noted in Hansen and Travis (1974) and Ackerman and Stephens (1987), the effect of the
size distribution on aerosol single scattering properties are primarily determined by the
effective radius (r.sr) of the distribution, defined as

I n(r)ridr

Teff = [ n(r)dr (2)

The r.ss of modes A and B are 2.06 and 31.85 um respectively.

2.5 Index of refraction

Measurements of the index of refraction (m = n — 1x) of a material are very difficult
(Bohren and Huffman 1983). Estimates of m for an aerosol are also compounded by the
fact that changes in the size distribution reflect changes in the mineralogical and chemi-

cal properties of the aerosol, and thus a corresponding change in the index of refraction.
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Patterson (1981) tabulated measurements of m for crustal aerosols for wavelengths be-
tween 0.25 - 20 um. Patterson (1981) demonstrated that the index of refraction of dust
is a function of the mineralogical characteristics of the aerosol and fractionation processes
that occur in their generation and transport, thus explaining some of the measurement
discrepancies by different authors. The results of his work imply the feasibility of parame-
terizing the radiative properties of crustal aerosols. For example, the relative importance
of the clay particle mode (mode A) increases with distance from the source region; since
clay particles from two different source regions have similar composition, dust layers far
from a source region may have similar optical properties. Patterson (1981) recommends
which data set is appropriate near aerosol source regions as well as for the remote case. In
this study we will primarily make use of the indices of refraction presented by Patterson
(1981) for the Saharan and southwest Asian dust and by Patterson et al. (1983) for Saudi

Arabian dust.

2.6 Single scattering properties of the crustal aerosol

The single scattering properties of the aerosol are described in terms of the single
scattering albedo, wg, the scattering phase function, P(u) (or the asymmetry parameter,
9 = 3 [ P(u)pdp); and the extinction coefficient, o.,¢. These parameters can be calculated
(assuming spherical particles) from Mie theory given the aerosol index of refraction and

the particle size distribution.
2.6.1 Particle shape

Microscopic analysis reveals that the dust particles are irregular in shape. There is
no general solution to the scattering by irregularly shaped particles, one normally assumes
the particles to be spherical. However it is worthwhile here to note some of the similarities
and differences that exist between the scattering by spherical and nonspherical particles.
In general large nonspherical particles scatter in the forward direction ( angles less than
60°) in a manner similar to area-equivalent spheres (?Iodkinson and Greenleaves, 1963;
Hodkinson, 1963 and Ellison, 1957). In these large particles the forward scattering is pri-

marily a result of diffraction, external reflection and twice refracted transmission. Greatest
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differences in the phase function between nonspherical and spherical particles is at angles
greater than about 90°. The phase function is much flatter for the nonspherical particles,
which do not exhibit a sharp increase in the backward direction. Quartz particles tend to
scatter more in the 60° — 140° range than their spherical counterparts. Measurements by
Proctor and Harris (13974) indicated that large irregular quartz particles scatter light at
wider angles than do spheres of the same size.

Generalizations regarding the asymmetry parameter differences between spherical and
nonspherical particles are difficult to make. For example, Pollack and Cuzzi (1980) calcu-
lated asymmetry parzameters for nonspherical particles which were less than the spherical
counterparts. While Asano and Sato (1980) calculated values which were less than for the
irregular particle sﬁape, Pollack and Cuzzi (1980) also calculated single-scattering albedos
that were larger . Mugnai and Wiscombe (1980) demonstrated that agreement between
nonspherical particles and equivalent spheres improves with increased absorption and size
averaging.

Mugnai and Wiscombe (1980) also noted that the agreement between equivalent
spheres and moderasely nonspherical particles was best for the absorption cross section.
Hodkinson (1963) reported than for large size parameters measurements of extinction by
irregularly shaped quartz particles, indicates that the extinction efficiency approaches a
constant value. Thus for a size distribution of dust particles the single scattering albedo
may be well approximated by Mie theory at visible wavelengths where the absorption is
high and the size parameter large. Bohren and Huffman (1981) demonstrate the impor-
tance of shape effects in the vicinity of strong infrared and absorption bands, for small
particles with a un:form size distribution. They showed that assuming a continuous dis-
tribution of ellipsoids was a better approximation than assuming a spherical shape when

the size parameter was much less than 1.

2.6.2 Spectral dependency

Several studies have estimated wp at solar wavelengths, either from direct measure-
ments or from Mie calculations. wq is often reported as a function of wavelength. Figure

7 gives an examplz of the wide variety of the estimates of wg given by different authors.
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All of the values shown in figure 7 were determined from Mie calculations for given size
distributions and indices of refraction. Fouquart et al. (1983) assume a constant index
of refraction of 1.55 — 0.005¢ and Kondratyev et al. (1979) assume a constant value of
m = 1.65 — 0.0051 over the wavelength shown. Thus the wavelength variation exhibited
by these two studies is due solely to a changing size parameter. The remaining studies
allow the index of refraction to vary with wavelength () and therefore display a more
pronounced wavelength dependency. The effect on wp of changing the index of refraction
on can be seen by comparing the SW Asian and Saharan dust calculation. The effect of
changing size distribution can be seen by comparing the two Saharan profiles, one has an
effective radius of 2.06um while the second has an effective radius of 5 um. A change in
size distribution and/or index of refraction has a substantial impact on wp.

Table 5 presents calculations of wg at several infrared (IR) wavelengths. Two gamma
function size distributions with effective radii of 2.06 and 5 um where used with indices
of refraction taken from Patterson (1981). The fourth column assumes a gamma size
distribution with a 5 um effective radius and index of refraction measured by Voltz (1973).
This table demonstrates that the wp in the LW spectrum is also very sensitive to the dust
layer microphysics.

Few studies report values of the asymmetry parameter (g) or the scattering phase
function appropriate for the SW or LW spectra. Since g is much less variable than wp or
Ozt 1t is usually assumed to remain constant for a given wavelength. This may not be
appropriate as shown in figure 8 which depicts g as a function of A for the SW spectrum.
A comparison of g for the SW Asian and Sahara dust demonstrates the effect of changing
the index of refraction while retaining identical size distributions; the effect of changing
size distribution can be seen by comparing the two Saharan dust calculations. Table 6
lists values of the asymmetry parameter as a function of IR wavelength for the same
dust microphysics given in Table 5. For the SW, g is a strong function of both the size
distribution and index of refraction.

The most widely measured optical parameter is the dust optical depth (74). A popular
technique for measuring 7; is with a photometer or pyrheliometer, from which the total

optical depth [f) or atmospheric turbidity is obtained from Beer’s law, i.e.,
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Table 2.5: Single scattering albedo for various wavelengths (um) and dust microphysics

A  n(r) Gamma Gamma  Gamma Log normal Log normal
Yoy =2.06 royp=5 r.y =206 light heavy
m  Patterson Patterson Volz Patterson  Patterson

4.71 .84203 17560 .94669 .81934 .80280
5.00 .83224 17501 .89827 .81000 79301
5.26 81777 76876 .88731 .79594 77881
5.56 79435 .75559 .83768 77315 75629
5.88 .75141 72625 77070 73100 71570
6.25 67714 67444 74626 .65860 .64740
6.67 53267 .59455 .70363 52542 .52365
7.14 .53143 .60585 .53140 .52937 52703
7.69 .52330 .63875 .52651 53853 53528
8.70 .22330 .40999 .25400 .23653 27182
9.70 37945 .45830 37130 .36228 37253
10.50 56121 53117 43709 .53545 53578
11.75 .5T557 .61188 50756 .56855 .56349
12.9 .31021 48631 31021 .34295 .36479
15.0 .28489 17073 .06385 .07532 13974
18.5 .14310 .34762 .13644 .18984 .25659
22.2 .49866 .63056 AT277 .55015 54404
28.6 .39154 62368 .36730 .50265 .50791
40.0 .37250 .65290 .34863 .54459 .54419
66.6 .12566 .55602 .11494 .29437 47239
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Table 2.6: Asymmetry parameter for various wavelengths (um) and dust microphysics

A n(r) Gamma  Gamma Gamma  Log normal Log normal
Teyp =206 royp=5 r.y=2.06 light heavy
m  Patterson Patterson Volz Patterson Patterson

4.71 76456 .81009 75394 75244 .76008
5.00 75764 81128 75184 74846 75676
5.26 75136 .81355 74592 74524 75423
5.56 .74395 81711 74111 74185 75168
5.88 73622 .82360 73524 73892 74987
6.25 72680 .83310 72429 13526 .74801
6.67 72139 .85845 72094 74284 76063
7.14 70351 85166 70351 73341 75320
7.69 .68813 .85689 .68819 73848 76380
8.70 .56062 .81200 .53446 63187 .69736
9.70 .50477 72530 46506 .52679 .55452
10.50 51225 67238 .48830 .52932 .55085
11.75 52083 .69780 .51628 .57042 59832
12.9 47913 .76088 47913 59712 .66156
15.0 .88280 73574 .35992 53787 77259
18.5 .30745 67892 .30585 .49830 68127
22.2 .322941 .53448 .32005 43710 .49891
28.6 .23310 .49055 23112 .39440 .49950
40.0 17270 .39428 17128 33174 46571
66.6 .0555 .29707 .05545 .16026 .50157
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I = oy exp (—i) (3)

where pg is the solar zenith angle and
T=TR+Toz+Tw+74 (4)

with the subscripts R, oz, w and d referring to Rayleigh scattering, ozone absorption, water
vapor absorption and dust respectively. In general the wavelength regimes are chosen to
avoid water vapor absorption bands. By subtracting out the effects of Rayleigh scattering
and ozone absorption one can then determine the optical depth of the aerosol. If the depth
of the dust layer (A Z) is known and the aerosol size distribution is independent of height

then the extinction coefficient (o.z¢) can be obtained from

T4 = Ot AZ. (5)

The extinction coefficient may also obtained from Mie calculations given a measured size
distribution and a measured (more often assumed) index of refraction. A comparison of
0.zt determined from Mie calculations with that determined from extinction measurements
is given in De Luisi et al. (1976).

In addition to estimating o,.¢, measurements of r; at different wavelengths are often
depicted on a log-log plot, and a power dependence of the form 73 & A7 is often observed.
The slope of the line (v) is the negative of the Angstrom turbidity coefficient (Angstrém,
1931). For an inverse power distribution a simple relationship exists between the power

of the size distribution and 4. For example, in Junge size distribution where dN/dlogr =

Cr~#, and

Td = r[: /;oo r2Q ezt (m, x)n(r)drdz (6).

If the refractive index (m) varies little with wavelength over the spectral region of interest,

than Q.. is primarily a function of the size parameter. If the size distribution remains

constant with height, then
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ram O [ Quu(U)Ut-Pay (7

where U = §. The turbidity has often been observed to be proportional to A7, where A
is the Angstrom turbidity coefficient. The A7 dependence of 74 on A in equation (7), thus
implying an inverse power distribution with # = 2 + 4. Observations ofy range between
-0.5 and -1.5. In the case where Q. varies little with size parameter, then from (7), we
see that 74 is independent of wavelength, (y = 0).

Measurements of Carlson and Caverly (1977) observed this neutral extinction (y = 0)
in visible wavelengths. ¢,;; of course depends on the aerosol concentration, and Carlson
and Caverly (1977) found a nearly linear relationship between mass loading, u, (ugm™2)
and 0.z (km™!); u = 8 * 10%s1;3%. Similar relationships were observed by Patterson
and Gillette (1976), and by D’Almeida (1986). Neutral extinction was also observed by
Patterson (1977) between 0.55 um and 10.6 pum. DeLuisi et al. (1976) observed neutral
extinction across the visible for the cases in which the particle distribution had a large
particle mode; however for the size distributions having only a few large particles, optical
depth decreased with increasing wavelength. Fouquart et al. (1984) also measured a

monotonically decreasing r4 with increasing A, as did King et al. (1980).

2.6.3 Vertical variation

Figure 9 depicts the vertical variation of wg and g for six spectral intervals determined
from measurements made during SMONEX. Both wy and g are constant with height,
within instrument error.

Vertical variations of ¢.;; are not as well documented as the integrated values dis-
cussed above. Fouquart et al. (1984) found 0., to be uniform with height within the
dust layer. For high dust concentrations, Kashima (1965) found that the dust content
of the surface layer varies exponentially with height. DeLuisi et al.(1976) measured a
highly variable vertical structure in aerosol concentration. Shaw (1980) measured a verti-
cal structure in o,;; which was bimodal in an Asian dust layer that was transported over

Hawaiian Islands. The primary peak occurred near the top of the layer, while the second
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smaller peak existed at or just below the trade inversion. This second peak was attributed
to the growth of hygroscopic particles. In their study of the radiative heating rates of Sa-
haran dust, Carlson and Benjamin (1980) assumed that o,,: was nearly constant for their
desert case, but use a vertical variation in 0., based on the measurements of Prospero and
Carlson (1972) for their ocean case. Figure 10 depicts the vertical structure of 0., over
the Saudi Arabian peninsula determined from the measurements of Ackerman and Cox
(1982) and Patterson et al. (1983). The measurements indicate a strong vertical variation
of o.;¢ with maximum values near the surface. This result is relatively independent of
wavelength.

For the purposes of this study we employ the single scattering properties determined
from the measurements of Ackerman and Cox (1982) and Patterson et al. (1983). The
wo and g are assumed to be independent of height. The 74 will either be constant with
height or decrease with height in a manner similar to that observed by Ackerman and Cox

(1982). The total dust optical depth at 0.55 um will be varied between O and 3.

2.7 Surface radiative properties

Surface reflectivity is a function of surface composition 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 and Smith et al., 1986) with the latter
being much higher. The dependence of surface albedo on solar zenith angle also varies
between the visible and near-infrared wavelengths; figure 11 depicts the measurements of
Smith (1986), denoted by circles, as well as a least square fit to the measurements. This
study assumes the solar zenith angle dependence depicted in figure 11. The visible curve
is adopted for wavelengths less than 0.7 um, while the near-infrared curve is applied to
the larger wavelengths. Measurements by Coulson (1966) indicate that specular reflection

from desert sand is small and it is therefore assumed that the reflected energy is entirely

diffuse.
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Emissivities integrated over the spectral region 8 to 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 assumed for the remaining LW spectral intervals. An emissivity of 1.0 is assigned

for water surfaces.



Chapter 3
DESCRIPTION OF THE RADIATIVE TRANSFER MODELS

The azimuthally averaged monochromatic radiative transfer equation for diffuse radi-
ation, I(r,u), in a plane-parallel, horizontally homogeneous medium which scatters, emits

and absorbs is

dI(;; B) — 1) - ofr,u) - ? _11 P(r, u, W) I(r, p')dp' (8)

where
e 7 optical depth
e wq single scattering albedo
e I(r,u,) azimuthally averaged intensity
e P(r,u,u') azimuthally averaged phase function
e p = cos(f) where 8 is measured from the downward normal direction
e o(r, ) source term (o7 + op)
e or = (1 — wp)B(T) = thermal source
e op = EE;“P(T, &, po)e~"Ho =direct solar source
e B(T) Planck function at temperature T

e Fj solar flux incident on the top of the atmosphere

[ ]

Ko cosine of solar zenith angle
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Various mathematical methods have been developed to solve this intergro-differential
equation (see for example Irvine, 1975 and Lenoble 1980). In this section two methods
of solving equation (8) are presented. The first is the doubling/adding technique, and is
discussed in section 3.1. The second and most often used model in this study is a two-
stream/adding model. This model is less accurate but more computationally expedient
than the doubling method. The derivation of the two-stream model is presented in section

3.2. A comparison between the two models and aircraft observations is presented in section

3.3.

3.1 The doubling/adding model

An accurate technique to solve equation (8) is the doubling method. This type of
model has been discussed in detail in previous atmospheric studies (e.g. Grant and Hunt,
1969; Wiscombe, 1976a and b; and Stephens, 1979). The doubling method is an applica-

tion of the interaction principle which can be written as

It = toy I + rioly + J&y (9)

IO_ = r0116" + tlofl_ B Jﬁ) (10)

where o1, ro1, ti0 and ryo represent the transmittance and reflectance operators of the
layer and the positive direction is downward (increasing 7). The I’s represent diffuse

intensities while the J’s are source terms. A schematic representation is given in figure

3.1.
3.1.1 Matrix equation of transfer

For the case of different directional radiances the downward (/*(r)) and upward

(I7(r)) radiances are expressed in matrix form

Ii(rrﬂl)
Ii(r’ #2)

I*(r,p) = (11)

r* (r, Bn)
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where I*(r, ;) is the radiance traveling in the direction 6; = cos™ p; , while I~ (r, ;) is
traveling in the opposite direction. To apply the doubling method to the equation (8),
the radiance vectors are divided into 2n (n up and n down) discrete beams and the the

integral term is discretized into 2n angles. The discretized radiative transfer equation

becomes
dI(r, p; Wy —
OB 10 ) — o, ) = 923 ¢ [P(r, o), 1) + P, =11) (r, )]
i=1
(12)
m-——-df(;;’ui) =I(r,m) — o(r, ) - “—;—0 ci(PEtIt+ P~ I7) (13)
i=1
Or in matrix form
dI* wp .
TM—i = It ~ofF — ?C(H}+I}h + P}™IF) (14)
where
M = [p;5;5) (15)
C = [e;éi;] (18)

3.1.2 Initialization

Wiscombe (1976a) has discussed a number of initialization schemes for the doubling
method. The present study employs the Infinitesimal Generator Initialization (IGI). Defin-

ing the following average quantities over a a thin layer,Ar

Y

L2 = o= | Todr (17)
1 fn

0']:522 E/;o Gidf (18)

yields
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W .
+M(I - ) = Ifj,ar - 2CAr [P+ e+ Py In] - o2 (19)

To solve (19) the central intensities (I3},)are expressed as a linear function of the the two

boundary intensities

Iy =X*I5 + [8-X*) If (20)

Lh=XLE+[e-X7L (21)

Where Q is the identity matrix. The IGI assumes X* = X~ = Q. So that I}, = I§ and

Ifj, = Iy which resulzs in

I} = I (S - TAr) + RATIT +of)pAr (22)
Iy = IT (8 - TAr) + RATIF + o7)pA7 (23)
where
- o wo
T=MS- TP,@*C) (24)
- ) W _
R=M 17"0}{-; (25)

Equations (22) and (23) are statements of the interaction principle with the operators

tor = (& - TAr) (26)
ror = RAT (27)
Joi = o)1 (28)

Jio = 0127 (29)
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Bounds are placed on the initial optical thickness (A7) to insure that the initial reflectance

and transmittance matrices are non-negative. For the IGI the upper limit is (Wiscombe,

1976a)

ATmaz & py /10 (30)
3.1.3 Phase function

The phase function P(u,p') in equation (8) describes the angular distribution of
scattered energy. The phase function can be expanded with a finite number of terms

using Legendre Polynomials (Py(u)). For the azimuthally averaged phase function

IN-1
P(u,p') = 3 xePe(p)Pe(w') (31)
=0
where
xe=252 [ P PAu)dn (32)

Energy conservation requires that the azimuthally averaged phase function satisfy

1! wity . bl
§f_1P(u,n)d# = 5?;1'::' [P(s, ;) + P(p, —p;)] = 1 (33)

This equality is satisfied with the use of Gaussian quadrature. While energy conservation
is obtained it is possible to get negative values of P(u,u;) for small values of N. To
overcome this problem the § — M method of Wiscombe (1977) is employed in which x, is

replace with

(34)

where

f=xaN (35)

and 7 and wq are replace with 7' and wf, where
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' =(1-wo)r (36)
4= e g

3.1.4 Doubling/adding

For the case in which only the emergent radiance of the layer are of interest, the
problem is one of defining the diffuse reflection and transmission operators and the source
vectors for the total layer. The diffuse reflection and transmission operators are derived

from the interaction principle and are

The doubling method determines these operators by iterating fromn =0ton= N -1
to yield ry and ty of the entire layer.

Wiscombe (1976b) has derived the doubling rules for several inhomogeneous sources
whose spatial and angular dependencies separate. In the case of the exponential source

(e.g direct solar component) the source doubling rules are

J:H = taTal0atnds + I) + o0t (40)
Jnt1 = taln(rady + onlJy) (41)

where
Tp= (3 = rnrn)_l (42)

€n = exp (—2"3) (43)
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For the case of the thermal source, the Planck function is assumed to be linear in

optical depth

B(#) = B(n) + =

0<7<1n

The doubling relations are then

I = %[B(ro) + B(ry)|Yn £ [M] z

where

Zn41 = Zp+ gnYn + (tnrn = tnrnrn)(zn = gnYn)

gn = 2""1Ar
Zo=0
tn = 3"

Yo e (1 - wg)M-lAf

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

The doubling method is applicable to a layer in which the single scattering prop-

erties are uniform. For the case of an inhomogeneous atmosphere, it is divided into N

homogeneous layers. The doubling procedure is used to derive the diffuse reflection op-

erator, r(n,n + 1), the diffuse transmittance operator, t(n,n + 1), and the source terms

J*(n,n+ 1) and J~(n,n + 1) for the homogeneous layer bounded by levels n and n + 1.

To combine these homogeneous layers requires the use of an adding scheme in which the

reflectance and transmittance operators and source terms for the homogeneous layers are
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combined to yield the appropriate operators for the inhomogeneous layer. According to
the interaction principle (see Chandrasekhar, 1950), the radiances I}* and I; emerging
from a layer (see figure 3.1) are linear functions of the incident radiances I and Iy in
addition to contributions from sources within the layer, Jg; and J5. Thus the radiances

exiting the layer between 79 and r; are

Ii'. = tolfg +r1011_ 4 Jgi (52)

IO_ =l’0113-+t1011_ +“rl_0 (53)

where t9; and ro; are the diffuse transmittance and reflectance operators of the layer.

Similarly, for the radiance emerging from the layer r; to m

I; = tnI'l* -+ fg]f;n_ - in (54)
I = rlsz + ta1ly + Jgy (55)
and for 7y to 73
IF = toaIf + raoly + J (56)
Iﬂ_ = fggfg- +tgof2_ + Jz_() (57)
Solving for I} and I] we have
Ii" = (1 - rlorlz)_l(t()lfg- + riot21ly + Jgi + "IOJz_l) (58)
I = (1 - rnrla)'—l(tnff + flzt()]_fg +Jy + fuJJ;) (59)

From the above set of equations one can derive the transmittance, reflectance and source

operators for the combined layers. They are
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toz = t12(1 — rior12) tox (60)
rs0 = ra1 + t12(1 — rior12) “'riota (61)
Joz = Jiz + t12(1 - r1or12) " (Jo1 + r10J21) (62)
and
Ja2o = Jio + t1o(1 — riar10) " (J21 + r1zJor) (63)

Thus the radiances exiting the layer bounded by the level 7, and 7,41 can be determined

forn= N,N —1,...2,1 by the recursive formulae

I:+1 = r'u,:ra+lr;;+1 2 Jn,n+l (64)
nel = tn.n+lI:+1 + Jn,n+1 (65)

In the case of a reflecting surface at ry 4,

Iy =1l (66)

where r, is a suitable defined reflection operator. Substituting equation (66) into (64)

yields

IK’H = [9" - '1.N+1"9]_1 Jnn+1 (67)

from which Iy, follows from equation (66), and the remaining intensities are computed
from the recursive relations (64) and (65).

The upward and downward fluxes at each level are then computed from

Fr(r)=2n i cimi I (1, —pi) + o, (68)

i=1
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Fo(r)=2x)_ cipml ™ (1, ) (69)
i=1 s

To apply the doubling/adding model, the atmosphere is divided into N homogeneous

layers. The single scattering properties of the dust, which may reside in any given layer,

are assigned according to the previous chapter. A Rayleigh scattering phase function is

used when no dust is present with in the layer.

3.1.5 Molecular Absorption

Molecular absorption is incorporated by expressing the transmittance function aver-
aged over the spectral interval as a sum of exponentials (Wiscombe and Evans, 1977).

That is

t= E wp ekt (70)
n
where w, and k, are the exponential fit parameters and u is the absorber amount. In the
case of a layer in which both gases and aerosol are present the asymmetry parameter and
the single scattering albedo of the layer are expressed as
gd7d

— L 71
g o e (71)

and

wn = WodT4 + WogTy
= e g
T4+ Tq

(72)
where the subscripts g and d refer to the gas and dust respectively.

The SW version of the doubling/adding model has 11 spectral bands; six water vapor
absorption bands (.94, 1.1, 1.38, 1.87, 2.7 and 3.2um) and four bands for the spectral
region .2 — .8um. A solar constant of 1368Wm™? is assumed. The energy distribution

of each spectral interval is assigned according to the data of Thekaekara and Drummond,

1971. The scaling approximation

ky(P,T) = ky(Po,To) / (P%)"du (73)
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is employed to account for the nonhomogeneous water vapor pathlength. k, is the absorp-
tion coefficient and n = 0.9. The sensitivity of atmospheric heating profiles to the value
of n is discussed in Chou and Arking (1980). No path length correction is made for ozone.
The surface is assumed to be Lambertian, so that

Cl41 ... Cpln
Qsfe . i

ry = -—-—-—-—E?ﬂ S (74)

Ci1p1 ... Cnlin

The longwave model consists of 20 spectral bands, in which the transmittance is
expressed as a sum of exponentials. Nonhomogeneous gaseous pathlengths are accounted

for by approximating the optical depth as

r = k,(Po, To) f (-}f—o)" (Tj?)mdu (75)

where Py and T are reference pressure and temperature and u is the absorber amount. In
addition n = 0.9(1.75) and m = 0.5(8) for water vapor (CO;). This scaling approximation
is a commonly employed simplification whose accuracy is discussed in Chou and Arking
(1980). No scaling approximation is required for the e-type continuum absorption as this
can be expressed directly as a function of P and T (Roberts et al., 1976).

The transmission of two different gases that absorb in the same spectral bandpass is

determined from

t(ul,ug) = t(‘u])t(!q) (76)
Ohring and Joseph (1978) discuss the cooling result due to overlapping gases.

3.2 The two-stream/adding model

Repeated calculations of a doubling /adding model are computationally expensive and,
when fluxes are concerned, often unwarranted since simpler radiative transfer models are
adequate. Thus a two-stream/adding model was used to calculate radiative fluxes for a
large range of atmospheric conditions. Two-stream models consider only the upward and

downward irradiances at a given level and can be derived from equation (8) in the following
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manner. The first step is to integrate equation (8) over the upward (-) and downward (+)

direction. For the downward direction 0 < p < 1, equation (8) becomes

L odr 1 ! o
[ il e —f I(r,p)dp-i-[ o(r,#)d#+ﬂf f P(r, p, u)I(r, p')dp'dp (77)
0 dr 0 0 2 Jo Ja1 .

while for the upward radiance

L odI(r,- 1 1 wn 111
/ pudp = / I(r,—p)dp — f o(r,—p)dp — i f / P(r,p, ") I(r, p')dp'dp
0 dr 0 0 2 Jo Ja
(78)
The left hand side of equations (77) and (78) are dF*(r)/dr and dF~(7)/dr respectively
where the positive sign denotes the downward direction. The first term on the right hand

side of equations (77) and (78) becomes

/01 I(r,p)dp = D*(r)F* () (79)
[ 166, -wdu = D ()P (r) (80)

where
D+(T) _ Igl I(T, ,u)d,u (81)

 Jo I(r, )udu

~(r) = Jo I(r,—p)dp
)= {1, e

The factors D*(r) and D~ (r) are often referred to as diffusivity factors and, in general,

(81)

are not necessarily equal. For an isotropic radiance field D*(r) = 2 while for a collimated
beam D*(r) = pg!

The last term of equation (77) can be written as

“_;q./: U::l P(r, p, pu')I(r, ') du' + /_01 P(r, p, i) I(r, ') dp' | dp (83)
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and similarly for the last term of equation (78). Thus the development of a two stream
model requires assumptions regarding the angular distribution of the radiance fields and
the phase function, so that the integrals in equation (77) and (78) can be evaluated.

For the shortwave, the A-Eddington approximation (Joseph et al., 1973) is commonly
employed, where

I(r,tp) = S [((2£3p)FF(r) + (2F30)F (r)] w20 (84)

B | -

and

P(u,u') = 2f 8y + (1= f)(1+ g'un’) (85)

where

=4 (86)

g'=(-N1-J). (87)
In the present study, the hybrid model of Meador and Weavor (1980) is employed, in

which the radiance distribution is approximated as

_ 1 _ 2 _1_ + - 2 + }
I 0) = ooy {1~ 995 (22 30 F* () + 2 F 30 F ()] + %60 P (7)
(88)
The source function for the transfer of shortwave radiation is
w -
o(r,p) = ?oFoe f”"P(p,,u') (89)

so

1 W0 1 —r/uo [
/t;a(r,—p)dp=?Fge '/;P(—p,muo)dp

- %Foe-ffpoﬂo (90)
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and

wo

j: o(r,p)dp = ?Fge_f”“"(l - fo) (91)
Several two-stream models have been used in a variety of atmospheric studies (for
review see Meador and Weaver, 1980; King and Harshvardhan, 1986). The SW two-stream
model of the present study assigns layer reflectances and transmittances according to the
two-stream approximation of Meador and Weavor (1980). The accuracy of various two-
stream models has been discussed by King and Harshvarden (1986) and the reader should
refer to this paper for a detailed comparison of several two-stream models with a doubling
model.
In the case of the LW radiative transfer equation; a two point quadrature method is

often employed in which

Ft(r) = 2xI(r, ) (92)

For Gaussian quadrature & = /3, and equations (77) and (78) become

+
% = —I* + I* 2 P(a, B) + 1" P(3, ~R) + (1 - wo) B(r) (94)
B2 = I — I p(-p, ) - I* 2 (3, ~5) - (1 - wo)B(r) (95)
ar g hHE M °

The phase function is then written
P(+p,+p) = (1-B) (96)

P(¥a,Fp) =p (97)

B is the backward scattering coefficient and can be approximated as (Wiscombe and

Grams, 1976)

3 7T 3 9 5

1
=-—-Sg-—g°- 8
B=2-89 129 128 (98)
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These approximations result in a coupled pair of ordinary differential equations;

dF;r(f) =" (1 - wo(1l - Bo))F~ — B~ 'woBF* — g~ (1 — wo) B(r) (99)
dF;r(f) = ﬁ“l(l - wo(l - ﬁo))F* = I-_rlwoﬂF“ + ﬁ_l(l — wo) B(r) (100)

To solve this coupled system of equations one needs to make an assumption regarding the
depth dependency of the Planck function,B(r). It is generally assumed to vary linearly

with optical depth (Wiscombe, 1976), that is;

B(r) ~ B(n) + Mm (101)

=
where the subscripts b and t refer to the bottom and top of the layer respectively. The

appropriate boundary condition for the top of the atmosphere is

Ft(0)=0 (102)

while at the bottom of the atmosphere

F=(r)=(1- s,;c)F+(r.;c) + €age B(Tygpe) (103)

where the subscribe sfc denotes at the surface. The solution to the system of equations

(99) and (100) is then

Fr(n) | _ |t r || F*(n) s—t 1-s—r || B(n
[F'(:)]_[r t][F—(Tb)]+[l—3—r sit l[B(r:; (104)

where
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= (_1 {,.Iot++2:u)oﬂ)r (107)

K = \/1 - 2w + wE + 2wof — 203 (108)
Tesy = BKT (109)

/ sl (110)

T1-w+twh+K

To investigate the errors associated with the LW two-stream model, a comparison
is made with the results from the LW doubling model. Figure 3.2a depicts the ratio of
the flux out the top of a layer to the incident flux at the base of the layer (%
from a doubling model as a function of optical depth and the ratio g"i‘: where B4 is the
Planck emission of the layer. The single scattering and asymmetry parameter for these
calculations are 0.5 and 0.6 respectively, values typical of dust at a wavelength of 10um.
A similar plot for the ratio of the flux out the bottom of the layer to FLUXIN is shown
in figure 3.2b. The two-stream longwave model errors are depicted in figure 3.3, contour
interval is 0.025 (or 2.5%). As one would expect, the two stream model has its smallest
errors for the upward flux at both large and small optical depths (Figure 3.3a). At large
optical depths the upward flux is primarily composed of the emission of the layer, while
for the thin optical depths the surface emission constitutes the majority of the upward
flux. Largest errors in the upward flux occur at moderate optical depths when the layer
temperature is much colder than the surface temperature. The errors are greater for the
FLUXDN

Fioxrn case (figure 3.3b), with the largest errors occurring at moderate optical depths

for the case of a layer temperature which is greater than the surface temperature.

3.3 Comparison of the doubling, two-stream models and aircraft observations

In this section the doubling and two-stream models discussed above are compared with
aircraft radiative flux measurements made during SMONEX. Results for the shortwave

models and longwave models are discussed separately.
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3.3.1 Shortwave intercomparison

A comparison of model calculated shortwave fluxes and aircraft measured fluxes from
two aircraft flights is depicted in figure 3.4. The flux measurements were made during
the SMONEX over the Saudi Arabian peninsula (Ackerman and Cox, 1982). The mean
temperature and moisture profiles used in the radiation calculations are shown in figure
2.3. Ackerman and Cox (1982) also present measured particle size distributions. These
measured size distributions along with indices of refraction reported by Patterson et al.
(1983) were used to determine the single scattering parameters of the dust layer. The
resulting wp, 0.+ and g were discussed in Chapter 2. The solar zenith angle of the 10
May flight was 25.9° while that of 12 May was approximately 75°. The surface albedos
used in the model corresponded to either the visible (.28 — .7um) or NIR (.7 — 2.8um)
albedo measured by the aircraft at it lowest altitude (approximately 0.3 km). In figure
3.4 the solid lines represent the upward or downward total SW fluxes, the dotted line
represents the direct component of the downward flux while 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 calculations. The A’s
represent the measured upward and downward fluxes, 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 conditions. The two stream model tends
to overestimate the upward fluxes. The models reproduce the magnitude and tendencies
of the net flux measured by the aircraft pyranometers.

It is worthwhile here to point out some of the interesting features shown in these
figures which will be the focus of the next section. 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 reapportions the energy between
the direct and diffuse components. This redistribution is a strong function of the solar
zenith angle. Within the dust layer the upward 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 decrease with height.
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3.3.2 Longwave intercomparison

Longwave (LW) flux comparisons of observations and the model calculations for a
dust laden atmosphere are shown in figure 3.5. The aerosol size distributions discussed
above along with the index of refraction of Patterson (1981) were used to specify the
single scattering properties of the dust. Surface temperature was assigned according to
aircraft measurements of a downward facing spectral radiometér (Smith et al, 1980) at
the lowest flight altitude. Except for the downward fluxes at the lowest two aircraft flight
levels, model calculations are generally within 4% of the measurements. Changing the
size distribution or index of refraction does not substantially improve the agreement at
these lowest levels. According to the model calculations, the dust primarily affects the
8 — 13um region. For example, the dusty-clear difference between the downward flux at
the surface for the model atmosphere of flight 8 is 61W m™2; of this difference 56Wm~? is
accounted for in the 8 — 13um spectral interval. Similar behavior has been observed in the
transmittance measurements of Pinnick et al. (1985). The aircraft observations suggest
that the dust has only a small effect on the longwave fluxes.

This discrepancy between aircraft broadband measurements and calculations has lead
to disagreement in the literature about the effects of soil derived aerosols on the longwave
spectral region. Aircraft measurements of broadband longwave fluxes find it difficult to
detect the effect of crustal aerosols (Minnis and Cox, 1978; Ackerman and Cox, 1982;
Ellingson and Serafino, 1984). On the other hand model calculations (Carlson and Ben-
jamin, 1980; Harshvardhan and Cess, 1978 and the present study) and spectral measure-
ments (Pueschel and Kuhn, 1975; Pinnick et al., 1985) suggest a moderate effect on the
IR fluxes. Surface LW flux measurements by Idso (1975) showed a 10% increase in the
downward LW flux at the surface with passage of a dust storm in Arizona. Harshvard-
han and Cess (1978) concluded, based on model calculations, that the presence of a dust
layer results in a 10% increase in the IR radiative cooling. Ellingson and Serafino (1984)
obtained better agreement between measured and calculated LW downward fluxes when
model calculations included aerosols, however, the large uncertainties associated the pyr-

geometer measurements left the aerosols effect undeterminable. The largest uncertainties
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associated with the model calculations are the index of refraction and the size distribution
of the dust. While large uncertainties exist in the measurements of the index of refraction,
all studies indicate a large absorption coefficient in the 9 — 11um band. This is supported
by laboratory measurements of the index of refraction of quartz (Peterson and Weinman,
1969). Merely changing the index of refraction in the calculations cannot account for the
discrepancies noted in figure 3.5. Model calculations of the present study indicate that
the dust primarily affects the 8 — 13um spectral interval; this agrees with the spectral
measurements of Pinnick et al. (1985). In Appendix C it is shown that the presence of a
dust layer can strongly affect satellite radiance measurements in the LW window region;
this agrees with the observations of Martin (1975). Spectral transmittance measurements,
model calculations and satellite observations suggest that dust has an effect on the LW
radiative energy budgets. Thus we turn our attention to possible errors in the broadband
radiation measurements.

The instrument commonly used to measure LW radiative fluxes from an aircraft is
an Eppley pyrgeometer. The incoming flux is determined from the energy budget of the

pyrgeometer (Albrecht and Cox, 1974 and 1977)

E = K\Vy + 0eT} — Ky0(T§ — T¥) (111)

where

e F = incident longwave radiation

Vo = output of the pyrgeometer thermopile in mv
e o0 = Stephan-Boltzman constant

e £ = emittance of the thermopile

T4 = temperature of pyrgeometer dome (°K)

e T, = temperature of thermopile cold junction or sink (°K)

K1, K2 = calibration constants
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The largest term is the sink temperature term and under conditions of large dome-sink
temperature gradients, the thermopile term can be the smallest contributor to the mea-
surement. The largest uncertainty in the measurements is the dome-sink energy term.
Determination of the coefficient K, in the lab can, under environmental conditions, lead
to errors as large as 40Wm™2 (Ackerman and Cox, 1980). Recent studies have focused
on the calibration techniques which attempt to account for the dome-sink temperature
difference term. Ackerman and Cox (1980) employed an infield calibration technique to
determine K by flying a stepped racetrack pattern over an ocean under clear skies. Brog-
niez et al. (1986) also present a calibration technique. Griffith (1982) and Foot (1986)
note that K3 is a function of airspeed and Griffith (1982) suggests a method of changing
airspeed to perform the calibration of K;. Foot (1986) redesigned the pyrgeometer in an
attempt to eliminate this dome-sink temperature difference term. Based on the spectral
measurements, model calculations and satellite observations; it appears that the pyrge-
ometer measurements are in error. Future aircraft measurements would likely benefit from

LW spectral measurements.
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Figure 3.1: Schematic representation of the diffuse radiances(I) and source functions(J)
in a two layer atmosphere.
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Figure 3.2 Ratio of the flux out the top of a layer to the surface Plankian emisssion (left) as a function of
optical depth and the ratio of the layer emission to the surface emission. Contour intervals are 0.1.
Right hand panel depicts the ratio of the flux out the bottom of the layerr to the surface Plankian

emission. Single scatter albedo and asymmetry parameter used in the doubling model calculation
were 0.5 and 0.6 respectively.
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Figure 3.3 Errors associated with the two-stream LW model in determining the ratios of the fluxes out of
. the layer to the fluxes incident on the bottom of the layer.
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Figure 3.4 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
while the net SW 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 A’s represent the
measured upward and downward fluxes, while the N’s are the measured net fluxes.
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Figure 3.5 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
downward 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 A’s represent the measured upward and downward fluxes, while the N’s are the measured net

fluxes
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Chapter 4
MODEL RESULTS

A major objective of this study is to assess the effects of dust on the changes in the net
flux at the top of the atmosphere, the changes in the net flux at the earth’s surface, and
the changes in the net flux as a function of height (atmospheric heating) arising from the
presence of a dust layer. Large variations in the single scattering properties of a dust layer
were presented in Chapter 2. In this chapter, representative dust layer characteristics are
chosen to quantify the changes in the radiative fluxes due to the presence of a dust layer.

Four different atmospheric conditions are presented. These are

DESERTL This model assumes an atmospheric temperature and moisture profiles corre-
sponding to the desert case of Table 3 along with the surface albedos and emittances
of section II. The microphysical properties of the dust layer are assumed to be con-
stant 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 index of refraction corre-
sponds to that of Patterson et al. (1983) for the shortwave spectrum and Patterson
(1981) for the longwave spectrum. 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 DESERTL and DESERTH are in the single scat-

tering properties of the dust layer resulting from a change in size distribution.

DESERTYV The difference between DESTERV and the previous models is that this case

allows for the vertical variation of o,.; according to the observations of Ackerman
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and Cox (1982). The single scattering albedo and asymmetry parameter are the
same as in the DESERTL case.

OCEANL This model assumes an atmospheric temperature and moisture profiles cor-
responding to the ocean case of Table 3. The microphysical properties of the dust
layer are assumed to be constant with altitude within the layer 850mb— 550mb. The
particle size distribution corresponds to the light dust loading distribution of Pat-
terson and Gillette (1977). The index of refraction corresponds to that of Patterson
et al. (1983) for the SW and Patterson (1981) for the LW.

The effect on the total fluxes (SW+LW) will be considered after addressing the
aerosol’s impact on the solar and terrestrial spectrae separately. In all cases, the fluxes

were computed with the two-stream model discussed in the previous chapter.

4.1 Shortwave model results

Measurements from a variety of field experiments (see Appendix A) reveal that crustal
aerosols have a large impact on the shortwave energy budget of the earth-atmosphere
system. Aerosols scatter and absorb solar radiation and as a result can cool or warm
the earth-atmosphere system depending on the magnitudes of wy and g. In addition to
reducing the incoming solar flux at the earth’s surface, the aerosol layer modifies the
distribution of radiative heating within the atmosphere. Several studies have reported
comparisons of model calculations and measurements (e.g. DeLuisi et al. 1976; Ackerman
and Cox 1982; and Ellingson and Serfino, 1984). In this section the SW two-stream/adding
model presented in Chapter 3 is employed to examine the radiative properties of a dust

laden atmosphere.
4.1.1 Changes in the SW flux at the top of the atmosphere

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 shown in figure
4.1 as a function of solar zenith angle and dust optical depth at 0.55um (73). The optical

depth at a wavelength of 0.55um is used since this is the most common wavelength for
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Figure 4.1: Differences in the SW upward flux at the top of the atmosphere 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 anle and dust optical
depth at 0.55um. Contour intervals are 20W m~2.
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inferring dust optical depths from surface measurements. Contour intervals are 20W m~2.
Negative values indicate a greater upward flux for the clear sky case, thus the presence
of the dust layer results in a darkening of the surface. The largest changes resulting from
an increasing 74 are for the smallest zenith angles where the upward flux decreases and
the net flux increases due to absorption by the dust. The presence of a dust layer results
in a net SW energy gain by the Earth-atmosphere system. Results for the DESERTH
(dashed) and DESERTV (dotted) cases are also shown. Changing the size distribution
(DESERTL vs. DESERTH) or the vertical struéture of 7.2+ (DESERTL vs. DESERTV)
results in differences of no more than about 15Wm~2. The DESERTH case is darker than
the DESERTL case due to the smaller single scattering albedo and the larger asymmetry
parameter. For 74 of 1.2 there is little solar zenith angle dependence for 6y < 40°. As 74

becomes greater than 1 and #, > 60° very little additional absorption occurs.
4.1.2 Changes in the SW heating of the atmosphere

Figure 4.2 depicts differences in the total SW flux convergence (Wm™2 per 1000mb)
of the atmosphere obtained by subtracting the dust laden and clear sky conditions, for
the three desert cases. Again the largest effect is for smaller zenith angles where there is
a nearly linear relationship between energy gain and optical depth for a given solar zenith
< 20°. For the larger solar zenith angles, the largest energy gains due to the presence
ot the dust layer occurs when going from no dust to a dust loading of approximately
74 = 1. For zenith angles greater than 65° increases in the optical depth beyond 1 do
not substantially increase the total atmospheric heating. The heavy dust loading case
has a larger effective radius than the light loading case, this results in a smaller single
scattering albedo explaining the increase in absorption over the lighter loading. The effect
of changing size distribution is less than changing the vertical distribution of the dust as
seen in the figure. Differences between the three desert loading cases are a maximum at
large 74 and low 6, being greater than 50Wm~? per 1000mb (.42°C/Day). For the lower
values of optical depth the absorption is nearly independent of 8y up to about 8 = 60°.

The majority of the increased atmospheric heating occurs in the dust layer. Figure

4.3 presents the differences in the radiative heating profile of the dust free atmosphere
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Figure 4.2: Dust laden minus clear sky differences in the total SW heating of the at-
mosphere for the three desert cases; DESERTL (solid), DESERTH (long dashed) and
DESERTYV (short dashed) Contour intervals are 50Wm~2 per 1000 mb.
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Figure 4.3: Differences in the radiative heating profile of the dust free atmosphere and the
dust laden one for the DESERTL case with 74 = 1. The differences at four solar zenith
angles 0° (solid), 30° (long dashed), 60° (dashed) and 80° (short dashed) are shown.
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and the dust laden one for the DESERTL case. The differences for an optical depth of 1
and for four solar zenith angles (0% 30° 60° and 80°) are shown. The increased radiative
heating due to the presence of a dust layer is similar for solar zenith angles of 0° and 30°,
in agreement with figure 4.2. As the 6 increases differences between the dust laden and
dust free atmosphere decrease. In all cases the maximum difference between the clear and
dusty atmospheres is at the top of the dust layer in agreement with the calculations of
Carlson and Benjamin (1980) and the measurements of Ackerman and Cox (1982) and
DeLuisi et al (1976). That the vertical distribution of the heating changes little with 8
18 seen in figure 4.4 which depicts the radiative heating rates for an optical depth of 0.6
for the four solar zenith angles.

Unlike clouds (Stephens, 1978), the depth dependency of the heating varies only
slightly with increasing 6y. The reasons for this can be seen by considering a two-stream
approximation to the radiative transfer equation. For example, replacing the integral in
(8) by a two point gaussian quadrature with the boundary conditions F~ = 0 at r = 0

and F~ — F* — 0 as 14 — oo then

F* — F~ = Cyexp—kr + Caexp —7/po (112)
where
k= (3(1 - wo)(1 - g))"/? (113)
V/3wo Fouok (#0 + ;,ffllgf:;: E °(’(”1"’_°5‘/§})
C = (114)

2k 3~ )1+ Z5=)

e ﬁkFoﬂowo
2(1- k2pd)(1- v3(1-g))

For simplicity we consider a uniformly mixed dust layer with wp, g and ¢.;¢ constant with

C, (115)

height. The scale depth, defined as the depth at which the heating d(F* — F~)/dr is
reduced by a factor of e™!, is a function of o and k. Typical values of k! as a function
of A are shown in figure 4.5 for the Saharan, SW Asian and Arabian dust types. In all
cases k=1 > o, thus the diffuse scale depth is greater than the scale depth of the direct

component. The nearly constant heating distribution within the dust layer with changing
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Figure 4.4: Radiative heating rates for the DESERTL case with r; = 0.6 at four solar
zenith angles; 0° (solid), 30° (long dashed), 60° (dashed) and 80° (short dashed).
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8o, results from the large diffuse component ‘Iavhich allows the SW radiation to penetrate
further into the dust layer due to the larger scale depth.

The increase in the atmospheric heating in the presence of dust is largely due to the
absorption of radiative energy in the .2-.8 um spectral interval. Figure 4.6 depicts the
dusty-clear heating profiles for the spectral intervals 0.2-0.86 um (visible) and 0.86-3.85
pm (near IR or NIR) intervals for an optical depth of 2. In addition to absorbing in the
NIR region, multiple scattering in the dust layer can increase the absorption by the water
vapor within the layer. To investigate the effect of enhanced water vapor absorption, we
considered the effects of a dust layer with DESERTL characteristics except that no water
vapor is present within the dust layer. The differences between this case, the dust free
atmosphere and the DESERTL case depicts the increase in water vapor absorption due
to multiple scattering. Figure 4.7 compares the dust laden minus clear heating profiles
for the DESERTL case with and without water vapor in the dust layer. If the dust single
scattering and asymmetry parameters were 1 in the water vapor absorption bands then the
heating rate differences depicted in figure 4.7 would be the same. However, the DESERTL
case with water vapor shows a smaller dusty-clear difference than the case without water
vapor. The difference between these two cases (shaded) results from an enhanced water
vapor absorption due to multiple scattering by the dust.

The primary gaseous atmospheric constituent which absorbs in the region .2-.7 um
is stratospheric Os. The presence of a tropospheric dust layer may also have an impact
on stratospheric heating rates through the modification of the upwelling radiation at the
tropopause. For the desert cases dust does have a slight impact on the stratospheric
heating rates (figure 4.8). For small solar zenith angles the presence of a dust layer
inhibits stratospheric heating by absorbing the upwelling flux reflected from the surface.
As 0 increases the reflectivity of the dust layer increases and by 8y = 80° the presence
of a dust layer causes an increase in the radiative heating of the stratosphere. The small
magnitude and the change of sign of layer heating indicates that the dust layer would have
minimal impact on the stratospheric radiative heating rates, even when integrated over a

period as long as 3 months.
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Figure 4.8: Stratospheric radiative heating rate differences between the dust laden (DE-
SERTL) and the clear atmosphere at four solar zenith angles; 0° (solid), 30° (long dashed),
60° (dashed) and 80° (short dashed).
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dust laden one for the DESERTYV case with 7; = 1. The differences at four solar zenith
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Figure 4.9 shows that changing the vertical distribution of the dust can have a large
impact on the vertical structure of atmospheric heating. The smaller optical depth at the
top of the dust layer allows radiation to penetrate deeper into the dust layer where the

energy is more likely to be absorbed before escaping from the layer.
4.1.3 Changes in the SW fluxes at the surface

The effect of a dust layer on the net SW flux at the surface is depicted in figure
4.10. Contour intervals are 50Wm™2. For all solar zenith angles the net surface SW flux
decreases as the optical depth increases. Again, the dust layer has its greatest impact at
the lower zenith angles. The increased wq associated with the DESERTH case results in
a larger reduction of the downward shortwave component. The largest reduction occurs
in the DESERTYV case. The relationships between fy and 74 are similar to that observed
for the total heating field.

The SW energy reaching the earth’s surface is comprised of a direct and a diffuse
component. The partitioning of energy between the direct and diffuse radiation is demon-
strated in figure 4.11 which depicts the ratio of the direct component at the surface to
the total (direct + diffuse) downward flux at the surface for the DESERTL case. Values
close to one represent a field that is primarily comprised of direct solar radiation while a
value of zero is for a totally diffuse field. An increase in the turbidity results in a large
increase in the amount of diffuse radiation, while an increase in solar zenith angle leads
to a smaller increase. The diffuse radiation constitutes up to 40% of the total surface flux
for optical depths as low as 0.5, and contributes significantly to the daily energy gain of
the surface. The wavelength dependence of the direct to total ratio is shown in figure 4.12
for the spectral bands 0.5-0.6 um (solid line) and 2.3-3.8 um (dashed line). The shorter
wavelength region depicts a strong dependence in both optical depth and solar zenith
angle, while the 2.7 um band shows only a weak dependence on solar zenith for the small
optical depths. The heavy solid line demarks equivalent ratios for the two wavelengths,
with values to the left of this line representing regions where, for a given optical depth
and solar zenith, the 2.7 um band has a larger relative direct compo;ent. The smaller

ratios in the 2.7 um band results from the smaller asymmetry parameter. This changing
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Figure 4.10: Dust laden minus clear sky differences in the net SW flux at the surface as a
function of solar zenith angle and turbidity for the three desert cases; DESERTL (solid),
DESERTH (long dashed) and DESERTV (short dashed) Contour intervals are 50W m™2.
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energy distribution is of interest in considering the aerosols’ potential climatic impact. In
addition, the large diffuse component will degrade horizontal visibility across the entire
0.2 to 4 pm spectral interval. The amount of diffuse flux also affects surface measurements

of dust optical thickness as discussed in the next section.
4.1.4 Changes in the SW fluxes over the ocean

Dust-laden minus dust-free differences in the upward SW flux at the TOA for the
OCEANL case are shown in figure 4.13. Contrary to the desert cases the impact of the low
surface albedo of the ocean is to increase (decrease) the upward (net) flux with increasing
turbidity, for a given solar zenith angle. Thus the presence of the dust layer over a low
albedo surface decreases the SW energy gain of the earth-atmosphere system. In addition,
the ocean case displays a greater sensitivity of the upward flux to changes in solar zenith
angle and turbidity. The total atmospheric heating for the OCEANL case (figure 4.14)
displays trends similar to the desert cases with the exception of smaller heating due to
the lower surface albedo. Differences between the dusty-clear radiative heating profiles
(figure 4.15) are similar to the DESERTL case, though smaller in magnitude. As a result
of the lower surface albedo the presence of the dust layer increases the upward visible flux
resulting in larger stratospheric heating than the desert cases (figure 4.16). Changes in
the net surface flux (figure 4.17) are larger for the ocean case than the desert cases owing
again to the smaller surface albedo. The total downward flux for the ocean case also shows

trends similar trends to the desert cases except with smaller magnitudes.
4.1.5 Summary of the effects of dust on the SW fluxes
We can summarize the above discussion with the following points:

e The absorption of solar energy by a soil derived aerosol is large and produces signifi-
cant atmospheric heating. For optical depths of 0.2, the presence of a dust layer can
increase the radiative heating of the troposphere by 0.02°C /hour, while for larger
optical depths the heating rates can increase 0.16 °C/hour. The majority of this
heating is by the aerosol itself in the 0.2-0.86 um spectral region. The shape of the

radiative heating profile is a strongly depends on the vertical distribution of dust
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Figure 4.13: Dust laden-dust free differences in the upward SW flux at the top of the
atmosphere for the OCEANL case.
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Figure 4.15: Tropospheric radiative heating differences between the dust laden and clear
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optical depth with changes in the size distribution playing a secondary role. The
altitude at which the largest heating occurs is a function of solar zenith angle and

the vertical distribution of the dust.

e While dust and water vapor have their strongest absorption in different spectral
regions in the solar spectrum, the presence of the dust enhances the water vapor
absorption through multiple scattering. This enhancement is 10% of the absorp-
tion by the aerosol itself. Soil derived aerosols and O3 both absorb in the visible
wavelengths and thus the presence of a dust layer can affect stratospheric radiative
heating rates by modifying the upward visible fluxes at the tropopause. This effect
can lead to increased or decreased heating for the desert cases depending on the
solar zenith angle. For the ocean case, the presence of the dust layer increases the

radiative heating of the stratosphere, except at the small solar zenith angles.

e The radiative fluxes at the top of the atmosphere display a smaller sensitivity to
the dust optical properties than the surface fluxes or atmospheric 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. In the case of the desert
environment where ground storage is small (Smith, 1986a), the dust layer results in
an increased radiative heating of the atmosphere while the sensible heat flux from
the surface is reduced. For the ocean case, the absorption of SW energy by the dust
layer results in a direct heating of the atmosphere at the expense of surface energy

budget of the ocean.

4.2 Longwave model results

In this section the LW two-stream model is employed to study the sensitivity of the
LW fluxes to the presence of a dust layer. The four dust loading atmospheres presented
at the beginning of this chapter are also used in this section. Atmospheric temperatures
above 850 mb are held fixed based on observations discussed in the beginning of Chapter
2. Temperature profiles from the surface to 850 mb are assumed to decrease linearly
with height. Thus for surface temperature less than approximately 25 °C a temperature

inversion exists.
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4.2.1 Changes in the LW flux at the top of the atmosphere

Differences in the LW flux at TOA between clear sky calculations and dusty atmo-
sphere as a function of turbidity and surface temperature are shown in figure 4.18. Nega-
tive values indicate that the clear sky values are greater than those for the dust laden case.
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 is greater
for higher surface temperatures. For the DESERTYV 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.
4.2.2 Changes in the LW heating of the atmosphere

Changes in the atmospheric LW radiative convergence induced by the presence of
the dust layer are shown in figure 4.19. Contour intervals are 5 Wm™2? per 1000 mb
(0.04 °C/Day in heating rate units), and negative values indicate that the dust laden
atmosphere is cooling more than the clear atmosphere. The presence of the dust layer
results in a net cooling of the atmosphere which increases with dust loading. Again the
DESERTL and DESERTH cases are similar while the DESERTYV is not only different in
magnitude but also in its dependency on surface temperature. Concentrating the dust in
the lower and warmer layers of the atmosphere results in considerably more cooling than
when the dust is uniformly distributed. In addition, the LW radiative heating for the
vertically distributed dust (DESERTV) case displays much less sensitivity to the surface
temperature and a greater sensitivity to optical depth than do the other two cases.

The vertical profiles of radiative heating differences between the dusty and clear at-
mospheres are shown in figure 4.20 for the DESERTL case for four surface temperatures.
Negative values indicate a greater cooling in the presence of the dust layer. Maximum
cooling occurs near the top of the dust layer, and increases with decreasing surface tem-

perature. The increased surface temperature allows more radiative energy to be absorbed
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by the dust to offset the additional atmospheric cooling. The lower layers of the atmo-
sphere show less cooling than the clear sky values. While maximum heating occurs in
the 10°C surface temperature it occurs through a shallower depth. For the 50°C surface
temperature, there is no low level temperature inversion and the warm surface temper-
atures result in a radiative warming over a deeper layer. The radiative heating profiles
for the DESERTYV case are shown in figure 4.21. The maximum cooling is now lower in
the atmosphere, near 850 mb, where maximum cooling is again associated with minimum
surface temperature. In the middle troposphere, between the top of the dust layer (550
mb) and 700 mb, the cooling increases with increasing surface temperature. The large
concentration of dust below 700 mb reduces the upward flux at the 700 mb layer, thereby
reducing the radiative energy convergence within this middle tropospheric layer. In addi-
tion, the cooling of this layer is enhanced by the presence of the dust. Unlike the uniform
Oezt, the presence of the dust layer always results in an increased cooling over the dustless
case.

Changes in the stratospheric radiative heating profiles arising from the presence of a
DESERTL loading are depicted in figure 4.22. The presence of the dust layer reduces the
upward flux in the 9.6 um ozone band which, in turn, reduces the stratospheric heating.

As expected the effect increases with increased surface temperature.
4.2.3 Changes in the LW fluxes at the surface

The change in the net LW surface flux due to presence of a dust layer is shown
in figure 4.23 where positive values indicate a greater surface energy loss under dust
free conditions. The presence of a dust layer causes an increase in the LW downward
component at the surface and thereby a decrease in the net flux. An increase in the
temperature of the lower layers of the atmosphere increase the LW energy gain at the
surface. The maximum increase (greater than 80 Wm™?) occurs at large optical depths
and large surface temperatures of the DESERTV case. Since the vertically structured
DESERTYV case has more dust at warmer temperatures it has a greater effect on the net
flux, and is more sensitive to the surface temperature. The DESERTL and DESERTH

have similar effects on the net surface flux.



PRESSURE (mb)

400

500 +

700

800

900 -

1000}
L

=.1 .05
RELATIVE RADIATIVE HEATING (°C/HOUR)

e e e o e e e T =

—.05 0.0

Figure 4.21: Differences in the tropospheric radiative heating profile of the dusty and
clear atmospheres for the DESERTV case for surface temperatures of 10° (solid), 25°

(long dashed), 40° (dashed) and 50°C (short dashed).

£6



PRESSURE (mb)

10

26

50

76
100

200

300

—.01

i i
- &
o am o B Fl

0.0 .01

RELATIVE RADIATIVE HEATING (°C/HOUR)

Figure 4.22 Differences in the stratospheric radiative heating profile of the dusty and clear atmospheres for

the DESERTL case for surface temperatures of 10° (solid), 25° (long dashed), 40° (dashed) and
50°C (short dashed).

¥6



NET FLUX (SURFACE)

95

0
s
-

; 1.60 :
OPTICAL DEPTH

| 1 1 l

60

46

o

15

10
(o]

o o] o 0

JANLVIIdNAL d0VAYNS

DESERTL case, the DESERTH case is dashed while the DESERTYV case is represented as a dotted

Figure 4.23 Changes in the net surface LW flux due to the presence of a dust layer. Solid line depicts the
line.



4.2.4 Summary of the effects of dust on the LW fluxes

The LW model calculations can be summarized as follows;

e The presence of a dust layer results in an increased radiative cooling in both the
troposphere and stratosphere. This increase in the total tropospheric cooling is, at
most, O.SDC/Day. The majority of this cooling occurs in the 8-13 um spectral in-
terval. The magnitude of the enhanced cooling is strongly dependent on the vertical
distribution of the dust, and is less sensitive to the light and heavy dust loading

cases considered.

e Changes in the upward flux at the top of the atmosphere are also a function of the
vertical distribution of the dust. Where the dust loading decreases exponentially
with height, an increase in the upward LW can occur in the presence of lower level
inversions. In most instances inclusion of a dust layer results in a decrease in the

LW flux exiting the top of the atmosphere.

e The presence of the dust layer results in an increase in the downward LW flux at the
surface, and thus a decrease in the surface radiative energy deficit. As expected the
increase in the downward flux is a function of the vertical distribution of the dust

loading as well as the lower level temperature structure.

4.3 Daily radiative energy budgets

The temperature profiles and moisture profiles of tables 3 and 4 were used in radiative
transfer calculations to consider the effect of the dust layer on the combined shortwave and
longwave radiative energy budgets. The Earth-Sun geometry corresponds to the summer
solstice at 20°N latitude. The diurnal radiative heating for the DESERTL case is depicted
in figure 4.24. The solid line represents the clear sky values, the long dashed (short dashed)
line represents a turbidity of 0.2 (1.0). As discussed earlier the dust results in an increase
in the planetary SW heating and LW cooling. The symmetry about local noon results

from diurnally varying solar zenith angle, while the asymmetric pattern in the LW flux

is a consequence of the temperature profiles assumed. The presence of the dust layer
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enhances tropospheric heating; this enhancement effect increases with solar zenitl;l angle
and optical depth. The presence of the dust layer increases the tropospheric LW cooling
by an amount that is proportional to the dust loading and atmospheric temperature
structure. The largest effect on the LW cooling is at night with minimum effects between
12 and 18 LST. The diurnally averaged dust free atmosphere is cooling —0.62°C/ Day (see
Table 7); a dust layer of optical depth 0.2 decreases this cooling by 0.12 °C//Day due to
the dominating effect of SW absorption over LW cooling. The heavier dust loading case
results in a doubling of the SW atmospheric heating while the LW cooling only increases
by 0.08°C/Day.

The diurnal structure of the net surface flux is shown in figure 4.25. The presence of
the dust decreases both the LW energy losses and the SW energy gain. The 24 hour mean
surface radiative energy gain is 80Wm™? for the clear atmosphere case. For a turbidity of
0.2, the SW gain is reduced by 12Wm~2 while the LW energy loss is reduced by 8% m~2.
Thus tﬂe total net surface flux is reduced to 76Wm~2, a difference of 4Wm~2. The
difference is 21Wm~? for an optical depth of 1.0

The net flux at the top of the atmosphere is shown in figure 4.26 as a function of
local time. The presence of the dust layer results in an increased planetary heating for
both the LW and SW components. In the case of the troposphere or surface, an increase
in one budget component was accompanied by a decrease in the other. In the mean the
earth-atmosphere system is gaining 9W m~2. A small increase in dust loading to an optical
depth of 0.2 results in a doubling of this total energy gain. A dust optical depth of 1.0
causes an increase of 30Wm™2,

The 24 hour mean radiative energy budgets for the DESERTYV case are given in Table
8. The SW and LW energy budgets change in comparison with the DESERTL case, yet
the total change in the radiative budgets is approximately the same as in the DESERTL
case. The vertical profile of tropospheric radiative heating is much different as discussed

previously.

The tropospheric, surface and TOA radiative energy budgets for the OCEANL case

are given in table 9. Changes in the total tropospheric heating due to the presence of the
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Table 4.1: Daily mean radiative energy budgets for DESERTL case. Units are Wm™? for
the fluxes, and °C /day for the heating rates.

| Tropospheric heating Net surface flux Net flux TOA
TURBIDITY SW | LW | TOTAL | SW | LW | TOTAL | SW | LW | TOTAL
0 6 |-1.22 -.62 230 | -150 80 311 | -302 9
0.2 T4 | -1.24 -.50 218 | -142 76 313 | -296 17
1.0 1.20 | -1.30 -.10 178 | -119 59 321 | -282 39

Table 4.2: Daily mean radiative energy budgets for DESERTV case. Units are Wm™?2 for
the fluxes, and °C /day for the heating rates.

Tropospheric heating Net surface flux Net flux TOA
TURBIDITY | SW | LW | TOTAL | SW | LW | TOTAL | SW | LW | TOTAL
0 6 |-1.22 -.62 230 | -150 80 311 | -302 9
0.2 78 | -1.27 -.50 215 | -140 75 314 | -298 16
1.0 1.33 | -1.45 -.12 165 | -113 52 325 | -291 34

Table 4.3: Daily mean radiative energy budgets for OCEANL case. Units are Wm™? for
the fluxes, and °C /day for the heating rates.

Tropospheric heating Net surface flux Net flux TOA
TURBIDITY | SW | LW | TOTAL | SW | LW | TOTAL | SW | LW | TOTAL
0 6 |-1.68 | -1.08 | 347 | -86 261 428 | -288 140
0.2 a1 | -1.68 | -097 | 326 | -81 245 419 | -283 136
1.0 1.12 | -1.70 | -0.60 | 261 | -64 197 397 | -271 126
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dust layer are similar to the results of the DESERTL case. The SW heating tends to be less
for the OCEANL case, this however is offset by smaller increases in LW cooling. Greatest
differences are seen in changes in the net surface flux of the OCEANL case. A dust loading
with 73 = 0.2 reduces the total radiative energy budget of the surface by 16Wm™2. This
decrease results from a decrease in SW downward component and a smaller increase in
the LW component. The climatic implications of this energy reduction will be discussed
in the next section. The presence of the dust layer over the ocean increases the upward
shortwave flux at the TOA which results in a decrease in the earth-atmosphere system
heating. This is opposite to the desert cases where an increase in the earth-atmosphere

was seen.



Chapter 5

RADIATIVE PARAMETERIZATION

A particular problem arises in the study of the interaction of solar and terrestrial
radiation with a soil derived aerosol (and aerosols in general). As a dust outbreak goes
through its life history, its physical and chemical properties change, thus changing the
radiative characteristics of the aerosol layer. In discussing approaches to parameteriz-
ing the radiative characteristics of a medium it is useful to follow the nomenclature of
Preisendorfer (1960) and define two classes of optical properties,

An optical property is inherent if its operational value at a given point in a given medium
is invariant under all changes of the radiance distribution at that point. An optical prop-
erty is apparent if its operational value at a given point in a given medium is not invariant
under all changes of the radiance distribution at that point.

Examples of inherent optical properties are wg, g and 0.z, while examples of apparent
optical properties are the layer reflectance, transmittance and absorptance. A major ad-
vantage in parameterizing the inherent optical properties is that the schemes are very
portable, while parameterizations of the apparent optical properties are tied to the radia-
tive transfer model used in the parameterizations. Thus the most useful parameterization
schemes are based on the modeling of the aerosols inherent optical properties. Where this

is not possible one must resort to approximating the apparent optical properties.

5.1 Shortwave radiative parameterization

The exact solution of the electromagnetic wave equation for scattering by spheres has
been developed for some time (Mie, 1908), while more recent solutions have been obtained
for prolate and oblate spheroids (Asano and Yamamoto, 1975), and for infinitely long

cylinders (Wait, 1955; Liou, 1972). These theories are both mathematically cumbersome
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and computationally tedious. A number of approximations to these complex solutions
have been developed, particularly for spherical scatterers. (Gans, 1912; van de Hulst
1957; Nussenzvieg and Wiscombe,1980). These approximate theories provide two distinct

advantages to the more rigorous formula;

e they are less mathematically cumbersome and thus offer more physical insight into
the relationship between an aerosols’ microphysical properties and its single scatter-

ing properties; and

e they are a parameterization of the inherent Ioptical properties of the aerosol. As

such, they are based on the physics of the problem and are thus model independent.

In studying the solar radiative properties of SDA, an appropriate approximation to
the Mie theory is the anomalous diffraction theory (ADT) of van de Hulst (1957). This
theory is based on the assumption that the size parameter x = 2xr > 1 where r is the
particle radius and A is the wavelength of the incident radiation. This assumption allows
ray tracing through the particle. The second requirement is that the refractive index,
m, must be very close to 1 (i.e. m — 1 < 1), implying that the ray suffers only a slight
deviation as it crosses the two boundaries of the particle and that the energy reflected at
these boundaries is negligible. Under these assumptions, van de Hulst derived analytical

expressions for the efficiency factors of extinction and absorption

cosf cos

Qezt =2 — 43(-“‘“&7 sin(p— B) + -

co;ﬁcos(p = 2)3)] + 4 ( )2605 28 (116)

e—d.xx. e—d.xs =

Qabs = 1+ axn Bxin? (117)
where
p= M)‘Hl) (118)
K
t.anﬁ = ﬂ._—I (119)

While ADT is based on the assumptions m — 1 < 1 and x > 1, it has often been

demonstrated that the theory can successfully be applied to cases outside these limits.
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This simple theory can be improved upon by including edge effects and refraction of the
transmitted ray (Ackerman and Stephens, 1987). For the case of the modified ADT which

includes refraction (MADT) the efficiency factors for extinction and absorption are

Qezxt =2 - 4%: ptanb cogp [sin(p -B) -

A - AR08 con [V T sinp T 77 ~ ) + 22 cos(pv T 77 - 29)

cos 8
; cos(p — 2ﬁ)] (120)

Qabe =1+ LA (1 + —1—) - 5’—“-(‘*" - (\/7 + -—-) (121)

2xKk dxx XK
The accuracy of these approximations has been discussed by Ackerman and Stephens
(1987). By expressing the particle size distribution n(r) in some analytical form (e.g.
power law, log-normal or gamma distribution) one can derive analytical expressions for
the volume extinction and absorption coefficients (0, and 043, respectively). For a gamma

distribution

- cosé
Gezt = 27Ny [(!— 1)(€—2)(ab)? - 2(5;)(_22)::;(1.3_0:1;;1 (a:)t:o:kfza_lm 2 . - 25]
(¢-2/3)
saen () rfe-7] (122)
9ass = 7 No [(C - 1)(€-2)(ab)’ + ﬂ‘ % ((z 2)ab + ;k)]
+%11" ((2k)"2y + mV/m? = 1(£ - 2)ab) (123)
where
_4dn(n—-1)
ky = ——— (125)

= (kytan B + (ab)™1)? + K? (126)
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cos<y = cos #sin¢ — sin fcos ¢ (127)
cos§ = cos2fsint) — sin2f cos ¢ (128)
_ 1-5 -1 kl
gug (kl tan A + (ab)—l) (128)
Ll ky )

Y= —— tan (kx tanf + (b)) (130)
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T et (131)
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b

B (132)
A = 2kab + 1 (133)

y=2kVl-m-2ab+1 (134)

4K
k= T (135)

Figure 43 depicts the errors associated with calculating the single scatter albedo using
ADT or MADT as a function of |m| and x.s; for a 8 of 0.2° and 10°. For crustal type
aerosols at solar wavelengths, wo can generally be estimated to within 5% using MADT.
A specific application to soil derived aerosols is shown in figure 44 where estimates of wpg
are compared with Mie calculations as a function of wavelength. MADT estimates wg to
within 3% and accurately captures the trends in wp as a function of wavelength for the
two aerosols.

In the case of dust, the size parameters are large enough so that we may consider

Qezt ~ 2. In this limiting case, we see from equation (116), that wp should primarily be
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a function of the parameter 4x.s7x. An example of this relationship is shown in figure
45. The points represent Mie calculations with # = 0.2° and 10°, 1.1 <|m|> 2.0 and
10 < x > 60, . The D’s represent Mie calculations for the Saharan and SW Asian aerosol
over the wavelength region .2 — .8um and assuming a gamma size distribution with an
effective radius of 2.06um and 5um. Figure 45 presents a useful table look-up scheme for
wo for atmospheric aerosols and provides a physical insight into the relationship between
wo and the microphysical properties of the aerosol. As expected if x.ss increases or x
increases then wo decreases, thus the absorption of the layer increases. Large values of
4xx are determined by large particles in which case wg — 0.5. The small values of the
scaling parameter are determined from small values of x, thus wy — 1. Thus there are three
regimes, two where wy changes only slightly as 4xx changes (4xx < 0.05 and 4xx > 3)
and one regime where wgp changes rapidly with changes in 4xyx. These three regimes
are classified as weakly absorbing, moderately absorbing and strongly absorbing regimes.
This diagram demonstrates that the relationship between a cloud (or aerosol) absorption,
or reflectivity, and r.s; changes with the different absorption regimes. Finally figure 45
demonstrates that the important parameter which defines the wg for atmospheric aerosols
in the shortwave spectrum is the product of r,z; (or size distribution) and x. Therefore
it may be useful to develop measurement techniques which retrieve the product r.ssx as
opposed to estimating them separately.

The anomalous diffraction theory can also be employed to represent the intensity

functions. Following van de Hulst (1957)

iy =iy = x4 | A", 2) 2 (136)

where z = x9 and ¥ is the scattering angle measured from the forward direction. Also

Ap’,2) = jj(l — exp[—p(t + tan B) sin r]) Jo(z cos ) cos 7 sin rdr (137)

where Jj is the Bessel function of order zero. The phase function P(¥) is written

Lii1(9) + 42 2
P(9) = 2 (12‘: (9)] (E)'\,F) (138)
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Thus the asymmetry parameter can be approximated using (137) and (138) as

_ I3 P(¥) cos 9sin 9d¥
~ T P(9)sinddy (139)
x . 2 .

9= I5 | A(p*, 2) |? cos ¥ sin 9dd (140)

Iy | A(p*, 2) |? sin 9d9

A comparison between the phase function calculated with Mie theory and anomalous
diffraction theory is shown in figure 46, for a gamma size distribution with an effective size
parameter of 20 and an effective variance of 0.2. As seen in the figure, the approximate
theory is much flatter in the backward direction. However, it is a good approximation in
the forward direction where the largest contributions to the asymmetry parameter occur.
This is demonstrated in the inset where the cumulative contribution to g is shown as a
function of ¥ for the Mie calculation. Most of the contribution to g occurs in the forward
direction with ¥ < 60, suggesting that the ADT may provide a good approximation to
the asymmetry parameter.

Figure 47 depicts the errors in the ADT approximation to g for # = 0.2°. For size
parameters and indices of refraction associated with crustal aerosols, ADT is generally
within 5% of the Mie calculations. Figure 45 compares ADT approach to Mie theory
for two different soil derived aerosols. The ADT approximation captures the dependency
of g on wavelength to within 5%, largest errors occur in the 0.6 — 0.7um regime. The
need to numerically integrate equation (140) over scattering angle makes the ADT less
attractive and it would be advantage to find a scaling parameter as with wg. Such a
scaling parameter is not straight forward as g is a strong function of the size parameter
and both the imaginary and real parts of the index of refraction. An advantage of crustal
aerosols is that the real part of the index of refraction is nearly constant (n = 1.5 < 1.6).
Examination of equation (137) suggests the scaling parameter 4xx. Figure 48 depicts
g as a function of 4xx for different crustal aerosols as calculated from Mie theory. For
non-absorbing sphere with n = 1.5, as x — o0, g — 0.82 (van de Hulst, 1957). The values
shown in figure 48 approach a value of 0.95 due to the absorption of the refracted rays.
While the relationship is not consistent for different values of n, it is appropriate for the

indices of refraction and size distributions encountered with dust.
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5.2 Longwave radiative parameterization

As discussed previously the major effect of dust on the LW regime is in the spectral
region of 8 —13um. Therefore the parameterization focuses on this spectral interval, where
the size parameter .8 < x < 5 and tan B ranges from about 10° to 15°. No approximate
theories have been developed for this type of condition. Attempts to derive a scaling
parameter based on the small particle approximation were unsuccessful. Parameterization
schemes therefore focused on modeling the apparent optical properties of the dust layer. A
common parameterization employed for clouds in the LW is the effective emissivity (Cox,
1976). The effective emissivity follows directly from the LW two-stream model, equations
(104)-(110). Assuming the reflectance of the dust layer to be zero (e.g. 1=0 in eq. (110)),

then

e=1-t=1-exp(-Kr/p). (141)

This is the mathematical formulation often applied to parameterizing the LW radiative
properties of water clouds (Cox, 1971; Stepl'x.ens,1978 and Chylek and Ramaswamy, 1982),
and can be employed given appropriate values of the single scattering albedo and the
asymmetry parameter. Alternatively, the effective emissivity can be written in terms of

equation (104). That is

_Fl (n) = F | (re) + B(re) — B(m)

€ 4= Blm) — F 1 () + 3(B(r)) — B(m)) )
and
1l F1(m)=F1(n)+B(n) - B(x)
"= B(m) = F T () + (B(n) — B(r)) (142)
where
A (143)

8= .

(1 — wo + 2wef)r
The emissivity defined by equations (142) and (143) allow for a non-isothermal structure
of the layer. For the case of an isothermal layer, the effective emissivities take the more

familiar form
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8.1=Fi(f5)_Fl(ft)
B(r) — F | (n)

(145)
and

¢ 1= 1ln) =F1 (n)
B(n) - F 1 (n)

Given a vertical distribution of temperature and aerosol loading, and the boundary

(146)

fluxes, layer fluxes can be computed from equation (141) in conjunction with equation
(104). However, most climate models employ effective emittance in a broadband flux
emissivity model (Stephens, 1984), which requires the use of equations (142) and (143),
or equations (145) and (146).

Figure 49 depicts the relationship between €* | and turbidity for the DESERTL
case with no water vapor absorption. Also shown is a least square fit to the data of
the form €* |= 1 — exp(—a,7). A similar approach to retrieving €* 1 fails due to the
equivalence of the surface temperature and the temperature of the lowest atmospheric
layer (B(n) = F 1 (n)), which can cause unrealistic emissivities. However, one might
expect €' fas € |. Observation (Cox, 1971) and calculations (Stephens, 1979) indicate
that for water clouds €* |> ' . Rodgers (1967) discussed the need for two different
effective emissivities for gases.

There are two physical explanations for this inequality, both of which depend on the
incident fluxes at the layer boundaries. The first concerns the angular distribution of the
irradiance, the diffusivity factor. For collimated radiance D = 1, while for an isotropic
field D = 2. Thus the value of D can be different for the upward and downward fluxes.
In the present two stream formulation it is assumed that D is independent of direction.
Based on doubling calculations this approximation is reasonable for dust.

The second factor which may contribute to €* |> €* 1 is related to differences in
the spectral distribution of the energy at the layer boundaries (Cox, 1976). The upward
flux at the layer base is related to the surface temperature via the spectrally integrated
Planck function and surface emissivity. The downward irradiance originates from a O3

contribution near 9.6um and is much smaller. The effect an aerosol layer has on the
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radiative fluxes is a function of its emissivity and the layer temperature. In the case of
the upward flux the warm surface temperature is replaced by a warm dust layer, only
slightly modifying the energy. However, the downward incident flux at the top of the
dust layer is nearly zero and the presence of the dust layer can cause a large change in
the downward flux through the Planck function. In the case of a non-isothermal layer,
the effective emissivities will also be a function of the temperature and aerosol vertical
distribution.

Figure 50 compares the upward fluxes calculated from equation (142) with &* | replac-
ing €* 1. Figure 50 indicates that differences in the upward and downward emissivities are
small. The incident flux at the top of the dust layer is small, and for practical purposes we
shall considerate to be zero, thus the downward effective emissivity is independent of any
boundary fluxes. As the surface temperature and the lowest atmospheric layer tempera-
ture are equivalent, the upward effective emissivity is also independent of the boundary
fluxes. Thus €* 1 and ¢* | should be approximately equal.

As discussed at the beginning of the chapter, the apparent optical properties of the
layer are dependent on the radiance distribution at the layer boundaries and within the
layer. We therefore expect the absorption coefficients to change for the DESERTV and
DESERTH case. These changes are depicted in Table 13. As expected there is little
difference between the DESERTL and DESERTH cases. The smaller value of @, for the
DESERTYV case illustrates the importance of the vertical distribution of the dust.

Table 5.1: The absorption coefficient for effective emissivity for the three desert cases.

DUST LOADING | a,
DESERTL -.093
DESERTH -.094
DESERTV -.073
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Chapter 6

CLIMATIC IMPLICATIONS

Chapter 4 demonstrated that the presence of a dust layer changes the solar and
terrestrial radiative fields within the atmosphere and at its boundaries. The primary
effect of the dust layer was to modify the fluxes in the visible (0.3-0.7 pm) and in the
IR window (8-13 um) spectral regions. As a result, soil derived aerosols may have a
large impact on global and regional scale climates. The radiative perturbations discussed
in Chapter 4 are instantaneous and represent the initial thermodynamic response of the
atmosphere to the presence of the dust layer. The relaxation of this fixed state constraint
requires the use of climate models. In this chapter the parameterization schemes presented
on chapter 5 are incorporated into a radiative-convective equilibrium model to address the
importance of the dust layer microphysical structure on a simple climate system.

One can envision several scenarios in which a dust layer may impact the climate of
the Earth. For example, the last glacial period ended with large deposits of loess in central
Europe, providing a potential source of dust. The wide spread geographical distribution of
dust during this period is suggested by glacial core samples in Greenland (Junge, 1979). If
the radiative properties of a dust laden atmosphere result in a warming of the atmosphere,
then the ending of the ice age may have been enhanced by the presence of dust. Dust
may also play a role in desertification processes. It has been proposed that denuding a
surface of vegetation results in an increased surface albedo and a net radiative energy
loss of the earth-atmosphere system. To compensate for this energy loss, the atmosphere
sinks and adiabatically warms, suppressing convection and further restricting vegetation
growth. Initial studies of this feedback effect of surface albedo on desert formation by

Charney (1975) tended to confirm this hypothesis. Subsequent studies have included
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surface moisture with similar results. None of the desertification studies have considered
the effects of dust, which can be produced as the vegetative cover is removed. The presence
of dust may offset or enhance this feedback interaction depending if its presence results in
a net radiative cooling or warming.

Increases in atmospheric dust loading are likely to be regional, thereby limiting the
usefulness of the radiative-convective model which is global in nature. Nevertheless, the
radiative-convective model can be a useful tool in studying the sensitivity of the surface
temperature and atmospheric temperature profile to a particular aerosol. While source
regions may become more active in producing dust, it is unlikely that the dust will encom-
pass the entire globe. Thus, the results in this section should be considered as qualitative
rather than quantitative.

Reck (1974) and Wang and Domoto (1974) employed a radiative-convective equilib-
rium model to find a critical surface albedo in which an inclusion of an aerosol resulted in
a surface cooling (warming) when the surface albedo was smaller (larger) than the critical
value. Reck (1975) studied the importance of the vertical distribution of the aerosol on the
equilibrium state. In this chapter the radiative-convective equilibrium model is used to
investigate the importance of the inherent optical properties of the aerosol in determining
the equilibrium state of the model. The inherent optical properties are defined using the
scaling parameter 4xx, and can represent different dust layers or a single dust layer whose
physical and chemical properties change due to sedimentation.

The radiative-convective equilibrium model is discussed in section 6.1. The results of
model calculations are presented primarily in terms of changes in the surface equilibrium

temperature, and are given in section 6.2.

6.1 Radiative-convective equilibrium model

Given the vertical distribution of radiatively active gases and aerosols as well as the
boundary conditions at the top and bottom of the atmosphere, a radiative-convective
equilibrium model (RCM) computes the vertical distribution of temperature under steady

state conditions. While RCMs represent simple climate systems, they can be used %o
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study i:he sensitivity of the surface and the atmospheric temperature profile to model
perturbations. RCMs have been widely used in this type of study (e.g. the effects of
changes in atmospheric trace gases or clouds on climate). A major disadvantage of RCMs
is that no information about regional temperature changes is available.

The RCM is formulated from the thermodynamic energy equation

dpc,T
at

dpcpwT
ot

+Vpe,VT +

+pgw =Q (148)
where

e p atmospheric density

e T temperature

e Q net radiative heating (Qiw + Q)

e ¢, specific heat at constant pressure

e V horizontal velocity vector

e w vertical velocity

Averaging equation (146) with respect to latitude and longitude yields

d(pc,T) -
at

d
_E(Fiw'i'Faw'*'Fc) (147)

where F, = (SHc,T'w) is a latitudinal mean convective flux due to sensible heat processes.
To satisfy conservation of mass, (pgw) = 0. The above model applies to the annually

averaged conditions. With the boundary conditions

Fiy(top) + Fyy(top) =0 (148)
F(top) =0 (149)

the steady state solution yields

Fia(2) + Fua(2) + Fu(2) =0 (150)
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Thus the RCM assumes that on an annually and globally averaged basis, the vertical
structure of the planet is determined solely by radiative and convective processes. The
equilibrium temperature profile is solved using the time-stepping method of Manabe and
Strickler (1964).

The radiative transfer model used to calculate the shortwave fluxes follows that of
Lacis and Hansen (1974) for the clear sky conditions. As shown in Chapter 4 the pri-
mary effect on the shortwave heating by the dust layer is in the visible spectral region
(0.3-0.7 um). For the purposes of the present study it is therefore assumed that the short-
wave absorption by the aerosol only occurs in the visible. The single scattering albedo
and asymmetry parameter are assigned based on figures (45) and (48) respectively. The
reflectance and transmittance of the dust layer are calculated based on the two-stream
model of Coakley and Ch/’ylek (1975).

The longwave fluxes are calculated from

F 1= B(rage)tee + [ B(r,)dts (151)

F = f B(r,)dt, (152)

where B(T};) is the blackbody radiation at temperature T at height z. t, is the atmospheric
transmittance between the height z and the top, or bottom, of the atmosphere. The water
vapor and CO; transmittances are modeled after the greybody emissivity approach of
Rodgers (1967). The water vapor-CO; overlap region is treated in the manner of Rodgers
and Walshaw (1966). The continuum absorption in the 8-13 um region is parameterized
following Cox (1974). The 9.6 um Ojs band transmission is modeled after Stephens and
Webster (1979). The parameterization of Chapter 5 is used to describe the LW radiative
properties of the dust layer. The overlap between the dust layer and water vapor follows
that of Griffith et al. (1980).

For the sensitivity studies discussed below, a constant CO2 mixing ratio of 0.5 g/kg
is assumed along with the standard ozone profile of McClatchy et al. (1972). A surface

albedo of 0.102 is assumed. A solar constant of 1368 Wm™2 is used along with a 12 hour
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daylight period and a mean solar zenith angle of 0.5°. The model links the water vapor
distribution to the temperature profile by assuming constant relative humidity. Following
Manabe and Wetherald (1967) the water vapor distribution is assigned according to the
formula
(52 - 0.02)

RH =0.77 [_(1{—072)] (153)
The convective fluxes are parameterized using the convective adjustment scheme of Man-
abe and Wetherald (1967). The critical lapse rate for convective adjustment is the moist

adiabatic lapse rate, which is approximated as (Iribarne and Godson, 1981)

1+ 5.42 % 10%,,/TP °K

Tw 9 8 539+ 105/T2P Km

(154)
6.2 Model results

In this section, the RCM presented above is used to asses the impact of a dust layer
on the equilibrium surface temperature. The surface temperature of the no aerosol control
case is 292.4°K. For the sensitivity studies a dust layer occupies the 2-3 km layer with
an optical depth of 0.2 or 1.0. The effect of the dust layer on the downward LW and SW
fluxes at the surface is shown in figure 51 as a function of the scaling parameter 4xx for
an optical depth of 0.2. As expected, the dust layer reduces the SW flux at the surface,
with maximum reduction occurring for the strongly absorbing aerosol (large 4xx). The
LW downward flux at the surface increases in the presence of the dust layer. This increase
is due to the direct emission of the aerosol itself and the feedback of the increased water
vapor amount which results from a warmer troposphere.

For the case of small optical depths and a weakly, or strongly, absorbing aerosol there
is little sensitivity of the surface fluxes to small changes in 4xyx. For scaling parameters
between 0.1 and 2, a small change in the dust size distribution or chemical composition
can lead to a large change in the equilibrium state. This is demonstrated in figure 52 which
depicts the changes in the surface temperature as a function of the scaling parameter. A

surface warming of less that .5°K occurs for a scaling parameter less than about 0.2, while
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a surface warming greater than 2.5°K occurs for large values of 4yx. The warming occurs
even though there is a decrease in the surface radiation budget. The surface temperature
is calculated by first assuming radiative equilibrium at the surface and is then modified
by the convective adjustment scheme. With a warmer lower troposphere there is less
convective adjustment, and a warmer surface results. Thus the dust layer reduces the
convection needed to maintain a stable atmosphere.

The changes in surface temperature due to the presence of an aerosol is also a function
of the aerosol optical depth. This is shown in figure 52 which shows the changes in the
equilibrium surface temperature as a function of 4xx for a dust optical depth of 1. Unlike
the smaller optical depth of 0.2, an optical depth of 1 results in a surface cooling of 2°C
for the weakly absorbing aerosol. This cooling rapidly approaches a warming of 3°K as
4xx is increased to 1. Increasing 4xx beyond a value of 1 results in a smaller increase
in the surface temperature. At this larger optical depth and large values of the scaling
parameter the convective fluxes are reduced to a point where a convective decoupling of
the surface and atmosphere begins to occur. Further increases in the optical depth would
stabilize the lowest layer of the atmosphere for the strongly absorbing aerosol.

Previous studies have demonstrated the importance of accurately assigning the surface
albedo and the vertical distribution of the aerosol in assessing the climatic impact of an
aerosol layer. Figure 52 demonstrates that the sensitivity of a climate to changes in
the dust SW inherent optical properties is a function of the dust optical depth. For
small optical depths, the sensitivity is likely to be small for weakly or strongly absorbing
aerosols. On the other hand, at moderate optical depths the radiative forcing is a strong
function of the dust inherent optical properties. This climate sensitivity makes the SW
parameterizations presented in Chapter 5 very useful as they can account for the changes

in the optical properties of the dust layer.



Chapter 7

SUMMARY AND CONCLUSIONS

Field experiments which have estimated the radiative effects of a dust layer have all
concluded that the presence of a dust layer has a large impact on the shortwave (SW)
radiative fluxes. Indeed, the heating due to the presence of the dust layer can be as
large as the heating due to the absorption by water vapor. Broadband longwave (LW)
measurements have been less conclusive, yet LW spectral measurements suggest that a
dust layer reduces the atmospheric transmittance in the 8 — 13um window region.

While field measurements are essential to the study of the radiative properties of the
atmosphere their use is limited in assessing the sensitivity of the radiative fluxes to various
changes in the optical properties of the dust. Thus the first objective of this study was to
quantify the impact of a dust layer on the radiative fluxes at the top of the atmosphere,
at the bottom of the atmosphere and within the atmosphere. To accomplish this ob-
jective appropriate radiative transfer models were developed and compared with aircraft
observations. As a dust layer undergoes mobilization, transportation, and deposition, its
physical and chemical properties change. Thus the radiative characteristics of four rep-
resentative dust loadings were studied. These representative cases were chosen based on
measurements discussed in Chapter 2. The heavy dust loading case (DESERTH) was
chosen to represent a dust layer which had recently undergone mobilization. The light
dust loading cases (DESERTL, DESERTV and OCEANL) were selected to represent dust
layers which were undergoing transportation and deposition. The model calculations can

be summarized as follows

e The presence of a dust layer results in a large increase in the atmospheric SW ra-

diative heating. An optical depth of 1 at a wavelength of 0.55 (hereafter referred to
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as turbidity) can increase the desert SW atmospheric heating rate from 0.6°C / Day
to 1.2°C/Day. The heating rates of the DESERTH case are slightly greater than
the DESERTL case due to the larger single scattering albedo. The majority of the
increased heating is in the visible spectrum, and is due to the absorption of solar
energy by the dust itself. The increased layer heating due to the enhancement of wa-
ter vapor absorption by multiple scattering is small. The shortwave heating changes
are sensitive to the dust loading (e.g. DESERTL, DESERTH or DESERTYV). The
heaﬁing rates of the DESERTH case are slightly greater than those of the DESERTL
case due to the larger single scattering albedo. The greatest tropospheric heating

rates occur for the DESERTYV case.

The presence of the dust layer increases the LW cooling of the atmosphere by an
amount that is a function of the surface temperature. For the desert cases, a turbid-
ity of 1 results in an increased tropospheric cooling of approximately 0.2°C/Day.
The increased cooling resulting from a dust layer over the ocean is much less
(< .1°C/Day). Nearly all of the additional cooling occurs in the 8 — 13um region.
The increased cooling is similar for the DESERTL and DESERTH cases. Maximum
cooling occurs in the DESERTYV case due to the larger dust loading in the lower

troposphere.

When integrated over a 24 hour period, the LW cooling is only about a third of the
increased SW heating by the dust. For a turbidity of 0.2, the presence of a dust
layer can decrease the tropospheric radiative cooling of the desert atmosphere by
15%. For turbidities greater than 1.5, the SW heating by the dust layer can result

in a radiative heat source within the atmosphere.

The SW heating and LW cooling profiles are very sensitive to the vertical distribution
of the dust. In the uniformly mixed case, maximum SW heating and LW cooling
occurs near the top of the dust layer. The presence of the dust layer results in a
LW warming near the base of the dust layer. In the case were the maximum dust
loading is near the surface, the location of the maximum SW heating is a function of

the solar zenith angle, while for the LW, all layers experience an enhanced cooling.
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e The presence of the dust layer reduces the net SW surface flux while decreasing the
LW radiative energy losses. The SW effect dominates so that in the daily mean
the surface looses energy. For a turbidity of 1, the desert surface looses between
20 — 30Wm™? while the ocean surface energy budget can be reduced by as much as
60Wm~2. Changes in the SW net surface flux are a function of the type of loading
assumed, with greatest losses occurring for the DESERTV case. Changes in the
surface LW energy budget of the DESERTH and DESERTL are within 2Wm~2.
Differences in the DESERTL and DESERTYV case are on the order of 5Wm™2, with
the DESERTYV exhibiting a greater downward LW flux.

e For the desert cases, the increased atmospheric warming dominates the surface cool-
ing so that at the top of the atmosphere the presence of a dust layer increases the
energy gain of the planet. Over the ocean the presence of the dust layer results in a
cooling of the earth-atmosphere system. Changes at the top of the atmosphere are

not as pronounced as changes at the surface or within the atmosphere.

e In addition to affecting the radiative energy balance of the troposphere, the presence
of the dust layer can affect the stratospheric heating rates by modifying the upward
flux at the troposphere. For the LW the effect of a dust layer over the desert is to
cool the stratosphere by an amount which is proportional to the surface temperature
as well as the optical depth of the dust layer. The cooling increases with larger
surface temperatures. For the desert cases the effect of the dust layer on the SW
stratospheric heating rates is a strong function of the solar zenith angle; in the daily
mean it is near zero. On the other hand, a dust layer over the ocean increases the

stratospheric SW heating rates by approximately .5°C/Day for a turbidity of 1.

The model calculations indicate that changes in the radiative characteristics of the
atmosphere are a function of the physical and chemical properties of the dust layer, par-
ticularly in the case of the SW radiative fields. A general parameterization of the SW
radiative properties of a dust layer is presented in Chapter 5 which accounts for the physi-

cal and chemical changes of a locally generated aerosol as it is mobilized and transported.
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The parameterization scheme is based on the anomalous diffraction theory of van de Hulst
(1957), with some modification. Estimates of the extinction coefficient, single scattering
albedo and the asymmetry parameter are within 3% for conditions representative of a
crustal aerosol. In addition, it is demonstrated that the parameterization scheme is appli-
cable to other aerosol types, including water clouds. Finally the scaling parameter, 4xx,
is presented which can be used to describe the optical properties of an aerosol layer. A
plot of wg or of g versus 4xx demonstrates the sensitivity of the aerosol optical properties
to changes in the size distribution or changes in the index of refraction.

The parameterization of the LW radiative properties of the dust layer follows the clas-
sic emissivity approach (e.g. Cox, 1976). However, in the present study the aerosol layer
need not be isothermal. The parameterization is derived in terms of the dust turbidity,
as the turbidity is often used to describe the dust loading of the atmosphere.

The radiative parameterizations are incorporated into a radiative-convective equilib-
rium climate model to assess the impact of the dust microphysical properties, defined in
terms of 4xx, on the steady state temperature. Model calculations demonstrate that the
sensitivity of a climate to changes in the dust SW inherent optical properties is a function
of the dust optical depth. For weakly or strongly absorbing aerosols, the equilibrium sur-
face temperature is insensitive to changes in the scaling parameter when the optical depth
is small. On the other hand, at moderate optical depths the steady state temperature of
the surface is a strong function of the dust inherent optical properties. The presence of the

dust layer reduces the amount of convective flux needed to maintain a stable atmosphere.
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Appendix A

SUMMARY OF FIELD EXPERIMENTS

This appendix gives a brief description of several major field experiments that have mea-
sured the radiative properties of a dust layer. The location and time of the experiment

are given along with appropriate references that discuss the radiative measurements.

Complex Atmospheric Energetics Experiment (CAENEX) This experi- ment took
place and was a multi-year experiment in the early 1970’s. A portion of the exper-
iment took place over the Kara Kum desert in the Repetek region of the USSR in
1970, (CAENEX-70). Aerosol number density, size distribution and chemical com-
position were measured. In addition, measurements were also made of the broadband
upward and downward longwave and shortwave fluxes as well as narrow band spec-
tral measurements within the spectral range 0.4 — 2.5um. Aircraft was used for
vertical profiling. Results regarding the radiation measurements of CAENEX-70

can be found in Kondratyev et al. (1976).

Comprehensive Atmospheric Aerosol-Radiation Experiment (CAAR) This ex-
periment was the First GAARS field test and was located in the southwestern United
States. The experiment took place from 14-25 May, 1972. Measurements included
aerosol optical extinction, aerosol size distributions and SW and LW broadband ra-
diation flux measurements. Aircraft were used to obtain vertical profiles. Results of

the experiment have been published by DeLuisi et al. (1976 a and b).

=

GARP Atlantic Tropical Experiment (GATE) This international experiment was

conducted out of Dakar, Senagal in the summer of 1974. Radiation measurements
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at the surface and in the atmosphere (made from aircraft platform) were made over
the eastern tropical Atlantic and western Africa. Measurements included aerosol
size distributions and index of refraction, aerosol extinction measurements as well as
broadband flux measurements. Satellite data was also available for analysis. Publi-
cations pertaining to the radiation measurements include; Kondratyev et al. (1976),
Carlson and Caverly (1977), Minnis and Cox (1978) and Carlson and Benjamin
(1980)

Summer Monsoon Ex;.periment (SMONEX) This field program was the second spe-
cial observation period (SOP II) of the First GARP Global Experiment (FGGE) and
was conducted in the summer of 1979. Aircraft observations of aerosol size distri-
bution, aerosol index of refraction and broadband radiative flux measurements were
made over the Saudi Arabian Peninsula, the Arabian Sea, India and the Bay of
Bengal. Results regarding the radiative properties of the soil derived aerosol can

be found in Ackerman and Cox (1982), Patterson et al. (1983) and Ellingson and
Serafino (1984).

Etude de la Couche Limite Atmospherique Tropicale Seche (ECLATS)
This field experiment was conducted in Niamey, Niger in November-December 1980
and included measurements of broadband radiative fluxes, aerosol concentration and
size distributions at the surface and from an aircraft platform. Observation of solar
extinction were also made. The interested reader should refer to Fouquart et al.

(1987a and b) for a summary of the radiation measurements.



Appendix B

SURFACE WEATHER OBSERVATIONS OF DUST OUTBREAKS
ASSOCIATED WITH THE SOUTHWEST SUMMER MONSOON
REGION

Problems associated with dust outbreaks can be broken down into three processes: the
mobilization, the transport and the deposition of the dust. Surface station observations
can be very helpful in describing these processes; for example, an estimate of the direc-
tion in which dust, once mobilized, will be transported is obtained by compositing wind
direction as a function of dust suspended in the atmosphere for heavy dust conditions
(cases in which the visibility was less than or equal to 5 km) for May, June and July for
the years 1979-1983. The results are shown in figure Bl. Stations for which more than
25% of observations were missing are not included in the analysis. Each ring represents
an increment of 50 dust occurrences. The number to the left of the station name is the

number of cases of dust loading for calm winds.

Figure Bl indicates that, for most of the stations, there is a preferred wind direction
of outbreak occurrences for heavy dust. Comparison of figure Bl with a similar figure
depicting the frequency of occurrence of a given wind direction indicates that for most
of the stations, the preferred wind direction for a heavy dust outbreak is aligned with
the climatological wind direction. This suggests that the mobilization and transport is
accomplished by the mean wind; however, synoptic systems may play a significant role
as seen below. Prediction of dust outbreaks based on wind direction for these stations

would fail due to the number of non-occurrences of dust outbreaks for a given wind



CALM Station

Figure B.1 Five year composite (1979-1983) of wind direction associated with a dust observation in which
the visibility was less than 5 km. Each ring represents an increment of 50 days. The number to the
left of the station name corresponds to the number of occurrances with calm winds.
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direction. However this preferred direction is certainly helpful if one is concerned with the
atmospheric transport of the dust. Regions of high dust deposition can also be inferred
from this type analysis. For example, northern India and northern Pakistan stations have

large occurrences of heavy dust loading with calm winds, allowing gravitational settling.

The importance of synoptic disturbances in generating and transporting dust is seen in
figures B2-B5 which depicts a large scale dust outbreak observed over the Saudi Arabian
Peninsula. Each station plot includes information on wind speed and direction, tempera-
ture, dew point depression, cloud cover, present and past weather, visibility, pressure and
24 hour pressure tendency, (WMO, 1974). Isopleths of low visibility are also depicted (note
that these regions of low visibility do not include all observations of suspended dust). On
the 22 June 0 GMT, approximately 3 LST, there were few observations of suspended dust
over the region; however, by 18 GMT (figure B2) wind speeds increased raising up dust
and reducing visibility. On the 23 June 0 GMT (figure B3) the dust was concentrated
in southern Iraq and was associated with a low level jet maximum. This low level jet
extends to 700 mb as seen in the analysis of Krishnamurti et al. (1980). The region of low
visibility increases in area by 6 GMT and begins spreading down the Persian Gulf (figure
B4). By 6 GMT on the 24 June (figure B5), the outbreak engulfs the entire peninsula
and then appears to drift eastward. Some of this dust was transported over the Arabian
Sea and was observed in large quantities during the Summer Monsoon Experiment on 26
June (Smith et al. , 1980). The dust over the Arabian Sea was observed in conjunction
with large amounts of low level cloud. Figure B6 depicts various weather observations at

Kuwait during the period covering the dust outbreak. The outbreak at Kuwait began
between 6 and 12 GMT on 23 June. Low visibilities are associated with large wind speeds
and while there is little diurnal variation in the visibility during the outbreak there is
still a strong diurnal component in the wind speed. The outbreak is associated with a
pressure surge (positive 24 hour pressures changes) signifying the intensification of a low
level anticyclone. Similar pressure surges have been noted by McNaughton (1987). Dur-
ing the peak of the outbreak, (23 and 24 of June) there was a reduction in the daytime

temperature which may either be associated with a cooler air mass, or reduced heating
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JUNE 22 1979 18 GMT

Figure B.2: Surface weather chart for 18 GMT on 22 June 1979. Isopleths of visibility are
analyzed for visibilities of 5, 2, 1, and 0.5 km.
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JUNE 23 1979 |, O GMT

Figure B.3: Surface weather chart for 00 GMT on 23 June 1979. Isopleths of visibility are
analyzed for visibilities of 5, 2, 1, and 0.5 km.
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JUNE 23 1979 12 GMT

Figure B.4: Surface weather chart for 12 GMT on 23 June 1979. Isopleths of visibility are
analyzed for visibilities of 5, 2, 1, and 0.5 km.
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Figure B.5: Surface weather chart for 06 GMT on 24 June 1979. Isopleths of visibility are
analyzed for visibilities of 5, 2, 1, and 0.5 km.
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near the surface resulting from shortwave energy extinction by the aerosol. Similar time

series analysis of other stations in the region yeilded similar results.

The mobilization of dust not only depends on the meteorological conditions of the area,
but is also very dependent on current surface characteristics and past history (e.g. recent
precipitation, vegetation and soil particle size distribution). An important meteorological
aspect of dust mobilization is the threshold wind speed at which dust would be raised off
the surface and injected into the atmosphere. Surface observations can be used to estimate
the threshold velocity for a given surface type by analysis of the frequency distribution
of wind speed as a function of present weather condition. Figure B7 presents such an
analysis where the number of occurrences of a given wind speed (3 knot intervals) was
composited as a function of present weather conditions. Three types of weather situations
were considered 1) no suspended aerosols (WMO codes 0-3), 2) dust suspended in the
atmosphere but not raised off the surface by the wind (WMO code 6), and 3) dust or sand
raised off the surface by the wind (WMO codes 7-9 and 30-35). This type of analysis can
give a representative threshold velocity for the production of dust which has the potential
to be carried great distances. Results for the Saudi Arabian desert stations Riyadh and
Dhahan are shown in figures B7a and b. The profiles of the aerosol free atmosphere
and that of weather code 6 are very similar suggesting the importance of past weather
conditions in specifying the dust loading of the atmosphere. The critical wind speed for
dust mobilization can be estimated as the wind speed at which there is a sharp increase
in the frequency of observations of dust raised by the wind and a corresponding decrease
in the frequency of the other observations. For these two stations this threshold appears
to be between 10-15 knots. Since the threshold velocity is the minimum velocity at which
the aerodynamic forces exceed the soil forces holding the particles together, this type of
analysis is very dependent on a given region. This is demonstrated in figures B7c and
d where a similar analysis was performed for New Delhi and Bikanar. It is impossible
to pick a critical wind speed for these two stations and it is likely that dust transport,

past weather conditions and surface characteristics play a more dominant role than in
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the two previous desert stations. This type of analysis will also be a function of season,

particularly if there is a pronounced seasonal variation in precipitation.



Appendix C
IMPLICATIONS FOR REMOTE SENSING

One method for monitoring dust optical thickness is to measure the extinction of direct

solar radiation. The aerosol spectral optical depth, 7y, is then determined from

7 = In (—95-) secfy — TR — 70, (B1)

where

I, - transmissometer measurement

Iy - transmissometer measurement at the top of the atmosphere

0o - solar zenith angle

7r - Rayleigh optical depth

0, - Optical depth of O3

The simplcity of the above Beer-Lambert (B-L) law has led to its wide use in moinitoring
atmospheric turbidity, however there are certain atmospheric conditions under which the
B-L law breaks down. One such condition occurs when large amounts of diffuse radiation
enter the detector’s field of view along with the direct beam. To reduce the amount of
spurious light most Volz type sunphotometers have small field of views (FOV), generally
less than 1°. However such a small FOV makes it difficult to track the sun accurately in an

automated mode. Thus, in the automated mode the FOV is generally on the order of 5°.
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For such a FOV contributions to the recieved power from forward scattered radiation can
be large and should be corrected for in order to get a true extinction measurement. Under
relatively clear skies the total diffuse contribution represents approximate 1% of the total
intensity (Box and Deepak, 1979). However in the presence of an atmospheric aerosol the
effects of scattered light should be considered in extinction measurements of atmospheric
turdidity (Box, 1982). Such corrections have been addressed in several studies. Deepak
and Box (1978a and b) discuss forward scattering corrections assumming single scattering.
The effects of second and third order scattering have been discussed by Deepak and Green
(1970). Deviations from the B-L law due to the effects of multiple scattering have been
discussed by Tam and Zardecki (1982), Zardecki and Tam (1982) and Zardecki and Deepak
(1983).

Rather than use empirical corrections, one may employ measurements of the scattered
energy to deduce aerosol optical depth. Such was the philosophy behind the multiple
field of view radiometer discussed by Raschke and Cox (1983). In this section we shall
explore the use of such an instrument in deducing the optical depth of a dust layer. We
shall consider the case of a zero solar zenith angle and a homogeneous dust layer with no
gaseous absorption. The incident solar flux, Ipy, is assigned a relative value of 1. The
dust single scattering albedoes and asymmetry parameters are typical of the 0.4 — 0.6um

spectral interval.

The effect of multiple scattering on inferring dust optical depth from solar transmission
measurements is demonstrated in figure C1 which shows the cumulative flux (or transmit-
tance since Ipy = 1) as a function of the half angle of the ’instrument’ for two different
optical depths and three representative dust single scattering properties. The effect of
multiple scattering on transmittance is a function of 7y, wo and g, thus empirical cor-
rections must also be a function of these parameters. In the case of a dust layer, these
parameters change as the dust outbreak undergoes its life history making empirical cor-
rections difficult. In addition, this extinction method is only good up to an optical depth

of approximately 3 (D’Almeida et al., 1983).
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To overcome some of these difficulties consider a radiometer similar in design to that of
Rachke and Cox (1983). Figure C2 depicts the ratio of the measured irradiance of the 30°
FOV minus the 5° (10°) FOV to the 30° FOV measured irradiance [}—:&%‘fﬂ] as a function
of turbidity. The shaded regions represent the variations resulting from changes in wy and
g of the dust due to different r,ss over the wavelength region 0.5 —0.6um. While this type
of measurement does not explicitly account for the variations resulting from different types
of dust, it immediatly gives a range of optical depths appropiate to the measurements.
This range increases as turbidity increases and is larger for the 10° FOV than for the 5°
FOV. This type of instrument also has the advantage over the more standard extinction
observations in that estimates of the dust loading can be obtained for turbidities as large

as 6.

In addition to affecting surface radiation measurements, the presence of a dust layer will
affect satellite measurements as well. This may be of concern in monitoring desertification
from a satellite. On such viable technique may be the vegetation index (Tucker et al.,

1985) defined as the ratio gﬁ—gt where

e B; - Reflectance measured by Channel 1 (.55 — 0.68um) of the advanced very high
resolution radiometer (AVHRR)

e Bj; - Reflectance measured by Channel 2 (0.73 — 1.10um) of the AVHRR

The effect of a dust layer on the vegetation index (VI) as a function of turbidity is shown
in figure C3 for solar zenith angle of 0° and a nadir viewing angle. These values were
determined from a doubling model with surface spectral reflectances and dust single scat-
tering properties as given in Table C1. The presence of a dust layer has very little effect
on the VI for the desert case. Only for large turbidities (greater than 0.5) over vegatation

does the presence of the dust layer have any noticable effect, where it results in a decrease

in VI

Figure C3 is an example of the problems associated with attempting to monitor dust

outbreaks over land using satellite visible data; it is difficult to detect the dust over a bright
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surface. While surface observations suggest that large quantities of dust are transported
out of the deserts of the world, most dust outbreaks are confined to land surfaces. These
dust outbreaks can produce environmental hazards, especially along major transportation
routes. Since surface observations are generally sparce, it is often difficult to locate the
orgin as well as the movement of a dust outbreak. The disadvantage of surface observation
horizontal resolution can be overcome with the aid of satellite data. For example, Carlson
and Wendling (1977) and Norton et al., (1979) have incorported satelliete measurements
in the visible to monitor dust outbreaks as well as to estimate dust optical depth over
oceanic regions. We now present a technique which uses IR satellite measurements to

track a dust outbreak and to derive values of the dust optical depth.

The methodology uses the radiative temperature difference between 3.7um and 11uym in
the presence of a dust layer. The single scattering albedo (wo), and asymmetry parameter
(9) were calculated (Table C2) from Mie theory assuming the size distribution given by
Norton et al. (1980) and an index of refraction of Patterson (1981). These parameters were
then used in a doubling model and the upwelling radiances were converted to brightness
temperatures. The difference between these temperatures (AT = T3 7 — Ty1) is shown in
figure C4 as a function of turbidity for a satellite viewing angle of 8°. Since optical depth
is a function of wavelength, results are given as a function of optical depth at A = 0.5um.
This is the most common wavelength for measuring atmospheric dust loading. The ratio
of 7.zt at 3.7 and 11um to 0.z at 0.5um is given in Table C2. For simplicity water vapor
absorption has been neglected; due to the dry atmospheres involved this neglect of water
vapor absorption should not affect the conclusions. To aid in the interpretation of the
results dust layer reflectance, transmittance and emittance at the two wavelengths are

shown in figure C5.

Figure C4 represents the case of a dust layer overlying a desert surface with a surface
temperature of 315%K, the solid line includes solar reflectance (solar zenith angle of 0°)
while the dashed does not. The upwelling 3.7um radiation is significantly augmented by

reflection of solar energy by the dust layer. Even without the inclusion of solar reflection
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Figure C.5: Dust layer transmittance (solid), reflectance (dashed) and emittance
(dot-dashed) at wavelengths of 3.7 and 11um.
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the 3.7um temperature is still larger than the 11um temperature, despite reflection of the
surface upwelling radiance at the dust layer base. The 3.7um emittance is small even for
large optical depth, thus the upward radiance is largely determined by the transmittance
of the surface radiance and reflection of the downward solar component. In the 11um
radiance, the reflectance is always small. Thus for small dust optical depths the major
contribution is from the surface and as the dust layer optical thickness increases, emission
by the dust layer itself becomes important. The transmission is always greater at 3.7um,
thus AT is, for this case, always positive. For the case of a surface inversion (e.g. over

the desert at night) one may expect negative AT.

Figure C4 represents the case of a dust layer overlying an ocean surface with a surface
temperature of 298°K. The dashed line excludes the solar component and can be considered
the nighttime case. Again there is a large contribution from solar reflectance. For the
night case the maximum AT = 5%, which peaks at 7 ~ 1.3. For optical depths greater than
1.3 AT decreases with increasing 7. The 3.7um radiance decreases with increased r due to
the decrease in the transmitted surface radiance; while the 11um radiance also decreases
with increasing 7 the rate of decrease changes as the dust layer emittance increases. This
nightime curve suggests that retrieval of dust optical depth using these two wavelengths
would be least sensitive at night. Given the indices of refraction of dust, it may be more
appropriate to chose two wavelengths in the 8 — 12um window where there are still large

variations in complex index of refraction.

Before investigating the effects of atmospheric temperature and moisture profiles, the
vertical distribution of the dust loading and the surface radiative properties on AT, it is
instructive to compare satellite measurements with surface observations. Unfortunately,
coincident satellite and sun-photometer measurements were not available to demonstrate
the method. However since visibilty is often related to mass concentration for airborne
soil particles (Patterson and Gillete, 1977), surface observations of visibilty were compared
with the satellite measurements. Observations of the TIROS-N AVHRR’s channel 3 (3.58—

3.97um) and channel 4 (10.53 — 11.45um) were used in the study. The equatorial crossing



172

times of the TIROS-N are 0300 (descending) and 1500 (ascending) LT. The data was
mapped by Smith and Graffy (1982) onto a uniform grid with a resolution of 15 points
per degree latitude or longitude. The scheme of Lauritson et al. (1979) was used to

convert raw digital data to window temperatures.

Figure C6 depicts a large scale dust outbreak observed over the Saudi Arabian Peninsula
in late June 1979. Each station plot includes information on wind speed and direction,
temperature, dew point depression, cloud cover, present and past weather, visibility, pres-
sure and 24 hour pressure tendency (WMO,1974). Further discussion of this dust outbreak
is contained in appendix B. Regions of low visibility are generally associated with large
optical depths. Figure C6 also depicts the satellite radiative temperature differences (solid
lines) as well as the surface observations. The dust outbreak region is cloud free. Large
temperature differences measured by the satellite are well correlated with regions of low
visibility. The feasibilty of tracking dust outbreaks, as well as inferring the dust layer
optical depth, is demonstrated by comparing satellite observations with surface estimates

of visibility.



173

=
JUNE 23 1979 12 GMT

Figure C.6: Large scale dust outbreak observed over the Saudi Arabian Peninsula in
late June 1979. Each station plot includes weather information (WMO,1974). Satellite
radiative temperature differences (solid line) are also shown.



174

Table C.1: Spectral characteristics for the determination of the vegetation index.

0.55—-0.68um | 0.73 — 1.1uym
wo 8714 9258
g 71352 6956
Spectral reflectance
Desert 0.8 0.15
Vegetation 0.9 0.21

Table C.2: Single scattering properties of the dust layer at 3.7 and 11um.

3.Tum | 11um

wo 9869 | .4162

g .6507 | .5038
a’,\fcfo,s a7 1.07
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