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[1] In situ measurements of terrestrial radiation from the C-130 aircraft during the
Saharan Dust Experiment (SHADE) are used to quantify the effect of a strong dust
outbreak on radiance and brightness temperatures. The dust gives a distinct spectral
signature in upwelling and downwelling terrestrial radiation when high spectral resolution
data for a dusty day is compared to data from a clear day. A radiative transfer model is
used together with a size distribution retrieved from Sun photometers and atmospheric
profiles from dropsondes to simulate the radiance data and provide a constraint on the
refractive indices of Saharan dust in the terrestrial part of the spectrum. The degree of
agreement between observed and simulated brightness temperatures is dominated by the
choice of refractive index, the mass loading, and the altitude of the dust layer. The
uncertainties in size distribution appear to have less of an effect so long as large particles
(radius greater than 1 mm) are included. In the terrestrial spectrum the dust produced a
relative warming rate of up to 0.5 K/day below the dust and a relative cooling of up to
0.5 K/day within the dust layer itself. The effect on irradiance due to this dust outbreak
was a decrease in upwelling terrestrial radiation at the top of the atmosphere of 6.5 Wm�2

and an increase in downwelling terrestrial radiation at the surface of 11.5 Wm�2. The dust
led to decreases in brightness temperature of 2–4 K in the window region, consistent with
apparent features in the sea surface temperature retrieved from the advanced very high
resolution radiometer. INDEX TERMS: 0305 Atmospheric Composition and Structure: Aerosols and

particles (0345, 4801); 3359 Meteorology and Atmospheric Dynamics: Radiative processes; 3394
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1. Introduction

[2] While substantial attention has been paid to the
significant effect of mineral dust on solar radiation in recent
years [e.g., Sokolik et al., 2001, and references therein],
relatively little study has been completed on quantification
of the impact of dust on terrestrial radiation. Radiative
transfer models have shown that there is the potential for
dust to act in a manner analogous to greenhouse gases,
depending particularly on the height of the dust and the
nature of the underlying surface and the presence of cloud
[e.g., Sokolik and Toon, 1996; Quijano et al., 2000]. Sokolik
et al. [1998] calculated the impact on terrestrial irradiance in

a heavy dust loading scenario as being between +15 and
+25 Wm�2 at the top of the atmosphere and �50 to
�80 Wm�2 at the surface. Myhre and Stordal [2001] found
a terrestrial radiative forcing of between 0.04 and 1.13
Wm�2 due to the total dust in the atmosphere and between
0.02 and 0.24 Wm�2 for the anthropogenic component of
this forcing. The results depended on the geographical
distribution and optical properties used.
[3] Many of the studies of dust terrestrial radiative forcing

use idealized aerosol properties at these wavelengths. One
reason for this has been the almost total lack of observations
of optical properties of dust in the terrestrial to date. The
refractive indices used in many climate models are those of
the ‘‘dust-like’’ aerosol of the World Climate Program
(WCP) [1986] and are based on Volz [1972]. There have
been a few measurements of the refractive index of bulk dust
samples measured in the laboratory from samples collected
during dust outbreaks (e.g., Volz [1973] concerning Saharan
dust collected at Barbados, and Fouquart et al. [1987] who
use measurements of Saharan dust over Niger). More re-
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cently the importance of the different chemical compositions
of dust from different source areas has been highlighted by
Sokolik and Toon [1999] and refractive indices for individual
mineralogical components have become more widely avail-
able. Only some of this data is relevant to airborne dust,
which is what is necessary for calculating the radiative
effect.
[4] Regionally the direct impact of dust on solar radia-

tion has been measured as up to �60 Wm�2 over ocean
during a Saharan dust outbreak [Haywood et al., 2001].
Few in situ measurements are available of the impact on
the terrestrial radiation. Haywood et al. [2001] found that
measurements in a dusty atmosphere could not be said to
be significantly different from the clear sky situation once
the errors of the broadband pyrgeometer instrumentation
and errors associated with modeling were taken into
consideration. However, Haywood et al. [2001] state that
these measurements do not imply that the effect of mineral
dust in the terrestrial region of the spectrum is negligible,
rather that the errors in the atmospheric profile of temper-
ature, water vapor, and mineral dust and the underlying
surface temperature confound detection in such simple
instrumentation.
[5] Satellite instruments allow quasi-continuous observa-

tions of Saharan dust outbreaks. In addition, the presence of
Saharan dust can affect the retrieval of other variables such
as sea surface temperature. Indeed, the motivation for this
study comes partly from observing an interesting feature in
satellite derived sea surface temperatures during a particu-
larly heavy outbreak measured during the Saharan Dust
Experiment (SHADE) campaign.
[6] A particularly thick dust cloud was observed during

flight A797 on 25 September 2001 where the aerosol
optical depth at a wavelength of 0.55 mm, taerl=0.55, was
calculated to exceed 1.5 [see Haywood et al., 2003]. This
high optical depth offers the best chance of detecting and
quantifying any impact in the terrestrial region of the
spectrum. This paper discusses measurements and model-
ing of the terrestrial radiative effect of the Saharan dust
cloud on this day. In particular, high spectral resolution
measurements from the Airborne Research Interferometer
Evaluation Instrument (ARIES) are presented, showing a
spectral signature of dust in terrestrial radiation. A sophis-
ticated radiative transfer model is used to simulate the
observations, attempting ‘‘closure’’ between in situ mea-
surements of radiation and model calculations using mea-
sured aerosol properties. This work also allows the
deduction of an appropriate refractive index describing
this airborne Saharan dust in the terrestrial part of the
spectrum. This work may be considered complementary to
the study of Haywood et al. [2003] who examine the solar
radiative effect of Saharan dust during the SHADE
campaign.
[7] Section 2 describes the relevant instrumentation used

while section 3 describes the measurements of terrestrial
radiative effect. Section 4 discusses the radiative transfer
model and methods used for describing the optical proper-
ties of the aerosol and presents the results of the model and
observation comparison. Section 5 shows the effect that the
Saharan dust has on the retrieval of advanced very high
resolution radiometer (AVHRR) sea surface temperatures
(SSTs). Section 6 presents a discussion and conclusions.

2. C-130 Flight Patterns and Relevant
Instrumentation

[8] The flight pattern flown by the C-130 on 25 Septem-
ber 2000 (A797) is shown schematically by Haywood et al.
[2003], and is not repeated in detail here. Briefly, the
aircraft flew a series of straight and level runs (SLRs)
above, below and within the aerosol layer with profile
ascents and descents in between. The analysis presented
here concentrates in detail on the measurements made
above the aerosol layer (R6), and below the aerosol layer
(R10). R6 was performed from Dakar where the dust layer
was optically quite thick (taerl=0.55 > 1.6) toward an
optically thinner layer over Sal (taerl=0.55 = 0.58) and
was of approximately 55 min duration. R10 was performed
beneath the aerosol layer at an altitude of approximately
30 m above sea level and consisted of an into- and down-
Sun leg each of approximately 10 min duration. In addition,
data from SLRs during a flight when negligible concen-
trations of Saharan dust were present (A795) is also
investigated for comparison purposes.
[9] The aerosol and solar radiation instrumentation used

on board the C-130 in this measurement campaign is more
fully described by Haywood et al. [2003]. Here we restrict
ourselves to discussion of the instrumentation used for
measurements of terrestrial radiation. Upward and down-
ward facing pyrgeometers developed by Foot [1986] cover
the entire region of the terrestrial spectrum (3–50 mm).
However, the estimated errors in the measurements exclude
these broadband radiometers from definitive determination
of the measured radiative impact, since the accuracy of the
broadband measurement is estimated to be approximately
±10 Wm�2, of similar size to the likely magnitude of
radiative effect discussed in the previous section.
[10] In the context of satellite retrievals it is of utmost

importance to know the spectral distribution of radiative
effect, either to detect dust in terrestrial radiation or to
remove the effect. The Airborne Research Interferometer
Evaluation System (ARIES), was used to measure radiances
at a spectral resolution of approximately 0.5 cm�1. These
radiances are then converted to brightness temperatures.
Data used in this paper includes nadir view data collected
during straight and level runs of the aircraft when flying
above the aerosol layer (R6), and zenith views collected
when the aircraft was flying at low level below the aerosol
layer (R10). Similar measurements were also made on a day
when there was no dust layer present. Comparing the two
sets of measurements can therefore be used to quantify the
reduction in upwelling terrestrial radiation caused by the
absorption and re-emission of radiation by the dust layer
(nadir views) and the downwelling terrestrial radiation
emitted by the dust layer (zenith views). Newman and
Taylor [2002] have shown that ARIES brightness tempera-
tures in the window region may be modeled to within a few
tenths of a degree when aerosol and cloud are absent from
the atmosphere.

3. Radiative Effect Measurements

[11] The measurements of dust optical properties and the
large radiative effect on short wave radiation during flight
A797 of the SHADE campaign have been examined by
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Haywood et al. [2003]. Here attention is focused on the
ARIES measurements taken in the range 600–1400 cm�1

which includes the atmospheric window region. In the
window region of the spectrum the absence of strong
absorption by water vapor and carbon dioxide should allow
a clear spectral signal of the impact of dust to emerge. The
only other gaseous absorptions in this region are the strong
ozone band at 9.6 mm and a weak contribution from the
water vapor continuum.

3.1. Nadir View

[12] Figure 1 shows high-resolution ARIES data in the
atmospheric window, taken during R6 of flight A797 on
25 September and during R1 of flight A795 on the 21
September. For the A797 flight the measurements shown
are averaged over a 5 min period in the center of the run,
where the broadband radiometers showed a relatively con-
stant reflection of solar radiation by the dust. For the clear
sky A795 case the data is an average over the entire run.
ARIES was looking down at the dust layer (or the clear sky
in A795) from an altitude of approximately 5000 m mea-
suring the upward terrestrial radiance. The radiances were
subsequently converted to brightness temperature.
[13] Figure 1a shows the comparison of brightness tem-

peratures between a clear sky measurement from A795
(dotted line) and the dusty sky measurement from A797
(solid line). In both cases the ozone absorption band in the
center of the window is clearly visible. The spectral varia-
tion of radiance is markedly different between the two
measurements; the clear sky case showing much less
variation with wave number between 800 and 1200 cm�1.
However, it is difficult to make a quantitative comparison
since the sea surface temperatures were not identical during
the two runs as the measurements during A795 were
performed some 6� of latitude further north than the
measurements taken during A797.
[14] We can remove this problem to some extent by

assuming that the atmosphere was broadly similar on the
two days. Measurements of sea surface temperature taken
from the C-130 during low-level runs on both days were
used to calculate the mean sea surface temperature and
showed a 5.6 K warmer surface during flight A797. This
temperature difference was then added uniformly at all
wavelengths to the clear sky run brightness temperature.
(While this is justifiable in the transparent window region
between 750 and 1200 cm�1 it is not a good method in the
strong CO2 band centered at 670 cm

�1 and at wave numbers
greater than approximately 1250 cm�1 due to increasingly
strong water vapor and methane absorption lines. In these
regions the retrieved brightness temperature is sensitive to
the temperature of the atmospheric profile just below the
aircraft. Additionally the sharp differences coinciding with
water vapor lines are affected by day-to-day changes in the
atmospheric profile of humidity.) The new comparison is
shown in Figure 1b and the difference in radiance between
the two cases (dusty to clear) is shown in Figure 1c.
[15] From Figure 1c it is evident that the dust has an

impact on brightness temperature across the window region
such that the temperature observed is 2–4 K cooler when
dust is present. This is due to the absorption of terrestrial
radiation from the surface by the dust and the re-emission at
a lower temperature by the dust layer. There is also

considerable spectral variation of the difference, i.e., the
radiative effect has a distinct spectral signature that could
perhaps be used to detect the impact of dust in satellite
retrievals if multichannel information is available. Interest-

Figure 1. Brightness temperature as a function of wave
number in the atmospheric window region calculated from
nadir view ARIES measurements taken during run 6 of
SHADE flight A797 (dust) and run 1 of A795 (clear).
(a) Solid line A797, dashed line A795. (b) Same as Figure
1a but, clear sky brightness temperature has been increased
by the difference in sea surface temperature between the two
runs. (c) Spectral signal, dust; clear measurements.
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ingly, the spectral signal is particularly strong close to the
absorption band of ozone.

3.2. Zenith View

[16] Figure 2a shows ARIES measurements using the
zenith view while the aircraft was flying at low level below
the dust (run 10). On the day with dust in the atmosphere
the brightness temperature measured by ARIES is consid-
erably greater than that measured on the clear day. ARIES is
effectively measuring the terrestrial radiation emitted back
toward the Earths surface by the dust layer; in the absence
of the dust it measures emission from a layer higher in the
atmosphere which is therefore colder.
[17] The spectral signature of dust in the brightness

temperatures measured below the layer is shown in
Figure 2b. As in the case of the nadir views discussed in
the previous section there is considerable spectral variation
in the difference. In this view the magnitude of the signal is
reduced in the ozone band in the center of the atmospheric
window, presumably because there is more terrestrial radi-
ation emitted toward the surface in a clear sky case in this
region of the spectrum. The magnitude of the difference is

approximately 20 K, much greater than that seen above the
dust layer. This indicates that the terrestrial radiation below
the dust is more sensitive to the presence of dust and
perhaps indicates that a ground-based version of ARIES
would be extremely useful in testing for the presence of dust
in the atmosphere. However, these views are also more
dependent on the knowledge of the other properties of the
atmospheric column above the dust and the usefulness is
likely to be limited by errors in our knowledge of the
humidity profile.

4. Modeling the Radiative Effect of Dust

[18] Having observed a spectral signature in the atmo-
spheric window region, this must now be attributed conclu-
sively to the presence of dust. Given that there are many
relatively large uncertainties in the aerosol properties such
as size distribution, refractive index and mass loading, it is
also necessary to systematically examine the sensitivity of
our results to these uncertainties. In order to do this a
radiance model is used, a version of the radiative transfer
model of Edwards and Slingo [1996]. The radiance version
of this model is computationally expensive. Since the
parameter space is large, our modeling has been restricted
to the atmospheric window region where the signal from
dust is expected to be largest and most clear. Once the most
appropriate set of aerosol parameters has been established
through comparison of modeled brightness temperatures
with in situ measurements, an irradiance version of the
same radiative transfer model is used to calculate the
radiative effect of the dust.

4.1. Radiative Transfer Model and
Atmospheric Profiles

[19] The model used was a radiance version of Edwards
and Slingo [1996]. Absorption due to carbon dioxide,
ozone, water vapor (including continuum), methane, nitrous
oxide, CFC-11 and CFC-12 was included. The surface
emissivity in the radiance runs was calculated using the
Masuda et al. [1998] model for sea surface emissivity, with
values in the approximate range 0.97 to 0.99 in the
atmospheric window. The model was used at 10 cm�1

spectral resolution and results are presented here for the
spectral region between 600 and 1400 cm�1. Atmospheric
profiles of temperature and water vapor were obtained from
the dropsondes released during run 6 of flight A797. The
ozone profile was taken from measurements on the aircraft
made during a profile ascent over the ocean. These profiles
are shown in Figures 3a–3c. Above the flight level, two
radiosonde ascents made on the same day at Dakar were
used to give a temperature and water vapor profile to the top
of the atmosphere. The ozone profile was extended to levels
above the highest flight level of the aircraft using a
climatological tropical ozone profile from McClatchley et
al. [1972]. An average of each of these profiles was
degraded in vertical resolution to allow a feasible number
of levels to be used in the calculation (48 atmospheric
levels).
[20] The dust profile was taken from an average of the

profiles of number concentration measured on the aircraft
during profiles 9 and 14 and is shown in Figure 3d. Again
the vertical resolution was necessarily degraded for use in

Figure 2. Brightness temperature as a function of wave
number in the atmospheric window region calculated from
zenith view ARIES measurements taken during run 10_1 of
SHADE flight A797 (dust) and run X of A795 (clear).
(a) Solid line A797, dashed line A795. (b) Spectral signal,
dust; clear measurements.
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the model. Throughout the majority of the modeling work
the shape of the dust profile remained constant, however the
mass mixing ratios were scaled to give differing total
column optical depths as necessary.

4.2. Aerosol Optical Properties in the
Terrestrial Spectrum

[21] As discussed in section 1, there are very few mea-
surements of optical properties in the terrestrial spectrum.
We have used Mie scattering, measured size distributions
that are consistent with the optical measurements at solar
wavelengths that were made during this flight and are
described in detail by Haywood et al. [2003] and various
estimates of the refractive index of dust at these wave-
lengths to calculate the extinction and scattering properties
in the terrestrial spectrum. Thus although we have no
measurements with which to constrain the optical properties
of dust within the terrestrial spectrum, the modeled optical
properties are constrained in terms of size distribution by
the solar measurements. This consistent methodology
allows the investigation of the effect of the known large
uncertainties in refractive index at terrestrial wavelengths to
be investigated and takes advantage of the relative wealth of
measurements and constraints on the refractive index at

solar wavelengths. The use of Mie scattering necessarily
assumes the dust to be spherical. There are many observa-
tions that dust particles at least are certainly not spherical.
Mishchenko et al. [1997] showed that the effect of non-
sphericity upon calculated single scattering properties can
lead to uncertainties of 10 to 15% in solar regions of the
spectrum. The effects of nonsphericity are not considered in
this study, due partly to the difficulty of correcting proper-
ties without knowing the morphology of the dust.
[22] The aerosol size distributions used are taken from

retrievals of column averaged volume distributions from the
ground-based Sun photometer at Sal. Nakajima et al.
[1996], Dubovik and King [2000], and Dubovik et al.
[2002] type retrievals are considered initially. The Nakajima
retrievals assume a refractive index to retrieve aerosol
optical properties while the other two methods are less
constrained retrievals. Although Sun photometer data was
also available from Dakar at the other end of the dust cloud
through which flights were made, this site was affected by
sporadic cloud cover making the column retrievals of
aerosol amount problematic. The size distributions mea-
sured on the aircraft cannot be used for radiative calcula-
tions in the terrestrial because of the failure of the Fast
Forward Scattering Spectrometer (FSSP) probe to include

Figure 3. Profiles used in radiative transfer modeling. (a) Temperature averaged from dropsondes and
aircraft profile measurements over the region (solid line); also shown below 600 mb are the temperatures
measured from dropsondes released during run 6 of flight A797. (b) Water vapor mass mixing ratio in kg
kg�1. (c) Ozone mass mixing ratio in kg kg�1. (d) Dust mass mixing ratio in kg kg�1 corresponding to an
optical depth at 0.55 mm of 0.67.
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large dust particles possibly due to their asphericity (see
Haywood et al. [2003] for more details). This problem is
shown in Figure 4a. The average volume distributions from
the Sun photometer using 3 different retrieval algorithms
show a significant number of particles present with radii
greater than 1 mm, precisely the particles that are important
for interacting with terrestrial radiation. The crosses depict
the measurements from the C-130 and show particles up to
1.5 mm radius which is the Passive Cavity Aerosol Spec-
trometer Probe (PCASP) maximum detection radius. The
Dubovik and King [2000] retrievals show an artifact at low
radii, while the Dubovik et al. [2002] retrievals show some
improvement.

[23] To test the sensitivity of aerosol optical properties at
terrestrial spectrum wavelengths, Mie scattering calcula-
tions were completed using 3 size distributions, a Nakajima
et al. [1996] distribution, a Dubovik and King [2000]
distribution and a Dubovik et al. [2002] retrieval. The single
scattering properties were virtually identical at these wave-
lengths, certainly being much less sensitive to size distri-
bution than to other quantities such as refractive index.
Modeling work here therefore uses one of the Nakajima
retrievals of aerosol distribution taken from the Sal Sun
photometer at 16:52 on 25 September. This was chosen
since it was the closest reliable retrieval to the time of the
ARIES measurements in run 6 and given that the other
readily available retrieval, that of Dubovik and King [2000]
has an artifact at radii less than approximately 0.1 mm.
Figure 4b demonstrates that this individual retrieved size
distribution falls centrally within those retrieved throughout
the day at Sal. It is also in good agreement with the volume
distribution calculated from the lognormal fit to the size
distribution measured from the aircraft. The largest mode of
this 5-mode lognormal distribution was fitted by eye using
the Sun photometer data while the other four modes were
fitted using the in situ PCASP data. The fitting of this
distribution is discussed in more detail by Haywood et al.
[2003]. It is worth noting that retrievals from ground-based
instruments give a column integrated measure of size
distribution and optical depth, which is not ideal for
comparing with in situ measurements of size distribution.
However, it is likely to in fact be more appropriate for our
purposes in this study; calculating the radiative impact at the
top of the atmosphere or the surface due to dust.
[24] Few estimates of refractive indices for dust at these

wavelengths are available. Three were used in this study.
The real and imaginary parts of these refractive indices
across the window region are shown in the upper and lower
panels respectively of Figure 5. The ‘‘WMO’’ indices are
taken from WCP [1986] and are used in several of the
climate models that include dust. The ‘‘Fouquart’’ and

Figure 4. Volume distributions of Saharan dust. (a) Aircraft
instrument PCASP measured distribution compared with
three retrievals from ground-based Sun photometer at Sal
showing no large particles measured by PCASP. Solid line
is average of all Nakajima et al. [1996] retrievals from Sal
during 25 September; dotted line is average of all Dubovik
and King [2000] type retrievals, and dashed line is a
Dubovik et al. [2002] type retrieval. (b) Nakajima et al.
[1996] type retrievals at Sal during flight A797. Heavy solid
curve shows the 1652 retrieval subsequently used in
modeling in this study for reasons described in section
4.2; heavy dashed curve shows volume distribution from a
5 mode lognormal distribution fitted to the in situ PCASP
measurements (smallest 4 modes) and the Sun photometer
data (largest mode) as is used by Haywood et al. [2003].

Figure 5. (top) Real and (bottom) imaginary parts of the
refractive indices in the terrestrial for various types of dust.
Solid line ‘‘WMO,’’ ‘‘dust-like aerosol’’ from WCP [1986];
dotted line ‘‘Fouquart’’ Saharan dust collected over Niger
[Fouquart et al., 1987]; dashed line ‘‘Volz,’’ Saharan dust
collected at Barbados [Volz, 1973].
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‘‘Volz’’ indices are taken from measurements of sand
samples at Niger [Fouquart et al., 1987] and Barbados
[Volz, 1973] respectively. It is immediately obvious that
there are some large differences in both the real and
imaginary parts of these indices. In particular, the peak in
absorption at around 1050 cm�1 present in the Volz and
Fouquart indices is due to quartz absorption and is almost
entirely missing in the WMO indices. In general the WMO
indices show much less spectral variation than the other
descriptions.
[25] These refractive indices have been used together

with the size distribution retrieved from the Sal Sun
photometer and shown in Figure 4b and Mie scattering
theory to calculate the extinction coefficient, single scatter-
ing albedo and asymmetry parameter. (In fact we calculate
and subsequently use 21 moments of the full scattering
phase function.) Figure 6 shows the spectral variation of
extinction coefficient (upper panel) and single scattering
albedo (lower panel) in the terrestrial using the Nakajima
1652 size distribution and the three different refractive
indices. Clearly the single scattering properties are very
sensitive to the refractive index used. The sensitivity to size
distribution was also tested by comparing the single scat-
tering properties calculated using the average of Nakajima
and Dubovik et al. retrieved size distribution, and found to
be very small compared to the effect of the refractive index.

4.3. Simulated Brightness Temperatures: Nadir Views

[26] Figure 7a shows the effect on brightness temperature
of using the same mass loading of dust and atmospheric
profiles of temperature, ozone and water vapor with differ-
ent refractive indices to represent the dust. The dust mass
loading is equivalent to an optical depth at 0.55 microns of
0.67, within the range of optical depths retrieved during the
time of the flight from the Sun photometers. The optical
depth in the terrestrial spectrum is obviously a function of
the refractive indices as well as the total mass. A simple
ratio between mass extinction coefficient at 0.55 and

10.0 mm results in the ‘‘terrestrial optical depth’’ being
0.23 for WMO, 0.25 for Fouquart and 0.40 for Volz, using
identical mass mixing ratio profiles. The heavy solid curve
in Figure 7a is the nadir view ARIES measurements from
run 6, degraded to the 10 cm�1 resolution of the model
output. The dot-dashed curve is a model simulation with
clear sky (no dust) and the same surface temperature as the
ARIES data. (It was previously checked that the radiance
code gave good agreement with the ARIES instrument in a
clear sky case, therefore any difference between ARIES in
the presence of dust and our radiance model is due to
misrepresentation of the dust [Silverstone, 2002]).

Figure 6. Sensitivity of single scattering properties in the
terrestrial region of the spectrum to refractive indices used.
(a) Extinction coefficient (m2 kg�1); (b) single scattering
albedo. Solid line, ‘‘WMO’’; dotted line, ‘‘Fouquart’’;
dashed line, ‘‘Volz’’ (as described in caption to Figure 4).

Figure 7. (a) Brightness temperatures modeled using the
radiance version of the Edwards and Slingo [1996] code
and different refractive indices. A constant mass loading of
dust is used corresponding to a visible optical depth of 0.67.
Heavy solid line is ARIES observations from run 6
(Figure 2a) degraded to the same 10 cm�1 resolution as
the model.; solid line is model simulation using ‘‘WMO’’
refractive indices; dotted line is simulation with ‘‘Fouquart’’
indices, dashed line is simulation with ‘‘Volz’’ indices; dot-
dashed line is simulation of clear sky brightness tempera-
tures. (b) Spectral signature of dust in modeled brightness
temperature (dusty to clear conditions). Heavy solid line is
the ARIES data in dusty sky minus the clear sky simulation
since the ARIES clear sky data was at a different sea surface
temperature. Other lines are the differences between dusty
and clear conditions for the various refractive indices.
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[27] The three model simulations with different refractive
indices give very different spectral variation of brightness
temperature, even for the same mass loading. The WMO
simulation shows very little spectral variation, not surpris-
ingly given the featureless nature of the refractive index and
single scattering properties shown in Figures 5 and 6 respec-
tively. The Fouquart simulation (dotted line in Figure 7a)
appears to give the best agreement with the ARIES data for
this mass loading.
[28] Figure 7b shows the spectral signal in brightness

temperature from the model simulations, in comparison with
that calculated from the ARIES data and a model simulation
of clear sky (to eliminate any problems with differing sea
surface temperatures). Within the window region the Fou-
quart simulation gives clearly the spectral signal in best
agreement with the one derived from the ARIES data. The
differing shape of the signal at 650 cm�1 reflects a difference
in the gaseous absorption between the model and the
observations in the strong CO2 band centered at 670 cm�1.

4.4. Simulated Brightness Temperatures: Zenith Views

[29] Figure 8a shows the modeled zenith view effect of
dust in comparison with those from the ARIES observa-

tions. In this case all the simulations appear to give a
reasonable representation of the ARIES data at first glance
and it is not obvious that any one of the simulations gives
better agreement although the Fouquart simulation is con-
sistently closest to the ARIES measurements. The observed
and modeled brightness temperatures are different by about
5–10� in the window region although the spectral shape is
similar. The difference between the models is of a similar
magnitude. Differences between the models and the obser-
vations become more apparent when we compare the
spectral signatures in Figure 8b. As before the ARIES
spectral signature has been calculated here by removing
the simulated clear sky brightness temperature. It shows
some similarities to the simulated spectral signatures but the
shape is rather different at wave numbers between 750 and
900 cm�1. Zenith view simulations are more dependent on
getting a good representation of the atmospheric profile
above the dust layer than are the nadir view simulations.
Also shown in Figure 8b (the dot-dashed line) is the spectral
signal calculated from subtracting the clear sky case ARIES
measurements from the dusty ARIES measurements. (The
zenith views should not be affected by differing sea surface
temperatures so long as the atmospheres were similar on the
two days.) It is obvious that this spectral signal has a rather
different appearance than those simulated, or that calculated
from ARIES dusty data and the clear sky simulation. This is
an indication that the assumption of the atmospheres on the
two days when ARIES data was used being similar may not
be very realistic. The nadir view results are not affected by
this as strongly.

4.5. Brightness Temperatures: Uncertainties

[30] Other influences on the quality of the modeling of
the dust radiative effect could include errors in sea surface
temperature, aerosol mass loading and vertical variation,
size distribution and the atmospheric profiles of other gases.
The SST measurements are known to be accurate to around
0.5 K. Figure 9a shows the influence of these uncertainties
on the brightness temperature simulations for nadir view
using the Fouquart refractive indices to be small, certainly
very much smaller than the effect of the differing refractive
indices.
[31] Figure 9b shows the effect of different mass loadings.

The aerosol profile shape has been constrained and the mass
mixing ratio scaled to give 0.55micron optical depths (WMO
refractive indices in the visible) of between 0.3 and 1.3, i.e.,
the range observed by the Sun photometer. Different mass
loadings can change the degree of general agreement be-
tween the ARIES data and the simulation, but not the spectral
signature itself, that coming from the refractive indices used.
However, it is clear that it is important to know the mass
loading to get full consistency between observations and the
model.
[32] Figure 9c shows the effect of uncertainties in the

temperature profile. Simulations were completed using two
temperature profiles created by adding (or subtracting) the
standard deviation of temperature at each level to the
average profile created from the 4 dropsonde descents
during run 6. As with sea surface temperatures the differ-
ent atmospheric temperature profiles have only a small
effect on the brightness temperature. Uncertainties in the
ozone profile and water vapor profile had a negligible

Figure 8. (a) Zenith view brightness temperature simula-
tions and (b) zenith view spectral signatures. Lines as for
Figure 6 but with the addition in Figure 8b of the dot-dashed
line, which is the spectral signal calculated from ARIES
data in dusty and clear sky (i.e., a spectrally degraded
version of Figure 2b).
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effect within the window region for these nadir view
simulations.
[33] The altitude of the dust layer itself however has a

considerable effect on the simulated brightness temperatures
as shown in Figure 9d. The dust layer in the profile shown
in Figure 3d lies approximately between 875 and 590 mb.
The dust mixing ratio profile was shifted up and down by a
number of layers keeping the total optical depth constant.
When the dust layer was shifted down (now lying between
969 mb and 680 mb) the brightness temperatures simulated
increase by around 3 K, a considerable amount relative to
the effect of having dust there at all (4 K). This is due to
moving the dust layer to warmer temperatures such that its
addition to a clear sky column produces less reduction in
upwelling terrestrial radiation. When the dust layer was
moved to lie between 775 and 400 mb there was less change
in effect on the brightness temperatures from the standard
profile.
[34] Table 1 shows the maximum range of modeled

brightness temperatures for each sensitivity study at two
wavelengths, one on either side of the strong ozone absorp-
tion band. It can clearly be seen that the largest range in

brightness temperatures comes from varying the refractive
index and the total mass loading within the range of
uncertainties associated with this particular measurement
period. Thus it is concluded that the uncertainties in the
refractive indices, the mass loading and the vertical position
of the dust layer are the dominant factors in creating
uncertainty in the magnitude of the radiative effect of dust.
The size distribution is much less important so long as the
large particles are measured. Given a reasonably well con-
strained size distribution, the shape of the spectral signature
is predominantly determined by the refractive indices used
and observations of this signature could therefore be used to
constrain the refractive indices for dust in the terrestrial
spectrum. The magnitude of the dust radiative effect is
affected predominantly by the refractive indices, but signif-
icantly by uncertainties in the total mass loading and
altitude of the dust layer.

4.6. Irradiance

[35] The Fouquart refractive indices and Sun photometer
size distribution that gave closest agreement with the
ARIES observations at least in the nadir views are now

Figure 9. Effect of known uncertainties on brightness temperatures (a) sea surface temperature, (b) dust
mass loading, (c) temperature profile, and (d) altitude of dust layer. For full explanations of these
sensitivity studies, see the main text. Table 1 summarizes the maximum range of brightness temperature
for each type of uncertainty.
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used to estimate the ‘‘radiative effect’’ of the dust, i.e., the
impact on irradiance at the top of the atmosphere and the
surface. Calculations with the Edwards and Slingo [1996]
model give a radiative effect of 6.5 Wm�2 (i.e., a reduction
in outgoing terrestrial radiation of 6.1 Wm�2) at the top
of the atmosphere and 11.5 Wm�2 (i.e., an increase of
11.5 Wm�2) at the surface for this dust outbreak.
[36] Although this effect is an order of magnitude smaller

than the radiative effect in the shortwave, it is not insignif-

icant. The top of the atmosphere estimate is about 50% of
that calculated for a heavy dust loading by Sokolik et al.
[1998], while the surface effect is considerably smaller than
that found in the same study. Figure 10 shows the difference
in irradiance as a function of height between clear and dusty
simulations. The largest reduction of upwelling radiation
(Figure 10a) occurs near the top of the cloud while the peak
increase in downwelling radiation (Figure 10b) occurs near
the base of the cloud. The peak effect in net radiation

Table 1. Maximum Range in Brightness Temperature at Two Wave Numbers 900 and 1100 cm�1 From Model

Simulations of Brightness Temperature Including Dusta

Source of
Uncertainty

Range in Brightness
Temperature at 900 cm,�1 K

Range in Brightness
Temperature at 1100 cm,�1 K

Refractive index 5.0 6.5
Total dust mass (optical depth) 2.0 2.5
Temperature profile 1.0 0.3
Dust altitude 1.0 2.0
Sea surface temperature 0.7 0.7
Size distribution �0.1 �0.1
Variation between different parts of run 6 2.0 2.0

aIn each case the uncertainties used were those measured or documented during flight a797 (except for refractive index
where the uncertainty is introduced by using 3 different measurements as described in the text). The variation between
different parts of run 6 is largely due to different optical depths of dust being present during different parts of the run.

Figure 10. Difference between terrestrial irradiance (Wm�2) in dusty and clear sky simulations using
the Edwards and Slingo [1996] model. (a) Upwelling flux, (b) downwelling flux, (c) net downward flux,
and (d) heating rate.
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(Figure 10c) is therefore at around 900 mb. This relationship
to the dust profile is in accordance with previous studies.
[37] The terrestrial (negative) heating rates are modified

by the presence of the dust affecting terrestrial radiation by
up to 10% of their clear sky value. There is a strong relative
warming below the cloud and at the surface (0.5 K/day)
with relative cooling throughout most of the dust layer
(Figure 10d). A small secondary peak in relative cooling
occurs in the stratosphere since there is less upwelling
terrestrial radiation to be absorbed by the ozone layer. The
larger additional heating and cooling rates further down
could have an effect on local dynamics; in this case the dust
is fairly low in the atmosphere and the atmospheric lapse
rate would be increased.
[38] Figure 11 shows how the simulated irradiances com-

pare to the broad-band radiometer (BBR) measurements. The
BBRmeasurements are marked as diamonds while the model
simulations in dusty skies are the solid lines. The simulation
of the upwelling flux from the dust layer (Figure 11a) is in
good agreement with the observations from the BBRs. The
simulation of downwelling flux (Figure 11b) agrees some-

what less well with the BBR measurement; this is not
surprising given that the downwelling radiation is quite
sensitive to the temperature and humidity profiles used.
[39] Sokolik et al. [1998] calculated the radiative effect of

dust using different refractive indices with lognormal dis-
tributions and showed that the terrestrial forcing at the
surface using the Fouquart refractive indices was 35% larger
and the forcing at the top of the atmosphere 12% smaller
than those calculated using the WMO refractive indices.
Similar results are found here using the measured size
distribution and dust profile; the surface forcing is 38%
larger while the top of the atmosphere forcing is 1% smaller
than using the WMO indices.

5. Effect on AVHRR Retrievals of SST

[40] The AVHRR SST retrieval uses a dual window tech-
nique whereby the radiances in Channel 4 (880–960 cm�1)
and Channel 5 (800–870 cm�1) are used to derive the SST.
Examination of Figure 1 reveals that these channels are in
the spectral region influenced by the presence of mineral
dust. To investigate whether AVHRR retrievals are contam-
inated by mineral dust, the following method was adopted.
Total Ozone Mapping Satellite (TOMS) aerosol index data
were used to determine when the operating area was free
from dust and when the aerosol loading was a maximum.
The dust-free case was from data from 23–24 September,
and the maximum dust loading was from 26–27 September
and is available from the NOAA Satellite Active Archive
(http://www.saa.noaa.gov). The data is compiled over 2
days to improve sampling and cloud screening. SSTs from
the dusty period were then subtracted from those from the
dust-free period to examine if there was a significant effect
on the AVHRR derived SSTs. The results are shown in
Figure 12. It can clearly be seen that an SST anomaly of

Figure 11. Comparison between modeled irradiances and
measurements from broadband radiometers during run 6.
(a) Upwelling terrestrial radiation and (b) downwelling
terrestrial radiation. Solid lines are model simulation with
dust in the profile; dashed lines are model simulation with
no dust. Diamonds represent the BBR observations at the
flight level of run 6 (average over whole run).

Figure 12. Difference in sea surface temperature in the
eastern tropical Atlantic retrieved from AVHRR during a
dust storm and that retrieved on a day with no dust present.
Contour interval is 1 K. The dust-free case was from data
from 23–24 September, and the maximum dust loading was
from 26–27 September and is available from the NOAA
Satellite Active Archive (http://www.saa.noaa.gov). The
data is compiled over 2 days to improve sampling and cloud
screening.
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greater than �3 K exists over the area affected by the dust
storm.
[41] Although the downwelling irradiance at the surface

at terrestrial wavelengths increases as a result of the dust
(�Flw), there is a substantial reduction in irradiance at
visible wavelengths (maximum �Fsw = �130 Wm�2 in
the work of Haywood et al. [2003]). The expected ocean
heating rate due to the presence of dust can be estimated
using these values. Assuming the dust produces an impact
on terrestrial radiation throughout the day but on the solar
radiation for half the day, the implied cooling rate of the
ocean (units K per day) due to dust can be written as:

_T ¼ 86400*�Flw � 43200*�Fsw

rw*d*cp
;

where d is the depth of the heated layer, rw the density of
water and cp the specific heat capacity of water. The
maximum cooling rate calculated by this method is
approximately �0.1 K/day (assuming a likely minimum
mixed layer depth due towind forcing of 10m). Over a period
of a few days then it seems unlikely that the dust alone could
cause a real drop of over 3 K in sea surface temperature and
the anomaly in Figure 12 is more likely due to the retrieval
not taking account of the dust in the profile. In other cases,
there have been problems with dust being misdetected as
cloud in retrieval algorithms [Haywood et al., 2001]. It is
therefore important to know enough about the dust properties
at the wavelengths of the satellite channels used for such
retrievals to be able to quantify the likely impact of these dust
events on sea surface temperature retrievals. This cannot be
done without in situ measurements.

6. Discussion and Conclusions

[42] This study has reported novel high spectral resolu-
tion in situ measurements of the radiative effect of Saharan
dust on terrestrial radiation. The observed spectral signature
of dust in terrestrial radiation has also been modeled; the
agreement between model and observations being very
sensitive to the refractive indices used.
[43] Saharan dust gives a distinct spectral signal in the

atmospheric window region which can be clearly seen in the
high spectral resolution data from ARIES measurements
both above and below the dust layer. The small signal
observable above the dust layer could perhaps be used by
satellite instruments to allow the identification of areas
affected by dust. This would be of interest for assessing
the effect of the dust on radiation and on the retrievals of
other quantities. There is a larger signal observable in the
downwelling radiation below the dust and this may be of
use in interpreting ground-based measurements.
[44] The refractive index of the dust in the terrestrial part

of the spectrum is the dominant uncertainty which restricts
the accuracy of our simulations of the dust radiative effect.
The spectral signal observed in the nadir view ARIES data
can be most successfully simulated using visible optical
depths of dust consistent with in situ observations if we use
the refractive index measurements of Fouquart et al. [1987]
in the terrestrial spectrum. This suggests that for represent-
ing Saharan dust in climate models, aerosol optical proper-
ties should be derived using these refractive indices

(certainly in preference to the widely used WMO ‘‘dust-
like’’ indices of WCP [1986]). The simulations of the zenith
view ARIES data are somewhat less conclusive. Since the
mineral composition of dust is strongly dependent on the
source region, more measurements such as have been
presented in this study must be made over other source
regions before we can identify if there is a suitable ‘‘global’’
dust that can be used in climate models. The changes in
aerosol properties at distances further from the source
should also be measured. It is also fundamentally important
that the size distributions measure large nonspherical par-
ticles, unlike the current instrumentation on the C-130.
[45] The radiative effect of this dust storm was a decrease

of 6.5 Wm�2 at the top of the atmosphere and an increase of
11.5 Wm�2 at the surface, giving additional heating rates of
up to 0.5 K/day at the surface and �0.5 K/day within the
dust cloud. These irradiance changes are somewhat less than
those in previous studies but are heavily dependent on dust
loading and refractive indices used. The terrestrial changes
are of the order of 10% of those due to solar radiation (and
of the opposing sign). The effect of using different refrac-
tive indices is up consistent with other studies; the recom-
mended refractive indices giving a 38% larger surface
forcing but similar top of atmosphere forcing to calculations
with the WMO refractive indices.
[46] Changes in brightness temperature in the window

region due to the presence of the dust are of a similar
magnitude to the regional temperature differences observed
in AVHRR sea surface temperature retrievals when compar-
ing clear and dusty days. Information about the interaction of
dust and radiation of the kind that has been revealed in this
study could be used to revise satellite retrieval algorithms
and to update the dust radiative parameters currently used in
climate modeling. In addition, knowledge of the spectral
signature of dust could be exploited to remotely monitor dust
outbreaks. The near-future mission of MSG-2 carrying
GERB and SEVIRI will allow an assessment of the frequen-
cy and magnitude of similar dust outbreaks in this region and
of the aerosol characteristics. It will then also be possible to
quantify the role of these dust outbreaks in affecting the
energy balance of the present-day climate system.
[47] The unique combination of high-quality in situ

measurements and sophisticated radiative transfer models
used in this study and the other papers in this special section
has been able to highlight the fundamental parameters
causing large uncertainties in estimates of the radiative
impact of Saharan dust. However, it is still only one
intensive campaign over one dust source area. Further
coordinated measurement campaigns using satellite, in situ
and ground-based radiation and aerosol measurements will
be necessary both in the Saharan region and over other dust
source areas before a coherent picture of the magnitude and
extent of the radiative effect of dust in global terms will
become apparent. Only then will we be able to go some way
to reducing (or even merely quantifying) the uncertainties in
current estimates of radiative forcing due to changes in
atmospheric dust burden.
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