
These are the reports that came after the publishing in the ACPD

Anonymous Referee #1
Q: P.4, Ln 22-23: Dust aerosol is known to be non-spherical. The use

of spherical aerosol model (Mie) would cause errors for the radiance
simulations. I have not studied the effect of spherical assumption on
fluxes which may be non-negligible and potentially affecting diurnal
cycle (as a function of solar zenith angle SZA). Can you provide
an assessment of uncertainty from using spherical aerosol model on
computed fluxes?

R: The shortwave aerosol optical properties are now derived assuming a
mixture of randomly orientated spheroids, following the approach of
Dubovik et al. (2006). Non-spherical effects are expected to be small
for longwave calculations (Haywood et al., 2005) and Mie theory
is still used to generate the scattering properties of the particles
in these regime. All relevant figures have been updated. Multiple
minor text changes have been done to indicate that spheroids model
is being used in SW: abstract (p. 2, ln. 4), aerosols section (p. 7, ln.
10), conclusions, all the relevant numbers (such as root-mean-square
errors) through the text. We found that for a typical dust loading
over the Arabian Peninsula the relative difference in daily mean SW
fluxes is about 0.5-1.5% in experiments where dust aerosol is treated
as a mixture of randomly oriented spheroids and as a mixture of
spheres.

Q: P.6, Ln 17, 19: Please provide references for the uncertainties unless
these are your own assessments.

R: references have been provided (Mlawer et al., 1997)

Q: P.23, Ln. 7 (and in several other places): replace “then” to “than”.

R: noted and replaced (p 14, ln 16, ln 19, p 16, ln 15, p 18, ln 21, p 21,
ln 10, p 23, ln 8, p 24 ln 23)

Anonymous Referee #2
Q: My only major remark has to do with the fact that RRTM (Rapid

Radiative Transfer Model) is used only for clear-sky conditions. The
authors never justify why they made the choice not to treat clouds
and although clouds over the region are not ubiquitous and influence
infrequently the scenes studied, accounting for them would have
made the study even more relevant.
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R: In this work we tried to achieve as high accuracy as possible in calcu-
lating fluxes and dust DRFs. That is why we chose the most cloud
free locations and Solar Village is a great example (judging from
the cloud fraction profided on the figures). From technical point of
view adding clouds to the calculations is relatively easy but unfor-
tunately there is too little data available to derive the precise cloud
optical properties. Thus a number of significant assumptions would
have to be done which would introduce significant uncertanties into
calculations.

Q: Page 12307 lines 8 to 10: “3. RRTM_SW error with respect to
line-by-line calculations is 1Wm−2 for direct and 2Wm−2 for dif-
fuse irradiance, respectively 4. RRTM_LW error with respect to
line-by-line calculations is 1.5Wm−2 .Please explain why you give
absolute errors for the SW and LW calculations. Are these errors
independant of the of the value of the irradiance or are they given
for the maximum daily value of the irradiance ?

R: These errors are provided by the RRTM developers as a part of
the model validation. Corresponding references to the papers with
details has been added (p 6, ln 18, ln 19, Mlawer et al., 1997)

Q: Page 12309 Equation 5 : Please indicate that, σ, is in this equation,
is the neperian log of the width of the size distribution.

R: σ has been replaced with σi and is now consistent with the defi-
nitions introduced in equation 1 (p 8, ln 12). Please note that all
definitions follow and are consistent with Aeronet Inversion product
(http://aeronet.gsfc.nasa.gov/new_web/Documents/Inversion_products_V2.pdf)

Q: Pages 12315-12316 : At the same time, we have stronger forward
scattering in calculations (partially because of the particle spheric-
ity assumption and/or underestimating number of large particles by
Aeronet, Muller et al., 2010; McConnell et al., 2008) then in ob-
servations as indicated by the positively biased diffuse flux (RMSE
is 37Wm−2 and RMSE is 20 %). When the proportion of larger
particles increase, the forward scattering also increase, so if you un-
derestimate these large particles you also underestimate the forward
scattering. This goes against your explanation as to why you have
larger forward scattering. Please correct ‘then’ to ‘than’ in the sen-
tence above.

R: Thank you for pointing it out. The statement in parenthesis has
been removed.

Q: Page 12320, line 5: you did not indicate the units of the chlorophyll
concentration: “. . .chlorophyll concentration (chl = 0.15).”

R: units have been added (p 18, ln 15, ln 16)
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Q: Page 12320 and Figure 11 : for which period did you collect AERONET
AOT level 2.0 data to produce Fig. 11 ?

R: all data available for a given station have been used. “Data span
is 2012-2014 at KAUST and 1999-2013 at Solar Village” has been
added to the Figure 11 caption.

Q: Page 12324, line 7, if you want to stay consistent with the rest of
the text, replace : ‘’ (Balkanski 1.5 %) ‘’ with ‘’(B15)”.

R: All usages of Balkansky refractive indices has been converted to B09,
B15 or B27 after they have been introduced (Figure 12 caption, p
22, ln 10, figure 15 caption, p 26, ln 26, ln 28)

Figure captions

Q: Fig. 2 : Indicate ‘top panel’ and ‘bottom panel’ before you describe
what is on the Figure. Instead of ‘’ SW surface downwelling per-
turbed experiment. . . are provided in the top panel” Indicate ‘’
The top panel presents SW SW surface downwelling perturbed ex-
periment. . .” idem for bottom panel. Change red circles to red
symbols and blue circles to blue symbols. Change green to green
circles.

R: Thank you for the ’panels’ suggestion. It has been incorporated
and figure caption should be easier to read. Please note that circle
markers refer to observations, while stars indicate calculations. We
think it should make easier to read the figures and thus no changes
has been done with regard to the markers.

Q: Fig 5 : Mention that you are showing outgoing fluxes.

R: it was mentioned, “TOA upwelling fluxes”. Figure 5 caption has
been rearranged.

Q: Fig.10 : Instead of having 2 lines on the first panel, why not present
only 1 line with the ratio of coarse AOD/fine AOD ? It is not clear
from the Figure caption that σ, refers to the symbol in Equation 5.
Is r0 a modal diameter on these figures, it it is, please indicate it in
the caption !

R: We think that keeping the same colorcoding for each lognormal mode
among all 3 panels is natural. Thank you for pointing out the la-
bels, they have been updated and are now consitent with equation
1 (Figure 10 caption, r0 and σ have been replaced with ri and σi)

These are the reports that came before publishing in the ACPD
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Report #1
Q: This is a large and comprehensive study for the world region of sig-

nificant dust emissions which has not been extensively studied. The
work should be published in ACPD. My only concern is the use of
spherical dust model in calculations, but this can be addressed later
(e.g., a spheroidal model could be used from Dubovik, Lapaenak,
Sinyuk; or some analysis provided showing that spherical assump-
tion has little effect on computed fluxes)

R: this question is similar to the one posted by referee 1 and has been
adressed.

Report #2
Q: In order to help the reader, you need to remind him (her) the opti-

cal parameters used for the 2 modes in the d’Almeida et al. (1991)
paper, please indicate the modal radius and the with of the distri-
bution.

R: Optical properties are derived from Aeronet using Mie and Dubovik
approach (p. 7, ln. 10), from d’Almeida we only use formulas for
the external mixture. ri and σi are now indicated (p. 7, ln. 14)

Q: Please define the ’dust belt area’ page 4.

R: reference to Prospero et al., 2002, where dust belt area is defined,
has been added (p. 4, ln. 27)

Q: Equation (5), you write that reff = ri . exp(5/2*sigma**2) In this
equation, what you name sigma is not the width of the size distri-
bution but rather the neperian log of the width. I recommend that
you write equation (5) as: reff = ri . exp(5/2*(ln(sigma))**2)

R: this comment is similar to the referee #2 and has been addressed.
Please note that all definitions follow and are consistent with Aeronet
Inversion product (http://aeronet.gsfc.nasa.gov/new_web/Documents/Inversion_products_V2.pdf)

Q: As you revise the manuscript during the Discussion, you could show
a map that delimits the region you indicate for CALIPSO on page
8.

R: The considered region is mentioned in the text (p. 8, ln. 15) and
exact latitude, longitude boundaries are specified. In addition to
that text specifies that the area covers Arabian Peninsula, Red Sea
and Arabian Gulf.
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Q: I believe that the guy you refer to as ’Balkanski’ and ’Balkansky’ in
your manuscript is the same guy.

R: this has been fixed prior to publishing in the ACPD right after the
first submission
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Abstract

In this study we attempted to better quantify radiative effects of dust over the Arabian Peninsula
and their dependence on input parameters. For this purpose we have developed a standalone
column radiation transport model coupled with the Mie

✿
,
✿✿✿✿✿✿✿✿
T-matrix

✿✿✿✿
and

✿✿✿✿✿✿✿✿✿
geometric

✿✿✿✿✿✿
optics

✿
calcu-

lations and driven by reanalysis meteorological fields and atmospheric composition. Numerical5

experiments were carried out for a wide range of aerosol optical depths, including extreme
values developed during the dust storm on 18-20 March 2012. Comprehensive ground-based
observations and satellite retrievals were used to estimate aerosol optical properties, validate
calculations and carry out radiation closure. The broadband surface albedo, fluxes at the bottom
and top of the atmosphere as well as instantaneous dust radiative forcing were estimated both10

from the model and observations. Diurnal cycle of the the shortwave instantaneous dust direct
radiative forcing was studied for a range of aerosol and surface characteristics representative
for the Arabian Peninsula. Mechanisms and parameters responsible for diurnal variability of
the radiative forcing were evaluated. We found that intrinsic variability of the surface albedo
and its dependence on atmospheric conditions, along with anisotropic aerosol scattering, are15

mostly responsible for diurnal effects.

1 Introduction

Mineral dust is an important and integral part of the Earth system. Dust aerosol perturbs radi-
ation balance by changing optical properties of the atmosphere (Claquin et al., 2011; Sokolik
and Toon, 1999; Myhre et al., 2013). It affects cloud microphysical properties and precipitation20

development (Solomos et al., 2011; Levin et al., 1996; Miller et al., 2004), changes radiative
heating of the surface and the atmosphere, causes significant alterations in the dynamics of the
atmosphere (Cuesta et al., 2009; Cavazos-Guerra and Todd, 2012) and thus drives the circu-
lation (Miller and Tegen, 1998

✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿
Miller and Tegen, 1998; Bangalath and Stenchikov, 2015 ). De-

position of dust into the ocean provides a source of nutrients to the marine ecosystems (Krish-25

namurthy et al., 2010; Mahowald et al., 2005). Health hazards and air quality are directly linked
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to the presence of dust in the atmosphere (Derbyshire, 2007; Prospero, 1999). Ongoing effort
to assess dust impacts on the past and future climate will help to reduce existing uncertain-
ties. Significant progress has been achieved in understanding the mechanism of dust generation
and emitted particle size distribution (PSD) (Kok, 2011b; Kok et al., 2012; Kok, 2011a; Shao
et al., 2011). Improvement of dust mass balance and more accurate description of aerosol mi-5

crophysical properties and vertical profiles have facilitated better understanding of the dynamic
responses and quantification of dust radiative forcing (Zhao et al., 2013; Zhang et al., 2013;
Koffi et al., 2012).

The world’s biggest deserts are the major source regions of dust (Tanaka and Chiba, 2006;
Ginoux et al., 2012). Multiple studies and field campaigns were conducted in North Africa,10

which accounts for more than 50% of the annual global dust emissions. Otto et al. (2007)
carried out a sensitivity study on refractive index, solar zenith angle and surface albedo (ocean
and desert) for the 1997 Saharan ACE-2 campaign. They stressed the role of large mineral dust
particles. Slingo et al. (2006) presented simultaneous space and ground based observations of a
major dust storm during March 2006 in Niamey, Niger. Osborne et al. (2011) demonstrated the15

effect of Saharan dust aerosol in cloud-free conditions over land areas between Mauritania and
Niger during June 2007. Ryder et al. (2013) investigated the

✿✿✿✿✿✿✿
aerosol size distribution and optical

properties over Mali, Mauritania, and Algeria during the Fennec 2011 aircraft campaign.
The Arabian Peninsula is the third largest source region of dust after North Africa and Central

& East Asia, accounting for about 12% of total emissions (Tanaka and Chiba, 2006). However,20

this region received little attention so far; it is lacking field campaigns and has few in-situ obser-
vations. Some of the studies conducted for the Arabian Peninsula include dust storm trajectories
analysis (Notaro et al., 2013), impact of the March 2009 dust storm (Maghrabi et al., 2011), and
assessment of the remotely-sensed and ground based aerosol optical depth (AOD, τ ) measure-
ments consistency (Yu et al., 2013).25

Osborne et al. (2011), Slingo et al. (2006), and Otto et al. (2007) have considered diurnal
effects of dust. However, treatment of the surface optical properties was oversimplified (surface
albedo was fixed). Jin et al. (2004) showed that measured broadband ocean surface albedo
(OSA) for a specific condition varies from about 0.04 at local noon to 0.3 when the sun is
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low. Li et al. (2006) considered several OSA parametrization schemes and pointed out that
top of the atmosphere (TOA) reflected solar fluxes are biased by up to 20 W m−2 for simpler
schemes. For the desert surface case, based on the Baseline Surface Radiation Network (BSRN)
measurements at the Desert Rock location, Roesch et al. (2004) showed that diurnal variation
of the broadband albedo were confined to the 0.2 to 0.27 range. Surface albedo is also known to5

depend on the atmospheric conditions and on the ratio of direct and diffuse fluxes in particular.
Increased surface diffuse flux tends to increase effective albedo during the local solar noon
and decrease it when the sun is low (Lyapustin, 1999). Even though intrinsic variability of
the surface albedo and impact of atmospheric conditions are believed to have a minor effect
on climate energy balance, diurnal cycle of the surface albedo may be an important factor in10

determining the sign and improving the quantitative estimate of dust forcing.
Daytime cycles of dust impact have also been studied using the observations from the Spin-

ning Enhanced Visible and InfraRed Imager (SEVIRI) and Geostationary Earth Radiation Bud-
get (GERB) instruments on Meteosat-9, by Ansell et al. (2014) and Banks et al. (2014). In
each considered case (Geostationary Earth Radiation Budget Intercomparison of Longwave and15

Shortwave radiation campaign over North Africa during June 2007 and Fennec campaign in the
central Sahara in June 2011, respectively) diurnal features reported were generally not due to
diurnal cycle of the AOD itself, suggesting that the physics involved are playing a major role.

The complexity of the mineral dust radiative effect is associated with several factors. Dust
aerosol is optically active in both shortwave (SW) and longwave (LW) ranges. It is one of the20

most absorbing aerosols after black carbon (Kinne et al., 2003). Its effect strongly depends on a
number of parameters including dust particle size distribution and surface albedo, temperature,
and water vapor mixing ratio, especially for the longwave case. Dust spatial, temporal, and
microphysical patterns are known to vary depending on the location and source regions (Giles
et al., 2012; Basart et al., 2009).25

The current study aims at better quantification of the clear-sky mineral dust instantaneous
direct radiative forcing (DRF) and its diurnal cycle over the Arabian Peninsula. This region is
less studied and lacks in-situ observations, even though it represents one of the major sources of
dust and occupies a significant part of the dust belt area

✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿
(Prospero et al., 2002) . We pay close
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attention to the effects of the surface albedo, carefully define aerosol characteristics, and study
the the DRF diurnal cycle. In order to carry out numerical experiments, we developed a flexible
framework for a standalone column Rapid Radiative Transfer Model (RRTM) and tested the
model conducting radiation closure calculations using satellite and ground-based observations.
The model description is given in Sect. 2. Numerical experiments were performed for King5

Abdullah University of Science and Technology (KAUST) campus location at the shoreline
of the Red Sea, 22.305N 39.095E and at the Solar village location in the central part of the
Arabian Peninsula, 24.907N 46.397E, where both bottom of the atmosphere (BOA) and top
of the atmosphere (TOA) observations (Sect. 3) are available for closure as well as Aeronet
observations of aerosol abundance and optical characteristics. Results are presented in Sect. 4.10

Mechanisms and parameters responsible for sensitivity of the diurnally resolved and daily mean
DRF over the Arabian Peninsula are then discussed. We formulate conclusions in Sect. 5.

2 Model description

Column standalone radiative transfer models are widely used for detailing the radiative impact
of dust aerosol (Otto et al., 2007; Osborne et al., 2011; Slingo et al., 2006). Such models com-15

prise a radiative transfer core and a preprocessor. As a core of such a model in this study we
use the Rapid Radiative Transfer Model (RRTM), which is employed as a radiation module in a
number of general circulation and regional models. The full list of applications, source code and
examples are available at: http://rtweb.aer.com/rrtm_frame.html, last access: 17 January 2015.
The developed preprocessor can handle:20

1. Meteorological input profiles from ERA-Interim products or GCMs output

2. Gas component profiles from observations and from chemistry and transport model out-
puts

3. Spectral aerosol optical property profiles
✿✿✿✿✿✿✿
derived

✿
from Aeronet products (derived from

Mie solution for spherical particles assuming log-normal distribution)25
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4. Cloud property profiles (not used in this study)

5. Surface spectral optical properties from airplane observationsand ,
✿
MODIS land products

✿✿✿
and

✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿
parametrizations

✿

In-depth details of each component and treatment of aerosols are given in the following sections.

2.1 RRTM5

RRTM has been extensively validated and is known to be used in various applications including
the Integrated Forecast System at the European Centre for Medium-Range Weather Forecasts
(ECMWF) and the Weather Research and Forecasting Model (WRF-ARW) at the National Cen-
ter for Atmospheric Research (NCAR). The LW module, RRTM_LW (Mlawer et al., 1997),
uses the correlated-k method for LW radiative transfer, allowing calculation in 16 bands in the10

spectral range of 3.08-1000 µm. The SW module, RRTM_SW (Mlawer and Clough, 1997), has
14 bands in the spectral range of 0.2-12.2 µm. In this study both SW and LW RRTM are con-
figured to use Discrete Ordinates Radiative Transfer (DISORT) solver with the 16 stream setup
to perform radiative transfer calculations. Key RRTM features important for this study are:

1. k-distributions are obtained directly from a line-by-line radiative transfer model15

2. Modeled molecular absorbers are water vapor, carbon dioxide, ozone, methane, and oxy-
gen; additional sources of extinction are Rayleigh scattering in SW and nitrous oxide,
nitrogen, and halocarbons in LW. Aerosol scattering effects are taken into account in both
SW and LW

3. RRTM_SW error with respect to line-by-line calculations is 1 W m−2 for direct and 220

W m−2 for diffuse irradiance, respectively
✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿
(Mlawer and Clough, 1997 )

4. RRTM_LW error with respect to line-by-line calculations is 1.5 W m−2
✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿
(Mlawer et al., 1997 )
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2.2 Atmospheric meteorological characteristics and chemical composition

The meteorological characteristics required to drive RRTM were taken from the ECMWF re-
analysis (ERA-Interim) data set. ERA-Interim data were obtained from the ECMWF Data
Server with 0.125 by 0.125 degree horizontal and 6 hours temporal resolution. Necessary val-
ues were linearly interpolated in time. Gas components were prescribed as monthly climatology5

derived from the Global Modeling Initiative (GMI) model monthly mean output. The GMI 3-D
chemistry and transport model was integrated with meteorological fields from the Modern Era
Retrospective-analysis for Research and Applications (MERRA) and includes full chemistry
for both the troposphere and stratosphere (Strahan et al., 2011; Douglass et al., 1999). All cal-
culations were performed on the internal grid consisting of 37 vertical pressure levels. To avoid10

additional interpolation errors, boundaries were set up at constant ERA-Interim pressure levels.
Corresponding heights were calculated from geopotential. All additional necessary variables
were interpolated on this internal pressure grid.

2.3 Aerosols

The aerosol optical properties
✿✿
in

✿✿✿✿✿✿✿✿✿
shortwave

✿
(extinction �(λ), single scattering albedo ω(λ),15

and phase function p(λ)) are calculated for a given size distribution N(r) (van de Hulst, 1957)
assuming the sphericity of particles using

✿
a
✿✿✿✿✿✿✿
mixture

✿✿✿
of

✿✿✿✿✿✿✿✿✿
randomly

✿✿✿✿✿✿✿✿✿
orientated

✿✿✿✿✿✿✿✿✿
spheroids,

✿✿✿✿✿✿✿✿✿
following

✿✿✿
the

✿✿✿✿✿✿✿✿
approach

✿✿✿
of

✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿
Dubovik et al. (2006) .

✿✿
In

✿✿✿✿✿✿✿✿✿✿
longwave,

✿✿✿✿✿✿✿✿✿✿✿✿
non-spherical

✿✿✿✿✿✿✿
effects

✿✿✿
are

✿✿✿✿✿✿✿✿✿
expected

✿✿
to

✿✿✿
be

✿✿✿✿✿
small

✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿
(Haywood et al., 2005) and

✿✿✿✿
the analytic Mie solution (Veihelmann et al., 2006)

✿✿✿
has

✿✿✿✿✿
been

✿✿✿✿
used. We assume that aerosol size distribution can be approximated by two log-normal modes20

(fine and coarse) with parameters ri and σi (modal radius and standard deviation of the radius
for number distribution, respectively):

dN(r)

dr
=

�

i=c,f

Ni

rσi
√
2π

e
− (ln(r)−ln(ri))

2

2σ2
i (1)

where index i goes for coarse (c) and fine (f ) modes, Ni is a total number density of particles
of a given mode, and r is a radius.25
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Particles from the coarse and fine modes might have different refractive indices. We assume
that aerosol is represented by one dominant type (dust, justified further). We assume that two
modes are externally mixed, thus optical properties of the mixture could be obtained according
to e.g., D’Almeida et al. (1991):

�m(λ) =
�

i=c,f

�i(λ) (2)5

ωm(λ) =

�
i=c,f

ωi(λ)�i(λ)

�
i=c,f

�i(λ)
(3)

pm(λ) =

�
i=c,f

pi(λ)ωi(λ)�i(λ)

�
i=c,f

ωi(λ)�i(λ)
(4)

where subscript m means mix aerosol and pi(λ), ωi(λ), �i(λ) are calculated for each mode10

separately.
To define aerosol size distribution we use effective radius and standard deviation of the

fine and coarse modes from Aeronet inversion products (Dubovik and King, 2000). For a
given mode, effective radius is related to the modal radius ri in the following way (Lacis and
Mishchenko, 1995):15

reff =

∞́

0
r3 dNi(r)

dln(r) dln(r)

∞́

0
r2 dNi(r)

dln(r) dln(r)
= rie

5σ2

2

5σ2
i

2
✿✿✿

(5)

Aeronet provides column integrated values of AOD and, in order to define a plausible aerosol
vertical profile, we collected Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO, Vaughan et al., 2004) scans in the region bounded by 32N 32E and 10N 61E. This
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area covers the Arabian Peninsula, the Red Sea and the Arabian Gulf. Basic screening was
applied to the CALIPSO Lidar Level 2 Aerosol Profile product, spanning the 2007-2013 time
range. The CALIPSO extinction profiles at 532 nm were screened over land, averaged, and
combined into column AOD bins with 0.01 step shown in Fig 1. In this figure, column AOD
(horizontal axis) spans from fair-weather (AOD < 1) to dust storm (AOD > 2.5) conditions.5

Even though the number of observations drops significantly as AOD grows, we believe that
during the dust storm both fine and coarse modes are well-mixed within the boundary layer. Fig
1 shows a fast decrease of extinction of the aerosol layer at about 5 km at the top of the planetary
boundary layer (PBL) for the entire range of column AODs. This behavior is consistent with
measurements done during the SAMUM I campaign in southern Morocco in 2006 (Weinzierl10

et al., 2009) where observed well mixed aerosol layers were restricted by capping inversion. On
this basis, assumption about vertical profile were made and, in numerical experiments, aerosols
from both modes were distributed uniformly between surface and 550 hPa. This simple vertical
distribution was also used for fair-weather conditions. According to Liao and Seinfeld (1998),
errors associated with uncertainty in the vertical profile have negligible impact in SW and are15

less than 1 Wm−2 in LW for about 0.1 AOD between considered profiles.
According to CALIPSO, the ratio of the “not dust” and “dust” successful retrievals (screened)

in the column between 0 and 5 km is 2.04 percent. Hence, not surprisingly, dust is a dominant
aerosol type over the Arabian Peninsula and therefore in calculations we accounted only for
dust. We used Balkanski et al. (2007) refractive indices (RIs) of the mineral dust internally20

mixed with 0.9%, 1.5% and 2.7% volume weighted hematite to calculate aerosol optical prop-
erties (referred to as B09, B15 and B27 respectively). Optical depths at 500 nm for each mode
provided by the Aeronet Spectral Deconvolution Algorithm (SDA) were used to derive the total
number of particles Ni in Eq. (1) to match the observed optical depth.

2.4 Surface optical properties25

It is known that surface albedo is extremely important for calculation of the dust radiative effect
(Houghton et al., 2001), as it defines bottom boundary conditions for the radiation transport
✿✿✿✿✿✿✿
transfer in the atmospheric column. For each wavelength it is calculated as a ratio of the reflected

9



D
iscussion

Paper
|

D
iscussion

Paper
|

D
iscussion

Paper
|

D
iscussion

Paper
|

and incident surface radiation fluxes. However, surface albedo depends on several parameters
and atmospheric conditions. Experimental and theoretical studies have shown its dependence
on the solar zenith angle, ratio of the direct and diffuse fluxes and, in case of ocean surface,
on wind speed (or surface roughness) and chlorophyll concentration (Lyapustin, 1999; Li et al.,
2006; Jin et al., 2004). In this section we discuss both land and ocean surface albedo.5

The Moderate Resolution Imaging Spectroradiometer (MODIS) instrument aboard Terra
and Aqua satellites views the entire Earth’s surface every 1 to 2 days, acquiring data in 36
spectral bands. The MODIS multidate and multiangular remotely sensed surface reflectances
are used to derive MODIS Bidirectional Reflectance Distribution Function (BRDF)/Albedo
product MCD43 based on the RossThickLiSparce-Reciprocal model (Shuai et al., 2008). The10

MCD43A1 product provides the parameters associated with this model sufficient to compute
the black-sky (qbsa, direct radiation) and white-sky (qwsa, diffuse radiation) albedos. Thus, in
SW total albedo q can be obtained as a weighted sum:

q(λ,θ) =
qbsa(λ,θ)F dir + qwsa(λ)F dif

F dir +F dif
(6)

where λ is a wavelength, θ is a solar zenith angle, F dir and F dif are the direct and diffuse fluxes15

respectively.
For ocean surface we adopted parametrization provided by Jin et al. (2004). In this case, SW

total spectral albedo is a weighted sum of four components:

q(λ,θ,w,chl) =
F dir(qdirs (λ,θ,w)+ qdirw (λ,θ,w,chl))+F dif (qdifs (λ,w)+ qdifw (λ,w,chl))

F dir +F dif

(7)

where w is a wind speed, chl is a chlorophyll concentration, qdirs , qdifs , qdirw , and qdifw are surface20

direct and diffuse and ocean volume direct and diffuse albedos, respectively. The effect of ocean
foams (white caps) is also taken into account. Jin et al. (2004) show that their parametrization
is in excellent quantitative and qualitative agreement with observations and correctly captures
diurnal variations of the OSA.
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LW surface emissivity is mostly defined by the surface type. Over land it also depends on
the season and vegetation and is thus best observed from space. Daily land surface emissivities
in LW were obtained by combining MODIS level 3 MOD11C1 and MYD11C1 products. LW
emissivity for sea water was obtained from the Aster spectral library (Baldridge et al., 2009).

This formulation of the surface albedo (both for land and ocean) introduces non-linearity in5

the radiation transport
✿✿✿✿✿✿
transfer

✿
calculations, since surface albedo itself depends on F dir and

F dif . Therefore, when calculating radiation transport
✿✿✿✿✿✿✿
transfer in a given atmospheric column,

an iterative approach was used to obtain the ratio r = F dif

F dir (Li et al., 2006). During each itera-
tion a new value of r is obtained and is used in the next step. The iterations continue until the
convergence criteria |ri+1− ri|< 35 ∗ 10−4 is satisfied, where i is the iteration number. Con-10

vergence criteria is chosen not to diminish the overall accuracy of the RRTM calculations. In
order to facilitate the convergence, an initial guess value of r is chosen depending on the column
optical depth.

3 Radiation closure

Observations over the Arabian Peninsula are scarce. Below we discuss the set of measurements15

that we were able to retrieve and employ in our study.

3.1 Ground observations

Since 1995 until 2003, the King Abdulaziz City for Science and Technology (KACST) and
the National Renewable Energy Laboratory (NREL) have co-operated to establish a 12 station
network of high quality radiation monitoring installations across the Kingdom of Saudi Arabia.20

The Solar Village site served as the Network Operations Center, calibration facility, and data
retrieval and quality assessment center. One- and five-minute data are collected by a suite of
instruments compatible with the BSRN specifications, including upwelling and downwelling
longwave and shortwave fluxes (Al-Abbadi et al., 2002).
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In the scope of collaboration with the WHOI (Woods Hole Oceanographic Institution), a
fully-instrumented shore-side tower was deployed at the KAUST campus in 2009 (Farrar et al.,
2009) that routinely measures hourly average downward radiation fluxes (data are available at:
http://uop.whoi.edu/projects/KAUST/, last access: 17 January 2015).

3.2 TOA observations5

To test the simulated radiation fluxes at TOA we used satellite observations. Instantaneous
footprint-level (20km

✿✿
20

✿✿✿✿
km nominal spatial resolution) observed fluxes and cloud coverage

were obtained from Clouds and the Earth’s Radiant Energy System (CERES, Wielicki et al.,
1996) Single Scanner Footprint TOA/Surface Fluxes and Clouds (SSF) Level 2 Edition 3A
product. Pixels from Aqua and Terra within 0.2 degree distance were collected for comparison.10

These data were obtained from the NASA Langley Research Center Atmospheric Science Data
Center. Additionally, we made use of the Geostationary Earth Radiation Budget High Resolu-
tion (GERB HR) product (available from 2004 onward) which provides continuous observations
of the TOA outgoing fluxes available every 15 minutes and which we re-gridded to 0.25 degree
spatial resolution (Harries et al., 2005; Dewitte et al., 2008). We also made a detailed compar-15

ison with the retrievals of SW and LW radiative forcing derived from GERB measurements,
which are described in detail by Ansell et al. (2014) and investigated further by Banks et al.
(2014). To empirically derive DRF one has to define the “pristine-sky” fluxes as a reference
characteristic. In the SW, pristine-sky surface albedo is derived from a regression of measured
planetary albedo against SEVIRI AOD (Brindley and Russell, 2009) within a 0.25 degree grid20

cell. The SW dust radiative effect is then calculated by multiplying this pristine-sky albedo by
the incoming downwelling SW flux, and subtracting the measured TOA flux. Meanwhile in the
LW, the pristine-sky TOA LW flux is derived for each timeslot using a 28-day rolling reference
window which also seeks to account for variations in atmospheric humidity and surface tem-
perature (Brindley, 2007). As with the SW, the measured TOA LW flux is then subtracted from25

this pristine-sky LW flux.
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4 Results

In this section we discuss clear-sky radiative transfer calculations conducted for different loca-
tions over the Arabian Peninsula and the sensitivity studies. In each case mineral dust DRF is
calculated as a difference between perturbed (P) and control (C) experiments, where P experi-
ments account for dust aerosol and C experiments do not. Both C and P experiment calculations5

are carried out using the same meteorology and atmospheric composition.

4.1 Radiation closure test and DRF

In this section we conduct calculations for two specific locations: in the central Arabian desert
at Solar Village and in the semi-desert area at the coastal plain of KAUST campus.

The first case study focuses on the 9-12 August 2002 DRF during fair-weather AOD con-10

ditions, based on Aeronet measurements at the Solar village site established in 1999. For this
case measurements of both the surface incident and reflected shortwave fluxes are available.
They were used to estimate broadband surface albedo and compare it with the one derived from
the model runs based on the MODIS BRDF/Albedo product. Description of the experiments
and corresponding abbreviations are provided in Table 1. The first set of perturbed and control15

experiments (denoted as P and C, respectively) uses surface temperature approximated from ob-
servations of the surface upwelling LW fluxes and the Stefan-Bolzmann law. The second set of
experiments (denoted as PE and CE) follows a default setup (Sect. 2.2) and is based on surface
temperature derived from ERA-Interim product. The third set of experiments (denoted as PA
and CA) is identical to the first set, but does not model LW scattering and uses absorption opti-20

cal depth instead of extinction optical depth to exclude scattering effects. The second case study
deals with a major dust outbreak that occurred over the Arabian Peninsula during March 2012.
The storm was observed by Aeronet at the KAUST campus site established in February 2012.
The storm front first arrived on 18 March, causing strong AOD growth up to τ(0.5µm)∼ 1.6.
Maximum value τ(0.5µm)∼ 4.75 was reached on 19 March 2012. During the next 5 days AOD25

gradually relaxed from τ(0.5µm)∼ 2 to τ(0.5µm)∼ 0.5. Since calculations in this section are
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based on Aeronet observations, simulations are only performed during the daytime at the exact
time of each measurement.

Fluxes from satellite retrieval products, ground-based observations and the model used in this
study span different spectral ranges as summarized in Table 2. The broadband fluxes are inte-
grated over wavelengths and are not very sensitive to the exact position of the band’s interfaces,5

as the interfaces are chosen to be in the regions of small intensities of the solar and terrestrial
radiation (van de Hulst, 1957). However, cut off at 50 microns in LW may introduce positive
bias up to about 14 Wm−2 when RRTM fluxes are compared to ground based observations.

In order to quantitatively compare time series of computed and observed quantities (yc and
yo) we define the absolute error (root-mean-square error, RMSE) given by10

RMSE =

��
i
e2
i

N
(8)

where N is the number of elements in the time series, deviation at a given time ei = yc
i
− yo

i
.

Similarly, relative error (RMSEr) is given by: RMSEr =
RMSE������

�

i

(yc
i
)2

N

100%

4.1.1 Solar village

This case study is characterized by naturally cloud free conditions and relatively low column
AOD shown in Fig. 2. We were able to achieve good agreement with the SW downwelling sur-
face direct fluxes shown in Fig. 2. While the instrument uncertainty is 2% at 1 kW m−2, RMSE15

does not exceed 10 W m−2 and RMSEr is only 1.9%, as aerosol extinction optical depth pro-
vided by Aeronet is fairly accurate. At the same time, we have stronger forward scattering
in calculations (partially because of the particle sphericity assumption and/or underestimating
number of large particles by Aeronet, Müller et al., 2010; McConnell et al., 2008 ) then

✿✿✿✿
than in

observations as indicated by the positively biased diffuse flux (RMSEa is 37
✿✿
36 W m−2 and20

RMSEr is 20%). As a result, total albedo q (Eq. (6)) shifts more towards the qwsa. Neverthe-
less, taking into account that diffuse flux in the perturbed experiment is on average 3.5 times
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bigger then
✿✿✿✿
than

✿
in the control (not shown here), this bias has minor impact on effective albedo

(Eq. (6)). Abrupt “triangular-like” shape of the computed LW fluxes is due to linear interpola-
tion of the 6-hour meteorological data. In LW RMSE reaches 17 W m−2, given the instrument
uncertainty of +/- 10 W m−2 and RMSEr is 4.1

✿✿
4.2%. Bias due to difference in the RRTM and

instrument spectral range contributes up 14 Wm−2 to the error and discrepancies in meteoro-5

logical profiles have only minor impact.
Figure 3 shows diurnal variations of the broadband surface albedo derived from BSRN mea-

surements and calculated in the perturbed experiment. Since observations are attributed to a
point location and the numerical experiment is based on the MODIS BRDF product attributed to
a 500 m pixel, exact quantitative comparison with measurements is somewhat hindered. Never-10

theless, MODIS BRDF parameters are adequate and qualitatively capture a strong diurnal cycle
of the surface albedo up to solar zenith angles of about 75◦.

Due to positive bias in the surface downwelling flux (mostly due to diffuse components, Fig.
2) and in the surface albedo (Fig. 3), computed surface upwelling SW fluxes shown in Fig. 4 are
slightly bigger than observed and RMSE reaches 19 W m−2, RMSEr is 8.2

✿✿✿
8.4%, given 3%15

instrument uncertainty at 1 kW m−2. Surface upwelling LW fluxes in the perturbed experiment
agree with observations by construction. At the same time, error in ERA-Interim surface tem-
perature increases RMSE to 25 W m−2 and RMSEr to 4.5% for the PE experiment relative
to measurements.

Figure 5 shows that computed SW TOA outgoing fluxes are also consistent with CERES in-20

ferred values (RMSE is 21
✿✿✿
20 Wm−2 and RMSEr is 6.5

✿✿
6.3%). In LW, due to corrected

surface temperature, P experiment has slightly better agreement with observations than PE
experiment (RMSE is 19

✿✿
18

✿
Wm−2 and 21

✿✿
20

✿
Wm−2, RMSEr is 1.8% and 2

✿✿✿✿
1.7%

✿✿✿✿
and

✿✿✿
1.9%, respectively). This can be compared to the estimates of the CERES instantaneous TOA
flux error, which are based on a series of consistency tests and are discussed in Loeb et al.25

(2003). For example, all-sky TOA flux uncertainties for Terra in tropics are estimated to be 14.3
Wm−2 (5.1%) and 5.1 Wm−2 (1.8%) in SW and LW, respectively (according to CERES Terra
Edition3A SSF Data Quality Summary, available at: https://eosweb.larc.nasa.gov/project/ceres/
quality_summaries/CER_SSF_Terra_Edition3A.pdf, last access: 17 January 2015). Compari-
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son of the TOA fluxes completes the radiation closure. Given a good agreement (with uncer-
tainties close to instrumental) of the surface (downwelling and upwelling) and TOA (upwelling)
fluxes and thus fairly accurate radiation closure, we focus on calculating the mineral dust radia-
tive forcings. We first define total downward minus upward flux as:

F = F↓−F↑ (9)5

where F↓ and F↑ are the downward and upward fluxes, respectively. Thus, following the con-
vention, the instantaneous forcing ∆F (either TOA or BOA) is defined as difference of total
downward minus upward fluxes in the P and C experiments:

∆F = FP −FC (10)

and atmospheric absorption ∆FA due to dust aerosol is then defined as a difference between10

TOA and BOA forcings:

∆FA =∆F TOA−∆FBOA (11)

The positive value of the radiative forcing ∆F TOA, ∆FBOA, ∆FA means heating of the
atmospheric column, underlying surface or atmosphere respectively.

Figure 6 shows that ∆F TOA and ∆FA have strong diurnal cycles. In SW, dust causes cool-15

ing of the atmospheric column (but ∆F TOA is close to zero during the local solar noon) and
increases atmospheric absorption. In LW the effect is opposite, but has comparable magnitudes.
Sensitivity of the LW DRF to the surface temperature (not shown) is much smaller compared
to fluxes, as expected, and RMSE of the LW DRF is less then

✿✿✿
than

✿
0.5 Wm−2 between P and

PE experiments, given RMSE of the surface temperature is 2 K. Liao and Seinfeld (1998)20

also considered dependence of the LW DRF on atmospheric conditions (including temperature
and water vapor profiles) and reported similar values. LW scattering has a stronger impact on
LW ∆F TOA than on ∆FA and RMSE is 2.9 Wm−2 and 0.1 Wm−2, respectively, between
P and PA experiments. Similar results have been reported by Dufresne et al. (2002) and Sicard
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et al. (2014). The number of large particles in the size distribution might be potentially under-
estimated by Aeronet, and thus the impact of LW scattering could be underestimated. Errors
associated with the surface albedo are discussed separately in Sect. 4.2.2.

4.1.2 KAUST campus

The time span of the numerical experiments for the KAUST case consists of several days of fair-5

weather AOD followed by the major dust outbreak that occurred over the Arabian Peninsula
on 18-20 March 2012 and several days of recovery. Figure 7 shows the impact of this dust
event on the surface downwelling fluxes. Peak AOD at KAUST was reached on 19 March. As
a result, observed surface downwelling SW flux reduced to about 500 W m−2, which is half
of the corresponding control experiment value. Due to high column AOD, direct flux almost10

disappeared and all the downwelling flux was represented by the diffuse component only. A
similar effect was reported by Slingo et al. (2006) for the March 2006 dust storm at Niamey,
Niger. SW surface cooling was partly compensated by increased downwelling LW flux from the
dust layer.

Strong reflection of the SW radiation back to space was observed during the storm. The15

top panel in Fig. 8 shows that outgoing SW fluxes increased by about 150 W m−2, which is
consistent with the satellite retrievals. Unlike the Solar village case, clouds were present during
the selected days as shown on the top panel of Fig. 8. This fact degrades the agreement and
explains biases in the computed fluxes relative to observations since calculations are done for
clear-sky conditions. Presence of clouds implies higher column optical depth than assumed20

in the model and thus observed SW downwelling fluxes are smaller than computed, which is
consistent with the results shown on the top panel in Fig. 7.

For this case study, GERB cloud-screened SW and LW TOA DRF are available for compar-
ison and are shown in Fig. 9. According to Ansell et al. (2014), estimated GERB DRF error
both in SW and LW is +/- 15 Wm−2. Similar to the Solar village case, TOA DRF exhibits25

strong diurnal cycle. SW DRF is strictly negative and reaches about -150 Wm−2 when AOD is
at its highest. In LW mineral dust causes significant warming of the Earth-atmosphere system
reaching 40

✿✿
50

✿
W m−2. Unlike the Solar village, the impact of LW scattering is critical in this
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case (RMSE is 7
✿✿
6 Wm−2

✿✿✿
and

✿✿✿✿✿✿✿✿✿
RMSER✿✿

is
✿✿✿✿✿
38%) with maximum error on 19 March reaching

almost 16
✿✿✿
14 Wm−2. Two independent sets of TOA forcings (model and GERB) agree fairly

well in magnitude (RMSE is 26
✿✿
24

✿
Wm−2 and 7

✿
5 Wm−2 in SW and LW, respectively)

and general behavior, confirming that the model captures the main quantitative features of the
process.5

4.2 Diurnal cycle of SW DRF

In this section we focus on the sensitivity of the SW DRF diurnal cycle at the TOA and BOA
and atmospheric absorption by aerosol, i.e. ∆F TOA, ∆FBOAand ∆FA, with respect to several
parameters that span the range of values representative for the Arabian Peninsula. Specifically,
we consider dependence on solar zenith angle θ and sensitivity to the total column AOD τ ,10

aerosol size distribution dN

dr
, aerosol refractive index RI and surface albedo q:

∆F = f(θ,τ,
dN

dr
,RI,q(θ, r)) (12)

While the middle Arabian Peninsula is extremely arid, coastal areas receive more precipita-
tion, have more vegetation and are less reflective. The Red Sea reflects relatively little. To cover15

this range, we consider ocean, coastal plain and desert surface albedos. The first two albedos
are obtained from Solar village and KAUST cases (see Sect. 4.1.1 and 4.1.2). The ocean surface
albedo was parametrized (see Sect. 2.4) with fixed values of the wind speed (w = 5

✿✿✿✿✿✿
m s−1) and

chlorophyll concentration (chl = 0.15
✿✿✿✿✿✿✿✿
mg m−3). Three different RIs of the coarse mode (B09,

B15, B27) are considered. Since fine mode is mostly represented by the clay particles that con-20

tain more hematite compared to the coarse mode, we only consider one fixed RI of the fine mode
(B27). Numerical calculations are done with 10 minutes temporal resolution. Meteorology and
gas composition profiles are based on the Solar village location on 9 August 2002.

Unlike the Solar village and KAUST case studies, in this section we conduct sensitivity anal-
ysis to model parameters rather then

✿✿✿✿
than considering a specific time period. Size distribution25

statistics are derived from Aeronet Level 2.0 inversion product as a function of total column
18
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AOD over the Arabian Peninsula (Fig. 10). For fair-weather conditions, fine and coarse modes
AOD are comparable to each other. For more severe events, coarse mode AOD contribution
dominates and scales as 5 to 1 relative to the fine mode. In terms of microphysical properties,
scaling of the coarse mode AOD is accompanied by the shift towards larger radii and narrowing
of the size distribution. Fine mode size distribution scaling is characterized by growth of their5

standart deviation σ. The same analysis for northern Africa shows similar scaling patterns of the
aerosol size distribution and AOD. Obtained statistics were fitted as a function of total column
AOD covering the range from 0 to 3 as shown in Fig. 10. These scaling regimes were used in
Eq. (1) to build the aerosol size distribution and calculate optical properties of dust aerosol. In
order to estimate the diurnal cycle of AOD we use AOD statistics derived from Aeronet AOT10

Level 2.0 product. Figure 11 shows the diurnal cycle of the AOD probability density function
(pdf) at KAUST and Solar village. For each station pdf was computed by collecting AOD obser-
vations into AOD bins with 0.05 stepping at 30 minutes intervals, which then were normalized
so that the integral of the pdf from zero to positive infinity is equal to 1 in a particular time
slot. Figure 11 shows that AOD diurnal cycle at both locations is rather uniform with relatively15

weak tendency for higher AOD values in the morning and late afternoon. Banks et al. (2014)
also reported low variability of the daytime cycle in mean SEVIRI and Aeronet AOD over the
Bordj Badji Mokhtar site in the central Sahara.

We discuss below the sensitivity of the TOA SW DRF diurnal cycle computed for differ-
ent RIs, surface albedos, and AODs. In Fig. 12 the simulated TOA forcing for the ocean case20

(top row) exhibits a relatively simple pattern with time of day, with maximal values of about
-200 Wm−2 seen from 10 to 14 hours. The magnitude of this forcing gets weaker with en-
hanced aerosol absorption (left to right). As the surface gets more reflective (top to bottom), the
forcing is weakened and goes from being relatively flat during local noon to exhibiting a sym-
metrical weakening around local noon. The contrast between peak forcing and this localised25

reductions (min-max-min structure, MMM) becomes more exacerbated with increased aerosol
absorption and surface albedo, such that the maximum difference in forcing between morn-
ing/evening and local noon is seen for the most absorbing aerosol over the desert surface (bot-
tom right panel). For this case

✿✿✿✿✿
These

✿✿✿✿✿✿
results

✿✿✿✿
are

✿✿✿✿✿✿✿✿✿
consistent

✿✿✿✿✿
with

✿✿✿✿✿
those

✿✿✿✿✿✿✿
derived

✿✿✿✿✿✿✿✿✿✿✿✿✿✿
observationally
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✿✿
by

✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿
Ansell et al. (2014) and

✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿✿
Banks et al. (2014) over

✿✿✿✿✿✿✿✿
northern

✿✿✿✿✿✿✿
Africa,

✿✿✿✿✿
where

✿
the sign of the forc-

ing switches from negative to positive and then again to negative through the course of the
day, indicating a SW cooling-heating-cooling of the Earth-atmosphere system. These results are
consistent with those derived observationally by Ansell et al. (2014) and Banks et al. (2014) over
northern Africa. Additionally, Fig. 12 shows that daily mean TOA DRF is not a linear function5

of the total AOD (red line) and efficiency (∆FTOA

τ
) of the daily mean forcing as a function total

AOD declines faster over more reflective surfaces and for more absorbing aerosols.

4.2.1 Process analysis

SW TOA DRF shown in Fig. 12 has nontrivial shape and strong diurnal cycle. In order to quali-
tatively explain the mechanisms responsible for forming this shape and understand the interplay10

of different factors, we consider a few special cases. We assume now that the surface albedo do
not change during the daytime. We use the same experiment setups presented in Sect. 4.2 but
manually override certain parameters and assume that total column AOD is equal to 0.5. To
demonstrate dependence on the surface albedo we consider black surface (q = 0 for all wave-
lengths), desert (measured during the B300 flight over Mauritania, Johnson and Osborne, 2011)15

and white surface (q = 1 for all wavelengths) albedo. To demonstrate dependence on aerosol
absorption and anisotropic scattering we consider absorbing (ω = ω∗, same as in Sect. 4.2) and
non-absorbing (ω = 1 for all wavelengths) dust, isotropic (g = 0 for all wavelengths, where g is
a asymmetry parameter) and anisotropic (g = g∗, same as in Sect. 4.2) scattering by aerosol (see
Fig. 13). This approach allows us to extract the impact of each parameter on the DRF diurnal20

cycle. Let us consider first black body surface albedo and non-absorbing dust (black curves in
two left columns in Fig. 13). In this case surface does not reflect and TOA upward flux is only
due to reflected radiation by the dust layer (F reflected

dust
) and atmospheric Rayleigh scattering.

Neglecting small changes in the atmospheric absorption, TOA DRF is almost equal to BOA
DRF. F reflected

dust
does not depend on surface albedo. However, it does depend on the aerosol25

scattering phase function. Due to dust anisotropic scattering, TOA, and thus BOA DRF in this
case, have diurnal variation with MMM structure shown in the second column of Fig. 13. On
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the other hand, in the isotropic case (g = 0) both TOA and BOA DRF follow a simple diurnal
cycle with one minimum at noon (left column in Fig. 13).

For the white body surface albedo case (blue curves), ∆FBOA is equal to zero. ∆FA equals
∆F TOA and both are small. Due to smaller surface reflected flux, for any intermediate albedo
case (including the real-case desert albedo, red curves) ∆F TOA is bounded by the black and5

white body albedo cases and the diurnal variation persists. In all cases ∆FA is small. To con-
clude the discussion of the non-absorbing aerosol case, we emphasize that both TOA and BOA
DRF are strictly non-positive (if we neglect the small changes in atmospheric absorption) over
any surface and MMM structures are due to anisotropic scattering by dust.

If we turn on the aerosol absorption (right two columns in Fig. 13) for the black surface10

albedo, F reflected

dust
is slightly reduced compared to the non-absorbing aerosol case, since part

of the photons are absorbed instead of being scattered. While TOA DRF remains almost the
same and surface reflected flux is absent, there is an additional significant component ∆FA,
which causes stronger cooling of the surface. For positive values of g (including physical range
of 0.5-0.7) forward scattering prevails and thus BOA is more sensitive to absorption then

✿✿✿✿
than15

TOA DRF. This also implies that MMM structures tend to persist for TOA and flatten for BOA
DRF (right column).

For the white body albedo case, since the ∆FBOA is zero, ∆F TOA is equal ∆FA, where
both quantities are strictly non-negative. Similar to the non-absorbing aerosol case, for any
intermediate surface albedo TOA DRF is bounded by the black and white surface albedo cases.20

Nevertheless, unlike the non-absorbing aerosol case, the upper bound is positive, which may
lead to sign changes during the diurnal cycle. To conclude the discussion of the absorbing dust
case, we emphasize that:

1. Anisotropic scattering by dust significantly contributes to the diurnal cycle of the TOA
and BOA DRF and explains the MMM structure.25

2. Higher surface albedo modulates ∆F TOA, ∆FBOA, and ∆FA and shifts them towards
the positive bound.
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3. Stronger absorption by dust significantly contributes to the diurnal cycle of the ∆FA.
It also shifts ∆F TOA and ∆FA towards the positive bound but has opposite effect on
∆FBOA.

4.2.2 Effect of the surface albedo

In the previous section we considered SW DRF dependence on the parameters that do not have5

a diurnal cycle. In this section we quantify the effect of the albedo diurnal cycle on the SW TOA
DRF. Airplane observations of the albedo usually are done at nadir. So, we define the reference
albedo for the solar zenith angle at local noon, i.e.

qfixed(r) = q(θnoon, r) (13)

The difference δF of the forcings calculated with the varying albedo q and the fixed albedo10

qfixed is a function of the solar zenith angle, optical depth and albedo:

δF =∆F (θ,τ, q(θ, r))−∆F (θ,τ, q(θ = θnoon, r)) (14)

both at BOA and TOA. Figure 14 shows corresponding broadband albedo diurnal cycles at the
desert, coastal plain, and ocean obtained from our numerical experiments. Albedo in Fig. 14 is
averaged over the range of optical depths (from 0 to 3) for a given refractive index (Balkanski15

1.5%
✿✿✿
B15). During the local solar noon q and qfixed coincide exactly (by construction), but they

deviate as the solar zenith angle grows. Changes in the qfixed are solely due to variations of
diffuse-to-direct flux ratio r. Figure 15 shows corresponding contribution to the SW TOA DRF
associated with diurnal cycle of q compared to qfixed. Since surfaces tend to be more reflective
with increasing solar zenith angle, δF is positive and causes a warming effect. The strongest20

effect is reached during the morning and evening hours and thus albedo diurnal cycle decreases
the diurnal variability of the SW TOA DRF. The effect quickly saturates when AOD reaches 1.
It is strongest over the ocean (up to 29 W m−2), weakening over desert (up to 24 W m−2) and
is smallest for the coastal plain (up to 11 W m−2).
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4.3 Daily DRF sensitivity

In this section we focus on the daily mean dust DRF, discuss the contribution of the SW, LW and
NET (SW plus LW) effects and their sensitivity to the surface albedo, and aerosol absorption
efficiency. Similarly to Sect. 4.2.1, in calculations we use 0.5 as a reference column AOD at 674
nm. Figure 16 shows daily mean ∆F TOA, ∆FBOA and ∆FA for B09, B15 and B27 RI and for5

the ocean, coastal plain and desert surface albedos. In this figure surface albedo grows from left
to right columns and inside each column aerosol absorption also grows from left to right. For all
RIs and surface albedos dust causes the SW cooling of the atmospheric column (negative TOA
DRF ) and of the surface (negative BOA DRF) and increases atmospheric absorption (positive
∆FA). In LW the sign of the forcings is opposite. In LW aerosol warms both the surface and the10

entire atmospheric column, but cools the atmosphere itself. Reduced variability of the LW DRF
compared to SW DRF is a consequence of much smaller changes of the aerosol absorption and
surface albedo or emissivity in LW than in SW. At BOA the LW forcing is weaker then

✿✿✿✿
than

SW forcing. At TOA SW cooling dominates LW warming of the atmospheric column except
the case for

✿✿✿
and

✿✿✿
for

✿✿✿✿
the strongly absorbing B27

✿✿✿✿
case over the desert , where the NET forcing15

is positive
✿✿✿✿✿✿✿✿✿✿
weakening

✿✿
to

✿✿✿✿✿✿✿
almost

✿✿✿✿
zero. NET atmospheric absorption changes the sign between

B09 and B15
✿✿✿
and

✿✿✿✿
B27

✿
refractive indices from negative to positive. Figure 16 also shows that

SW BOA DRF is more sensitive to increasing absorption by dust than SW TOA DRF, as was
discussed in Sect. 4.2.1.

5 Conclusions20

A column radiation transport
✿✿✿✿✿✿✿
transfer

✿
model was used to investigate dust instantaneous direct

radiative forcing over the Arabian Peninsula for a range of optical depths covering fair-weather
and dust storm conditions. According to CALIPSO product, dust is a dominant aerosol in this
area. We calculated the forcing of the dust aerosol over ocean, coastal plain and desert surfaces
✿✿✿✿✿✿✿✿✿✿
accounting

✿✿✿
for

✿✿✿✿✿✿✿✿✿✿✿✿✿
non-sphericity

✿✿✿
of

✿✿✿✿
dust

✿✿✿✿✿✿✿
aerosol

✿✿✿✿
and using a range of plausible refractive indices25

suggested by Balkanski et al. (2007) and were able to achieve good agreement of the surface
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and TOA fluxes with in-situ measurements and satellite retrievals. Available measurements of
surface reflected SW radiation were used to estimate the broadband surface albedo and test
computed surface upwelling fluxes based on the MODIS BRDF products. Even though MODIS
product and in-situ measurements are attributed to different spatial scales, analysis showed that
in simulations surface albedo diurnal cycle was well captured both quantitatively and qualita-5

tively. Our calculations for Solar village fair-weather conditions revealed strong diurnal cycle of
TOA DRF. Dust aerosol cools the entire column in SW throughout the diurnal cycle. However,
during the local solar noon the forcing weakens. The daily mean SW DRF for the considered
realistic range of aerosol parameters and surface albedos remains negative. Similar result was
reported by Osborne et al. (2011) for the comparable AOD during June 2007 over land areas10

between Mauritania and Niger. The KAUST campus case during the dust storm conditions is
characterized by a stronger cooling of atmospheric column due to lower surface albedo. Distinct
diurnal cycle of the TOA DRFs is also present.

Compiling aerosol statistics using Aeronet data, we found similar scaling patterns between
the Arabian Peninsula and North Africa. In particular, coarse and fine mode AODs at 674 nm15

on average scale as 5 to 1. Thus, similar to the measurements in Sahara during the ACE-2
campaign 1997 of Otto et al. (2007), coarse mode has a prevailing contribution to the total
optical properties of the dust aerosol over the Arabian Peninsula. We found that SW TOA DRF,
as a function of the solar zenith angle, has three distinctive extrema structuresand could be
positive at small zenith angles. The forcing remains strictly negative over the ocean surface for20

the entire day. The diurnal variations are more prominent over the more reflective surfaces and,
for the strongly absorbing dust B27 case, dust aerosol causes the warming of the atmospheric
column

✿✿✿✿✿✿
forcing

✿✿✿✿✿✿✿✿✿
weakens

✿✿
to

✿✿✿✿✿✿
almost

✿✿✿✿
zero

✿
over the desert during the local solar noon.

✿✿✿
We

✿✿✿✿✿✿
found

✿✿✿✿
that

✿✿✿✿
for

✿
a
✿✿✿✿✿✿✿

typical
✿✿✿✿✿✿✿✿✿✿
conditions

✿✿✿✿✿
over

✿✿✿
the

✿✿✿✿✿✿✿✿
Arabian

✿✿✿✿✿✿✿✿✿✿
Peninsula

✿✿✿
the

✿✿✿✿✿✿✿
relative

✿✿✿✿✿✿✿✿✿✿
difference

✿✿
in

✿✿✿✿✿
daily

✿✿✿✿✿
mean

✿✿✿✿✿
SW

✿✿✿✿✿✿
fluxes

✿✿
is

✿✿✿✿✿✿
about

✿✿✿✿✿✿✿✿
0.5-1.5%

✿✿✿
in

✿✿✿✿✿✿✿✿✿✿✿✿
experiments

✿✿✿✿✿✿
where

✿✿✿✿
dust

✿✿✿✿✿✿✿
aerosol

✿✿✿
is

✿✿✿✿✿✿
treated

✿✿✿
as25

✿
a
✿✿✿✿✿✿✿✿
mixture

✿✿
of

✿✿✿✿✿✿✿✿✿
randomly

✿✿✿✿✿✿✿✿
oriented

✿✿✿✿✿✿✿✿✿✿
spheroids

✿✿✿✿
and

✿✿
as

✿✿
a
✿✿✿✿✿✿✿✿
mixture

✿✿
of

✿✿✿✿✿✿✿✿
spheres.

✿
Process analysis for

black and white surface albedo, non-absorbing dust, and isotropic scattering revealed that dust
anisotropic scattering controls the diurnal variability of the SW BOA and TOA DRF. This em-
phasizes the importance of the assumptions about particle shape and thus the the phase function
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to correctly capture the maximum and minimum of the SW TOA DRF diurnal cycle. Due to
prevailing forward scattering by dust aerosol, BOA DRF is more sensitive to changes in single
scattering albedo or absorption by dust, than TOA DRF. This also implies, that diurnal varia-
tions of the TOA DRF are less sensitive to changes in atmospheric absorption by dust then

✿✿✿✿
than

BOA DRF.5

Daily mean dust DRF over the Arabian Peninsula for a 0.5 AOD at 674 nm showed that in all
considered cases dust causes cooling of the atmospheric column, while over the desert surface
albedo and Balkanski 2.7%

✿✿✿✿
B27

✿
refractive index case the effect is the opposite

✿✿✿✿✿✿✿
forcing

✿✿
is

✿✿✿✿✿✿
almost

✿✿✿✿
zero. For all considered surface albedo types, net atmospheric absorption due to dust changes
the sign between Balkanski B09% and 1.5%

✿✿✿✿
B15

✿✿✿✿
and

✿✿✿✿
B27

✿
refractive indices.10

Several sources of the dust forcing uncertainty are currently known, which include refractive
index, number size distribution and surface albedo. The treatment of the surface albedo is often
oversimplified and albedo itself is assumed to be fixed. We found that intrinsic variability of
the surface albedo and its dependence on the atmospheric conditions are important factors to be
taken into account, especially for the desert surfaces, where daily mean TOA DRF is close to15

zero.
The main results could be formulated as follows:

– Dust is a major aerosol over the Arabian Peninsula and its coarse mode mostly contributes
to the total column AOD compared to fine mode.

– The developed model allows to carry out relatively accurate radiation closure.20

– The calculated fluxes are in a good agreement with best available observations.

– Dust DRF is estimated and compares well to the independently derived satellite values.

– Dust TOA DRF has strong diurnal cycle over desert, but three extrema structures are
present over any surface.

– Anisotropic scattering by dust significantly contributes to the diurnal cycle of the SW25

TOA and BOA DRF.
25
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– Diurnal intrinsic variability of the surface albedo has a strong impact on the dust DRF
diurnal cycle.
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Table 1. Deviations from the default setup of the experiments conducted for the Solar village case

Experiment Description
P and C approximated surface temperature

PE and CE ERA-Interim surface temperature
PA and CA approximated surface temperature,

aerosol scattering is ignored in LW
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Table 2. Spectral ranges of the satellite products, ground observations, and RRTM model. Wavelengths
are given in microns.

CERES GERB KAUST Solar village RRTM
SW 0-5 0.3-4 0.28-2.8 0.28-2.8 0.2-12
LW 5-100 4-100 3.5-50 3.5-50 3-1000
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Fig. 1. Extinction profile of the dust at 532 nm (top panel) and corresponding number of samples (bottom
panel) as a function of column AOD, derived from CALIPSO Lidar Level 2 Aerosol Profile product.
Extinction profiles were screened over the Arabian Peninsula (land) and combined into column AOD
bins with 0.01 step. Values, averaged within each bin, are color coded using the log-scale.
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Fig. 2. Surface downwelling fluxes at Solar village.
✿✿✿
The

✿✿✿✿
top

✿✿✿✿✿
panel

✿✿✿✿✿✿✿
presents

✿
SW surface downwelling

perturbed experiment direct (P dir, black stars) and diffuse (P dif, purple stars), in-situ measured direct
(Obs dir, red circles) and diffuse (Obs dif, blue circles) fluxes and Aeronet SDA column AOD at 500 nm
(green, right vertical axis)are provided in the top panel.

✿✿✿
The

✿✿✿✿✿✿
bottom

✿✿✿✿✿
panel

✿✿✿✿✿✿✿
presents

✿
LW surface down-

welling perturbed experiment (P, black stars) and in-situ measured (Obs, red circles) fluxesare provided
it the bottom panel.
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Fig. 3. Three days accumulated broadband SW albedo at Solar village derived from ground-based mea-
surements (Obs, red stars) and perturbed experiment based on MODIS BRDF (P, blue circles).
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Fig. 4. SW (top panel) and LW (bottom panel) computed surface upwelling fluxes with approximated
surface temperature (P, blue) and prescribed from ERA-Interim (PE, black) and in-situ measurements
(Obs, red) at Solar village. Aeronet SDA column AOD at 500 nm (top panel, green) is plotted against
right vertical axis.
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Fig. 5. SW (
✿✿✿✿
TOA

✿✿✿✿✿✿✿✿
upwelling

✿✿✿✿✿✿
fluxes

✿✿
at

✿✿✿✿✿
Solar

✿✿✿✿✿✿✿
village.

✿✿✿✿
The top panel

✿✿✿✿
(SW) and LW (bottom panel

✿✿✿
(LW)

✿✿✿✿✿
panels

✿✿✿✿✿✿✿
present

✿✿✿✿✿
fluxes

✿
computed with approximated surface temperature (P, blue) and prescribed from

ERA-Interim (PE, cyan) and satellite inferred
✿✿✿✿✿
fluxes (CERES, red) TOA upwelling fluxes at Solar village.

Cloudy area percent coverage derived from CERES product (top panel, green) is plotted against right
vertical axis.
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Fig. 6. SW (top panel) and LW (bottom panel) ∆FTOA (red triangles) and atmospheric absorption ∆FA

(blue circles) computed for the experiments set with approximated surface temperature at Solar village.
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Fig. 7. SW (top panel) and LW (bottom panel) surface downwelling fluxes at KAUST for perturbed
experiment (P, blue), in-situ measurements (Obs, red). Aeronet SDA column AOD at 500 nm (top panel,
green) is plotted against right vertical axis.
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Fig. 8. SW (top panel) and LW (bottom panel) perturbed experiment (P, black) and satellite inferred
(GERB, red and CERES, blue) TOA upwelling fluxes at KAUST. Cloudy area percent coverage derived
from CERES product (top panel, green) is plotted against right vertical axis.
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Fig. 9. SW (top panel) and LW (bottom panel) TOA DRF at KAUST derived from model (RRTM, blue)
and satellite retrieval (GERB, red).
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Fig. 10. Fine (blue) and coarse (red) mode AOD (left panel) at 674 nm, median diameter r0 ✿✿✿✿✿
modal

✿✿✿✿✿
radius

✿✿
ri (middle panel) and standard deviation σ

✿✿
σi (right panel) derived from Aeronet Inversion Level

2.0 product over the Arabian Peninsula. Thick lines indicate fitted values of the fine (black) and coarse
(green) mode used in sensitivity calculations.
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Fig. 11. AOD at 674 nm pdf diurnal cycle derived from Aeronet AOT level 2.0 product at KAUST (left
panel) and Solar village (right panel).

✿✿✿✿
Data

✿✿✿✿
span

✿✿
is

✿✿✿✿✿✿✿✿✿
2012-2014

✿✿
at

✿✿✿✿✿✿✿
KAUST

✿✿✿
and

✿✿✿✿✿✿✿✿✿
1999-2013

✿✿
at

✿✿✿✿
Solar

✿✿✿✿✿✿✿
Village.

Both locations are in the +3 hours time zone.
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Fig. 12. SW TOA DRF over ocean, coastal plain and desert surface albedo (top to bottom) for Balkanski
0.9%

✿✿✿✿
B09, 1.5%

✿✿✿✿
B15 and 2.7% RIs

✿✿✿
B27

✿✿✿✿✿✿✿✿✿
refractive

✿✿✿✿✿✿
indices

✿
(left to right) as a function of column AOD

and local daytime (hours). Mean local daytime values (red) are projected on the DRF-AOD plane.
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Fig. 13. Special cases of the SW DRF diurnal cycle for the black surface (black), desert (red) and white
surface (blue) surface albedos. ∆FTOA, ∆FA and ∆FBOA (from top to bottom rows) are computed for
the non-absorbing and absorbing (first two and last two columns respectively) and for the isotropic and
anisotropic (first, third and second, fourth columns respectively) aerosol cases. Spectrally gray override
values are provided in the titles, where g∗ and ω∗ indicate that actual spectral values were used. Total
column AOD at 674 nm is 0.5.
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Fig. 14. Broadband SW albedo for desert (blue), coastal plain (red) and ocean (black) with diurnal cycle
(lines with stars) and fixed solar zenith angle (circles) averaged over the range of considered optical
depths.
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Fig. 15. Contribution δF of the albedo diurnal cycle to the TOA SW DRF over ocean, coastal plain and
desert (left to right) assuming Balkanski 1.5%

✿✿✿✿
B15 refractive index as a function of column AOD and

local daytime (hours). Mean local daytime values (blue) are projected on the DRF-AOD plane.
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Fig. 16. Daily mean dust DRF for B09, B15 and B27 RI (indicated by the vertical dash line in each col-
umn) and ocean, coastal plain and desert (left to right) surface albedo over the Arabian Peninsula. Each
bar represents three diagnostic variables: ∆FTOA,∆FBOA and ∆FA. Hatching indicates the ∆FBOA

edge and thus the opposite edge is ∆FTOA. The height of the bar corresponds to the absolute value
of the atmospheric absorption due to dust or

��∆FA
�� and color indicates the sign of the ∆FA (blue for

negative or cooling, red for positive or warming). LW, SW values and their sum are shown in the top,
bottom and the middle rows respectively. Total column AOD used in calculations is 0.5 at 674 nm.
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