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Abstract. Mineral dust aerosols exert a significant effect on backs depend strongly on the spatial distribution of dust and
both solar and terrestrial radiation. By absorbing and scathave more profound effects where the number of particles is
tering, the solar radiation aerosols reduce the amount of engreater, such as near their source.
ergy reaching the surface. In addition, aerosols enhance the
greenhouse effect by absorbing and emitting outgoing long-
wave radiation. Desert dust forcing exhibits large regional
and temporal variability due to its short lifetime and diverse 1  Introduction
optical properties, further complicating the quantification of
the direct radiative effect (DRE). The complexity of the links Mineral dust produced from arid and semi-arid areas of the
and feedbacks of dust on radiative transfer indicate the neeWorld is injected into the atmosphere under favorable mete-
for an integrated approach in order to examine these impacté)_rological conditions. Aerosols exert a significant effect on
In order to examine these feedbacks, the SKIRON limitedP0th solar and terrestrial radiation (Tegen et al., 1996; Soko-
area model has been upgraded to include the RRTMG (Rapifik €t al., 2001; Haywood et al., 2003; Yoshioka et al., 2007;
Radiative Transfer Model — GCM) radiative transfer model IPCC, 2007; Kallos et al., 2009), also known as the direct
that takes into consideration the aerosol radiative effects. 18erosol effect or DRE (IPCC, 2007). By absorbing and scat-
was run for a 6 year period. Two sets of simulations weretering solar radiation, aerosols reduce the amount of energy
performed, one without the effects of dust and the other in-éaching the surface (Kaufman et al., 2002; Tegen, 2003;
cluding the radiative feedback. The results were first evaluKallos et al., 2009; Spyrou et al., 2010). Moreover, aerosols
ated using aerosol optical depth data to examine the capabifnhance the greenhouse effect by absorbing and emitting
ities of the system in describing the desert dust cycle. TherPutgoing longwave radiation (Dufrense et al., 2001; Tegen,
the aerosol feedback on radiative transfer was quantified and003; Heinold et al., 2008; Pandithurai et al., 2008).
the links between dust and radiation were studied. As a second type of effect, aerosols function as parti-
The study has revealed a strong interaction between dugiles on which water vapor accumulates during cloud droplet
particles and solar and terrestrial radiation, with several im-formation, acting as cloud condensation nuclei (Levin et
plications on the energy budget of the atmosphere. A proﬁ|-, 2005; Solomos et al., 2011). Modifications of the num-
found effect is the increased absorption (in the shortwave an@er concentration or the hygroscopic properties of dust tend
longwave) in the lower troposphere and the induced modifi-to modify the physical and radiative properties of clouds

cation of the atmospheric temperature profile. These feed{Twomey, 1977; Khan et al., 2009) and the possibility and in-
tensity with which a cloud can precipitate (e.g. Liou and Ou,
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1989; Albrecht, 1989; Solomos et al., 2011). All the various 2010). Continuing from these studies, the model has been up-
changes in cloud processes imposed by aerosols are referreidted further to include the Rapid Radiative Transfer Model
to as aerosol indirect effects (e.g. Solomos et al., 2011). Fi— RRTMG (Mlawer et al., 1997; Oreopoulos et al., 1999; la-
nally, by absorbing solar radiation, particles contribute tocono et al., 2003; Pincus et al., 2003; Barker et al., 2003;
the reduction in cloudiness, a phenomenon referred to as th€lough et al., 2005; Morcette et al., 2008; lacono et al.,
semi-direct effect (Khan et al., 2009). 2008). The addition of the RRTMG scheme has made it pos-
The magnitude of the feedback on the radiative transfersible to model and study the effects of desert dust particles
depends strongly on the optical properties of particles (sin-on the radiation balance of the atmosphere.
gle scattering albedo, asymmetry parameter, extinction effi- The following section summarizes the main characteris-
ciency), which in turn depend on the size, shape and refractics of the modeling system, while Sect. 4 outlines the new
tive indices of dust particles (Tegen, 2003; Pace et al., 2006radiative transfer scheme that was incorporated in the SK-
Helmert et al., 2007). The mineral composition of the dustIRON/Dust system. Section 5 depicts the optical properties
source areas, as well as the chemical composition and tranef suspended particles and in particular dust aerosols that
formation of aerosols during their transportation, are all fac-are discussed in the present study. The experimental setup
tors that influence the magnitude of the dust feedback (Tegerthat was designed for the present simulations is described in
2003; Wang et al., 2005; Astitha et al., 2010). Furthermore,Sect. 6. The model evaluation and the sensitivity tests for the
the vertical distribution of dust, the presence of clouds andestimation of the energy impact are analyzed in Sects. 7 and
the albedo of the surface all contribute to the DRE (Soko-8, respectively. Finally, the last section summarizes the main
lik and Toon, 1996; Tegen and Lacis 1996; Liao et al., 2004;conclusions of the study.
Helmert et al., 2007).
Several studies have focused on calculating the radiative
feedback of dust on a global scale: Liao et al. (2004) found &2 SKIRON/Dust modeling system
decrease in the incoming shortwave radiation of 0.21&/m
while the longwave radiation increased by 0.31WAn The SKIRON/Dust modeling system is based on the at-
Reddy et al. (2005) simulated a decrease of 0.28\WWm mospheric model SKIRON, which has been developed at
on the shortwave and an increase of 0.14Wnon the  the University of Athens from the Atmospheric Modeling
longwave. Other studies and measurements have produceahd Weather Forecasting Group (Kallos et al., 1997; Nick-
similar values for the global dust radiative effect (IPCC, ovic et al., 2001; Kallos et al., 2006; Spyrou et al., 2010)
2007). However, little work has been done to incorporatewithin the framework of a number of projects (SKIRON,
the dust radiative feedback in regional and mesoscale modelSIEDUSE, ADIOS, CIRCE and recently MARINA Plat-
(Stokowski, 2005). form). A dust module that simulates the production and re-
If we look at the radiative impacts at a local scale during moval of the desert dust aerosol is directly coupled with the
dust episodes, the DRE exhibits much stronger signals. Hayhost model. The dynamical core of the model is based on the
wood et al. (2003) measured a decrease of incoming shorteTA concept, which was originally developed by Mesinger
wave radiation up to 130 Wni? (instantaneous value) on the (1984, 1988) and Janjic (1990, 1994). The SKIRON atmo-
coast of West Africa during the passage of a dust storm inspheric model includes several sophisticated parameteriza-
September 2000. During a severe dust episode in Niger otion schemes, such as the OSU (Oregon State University)
3-12 March 2006, the ARM (Atmospheric Radiation Mea- scheme (Ek and Mahrt, 1991) for simulation of the surface
surement) mobile facility detected a maximum shortwave de-processes, including a data assimilation scheme for soil tem-
crease of 250 Wi on the surface, where at the same time perature and soil wetness, and the option of choosing among
the reflected radiation at the top of the atmosphere increaseBetts—Miller—Janjic (Betts, 1986) and Kain—Fritsch (Kain
by 100 Wn12 (Slingo et al., 2006). For the same episode, theand Fritsch, 1990) convective parameterization schemes for
emitted longwave radiation at the surface decreased by aphe representation of moisture processes. During the SK-
proximately 100 W2, corresponding to the “cooling” im-  IRON/Dust runs, the prognostic atmospheric and hydrologi-
posed by dust shading. Another intense dust event produczal conditions are used in order to calculate the effective rates
ing similar radiative perturbations, both in the shortwave andof the injected dust concentration based on viscous/turbulent
longwave spactral ranges, was reported in the Mediterraneamixing, soil composition, soil moisture, shear-free convec-
basin in March 2010 (di Sarra et al., 2011). tion and diffusion (Papadopoulos et al., 2002). The dust mod-
The local effects of airborne dust have been thoroughlyule includes a particle size distribution in order to simulate
examined in a number of other studies. The main purposenore accurately the size-dependent processes. In the cur-
of this work is to examine the long-term implications of the rent form of the modeling system, the transport mode uses
dust-radiation interactions. In order to model these diversesight size bins (log-normally distributed) with effective ra-
feedbacks on the radiation balance, the SKIRON/Dust lim-dius 0.15, 0.25, 0.45, 0.78, 1.3, 2.2, 3.8, 7.1 um (Table 1).
ited area model has been used (Kallos et al., 1997a, b; Pa- Recently, the modeling system was significantly upgraded
padopoulos et al., 2002; Kallos et al., 2006; Spyrou et al.,in order to improve the model prediction efficiency, meeting
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Table 1.The 8 transport size bins used by the SKIRON/Dust model. of continual comparison to Line-by-line Radiative Transfer
"min @ndrmax are the minimum and maximum radius of each bin, Model — LBLRTM, which is an accurate and highly flexi-
ra the mass median diametegy the effective radius and, the  ple model that continues to be validated with measured at-

standard deviation of the lognormal distribution. mospheric radiance spectra from the sub-millimeter to the
. ultraviolet (Clough et al., 2005; Turner et al., 2004). This
Bin Tmin  Tmax feff n og approach realizes the goal of providing an improved radia-
1 0.1 018 0.15 tive transfer capability that is directly traceable to measure-
2 0.18 0.3 0.25 ments. Molecular absorbers in RRTMG include water vapor,
3 03 06 045 ozone, carbon dioxide, nitrous oxide, methane, oxygen, ni-
4 0.6 1 078 trogen and four halocarbons (CFC11, CFC12, CFC22, and
5 1 18 13 02986 2 CCL4) in the longwave and water vapor, carbon dioxide,
6 18 3 22 ozone, methane and oxygen in the shortwave. The water va-
; 2 160 3? por continuum is based on CKiZ2.4, and molecular line pa-

rameters are based on HITRAN 2000 for water vapor and
HITRAN 1996 for all other molecules (lacono et al., 2008;
Rothman et al., 2009). RRTMG uses sixteen spectral bands
the current needs for accurate simulation of the mineral dusto represent the longwave region, while the shortwave band
cycle and the interaction mechanisms with various atmo-is represented by fourteen spectral intervals. The UV/visible
spheric processes. New features include improvements in thand near-IR surface albedo are defined using the 30s global
description of the bottom boundary (ground or sea surface)and use database of the US Geological Survey (Anderson et
characteristics of the atmospheric model and the dust aerosall., 1976). Absorption and emission from aerosols and clouds
properties (Spyrou et al., 2010). The new model version in-are included in the longwave, and the shortwave treatment in-
cludes a 16-category soil characteristics dataset (Miller andtludes extinction (absorption plus scattering) from aerosols,
White, 1998) that provides detailed information on soil phys- clouds and Rayleigh scattering. Aerosol radiative effects are
ical properties, such as porosity and available water capacitytreated in RRTMG through the specification of their optical
A high-resolution (30 s) global land use/land cover databaseproperties within each spectral interval. For the dust particles
including urban areas and classified according to the 24the Henyey—Greenstein (1941) phase function is applied.
category USGS land use/land cover system (Anderson et al., RRTMG incorporates several modifications to RRTM
1976) is utilized. For a more accurate description of the to-(while retaining the same basic physics and absorption coef-
pographic variability that determines the incoming solar ra-ficients) in order to improve computational efficiency, to up-
diation reaching the surface, in the upgraded SKIRON/Dustdate the code formatting for easier application to global and
model a new preprocessor was developed that derives statifimited area models, and to represent sub-grid scale cloud
tics for the slope steepness and orientation from the high resvariations. The complexity of representing fractional cloudi-
olution topography datasets. The dust aerosol is describedess and cloud overlap in the presence of multiple scatter-
by using the three-modal lognormal function of D’Almeida ing is addressed in RRTMG with the use of McICA, the
(1987) for the aerosol mass distribution at the source areaMonte-Carlo Independent Column Approximation (Pincus et
and the 8 size bin transport mode of Schulz et al. (1998)al., 2003), which is a statistical technique for representing
for the long-range transported particles. The dust particlesadiative impacts of sub-grid scale on cloud variability, in-
are assumed to be mobilized through the process of salteeluding cloud overlap. The maximum-random cloud overlap
tion bombardment (Marticorena and Bergametti 1995) andassumption is applied within RRTMG in the SKIRON/Dust
deposited via dry (diffusion, impaction, gravitational set- model.

tling) and wet (in-cloud and below-cloud removal) mecha-

nisms. More details on the specific characteristics of the at-

mospheric model are provided in Spyrou et al. (2010).

4 Optical properties of dust

3 Rapid Radiative Transfer Model - RRMTG The absorption and scattering of light by a homogeneous
spherical particle is a classic problem in physics, the math-
Longwave and shortwave radiative transfer in the SK-ematical formulation of which is referred to as Mie theory
IRON/Dust model are parameterized with RRTMG (Mlawer (Bohren and Huffman, 1983). The most important factors
et al., 1997; lacono et al., 2003; lacono et al., 2008), athat govern these processes are the wavelength of the inci-
broadband correlated k-distribution radiation model devel-dent radiation, the size of the particle, the ratio of the cir-
oped at AER, Inc. with support from the US Department of cumference of the particle to the wavelength and the complex
Energy. Both RRTMG and the related single-column, refer-refractive index, expressed as Rk=ik. The real part ex-
ence radiation model, RRTM, were developed in the contexipresses attenuation due to scattering (non-absorbing), while
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Optical Properties of Dust where N =8 is the number of particle size bing, =
1000 2.65kg n 2 is the particle density, is the particle radius (in
0900 N A m), DL is the layer dust load (in kg ) and Qexti (1) is the

osoo |/ \

0.700 -

extinction efficiency calculated from the Mie theory (Tegen
and Lacis, 1996; Perez et al., 2006).

0.600 -

0.500 a 5 Experimental design

0.400 -

0.300 In order to evaluate and quantify the effects of desert dust

0.200 1 particles on the radiation budget in the atmosphere, a series

0.100 1 of test runs were carried out. The model was integrated for a

0000 - period of six years (2002—-2007) over an extended area that
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 covers the European continent, the Mediterranean Sea and

Wavelength (um) northern Africa, as well as a major part of the Middle East

Fig. 1. Single scattering albedo (SSA — blue line) and asymmetryand Turkey. The horizontal grid increment was 0.25. A verti-
parameter (ASYM — red line) of dust particles used in this study. ~cal dimension of 38 levels was used, stretching from the sur-
face up to 20 km. The ECMWF operational analysis dataset
(horizontal resolution of 0.25degree) was used for the ini-
the imaginary part is related to the absorption of light by thetial and lateral boundary conditions for the meteorological
medium (Helmert et al., 2007). parameters. The time step was set at 60 s and the radiation
The refractive indices of various spectral ranges, for all thedriver was invoked every 15 min.
particle sizes, have been determined using the OPAC (Op- The model runs were carried out under two different
tical Properties of Aerosols and Clouds) software packagesetups: (a) by neglecting the effects of dust particles on
(Hess et al., 1998), which in turn utilizes the Mie theory for the radiative parameters (NDE) and (b) by including the
its calculations (Quenzel and Muller, 1978). The same pack-dust-radiation interaction mechanisms (WDE). Between the
age was used for the definition of the aerosol single scattertwo setups, the differences in the radiative fluxes and heat-
ing albedow and the asymmetry parameteifor the same  ing/cooling rates (for the entire spectral range), as well as
wavelengths. For the 550 nm spectral window, a single scatother atmospheric parameters, are calculated and discussed
tering albedo value of 0.95 was used (instead of the smallein the following paragraphs.
value (0.83) provided by OPAC) for transported mineral dust.
Field measurements suggest this value to be more realistig Model evaluation —
for desert dust in the mid-visible (Kalashnikova et al., 2005;
Ralph Kahn personal communication, 2009). It should be

noted here that the experimental quantification of the opti-1o estimate the impact on model performance of dust—

C‘.”‘I properu_es of dust is a complex matte'r and may lead % adiation interaction processes, a specific case of desert dust
discrepancies between the various techniques usétigv transport towards SE Europe was examined. On 5 April

e'; 3"’ 201?'?'506 the cornb|rr11at|on of th.? optuf:al pr_o?ert:ceszooey strong winds originating from across the southeastern
ofdust anc the changes in the compos_ltlon ° p_art|c €S Ulsige of the Atlas mountain range injected large quantities of
ther complicates the matter of dust forcing. In this study the

. . mineral dust particles into the atmosphere. The particles were
values of smglg sgattermg albedo and asymmetry parametptFansported over the Mediterranean Sea and two days later,
aripreﬁenteld 'T F.'g' 1'f h N ficienci ; on 7 April 2006, reached Crete in the Eastern Mediterranean
Er t. c Ct? (?u ation oh the e>it|nct|p(;n E Kwnc@%’gi I\(;Ir (Fig. 2). To evaluate the effects of dust on the radiative trans-
eﬁc _shlze I, at (zacw_vvave gngtlégo?M_'shC%m E 1€ | fer, solar radiation data retrieved from a pyranometer located
algorithm was used ( IScombe, » Mishchenko et alat the Technological University (TEI) of Crete were used
2002). Although dust particles are known to be non-sphencaﬁava"able through the AERONET site). Model runs with the

(Nakajima et al., 1989; Meloni et al., 2004), Mie calculations two different setups (NDE, WDE) were carried out for the
can be used to compute the radiative parameters for equivas; . o400 of this test case

lent volume spheres and provide very good representation for During the passage of the dust plume, the incoming so-

non-spherical sca’Ftermg (Tegen and Lacis, 1996). lar radiation decreased by approximately 200 WhtFig. 3).
The aerosol optical th_lckness at each wavelengih was This abrupt change is depicted by the WDE simulation to a
calculated by the following formula: certain extent, but cannot be attributed solely on the shading
N effect of desert dust particles. One viable explanation is that
() = Z iDL,- Oexti (M), 1) the change in the radiation balance of the atmosphere, due to
dpr; ' the presence of dust particles, led to cloud formation in the

Qualitative study and statistical
techniques

i=1
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Fig. 3. Aerosol optical depth (AOD) at 550 nm at the station in

Crete (top) derived from SKIRON model. Comparison of the in- layer about 9km high. The dust particles seem to have an

coming solar radiation at the surface in W(bottom) as mea- albedo effect, partly reflecting back the incoming solar radi-
sured from the station in Crete (blue line) and as simulated by the » partly 9 9

SKIRON/Dust system with the two model setups (WDE — purple ation. As a side. effect of this reflection, coqling of the adja—_
line; NDE — green line). The cloudy period is marked with the red €Nt atmospheric layer over the dust plume is simulated. This

oval. temperature decrease drives the air temperature closer to the
dew point temperature and leads to the formation of a cirrus
cloud over the station in Crete, as shown in Fig. 5. The SK-

areathat is blocking the incoming solar radiation observed atRON/Dust model (WDE run) appears to capture this feature

the station in Crete. and the formation of a high altitude cloud over the station in

To further investigate this hypothesis, the vertical profiles Crete (Fig. 5, right), which in turn leads to the decrease of

of the cooling rates have been derived. In Fig. 4, the coolingthe simulated incoming solar radiation.

rates together with the vertical extent of dust concentration

are shown. The cooling rates of the WDE simulation exhibit

a sharp decrease of 4 K8 just above the dust plume in a
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University of Athens (AM&WFG) SKIRON NonHydrostatic University of Athens (AM&WFG) SKIRON NonHydrostatic
Cloud Cover Fri 07.04.06 at 12 UTC Cloud Cover Fri 07.04.06 at 12 UTC

Fig. 5. Cloud cover distribution over the simulation domain on 7 April 2006 at 12:00 UTC for both model setups: in the left panel the NDE
simulation and in the right panel the WDE simulation. In the bottom panel the actual cloud formations from the MODIS satellite are shown.

For a more thorough evaluation of the model performancethe incoming radiation, since the correlation coefficients cal-
a series of statistics was derived. At first, in order to evaluateculated for the compared datasets have high values and the
the radiation calculations, the model outputs were comparedinear regression slopes of the trend lines are close to unity.
with measurements obtained from three of the AERONET However, the intercept of the regression lines, which indi-
network stations (Crete, Sede Boker and Moldova) for thecate the difference between the simulated and the observed
year 2006. The characteristics of the stations (geographivalues, are very high and exceed 50 when the dust effects
cal location and altitude), as well as the statistical param-on radiation are not considered. This overestimation of the
eters (regression trend lines, correlation coefficients) deterebserved radiation fluxes by the model in the NDE setup is
mined from the analysis, are shown in Table 2. The flux com-directly related to the neglection of the radiative effects of
parisons were performed for the days of increased valueshe dust aerosols. On the other hand, the inclusion of dust—
of aerosol optical depth (AOD). Thus, AOD measurementsradiation interaction processes appears to diminish signifi-
at 500 nm from the AERONET stations were also obtainedcantly this overestimation at Crete and Sede Boker, with a
and the 95th and 99.5th percentiles were calculated for eachomplete elimination noticed at Sede Boker (-0.8) for AOD
dataset in order to detect the periods of increased aerosol opalues greater than 0.6. The decrease of the model overesti-
tical depth in the atmosphere. The 95th percentile of AODmation in Moldova (the most northern site out of the three)
was found at about 0.3, while the 99.5th percentile fluctuatedvith the incorporation of dust effects appears to be negli-
between 0.5 and 0.6 for the three studied sites. In generaljible. Since the dust load that reaches Moldova is reduced
the SKIRON/Dust model produces accurate simulations ofcompared to the amounts that affect the more south sites, the

Atmos. Chem. Phys., 13, 548%504 2013 www.atmos-chem-phys.net/13/5489/2013/
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Table 2. Trend lines and correlation coefficients between modeled and measured incoming solar flux at Crete, Sede Boker and Moldova,

taking into account days with increased AOD.

. . . X AOD values Trend lines Correlation coefficient
Station Latitude, Longitude  Altitude (m)
AOD>95% AOD>99.5% AOD>95 % AOD>99.5%  AOD-95% AOD>99.5%
) = v ) = 2 = 2 =
Crete N 3520 E25 17 20 0.28 0.52 No dust effect y=0.95¢+96 y=0.86x+153 R?=0.87 R%2=0.74
Dusteffect y=096x+63 y=088+87 RZ=0.88 R2=0.72
_ C_ 2 _ 2_
Sede Boker N30 51E 34 47 480 030 063 No dust effect y =1.03x+50 y=1.06x+ 62 R-=0.97 R=0.97
Dusteffect y=09%+20 y=104—-08 RZ2=096 R2=098
) = ) = 2 = 2 =
Moldova N47 06, E 28 49 205 0.26 0.48 No dust effect y=0.94r+91 y=0.8%+143 R%=0.75 R%2=0.68
Dusteffect y=093ct+90 y=091x+142 RZ2=0.76 R%2=0.73

radiative forcing due to the suspension of dust particles is
expected to be reduced.

To evaluate the impact of dust particles on the model cal-
culation of air temperature, simulation runs for a 6-year pe-
riod (2002—-2007) were carried out with the same imple-
mentation of the SKIRON modeling system. The observa-
tions of air temperature close to the surface were collected
from about 600 monitoring stations of the World Meteoro-
logical Organization network (WMO). For the two model
setups (NDE, WDE), the bias, the root mean square error
(RMSE) and the correlation coefficientvere computed for
each season of the year for the entire 6-year simulation pe-
riod (Fig. 6), as described in Wilks (1995). It appears that
the correlation coefficient is higher with the new modifica-
tions incorporated in the model and exceeds 0.90 throughout
the year. The bias is reduced when the impacts of desert dust
on radiation are considered (WDE case). This reduction is
larger during Northern Hemisphere spring (MAM) and sum-
mer (JJA), two seasons with the highest number of Saharan
dust intrusions towards Europe, and is smaller during win-
ter (DJF) and autumn (SON). The improvement in the sta-
tistical scores for winter and autumn is attributed mostly to
the stations near the source areas, where dust clouds are al-
ways present and constantly modify radiative transfer. The
RMSE values show respective decreases with the incorpo-
ration of the dust-radiation interaction mechanisms ranging
from ~ 28 % in autumn (SON) te- 36 % during the spring
transitional period (MAM). In order to illustrate that the dust
feedback is more profound near the sources, we calculate the
above statistical scores for the spring (MAM) period for two
sub-areas: North Africa (Fig. 7a) and Europe (Fig. 7b). The
most profound variations are modeled over northern Africa
near the dust sources.

In general, the inclusion of dust—radiation interaction pro-
cesses appears to enhance the model performance in estimat-
ing the radiative fluxes and near surface air temperature.
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2007) with dust effects (WDE) and without dust effects (NDE) for
the surface temperature.
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North Africa reported by many studies (e.g. Moulin et al., 1997; Nickovic
et al., 2001), the Saharan dust transport events are character-
v ized by a strong seasonal variability. In particular, maximum
dust impact is observed in central-eastern Mediterranean in
spring, while the maximum is shifted in summer (and early

—_~
£

~

w

g
g 151 autumn) to the central-western Mediterranean (Querol et al.,
§ 1 2009).
5 . The seasonal differences in the incoming shortwave and
. longwave radiation fluxes reaching the surface are illustrated
BIAS RMSE CORR in Figs. 9 and 10. The differences in the shortwave fluxes ap-
05 Statiotiont Seores pear to be negative during all periods of the year and greater
during the warm spring and summer periods, approaching
Europe the value of 70Wm? over the extended desert areas of
b) — Chad (this value corresponds to an area of approximately
25 | 40000kn?), a very strong dust source. On the other hand,

the depicted deviations over Europe and the Mediterranean
are negligible during the cold periods because there is no sig-

g
Q
g e nificant dust transport. However, in spring, the discrepancies
§ 1] over European land areas is found to be as high as 108Vm
I over the south and 5Wn# near the central European coun-
tries. Another region of increased differences in the incoming
° RMSE CORR shortwave radiation that are at a maximum during summer is
05 the northwestern African region and in particular over the

Statistical Scores

southern desert areas of Morocco, where deviations greater
Fig. 7. Statistical parameters: Bias, RMSE and correlation coeffi-than 40 WnT2 are modeled (Fig. 9c). As expected, the de-
cient for the spring period of the simulations (March-April-May) viations between the two model setups (NDE and WDE) are
with dust effects (WDE) and without dust effects (NDE) for the more noticeable during the periods and in the areas with high
surface temperature for North Afri¢a) and Europgb). dust productivity. In all cases, the suspension of dust aerosols
leads considerable reduction of the incoming shortwave ra-
diation due to scattering and absorption of the solar radia-
7 Model sensitivity analysis — estimation of the impact  tion. As illustrated in Fig. 10a, the total annual reduction of
on energy budget the incoming solar radiation (temporally integrated through-
out the year) can be as high as 500 KWhdnwhich repre-
The life cycle of dust is defined as the emission, atmo-sents a significant portion of the total available solar radiation
spheric loading and surface deposition of the desert dusfby temporally integrating the hourly flux values — Fig. 10b).
particles. Quantification of the dust mass over the selected his reduction should be taken into consideration when mod-
model domain is essential for the determination of the mod-eling radiative fluxes for solar energy applications.
ified amounts in the energy budget due to the suspension of According to the model results, the incoming longwave
desert dust particles. To estimate the desert dust impact oradiation fluxes with the presence of dust particles are in-
the energy budget over the studied area, the 6-year modealreased during all periods of the year (Fig. 11), with greater
runs covering the period 2002—-2007 were extensively anadifferences noticed in the spring. The longwave radiation
lyzed. For this evaluation, the NDE model runs represent theemitted by the dust layer towards the surface during night-
radiation transfer parameters in clean (free of dust particlesjime is superimposed with the daytime incoming shortwave
atmospheric conditions, while the WDE simulations repre-and longwave radiation. As a result the incoming flux that
sent the dust transport events by taking into consideratiomeaches the surface is enhanced. This increase could ap-
the dust—radiation interaction processes. proach 35Wm? over Chad and 25Wn? over southern
Firstly, the areas that are mostly affected by the emis-Morocco during the warm seasons. This value over Morocco
sion and transport of desert dust particles were detected. lis quite similar to the values of 22 W (for spherical par-
Fig. 8a—d, the dust load (integrated column) values for theticles) and 24 Wm? (for spheroid particles), as calculated
different seasons of the year are depicted across the studidayy Otto et al. (2011) in a dust scenario based on in situ data
area. Significant dust amounts appear to be over Chad witlmeasured in May 2006 in Morocco. Smaller differences are
dust load values exceeding 1 g and at the northwestern modeled over the Mediterranean Sea.
part of the African continent over Mauritania and Algeria.  To better understand the annual variability of desert dust
The suspension of desert dust particles is also present acrofsedback at regional scales, the monthly average radiative
and around the Red Sea in the spring and summer periods. Aiercing has been calculated over the entire model domain for
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Fig. 8. Dust load as averaged during the 6-year period for the different seasons of the year, (@milter, (b) spring,(c) summer andd)
autumn.

the incoming shortwave (Fig. 12a) and incoming longwaveand central European areas. The energy amounts absorbed by
(Fig. 12b) radiation. As expected, the most profound effectsthe dust aerosols approach 10 WArover land areas, while
are modeled during the spring, especially in May, reachingover the Red Sea the increase in the absorbed energy exceeds
a maximum of approximately —14 W for the shortwave, 20 Wm~2 during the summer period. This can be attributed
and-+6 Wm~? for the longwave. to the fact that the warm water of the Red Sea emits a large
The net atmospheric forcing by the mineral dust aerosolsamount of longwave radiation that is trapped between the sea
in the model simulations can be estimated as the differencsurface and the dust layer when there are increased concen-
in the radiative flux absorbed by the atmosphere between th&ations of dust particles (greenhouse effect). On the contrary,
two model configurations (WDE, NDE) over the model do- the cold water of the North Atlantic emits less longwave radi-
main. This was derived for each season and the result is ilation and the difference in atmospheric absorption detected is

lustrated in Fig. 13a—d. attributed to the emission from dust clouds (especially during
The radiative flux that is absorbed by the atmospherethe summer when dust particles move towards the Atlantic).

can be determined through = (Froa | —Froa 1)NDE — The absorbed energy amounts by the dust particles can sig-

(Froa { —Froa 1)wpe = ABSORR\pe — ABSORRypE, nificantly influence the atmospheric stability by heating the

In the calculations we consider that the dust particles exertower tropospheric layer.
a negligible effect on the incoming radiation at the top of the The analysis of the 3-D distributions of dust concentration
atmosphere. In effect, negative values in Fig. 13a—d denote areveals the vertical characteristics of the dust transport and
increase in the atmospheric absorption due to dust feedbackuspension over the surface. Two vertical cross-sections of
and positive values denote a decrease. averaged dust concentration along the pathlines at 2W for

The modeled absorbed fluxes increase over the desert asummer and 18 E for spring are illustrated in Figs. 14a and
eas of the northern African region, while during the sum- 15a, respectively. The greatest dust concentration values are
mer months differences can be also noticed over southerobtained over the main dust sources and in particular at about
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Fig. 9. Spatial difference between the model simulations (WDE — NDE) in the incoming shortwave radiation at the surface, as averaged
during the wintera), spring(b), summer(c) and autumr{d) seasons of the 6-year period.

®  Annual Solar Radiation Reduction (2006)  KWhm 20-25N over the western part (2W) and over Chad in the
, " central part (18 E) of the north-African region. The area of

50 increased dust concentrations close to the surface is more ex-
100 tended in the western part of the African continent (Fig. 14a),
. which is related to the existence of more wide-ranging dust
- source areas over this part. On the other hand, the high moun-
300 tains in the central region of northern Africa (Fig. 15a) limit
A the extent of the dust source areas.

The vertical cross-sections of the temperature difference
between the two model setups (WDE — NDE), as illustrated
in Fig. 14b for the summer months and Fig. 15b for the
spring months of the 6-year study period, reveal the impor-

2650 tance of the dust radiative feedback: first of all dust particles
= reflect incoming radiation at high altitudes. This mechanism
2050 is reproduced by the model as an upper- to mid-tropospheric
i cooling of~ 0.1 K at~ 300 hPa. At the same time these par-
e ticles increase the temperature of the dust layer through at-
b mospheric absorption of the incoming SW radiation. Accord-
o ing to the model results, this increase in the air temperature
Jos profile reaches~ 0.2 K at about 600 hPa (mid-tropospheric
o - e e heating).

Temperature decreases in the lower troposphere (925 hPa
Fig. 10. Total reduction of the incoming solar radiation (integrated up to 825 hPa) up to 0.3 K are due to extinction of the incom-
hourly throughout the year) for the year 2006 due to the spatterinqng solar radiation, which is more profound in the western
and absorption of desert dust particley and the total available 514 of the African continent (Fig. 14b). An interesting feed-
solar radiation for the same yer). back is that near source areas the modeled temperature of
the atmospheric layer near the ground increases loy4 K
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Fig. 11. Spatial difference between the model simulations (WDE — NDE) in the incoming longwave radiation at the surface, as averaged
during the wintera), spring(b), summer(c) and autumr{d) seasons of the 6-year period.

@ during the summer (Fig. 14b) and even upt®.5 K during

>

Lo spring (Fig. 15b), even though the extinction of the incoming
solar radiation is more profound there. This can be attributed
° to two superimposed factors: (1) during the day the dust par-
£ 8 ticles absorb significant amounts of incoming solar radiation
4 (as seen also in Fig. 11), raising the temperature of the near
<, surface layer, and (2) during the night this dust layer “traps”
i, longwave radiation emitted from the ground (greenhouse ef-

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

Months fect). As a result, the air temperature close to the surface in-
creases, while a cooling of up to —0.2K is produced by the
model inside the dust layer.

Far from the desert areas over the Mediterranean Sea, the
surface temperature decreases due to scattering and absorp-
tion by the dust cloud. According to the model results, this
reduction reaches —0.2 K on average (Figs. 14b, 15b).

~
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ing (Wim2)
b o o

w

Monthly Average LW Radiative Forci
~
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8 Conclusions
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Months

This work represents a modeling study of the direct radiative
Fig. 12. Monthly average dust radiative forcing over the entire do- effects of desert particles on the radiation budget of the atmo-
main in(a) the incoming shortwave radiation atft) the incoming  gphere across the greater Mediterranean region. The DRE is
longwave radiation on the surface. investigated with the aid of the SKIRON/Dust modeling sys-
tem. New radiative transfer mechanisms were incorporated in
the atmospheric model and an extensive study was performed
with the aid of radiation fluxes and temperature observational
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data. Using the updated system, the effects of desert dust paguction can have impacts on radiative properties and cloud

ticles on radiative transfer have revealed important findingsformation. These interactions are not one-way; there are

as summarized below. feedbacks that are critical for both regional-scale and clima-
The presence of dust particles in the atmosphere has a sigelogical phenomena.

nificant regional influence on the radiative transfer and en- An extensive statistical evaluation with temperature data

ergy distribution. Therefore, variations in dust particle pro- from more than 600 stations of the ECMWF operational
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analysis has shown the improvement in the description ofeffects of airborne dust on the shortwave and longwave radia-
atmospheric processes when the dust—radiation feedback ts/e fluxes at the surface should be carefully considered, in-
included. This improvement is evident in all the statistical cluding indirect effects, when model data is used to assess the
scores used and is most profound during the transitional seavailable solar energy for power plant applications in desert
sons. areas. Finally, the dust influence on the energy parameters
According to the model the suspension of desert dust parhas a seasonal variability that is in line with the seasonality
ticles decreases the amount of radiative energy reaching thef the dust cycle events.
surface. At the same time the atmospheric absorption is in-
creased throughout the sim_ulation domgin_, as the dust partiAcknowledgementsThis work has been supported by the Euro-
cles absorb both the incoming solar radiation and part of the,ean Union 6th Framework Program CIRCE (Climate Change and
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