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Abstract

Atmospheric mineral dust particles exert significant direct radiative forcings and are crit-
ical drivers of climate change. Here, we use the GEOS-Chem global three-dimensional
chemical transport model (3-D CTM) coupled online with the Fu-Liou-Gu (FLG) radia-
tive transfer model (RTM) to investigate the dust radiative forcing and heating rates5

based on different dust vertical profiles. The coupled calculations using a realistic dust
vertical profile simulated by GEOS-Chem minimize the physical inconsistencies be-
tween 3-D CTM aerosol fields and the RTM. The use of GEOS-Chem simulated aerosol
optical depth (AOD) vertical profiles as opposed to the FLG prescribed AOD vertical
profiles leads to greater and more spatially heterogeneous changes in estimated ra-10

diative forcing and heating rate produced by dust. Both changes can be attributed to
a different vertical structure between dust and non-dust source regions. Values of the
dust AOD are much larger in the middle troposphere, though smaller at the surface
when the GEOS-Chem simulated AOD vertical profile is used, which leads to a much
stronger heating rate in the middle troposphere. Compared to FLG vertical profile, the15

use of GEOS-Chem vertical profile reduces the solar radiative forcing effect by about
0.2–0.25 Wm−2 and the Infrared (IR) radiative forcing over the African and Asia dust
source regions by about 0.1–0.2 Wm−2. Differences in the solar radiative forcing at the
surface between using the GEOS-Chem vertical profile and the FLG vertical profile are
most significant over the Gobi desert with a value of about 1.1 Wm−2. The radiative20

forcing effect of dust particles is more pronounced at the surface over the Sahara and
Gobi deserts by using FLG vertical profile, while it is less significant over the downwind
area of Eastern Asia.

1 Introduction

Mineral dust produced by the wind erosion of dry soil particles at the land surface has25

been recognized as a leading contributor to the global total aerosol loading (Andreas,
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1995; Tegen et al., 1997; Miller et al., 2006). Quantifying the impact of mineral dust
on radiative forcing is important to understanding past climate and is necessary for the
projection of future climate changes (IPCC, 2007). Model studies have suggested that
the direct radiative forcing of dust on a regional and global scale may be comparable
to, or even exceed, the forcing by anthropogenic aerosols (Tegen and Fund, 1995;5

Li et al., 1996; Sokolik and Toon, 1996; Tegen et al., 1996). Using a radiative transfer
model embedded in a general circulation model, Tegen et al. (1996) found that the dust
particles from disturbed soils cause a decrease in net global average radiative forcing
of about 1 Wm−2 at the surface over all.

The optical and physical properties (shape, size distribution and refractive index)10

of dust particles as well as their vertical distribution constitute the basic parameters
in determining radiative forcing and the subsequent feedback to dynamic and climate
systems. The vertical distribution of aerosols is especially important as they modify the
vertical profile of radiative heating in the atmosphere (e.g. Léon et al., 2002; Won et al.,
2004; Ramanathan et al., 2007; Johnson et al., 2008), thereby changing atmospheric15

stability and convection (McFarquhar and Wang, 2006). In addition, it also influences
the radiative effect at the top of the atmosphere (TOA), especially when aerosols have
strong absorption of solar radiation (Meloni et al., 2005; Gadhavi and Jayaraman, 2006;
Johnson et al., 2008). The vertical distribution of dust also plays an important role in
serving as cloud condensation nuclei (Li et al., 2011). Moreover, their positions relative20

to cloud cover would impact on radiative transfer in different ways.
In the evaluation of the radiative impact of dust particles, the critical concern is the

uncertainty in the observed vertical structure of the dust distributions (Hamonou et al.,
1999). A number of field programs have been carried out to measure the vertical distri-
bution of aerosols, including the Dust and Biomass-burning Experiment (DABEX), Tro-25

pospheric Aerosol Radiative Forcing Observation Experiment (TARFOX), and Puerto
Rico Dust Experiment (PRIDE) (Hueber et al., 1998; Russell et al., 1999; Maring et al.,
2003; Johnson et al., 2008). These ground-based and/or aircraft measurements have
provided valuable information, but are limited in spatial and temporal coverage. The
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space borne lidar systems, such as the Geoscience Laser Altimeter System (GLAS)
and the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO),
have provided measurements of the aerosol vertical profiles; however, data coverage
is limited due to their narrow footprint and on track pattern (Chaudhry et al., 2007).
Although conventional satellite radiometers (e.g. MODIS) have provided aerosol data5

over the globe scale, only column integrated dust properties in terms of optical thick-
ness have been retrieved (Chu et al., 2002; Kahn et al., 2005). The production of the
dust AOD requires a large array of assumptions and approximations (Wielicki et al.,
1996). By integrating the available dust information from the preceding observations
and constraints into an evolving three-dimensional picture, aerosol transport models10

can provide a complementary approach to evaluate aerosol radiative forcing (Meloni
et al., 2005; Miller et al., 2006).

Most of the general circulation models and RTMs simply assume a prescribed ver-
tical weighting profile based on “climatology” that does not vary in space and time
(Haywood et al., 1999; Gu et al., 2006; McComiskey et al., 2008). However, dust verti-15

cal distributions can be modified by numerous dynamical processes and can be quite
different over dust source regions and downwind areas as documented by a number
of previous studies (e.g. Karyampudi et al., 1999; Su and Toon, 2011). GEOS-Chem
is a global 3-D CTM, which has been employed to simulate instantaneous AOD with
explicit vertical distributions based on aerosol concentrations and optical properties20

(Tegen and Lacis, 1996). The GEOS-Chem dust simulation is able to capture the sea-
sonal cycle of dust over the Northeast Pacific and the timing and the vertical structure
of dust outflow in the free troposphere from Asia during the spring 2001 TRACE-P
and ACE-Asia aircraft missions (Fairlie et al., 2007). The present study is motivated by
examining the uncertainties of assuming a “climatological” dust vertical profile versus25

using a more realistic 3-D dust vertical profile simulated by GEOS-Chem to improve
our understanding and estimation of global dust radiative forcing and heating rates.

In this study, the global 3-D GEOS-Chem CTM with improved dust emission algo-
rithms is coupled with the Fu-Liou-Gu RTM (Gu et al., 2010, 2011) to examine the
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instantaneous dust relative forcing in April 2006. A description of the models and their
coupling is presented in Sect. 2, followed by a discussion of the results of the impacts
of different dust vertical profiles on the calculations of heating rate and radiative forcing
in Sect. 3. A summary and conclusions are given in Sect. 4.

2 Model description5

2.1 GEOS-Chem

GEOS-Chem is a global 3-D CTM driven by assimilated meteorological observations
from the Goddard Earth Observing System (GEOS) of the NASA Global Modeling
and Assimilation Office (GMAO) (Bey et al., 2001). We use GEOS-Chem version 8-
01-04 (http://acmg.seas.harvard.edu/geos/) driven by GEOS-5 meteorological fields10

with 6-h temporal resolution (3-h for surface variables and mixing depths), 2◦ (lati-
tude)×2.5◦ (longitude) horizontal resolution, and 47 vertical layers between the sur-
face and 0.01 hPa. The GEOS-Chem model includes a fully coupled treatment of tro-
pospheric ozone-NOx-VOC chemistry and sulfate, nitrate, ammonium, organic carbon
(OC), black carbon (BC), mineral dust, and sea salt aerosols (Park et al., 2003, 2004;15

Alexander et al., 2005; Fairlie et al., 2007). The aerosol optical depth at 550 nm is calcu-
lated online assuming lognormal size distributions of externally mixed aerosols and is
a function of the local relative humidity to account for hygroscopic growth (Martin et al.,
2003). Aerosol optical properties employed here are based on the Global Aerosol Data
Set (GADS) (Kopke et al., 1997) with modifications to the size distribution based on20

field observations (Drury et al., 2010; Jaegle et al., 2011). The wet deposition scheme
in GEOS–Chem is described by Liu et al. (2001) for water-soluble aerosols, which in-
cludes scavenging in convective updrafts and rainout and washout from large-scale
precipitation and convective anvils. Dry deposition is based on the resistance-in-series
scheme of Wesely (1990) as implemented by Wang et al. (1998).25
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Dust in GEOS-Chem model is distributed in 4 size bins (radii 0.1–1.0, 1.0–1.8, 1.8–
3.0, and 3.0–6.0 µm), following Ginoux et al. (2004). The smallest size bin is further di-
vided equally into four sub-micron size bins (with effective radii centered at 0.15, 0.25,
0.4 and 0.8 µm) for determining optical properties and heterogeneous chemistry (Fairlie
et al., 2010; Ridley et al., 2012). We use the dust entrainment and deposition (DEAD)5

mobilization scheme of Zender et al. (2003), combined with the source function used
in Global Ozone Chemistry Aerosol Radiation and Transport (GOCART) model (Gi-
noux et al., 2001; Chin et al., 2004), as described by Fairlie et al. (2007). GEOS-Chem
simulates the three-dimensional dust AOD with explicit vertical distributions (Tegen and
Lacis, 1996). The optical properties for mineral dust used for the standard GEOS-Chem10

simulation are based on the refractive indices of Patterson et al. (1977). There is grow-
ing recognition that the imaginary component of the refractive index may be too high
at UV wavelengths (Colarco et al., 2002). A Mie algorithm (de Rooij and van der Stap,
1984; Mishchenko et al., 1999) is instead used to calculate the optical properties of
mineral dust based on the refractive indices of Sinyuk et al. (2003); the single scatter-15

ing albedo of mineral dust at 300 nm increases by 0.14 to the range of 0.7–0.9 using
these new refractive indices (Lee et al., 2009).

Li et al. (2013) improved the dust simulation in GEOS-Chem by using MISR AOD to
constrain the global dust emissions, which provides a better simulations of daily sur-
face dust concentration compared to the Interagency Monitoring of Protected Visual20

Environments (IMPROVE) observations over western US during spring (March–May)
2006. Figure 1a shows global dust emission for April 2006 by applying MISR AOD to
constrain the global dust emissions. The simulated global dust emission for April 2006
is 92 Tg, compared to 162 Tg before adjustment. Figure 1b illustrates the vertically in-
tegrated column value of simulated dust total AOD for April 2006. High AOD values are25

located not only over the dust source regions but also over the surrounding downwind
areas, which reflect the impact of transport. The vertical structure of the simulated dust
AOD will be discussed below.
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2.2 Fu–Liou–Gu radiative transfer model

The atmospheric radiative transfer calculations are performed using the Fu–Liou–Gu
(FLG) radiative transfer model (RTM), which is a modified and improved version based
on the original Fu-Liou scheme (Fu and Liou, 1992, 1993; Gu et al., 2003, 2006, 2010,
2011). A combination of the delta-four-stream approximation for solar flux calculations5

(Liou et al., 1988) and delta-two/four-stream approximation for Infrared (IR) flux calcula-
tions (Fu et al., 1997) is employed in the model to assure both accuracy and efficiency.
The incorporation of non-gray gaseous absorption in multiple-scattering atmospheres
is based on the correlated k-distribution method developed by Fu and Liou (1992).
Parameterization of the single-scattering properties for cloud particles is implemented10

by following the procedure developed by Fu and Liou (1993). To increase computa-
tional accuracy, the similarity principle for radiative transfer is applied to each grid point
to account for the fractional energy in the diffraction peak of the phase function. The
solar (0–5 µm) and IR (5–50 µm) spectra are divided into 6 and 12 bands, respectively
according to the location of prominent atmospheric absorption bands. In the solar spec-15

trum, absorption due to water vapor, O3, CO2, O2, and other minor gases, such as CO,
CH4, and N2O, is taken into account. Absorption due to water vapor, O3, CO2, CH4,
N2O and CFCs is also considered in the IR spectrum.

In the radiation scheme, a total of 18 aerosol types have been parameterized by
employing the Optical Properties of Aerosols and Clouds (OPAC) database (d’Almeida20

et al., 1991; Tegen and Lacis, 1996; Hess et al., 1998), which provides the single scat-
tering properties for spherical aerosols computed from the Lorenz–Mie theory in which
humidity effects are accounted for. The single scattering properties of the 18 aerosol
types for 60 wavelengths in the spectral region between 0.3 µm and 40 µm are inter-
polated into the 18 FuLiou (Fu and Liou, 1992) spectral bands of the current radiation25

scheme (Gu et al., 2006). Aerosol types include maritime, continental, urban, five dif-
ferent sizes of mineral dust, insoluble, water soluble, soot (BC), sea salt in two modes
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(accumulation mode and coarse mode), mineral dust in four different modes (nucleation
mode, accumulation mode, coarse mode, and transported mode), and sulfate droplets.

In the current FLG-RTM, the input AOD represents the vertically integrated column
value, which has been distributed vertically according to a certain weighting profile
based on the layer pressure and scale height (height at which the aerosol loading is5

reduced to e−1 of the surface value) (Gu et al., 2006). The aerosol loading decreases
exponentially and the highest aerosol layer in the model are placed at 15 km (Charlock
et al., 2004). This represents a set of distributions that can be simply described by an
exponential function with different scale heights. Such vertical distributions are typically
used by radiative transfer models (e.g. McComiskey et al., 2008) and can be traced10

back to the work of Elterman (1968).
In this study, the visible surface albedo and the atmospheric vertical profiles of pres-

sure, temperature, water vapor, and O3 provided by GEOS-Chem meteorological data
are used to drive the FLG-RTM. The spatial variations of solar zenith angle and emis-
sivity are not taken into account since the purpose is to assess the sensitivity of ra-15

diative forcing to different dust AOD vertical profiles. Thus, the cosine of the solar
zenith angle of 0.5 and emissivity of 1 are used in the calculations. The same column-
integrated AOD of dust simulated by GEOS-Chem (Fig. 1b) is used as the input to
calculate the radiative forcing except for the different vertical profiles. One is based on
the default vertical weighting profile in FLG as mentioned above. The other is according20

to the simulated dust vertical distribution in GEOS-Chem. The present study will focus
on the instantaneous monthly mean results of April 2006.

3 Vertical structure of dust AOD by using different vertical profile

Figure 1 illustrates the dust sources over the world, which shows two major dust regions
over Africa and Asia. North Africa is a major source region for desert dust during the25

spring season (Prospero et al., 2002), with nearly 700 Tg of dust aerosols produced
annually in the Saharan desert (Laurent et al., 2008). The African and Asian deserts
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are in different meteorological regimes due to their latitudinal differences. Here analysis
will focus on these two major dust belts, defined as the African dust belt (10◦ N–35◦ N)
and the Asian dust belt (35◦ N–45◦ N), respectively in order to better distinguish their
characteristics. The African dust belt includes the Sahara desert and the arid regions
in Arabia. Saharan dust lifting occurs all year long; primarily due to subtropical weather5

systems and can be triggered and modulated by synoptic systems, such as African
easterly waves (Su and Toon, 2011). The Taklimakan and Gobi desert are the major
constitutors of the Asian dust belt (Uno et al., 2005). The seasonal variation of dust
outbreaks in Asia is associated with the seasonal modulation of the wind speed (Su
and Toon, 2011).10

The vertical distribution of the dust AOD varies dramatically depending on if the
GEOS-Chem simulated or the FLG default vertical profile is used. The altitude-
longitude cross-sections are averaged over the African dust belt and the Asian dust
belt (Fig. 2). With the GEOS-Chem vertical profile, large values of dust AOD are shown
consistently from surface to 600 hPa over the Saharan desert (10◦ W-40◦ E) in the15

African dust belt, with a maximum of more than 0.015 (Fig. 2a). Since the Saharan
dust source region is primarily located in a deep layer (Su and Toon, 2011), the dust
AOD is invariant with increasing altitude below 600 hPa. Moreover, the Saharan dust
also shows a peculiar vertical profile characterized by a large aerosol concentration in
the mid-troposphere, which is significantly different from the non-dust source regions.20

Dust originating from Asian source regions shows different vertical structure. The ver-
tical distribution of dust AOD averaged over the Asian dust belt is shown in Fig. 2b. As
presented by previous study (Su and Toon, 2011), two evident dust layers with large
values of dust AOD are seen at different altitudes. One is located over the Asian dust
source region of Gobi desert (90◦ E–110◦ E), with the high dust AOD extending from the25

surface to 800 hPa. The other is above the boundary layer in the middle troposphere
with the maximum at 700 hPa. This dust layer is located in the downwind areas of the
source region to the east of the Gobi desert. Horizontal wind shear plays an important
role in producing the elevated dust layer over Asia (Su and Toon, 2011). In addition,
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there is another widespread high AOD in the middle troposphere over a broad swath
from 5◦ W to 60◦ E over the southern Europe, which reflects the impact of transport of
dust from the African source region. The maximum AOD over the Asian source region
is much lower than that of the African source region. For the non-dust source regions,
the maximum AOD is found in the middle troposphere over the downwind areas of5

African and Asian dust belts.
The altitude-longitude cross-sections of dust AOD, averaged over African and Asian

dust belts using the FLG vertical profile, are shown in Fig. 3. Different from that in the
GEOS-Chem vertical profile, the maximum AOD is close to the surface. It consistently
decreases with increasing altitude globally, including both the dust and non-dust source10

regions. The deficiency is evident by using such prescribed “climatological” vertical
profile since the non-dust source regions and ocean areas have the same vertical
profiles as those of the dust source regions with the maximum AOD at the surface.

The differences in dust AOD vertical distributions, using the same column-integrated
AOD as shown in Fig. 1b, between using GEOS-Chem or FLG vertical profile over15

the African and Asian dust belts are shown in Fig. 4. Using the GEOS-Chem vertical
profile for the African dust belt produces much higher AOD in the middle troposphere
(800–550 hPa); up to a factor of 2 higher than from using the FLG vertical profile. Lower
values of AOD are found in the low troposphere (1000–800 hPa) and above 550 hPa
over the North African areas (20◦ W–40◦ E). The positive differences of AOD are shown20

in the middle to upper troposphere over areas downwind of the African dust belt. This
suggests that more dust particles might be lifted into the free troposphere using the
GEOS-Chem vertical profile (Fig. 4a). These differences are more significant over the
Asian dust belt (Fig. 4b). The values of AOD are increased by a factor of 5 in the
middle to upper troposphere using GEOS-Chem vertical profile over the Asian dust25

source region and downwind areas. Similarly, the dust AOD averaged over the Asian
dust belt is much lower near the surface layer (1000–800 hPa) with the GEOS-Chem
vertical profile. Obviously, the impact of transport of dust is not reflected by using FLG
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vertical profile, which results in significant differences compared to the GEOS-Chem
vertical profile along downwind areas of source regions.

The simulated total AOD of dust is the sum of the AOD of each size bin, and is
dominated by the first three small size bins. The smallest (0.7 µm) dust particles play
important roles in contributing to the large values of AOD over the African and Asian5

dust source regions primarily due to large particles in the coarse mode being removed
from the distribution from gravitational settling. The differences of dust AOD between
using GEOS-Chem vertical profile and FLG vertical profile for each size bins are shown
in Fig. 5. Their differences are similar to that of the total dust AOD, with much higher
AOD in the middle troposphere while lower at the surface using the GEOS-Chem ver-10

tical profile. Meanwhile, the differences between GEOS-Chem vertical profile and FLG
vertical profile for the smallest size bin (0.7 µm) are most significant, and contribute
more than 70 % to the differences of total dust AOD over the dust source regions (see
Fig. 5a). It suggests that more small dust particles are lifted to the middle and upper
troposphere, especially over the downwind areas. The clay aerosols (diameter <2 µm)15

have lifetimes on the order of a week and produce a strong negative radiative forc-
ing by efficiently scattering shortwave radiation (Kok, 2011). On the other hand, the
clear sky thermal IR radiative forcing and cloudy sky TOA solar radiative forcing of dust
aerosols are very sensitive to the altitude of the dust and cloud layers (Liao and Sein-
feld, 1998). Therefore, the vertical differences of AOD produced by small dust particles20

would undoubtedly result in significant impacts on radiation and heating.

4 Impact of vertical profiles on radiative forcing

The net radiative forcing, ∆F , of solar and IR radiation has been calculated as the
change of the net radiation (downward flux, Fdown, minus upward flux, Fup) at the top of
atmosphere and at the surface when the dust aerosols are present with respect to the25
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clear air (no dust aerosol) case, according to:

∆F = Fdown − Fup (1)

RF = ∆Faerosol −∆Fclear (2)

The daily changes of the AOD and of the aerosol optical properties are not taken into5

account since the purpose is to assess the sensitivity of the direct radiative forcing in-
fluenced by differences in dust AOD vertical profiles. To examine the radiative forcing in
different regions, we focus our analysis on the source regions of Sahara desert (10◦ N–
25◦ N, 10◦ W–40◦ E) and Gobi desert (40◦ N–45◦ N, 90◦ E–110◦ E), as well as their down-
wind areas of Arabian Sea (5◦ N–25◦ N, 60◦ E–75◦ E) and Eastern Asian (35◦ N–55◦ N,10

120◦ E–150◦ E).

4.1 Impact of vertical profiles on solar radiative forcing

Table 1 shows the solar and IR radiative forcing at the TOA and at the surface. The
solar radiative forcing at the TOA depends on the surface albedo and properties of the
atmospheric column as well as the dust optical properties. Generally, the solar radia-15

tive forcing at the TOA is negative for maritime, sulfate and small mineral dust particles,
which scatter solar radiation with little absorption produced (Gu et al., 2006). Dust par-
ticles increase the apparent reflectance of the earth over dark surfaces (e.g. ocean);
more solar radiation is scattered back to space in the presence of slightly absorbing
aerosol. The model predicts a negative solar radiative forcing and exerts cooling effect20

at the TOA throughout entire atmosphere except with some bright surfaces for both ver-
tical profiles (Fig. 6a, b). The absorption of solar radiation dominates over scattering
over bright surfaces (such as snow covered areas), or cloud-covered surfaces, causing
a net TOA warming (Weaver et al., 2002). Therefore, the positive values of 0∼1 are
shown over the snow areas in high latitude. The positive solar radiative forcing over part25

of the desert is due to the elevated absorbing dust particles above the highly reflective
desert surface (Huang et al., 2009). The solar radiative forcing over both dust source
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regions and downwind areas exerts significant cooling effect at the TOA. The global
mean values of solar radiative forcing at the TOA are −1.85 and −1.73, respectively
for the GEOS-Chem vertical profile and FLG vertical profile. The difference in the so-
lar radiative forcing at the TOA between the GEOS-Chem vertical profile and the FLG
vertical profile (the former minus later) is shown in Fig. 6c. With the GEOS-Chem verti-5

cal profile, the cooling effect is weaker by 0.19 Wm−2 and 0.24 Wm−2 over the Sahara
and Gobi deserts than that with FLG vertical profile. The FLG vertical profile allows for
more dust particles in the upper troposphere over the dust source regions than that
of the GEOS-Chem vertical profile (Figs. 3 and 5), which exerts more cooling at the
TOA. However, more dust particles, especially the small size particles that mostly scat-10

ter solar radiation, are lifted into the middle and upper troposphere over the downwind
areas by using the GEOS-Chem vertical profile (Figs. 4 and 5). This results in more
reflection at the TOA and much stronger cooling effect over all except Arabian Sea,
which shows weaker cooling. A possible reason for is that Arabian Sea is located close
to the dust source regions of Sahara desert and Arabian Peninsula. Other than some15

far away downwind areas (e.g. Eastern Asian), the vertical structure of dust distribution
over Arabian Sea follows that of the African source region (Fig. 2), leading to similar
radiative impact (Table 1). The solar radiative forcing is less dependent on the vertical
profile for low absorbing particles at the TOA than that of absorbing particles, with up to
a 10 % variation in the daily average forcing over the dust source region (Meloni et al.,20

2005). Here, the differences in averaged solar radiative forcing at the TOA between
using GEOS-Chem vertical profile and FLG vertical profile are less than 3 % over the
Sahara and Gobi desert. However, the impact of the vertical profile on the solar ra-
diative forcing over the downwind areas is much larger than that over the dust source
region. The differences are about 10 % over Arabian Sea and Eastern Asia.25

Even though the TOA forcing is often small, the surface forcing can be relatively
large, especially over the dust source regions. Both solar absorption and reflection
within the atmosphere tend to cool the surface (Fig. 7). The solar radiative forcing at
the surface is negative (cooling effect) with a global mean value of −3.42 Wm−2 for
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GEOS-Chem vertical profile and −3.46 Wm−2 for FLG vertical profile (Table 1). It in-
creases significantly to more than −20 Wm−2 over the dust source regions of Sahara
and Gobi deserts, indicating a decrease in the solar insolation at the surface associ-
ated with more scattering and absorption of radiation by dust particles. The differences
of solar radiative forcing at the surface between GEOS-Chem vertical profile and FLG5

vertical profile are evident over the dust source regions and their surrounding down-
wind areas, such as Arabian Sea (Fig. 7c). With the GEOS-Chem vertical profile, less
cooling is produced over the Sahara, Gobi and Arabian Sea than that with FLG vertical
profile (Table 1).

4.2 Differences of solar radiative forcing over dust source regions and10

downwind areas

In order to explain the differences in the dust radiative forcing between the dust source
regions and downwind areas, two samples were selected from the dust source region
of Sahara desert (10◦ E, 20◦ N) and downwind areas of Eastern Asia (140◦ E, 40◦ N)
to show the impact of different AOD vertical structures on the radiative forcing through15

the atmosphere (see Figs. 8 and 9). At the TOA, the differences of net radiative forcing
between GEOS-Chem vertical profile and FLG vertical profile are dominated by the
differences of the upward flux since the downward flux is the same at the TOA. The
differences in the upward flux at the TOA are positively correlated to the differences
of AOD in the upper troposphere where less dust particles over the source regions20

lead to less solar reflection and less upward flux for low absorbing aerosols. Thus,
differences in net forcing between the GEOS-Chem vertical profile and the FLG vertical
profile at the TOA are found to be positive over the dust source regions (Fig. 8b) and
negative over the downwind areas (Fig. 9b). Vertically, the change of downward flux
at a certain layer is negatively correlated to the change of AOD in that layer. Fewer25

particles lead to less reflection and absorption, resulting in more downward flux at
the bottom of that layer. The change of upward flux is normally proportional to the
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change of downward flux, where more downward flux leads to more upward flux. When
the vertical change of AOD is positive/negative, the corresponding differences in net
flux will be decreasing/increasing. Less AOD above 600 hPa with GEOS-Chem vertical
profile over the dust source region (Fig. 8a) leads to an increasing downward flux from
TOA to 600 hPa (Fig. 8b). Therefore, the differences of net radiative forcing between5

GEOS-Chem vertical profile and FLG vertical profile exert an increasing trend. More
dust particles are seen at 600–800 hPa by using the GEOS-Chem vertical profile, which
increases both scattering and absorption of solar radiation, leading to a decreasing
trend for downward flux at 700–800 hPa due to the reduction of available radiation. The
positive differences in net radiative forcing are due the magnitude of the much larger10

differences in downward flux. Over the downwind areas, though the dust AOD vertical
profiles are quite different to those over source region, results are similarly concluded
that the differences of net radiative forcing between GEOS-Chem vertical profile and
FLG vertical profile show decreasing and negative values above 700 hPa (Fig. 9b) due
to the much larger AOD using the GEOS-Chem vertical profile in that vertical region15

(Fig. 9a). The impact of vertical profiles on solar radiative forcing at the surface is
more complicated relative to that at the TOA since it depends on not only the available
downward radiation throughout the atmospheric column, but also the upward flux at
the surface.

4.3 Impact of vertical profiles on IR radiative forcing20

In addition to the solar radiative forcing, as one of the absorbing aerosols, dust particles
also exert a significant thermal IR radiative forcing, thus contributing to the greenhouse
effect (Haywood et al., 2005; Gu et al., 2006; Shell et al., 2007). The definition of IR
radiative forcing is similar to that of the solar radiative forcing, the difference between
irradiances with and without aerosol at the TOA and surface. Unlike the solar radiative25

forcing which is a strong function of the solar zenith angle (Meloni et al., 2005), the
IR radiative forcing is effective for the full 24 h and is a strong function of the surface
temperature (Haywood et al., 2005). Dust particles have a warming effect at the TOA
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in IR radiation for both GEOS-Chem vertical profile and FLG vertical profile over the
African and Asian dust source regions and their downwind areas (Fig. 10). The av-
erage IR radiative forcing over the Saharan desert is about 1.6 Wm−2 and 1.8 Wm−2

at the TOA for GEOS-Chem vertical profile and FLG vertical profile, respectively. This
warming effect at the TOA is also dependent on the size of the dust particles (Gu et al.,5

2006). The IR radiation interacts more efficiently with larger particles, while the solar
radiation interacts more efficiently with smaller particles (Yoshioka et al., 2007). There-
fore, the IR forcing is highest near dust source regions where more large dust particles
are present since larger particles have shorter lifetimes and travel shorter distances
(Kok et al., 2011).10

The differences of IR forcing between the GEOS-Chem vertical profile and the FLG
vertical profile at the TOA are apparent. Since there are less large dust particles in
the middle and upper troposphere by using the GEOS-Chem vertical profile, the IR
forcing is lower by 0.17 Wm−2 and 0.14 Wm−2 by using GEOS-Chem vertical profile
than that by using FLG vertical profile over both Saharan desert and the Arabian Sea15

(Fig. 10c). However, the warming effect with GEOS-Chem vertical profile is 0.44 Wm−2

and 0.06 Wm−2 higher than that of FLG vertical profile over the downwind area of
Eastern Asia due to more dust particles in the free troposphere (see Figs. 3 and 5).
At the surface, the IR forcing is smaller than the solar forcing over the dust source
regions (Fig. 11). Dust absorption reduces the reemission at the top of the atmosphere20

and increases the downward irradiance at the surface, leading to a positive IR radiative
forcing and warming at the surface. The warming effect of IR radiation is much smaller
globally by using the GEOS-Chem vertical profile at the surface.

While an increased IR warming (due to the dust “greenhouse effect”) somewhat
balances the cooling, the net result is typically negative (Shell et al., 2007). The global25

average net forcing is dominated by the solar forcing with a cooling effect at the TOA
and at the surface for both the GEOS-Chem vertical profile and the FLG vertical profile.
The net cooling is about −17.0 Wm−2 over the Sahara desert and −22.0 Wm−2 over
the Gobi desert by using the GEOS-Chem vertical profile. The net forcing at the surface
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over Eastern Asia is −10.6 Wm−2 with the GEOS-Chem vertical profile, which exerts
more significant cooling than that of using FLG vertical profile.

5 Impact of vertical profiles on heating rate

Dust particles not only scatter but also absorb solar and IR radiation, which can influ-
ence the heating profiles and contribute to large diabatic heating in the atmosphere (Fu5

et al., 1997; Huang et al., 2006). Model studies show that an elevated Saharan dust
layer can change the atmospheric heating rate significantly (Carlson and Benjamin,
1980). The GEOS-Chem coupled FLG-RTM is also used to calculate the solar and IR
dust heating rate based on GEOS-Chem vertical profile and FLG vertical profile in this
study.10

Figures 12–14 show the impact of dust particles on the solar, IR, and net heating
rates over the two dust belts by using GEOS-Chem vertical profile and FLG vertical
profile, respectively. They are calculated as the differences between the simulated ra-
diative heating rates with and without the dust particles. The pattern of solar heating
rate is consistent with that of the dust AOD due to the absorption of solar radiation15

by dust. Dust particles heat the atmosphere by more than 0.5 Kday−1 over African
and Asian source regions for both GEOS-Chem vertical profile and FLG vertical profile
(Fig. 12a, b), but there is slight cooling effect near the surface over the non-dust source
regions by using GEOS-Chem vertical profile. The solar heating rate shows a maxi-
mum corresponding to that of the high dust AOD. The differences of the heating rates20

between GEOS-Chem vertical profile and FLG vertical profile (Fig. 12c) are consistent
with the differences of their AOD distribution (Fig. 4). The maximum of the difference
is shown at 700 hPa over the African dust source region. Although dust particles ex-
ert less effect on IR radiative heating rates with very small values (Fig. 13), they do
show a warming effect near surface over the non-dust source regions while significant25

cooling effect in the low and middle troposphere over the dust source regions. The IR
cooling ranges from 0.06 Kday−1 to 0.08 Kday−1, which partly compensates the large
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solar radiative heating near the dust layers. Fig. 14 shows the net heating by using the
GEOS-Chem and the FLG vertical profiles over the two dust belts. The vertical distri-
bution of net radiative heating is similar to that of the dust AOD. The maximum radiative
net heating rate is consistent with the highest AOD distribution. The net dust heating
at the dust layer is about 0.2 Kday−1 to 0.5 Kday−1 over the dust source regions for5

both vertical profiles. The dust radiative net heating based on GEOS-Chem vertical
profile reflects the impact of transport. The net heating rate due to the dust particles
are less than 0.05 Kday−1 above the dust layer and the non-dust source regions. The
differences of the net heating rate between GEOS-Chem vertical profile and FLG ver-
tical profile are the same as those of the solar heating rate (Figs. 12c and 14c) since10

the net heating rate is dominated by the solar heating rate (Huang et al., 2009). An
enhanced net heating rate is evident in the middle and upper troposphere over African
and Asian source regions by using GEOS-Chem vertical profile, but it is much smaller
by 0.1 Kday−1 near surface layers compare to using FLG vertical profile (Fig. 14c). Ob-
viously, the radiative net heating is sensitive to the dust AOD vertical profile, which may15

play an important role in modulating regional circulation.

6 Summary and conclusion

We have used the GEOS-Chem global 3-D CTM with improved dust emission coupled
with the FLG spectral radiative transfer model to investigate the fluxes of solar and
infrared radiation at the TOA and the surface based on the simulated instantaneously20

GEOS-Chem vertical profile and prescribed “climatological” FLG vertical profile. Using
the GEOS-Chem vertical profile reflects the differences of vertical structure of AOD be-
tween dust and non-dust source regions, while using FLG vertical profile shows a con-
sistent pattern of AOD vertical structure both in dust and non-dust source regions.
The coupled calculations involving GEOS-Chem and FLG-RTM with the GEOS-Chem25

vertical profile minimizes the physical inconsistencies between the 3-D CTM aerosol
fields and the radiative transfer calculations and contribute directly to the evaluation of
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dust heating rate and radiative forcing. The dust AOD is consistently high from surface
to 600 hPa over the African and Asian dust source regions; then it decreases with in-
creasing altitude when using the GEOS-Chem vertical profile. The largest AOD is in the
middle troposphere second only to the surface for non-dust source regions (along the
downwind areas). The largest solar heating rate is consistent with the maximum of dust5

AOD due to the absorption by dust particles. The radiative net heating dominated by
the solar heating rate is also sensitive to different vertical profiles and shows substantial
differences between the GEOS-Chem vertical profile and the FLG vertical profile. The
net heating rate is much larger in the middle and upper troposphere over the African
and Asian source regions, while smaller near surface layers when using GEOS-Chem10

vertical profile. Differences due to dust vertical profiles could play an important role in
modulating regional circulation.

The global mean radiative forcing is negative in the solar part of the spectrum, asso-
ciated with the predominantly scattering nature of dust particles at these wavelengths,
while positive in the thermal infrared. The vertical distributions of dust particles strongly15

affect the estimated radiative forcing at TOA and the surface. With GEOS-Chem verti-
cal profile, dust particles have negative radiative forcings at both TOA and the surface
with globally averaged values of about −1.85 Wm−2 and −3.42 Wm−2, respectively.
This reduces solar radiative forcing by about 0.2–0.25 Wm−2, but also increases IR
radiative forcing by about 0.1–0.2 Wm−2 at the TOA over the African and Asia dust20

source regions. Additionally, we saw a reduction of 1.0 Wm−2 in solar radiative forcing
and an increase of 0.4 Wm−2 in IR radiative forcing at TOA over the downwind areas
in Eastern Asia by using GEOS-Chem vertical profile, as compared to FLG vertical
profile.

The dust radiative forcing is negative in the solar spectrum, while positive in the25

thermal infrared at the surface for both the GEOS-Chem vertical profile and the FLG
vertical profile. With GEOS-Chem vertical profile, the global average is −3.4 Wm−2 in
solar radiation and 0.4 Wm−2 in thermal IR radiation. The net radiation is 3 Wm−2 at the
surface, which is the same as in the case of FLG vertical profile. However, the radiative
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forcing effect of dust particles is more significant by using FLG vertical profile at the
surface over Eastern Asia, while less significant over Sahara and Gobi deserts. The
decrease (increase) of net radiative forcing at the surface accompanied by increased
(decreased) atmospheric heating rate can be a significant forcing of regional circulation
and convection.5
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Table 1. Solar and IR forcing (Wm−2) at TOA and atthe surface.

Vertical
profile

Solar forcing IR forcing
TOA Surface TOA Surface

Global GEOS-Chem −1.85 −3.42 0.20 0.42
FLG −1.73 −3.46 0.16 0.46
Diff −0.12 0.04 0.04 −0.04

Sahara
(10◦ N–25◦ N,
10◦ W–40◦ E)

GEOS-Chem −7.53 −22.32 1.61 5.26
FLG −7.74 −22.96 1.78 5.43
Diff 0.19 0.64 −0.17 −0.17

Gobi
(40◦ N–45◦ N,
90◦ E–110◦ E)

GEOS-Chem −12.24 −27.00 1.90 4.99
FLG −12.37 −28.16 1.84 5.36
Diff 0.24 1.16 0.06 −0.37

Arabian Sea
(5◦ N–25◦ N,
60◦ E–75◦ E)

GEOS-Chem −8.35 −13.47 0.32 1.10
FLG −9.04 −14.11 0.46 1.10
Diff 0.69 0.64 −0.14 0.00

Eastern Asia
(35◦ N–55◦ N,
120◦ E–150◦ E)

GEOS-Chem −7.69 −11.61 0.82 1.00
FLG −6.63 −11.49 0.38 1.26
Diff −1.06 −0.12 0.44 −0.26
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Fig. 1Fig. 1. GEOS-Chem simulated (a) dust emission and (b) dust AOD for April 2006.
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Fig. 2. Altitude-longitude cross-sections of dust AOD averaged over (a) African dust belt (10◦ N–
35◦ N) and (b) Asian dust belt (35◦ N–45◦ N) by using GEOS-Chem vertical profile.
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Fig. 3. Altitude-longitude cross-sections of dust AOD averaged over (a) African dust belt (10◦ N–
35◦ N) and (b) Asian dust belt (35◦ N–45◦ N) by using FLG vertical profile.
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Fig. 4 
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Fig. 4. Differences of dust AOD between using GEOS-Chem vertical profile and FLG vertical
profile (former minus latter) averaged over (a) African dust belt (10◦ N–35◦ N) and (b) Asian dust
belt (35◦ N–45◦ N).
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(a)  Radii=0.7  μm

Fig.  5

(b)  Radii=1.0  μm

(c)  Radii=2.0  μm (d)  Radii=4.0  μm
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Fig. 5. Differences of dust AOD for four size bins (a) radii=0.7 µm; (b) radii=1.0 µm; (c)
radii=2.0 µm; (d) radii=4.0 µm between using GEOS-Chem vertical profile and FLG vertical
profile (former minus latter) averaged over African dust belt (10◦ N–35◦ N) and Asian dust belt
(35◦ N–45◦ N).
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(a) GEOS-Chem vertical profile

Fig. 6 

(b) FLG vertical profile
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Fig. 6. Solar radiative forcing at the TOA with (a) GEOS-Chem vertical profile; (b) FLG vertical
profile; and (c) differences between using GEOS-Chem vertical profile and FLG vertical profile
(former minus latter).

2448

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/2415/2013/acpd-13-2415-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/2415/2013/acpd-13-2415-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 2415–2456, 2013

Improved estimate of
global dust radiative

forcing

L. Zhang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

(a) GEOS-Chem vertical profile

Fig. 7 

(b) FLG vertical profile
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Fig. 7. Solar radiative forcing at the surface with (a) GEOS-Chem vertical profile; (b) FLG
vertical profile; and (c) differences between using GEOS-Chem vertical profile and FLG vertical
profile (former minus latter).
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(a) AOD vertical profiles 
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(b) Differences of solar flux  
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Fig. 8. Vertical profiles of (a) dust AOD and (b) the differences of dust solar radiative flux at the
location of Sahara desert (10◦ E, 20◦ N).
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(a) AOD vertical profiles 

Fig. 9 
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Fig. 9. Same as Fig. 8, but at the location of Eastern Asia (140◦ E, 40◦ N).
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(a) GEOS-Chem vertical profile

Fig. 10 

(b) FLG vertical profile
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Fig. 10. IR radiative forcing at the TOA with (a) GEOS-Chem vertical profile; (b) FLG vertical
profile; and (c) differences between using GEOS-Chem vertical profile and FLG vertical profile
(former minus latter).
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(b) FLG vertical profile

(c) Differences 

W /m 
2 
  

W /m 
2 
  

90N 

60N 

30N 

30S 

60S 

90S 

180 120W 60W 0 60E 120E 180 

EQ 

90N 

60N 

30N 

30S 

60S 

90S 

180 120W 60W 0 60E 120E 180 

EQ 

90N 

60N 

30N 

30S 

60S 

90S 

180 120W 60W 0 60E 120E 180 

EQ 

-2 -1 -0.5 -0.2 -0.1 0 0.1 0.2 0.5 1 2 

-10 -5 -2 -1 -0.5 0 0.5 1 2 5 10 

Fig. 11. IR radiative forcing at the surface with (a) GEOS-Chem vertical profile; (b) FLG vertical
profile; and (c) differences between using GEOS-Chem vertical profile and FLG vertical profile
(former minus latter).
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(a) GEOS-Chem vertical profile

Fig. 12 

(b) FLG vertical profile
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Fig. 12. Altitude-longitude cross-sections of solar heating rate due to dust with (a) GEOS-Chem
vertical profile; (b) FLG vertical profile; and (c) differences between using GEOS-Chem vertical
profile and FLG vertical profile (former minus latter)averaged over African dust belt (10◦ N–
35◦ N) and Asian dust belt (35◦ N–45◦ N).
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Fig. 13. Same as Fig. 12, but for IR heating rate due to dust.
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(a) GEOS-Chem vertical profile

Fig. 14 

(b) FLG vertical profile
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Fig. 14. Same as Fig. 12, but for net heating rate due to dust.
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