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A B S T R A C T

In this study, we present simulations of the global dust cycle for present day conditions using a new dust-
atmosphere model based on the Non-hydrostatic Icosahedral Atmospheric Model (NICAM) coupled with the
Spectral Radiation Transport Model for Aerosol Species (SPRINTARS). We focus on evaluations of the dust
simulation with respect to emissions, depositions, surface concentrations, aerosol optical depths (AODs), and the
dust-aerosol direct radiative effects (DREs). The sensitivities of the dust simulation to the meteorological fields
are also investigated through with and without meteorological nudging. NICAM without meteorology nudging
tends to systemically overestimate the 10m wind speeds by approximately 30%–40%, whereas the daily mag-
nitudes and variations in the 10m wind speeds are both significantly improved with meteorological nudging,
especially over the Sahara Desert. The estimated annual global mean dust emission flux, dust AOD, and dust-
aerosol shortwave DRE at the top of the atmosphere with meteorological nudging are 1463 Tg yr−1, 0.033, and
−1.3 Wm-2, respectively. Due to the approximately 30%–40% overestimations of the 10m wind speeds over the
two major desert regions, the estimated annual global mean dust emission flux, AOD, and DRE without me-
teorological nudging are significantly greater than those with meteorological nudging. The overestimations of
10m wind speeds and the associated dust emissions are mainly caused by the positive biases of wind speeds
especially from surface to approximately 2 km and slightly affected by the temperature fields. The monthly
variations in the dust depositions over the Atlantic and the surface dust concentrations over the Pacific are all
better simulated with meteorological nudging. Compared to both the AERONET (Aerosol Robotics Network)-
and MODIS (Moderate-Resolution Imaging Spectroradiometer)- retrieved AODs, the simulated daily AOD var-
iations are significantly improved with meteorological nudging, especially over the dust-aerosol dominated
regions. The global and annual mean dust lifetime and size distribution, which are two critical factors for es-
timating dust radiative effects, are quite similar between the dynamic and nudged NICAMs. We therefore can use
the dynamic model to understand climate-dust interactions in a global and annual scale. Furthermore, we can
improve the model performances for some applications in regional and seasonal scales by meteorological
nudging which probably cannot be achieved by just tuning the dust emission.

1. Introduction

Dust aerosols play an important role in shaping the Earth's climatic
system. Over 50% of the global production of tropospheric aerosol

particles in mass is composed of mineral aerosols, which are mainly
from deserts and their border regions (Andreae et al., 1986). Due to its
scattering and absorption of solar shortwave and surface longwave ra-
diation, mineral dust has a large impact on the global radiation budget
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(Sokolik et al., 2001; Tegen, 2003; Chen et al., 2017). Through direct
and indirect forcing, mineral dust can change the global temperature at
the surface and in the atmosphere, which then affects precipitation and,
thus, the dust-aerosol cycle (Miller et al., 2003; Huang et al., 2006a,
2006b; Yoshioka et al., 2007; Yin and Chen, 2007; Han et al., 2009).
Dust can also be involved in cloud development, serving as cloud
condensation nuclei (CCN) and ice nuclei (IN) (Liu et al., 2012b; Twohy
et al., 2009). The long-distance transport of dust also has a significant
effect on the marine ecological environment due to its biogeochemical
role. The deposition of dust provides the micronutrient iron to the
ocean and, thus, fertilizes the phytoplankton and drives atmospheric
CO2 decreases (Ridgwell, 2002). Deposition of dust on snow surface can
also affect the snow albedo and modify the surface water and energy
cycles, known as snow darkening effect (Wu et al., 2018a). In addition,
mineral dust is critical for the assessment of air quality through the
concentration of particulate matter and its impact on visibility
(Jiménez-Guerrero et al., 2008).

To understand the impacts of dust, the global spatiotemporal dis-
tributions of dust should be studied. Direct observational data provides
a wide range of detailed information about the aerosol but are re-
presentative of limited spatial and temporal scales (Prospero, 1999).
Satellite measurements complement ground-based observations by
providing greater spatial coverage, but challenges are still associated
with this dataset in terms of the uncertainties and difficulties in the data
retrieval processes (Ginoux et al., 2012). Therefore, dust models have
become a significant tool for filling in the observational gaps when
characterizing dust-aerosol spatiotemporal coverages, providing an ef-
ficient way to understand the climatic impact of dust aerosols
(Woodward, 2001; Yue et al., 2010). Many dust models have been
developed to simulate the emission, transport and distribution of dust at
the global scale (Joussaume, 1990; Yue et al., 2009; Colarco et al.,
2010; Astitha et al., 2012; Liu et al., 2012a; Peng et al., 2012). Dust
emissions have important regional and global consequences and occur
as episodic naturally driven processes on small spatial and temporal
scales. Generally, the uplift of dust particles is expressed as a function of
the surface wind speed and wetness (Ginoux et al., 2001). Dust particles
are then transported by winds over long distances. The relative amounts
of smaller particles to larger particles increase with increasing distance
from the source as the larger particles are removed more quickly due to
their higher settling velocities. The distributions of smaller particles are
more diffuse because of their longer airborne lifetimes (Tegen and
Fung, 1994). Dust from North Africa is often transported to the Atlantic,
reaching as far as South America, the Caribbean, and the southern
United States (Prospero, 1999; Gyan et al., 2005). Australia and Asia
are the main sources of dust deposition in the Pacific Ocean, where the
dust acts as a nutrient source. However, the long-term transport of dust
is difficult to simulate well because of the hypotheses concerning the
size distributions. A broad intercomparison of 15 global dust-aerosol
models in AeroCom Phase I indicates that there are still large differ-
ences among the global models when simulating the dust cycle
(Huneeus et al., 2011). Large uncertainties in both meteorology and
source parameterization can substantially affect the global dust simu-
lations (Ackerley et al., 2012; Astitha et al., 2012; Luo et al., 2003;
Timmreck and Schulz, 2004), and better representations of dust emis-
sion and transportation have been recognized by nudging a simulation
with reanalyzed meteorological parameters (Albani et al., 2014; Smith
et al., 2017; Wu et al., 2016).

In this paper, we present the simulated global dust cycle using an
aerosol module called the Spectral Radiation Transport Model for
Aerosol Species (SPRINTARS) coupled with a new flexible resolution
weather and climate model called the Non-hydrostatic Icosahedral
Atmospheric Model (NICAM) in both dynamic and nudged versions.
The simulated dust surface concentrations and deposition fluxes are
validated using a benchmark dataset provided by the AeroCom project
for cross-model inspections for the future development of dust models.
The simulated aerosol optical depths (AODs) are also evaluated using

ground-based and satellite-based observations. Finally, the dust-aerosol
direct radiative effects (DREs) are computed and compared with other
model results.

We start by describing the dust model and experiment setting in
section 2. In section 3, we display the simulated results including the
dust emission fluxes, depositions, surface concentrations, the dust
AODs, and the dust-aerosol DREs. The comparisons of the simulations
and observations are also outlined, focusing on the depositions, surface
concentrations and daily dust AODs. Section 4 summarizes our findings
and concludes the study.

2. Model description and experiments

NICAM uses a non-hydrostatic dynamic core and an icosahedral grid
configuration (Tomita and Satoh, 2004; Satoh et al., 2008, 2014),
making it suitable to run with flexible horizontal resolutions of coarse
(approximately 200 km) to high (approximately 1 km) values on a su-
percomputer. Higher resolution grids are recursively subdivided from a
coarser resolution grid. NICAM can also be adapted to run partially high
resolution simulations that target particular areas with the stretched
icosahedral grid system (Tomita, 2008; Goto et al., 2015). NICAM has
been shown to reproduce a realistic multiscale cloud structure from the
meso-scale to a planetary-scale cloud organization that is associated
with the Madden-Julian Oscillation (MJO) (Miura et al., 2007). NICAM
was also the first model to produce a global simulation with a hor-
izontal grid spacing of less than 1 km (Miyamoto et al., 2013). More
detailed descriptions of NICAM were presented by Satoh et al. (2014).
In this study, we perform the global simulation with a horizontal re-
solution of 223 km (a total of 10,242 grid points) and a vertical re-
solution of 40 layers from surface to approximately 40 km altitude. The
vertical grid spaces in the troposphere of approximately 160m near the
surface, exponentially increasing to approximately 1320m around
16 km. We consider the aerosol DREs based on the two-stream k-dis-
tribution radiation scheme implemented in NICAM, which incorporates
scattering, absorption, and emissivity by aerosol and cloud particles as
well as absorption by gaseous compounds (Nakajima et al., 2000;
Sekiguchi and Nakajima, 2008). For cloud formation processes, we use
a large-scale condensation scheme (Le Trent and Li, 1991) and the
Arakawa-Schubert type cumulus convection scheme (Arakawa and
Schubert, 1974; Pan and Randall, 1998). The aerosol effects on cloud
microphysical properties are included and successfully simulated by
NICAM (Sato et al., 2018; Suzuki et al., 2004). The vertical turbulent
scheme used in this study comprises an improved Mellor-Yamada tur-
bulence closure scheme (Mellor and Yamada, 1982; Nakanishi and
Niino, 2006; Noda et al., 2010). The used land surface model named
minimal advanced treatments of surface interaction and runoff (MAT-
SIRO) (Takata et al., 2003) is online coupled with NICAM.

The SPRINTARS (Takemura et al., 2000, 2005, 2009), which was
originally coupled to the Model for Interdisciplinary Research on Cli-
mate (MIROC), has been used in global aerosol model comparisons
since the initial AeroCom assessment (Kinne et al., 2006; Textor et al.,
2006). SPRINTARS treats evolutions of various species of aerosols in the
atmosphere, including soil dust, organic carbon, black carbon, sulfate,
and sea-salt aerosols, and it has been implemented in NICAM (Suzuki
et al., 2008). In NICAM-SPRINTARS, bulk aerosol mass of sulfate and
carbonaceous aerosols are predicted by considering the emission,
transport, and deposition processes, whereas sea salt mass is tracked in
4 bins (Dai et al., 2014; Takemura et al., 2000). The emission in-
ventories used in this study are from the AeroCom-II ACCMIP datasets
(Lamarque et al., 2010) (http://aerocom.met.no/download/emissions/
AEROCOM-II-ACCMIP/). Sea salt emissions are calculated online
mainly depending on the near-surface wind speeds (Takemura et al.,
2009). To calculate the sulfate chemistry (Takemura et al., 2000), the
oxidants (ozone, hydroxyl radicals, and H2O2) are from an offline global
chemical transport model (Sudo et al., 2002). In the aerosol coupled
NICAM, dust aerosols are divided into 10 bins by particle radii, ranging
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from 0.1 to 10 μm (Takemura et al., 2000). The natural dusts of the bare
ground areas (Fig. 1a) are emitted to the modeled planetary boundary
layer with a constant mixing ratio, wherein all three of the following
conditions are satisfied: (1) the wind speeds at the 10m height (ν10) are
over the threshold velocity, (2) the soil relative moisture (Wg) is dryer
than the threshold moisture, and (3) the surface snow amount is less
than 1 kg/m2. The emitted dust mass fluxes (F) are calculated online at
each model integration step (i.e., 20min in this study) wherein the
parameterization is set as the following empirical formulation
(Takemura et al., 2009),

⎜ ⎟= ⎛
⎝

− ⎞
⎠

−F f r C
W W

W
ν u ν( ) ( )d

gt g

gt
t10 10

2

(1)

where f r( ) is the normalized emission strength of each size bin
(Takemura et al., 2000); Cd as shown in Table 1 are empirically spe-
cified coefficients depending on ten regions to separate the main global
deserts (Fig. 1c); ut is the 10m wind speed threshold velocity currently
set to be 6.5m/s for all bins, which is needed to be improved in future
work because a size-independent threshold velocity is not fully sup-
ported by observations (Bagnold, 1941) and can bias the dust response
to climate change (Hopcroft et al., 2015); Wgt is the threshold soil

Fig. 1. Horizontal distributions of the static parameters associated with the dust simulation, including the (a) dominant vegetation index, (b) topography, and (c)
defined regions used by NICAM.
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relative moisture set to be 0.1 except Asian desert region set to be 0.2.
The higher Wgt over Asian desert is due to the soil moisture over this
region is generally over than 0.1 (Figs. 2 and 3d). Here, the ν10 and Wg
are both calculated with the online coupled land surface model MAT-
SIRO. A three-dimensional icosahedral grid advection scheme preser-
ving monotonicity and consistency with continuity for dust transport is
adopted in NICAM (Niwa et al., 2011). The depositions of dust in
NICAM are parameterized as same as in Takemura et al. (2000), in-
cluding three processes: i.e., wet deposition, turbulent dry deposition,
and gravitational settling (sedimentation). The wet deposition is further
divided into two processes: i.e., the sub-cloud scavenging and in-cloud
scavenging.

As same as the AeroCom Phase II for the present-day “control” ex-
periments (http://aerocom.met.no/), we also mainly focus on the dust
cycle for the year of 2006 in this study. Two versions of NICAM, i.e.,
with and without meteorological nudging, are used to investigate the
sensitivity of the dust cycle to the NICAM-simulated meteorological
fields. With the free-running version (DYNAMIC), NICAM coupled with
a simple mixed layer ocean model predicts the meteorological fields
with a new dynamic core of fully compressible and non-hydrostatic
equations for five years since 2006 forced by the prescribed NCEP
monthly mean sea surface temperature (SST) and sea ice fraction
without any meteorological nudging, as were the studies of the aerosol
interactions with clouds, meteorology, and climate, which is preferable
to run the dynamic model freely or at least retain the characteristics of
the free-running model (Zhang et al., 2014). In the nudged version
(NDG_UVTQP), NICAM is run for one year in the same way as in the
DYNAMIC except for the additions of wind (u, v), pressure (p), tem-
perature (t), and specific humidity (qv) nudging, which is implemented
by the inclusion of the reanalysis data every 6 h from the NCEP Final
(FNL) Analysis (NOAA/NCEP, 2000) (https://rda.ucar.edu/datasets/
ds083.2/). Meteorological nudging is a simple assimilation technique
that can facilitate a more straightforward comparison of simulations
and observations and that can reduce the uncertainties associated with
the discrepancy in large-scale circulations by constraining the climate
model-simulated meteorological fields using reanalysis data (Zhang
et al., 2014; Wu et al., 2018b). The implementation of nudging in
NICAM uses the Newtonian relaxation method to constrain the dyna-
mical state by adding a forcing to the prognostic equations that relaxes

Table 1
Empirically specified coefficients of dust emissions for the ten
different regions, as shown in Fig. 1c.

Region Coefficients of dust emission (Cd)

1 0.0
2 2.0×10−9

3 8.0×10−10

4 2.0×10−9

5 2.0×10−9

6 1.0×10−9

7 8.0×10−10

8 8.0×10−10

9 8.0×10−10

10 0.0

Fig. 2. Spatial distributions of the annual mean 10m wind field (a), soil moisture (b), and snow amount (c) over land for the NCEP FNL reanalysis data. The spatial
distributions of the NICAM-simulated annual mean dust emission and 10m wind field over land for the DYNAMIC (d) and NDG_UVTQP (g) experiments. The annual
mean differences of the NICAM-simulated soil moisture and snow amount minus the NCEP FNL reanalysis ones for the DYNAMIC (e, f) and NDG_UVTQP (h, i)
experiments. Two major desert regions, i.e., the Saharan (15°N-30°N and 15°W-30°E) and East Asian (37°N-47°N and 80°E−110°E) deserts, are defined as the
rectangle areas.
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the model toward prescribed atmospheric conditions (Stauffer and
Seaman, 1990). The nudging coefficient τ for all variables above the
model 10 levels is set to 0.000046 s corresponding to a timescale of 6 h
(Zhang et al., 2014), and it smoothly decreases to zero from level 10 to
level 1 as in equation (2) below,
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where z is the height of the model level. For the purpose of under-
standing dust-climate interactions and looking at past or future change,
we need to use the dynamic model to simulate the meteorological
fields, however, meteorological nudging ensures the simulations are
closer to the real meteorology. Therefore, information about possible
differences between the dynamic and nudged versions are important for
our understanding of the meteorological parameters effects on global
dust cycle simulations and the associated uncertainties on estimation of

the climate effect of dust.

3. Results

3.1. Dust emission flux

Fig. 2 shows the comparisons between the NICAM simulated and
NCEP FNL reanalysis annual mean 10m wind fields, soil moisture, and
surface snow amount for the year 2006 by the two NICAM versions. The
spatial distributions of the simulated annual mean dust emission fluxes
are also shown in Fig. 2. Compared to the NCEP FNL reanalysis fields,
we find that both the two versions of model can generally reproduce the
main horizontal structures and magnitudes of the annual mean 10m
wind fields, soil moisture, and surface snow amount especially over the
Saharan and East Asian desert regions, indicating that NICAM can si-
mulate the climatic characteristics of land surface and atmospheric
parameters for dust emission estimations. However, there are

Fig. 3. Comparisons of the area and daily mean 10m wind speed, soil moisture and snow amount from the DYNAMIC, NDG_UVTQP and the NCEP FNL reanalysis
data in Saharan (a), (c) and East Asian desert (b), (d), (e). There is no snow in Saharan desert. The two major desert regions are defined as the rectangular areas in
Fig. 2. Ba, Br, R and RMSE represent the mean bias, relative difference, correlation coefficient and root mean square error, respectively.
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considerable discrepancies between the two versions of the estimated
dust emission fluxes, which have annual global mean values of
6151 Tg yr−1 and 1463 Tg yr−1. The interannual variability of the
global mean dust emission fluxes calculated by the standard deviation
of dust emission during the 5-year simulation relative to the mean of 5-
year simulation is 3.8% using the dynamic version, indicating the large
discrepancy of the dust emissions between the dynamic and nudged
versions are not mainly caused by the interannual variability of the dust
emissions. The major dust source areas are clearly located over the
Sahara Desert, the Arabian Peninsula and the Gobi Desert. Since the
dust emission strengths are mainly dependent on the 10m wind speeds
(Mukai et al., 2004) and there are few observational data points
available for validation, the simulated daily area average 10m wind
speeds over the two major dust source regions, i.e., the Saharan and
East Asian desert regions as defined by the rectangular areas in Fig. 2,
are compared with the NCEP FNL data, as shown in Fig. 3. It is also
proved that the soil moisture and snow cover can affect the dust
emission predictions over Asian desert especially over the snow-melting
season (Tanaka et al., 2011; Wu et al., 2016), therefore, the NICAM
simulated soil moisture and snow amount are also shown in Fig. 3. The
nudged NICAM (NDG_UVTQP) significantly improves the simulated
10m wind speeds. The correlation coefficients (R) between the NICAM-
simulated and the NCEP FNL daily 10m wind speeds over the Saharan
and the East Asian desert regions increase from 0.141 and 0.071 to
0.904 and 0.765, respectively. The mean biases (Ba), relative differ-
ences (Br), and root mean square errors (RMSE) between the simulated
and NCEP FNL reanalysis daily 10m wind speeds over both regions are
also improved. Over the Saharan desert region, the dynamic NICAM
(DYNAMIC) tends to overestimate the 10m wind speeds, with Ba and Br

values of 0.824 and 1.290, respectively, whereas the nudged NICAM
correctly reproduces the reanalysis 10m wind speeds, with Ba and Br

values of 0.114 and 1.043, respectively. Over the East Asian desert
region, the DYNAMIC also tends to overestimate the 10m wind speeds,
with Ba and Br values of 1.152 and 1.443, respectively, and the
NDG_UVTQP reduces the Ba and Br to values of 0.007 and 1.038, re-
spectively. Reproducing the 10m wind speeds over the East Asian de-
sert region, even with nudging technique, is even more difficult, which
is likely caused by the more complex topography over the Eastern Asian
desert region, as shown in Fig. 1b. Due to the limitation of describing
the topographic characteristics with a coarse resolution model, the
model is unable to capture all the wind variability caused by the
complex topography in the Eastern Asian desert region, which reflects
in the higher RMSE and lower R compared to the Saharan desert region.
With respect to the soil moisture, it is found that both versions of
NICAM can reproduce dryer soil moisture over the Saharan desert than
that over the East Asian desert. Over the Saharan desert, both versions
of NICAM tend to underestimate the soil moisture with similar mag-
nitude. Over the East Asia desert, the nudged NICAM tends to produce
dryer soil moisture especially in summer months. The meteorological
nudging can also improve the capability of NICAM to simulate the
temporal variations of soil moisture as indicated by the higher R over
both the Saharan and East Asian Deserts. There is no snow cover over
the Saharan desert in both NICAM and NCEP FNL data, and NICAM can
generally reproduce monthly variation of the snow amount over
Eastern Asia desert although both versions of NICAM tend to over-
estimate the snow amount. It is found that there are significantly po-
sitive biases of wind speeds especially from surface to approximately
2 km with the dynamic NICAM over both the Saharan and East Asian
desert regions (figure not shown for brevity), indicating the over-
estimation of the 10m wind speed is probably caused by the over-
estimation of wind speed in dynamic NICAM. We perform other four
experiments with different nudging strategies (Table 2) to further in-
vestigate the possible effects of wind, temperature, humidity, and
pressure on the overestimations of the 10m wind speeds over the two
major desert regions. The estimated annual global mean dust emission
flux of 1463 Tg yr−1 in the NDG_UVTQP is generally consistent with the

value of 1383 Tg yr−1 derived by assimilating the observed aerosol
optical depth in a global aerosol model (Huneeus et al., 2012) and the
mean of the AeroCom models (Table 3) (Textor et al., 2006; Colarco
et al., 2010). Both the better simulations of the 10m wind speeds and
global dust emission flux of NDG_UVTQP indicate the coefficient Cd
(Table 1) used in NICAM are reasonable. The distribution character-
istics of the other dust sources in the south of Africa, northern America,
South America, and Australia are also found to be similar to those of
other global dust models (Chin et al., 2009; Yue et al., 2009). To mi-
tigate the overestimation of dust emission with the dynamic NICAM,
one more experiment named as DYNAMIC_TUNING is performed in the
same way as in the DYNAMIC except for reducing the Cd over all re-
gions by a factor of 4.2. The reduced factor of 4.2 is calculated as the
ratio of annual global mean dust emissions between the DYNAMIC and
NDG_UVTQP. As shown in Fig. 4, the experiment with only nudging the
winds can effectively reduce the overestimations of the 10m winds and
dust emissions over both the two desert regions. The experiment with
nudging both the winds and temperature further slightly reduces the
overestimations and generally produces the similar results as the ex-
periments of NDG_UVTQ and NDG_UVTQP. We therefore conclude that
the overestimations of 10m winds and the associated dust emissions are
mainly caused by the positive biases of wind speeds and slightly af-
fected by the temperatures. As shown in Table 4, the dust emissions
have the highest relationships with the 10m wind speeds compared to
the soil moisture and snow amount over both the Saharan and East
Asian deserts, further indicating the 10m wind speed is the most im-
portant factor for dust emission. The dust emissions over East Asian
desert are also affected by the snow amount, such as there are slightly
differences of dust emissions over the winter months (due to snow
covers suppress the dust emissions) even when the wind speeds have
significantly differences. The occasionally significant differences of the
wind speeds between the two dynamic experiments especially over the
East Asian desert in spring months indicate the suspended dusts may
significantly modify the atmospheric fields through dust direct and/or
indirect effects and consequently change the dust emission fluxes (i.e.,
the dust emission flux in DYNAMIC_TUNING may be different with that
in NDG_UVTQP). As shown in Fig. 5, the correlations between the si-
mulated 6 hourly instantaneous meteorological patterns over all model
grids with those interpolated from the NCEP FNL reanalysis are com-
pared. Generally speaking, NICAM dynamical core has the best cap-
ability to reproduce the NCEP FNL temperatures and it has more dif-
ficulty in reproducing the wind field. The nudging of the winds can not
only significantly improve the wind fields but also the temperature
fields, and the nudging of additional temperatures can slightly improve
the simulation of wind fields. The nudging strategy with including the
specific humidity can best reproduce the “real” specific humidity fields.
Therefore, the experiment of NDG_UVTQP generally represents the si-
mulation that is mostly close to the real meteorology for dust emission,
transport, and deposition. Hereafter, we show only detailed results for

Table 2
Experimental design for the sensitivity test in this study.

Sensitivity experiments

DYNAMIC: NICAM is freely run for 5 years since 2006 forced by the NCEP monthly
mean sea surface temperature (SST) and sea ice fraction, and not nudging any
meteorological fields
DYNAMIC_TUNING: Same as DYNAMIC except reducing the empirically
specified coefficients Cd over all regions by a factor of 4.2

NDG_UV: NICAM is run for 1 year since 2006 forced by the NCEP monthly mean SST
and sea ice fraction, and wind (u, v) are nudged to match the NCEP FNL
reanalysis data every 6 h
NDG_UVT: Same as NDG_UV but wind (u, v) and temperature (t) are nudged
NDG_UVTQ: Same as NDG_UV but wind (u, v), temperature (t) and specific
humidity (qv) are nudged
NDG_UVTQP: Same as NDG_UV but wind (u, v), temperature (t), specific
humidity (qv) and pressure (p) are nudged
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the experiments of DYNAMIC, DYNAMIC_TUNING, and NDG_UVTQP
for simplicity.

3.2. Dust lifetime and depositions

The dust lifetime generally reflects the dust cycle and significantly
depends on sink processes (i.e., dry and wet depositions). Therefore, the
evaluation of the dust lifetime helps to explain the differences in the
simulated dust fields that are caused by aerosol processes rather than by

emission strengths (Textor et al., 2006). The dust lifetime is computed
as the dust burden (i.e., the column integrated dust mass concentra-
tions) divided by the loss rate sink (Textor et al., 2006; Colarco et al.,
2010).

Table 3 summarizes the NICAM-simulated annual global mean dust
emissions, burdens, depositions, and lifetimes of the three experiments,
and the associated AeroCom means and ranges are also given for
comparison (Colarco et al., 2010; Huneeus et al., 2011). Notably, the
corresponding mean results over the five years of the dynamic experi-
ments except the AOD for the specific year 2006 are used for compar-
isons hereafter. The dust emissions, burdens, and depositions of
NDG_UVTQP and DYNAMIC_TUNING are all comparable to those of the
AeroCom mean, indicating that NICAM-simulated dust cycle is gen-
erally reasonable with both the dynamic and nudged versions. Keeping
in mind that the dust emissions are overestimated in DYNAMIC due to
its overestimations of the 10m wind speeds, it is not surprising that the
dust burden and dry and wet depositions are even larger than those in
the upper range of AeroCom. The dry deposition is less than the wet one
in nudged version, whereas the dry deposition is larger than the wet
one in dynamic version, indicating that the meteorological nudging

Table 3
Simulated mass balance of dust aerosols.a

Experiment Emission
[Tg yr−1]

Burden
[Tg]

Deposition
[Tg yr−1]

Wet Depo
[Tg yr−1]

Dry Depo
[Tg yr−1]

Life Time
[days]

DYNAMIC 5813 62.9 5830 2273 3557 3.94
DYNAMIC_TUNING 1670 20.0 1685 769 916 4.33
NDG_UVTQP 1463 18.4 1522 781 741 4.41
AeroCom Mean 1789 19.2 1950 626 1324 4.22
AeroCom Range 541–4036 1.4–33.9 676–4359 295–1382 302–3356 0.92–18.4

a Note. Wet Depo represents the wet deposition. Dry Depo represents the dry deposition including both the turbulent dry deposition and sedimentation.

Fig. 4. The NICAM-simulated area and daily mean dust emissions in Saharan (a) and East Asian desert (b). The daily average differences of the NICAM-simulated
10m wind speeds minus the NCEP FNL reanalysis ones averaged over the two major desert regions are also given in (c) and (d), respectively. Both the simulated and
reanalysis daily mean values are simply averaged by the 6 hourly instantaneous values.

Table 4
Correlation coefficients between the dust emissions and the meteorological
parameters in the selected source regions.a

Source region 10m wind speed soil moisture snow amount

Sahara 0.749 ± 0.067 −0.167 ± 0.016 NaN
East Asia 0.536 ± 0.077 −0.094 ± 0.065 −0.092 ± 0.079

a Note. The values represent the mean correlation coefficient and standard
deviation calculated by all the six experiments in Table 2.
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technique probably enhances the relative contribution of the wet de-
position of dust in NICAM, which is associated with the simulations of
the cloud and precipitation processes. Detailed verifications of the
modeled cloud and precipitation processes associated with the wet
deposition of dust are beyond the scope of this study. Although the
global dust emissions from the two dynamic experiments vary by more
than a factor of three, the diversity of the dust lifetimes is smaller than
half a day. The difference of dust lifetime between the DYNA-
MIC_TUNING and NDG_UVTQP is 0.08 days, which is even smaller than
the difference between the two dynamic experiments. The ratio of the
dry deposition to total deposition increases with dust emission over the
two dynamic experiments, and this is probably due to the emissions of
coarse dust particles predominant the total emissions and larger dust
particles are removed more efficiently by dry depositions nearer the
source regions. Because wet deposition shows longer lifetime compared
to dry deposition, more efficient dry deposition can shorten the dust
lifetime.

Dust deposition across the globe is a powerful constraint of the
overall dust budget, yet direct observations of dust deposition remain
scarce. Four freely available compilations of dust deposition fluxes
(Huneeus et al., 2011), which represent to first order a modern or
present-day climatology of dust deposition observations, are used to
evaluate the simulated dust depositions. Although the interannual
variability of dust in the main dust-source areas or outflow regions is
generally small (Smith et al., 2017), it may induce discrepancy to
compare simulation for a specific year with the climatology of ob-
servations. The first dataset is the dust deposition fluxes given in
Ginoux et al. (2001), which are based partly on measurements taken
during the SEAREX campaign in 1979 (Prospero et al., 1989). Most of
the observation sites are located in the Northern Pacific Ocean, in-
dicating the deposition of long-distance dust transports. The second
dataset is from Mahowald et al. (2009) and is a compilation with a total
of 28 sites that measure dust deposition. The third dataset is the de-
positional fluxes derived from the ice core data recorded in Greenland
and Antarctica (Mahowald et al., 1999). The ice cores provide the best
estimates of long-distance dust transports (Kohfeld and Harrison,
2001). The last dataset ThoroMap is the deposition fluxes over global
ocean recently built using thorium isotopes (Kienast et al., 2016).
Comparisons of the measured and simulated total annual dust deposi-
tion fluxes are shown in Fig. 6. The locations of each data point in the
scatter plot are given in Fig. 6a–d. The sites are marked in different
colors and forms to represent their regions and data sources. The sta-
tistical criteria, such as R, Ba, RMSE, the ratio of the modeled and ob-
served standard deviation (sigma), normalized root mean square error
(NRMS), and mean normalized bias (MNB), are also calculated to
quantify the model performance (Boylan and Russell, 2006; Huneeus

et al., 2011). The NRMS and MNB are calculated as follows:
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where N is the number of stations considered, mi and oi are the simu-
lated and observed values at station i respectively. The biases of most
stations are within a factor 10 of the observations in all the three ex-
periments, and the dust depositions are generally better simulated in
DYNAMIC_TUNING than that in DYNAMIC, especially over the Sahara
Desert outflow regions. In DYNAMIC, the depositions over most stations
near the west coast of Northern Africa are more than a factor of 10
greater than those observed, indicating overestimations of the Saharan
dust emissions. The deposition fluxes over the Antarctic regions are
overestimated in all the three experiments, a feature which is also
commonly found in other global dust models (Huneeus et al., 2011).
The depositions over the northern Pacific are generally comparable to
the observations in all the three experiments, whereas the depositions
over the tropic Pacific are significantly underestimated in NDG_UVTQP,
indicating the underestimations are caused by the more efficient wet
depositions near dust source areas in NDG_UVTQP.

To show the performance of the NICAM-simulated long-range dust
transport across the Atlantic, the simulated wet and total dust deposi-
tions are further evaluated with observations from three stations of the
Florida Atmospheric Mercury Study (FAMS) network (Prospero et al.,
2010), as shown in Fig. 7. The three stations have similar longitudes.
From south to north, the stations are LittleCrawlKey (24.75 N,
80.98W), TamiamiTrail (25.77 N, 80.82W) and LakeBarco (29.67 N,
82.02W). Due to the effects of the prevailing westerly and subtropical
high on the Saharan dust transport path, the wet and total dust de-
positions reach their peaks over the summer months (Ridley et al.,
2012). Compared to the dynamic version (even tuning the dust emis-
sions), the monthly variations in both the wet and total dust depositions
over the three sites are clearly improved with the nudged version
(NDG_UVTQP). One reason for this improvement may be due to the
better simulations of the meteorological fields with the nudging tech-
nique and consequent better dust transport path (Fig. 5). Another ex-
planation for this improvement may be due to the better simulation of
the monthly variation of the dust source over the Saharan desert. It is
obvious that the monthly variation of dust deposition over the summer
months is linked to that of the dust emission over the Saharan desert
(e.g., the significant overestimations of 10m wind speeds in September
of the DYNAMIC experiment correspond to the significant

Fig. 5. The correlations of wind speed (a), temperature (b) and specific humidity (c) between the simulated 6 hourly instantaneous meteorological patterns over all
model grids with those interpolated from the NCEP FNL reanalysis below 20 km.
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overestimation of the deposition in September). The consistency of si-
mulated and observed depositions deteriorates from south to north
reflects the difficulties in northward transport simulations, which is also
commonly found in other models (Huneeus et al., 2011).

3.3. Surface dust concentration

Surface dust concentration is an alternative metric for evaluating
the performance of dust transports from source regions. As shown in
Fig. 8, three stations that measured the surface dust concentrations over
the East Asian dust transport path from the SEAREX exchange program

(Prospero et al., 1989; Huneeus et al., 2011) are selected to evaluate the
performances of the simulated monthly Asian dust variations. It is ob-
vious that the nudged NICAM can better reproduce the magnitudes and
monthly variations of the observations than the free-running ones over
all the three stations. Over both the Hedo (26.92 N, 128.25 E) and Cheju
(33.52 N, 126.48 E) stations, the DYNAMIC experiment tends to over-
estimate the surface concentrations in November due to the significant
overestimations of the 10m winds and consequent dust emissions over
the East Asian desert regions (Figs. 3 and 4), which induce unreal bi-
modal distribution with one peak in April as the observation but unreal
peak in November. Although the DYNAMIC_TUNING experiment

Fig. 6. The locations of each data point in the scatter plot from Ginoux et al. (2001)/Mahowald et al. (1999)/Mahowald et al. (2009)/ThoroMap are marked in (a),
(b), (c) and (d). The four datasets are indicated with letters/lower-case letters/non-italic numbers/italic numbers, respectively. The numbers and letters are colored
by region, including the North/Tropical/South Western Pacific (olive green/red/yellow), North/Tropical/South Eastern Pacific (violet/brown/grey), North/Tro-
pical/South Atlantic (orange/black/light-blue), Asia/Europe (purple/light green), Indian/Southern Ocean (dark green/dark blue) and pink ice core data from
Greenland, South America and Antarctica. Comparisons of the measured and modeled yearly depositional fluxes for DYNAMIC (e), DYNAMIC_TUNING (f) and
NDG_UVTQP (g). Root mean square error (RMSE), mean bias (Ba), ratio of the modeled and observed standard deviation (sigma) and correlation coefficient (R) are
shown in the lower right part of the scatterplot. The mean normalized bias and normalized root mean square error are given in the parenthesis next to RMSE and Ba,
respectively. The correlation with respect to the logarithmic result of the model and of the observations is also given in parenthesis next to R. The black continuous
line is the 1:1 line, whereas the black dotted lines correspond to the 10:1 and 1:10 lines. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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corrects the unreal peak of surface dust concentrations in November,
the simulated surface dust concentrations over the spring months are
also significantly underestimated. Over the Midway Island (28.22 N,
177.35 E) station, the simulated surface dust concentrations in DY-
NAMIC experiment are generally higher than the observed ones in the
whole year except February and November, even falling outside of the
error bars of the observations, whereas the DYNAMIC_TUNING ex-
periment correctly reduces the overestimations and generally falls in
the ranges of observation uncertainties except over the summer months.
The simulated magnitudes and monthly variations in the surface dust
concentrations in nudged NICAM both agree well with the observed
values.

3.4. Aerosol optical depth

Global AODs are routinely observed with both ground-based
AERONET (Holben et al., 1998) stations and satellite-based MODIS
platforms (Remer et al., 2005). The retrieved AODs provide valuable
data for global aerosol model validations. The model-simulated dust
AODs are significantly relied on the assumed microphysical character-
istics of dust, such as the size distributions and the spectral refractive
index. The dust AODs of NICAM in this study are derived from the
modeled mass concentrations with the method as same as Dai et al.
(2014). The simulated annual global mean dust AODs as well as the
mass extinction efficiencies of the three experiments are compared with
the AeroCom mean and ranges (Colarco et al., 2010), as shown in
Table 5. The mass extinction efficiency is defined as the AOD divided by

Fig. 7. Comparisons of the modeled and observed monthly accumulated wet (left column) and total (right column) dust deposition rates at the three stations from the
FAMS network: LakeBarco, TamiamiTrail, and LittleCrawlKey. The units are g m−2 month−1. The black line is the mean deposition rate during 1994–1996 from the
FAMS network. The vertical lines represent the standard deviations.
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the column integrated dust mass concentration. Since dusts are assumed
as hydrophobic aerosols, the dust mass extinction efficiency depends on
the relative contribution of the dust concentration from each bin. The
normalized annual and global mean column dust mass size distributions
as a function of particle radius for the three experiments are shown in
Fig. 9. The dust size distributions are quite similar between the dynamic
and nudged NICAMs. The mass extinction efficiencies are comparable
to the AeroCom mean and are within the AeroCom range, indicating
that the dust optical parameters used in NICAM are reasonable. The
annual global mean dust AODs of the DYNAMIC_TUNING and
NDG_UVTQP are generally comparable to the AeroCom mean and are
within the AeroCom range, whereas that of the DYNAMIC is 3.4 times
higher than that of NDG_UVTQP and is over the upper range of the
AeroCom models. The latter further proves that the dust emissions are
overestimated in DYNAMIC.

As shown in Fig. 10, we select a total of 2427 daily mean AODs over
31 AERONET “dusty” stations, which are considered to be dominated
by dust aerosols, to evaluate the simulated daily variations in dust
AODs. The criteria for selecting the AERONET AODs in this study are

defined as requiring at least 20 days at a specific AERONET station
where both the daily mean AOD of 550 nm is greater than 0.2 and the
daily mean Ångström Exponent is smaller than 0.4 in the year 2006. We
use the logarithmic interpolation method to convert the 440 nm and
675 nm AODs of AERONET into 550 nm AODs to agree with the mod-
eled AOD. The daily dust AODs are clearly overestimated in DYNAMIC,
with Ba and RMSE values of 1.20 and 2.06, respectively. Compared with
DYNAMIC, it is obvious that experiment NDG_UVTQP, with its nudging
of the meteorological fields, significantly improved the ability of
NICAM to simulate the daily dust variations, increasing the R from 0.15
to 0.50 and the simulated daily dust AODs to within a factor of two of
the observations, improving from 34.9% to 72.5%. Compared to DY-
NAMIC, although the experiment DYNAMIC_TUNING can effectively
reduce the significant overestimation of the daily mean AOD, however,
it has a very limited effect on the simulation of daily dust variation as
indicated by the similar correlation coefficients. Unlike the simulated
daily mean AODs, the AERONET ones never observe the full diurnal
cycle, therefore the representativeness of observations may affect the
results of comparison (Schutgens et al., 2017). To consider the diurnal
effect, we investigate the differences of the daily mean AODs averaged
all times and other four ones averaged every 6-h from 0, 6, 12, and 18
UTC (Colarco et al., 2010). The differences between the daily mean
AODs and the each 6-h AODs calculated by all the three experiments are
mostly within± 20% (the frequencies are higher than 78%), whereas
the frequencies of differences between the simulated and observed ones
within± 20% are less than 30%. These results imply the diurnal var-
iation in AOD does not affect our comparison significantly.

The Collection 6 (C6) MODIS-Terra Level 3 (L3) deep blue/dark
target merged daily AODs (Levy et al., 2013; Sayer et al., 2013) are also
used for evaluations. Fig. 11 show the spatial distributions of annual
mean total AODs (i.e., sum of the dust AODs and all other non-mineral
dust AODs) simulated by model and retrieved from the MODIS Terra.
The effects of meteorological nudging on non-dust aerosol simulations
are beyond the scope of this study. Compared to the MODIS AOD ob-
servations, the DYNAMIC_TUNING and NDG_UVQTP both reproduce
more reasonable magnitudes and gradients than the DYNMAIC over the
dust dominated regions such as the Saharan desert and the surrounding
areas. In addition, the spatial distribution of annual mean AODs in
NDG_UVTQP is more consistent with the MODIS-retrieved one than that
in DYNAMIC TUNING. It is acknowledged that merely tuning the dust
emission factors is not enough to reach the improvements in annual
mean AODs as nudging the meteorological fields. Therefore, the im-
plementation of the meteorological nudging technique not only lies in
dust emissions but also lies in dust transport. The horizontal distribu-
tions of the correlation coefficients between the simulated daily mean
total AODs and the MODIS-retrieved ones are also shown in Fig. 11. The
slight differences between the DYNAMIC and DYNAMIC_TUNING de-
monstrate that simply tuning the dust emission factors can't improve

Fig. 8. Comparisons of the modeled and observed monthly mean surface dust concentrations at the (a) Hedo, (b) Cheju and (c) Midway Island stations; the units are
μg m−3.

Table 5
Annual global mean dust-AOD and mass extinction efficiencies.

Experiment DUST AOD Dust mass extinction efficiency (m2g−1)

DYNAMIC 0.111 1.194
DYNAMIC_TUNING 0.035 1.198
NDG_UVTQP 0.033 1.295
AeroCom Mean 0.032 0.99
AeroCom Range 0.012–0.054 0.46–2.05

Fig. 9. Normalized annual and global mean column dust mass size distributions
as a function of particle radius.
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the model capability of simulating aerosol temporal variations. With
the implementation of the meteorological nudging technique, the cor-
relations between the simulated daily total AODs and the MODIS-re-
trieved ones raise for most parts of the world, indicating meteorological
nudging advances the simulated daily variations of most aerosol spe-
cies. Focusing on the Saharan desert and the associated outflow regions
where aerosols are generally dominated by dust aerosols, it is obvious
the correlation coefficients over those areas are significantly increased
with nudged NICAM. The Atlantic areas near by the Saharan desert
where frequently affected by the transport of the Saharan dust generally
have a larger increase of correlation coefficient than other ocean areas,
indicating that meteorological nudging can improve the model cap-
ability to simulate both the daily variation of dust source and the
transport of the Saharan dust. The AOD simulations over the East Asian
dust source regions are slightly improved, indicating simulations of the
East Asian dust processes, even with nudging technique, are still diffi-
cult.

3.5. Dust-aerosol direct radiative effect

To calculate the dust-aerosol DRE, the simulated dust mass con-
centrations are transferred to the NICAM radiative transfer module
named “mstrnX” (Nakajima et al., 2000; Sekiguchi and Nakajima,
2008). The dust-aerosol DREs are diagnosed by calling the radiation
scheme twice, with including aerosol radiative effects of all the simu-
lated aerosol components (i.e., dust and non-mineral dust aerosols) in
the first call and without including the dust aerosols in the second call.
In such double-call simulations, meteorology remains the same in-
dependent of the aerosols included in the radiation calculation as same
as Bellouin et al. (2011) except we also remain the same cloud effective
sizes (after considering the aerosol first indirect effects) in the double-
call simulations. Therefore, the differences of net irradiances between
the double-call calculations represent only the dust DREs, and the
aerosol radiative effects of all the simulated aerosol components are
used to advance the model into its next time step. The estimated annual
global mean dust-aerosol DREs of NDG_UVTQP in the shortwave
spectrum in a cloud-free sky at the top of the atmosphere (TOA), sur-
face, and within the atmosphere are −1.3, −1.8, and 0.5 Wm-2,

Fig. 10. (a) The locations of the “dusty” stations selected for comparison are marked. Comparisons of the modeled daily AODs and the AERONET ones over the
“dusty” stations in 2006 for DYNAMIC (b), DYNAMIC_TUNING (c), and NDG_UVTQP (d). The black continuous line is the 1:1 line, whereas the black dotted lines
correspond to the 2:1 and 1:2 lines.
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Fig. 11. The horizontal distributions of the annual mean AODs (a) and the total valid days (b) of MODIS-Terra Level 3 (L3) deep blue/dark target merged product in
2006. The horizontal distributions of the NICAM-simulated annual mean total AODs and the correlation coefficients of the modeled daily mean total AODs and the
MODIS-Terra retrieved ones for DYNAMIC (c, d), DYNAMIC_TUNING (e, f), and NDG_UVTQP (g, h). The black dots indicate the points reaching and exceeding the
95% confidence level. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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respectively, which agree well with the corresponding values of −1.4,
−1.9, and 0.5 Wm-2, as estimated by the MACC reanalysis (Bellouin
et al., 2013). The estimated DREs of DYNAMIC_TUNING are generally
similar as the NDG_UVTQP with values of −1.4, −2.0, and 0.6 Wm-2,
respectively. The estimated DREs of DYNAMIC are−3.8, −5.4, and 1.7
Wm-2, respectively, which, as expected, are approximately three times
higher than those of DYNAMIC_TUNING, indicating that the DREs
generally respond linearly to changes in the emission strengths of nat-
ural aerosol sources (Rap et al., 2013). The spatial distributions of the
seasonal mean dust-aerosol DREs at the TOA are shown in Fig. 12. The
DREs are clearly stronger over the Northern Hemisphere dust source
and outflow regions in all the three experiments. The DREs of nudged
NICAM reveal a more obvious seasonal variation, with larger values in
the spring and summer and smaller values in the autumn and winter,
which is generally consistent with the results of Bellouin et al. (2013).
The DREs in the autumn of both the two dynamic experiments are
comparable to those of the spring and summer due to the significant
overestimation of the 10m wind speeds and the associated dust emis-
sions over the Sahara Desert region, as shown in Fig. 4.

4. Conclusions

In this study, we simulate and evaluate the dust cycles for present
day conditions with a new dust-atmosphere model based on the NICAM
coupled with the SPRINTARS. The effects of the meteorological nudging
on the dust simulations are also investigated via running two versions
of the model with and without constraining the wind (u, v), pressure
(p), temperature (t), and the specific humidity (qv) using the NCEP FNL
reanalysis data. The dynamic NICAM tends to systematically over-
estimate the daily 10m wind speeds over the two major desert regions
(Saharan desert and East Asian desert) by approximately 30%–40%,
whereas the meteorological nudging can obviously improve the cap-
ability of the model to simulate the daily 10m wind speeds over the two
major dust source regions, especially over the Saharan desert region.
The estimated annual global mean dust emission flux with meteor-
ological nudging is 1463 Tg yr−1, which is generally consistent with the
estimated emission fluxes for desert dust, as assimilated from observed
AODs in a global aerosol model and the mean of the AeroCom models.
There are significant responses of dust simulations to the over-
estimations of 10m wind speeds in the dynamic version (e.g., the

Fig. 12. The spatial distributions of the seasonal mean dust-aerosol DREs in a cloud-free sky at the top of the atmosphere.
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estimated annual global mean dust emission flux is 4.2 times higher
than that of the nudged version), therefore, we cannot use the dust
emission parameterizations with reanalysis winds and then use the
same parameters with online winds to obtain a good simulation as also
found in other dust model (Albani et al., 2014). It is found that the
overestimations of the dust emissions are mainly caused by the over-
estimations of 10m wind speeds especially over the Saharan desert
where the soil moisture and snow amount are generally similar between
the dynamic and nudged versions. Compared to the soil moisture and
snow amount, the dust emissions have the highest relationships with
the 10m wind speeds over both the Saharan and East Asian deserts. The
overestimations of 10m winds are mainly caused by the positive biases
of winds from surface to approximately 2 km and slightly affected by
the temperatures. The winds only nudging can significantly reduce the
overestimations of the 10m winds, and the nudging of additional
temperatures can further slightly improve 10m winds. We therefore
conclude the overestimations of 10m winds are mainly caused by the
positive biases of winds and slightly affected by the temperatures.

The evaluations of the simulated dust depositions and surface con-
centrations against the observations from the AeroCom benchmark
dataset related to dust aerosols all show that meteorological nudging
can improve the ability of the model to simulate the monthly variations
in the dust depositions across the Atlantic and the surface dust con-
centrations across the Pacific. The daily variations in the simulated dust
AODs are evaluated using the AERONET- and MODIS-retrieved daily
AODs. A total of 2427 daily mean AODs over 31 AERONET “dusty”
stations are selected for comparison. The result shows that nudging the
meteorological fields can significantly improve the ability of NICAM to
simulate the daily dust variations, increasing the correlation coeffi-
cients from around 0.15 to 0.50. The correlations between the simu-
lated daily total AODs and the MODIS-retrieved ones are also sig-
nificantly increased over the Saharan desert and outflow regions, with
the inclusion of meteorological nudging. Although tuning the dust
emission fluxes in the dynamical version can improve the global annual
mean AOD to a reasonable value, the dust seasonal and daily variations
show limited improvements. These results indicate that meteorological
nudging is a simple assimilation technique that can facilitate a more
straightforward simulation of the monthly and daily dust variations and
the associated dust-aerosol DREs through improving both the dust
sources and transports.

At the same time, we find that the global annual mean dust lifetime
and dust size distribution are quite similar between the dynamic and
nudged NICAM. Since dust lifetime and size distribution are two critical
factors for estimating dust radiative effects (Kok, 2011; Timmreck and
Schulz, 2004), the similar global annual mean dust lifetime and size
distribution reveal meteorological nudging does not significantly affects
our estimations of the global and annual mean dust DREs although it
changes the spatial and seasonal distributions of DREs. With compar-
able dust emissions, the estimated annual global mean dust-aerosol
DREs in the shortwave spectrum at the TOA are −1.4 and −1.3 Wm-2

by the dynamic and nudged NICAM, respectively. Therefore, we can use
the dynamic model to understand climate-dust interactions and looking
at past or future dust changes in a global and annual scale. Further-
more, we can improve the model performances for some applications to
better simulate the daily, monthly, and seasonal dust variations with
the implementation of meteorological nudging which probably cannot
be achieved by just tuning the dust emission flux.
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