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Key Points:

(1) E3SMv1 captures spatial and temporal variability in the observed dust aerosol optical
depth, but underestimates long-range transport.

(2) The net direct radiative effect of dust simulated by E3SMv1 is -0.42 Wm™ with a smaller

longwave warming than other recent studies.

(3) In addition to emission, dry removal of dust are highly sensitive to the increase of
horizontal or vertical model resolution.
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Abstract

Quantification of dust aerosols in Earth System models (ESMs) has important implications for
water cycle and biogeochemistry studies. This study examines the global life cycle and direct
radiative effects (DRE) of dust in the U.S. Department of Energy’s Energy Exascale Earth System
Model version 1 (E3SMv1), and the impact of increasing model resolution both horizontally and
vertically. The default 1° E3SMv1 captures the spatial and temporal variability in the observed
dust aerosol optical depth (DAOD) reasonably well, but overpredicts dust absorption in the
shortwave. Simulations underestimate the dust vertical and long-range transport, compared with
the satellite dust extinction profiles. After updating dust refractive indices and correcting for a bias
in partitioning size-segregated emissions, both shortwave cooling and longwave warming of dust
simulated by E3SMv1 are increased and agree better with other recent studies. The estimated net
dust DRE of -0.42 Wm represents a stronger cooling effect than the observationally based
estimate -0.2 Wm (-0.48 to +0.2), due to a smaller longwave warming. Constrained by a global
mean DAOD, model sensitivity studies of increasing horizontal and vertical resolution show strong
influences on the simulated global dust burden and lifetime primarily through the change of dust
dry deposition rate; there are also remarkable differences in simulated spatial distributions of
DAOD, DRE and deposition fluxes. Thus, constraining the global DAOD is insufficient for
accurate representation of dust climate effects, especially in transitioning to higher- or variable-
resolution ESMs. Better observational constraints of dust vertical profiles, dry deposition, size and
longwave properties are needed.

Plain Language Summary

Dust aerosols affect Earth’s climate through a myriad of pathways interacting with the global
engery budget, atmospheric chemistry and biogeochemical cycles. It is critical for Earth system
models to capture the global life cycle of dust aerosols for realistically quantifying the impact of
climate change. As part of development of the U.S. Department of Energy’s Energy Exascale
Earth System Model Version 1 (E3SMv1), this study examines the representation of global dust
life cycle and direct radiative effects in the recently released E3SMv1, resulting from both model
physics improvements and increased model resolution. We find that the E3SMv1 model captures
the spatial and temporal variations in the observed dust aerosols reasonably well, but
underestimates the amount of dust advecting from desert sources to remote regions and from the
ground to the upper atmosphere. Based on the model projection, dust aerosols insert a stronger
cooling effect on Earth than previously estimated, after we use a better representation of dust
particle size and absorption of sunlight. In addition, we show that not only dust generation but
also removal and vertical transport of dust are highly sensitive to the model mesh size, thus need
to be quantified in development of higher resolution models.
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1 Introduction

Dust aerosols affect Earth’s climate through direct and indirect impacts on the global
energy budget. They can directly attenuate the incoming shortwave (SW) solar radiation by
scattering and absorption (Tegen et al., 1996), and indirectly, modify cloud microphysical
properties by acting as ice nuclei (DeMott et al., 2003) and cloud condensation nuclei (Rosenfeld
et al., 2001), which change cloud albedo and thus affect the radiation balance. Despite being weak
SW absorbers as individual particles, the abundant mass of dust in the atmosphere could cause a
atmospheric heating that leads to changes of the lower troposphere thermal structure, cloud cover
and liquid water path (Amiri-Farahani et al., 2017; Doherty & Evan, 2014). Additionally, dust
absorbs in the infrared and longwave (LW) spectra due to unique characteristics of its mineral
components (Sokolik et al., 1998). The LW effect of dust tends to cool the dust-laden layer and
warm the air below, offsetting its direct SW warming effect within the atmosphere and cooling
effect at the surface (Zhu et al., 2007). When deposited on snow or ice, dust particles can accelerate
snowmelt by increasing the SW absorption similar to the effect of black carbon (Painter et al.,
2012; Skiles et al., 2012). By perturbing the radiation energy balance, dust aerosols have further
impacts on the large-scale general circulation (Evan et al., 2011; Lau et al., 2009; Miller et al.,
2004) and regional precipitation (Solmon et al., 2015; Vinoj et al., 2014; C. Zhao et al., 2012; C.
Zhao et al., 2011).

Other climate effects of dust occur through biogeochemical feedbacks and interactions with
atmospheric chemistry. Dust particles deposited to the ocean surface are a major source of the
essential micronutrients such as iron, which stimulate phytoplankton growth and nitrogen fixation
in the high-nutrient low-chlorophyll sea waters (Jickells et al., 2005). Iron-enrichment driven by
increased dust deposition could enhance the ocean uptake of atmospheric carbon dioxide
(Hamilton et al., 2020), which is equivalent to inducing a negative climate forcing (Mahowald,
2011). Dust deposition also replenishes nutrient losses from soil and affects the health of terrestrial
ecosystems (Yu, Chin, Yuan, et al., 2015). Additionally, dust plays a role in the gas-phase
atmospheric chemistry and secondary aerosol formation by providing reactive surfaces for
heterogeneous reactions with gaseous precursors (Dentener et al., 1996; Feng & Penner, 2007; C.
Liu et al., 2013). Thus, it is critical for Earth system models (ESMs) to simulate the global life
cycle of dust aerosols for both realistically quantifying the global energy balance and improved

understanding of land-atmosphere-ocean couplings and feedbacks.

3
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However, there are large differences in dust simulations among ESMs and between models

and observations. Huneeus et al. (2011) compared 15 global dust aerosol models that participate

the AeroCom model intercomparison project phase I (http:/nansen.ipsl.jussieu.ft/ AEROCOM)/)
with surface and satellite observations. An eight-fold difference was found in the present-day
global dust emissions in the models, ranging from 514 to 4313 Tg yr'!. The model differences in
simulated dust burden and optical depth differ by a factor of four and five. The multi-model mean
global dust AOD (DAOD) from the AeroCom models is 0.023, lower than an observationally
constrained estimate of 0.030+0.005 (1o) (Ridley et al., 2016). A few global modeling studies
(Albani et al., 2014; Kok et al., 2014; Scanza et al., 2015) predict higher DAOD (0.03~0.033) in
better agreement with the observations, mainly due to improved dust emission parameterizations
and more representative SW refractive indices. But large uncertainties still exist in the CMIP6-
type simulations of global dust cycles (A. Zhao et al., 2021), compared with satellite observations
(Wu et al., 2020) or reanalysis products (Kok et al., 2021), even near the major dust source regions
(Adebiyi & Kok, 2020; Evan et al., 2014; Kim et al., 2014; Wu et al., 2020). For dust properties,
which either lack direct observational constraints (e.g., emissions), or depend on model
representation of aerosol vertical profiles (e.g., dust surface concentration and deposition), the

inter-model spread tend to be greater.

Uncertainties associated with modeled dust mass loadings and properties affect the
assessment of dust radiative and other climatic effects. The net (SW+LW) direct radiative effect
(DRE) of dust ranges from -0.5 to +0.35 W m in recent literature (Di Biagio et al., 2020; Kok et
al., 2017; Li et al., 2021; Scanza et al., 2015), while some earlier studies have reported larger
negative estimates (Choobari et al., 2014; Forster et al., 2007; Miller et al., 2006; Woodward,
2001). In particular, dust DRE is very sensitive to the dust size distribution in models (C. Zhao et
al., 2013). Kok et al. (2017) showed that the global DRE of dust is about a factor 2 less cooling
than previous estimates (decreasing from -0.46 to -0.20 W m™ in their estimate), when the size-
resolved dust loadings are constrained by emitted dust size distribution and lifetime. Di Biagio et
al. (2020) found that the inclusion of giant particles (=20 pum) in models could have further
weakened the dust cooling effect. Compared to the direct effect, the indirect effects of dust as ice
nuclei or cloud condensation nuclei are less understood (DeMott et al., 2010). Dust perturbation
on the cloud glaciation processes is not well understood and parameterized with less constraints in

large-scale models (DeMott et al., 2015; Fan et al., 2014; Lohmann & Diehl, 2006).
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Biogeochemical effects associated with uncertainties in dust iron deposition input to ocean
biogeochemistry models vary by one order of magnitude among the CMIP5 models (Tagliabue et
al., 2016). Moreover, the ESM-simulated iron deposition fluxes may be an order of magnitude

smaller than what the more detail iron processing models suggest (Hamilton et al., 2022).

The present study evaluates the global life cycle and direct radiative effects of dust
simulated by the U.S. DOE Energy Exascale Earth System Model version 1 (E3SMv1) (Golaz et
al., 2019). E3SMv1 was built upon CESM1.0 (Neale et al., 2012) with significant improvements
in the atmospheric physics and new ocean and sea ice models. It is generally used at a higher
vertical and horizontal resolution compared to CESM1.0. The atmospheric component of the
E3SMvl (EAMv1) (Raschetal., 2019; Xie et al., 2018) uses a higher vertical resolution (72 layers)
than its predecessors, and is often configured in the horizontal globally at ~100km (ne30) as the
standard (or low) resolution, or ~25km (nel20) as the high resolution. In comparison, the
atmosphere component of CESM1.0, e.g., CAMS, has a coarser default resolution of 2°
horizontally and 30 vertical layers (Neale et al., 2012). Increasing model resolution in E3SMvl
has had large impacts on clouds and precipitation (Xie et al., 2018). Previous studies have shown
strong sensitivity of dust generation to increased horizontal resolution (Ridley et al., 2013). Coarse
resolution can lead to underestimation of dust emissions by not resolving smaller scale wind
variability (K. Zhang et al., 2016). On the other hand, increasing horizontal resolution also
modifies the aerosol long-range transport and atmospheric burden, by better accounting for the

spatial inhomogeneity in cloud and precipitation (Ma et al., 2015).

None of the previous studies we cited have examined the combined effects of increasing
model horizontal grid spacing on global dust life cycle through changes in both emissions and
removal, and consequently, the impact on DRE. It is unclear what other dust processes in addition
to emission are scale-dependent and need to be calibrated for the ESMs moving into higher- or
variable- resolution models. Vertically, increasing the number of model layers has been suggested
to improve finer dust vertical features near sources (Teixeira et al., 2016) as well as its
intercontinental transport (Eastham & Jacob, 2017), but the effect of increasing vertical model
resolution on global dust budget and distributions has not been quantified. In addition, the EAMv1

includes a number of updates on aerosol physics (Wang et al., 2020), e.g., aerosol resuspension
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after the re-evaporation below precipitation/clouds, which may have an impact on the coarse-mode

aerosol simulations including dust.

The manuscript is organized as follows. Section 2 describes the dust aerosol scheme in the
EAMv1, modeling experiments, and observational datasets used for model evaluation. It is
followed by the model evalution against various observations in Section 3 that primarily focus on
the results from the low-resolution E3SM model configuration with different dust properties.
Section 4 presents the dust simulations and direct radiative effects with both the low and high
EAMv1 resolutions, compared with other global models. Model sensitivity to the resolution

changes is discussed. Finally, a summary of the main findings is given in Section 5.
2 Methodology
2.1 Dust and aerosol module

The E3SMv1 is a fully coupled ESM (Golaz et al., 2019). Dust-related processes are
represented in EAMv1 and the land model component. Total emission fluxes of dust particles are
calculated at each model time step following the wind erosion dust scheme by Zender et al. (2003).
It depends on the surface wind speed, soil erodibility and a threshold friction velocity. Only the
fraction of calculated emission flux of dust particles with diameter < 10 pm is represented and
simulated in EAMv1, as the coarser particles are currently assumed to fall onto the ground quickly
and thus, not leave the grid cell where they are emitted. Although recent studies suggest that giant
dust particles (e.g., >70 um) may travel long distances (Does et al., 2018) and contribute to global
dust loadings (Adebiyi & Kok, 2020), mechanisms for such long range transport of coarse dust
particles remain poorly understood and it is not accounted for in E3SMv1 in the present study. The
EAMv1 aerosol module (Wang et al., 2020) is developed from the four-mode version of the Modal
Aerosol Module (MAM4) (Liu et al., 2016). It simulates internally mixed major aerosol
compounds (sulfate, black carbon, primary and secondary organic matter, dust, sea salt and marine
organic aerosols) in three size modes including Aitken, accumulation, and coarse modes, with an
additional primary carbon mode representing freshly emitted black carbon and primary organic
matter. In each aerosol size mode, mass concentrations of aerosol compounds and a total number
concentration of aerosol mixture are calculated at each model time step and evolve in time. It is

worth mentioning that although not included here, an interactive gas-phase chemistry is developed
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(Tang et al., 2021) and available in EAM version 2, allowing the future coupling of dust aerosols

with the gas-phase chemistry.

Dust is represented in both the accumulation and coarse aerosol modes following emission.
The default EAMv1 uses the aerosol size distribution from Zender et al. (2003) to estimate the
fractional dust emission fluxes within the (0.1-10) um size range in diameter (87% of the total
emissions) and then distribute the mass between the accumulation (3.2%) and coarse (96.8%)
modes, respectively. In this study, we also examine a different dust emission size distribution
(Kok, 2011), which predicts more particles in larger sizes, consistent with the recent measurements
(Kok et al., 2017). The new size distribution assigns a smaller fraction of the total particle fluxes
relative to the default model, about 73% of total mass to the (0.1-10) pm size range. The calculated
fractions of the accumulation- and coarse- mode dust mass fluxes further shift the emitted particle
size spectra toward larger sizes: about 1.1% in accumulation mode and 98.9% in coarse mode. Dry
and wet removal of dust are treated as in CAMS5.3 (Liu et al., 2012). A new treatment of aerosol
resuspension is used in EAMvl (Wang et al., 2020) compared to from CAMS.3. The new
resuspension parametrization accounts for the release of large-size aerosol particles from
evaporated raindrops and then adds them back to the coarse mode. As a result, it increases dry

deposition of coarse-mode aerosols that are primarily dust and sea salt aerosols (Wang et al., 2020).

Aerosol optical properties are calculated following Ghan and Zaveri (2007) that assumes
the volume-mean internally mixed aerosol species. In the released EAMv1, the default SW optical
properties of dust are taken from the OPAC package (Hess et al., 1998). In this study we replace
them with the observationally based dust optical properties derived from the AERONET
measurements (Dubovik et al., 2000). Figure 1 compares the two sets of imaginary dust refractive
indices as a function of wavelength. As shown, the AERONET-based imaginary indices are much
lower (i.e., less absorbing) than the default sets for dust aerosols, which subsequently affect the
calculated dust radiative effects. The LW absorption of mineral dust is treated as in CAMS (Liu et
al., 2012). Aerosol scattering in the LW is neglected in the current model, although this might
result in some underestimation of dust LW warming (Dufresne et al., 2002). Dust DRE is
calculated as the difference in the instantaneous fluxes at the top of the atmosphere (TOA) between
two radiative transfer calculations at each model time step: one with all the aerosol species, and

the other with all the aerosol species excluding dust. Both radiation calculations are carried out
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under the same meteorological conditions (Ghan et al., 2012). The Rapid Radiative Transfer Model
for GCM (RRTMQG) is used for both SW and LW radiative transfer (Iacono et al., 2008).

2.2 E3SM simulations

Table 1 lists the E3SMvI] model simulations performed. All the simulations employ
prescribed sea surface temperature (so called “ F-compsets™), and are driven by the IPCC ARS
year 2000 anthropogenic aerosols emission inventories representative of the present-day.

Specifically,

(1) LRes (the control run): represents the last 10-year results of a 1l-year free-running
simulation with the default EAMv1 configuration (~1° and 72 layers). This is used as the
EAMv1 control run for examining the global dust cycle and direct radiative effects

compared with other global models and the sensitivity experiments with EAMvl;

(2) LResT: is similar to (1), and uses the different dust size distribution and SW absorption
properties described above (Letter “T” stands for “This study”). Comparison of (2) with
(1) will show the impact of the updated dust properties on the simulated dust distribution
and DRE;

(3) LResT-Ndg: is similar to (2). Rather than in a free-running mode, this run is nudged to the
ECMWF reanalysis temperature and wind for 2009 and 2010 (“Ndg” stands for
“Nudging”). The 2010 results were analyzed. Comparison of (3) and (2) will show the
impact of nudging to the reanalysis meteorology, in particular, on spatial and temporal

correlations with the surface observations;

(4) LResT-Ndg-HRtuned: is similar to (3), configured with the high-resolution tuning
parameters for atmospheric physics (Caldwell et al.,, 2019), in which some of the
parameters relevant to cloud and convection are re-tuned to achieve TOA global radiative
energy budget balance and improve cloud and precipitation simulations (“HRtuned” stands
for “High-Resolution tuned”). Comparison of (3) and (4) can inform how does the high-

resolution parameter tuning affect the low- and high- resolution E3SM simulations of dust;

(5) HRes (High Resolution): is a 5-year run of the high-resolution E3SMv1 (~0.25° and 72
layers) and the last 4 years were used for analysis. This HRes simulation uses the same

atmospheric physics package as in the default high-resolution E3SMv1 (Caldwell et al.,
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2019). Here, more output fields are saved for understanding the dust processes sensitive to
resolution in comparison with (1) LRes. Given limited computational resources, we
performed 5-year HRes simulations, and used the last 4 years to compare with the LRes
simulations for the same time period (years 2-5). There might be noise in some model-
predicted mean states that are affected by slow processes such as in the stratosphere, but
the main use of this sensitivity study is to compare DAOD, dust vertical distribution in the
troposphere, and deposition fluxes at surface between the low and high resolutions. These
fields are all related to fast physics, e.g., as shown in Section 4, the global dust lifetime is
~2 days and at the regional scale, the lifetime is < 50 days over most of the domain.
Therefore, the 4-year averages are sufficient to show the correspondence of these dust

fields and the processes related to the resolution changes;

(6) LResZ30: is the last 5-year averages of a 6-year free-running simulation configured with

the low horizontal grid spacing (~1°) same as (1) LRes, using a coarser vertical resolution
of total 30 vertical layers. Similar to (5), the 5-year averages from LResZ30 are reasonable
to compare with the years 2-6 results from (1) LRes for understanding the model sensitivity

to the vertical resolution change;

(7) LResT-HRtuned: is a 2-year calculation of dust DRE with the low-resolution configuration

same as (2) LResT, using the high-resolution tuning parameters. This sensitivity
experiment is used to compare with (8), the high-resolution simulation below, for
examining the sensitivity of dust DRE to the increase of horizontal resolution while

excluding the influences from the high-resolution parameter tuning;

(8) HResT: is similar to (7) with the high-resolution configuration (~0.25° and 72 layers). The

DRE calculations require more computional resources especially for the high resolution,
so we performed a 2-year simulation with HResT. The last-year results from the 2-year
simulations were analyzed for both (7) and (8). Although there might be noise due to
interannual variability in the calculated DREs, we limit discussions to the differences
between the two resolutions, both of which are under the same influences and driven by
those fast processes responding to the resolution changes discussed in (5). The global

DAOD in (7) and (8) is tuned slightly higher at 0.04 than LResT at 0.03 to obtain a global
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AOD ~0.14 similar to the observations, while the DAOD is still within the observationally
based estimate of 0.03+0.01 (Kok et al., 2017).

Since there are no direct constraints of global dust emissions from observations, the annual
and global mean DAOD in all the model simulations with E3SMv1 is constrained to 0.026~0.04
(Tables 1), approximately matching the observationally based estimate of 0.03+0.01 (Kok et al.,
2017), by tuning the emission parameter, i.e., the global scaling factor. As a result, global dust
emissions and deposition fluxes are adjusted to a similar level in each set of the sensitivity
simulations, independent of model resolution or model physics. We discuss the impact of this

emission tuning approach on the simulated dust distributions and DRE in Section 4.
2.3 Observational Datasets

Evaluation of dust life cycle focuses on the DAOD and absorption AOD (AAOD), vertical
profiles, and deposition fluxes: the first three are key properties for calculating the DRE, while
deposition fluxes are linked to the role of dust as nutrient supply to remote terrestrial and ocean
ecosystems. In this study, AOD and AAOD observations are taken from the AERONET Level 1.5
daily data products between 2006 and 2015 based on the Version 3 Direct Sun and Inversion
Algorithms (Dubovik & King, 2000; Dubovik et al., 2000). Monthly mean AOD is calculated from
the daily data for sites with measurements for more than 10 days per month. The yearly means of
AOD are then calculated from the monthly averages for sites with more than 10 months of data
per year and averaged over the 10-year period (2006-2015) to compare with the model simulations.
In addition, a total of 19 ‘dusty” AERONET sites listed in Table 2 are identified by selecting the
sites over land which have a multi-year mean Angstrom Exponent (AE) < 0.8. Using this criterion,
the simulated dust AOD at all the selected sites except for Trelew in South America contributes
more than 50% of the total AOD, suggesting that these sites are heavily influenced by dust
aerosols; therefore, the model-observation comparison of total AOD and AAOD at these locations

are indicative of the model performance in simulating dust.

The CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) V4 Aerosol Profiles
between 2009 — 2012 are used to evaluate the model dust vertical profiles. Seasonal mean aerosol
extinction profiles (Mm™') are calculated from the CALIOP nighttime product covering most of
the source and downwind regions of the Sahara Desert (latitude: 19°S to 49°N, and longitude:
97.5°W to 57.5°E) from June to August (JJA) and December to February (DJF). Dust particles are

10
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largely coarse sized and non-spherical in shape, resulting in a much larger depolarization ratio than
other aerosol types. Speciated dust extinction profiles are thus derived based on the CALIOP
depolarization measurements (Yu, Chin, Bian, et al., 2015; Yu et al., 2019). The obtained dust
extinction profiles are averaged between 0° and 30°N and for JJA and DJF. These profiles are then
used to evaluate the seasonal and long-distance transport of dust and vertical distributions

simulated by E3SM.

Observations of dust deposition fluxes for the modern climate were estimated from the
global data set compiled by Albani et al. (2014) which combined multiple observational sources
such as ice core, marine sediments, and terrestrial deposits to provide a global distribution of
climatological annual mean dust deposition fluxes. The uncertainty associated with this deposition
flux data is discussed in Albani et al. (2014). At the minimum, it provides observational constraints

of the geographical pattern and regional variability in dust deposition fluxes.
3 Model Evaluation

This section focuses primarily on the behavior of the low-resolution standard configuration
with different choices of model physics (LRes, LResT, LResT-Ndg, and LResT-Ndg-HRtuned).

Sensitivity to the model resolution is discussed in Section 4.
3.1 AOD and AAOD

All the E3SMv1 low-resolution simulations yield a similar global DAOD about 0.026-
0.029. At the regional scale, Figure 2a shows that the control run LRes predicts the highest DAODs
(>0.5) over the major dust source regions including Sahara, Arabian Peninsula, the Gobi and
Taklimakan deserts in Asia, and the Australian deserts. Over the remote oceans and within the
high latitudes, the modeled DAOD generally falls into the 0.005 to 0.01 range, except for plumes
downwind of major dust sources where higher predictions of DAOD close to 0.1 are obtained.
Also shown in Fig. 2a, dust aerosols are more prevalent in the Northern Hemisphere than in the

Southern Hemisphere in terms of both source strengths and long-distance transport potential.

Although global DAOD is similar among the model variants, the dust distributions are
different and sensitive to the model dust properties and meteorological conditions. Fig. 2b shows
that LResT produces higher DAODs than LRes over some of the dust source regions such as E

Asia and Australia and lower predications in the downwind and remote regions. This is because

11
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LResT uses a size distribution predicting more coarse particles upon emission (Kok, 2011) that
leads to more dry deposition near the sources and thus less aerosol transport over long distances.
On the other hand, emissions are increased, under the global DAOD constraint, to compensate for
the enhanced deposition that result in higher DAODs near the sources with LResT. Therefore,
LResT attributes a larger fraction (85%) of the global DAOD to the coarse-mode particles
(diameter > 1um) than LRes (66%). Regionally, this pattern is more evident (Fig. 2¢ and 2d) that
the coarse-mode dusts in LResT dominate the simulated DAOD over 60% in most of the dust-
influenced regions even far away from the sources. For the same DAOD, since coarse-mode dust
particles result in larger LW warming and less SW cooling than the fine particles, this change of
dust size distribution would lead a less cooling net effect of dust in LResT (Di Biagio et al., 2020;
Kok et al., 2017).

The predicted spatial distribution of DAOD is also sensitive to the model meteorology.
Forced by the ERA reanalysis data, LResT-Ndg in Fig. 2e shows weaker long transport of dust
indicated by the lower DAOD values in the remote regions compared with LResT in Fig. 2b, due
to the enhanced removal. Regional DAODs are also affected by the modified dust emissions, for
example, the high-latitude DAOD associated with the Antarctic dust in LResT is not simulated by
LResT-Ndg, because the surface (10-meter) windspeeds from the reanalyses in year 2010 used by
LResT-Ndg are lower than the model-simulated winds for dust mobilization in Antarctic (Fig. S1
and Fig. S2). We will further examine the impact of nudged meteorology on simulated dust spatial
distributions in comparison with the AERONET observations below. The high-resolution
parameter tuning could also potentially affect the dust simulations through changing the simulated
meteorological conditions. As shown in Fig. 2f, compared to LResT-Ndg, LResT-Ndg-HRtuned
simulates slightly weaker dust transport, thus smaller DAODs over the remote oceans. It also
affects the DAOD distribution by modulating dust mobilization, e.g., over Antarctic (Fig. S1),
through the impact on dry convective eddies over land from the high-resolution parameter tuning
that may change the surface wind variability. This sensitivity experiment shows that differences

in dust simulations between the E3SM low- and high- res simulations (i.e., LRes and HRes in
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Section 4) may be also attributable to the tuning parameters, although the contribution is small

(Fig. S3) except for a few spots.

The simulated annual mean AOD and AAOD over the selected dusty sites are compared
with the AERONET observations in Figure 3. Table 2 lists the site-specific information and
calculated mean statistics. Since most of these dusty sites are located over or near the major source
regions in the northern hemisphere (denoted by gray solid circles in Fig. 2a), the annual averages
of the site-specific AERONET AOD are high: above 0.4 in the low latitudes (<15°N) and above
0.15 in the subtropics (<30°N). Most of these high AOD values from AERONET are captured in
LRes, with a multi-site mean AOD of 0.34 and a spatial correlation coefficient of 0.77. Like LRes,
simulations of LResT and LResT-Ndg also generate similar annual mean AODs (0.34 and 0.33,
respectively) and a strong spatial correlation with the AERONET AODs (correlation coefficients
>(0.7). This indicates that the DAOD changes resulting from different dust emission size
distributions in LResT and LResT-Ndg reflect primarily on the long-distance transport potential
of dust rather than changing the dust concentration over the source regions (Fig. 2). On the other
hand, LResT and LResT-Ndg improve the AAOD predictions relative to LRes remarkably in
comparison with the AERONET data, as shown in Fig. 3b. The simulated AAOD is reduced by a
factor of two at nearly all the sites except for Trelew, where the E3SMv1 predicts very little dust
(<2% of total AOD) probably due to the model low-biased soil erodibility, and thus AAOD is
insensitive to the updated dust SW optics in LResT and LResT-Ndg. On average, the mean AAOD
over the 19 AERONET sites decreases from 0.038 in LRes to 0.023 and 0.022 in LResT and
LResT-Ndg, respectively, showing a great improvement compared with the AERONET mean at
0.017. Like AOD, the observed spatial variability in AAOD is also reproduced largely by LRes,
LResT and LResT-Ndg with correlation coefficients > 0.7. Between LResT and LResT-Ndg,
nudging to the ERA reanalyse meteorology for a single year (2010) by LResT-Ndg results in a
weaker spatial correlation with the AERONET multi-year climatology than LResT, which
represents the model-simulated climatology averaged over 10 years. It implies that the free-
running E3SMv1 configuration simulates the spatial variability in meteorology that drives dust

distributions near the sources reasonably well, but may overestimate the strength that leads to the
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high-biased AOD (by ~+13%) and AAOD (by ~+35%) values compared with the AERONET

multi-year means.

In addition to the yearly averages, seasonal variations of AOD simulated by LRes, LResT
and LResT-Ndg are evaluated in Figure 4 for the 18 dusty sites (excluding the Trelew site where
E3SM predicts a low dust concentration). Because the E3SMv1 uses a fixed soil erodibility map,
seasonality in the calculated AOD is mainly driven by variations in the meteorological conditions
that govern the emissions, transport, and residence time of dust in the atmosphere, such as surface
winds, convection intensity, and precipitation. The monthly predictions of AOD by LRes and
LResT in the free running configuration correlate reasonably well with the AERONET
observations for representing the seasonality of dust loadings near the sources with the calculated
correlation coefficients > 0.5 for 14 and 13 out of the 18 sites, respectively. Most of the 13 or 14
sites are located within the sub-tropical Northern Hemisphere between 15°N-30°N. In contrast, the
calculated temporal correlations are relatively weaker at lower or higher latitidues; especially for
the two low-latitude sites (IER Cinzana and Banizoumbou), both LRes and LResT yield very low
correlation coefficients (0.21~0.33). When nudged towards the ERA reanalysis meteorology in
2010, the simulated monthly variability in AOD at these two low-latitude sites improve
considerably with LResT-Ndg, as the temporal correlation coefficients with AERONET increase
by more than a factor of two (0.75 and 0.69); on the other hand, LResT-Ndg nudging to the single-
year reanalyses (year 2010) does not outperform the climatology simulated by LRes or LResT at
other sites systematically. This indicates that large uncertainty in the temporal variations of the
lower-latitidue dust in E3SMv1 are associated with the model representation of the large-scale
meteorology in those regions. On the seasonal scale, both the observations and model results yield
the yearly maximum AOD near the sources approximately during the hemispheric summer, e.g.,
June-July-August (JJA), and shifting to an earlier peak in spring toward the equator, e.g., March-
April-May (MAM), while the dust-influenced AODs are consistently the lowest during the

hemispheric winter.
3.2 Vertical Distribution

In addition to the column integraged AOD and AAOD, vertical distribution of dust is an
important property in the calculation of dust direct radiative effects, in particular for LW radiation

flux. Figure 5 compares dust extinction profiles between 0° and 30°N derived from CALIOP and
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three model experiments (LRes, LResT, and LResT-Ndg) for winter (DJF) and summer (JJA)
months, respectively. The CALIOP dust extinctions at 532nm are derived from lidar backscatter
signals and particulate depolarization ratios, which are intrinsically different from the bottom-up
model calculations based on the dust mass loadings and mass extinction efficiency. The differences
between the two approaches may lead to ambiguity in the direct comparison of dust extinction.
For instance, in Figure 5b, the large extinction retrievals from CALIOP (30~40 Mm!) between
60°W to 80° W in the marine boundary layer might be subject to some retrieval uncertainties, such
as cloud contamination, and the presence of non-spherical dry sea salt, which are not included in
the model-simulated dust extinctions. Thus, the analysis below focuses more on comparing the

vertical structure of dust distributions rather than absolute values.

The CALIOP extinctions show that the source-region dusts associated with strong
convection ascend from the ground up to ~6 km in summer, which is about 2 km higher than during
winter. All the E3SMv1 simulations capture such seasonal variations in the elevated dust layers,
but underpredict the dust extinctions, especially in the free troposphere. These model low biases
are greater in summer than in winter when dust is concentrated mostly in the lower troposphere (<
3-4 km). As a result of the underestimated vertical transport, E3SMv1 also predicts weaker long-
range transport of dust westward from the African continent to the tropical/subtropical Atlantic
Ocean, compared to the satellite observations (Fig. 5). This indicates that both the vertical transport
and removal efficiency of dust in E3SMv1 may need to be re-calibrated to allow more efficient
transport of dust in the long distances, as recent studies of aerosol dry deposition indicate that most
aerosol models likely overpredict the particle removal compared with the new measurements
(Emerson et al., 2020). With more coarser particles emitted, dust extinctions from LResT agree
better with the CALIOP retrievals than LRes in the lower troposphere (<2km) near the sources,
e.g., between 20°W-20°E. But the underestimation in dust transport is more substantial in LResT

as coarser particles fall onto the ground more rapidly.

Over the major dust sources, both LRes and LResT in free-running configuration captures
the high dust extinctions around 20°E, but underestimate the peak values around the 0° longitude
revealed in the observations, especially in JJA. It is likely due to the model bias in underpredicting
the surface winds for dust generation in those areas, as when nudged to the reanalysis meteorology,

LResT-Ndg simulates higher dust extinctions near the surface and agrees better with the satellite
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observations between 15°W and 0° in JJA. However, similar to the AOD comparison, LRes and
LResT represent the multi-year averaged observations of dust extinction cross sections over the
major sources between 0 and 30°N reasonably well, better than LResT-Ndg over a large spatial

context.
3.3 Deposition

Dust deposition is a major supplier of the micronutrient iron from the atmosphere to the
open ocean (Hamilton et al., 2022; Mahowald et al., 2009). It is thus important to quantify the
uncertainty in dust deposition simulated in ESMs (Myriokefalitakis et al., 2018; Tagliabue et al.,
2016). Figure 6 shows the global distribution of annual dust deposition fluxes predicted by LRes
and LResT, along with a comparison with 108 climatology observations of dust deposition
(LResT-Ndg is not shown here since it is nudged to the year 2010 meteorology not representative
for comparion with the climatology data). The observational data taken from Albani et al. (2014)
are overlaid and denoted by the solid circle symbols with the same color scale used for the model
results in Fig. 6a and 6b. In general, large dust particles deposit quickly to the ground after emission
through gravitational settling, yielding large deposition fluxes in the vicinity of the major dust
source regions, such as the Saharan-Arabian region, deserts in Asia and Australia, and Patagonia.
Compared to LRes, LResT predicts lower deposition fluxes over the remote North Pacific and
North Atlantic Ocean, because of the reduced dust long-range transport associated with the coarser
size distribution, while enhanced deposition is predicted downwind of the Australian dust sources
over the South Pacific Ocean from increased emissions near the source regions. Since the dust
deposition fluxes are calculated proportional to dust concentrations, the impact of different model
configurations on spatial distribution of dust deposition fluxes is similar to DAOD as discussed

for Fig. 2.

Fig. 6¢c compares the modeled deposition fluxes with the observations over the 108
locations. Most of the model results are within a factor of 10 with the observations, consistent
with other global dust studies (Albani et al., 2014; Hamilton et al., 2019). The agreement between
the model and data is slightly better over the dust-laden regions, indicated by less scatter and fewer
outliners for the observed deposition fluxes larger than 1 g m yr'!. The regional mean differences
between the model predictions and observations are summarized in Table 3. For the locations near

the dust sources, such as N. Africa/subtropical NE Atlantic and Asia/Arabian Sea, LRes and LResT
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overestimate dust deposition by about a factor of 2. The high biases in these two source regions
dominate the overall mean bias, although the deposition fluxes are underestimated over the remote
oceans, including the North and South Pacific Ocean by about 40-60% and South Atlantic by about
20-30%. In the Arctic and Antarctic regions, the observed dust deposition is very low, where the
model results have the highest relative biases, which are associated with the high-latitude dust
emissions (i.e, in Antarctic) as well as the mid-latitude dust transport. However, the observational
data in high latitudes are derived from measurements with great uncertainty, e.g., from ice core,
especially for quantifying the present-day dust deposition fluxes. Over all the regions, simulations
of LRes and LResT show similar biases (Table 3), either high or low, indicating that the updated
dust emission size distributions in LResT do not help much in resolving the model-observation
discrepancies in the deposition fluxes. Other factors that could promote transport of dust to the
remote regions, for example via revisions to aerosol dry and wet deposition efficiency as well as

particle sphericity in calculating settling velocity, may be worth further investigation.
4. Results
4.1 Global Budgets and Impact of Increased Model Resolution

Table 4 compares the global budgets of dust predicted by E3SMv1 with other modeling
studies. For the three low-resolution simulations (LRes, LResT, and LResT-Ndg), dust emissions
range from about 4700 to 5400 Tg/yr, higher than CAMS and other global models listed in Table
4, although the observations do not provide a strong constraint on global dust emissions and
deposition. Among the different E3SM configurations, LResT and LResT-Ndg require higher dust
emissions than the default LRes, because they predict more coarse-mode dust that deposits rapidly
to produce a similar AOD, thus requiring more particles emitted to retain the dust loading in the
atmosphere. This is more consistent with a recent study (Kok et al., 2021), which estimates a global
emission flux of dust greater than current models, approximately 5000 Tg/yr, since it accounts for
more coarser dust particles with diameter up to 20 um. The size differences also lead to higher
dust burdens in LResT and LResT-Ndg than in LRes, because coarse-mode dust scatters the

sunlight less efficiently than fine-mode dusts and higher dust loadings are needed for matching the
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DAOD constraint. On the other hand, the global dust burden simulated by LRes is similar to

CAMS, which uses the same dust size partitioning upon emission.

Dry (or wet) deposition rate (or loss frequency), defined as the ratio of dust dry (or wet)
deposition flux (Tg/yr) divided by its mass burden (Tg) in unit of day™!, is often used to quantify
the model-simulated dry (or wet) deposition efficiency, rather than absolute deposition fluxes,
since the former is not sensitive to the resolution-dependent dust emissions. In the low-resolution
E3SMv1 (LRes, LResT and LResT-Ndg), dust dry deposition rate is more than 3 fold greater than
the wet deposition rate, indicating that globally, the removal of dust occurs preferentially through
dry deposition than wet deposition for their large particle size and low hygroscopicity. Despite
different absolute deposition fluxes, three low-resolution E3SMv1 configurations simulate similar
dry and wet deposition rates for dust aerosols. Dust lifetime, which is equivalent to the inverse of
the total deposition rate, is also loosely dependent on the model dust properties (i.e., size
distribution), within 1.7-1.9 days for LRes, LResT and LResT-Ndg. This estimated lifetime is
shorter than the typical range of CAMS5 (2.6 days) and the AeroCom modeling studies (4.14+43%
days), mainly driven by the larger dust dry deposition rate of E3SM, which is about a factor of two
higher. The wet deposition rate of E3SM is similar to CAMS slightly overestimated compared to
other modeling studies (Liu et al., 2012). The predicted strength of dust deposition especially
through the dry removal and the short lifetime imply that the low resolution E3SMv1 likely
underestimates the vertical transport of dust to the free troposphere. This is consistent with the
comparison of the E3SM-simulated extinction profiles with the satellite observations in Section

3.2.

Without tuning the dust emission parameters, increasing the model horizontal resolution
by a factor of 4 from the E3SMv1 low resolution (~100km) to the higher resolution (~25km)
simulation results in about a 29% increase of global dust emission fluxes from 4702 to 6044 Tg
yr'l, and the global DAOD is increased by 42% from 0.026 to 0.037. This is essentially due to the
non-linear strong dependence of dust emissions on the resolved small-scale surface winds (Ridley
et al., 2013; K. Zhang et al., 2016). In particular, DAOD shows a stronger dependency on the
resolution than emissions, indicated by a larger percent increase. The additional DAOD increase
is a result of the weakened dry removal (especially turbulent deposition) of dust at higher

horizontal resolution, although there is also a small enhancement in wet removal from the better-
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resolved clouds and precipitation (Ma et al., 2015). The strong sensitivity to resolution exhibited
in the global DAOD suggests that both dust emission and deposition parameterizations are highly
resolution- or scale- dependent. In the standard E3SMv1 high-resolution configuration (HRes),
dust emissions are adjusted to match the global DAOD constraint of 0.03. After the adjustment,
HRes simulates the global dust emissions and DAOD similar to LRes, but the finer horizontal
resolution of HRes leads to a ~17% lower dry deposition rate and slightly higher wet deposition
rate. As a result, the dust lifetime in the HRes simulation increases to 2.1 days, more comparable

to other models than LRes at 1.85 days.

In addition to the increased horizontal resolution, the standard E3SMv1 also has a finer
vertical resolution with 72 layers compared to its CAMS predecessor with 30 layers. To examine
the effect of increasing the number of vertical layers, one E3SMv1 simulation (LResZ30) was
conducted with the same 30 vertical layers as CAMS (Liu et al., 2012). Constrained by the same
global DAOD, LResZ30 generates higher dust emissions than CAMS for higher horizontal grid
spacing, but to a lesser extent compared to LRes. The primary factor determining this difference
from LRes is the lower dry deposition rate of dust simulated by LResZ30, which decreases to 0.29
day! by 33% from 0.43 day!' in LRes. The reduction of dust dry deposition also leads to a longer
dust lifetime at 2.4 days. This sensitivity model experiment of decreasing the E3SMv1 vertical
resolution reveals similar effects on the simulated dust burden and lifetime to the model refinement
of horizontal resolution, although the underlying mechanisms may be different. For example, both
gravitational settling and turbulent deposition responsible for dust dry removal are influenced
equally by changing the vertical resolution, while increasing horizontal resolution has a larger
impact on the latter, resulting in a larger contribution of gravitational settling of dust in total dry
deposition (from 75% in LRes to 78% in HRes). In contrast to dry deposition, refining the model
resolution, either horizontally or vertically, has moderate effects on the dust wet deposition rate
globally, although it could be more significant on the regional scales and for hygroscopic aerosol

species such as sea salt or sulfate aerosols (Caldwell et al., 2019).

The comparison of global dust budgets with different E3SMv1 configurations suggests that
the global mean DAOD does not fully constrain the life cycle of dust. When constrained by the
same DAOD, the model diversity in global emissions, deposition, burden, and lifetime of dust
between E3SM configurations and other models are evident, as summarized in Table 4. These

model disagreements imply a wide range of differences in dust transport and spatial distributions
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that could further influence the direct and indirect radiative effects of dust. Therefore, it is
important to understand the contributing processes to the inter-model differences in dust global
budgets and the manifested impact. Sensitivity of the dust simulations to dust emission size
distribution and SW optics (between LRes and LResT) has been discussed in Section 3 compared
with the observations. Here we further examine the impact of increased model resolution both

horizontally and vertically on individual dust proccesses.
4.2 Effects of Increasing Resolution on DAOD

Figure 7 shows the global distributions of annual mean DAOD, emissions, and lifetime
simulated by HRes, and their differences from LRes. HRes simulates the geographical pattern and
hemispheric contrast of annual DAOD similar to LRes (Fig. 2a), however, there are great
differences in their reginal DAOD values; as shown in in Fig. 7b, the DAOD differences between
the two simulations vary by region in both sign and magnitude. HRes generally predicts higher
DAODs over the major dust source regions (>25%) than LRes as well as the adjacent oceans
downwind of the dust transport. In particular, over the Arabian Pennisula, Middle East, and
Taklimakan desert in E Asia , the DAOD predictions in HRes are more than doubled relative to
LRes. These regional increases of DAOD are compensated by lower predictions over the western
Sahel, tropical/subtropic Atlantic, S. America and Europe, adding up to a similar global mean
DAOD between HRes and LRes. Such large positive or negative changes in DAOD (>%0.1) could
potentially affect the simulated regional radiation balance and hydrological cycle. They are driven

by the compound effects of changes in dust emissions and deposition rate.

The HRes simulation of dust emissions and the differences from LRes are illustrated in
Fig. 7c and 7d. Emission fluxes in the dust source regions generally increase with higher model
horizontal resolution as expected for HRes, leading to larger local DAODs. However, some HRes
grid cells are associated with lower dust emission fluxes than LRes, e.g., negative changes over
North Africa, which contribute to the smaller DAOD in HRes over Europe and the southeastern
Atlantic. The decrease of dust emissions from LRes to HRes is due to a larger global scaling factor
used in HRes to scale the total emissions down to the LRes level; in those grid cells, the increase
of emissions due to the resolved surface winds are smaller than the decrease of emissions resulting
from the global scaling. These regionally different responses in dust emissions, resulting from the

empirical global tuning approach, would alter the relative contributions of dust from the various
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sources. For example, dust emissions from the Middle East and E Asia will constitute a larger
fraction in the global emission fluxes in HRes than in LRes because of its increased dust
mobilization, while the North African dust emissions decrease. Subsequently, it would change the
spatial distributions of simulated dust loadings, DAOD, and radiative effects, because dust
transport is influcenced by the regional meteorology and dust properties such as size and mineral

composition are source-dependent.

In addition to the emissions, global distributions of dust burden and DAOD are also
influenced by the dry or wet removal (deposition) processes represented in LRes and HRes. To
understand the resolution effect on deposition, dust lifetime (day), which is the inverse of
deposition rate (day!) and insensitive to the column dust burden, simulated by HRes and the
changes from LRes are shown in Fig. 7e and Fig. 7f, respectively. Although the globally averaged
dust lifetime is short ~2-4 days, dust deposits much slower outside the source regions after being
lifted into the free troposphere, e.g., longer than 10 days over the subtropical oceans and in the
high latitudes. In comparison, it is less than 1-2 days over the source regions or in the tropical
precipitating regions and mid-latitude frontal systems where wet removal is efficient. Refining the
horizonal grid spacing may lead to shorter dust lifetime, because of the higher surface windspeed
that increases friction velocity, thus causing larger dry deposition velocity at the surface (L. Zhang
et al., 2001). In addition, dust dry deposition rate in the column also depends on the vertical
transport of dust particles, which is enhanced within HRes (discussed below in Section 4.2). Since
the free-troposphere dust is removed by sedimentation only, slower than the boundary-layer dust,
the enhanced vertical transport will thus lead to longer dust lifetime. This effect generally
dominates the increased surface dry deposition velocity over the convective dust source regions,
resulting in longer dust lifetime in those regions (Fig. 7f), such as in North Africa for more than
0.5 day (~+50%). On the other hand, dust wet deposition is enhanced in HRes due to resolved
cloud and precipitation fields, decreasing the local lifetime of the transported dust, e.g., over the
subtropical southeasten Atlantic and northeastern Pacific. Longer (shorter) dust lifetime
contributes to a larger (smaller) dust burden, therefore, enhanced (reduced) DAOD in those
regions, but also the net changes in DAOD also depend on the modified emissions that determine

the amount of dust mobilized and emitted to the atmosphere.

Opposing to the effect of the horizontal refinement (Fig. 7b), increasing the number of

vertical layers from 30 in LResZ30 to 72 in LRes leads to the reduction of DAOD over most of
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the dust-influenced regions as shown in Fig. 8a, except for a few downwind regions. These changes
in DAOD also cannot be explained solely by the emission changes in Fig. 8b, as LRes with finer
vertical resolution produces different profiles of stability and turbulence, which in fact causes
higher surface winds, thus stronger dust mobilization over most of the erodible surfaces, e.g., the
western North Africa, where the DAOD changes, however, are primarily negative. As discussed
above, the higher surface winds in LRes also enhance the surface deposition velocity, thus
reducing the residence time of dust over the source regions (Fig. 8c). Therefore, LRes predicts less
elevated dust to the free troposphere and advected in long distances than LResZ30 (discussed
below in Section 4.3), thus smaller DAODs near the source regions, e.g., for the North African
dust plumes over the equatorial Atlantic Ocean and South America. The weakened wet removal in
LRes relative to LResZ30 increases the local lifetime of the transported dust over most of the
remote oceans, which may or may not lead to larger DAOD values depending also on the changes

of local dust burden from transport.

It is worth noting that the ambient atmospheric conditions especially relative humidity, to
which DAOD is sensitive, could also be influenced by the resolution changes (both horizontally
and vertically) through the dust climate feedback in the free-running model simulations. It is
considered to be secondary though, compared to the direct changes in dust aerosol fields discussed

here.
4.3 Effects of Increasing Resolution on Vertical Distribution

In addition to the column integrated DAOD, dust vertical distribution is also sensitive to
the model resolution as shown in Figure 9. LRes predicts the weakest vertical transport of dust
around the major dust sources in both hemispheres, i.e., 15°N, followed by 40°N and 25°S,
consistent with the shortest dust lifetime (Table 4). Compared to LRes, both HRes (with higher
horizontal resolution) and LResZ30 (with lower vertical resolution) simulate enhanced uplift of
dust to the upper troposphere, leading to greater global burdens. Thus, model refinement in the
horizontal (from LRes to HRes) has the opposing effects on dust vertical distribution compared to
refining the vertical resolution (from LResZ30 to LRes). The main difference between them is that
the vertical transport of dust in HRes with increased horizontal resolution is enhanced, as a result
of resolved convective or nonconvective (e.g., orographic) ascent and stronger turbulent mixing in

the boundary layer (indicated by a smaller contribution from the turbulent deposition in dry

22



654
655
656
657
658
659
660
661
662

663

664

665

666

667

668

669

670

671

672

673
674

675

676
677
678
679
680
681
682

683

Manuscript submitted to JAMES

removal), while a weaker upward transport of dust is simulated by LRes with increased vertical
resolution, because of the enhanced dust dry deposition at the surface associated with stronger
surface winds. Although HRes also predicts higher surface winds thus larger surface deposition,
this effect on dust vertical distribution is weaker over the source regions thus dominated by the
enhancement of vertical motion that enables stronger vertical transport of dust particles in HRes.
The strong sensitivity of dust vertical distribution to the varying model resolution through
interactions with surface winds and boundary-layer dynamics cleary demonstrates that the model
representations of the surface dry deposition, sedimentation and vertical transport processes of

dust are highly scale-dependent, besides the dust emission parameterization.

While LResZ30 does not change the zonal-mean maximum dust source locations from
LRes, i.e., still center around the 15°N latitudes, HRes shows the increased relative strength of
dust loadings around 40°N as well as 30°N and 25°S, because the emissions in those regions have
a stronger dependency on resolved surface winds than those areas near 15°N. The enhanced dust
vertical transport around 40°N in HRes further leads to the stronger poleward transport in the upper
troposphere above 500 hPa. Because of the low mass extinction coefficient and low hygroscopicity
of dust aerosols especially in the free troposphere, these model discrepancies in dust vertical
mixing ratios do not make substantial differences in DAOD, e.g., in the high latitudes (<0.01, Fig.
7b). Therefore, the dust vertical distribution is not well constrained by the column integrated
DAOD, in particular the global mean DAOD. The elevated dust, on the other hand, could act as
highly-active ice nucleation particles in mixed or ice phase clouds causing changes to indirect

radiative effects. It is critical to constrain the vertical transport of dust into the free troposphere.
4.4 Effects of Increasing Resolution on Deposition Fluxes

As a key input to the ocean biogeochemistry, it is important to examine the sensitivity of
the absolute dust depositon fluxes to model resolution in line with the development of the high-
resolution coupled ESMs. The differences in the simulated dust deposition fluxes between
different resolution configurations are shown in Fig. 10. Since the dust deposition fluxes
corresponds to the emissions, HRes simulates larger deposition fluxes than LRes over most of the
domain, except for the areas influenced by the lowered emissions or with enhanced removal. In
particular, over the major high-nutrient low-chlorophyll biological regions in the sub-Arctic

Pacific and Southern Ocean, dust deposition fluxes are increased by >25% in HRes, suggesting an
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enhanced nutrient supply to the ocean biogeochemistry if coupled with a higher-resolution
atmospheric model. Additionally, the HRes model also predicts more than 2-fold annual dust
deposition into the Arctic region than LRes, which could have important implications on the
acceleration of ice/snow melting in the high latitudes by lowering the surface albedo. In contrast,
the impact of higher vertical resolution is opposing to the horizonal refinement. Compared to
LResZ30, LRes predicts larger deposition fluxes over the major dust sources including Antarctic
(Fig. 8c), but underestimes in most of the other regions, except for a few regions with higher
DAOD (thus larger burden) due to increased lifetime (Fig. 8c). These differences in the changes
of dust deposition fluxes with higher horizontal or vertical resolution correspond largely to the
DAOD changes (dust burden changes), which in turn depend on the combined effects on various

dust processes discussed in Section 4.2.

Compared with the observational data in Fig. 6¢ and Table 3, the model underestimation
in the remote oceans such as N. Pacific is reduced with HRes, since it predicts larger deposition
fluxes than LRes over most of the domain. But the overestimation in the absolute dust deposition
fluxes over the dust-laden regions such as N. Africa and the adjacent subtropical Atlantic is
enlarged by HRes, except for Antarctic, where the model high bias is substantially reduced (i.e.,
by a factor of 4 in the Table 3) due to the lowered Antarctic dust emissions (Fig. 7d). Contrary to
the HRes-induced changes, the LRes simulations of dust deposition agree better with the
observations than LResZ30 over the main dust deposition oceans near the sources but are even
more underestimated in the remote oceans. As shown in the Table 3 and Fig. 6¢c, the resolution
effects on deposition fluxes have a larger impact in the remote regions, whereas near the sources,
dust deposition fluxes are influenced more by the model representation of dust properties, e.g.,
particle size, sphericity, or deposition velocity, which either the low or high resolution E3SMv1

simulations are high-biased.
4.5 Dust Direct Radiative Effects

Figure 11 shows the calculated DRE of dust at TOA with the different E3SMvl
configurations. LRes, which is the default E3SMv1 configuration, predicts positive DREs of dust
over the major source regions such as Sahara, Arabian Peninsula and Central Asia, exceeding 10
Wm2, due to the light absorption of dust minerals when located over the highly reflective surfaces.

Also, moderately positive DREs of dust are estimated over the mid-latitude oceans likely above
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the storm tracks and snow- or ice-covered surface in high latitudes, while negative DREs are found
in the lower latitudes over oceans or land associated with relatively dark surfaces. Overall, the
mean dust DRE by LRes gives a slightly negative global forcing of -0.08 Wm2 at TOA. Using the
less-absorbing imaginary indices inferred from the AERONET measurements, LResT predicts
more negative DREs over most of the domain, mainly because of the reduced dust SW absorption
(AAOD). The globally averaged net DRE of dust decreases to -0.42 Wm2, which is more negative
about a factor of five higher in magnitude than LRes. The model-calculated global energy budgets
in the column: at the TOA, in the atmosphere and at surface, are summarized in Table 5. About
2/3 of the reduction in the TOA DRE estimated by LResT relative to LRes is due to the lower
atmospheric absorption in SW (about 50% less), which is consistent with the AAOD reduction
(Section 3.1). Additionally, LResT also predicts more boundary-layer dusts and less vertical and
horizontal transport than LRes in comparison with CALIPSO (Section 3.2), which further
contributes to the more negative DREs in SW, as the boundary-layer dusts are less likely to be
lifted above the clouds with a brigher underlying surface. For the LW DRE, LResT increases
slightly from +0.08 Wm™ in LRes to 0.1 Wm™, as shown in Table 5, due to the increased LW
warming of coarse-mode dust (Kok et al., 2017). Therefore, the net DRE differences between

LResT and LRes are primarily attributable to the SW DRE changes.

The impact of increasing horizontal resolution on dust DRE is illustrated in Figure 11c for
differences between HResT and LResT HRtuned (same as LResT but using the high-resolution
tuning parameters). Therefore, differences in the estimated dust DRE between HResT and
LResT HRtuned are attributable to the resolution effect on dust simulations solely, i.e., not
affected by the different physics tuning parameters. Both simulations are performed with the
updated dust size distribution and optical properties as in LResT that are planned for the next
version of E3SM, i.e., E3SMv2. They are also tuned to the same global DAOD of about
0.038~0.04, which is slightly higher than LResT (in order to get a HResT AOD close to the satellite
estimate of 0.14) but still within the uncertainty of the observational estimate (0.03£0.01). As
shown in Fig. 11c, higher horizontal resolution leads to regionally dependent changes in the
predicted dust DREs. The geographical pattern of the DRE differences between HResT and
LResT HRtuned corresponds approximately to the DAOD changes between HRes and LRes in
Fig. 7b. Specifically, higher DAODs with the finer-resolution simulations (HResT or HRes) result

in stronger dust DREs, either more positively or negatively, relative to the coarse-resolution
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simulations (LResT or LRes). For instance, the strength of the positive DREs of dust over the
Sahara Desert and Arabian Peninsula would be enhanced by increasing horizontal resolution, as
well as the negative effects in most of the Asia (Fig. 7b). On the other hand, because of the
decreased DAODs, the negative DREs of dust downwind of the North African sources across the
Atlantic Ocean and over the South America would be weakened with higher resolution. In addition
to DAOD, the resolution effect on dust vertical distribution also affects the strength of dust DREs.
More dusts particles can loft at the higher resolution, leading to the weakening (positive changes)
of the negative DREs over Central Asia (Fig. 9b), despite the increased DAOD. Since the LW
DRE of dust increases with height, it is enhanced globally by +0.02 Wm™ (14%) in HResT (Table
5), comparable to the effect of changing the dust size distribution. The impact of increasing
resolution on the globally averaged dust net DRE is small with a slightly weaker negative effect

due to the enhanced LW warming, although the regional changes are greater and different in sign.

The comparison of the estimated dust DREs with other modeling studies is shown in Figure
12 for the SW, LW and net effects, respectively. In order to reduce the influences from different
DAODs, the DRE estimates from HResT are scaled to a global DAOD of 0.029 same as the E3SM
low resolution runs (LRes and LResT), and denoted as HResT* in Fig. 12 and Table 5. The default
E3SMv1 model (LRes) predicts a small dust net DRE with a negative value of -0.08 Wm2at TOA,
which is more positive than -0.17 Wm? from CAMS5 (Scanza et al., 2015), -0.45 Wm™ by the
AeroCom models taken from Kok et al. (2017) and an observationally constrained estimate of -
0.2 Wm (Kok et al., 2017), primarily due to the weaker SW cooling (smaller negative SW DRE).
After updating the dust SW absorption and size-segregated emissions, E3SMv1 at both low and
high resolutions (LResT and HResT*) estimates a more negative net DRE of about -0.42 Wm?2,
which is within the AeroCom model estimates (-0.3 to -0.6 Wm), although both the SW and LW
effects are relatively lower. Kok et al. (2017) suggested that the fine-size bias in the AeroCom
models probably contributed to their larger SW cooling. Indeed, the updated E3SM with the size
correction that shifts more emitted dust particles from the accumulation mode toward larger sizes
(diameter<10um) predicts a SW DRE of ~-0.5 Wm™, and agrees better with CAMS5 (Scanza et
al., 2015) and the observationally constrained estimate (Kok et al., 2017). Kok et al. (2017) also
includes coarser particles with 10um<diameter<20um and a recent study by Di Biagio et al.
(2020) shows that even coarser particles with diameter=20um should be considered in global

models. These very coarse particles would further reduce the contribution by smaller (cooling)

26



776
777

778
779
780
781
782
783
784
785
786
787
788
789
790
791
792

793
794
795
796
797
798
799
800
801
802

Manuscript submitted to JAMES

particles to the global dust cycle, as Di Biagio et al. (2020) obtains a smaller negative DRE in SW
(-0.25 Wm), about half of the other model calculations.

Dust particle size is also one of the large sources of uncertainty for the LW effect. The size
correction implemented to E3SM and higher horizontal resolution increases the LW warming
effect by 50% from +0.08 to +0.01 and +0.12 Wm? progressively, but it is still lower than other
studies ranging from +0.17 to +0.25 Wm as shown in Fig. 12. Inclusion of the coarser particles
(diameter>10um) to E3SMv1 would directly increase the estimated dust LW effect, e.g., Kok et
al. (2017) indicates that the coarse dust particles (i.e., 10um<diameter<20um) could produce an
additional positive DRE of 0.03 Wm™ (0.01 to 0.06) globally. The uncertainty in LW DRE may
also stem from the dust refractive indices, as E3SMv1 neglects the regional variability in dust LW
optics (Di Biagio et al., 2017), e.g., which changes their DRE LW estimates between +0.09 and
+0.36 Wm. Another uncertainty is from the LW scattering that is not considered in E3SMv1 but
by other studies such as Kok et al. (2017). In addition, the LW effect is very sensitive to the dust
layer height, which is one of the least constrained dust properties in models compared with the
observations, and could potentially cause great inter-modal differences. As discussed in Section
4.3, the higher horizontal and vertical resolution of E3SMv1 have a large impact on the dust

vertical distribution that may contribute to the differences in LW DRE.

To exclude the uncertainty in DAOD, the DRE efficiency, defined as the DRE produced
per unit of global DAOD, is calculated. For E3SMvl1, it ranges from 3.5 (LResT) to 4 Wm™
(HResT) in LW, both of which are lower than those of CAMS5 (5.2 Wm™) and the observational
estimate (8.3 Wm). For the SW DRE efficiency, E3SMv1 generates the largest negative values
from -17.9 (LResT) to -18.3 Wm™ (HResT) compared to the -10. Wm™ by CAMS5 and -16.7 Wm"
2 constrained by the observations. Similar to the direct comparison of DRE, the consistently low
(or high) differences in LW (or SW) DRE efficiencies estimated by E3SMv1 indicate that the
globally averaged dust size in this global model might still be too small assuming the
observationally constrained estimates provide the correct ranges with high-quality datasets.

Including coarser dust particles would generate larger LW warming and smaller SW cooling that
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could nudge the calculated DRE efficiencies toward the observational estimates. Other

uncertainties as mentioned above might also help to explain the differences.
5. Discussion and Conclusions

Quantification of dust life cycle and radiative effects in ESMs has important implications
for improving the model’s capabilities for water cycle and biogeochemistry studies in response to
climate change. Unlike anthropogenic aerosols, dust acrosols not only influence the climate system
as an external forcer but also account for a significant fraction of the direct climate feedback
associated with all aerosols (Kok et al., 2018). Because the dust simulation is sensitive to the model
representation of meteorological and climate states, dust simulations are often subject to great
uncertainties, as indicated by a wide diversity in simulated dust quantities among models and
between models and observations (Huneeus et al., 2011; A. Zhao et al., 2021). These uncertainties,
most of which are unconstrained, further affect the assessment of dust radiative and climate effects.
As part of development of the DOE E3SM on exascale computing platforms, this study examines
the simulated global life cycle and direct radiative effects of dust in the recently released E3SMv1,

resulting from model physics improvements and increased model resolution.

Our study shows that the default E3SMv1 constrained by the global DAOD simulates the
geographical pattern and seasonal variations in DAOD reasonably well, compared with the
AERONET surface measurements. On the other hand, it overestimates the dust aerosol absorption
in SW by a factor of two, which leads to a more positive net DRE (-0.08 Wm) than its precedent
model CAMS (-0.17 Wm). By switching to the less absorbing dust refractive indices as well as
an emission size distribution with more coarse particles emitted, the dust SW cooling simulated
by E3SMv1 is increased and is closer to the observationally based estimate by Kok et al. (2017).
For dust vertical distribution, E3SMv1 captures seasonal variations of the elevated dust layers over
the major source regions, but underpredicts the dust extinctions compared with the CALIOP data,
especially in the upper troposphere. The low biases in the model simulations are greater in summer
than winter. As a result of the underestimation of vertical transport, E3SMv1 also predicts a weaker
long-range transport of dust compared with the satellite observations and a shorter dust lifetime

(~2 days) than most of other models. The simulated deposition fluxes are underestimated in remote
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oceans, but the global dust deposition is dominated by the high biases near the sources over the

main dust deposition regions, compared with the climatology data composite.

The impact of increasing model resolution on dust simulations was examined with
E3SMvl. It is critical to understand what individual dust processes are scale- or resolution-
dependent and the subsequent impact on the dust radiative effects and deposition fluxes for
implications on future development of high-resolution ESMs such as the Simple Cloud-Resolving
E3SM Atmospheric Model (SCREAM) (Caldwell et al., 2021) or regionally refined variable
resolution ESMs (Tang et al., 2019). This study finds that in addition to the emission fluxes, dust
removal, especially dry deposition rate, is highly scale-dependent, which in turn affects the dust
lifetime, atmospheric burden and DAOD. Specifically, increasing horizontal resolution (from
100km to 25km) without tuning results in a larger enhancement in global DAOD (+42%) than seen
in the emissions themselves (+29%), because it is combined with a reduction of dry deposition
rate (-21%) and increase of lifetime. With the global tuning of DAOD (through dust emissions), it
still leads to a decreased dry deposition rate by -17%. In contrast, refinement of vertical resolution
(from 30 to 72 layers) increases the dust dry deposition rate (+45%), thus resulting in a shorter
lifetime, opposing to the horizontal effect. The global wet removal of dust is relatively less

sensitive to the increased model resolution both horizontally and vertically.

Futhermore, we showed that the uniform scaling of dust emission factor to constrain global
DAOD does not eliminate the remarkable and nonuniform changes of DAOD on the regional
scales, due to the compound resolution effects on dust emissions, removal, and vertical transport.
Dust vertical distribtuions and deposition fluxes are also highly sensitive to the resolution changes,
and these quantities are not well constrained by the column integrated DAOD, in particular the
global mean. As the elevated dusts in the free troposphere are a major source of ice nucleation
particles for mixed- and ice- phase clouds and the nutrient-enriching dust deposition is vital for
terrestrial and ocean ecosystems, better observational constraints of dust vertical distribution and
deposition fluxes are needed for representing the dust indirect radiative and biogeochemical effects

in the future ESMs with higher resolution.

The global DAOD constraint does effectively curb the impact of increasing horizontal
resolution on the global mean dust net DRE. Compared to the low-resolution configuration of

E3SMv1, the high-resolution configuration by 4 times in the horizontal estimates a slightly weaker
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negative dust DRE by about 4% (+0.03 Wm). However, the large regional differences in DAOD
and vertical distributions with higher model resolution can lead to positive or negative direct
perburbations on the energy balance ranging from -9 to +4 Wm™ on the annual mean basis, which
is sufficient to potentially affect the regional hydrological cycle. The updated dust optics and
emission size distribution lead to improved dust SW and net DREs of -0.52 Wm™ and -0.42 Wm"
2 than the default E3SMv1, compared with the observationally based estimates of -0.5 (-0.85 to -
0.15 Wm™) and -0.2 (-0.48 to +0.2 Wm™). But even with the corrected fine-size bias in dust
particles upon emission, the calculated SW and LW DRE efficiencies by E3SM still indicate that
the globally averaged dust size might still be too small, compared with the observations, showing
a stronger SW cooling and weaker LW warming. This finding about the atmospheric presence of
possibly more coarser dust particles is consistent with some recent global model studies (Di Biagio
et al., 2020; Kok et al., 2017). Other uncertainties such as the dust LW scattering (Dufresne et al.,
2002), refractive indices (Di Biagio et al., 2017), mineral speciation (Li et al., 2021), and particle
sphericity (Hamilton et al., 2020) could also contribute to the inter-modal differences in dust DRE.

It is challenging to constrain the simulated dust life cycle with multiple observational
variables, amid uncertainties in the datasets. In E3SMv1, the evaluation of dust DRE suggests that
the abundance of coarse particles may be underrepresented in all model configuration, but simply
shifting particles upon emission or in transport toward large sizes would aggravate the high biases
in the simulated dust deposition fluxes near the sources and low biases in remote oceans. To
harmonize these uncertainties, further investigation into constraining processes affecting long
range transport and improving dust dry deposition and convective transport to the upper
atmosphere is warranted. Furthermore, this study demonstrates the strong sensitivity of model
representation of dust processes beyond emissions (such as dry deposition and vertical transport)
to both horizontal and vertical model resolution, and the impact on direct radiative effects of dust.

It also adds a cautionary note to the use of global dust AOD at 550nm as the only constraint for
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dust simulations, highlighting the need of developing observational constraints for dust size, LW

optical properties and vertical profiles as well as variability in deposition fluxes.
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Table 1 Description of the E3SMv1 (or EAMv1) model simulations included

# Simulation Horizontal Vertical Results Physics  Dust size SW  DAOD/ DRE
resolution  layers parameter distri. optics AOD
tuning

(1) LRes ~1° 72 Years 2-11 FC5AVIC  Default Default 0.029/  Yes
(EAMV1) (cold start) -04P2 0.142

Sensitivity experiments to dust properties, nudging and high-resolution parameter tuning
(2) LResT ~1° 72 Years 2-11 FCS5AVIC Kok AERO 0.029/  Yes
(cold start) -04P2 (2011) NET 0.141
(3) LResT- ~1° 72 2010 FC5AV1C Kok AERO  0.026/ No
Ndg (nudging, -04P2 (2011) NET 0.135
initialized
from the
2009 run)

(4) LResT- ~1° 72 2010 FC5AV1C Kok AERO  0.026/ No
Ndg- (nudging, -HOTA (2011) NET 0.129
HRtuned initialized

from the
2009 run)
Sensitivity experiments to resolution

(5) HRes ~0.25° 72 Years 2-5 FCS5AVIC  Default Default 0.032/ No
(EAMvV1) (cold start) -HOTA 0.135

(6) LResZ30 ~1° 30 Years 2-6  FC5AVIC  Default Default 0.029/ No

(cold start) -04P2 0.145
Resolution effect on direct radiative effect

(7) LResT- ~1° 72 Year 2 FC5AV1C Kok AERO 0.038/  Yes
HRtuned (cold start) -HOTA (201D NET 0.149

(8) HResT ~0.25° 72 Year 2 FC5AVIC Kok AERO  0.04/ Yes

(cold start) -HOTA (2011) NET 0.147




Table 2 Location of the selected 19 AERONET dusty sites and annual mean AOD and AAOD
from the E3SM model (LRes, LResT, and LResT-Ndg) and AERONET (Obs). Also shown are
the calculated Pearson’s correlation coefficients between the AERONET (Obs) data and model

calculations

Site Lat.  Lon. Obs LRes LResT “RST ope  L[Res LResT LREST-

Ndg Ndg

AOD AAOD

Trelew 4325 294.69 0.036 0.035 0.036 0.033 0.005 0.002 0.002 0.002
Tinga_Tingana 2898 139.99 0.042 0.134 0.138 0.108 0.005 0.014 0.009 0.007
DMN Maine Soroa 1322  12.02 0.466 0.742  0.799 0.768 0.038 0.090 0.054  0.050
IER_Cinzana 1328  354.07 0.436 0475 0.467 0397 0.025 0.051 0.030 0.025
Banizoumbou 13.55  2.67 0.482 0591  0.600 0522 0.023 0.067 0.039 0.033
Dakar 1439 343.04 0.445 0487  0.467 0402 0.023 0.052 0.030 0.026
Agoufou 1535 35852 0.461 0493 0489 0421 0.022 0.056 0.031 0.026
Hada_El-Sham 21.80 3973 0358 0304 0290 0315 0.007 0.034 0020 0.022

KAUST Campus 2230  39.10 0379 0.313 0303 0323 0.015 0.036 0.021 0.023
Tamanrasset INM  22.79 553  0.249 0284 0285 0327 0.014 0.033 0.019 0.021
Masdar_Institute 2444 5462 0.369 0.335 0342 0312 0.018 0.039 0.024 0.023

Solar Village 2491 4640 0395 0.271 0269 0288 0.024 0.031 0.019 0.021
Karachi 2495 67.14 0435 0.295 0.300 0392 0.030 0.030 0.020 0.026
Dhadnah 2551 5632 0359 0340 0351 0305 0.024 0.040 0.024  0.022
El Farafra 27.06 2799 0.191 0.343 0363 0352 0.009 0.043 0.026 0.026
Santa_Cruz _Tenerife 28.47 343.75 0.154 0.221 0206 0.166 0.005 0.017 0.010 0.007
Ouarzazate 30.93 353.09 0.140 0.154 0.153 0.177 0.010 0.016 0.010 0.012
Saada 31.63 351.84 0.206 0.155 0.154 0.166 0.012 0.016 0.010 0.011
Medenine-IRA 33.50 10.64 0.163 0.421 0467 0520 0.008 0.052 0.031 0.036
Multi-site mean 030 0.34 0.34 0.33 0.017 0.038 0.023  0.022

Correlation: Obs vs (0.77)  (0.72)  (0.70) (0.72) (0.74) (0.71)




Table 3 Comparisons of dust annual deposition fluxes (g m? yr'!) by region. The observational
data are taken from Albani et al. (2014). Also shown are the regional mean deposition fluxes
from LRes, LResT and HRes as well as the ratios over the observational data (numbers in
parentheses)

Region (# of sites) Observations LRes LResT HRes
g%frica/Sub. Atlantic 12 247 2.1) 32.8(2.7) 28.4 (2.4)
Europe/N. Atlantic (13) 6.4 5.9(0.9) 6.5(1.) 6.41 (1.)
Asia/Arabian Sea (15) 26 38.7(1.5) 52 (2.0) 51.4 (2.0)
N. America (2) 1.9 1.7 (0.9) 23(1.2) 2.76 (1.5)
N Pacific (15) 2.3 1.15(0.5) 1.25 (0.5) 1.55(0.7)
S Atlantic/S. America (6) 7.7 5.3(0.7) 7.14(0.9) 6.82 (0.9)
S Pacific/Australia (13) 1.4 0.67 (0.5) 0.86 (0.6) 1.11 (0.8)
Antarctica (15) 0.003 0.06 (19.1) 0.08 (23.9) 0.02 (5.2)
Arctic (2) 0.029 0.07 (2.4) 0.08 (2.6) 0.08 (2.8)
All the sites (108): 8.35 12.8 (1.5) 16.9 (2.0) 15.8 (1.9)

Table 4 Global budgets for dust in E3SMv1 (LRes, LResT, LResT-Ndg, HRes, and LResZ30)
compared with CAMS and other modeling studies

E3SMv1 CAMS Oth;r
LRes  LResT  LResT-Ndg HRes LResZ30 studies

Horizontal Res 1° 1° 1° 0.25° 1° 1.9° Variable
Vertical layers 72 72 72 72 30 30 Variable
Emission (Tg/yr) 4377 5921 5256 4751 4173 3122 1840+49%
Deposition (Tg/yr):

Dry 3385(0.42) 4657(0.46) 4088(0.41) 3320(0.35) 2948(0.29) (0.24) (0.231£84%)

Wet 990(0.12) 1260(0.12) 1160(0.12) 1331(0.14) 1298(0.13) (0.14) (0.08+42%)
Burden (Tg) 22.2 27.9 27.1 27.0 28.3 22.4 19.2+40%
Lifetime (day) 1.85 1.72 1.88 2.1 2.4 2.6 4.141+43%
Dust AOD 0.029 0.029 0.029 0.032 0.029 0.033 0.023

Note. The numbers in parentheses are calculated dry (or wet) deposition rate in unit of day, defined as dry (or wet) deposition
flux divided by burden*365 in Textor et al. (2006). Also shown are the model outputs from CAMS5 (Scanza et al., 2015). The
means and normalized standard deviations (in %) of the ““Other studies” are taken from Liu et al. (2012) except for dust AOD
from Huneeus et al. (2011)



Table 5 Annual and global mean radiation budgets in E3SMv1 (LRes, LResT, LResT-HRtuned,
HResT and HResT*). Also shown are the global DAOD and AOD associated with the estimated

radiative fluxes.
TOA (W m?) Atmosphere (W m?) Surface (W m?)
DAOD AOD
SW LW NET SW LW NET SW LW NET
LRes 0.029 0.142 -0.16 0.08 -0.08 135 -034 101 -151 042 -1.09
LResT  0.029  0.141 -0.52 0.1 042 068 -044 024 -120 054 -0.65
LResT- 038 0.149 074 014 -06 099 -0.65 035 -173 079 -0.95
HRtuned
HResT  0.04 0.147 -073 0.6 -0.58 1.08 -071 037 -1.81 087 -0.95
HResT*  0.029 053 012  -0.42
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Figure 1. Dust imaginary refractive indices (RI) in the default E3SM model
and sensitivity studies of this work based on the AERONET measurements
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Figure 2. Annual mean dust aerosol optical depth (DAOD) at 550nm predicted by the low-
resolution E3SMv1 with the (a) default configuration (LRes) and (b) updated dust physics
(LResT). Contribution (%) of the coarse-mode dust in total DAOD is shown for (c) LRes and
(d) LResT, respectively. Also shown are the annual mean DAOD distributions from the two
sensitivity studies: (¢) LResT-Ndg and (f) LResT-Ndg-HRtuned. Grey circles in the panel (a)
indicate the 19 ‘dusty” AERONET sites selected
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Figure 3. Annual mean (a) AOD and (b) AAOD comparison with the AERONET data over the
selected dusty sites. Results from the LRes (cross symbols), LResT (open circles), and LResT-

Ndg (plus symbols) simulations are shown. The black solid line represents the 1:1 line and the
dash lines are for the 1:2 and 2:1 ratios
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Figure 4. Seasonal variations of monthly AODs over the 18 dusty AERONET sites simulated by
LRes (triangle), LResT (blue circle), and LResT-Ndg (orange plus), compared with the
AERONET data (line with cross symbols). The site name and calculated Pearson correlation
coefficients between LRes (black), LResT (Blue), LResT-Ndg (orange) and observations are
shown on top of each panel. The AERONET site information is given in Table 2



(a) CALIOP (DJF) (b) CALIOP (JJA)

t t t
T T T t T
80W 60W 40W 20W 0 20E 80W 60W 40W 20W 0 20E

Longitude (deg) Longitude (deg)
(c) LRes (DJF) (d) LRes (JJA)

B B
< <
= =
4 © =4
5] ©
T T
2
T f T T
80w 60W 40W 20W 0 20E 80w 60W 40W 20W 0 20E
Longitude (deg) Longitude (deg)
(e) LResT (DJF) (f) LResT (JJA)
8
6
5 5
z £
4 5‘_% g
2
T f T T
80w 60W 40W 20W 0 20E 80W 60W 40W 20W 0 20E
Longitude (deg) Longitude (deg)
(g) LResT-Ndg (DJF) (h) LResT-Ndg (JJA)
6
g £
= =
4 2 2
© ®
T T
2
u u
80w 60W 40W 20W 0 20E sow B60W 40W 20W 0 20E
Longitude (deg) Longitude (deg)
1 2 5 10 20 30 40 60 100

Figure 5. Crosssection of dust extinctions (Mm!) averaged between 0 and 30°N for winter (DJF:
December-January-February), and summer (JJA: June-July-August), as shown in (a) and (b) for
the CALIOP retrievals in year 2010, compared with the E3SM simulations in (c) and (d) from
LRes, (e) and (f) from LResT, and (g) and (h) from LResT-Ndg
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Figure 6. Spatial distribution of annual dust deposition flux (g
m2 yr'!) from (a) LRes and (b) LResT. Observational data
over 108 locations are overlaid by filled circles with values
shown in the same colour scale. Panel (¢) compares the model
results from LRes (solid circles), LResT (plus symbols), and
HRes (open triangles) with the data at the observational sites.
The black solid line represents the 1:1 line and the dash lines
are for the 1:10 and 10:1 ratios



(a) HRes DAOD (b) Differences in DAOD: A(HRes — LRes)
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Figure 7. HRes simulations of (a) annual mean DAOD at 550nm, (c) dust emissions (g m™ yr-
1, and (e) lifetime (day). Also shown are the differences between the HRes and LRes
simulations in (b) DAOD, (d) dust emissions (g m™ yr!), and (f) lifetime (day)



(a) Differences in DAOD: A(LRes — LResZ30) (b) Differences in emissions: A(LRes — LResZ30)
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(a) A(HRes — LRes) (b) A(LRes — LResZ30)
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Figure 10. Differences in simulated annual dust deposition fluxes (g m? yr'!) between (a)
HRes and LRes: A(HRes — LRes) and (b) LRes and LResZ30: A(LRes — LResZ30)
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Figure 11. Dust direct radiative effect (W m™) at the
top of the atmosphere from (a) LRes (EAMv1 low
resolution), (b) LResT (this work), and (c) HResT-
LResT HRtuned (impact of higher horizontal
resolution)
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Figure 12. Comparison of the
estimated dust direct radiative
effects (DRE: W m™) at the top of
the atmosphere (TOA) for for the
shortwave (SW), longwave (LW),
and net effects (NET),
respectively, from the E3SM
simualtions (LRes, LResT, and
HResT*). HResT* denotes the
HResT DREs, whose values are
normalized to the LRes DAOD.
Also shown are the results from
CAMS (Scanza et al., 2015), Di
Biagio et al. (2020), and Kok et al.
(2017) which also include the
published AeroCom model
estimates
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