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Abstract. The dust cycle is an important component of the
Earth system and has been implemented in climate mod-
els and Earth system models (ESMs). An assessment of the
dust cycle in these models is vital to address their strengths
and weaknesses in simulating dust aerosol and its interac-
tions with the Earth system and enhance the future model
developments. This study presents a comprehensive evalua-
tion of the global dust cycle in 15 models participating in the
fifth phase of the Coupled Model Intercomparison Project
(CMIP5). The various models are compared with each other
and with an aerosol reanalysis as well as station observations.
The results show that the global dust emission in these mod-
els varies by a factor of 4-5 for the same size range. The mod-
els generally agree with each other and observations in repro-
ducing the “dust belt”, which extends from North Africa, the
Middle East, Central and South Asia to East Asia, although
they differ greatly in the spatial extent of this dust belt. The
models also differ in other dust source regions such as North
America and Australia. We suggest that the coupling of dust
emission with dynamic vegetation can enlarge the range of
simulated dust emission.

For the removal process, all the models estimate that wet
deposition is smaller than dry deposition and wet deposition
accounts for 12 %-39 % of total deposition. The models also
estimate that most (77 %—91 %) dust particles are deposited
onto continents and 9 %-23 % of dust particles are deposited
into oceans. Compared to the observations, most models re-
produce the dust deposition and dust concentrations within a
factor of 10 at most stations, but larger biases by more than a
factor of 10 are also noted at specific regions and for certain
models. These results highlight the need for further improve-

ments of the dust cycle especially on dust emission in climate
models.

1 Introduction

The dust cycle is an important component of the Earth sys-
tem as it has strong impacts on the Earth environment and
climate system (Shao et al., 2011). Dust aerosol in the atmo-
sphere significantly impacts the climate systems via various
pathways, such as scattering and absorbing the solar and ter-
restrial radiation, modifying cloud radiative forcing by act-
ing as cloud condensation nuclei and ice-nucleating parti-
cles, and reducing the snow albedo when depositing onto
snow (Forster et al., 2007; Liu et al., 2012b; Mahowald et
al., 2011; Boucher et al., 2013 ; Wu et al., 2012b; Rahimi et
al., 2019). Dust affects the biogeochemical cycle by deliv-
ering the nutrients (e.g. mineral, nitrogen, and phosphorus)
from dust sources to the oceans or other continents (Jickells
et al., 2005; Mahowald et al., 2011). Dust acrosol is also one
of the main contributors to air pollution that is hazardous to
human health (Bell et al., 2008; Lin et al., 2012).

To quantify the dust impacts on the Earth system, the dust
cycle including dust emission, transport, and dry and wet de-
position has been incorporated into climate models and Earth
system models (ESMs) since the 1990s. These models have
the capability to reproduce the general patterns of global dust
distribution (e.g. Ginoux et al., 2001; Zender et al., 2003;
Yue et al., 2009; Huneeus et al., 2011; Liu et al., 2012a).
However, large uncertainties still exist in the simulated global
dust budgets in these models, as revealed by a wide range of
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model results (e.g. Textor et al., 2006; Huneeus et al., 2011).
A comparison of 14 different models from the Aerosol Com-
parison between Observations and Models (AeroCom) Phase
I showed the estimated global dust emission ranges from 514
to 4313 Tgyr~! and annual mean dust burden from 6.8 to
29.5Tg (Huneeus et al., 2011). Compared to the observa-
tions, these models from AeroCom Phase I produce the dust
deposition and surface concentration mostly within a factor
of 10 (Huneeus et al., 2011). Uncertainties in the dust cycle
10 have led to difficulty in the interpretation of climate impacts

of dust aerosol (Forster et al., 2007; Yue et al., 2010; Boucher

et al., 2013).
The Coupled Model Intercomparison Project Phase 5
(CMIP5) provides a comprehensive dataset of meteorolog-
1s ical variables and climate forcing agents such as aerosols
including dust during the period of 1850s to 2000s from
a variety of climate models and ESMs. The dust cycle is
interactively calculated in some CMIP5 models for histori-
cal climate simulations and future climate projections. Until
now, only a few studies have investigated dust simulations
in CMIPS. Evan et al. (2014) evaluated African dust in 23
CMIP5 models and found that the models underestimate dust
emission, deposition, and aerosol optical depth (AOD) and
have low ability in reproducing the interannual variations in
25 the dust burden. Pu and Ginoux (2018) compared the dust op-

tical depth (DOD) from seven CMIPS models with satellite

observations from 2004 to 2016. They found that these mod-

els can capture the global spatial patterns of DOD but with an

underestimation of DOD by 25.2 % in the boreal spring, and
s some models cannot capture the seasonal variations in DOD

in several key regions such as northern China and Australia.

Wu et al. (2012a) evaluated the dust emission in East Asia

from 15 CMIP5 models and found that none of the models

can reproduce the observed declining trend in dust event fre-
s quency from 1961 to 2005 over East Asia.

None of the above studies has investigated the global dust
cycles including their sources and sinks in the CMIP5 mod-
els. Therefore, this study is aimed at filling the gap by pre-
senting the strengths and weaknesses of CMIP5 models in
simulating global dust cycles. This study will also investi-
gate the associated model uncertainties. As there are a vari-
ety of complexities in the CMIP5 models (Flato et al., 2013),
this study aims at identifying the difference in the simulated
dust cycle as a result of these different complexities. It is
ss of particular interest that some models couple dust emission

with dynamic vegetation, while others calculate dust emis-

sion based on prescribed vegetation conditions (Table 1), and

thus the impacts of dynamic vegetation on dust emission can

be examined by comparing the results from these two types
so of models, which has been rarely studied previously.

The paper is organized as follows. Section 2 introduces the
CMIP5 models, including the dust emission parameteriza-
tion. Section 3 describes the observation data used for model
validation. Section 4 presents the global dust budget and dust

ss emission, followed by evaluations of dust deposition flux and
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dust concentration with observations. Conclusions and future
work are given in Sect. 5 and Sect. 6, respectively.

2 Model data

Here we use the historical simulations from 15 CMIP5 mod-
els (Table 1). CMIPS provides a well-coordinated framework
for climate change experiments (Taylor et al., 2012). The ex-
periment design in CMIPS5 is given in Taylor et al. (2009).
The models in CMIP5 were run with their own formulations
and resolutions, and CMIP5 represented a variety of best-
effort attempts to simulate the climate system at the time.
CMIPS results have been included in the Fifth Assessment
Report of Intergovernmental Panel on Climate Change (Flato
et al., 2013). For the historical experiment, the models were
run from 1850 to at least 2005 with the same forcing data
such as greenhouse gas, solar radiation, and anthropogenic
aerosol and precursor emissions (Taylor et al., 2009). All the
15 models used here are fully coupled models. A brief de-
scription of these model is given in Table 1 and more detailed
information can be found in the references as listed.

An essential part of the dust cycle is dust emission. The
dust emission schemes used in these models and the ref-
erences are also listed in Table 1. Here we only provide a
brief summary of similarities and differences in these dust
emission schemes. More details can be found in the refer-
ences (Cakmur et al., 2006; Ginoux et al., 2001, 2004; Mar-
ticorena and Bergametti, 1995; Miller et al., 2006; Shao et
al., 1996; Takemura et al., 2000, 2009; Tanaka and Chiba,
2005, 2006; Woodward, 2001, 2011; Zender et al., 2003).
In general, these emission schemes similarly calculate dust
emission based on near-surface wind velocity (in terms of
friction wind velocity or wind velocity at 10 m), soil wet-
ness, and vegetation cover, and they mainly differ in how to
account for these factors and associated input parameters. In
addition, to make the simulated dust patterns close to the
observations, the dust schemes in six models (ACCESSI1-
0, HadGEM2-CC, HadGEM2-ES, GFDL-CM3, CESMI-
CAMS, CSIRO-Mk3-6-0) further adopt a source erodibil-
ity (also called source function) on dust emission. CESM1-
CAMS adopts a source erodibility from Zender et al. (2003),
and the other five models use that of Ginoux et al. (2001).
Land cover data are crucial for dust modelling, and they also
vary in different models. Eleven models use prescribed veg-
etation or roughness, and these data originate from different
studies (an example of this can be seen in the difference be-
tween MIROC4h and MIROCS, shown in Sect. 4.2). In the
other four models (HadGEM2-CC, HadGEM2-ES, MIROC-
ESM, MIROC-ESM-CHEM), the dust emission scheme is
coupled to dynamic vegetation. These models use prognos-
tic vegetation to determine the dust source regions. This in-
troduces additional degrees of freedom and thus increases
the difficulty in simulating dust emission in these models
compared to other models with prescribed vegetation that is
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constructed from the observation. This will be discussed in
Sect. 4.

Another difference in the dust emission scheme is the
treatment of dust sizes including the size range and mass
partitioning into different sizes. Seven models (GFDL-CM3,
MIROC4h, MIROCS5, MIROC-ESM, MIROC-ESM-CHEM,
MRI-CGCM3, MRI-ESM1) have the same dust size range
of 0.2-20pm in diameter. Five of the other eight models
(CanESM2, CESM1-CAMS5, CSIRO-Mk3-6-0, GISS-E2-H,
GISS-E2-R) have smaller size ranges (listed in Table 1),
while the remaining three models (ACCESS1-0, HadGEM2-
CC, HadGEM2-ES) have the larger size range of 0.0632—
63.2 um in diameter. The impacts of dust size distribution on
the simulation of the dust cycle will be discussed in later sec-
tions. However, as only the total dust emission, deposition,
and concentration for the whole size range are provided, we
are unable to investigate the difference in the mass partition-
ing among different dust sizes and its evolution, which will
be left to future studies.

Note that we select these models because they calculate
dust emission interactively by the dust emission schemes
implemented, and meanwhile, the model output of dust
emission flux and dust concentration is available from the
CMIP5 archive. These models have different horizontal
resolutions (Table 1). To generate multi-model statistics of
dust emission intensity (Sect. 4.2), individual model results
are interpolated to the coarsest resolution among these
models (i.e. 2.8° x 2.8°) using area conserve remapping
(http://www.ncl.ucar.edu/Document/Functions/Contributed/
area_conserve_remap_Wrap.shtml, last access: 6 June
2020).

Also note that not all the models have both dry and wet de-
position archived and eight models provide only dry (GFDL-
CM3) or wet deposition flux (HadGEM2-CC, HadGEM2-
ES, MIROC4h, MIROCS5, MIROC-ESM, MIROC-ESM-
CHEM, CSIRO-Mk3-6-0). Therefore, for dust deposition,
we derive the global total amount of dry (wet) deposition
by subtracting wet (dry) deposition from emission if only
wet (dry) deposition is available. For comparison with sta-
tion observations, we will only use seven models with both
dry and wet deposition provided. If there are multiple ensem-
ble simulations available for a specific model, we will use the
ensemble means from these simulations for this model (Ta-
ble 1). The historical simulations of CMIP5 cover the period
of 1850-2005. However, some model results prior to 1960
or 1950 are not provided in the CMIP5 archive (e.g. ensem-
ble no. 2 and no. 3 from HadGEM2-CC prior to 1960 is not
available; MIROC4h prior to 1950 is not available). There-
fore, we will focus on the period of 1960-2005 to include
as many models as possible and to include as many years as
possible for the analysis of the present-day dust cycle.

Atmos. Chem. Phys., 20, 1-24, 2020

3 Reference data

3.1 Observations

There are limited observational datasets that can be used for
model evaluations. There is no direct observation of dust
emission flux, but satellite observations can provide the lo-
cations of dust source regions where dust appears most fre-
quently (e.g. Prospero et al., 2002; Ginoux et al., 2012). Here
we do not directly use these observations as they are not
available for our use, but we will refer to the dust source
map based on satellite observations from previous studies
(e.g. Prospero et al., 2002; Ginoux et al., 2012) and quali-
tatively compare simulated dust emission regions with them.

Dust deposition is an important constraint on the global
dust budget. Here we use the dust deposition flux at 84 sta-
tions across the globe available from the AeroCom project
(Huneeus et al., 2011). The dataset is compiled from the
Dust Indicators and Records in Terrestrial and Marine Pa-
leoenvironments (DIRTMAP) database (Kohfeld and Harri-
son, 2001; Tegen et al., 2002) and the data of Ginoux et
al., (2001) and Mahowald et al. (1999, 2009). The obser-
vation periods vary for different stations. Dust deposition
from DIRTMAP is from sediment traps, and following Tegen
et al. (2002), we only use those 41 stations with a deploy-
ment period greater than 50 d. The original data of Ginoux et
al. (2001) contain both measurements and model estimates.
We only use the measurements from Ginoux et al. (2001)
which consist of 10 stations, and the observation periods var-
ied from 1 to 20 years (see site nos. 2, 3, 4, 5, 6, 7, 8, 14,
15, and 16 in Table 6 of Ginoux et al., 2001). The data of
Mahowald et al. (1999) were derived from ice core data and
consist of six stations. Except at one of the stations (i.e. Ren-
land) where the period was 5 years (i.e. 1813—-1819 exclud-
ing 1816-1817), the exact observation periods at the other
five stations were not provided and generally covered a time
slice of tens of years or more for the current climate. In ad-
dition, Mahowald et al. (2009) further compiled 27 stations
from several campaigns and the observation periods mostly
covered 1 to 4 years.

Dust concentration is a key variable that reflects both dust
emission and transport. We use the monthly surface dust con-
centrations at 20 sites managed by the Rosenstiel School of
Marine and Atmospheric Science at the University of Miami
(Prospero, 1996). We also use the monthly surface dust con-
centrations measured at two other stations: Rukomechi, Zim-
babwe (Maenhaut et al., 2000a; Nyanganyura et al., 2007),
and Jabiru, Australia (Maenhaut et al., 2000b; Vanderzalm et
al., 2003). In total, there are 22 stations globally. These sta-
tions are generally located downwind of dust source regions,
and some of them are located in remote regions (Table 2;
Fig. 1). Measurements at these stations are taken over a pe-
riod of 2 to tens of years (Table 2). This dataset has been
widely used to evaluate global dust models (e.g. Ginoux et

https://doi.org/10.5194/acp-20-1-2020
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Figure 1. The distribution of observational stations used in this study: blue circles for dust deposition and red triangles for surface dust
concentrations. The descriptions of all these stations can be found in Sect. 3.1.

al., 2001; Zender et al., 2003; Liu et al., 2012a) and has also
been included in the AeroCom project (Huneeus et al., 2011).
We consider the datasets above as a climatology although
some of them did not cover a long enough period, such as
s tens of years. Therefore, for the stations with shorter peri-
ods of observations but large dust variability at interannual
to decadal timescales, some model discrepancies may be in-
duced due to the inconsistency between these observations
and the model results that are averaged over a period of 45
10 yearsi¥il. We will discuss this in the next sections. The dis-
tribution of these stations (for dust deposition and surface
dust concentration) is shown in Fig. 1. To compare model re-
sults with station observations, bilinear interpolation is used
to generate the model results at the stations.

15 3.2 MERRA-2 reanalysis

Because the station observations are limited in spatial cov-
erage (Fig. 1), we also use the aerosol reanalysis from
Modern-Era Retrospective Analysis for Research and Appli-
cations, version 2 (MERRA-2; Global Modeling and Assimi-
20 lation Office, 2015a, b) to evaluate the CMIP5 model results.
MERRA-2 is the latest atmospheric reanalysis produced by
NASA’s Global Modeling and Assimilation Office (Gelaro
et al., 2017). MERRA-2 assimilates more observation types
and has improved significantly compared to its processor,
s MERRA. A major advancement of MERRA-2 is that it in-
cludes the assimilation of AOD (Randles et al., 2017). The
aerosol fields (including dust) in MERRA-2 are significantly
improved compared to an identical control simulation that
does not include the AOD assimilation (Randles et al., 2017;
s Buchard et al., 2017).

https://doi.org/10.5194/acp-20-1-2020

The MERRA-2 aerosol reanalysis uses an incremental
analysis update procedure, which derives three-dimensional
analysis increments for the aerosol mixing ratio based on the
AOD analysis increment (Randles et al., 2017). The proce-
dure further affects the aerosol deposition flux. It should be
noted that as only AOD is taken into account in the aerosol
assimilation, there may be discrepancies in the individual
aerosol components including dust if the underlying aerosol
model has a bias in one aerosol component. This will also
cause discrepancies in aerosol deposition flux that depends
on the aerosol concentration and deposition velocity. In ad-
dition, dust emission is calculated directly from surface wind
speed and soil wetness is based on the dust emission scheme
of Ginoux et al. (2001), and there is no direct impact on
emissions from aerosol assimilation. Therefore, there may be
an inconsistency between dust emission, burden, and deposi-
tion. In fact, as shown in Sect. 4, there is an imbalance be-
tween total dust emission and deposition globally, and an ad-
justment of dust emission to fit the dust burden is still needed.

Despite the aforementioned limitations, MERRA-2 pro-
vides a well-constrained global dust dataset, which is very
useful for model evaluations. We will use MERRA-2 as ref-
erential data but with the knowledge of their limitation. We
will use the long-term means of dust-related variables during
the whole period when data are available (i.e. 1980-2018).
Dust in MERRA-2 is treated in five size bins ranging from
0.2 to 20 um, which are summed to provide the total val-
ues. MERRA-2 is provided at the resolution of 0.5° x 0.625°,
which is similar to one CMIP5 model (MIROC4h) and finer
than the other CMIP5 models.

Atmos. Chem. Phys., 20, 1-24, 2020
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Table 2. The location of observational stations for surface dust concentration used in this study.

No. Name Latitude  Longitude  Period

1 Miami 25775°N  80.25°W  January 1989-August 1998

2 Bermuda 3227°N  64.87°W  March 1989-January 1998

3 Barbados 13.17°N  59.43°W  May 1984—July 1998

4 Izana Tenerife 28.3°N 16.5°W July 1987-July 1998

5 Mace Head 5332°N  9.85°W August 1988—August 1994

6 Rukomechi 16°S 29.5°E September 1994—January 2000
7 Cheju 3352°N  12648°E  September 1991-October 1995
8 Hedo 26.92°N  128.25°E  September 1991-March 1994
9 Enewetak Atoll 11.33° N 162.33°E  February 1981-June 1987

10 Nauru 0.53°N 166.95°E  March 1983-October 1987

11 Midway Island 28.22°N  177.35°W  January 1981-January 1997
12 Fanning Island 3.92°N 159.33° W April 1981-August 1986

13 Hawaii 21.33° N 157.7°W  January 1981-July 1995

14 Jabiru 12.7°S 132.9°E May 1995-December 1996

15  Cape Grim 40.68°S  144.68°E  January 1983—November 1996
16  New Caledonia 22.15°S  167°E August 1983-October 1985

17 Norfolk Island 29.08°S  167.98°E  May 1983-February 1997

18  Funafuti 8.5°S 179.2°W  April 1983-July 1987

19  American Samoa 14.25°S  170.58°W  March 1983-January 1996

20  Cook Islands 21.25°S  159.75°W  March 1983—-June 1994

21 Palmer 64.77°S  64.05°W  April 1990-October 1996

22 Mawson 67.6°S 62.5°E February 1987-January 1996

4 Results
4.1 Global dust budget

First, we present the global dust budgets in CMIP5 models.
The key global budget terms include global dust emission (£

s kgs™1), dust deposition (D; kgs~!), and dust burden (B; kg),
defined respectively as

E— / F.ds, M
D= f FydS. @
B— / mydS. 3)

10 where F¢ is emission flux (kg m~2s7 1), Fyis deposition flux
(kg m—2 s~1), my is column dust concentration (kg m_z),
and S is surface area (m2). m,, is an integration of dust con-
centration (C; kg m~3) over the entire column:

—_ f Cdz. 4)
15 The mass equation for dust aerosols around the globe is

/Edt :/Ddt+AB &)

or

EAt = DAt + AB, (6)
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where A B is the change in dust burden between the start time
and the end time, E is mean global dust emission, D is mean
global dust deposition, and Af is the cumulative time. For a
long-term period, A B is relatively small (i.e. AB = 0); then

E=D. (7

Dust deposition can be separated into two terms: dry deposi-
tion and wet deposition. According to Eq. (6), the mean dust
lifetime (also called residence time; 7) can be defined by as-
suming E = 0 as

T=~—=, ®)

Sl &l

where B is mean global dust burden.

Table 3 lists the global dust emission, wet deposition, bur-
den, and lifetime in all the 15 models. Global dust emis-
sion and wet deposition are given in teragrams (Tg) per
year; burden is given in teragrams(@ul; lifetime is given in
days. The area fraction of global dust emissions and the
ratio of wet deposition to total deposition are also given.
The dust size ranges considered in the models are not ex-
actly the same. Three models (ACCESS1-0, HadGEM2-CC,
HadGEM2-ES) consider dust particles with a diameter of
0.06 to 63 um, and estimated global dust emissions range
from 2218 to 8186 Tg yr~!. Seven models (GFDL-CM3, four
MIROC models, and two MRI models) consider dust parti-
cles with a diameter of 0.2-20 um, and they estimate global
dust emission to be in the range of 735-3598 Tgyr~!. The
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remaining five models consider dust particles with a diam-
eter below 10-16 um, and they estimate global dust emis-
sion to be 1677-3698 Tg. If ACCESS1-0, HadGEM2-CC,
and HadGEMZ2-ES are excluded, these estimations here are
similar to those of AeroCom models in a similar size range,
which gave dust emissions in the range of 514-4313 Tgyr~!
(Huneeus et al., 2011). HadGEM2-CC and HadGEM2-ES
give more than twice that of the other CMIP5 model esti-
mates. The larger value in HaddGEM2-CC and HadGEM2-
ES is mainly due to the larger dust size range in the mod-
els (0.06 to 63 um). Indeed, they simulate 3300 Tgyr—! of
dust emission for particles smaller than 20 um in diameter
(Bellouin et al., 2011), which falls between the range of
the other estimations. However, ACCESS1.0 with the same
size range as HadGEM2-CC and HadGEM2-ES produces 3—
4 times smaller dust mission. As shown in the evaluation
of surface dust concentrations in Sect. 4.4, HadGEM2-CC
and HadGEM2-ES simulate the surface dust concentrations
downwind of North Africa and East Asia well, but greatly
overestimate the surface dust concentrations in other regions
(by more than 5 times). This overestimation is related to the
excessive bare-soil area simulated by the dynamic vegeta-
tion module in these models (Collins et al., 2011; Martin et
al., 2011), as will be shown in Sect. 4.2.

MIROC4h has the smallest global dust emission
(735 Tgyr™!), which is also much smaller than other es-
timates (1246-3598 Tgyr~!) in the same size range (0.2—
20 um in diameter). The MIROC4h estimate may be too low,
as the MIROC4h model underestimates the surface dust con-
centrations by more than 10 times (Sect. 4.4). If the estima-
tions of HadGEM2-CC, HadGEM2-ES, and MIROC4h are
not considered, global dust emissions in CMIP5 models are
in the range of 1246-3698 Tg yr—!. The global dust emission
in MERRA-2 is 1620 Tgyr~!, which is within the range of
CMIP5 models.

For dust deposition, dust particles are deposited to the
Earth’s surface mainly by dry deposition, and wet deposi-
tion accounts for 12 %—39 % of total deposition in CMIP5
models. Early model studies estimated the fraction of global
wet deposition ranges from 10 % (Ginoux et al., 2004) to
49 % (Luo et al., 2003). The 14 AeroCom models estimated
the fraction of global wet deposition in the range of 16 %-—
66 %. Therefore, this result of 12 %—-39 % lies in the middle
to low end of previous estimates. The ratio of wet deposi-
tion to total deposition depends on several factors, for ex-
ample, dust size distribution, geographical locations of dust
emission regions, and climate states such as circulation and
precipitation (e.g. Wu and Lin, 2013). Overall, the models
with the largest dust size ranges (ACCESS1-0, HadGEM2-
CC, HadGEM2-ES) simulate a smaller fraction of wet depo-
sition (12 %—19 %) than the other models (16 %—39 %). The
estimated global dust burden ranges from 2.5 to 41.9 Tg; it
ranges from 8.1 to 36.1 Tg when HadGEM2-CC, HadGEM2-
ES, and MIROC4h are excluded. The lifetime of global dust
particles ranges from 1.3 to 4.4 d. The dust burden (lifetime)

https://doi.org/10.5194/acp-20-1-2020

in MERRA-2 is 20.3 Tg (4.1 d), which is larger (longer) than
in most CMIP5 models. The fraction of wet deposition to
total deposition in MERRA-2 is 38.6 %, which is at the up-
per end of CMIPS5 results. There is a linear relationship (with
the correlation coefficient R = 0.67, above the statistically
significant level of 0.01) between global dust burden and
lifetime in CMIP5 models (excluding HadGEM2-CC and
HadGEM2-ES; Fig. 2a), indicating that a longer lifetime of
dust is generally associated with a larger dust burden. A lin-
ear relationship (R = 0.46, above the statistically significant
level of 0.05) is also found between lifetime and the fraction
of wet deposition (Fig. 2b), which indicates that a longer life-
time corresponds to a larger fraction of wet deposition in the
total deposition.

4.2 Global dust emissions

4.2.1 Spatial distributions

Dust emission is the first and the foremost process in the dust
cycle and determines the amount of dust entrained into the
atmosphere. Figure 3 shows the spatial distribution of dust
emission fluxes from 15 CMIP5 models and the MERRA-
2 reanalysis. In general, all the models can reproduce the
main dust sources, known as the “dust belt”, which extends
from North Africa, the Middle East, Central Asia, South Asia
to East Asia and which can be seen from satellite obser-
vations (Prospero et al., 2002; Ginoux et al., 2012). This
result is consistent with Pu and Ginoux (2018), who in-
vestigated the global distribution of dust optical depth in
seven CMIP5 models. However, the models differ signif-
icantly in the extent of this dust belt. Although a large
group of CMIP5 models (GFDL-CM3, MIROCS, MIROC-
ESM, MIROC-ESM-CHEM, MRI-CGCM3, MRI-ESM1,
CSIRO-Mk3-6-0, GISS-E2-H, GISS-E2-R) simulates simi-
larly the dust emission regions mostly over deserts and adja-
cent arid/semi-arid regions, two of the models (MIROC4h
and CESM1-CAMS) simulate much smaller areas of dust
emission and a few others (ACCESS1-0, HadGEM2-CC,
HadGEM2-ES, CanESM2) simulate more extended dust
emission regions. CESM1-CAMS simulates isolated dust
emission regions with “hotspots” of dust emissions larger
than 500 gm~2yr~!, and dust emission in MIROC4h con-
centrates only over the centres of deserts. In contrast,
ACCESS1-0, HadGEM2-CC, HadGEM2-ES, and CanESM2
not only simulate the dust emissions in deserts and adjacent
regions but also produce a considerable amount of dust emis-
sions over East India and northern parts of the Indochinese
Peninsula, which are rarely regarded as potential dust sources
(Shao, 2008; Formenti et al., 2011; Ginoux et al., 2012). The
extent of the dust belt can be more clearly seen when we
zoom into specific regions such as North Africa (Evan et
al., 2014) and East Asia (Wu et al., 2012a). For example,
in East Asia, although the CMIP5 models can reproduce the
dust emissions in the deserts of northern China and southern
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Table 3. Global dust budgets in CMIP5 models. The models are classified into three groups according to the dust size range considered. Also
included for comparison is the MERRA-2 reanalysis.

Model Size Emission? Wet deposition®  Burden  Lifetime
(diameter, um) (Tgyr™h) (Tgyr™!) (Tg)  (day)
ACCESS1-0 2218 (13 %) 261 (12 %) 8.1 1.3
HadGEM2-CC 0.06-63 8186 (11 %) 1521 (19 %) 41.9 1.9
HadGEM2-ES 7972 (10 %) 1429 (18 %) 41.4 1.9
GFDL-CM3 1246 (10 %) 210 (17 %) 13.5 4.0
MIROC4h 735 (2.9 %) 179 (24 %) 25 1.4
MIROCS 2716 (6.1 %) 668 (25 %) 19.0 3.0
MIROC-ESM 0.2-20 3339 (5.2%) 540 (16 %) 15.5 2.0
MIROC-ESM-CHEM 3598 (5.2 %) 591 (16 %) 16.7 2.0
MRI-CGCM3 2107 (5.9 %IEH) - 819 (39 %) 14.3 25
MRI-ESM1 2052 (6.1 %) 801 (39 %) 13.9 25
CanESM2°¢ Median (0.78, 3.8) 2964 (18 %) 882 (30 %) 35.8 4.4
CESM1-CAMS 0.1-10 3454 (2.0 %) 1243 (36 %) 249 2.6
CSIRO-Mk3-6-0 0.2-12 3698 (8.9 %) 1024 (28 %) 36.1 3.6
GISS-E2-H <2to 16 1699 (8.2 %) 641 (38 %) 17.5 3.8
GISS-E2-R <2to 16 1677 (8.2 %IEE) 625 (37 %) 16.9 3.7
MERRA-24 0.2-20 1620 (7.4 %) 692 (38.6 %) 20.3 4.1

@ The global dust emission area fraction is given in parentheses next to the global dust emission. The dust emission area is defined as the
region with an annual mean dust emission flux larger than 1 % of the global mean annual dust emission flux. b The ratio of wet deposition to
total deposition is given in parentheses next to wet deposition. ¢ Using two modes, CanESM2 represents more than 97 % of dust mass for
particles smaller than 16 um (in diameter). Therefore, CanESM2 is put into the third group. d The global dust deposition is 1692 Tg,
which is larger than dust emission because no adjustment was done with dust emission after aerosol assimilation (Sect. 2).

(a) (b)
50 T RS TR ST RS T R 040 NI B | .1(.).. b by
] - i 9 o 16 r
{ === y=0.070x+1.57 ** —_— *
itk T SRS
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= | 7 13 (7]
g i // 8_ 1 |
@ 30 7] 7 -3 1 i
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3 17 S
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Figure 2. Scatter plot of (a) dust burden versus dust lifetime and (b) dust lifetime versus the fraction of wet deposition to total deposition
in 15 CMIP5 models and in the MERRA-2 reanalysis. The models are indexed in Table 1. The regression lines from all the CMIP5 models
(solid) and the CMIP5 models excluding HadGEM2-CC and HadGEM2-ES (dashed) are also shown with the slopes and intercepts for the
regression equation. The significance test for each regression is denoted by one asterisk (*; above significant level of 0.1) or two asterisks

**; above significant level of 0.05) after each regression equation.
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Mongolia, they differ greatly at the edges of these deserts,
with three models (MIROCS, CanESM2, and CSIRO-MK3-
6-0) simulating dust emission over the Tibetan Plateau and
seven models (e.g. ACCESS1-0) simulating dust emission in
the southern part of North China (Wu et al., 2012a).

Dust sources also exist in Australia, North America, South
America, and southern Africa, as evident from surface ob-
servations (e.g. Shao, 2008) and satellite observations (Pros-
pero et al., 2002; Ginoux et al., 2012), although the emission
fluxes are smaller than those in the aforementioned dust belt.
In these regions, most models produce a considerable amount
of dust emissions (> 5gm~2yr~!), while a small group of
models simulate much less or even negligible dust emissions.
The models differ greatly in these regions. For example,
in Australia, two models (MIROC-ESM and MIROC-ESM-
CHEM) produces little dust emissions, while seven models
(ACCESS1-0, HadGEM2-CC, HadGEM2-ES, CanESM2,
CSIRO-Mk3-6-0, GISS-E2-H, GISS-E2-R) produce much
larger dust emissions with emission fluxes higher than
10 gm~2 yr~! in a large part of the region. In North America
which also has some dust sources (Prospero et al., 2002; Gi-
noux et al., 2012; Wu et al., 2012b), five models (MIROC4h,
MIROC-ESM, MIROC-ESM-CHEM, MRI-CGCM3, MRI-
ESM1) simulate little dust emissions, while four models
(ACCESS1-0, HadGEM2-CC, HadGEM2-ES, CanESM2)
simulate dust emission fluxes exceeding 5gm~2yr~! in
a large part of the region. Note that ACCESS1-0 and
CanESM2 also produce dust emissions in the high latitudes
of the Northern Hemisphere (> 60° N) and the eastern part
of South America. The importance of high-latitude dust has
been recognized recently (Bullard et al., 2016), but the east-
ern part of South America has not been regarded as a poten-
tial dust source (Formenti et al., 2011; Shao, 2008).

4.2.2 Contributions from nine sources

The contributions of dust emissions in nine different regions
to global dust emission is summarized in Table 4. The total
amount of dust emission in North Africa and East Asia has
been presented in Evan et al. (2014) and Wu et al. (2012a),
respectively. Here we show the results for all the nine regions
on the globe and their comparison. The models consistently
simulate the largest dust emission in North Africa, which ac-
counts for 36 %—79 % of the global total dust emission. This
is consistent with previous model intercomparison of Aero-
Com (Huneeus et al., 2011). The models also estimate large
dust emissions in the Middle East and East Asia, which ac-
count for 7 %-20 % and 4 %—-19 % of global dust emission,
respectively. The contributions from Central Asia and South
Asia in CMIP5 models range from 1% to 14 % and 0.9 %
to 10 %, respectively. The contributions from other sources
(North America, southern Africa, Australia, South America)
are much less consistent among the models, and the largest
differences are in North America (0.008 %—4.5 %) and Aus-
tralia (0.02 %—-28 %) by 3 orders of magnitude. The large

https://doi.org/10.5194/acp-20-1-2020

scatter of CMIP5 results in North America and Australia is
also indicated by dust optical depth, as shown in Pu and Gi-
noux (2018).

In particular, HaddGEM2-CC and HadGEM2-ES simulate
25 %-28 % of global dust emission from Australia, which is
comparable to that from the sum of all Asian sources (Middle
East, Central Asia, South Asia, and East Asia). This estimate
is unrealistically high, as will be indicated by the comparison
of surface dust concentrations in Sect. 4.4. The excessive dust
emission in Australia from HadGEM2-CC and HadGEM2-
ES is mainly ascribed to the excessive bare-soil fraction sim-
ulated by HadGEM2-CC and HadGEM2-ES, as indicated
by its comparison with International Geosphere-Biosphere
Programme (IGBP) data used in ACCESS1-0 (Fig. 4a—c).
The overestimation of the bare-soil fraction in HadGEM2-
ES is also illustrated in Collins et al. (2011). In fact, the
ACCESS1-0 model that uses a similar dust emission parame-
terization but with the prescribed vegetation from IGBP sim-
ulates a much lower dust emission than HadGEM2-CC and
HadGEM2-ES. Compared to ACCESS1.0, HadGEM2-CC
and HadGEM2-ES simulate larger surface wind speed and
slightly lower soil moisture in Australia (Fig. 4d—i), which
can also partly explain the larger dust emission in these two
models.

The lowest dust emission in Australia is simulated by
MIROC-ESM and MIROC-ESM-CHEM, which contribute
only 0.02%-0.03% (1Tgyr~! or less) to the total dust
emission. This estimate is unrealistically low as Australia
is an important dust source (e.g. Shao et al., 2007) and is
also much smaller than previous studies (e.g. Huneeus et
al., 2011). The low dust emission in Australia from MIROC-
ESM and MIROC-ESM-CHEM is related to the prognostic
vegetation used for dust emission. As shown in Fig. 5a—d,
MIROC-ESM and MIROC-ESM-CHEM simulate a much
larger leaf area index compared to the two other MIROC
family models (MIROC4h and MIROCS). With a smaller
leaf area index, MIROC4h and MIROCS simulate signifi-
cantly higher dust emissions (~ 1 % of total dust emission).

The contributions from nine source regions in MERRA-
2 to the total dust emission are within the range of CMIP5
models. MERRA-2 estimates are obtained through the as-
similation of meteorology in model integrations and there-
fore uncertainties are reduced.

4.2.3 Normalized dust emission flux

Since the amount of global dust emission differs substantially
among different models, the dust emission flux is further nor-
malized by its global mean value in each model for the com-
parison of dust emission area and intensity (Fig. 6). Here the
dust emission area is defined as the region with a normalized
emission flux greater than 0.01. In Fig. 6, we also present
the maximum normalized dust emission flux to illustrate the
spatial heterogeneity. Among the CMIP5 models, MIROC4h
and CESM-CAMS simulate the smallest dust emission area,

Atmos. Chem. Phys., 20, 1-24, 2020
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Figure 3. (a—0) Annual mean dust emission flux (g m~2 yr— 1) during 1960-2005 from 15 CMIP5 models and (p) annual mean dust emission
(g m~2 yr_l) during 1980-2018 from the MERRA-2 reanalysis. The total annual global dust emission is included in the title of each
panel.
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Figure 4. Bare-soil fraction (%), near-surface wind speed at 10 m over land (m s~ 1), and soil moisture in the top 10 cm layer (kg m~2) in
ACCESS1-0, HadGEM2-CC, and HadGEM2-ES. Note that except for the bare-soil fraction in ACCESS1-0, which is prescribed and set
constant for each year, the other results are all from model simulations during 1960-2005.

which is 2 %-3 % of the global surface area, while CanESM2
simulates the largest dust emission area (18 % of the global
surface area; Fig. 6 and Table 3). The maximum normalized
dust emission flux is also the largest at 3635 and 2682 in
MIROC4h and CESM1-CAMS, respectively, indicating the
hotspots with extremely high dust emission flux in the two
models. The maximum normalized dust emission flux is gen-
erally between 100 and 300 in the other CMIP5 models and
is approximately 200 in the MERRA-2 reanalysis.

The smallest dust emission area in CESMI1-CAMS is
mainly due to the fact that the model adopts a geomorphic
source erodibility with its threshold of 0.1 for the dust emis-
sion occurrences (Zender et al., 2003; Wu et al., 2016). The
small dust emission area in MIROC4h may be mainly due
to the weaker surface winds in MIROC4h compared to the
other three MIROC family models (MIROCS5, MIROC-ESM,
MIROC-ESM-CHEM) (Fig. Se, f). In the dust source regions
(normalized dust emission flux > 0.01), the annual mean sur-
face wind speeds are 3.7, 4.4, 4.1, and 41ms~ L, respec-
tively, in MIROC4h, MIROCS, MIROC-ESM, and MIROC-

https://doi.org/10.5194/acp-20-1-2020

ESM-CHEM. MIROC4h differs much from the other three
MIROC models in both dynamic core and physical pa-
rameterizations (Watanabe et al., 2010, 2011; Sakamoto et
al., 2012), which can explain the weakest surface winds in
MIROCH4h. In the Northern Hemisphere, MIROC4h adopts
a larger leaf area index than MIROCS, which can also lead
to the smaller dust emission area in MIROC4h (Fig. 5a, b).
The largest dust emission area in CanESM2 may be due to its
prescribed land cover map and/or adoption of gustiness ad-
justment for wind friction velocity (von Salzen et al., 2013).
MERRA-2 gives a value of 7.4 % for the dust emission area,
which is in the median of all the CMIP5 model results. Note
GFDL-CM3 and CSIRO-Mk3-6.0, which adopt the same
dust emission scheme and source erodibility (Sect. 2), show
similar dust emission regions.

As normalized dust emission flux is comparable among
the CMIP5 models, a global map of the multi-model mean
and standard deviation of normalized dust emission flux is
thus constructed and shown in Fig. 7. The multi-model mean
represents the general consensus among the CMIP5 models,

Atmos. Chem. Phys., 20, 1-24, 2020
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Figure 5. Minimum leaf area index of a calendar year (m2 m~2), annual mean surface wind speed at 10 m (m s~1), and mean soil moisture
in the top 10 cm layer (kg m~2) during 1960-2005 in four MIROC family models. For each grid box, the monthly mean leaf area index for
each month of a calendar year is first derived based on the average of 1960-2005, and then the minimum of the leaf area index among these

months (i.e. January to December) is plotted.

while the standard deviation indicates the variability among
models. The relative standard deviation is calculated by the
ratio of the standard deviation to the mean, which is shown
to illustrate the uncertainty among the models. Mean normal-
s ized dust emission flux is large (> 10) in the desert regions in
North Africa, the Middle East, Central Asia, South Asia, East
Asia, and Australia (Fig. 7a). It ranges from 1 to 10 in the
desert-adjacent regions and in small regions of South Amer-
ica, North America, and southern Africa (Fig. 7a). The pat-

10 terns of the standard deviation of multi-model results are gen-
erally similar to those of mean normalized dust emission flux
(Fig. 7b). However, the relative standard deviation is quite
different from the mean normalized dust emission flux, and
its pattern is nearly opposite (Fig. 7c). The relative standard

1s deviation is mostly below 1 in the aforementioned desert re-
gions with larger mean normalized dust emission (> 10), and
it increases to 1-4 in other regions with relatively smaller
dust emissions, indicating the large uncertainty in estimated
dust emission flux in the CMIP5 models.

20  The difference in dust emission uncertainty in different re-
gions can be explained by two factors. First, in the deserts,
soil is extremely dry (below the criteria for dust emission)
and the surface is covered with little vegetation. In these re-
gions, the models agree with each other more easily in sim-

25 ulating the occurrence of dust emission. In the regions ad-
jacent to the deserts or with localized sandy lands, where
soil is wetter and there is more vegetation cover at the sur-

Atmos. Chem. Phys., 20, 1-24, 2020

face, the models differ significantly in the parameterizations
of dust emission, treatment of land cover, and simulated me-
teorology, and thus climate models differ in their estimation
of dust emission more strongly. Second, there is a larger
variety of complexities in the CMIP5 models compared
to the models participating in the AeroCom intercompari-
son (Sect. 2). Some models use the dynamic vegetation for
dust emission (e.g. HadGEM2-CC, HadGEM2-ES, MIROC-
ESM, MIROC-ESM-CHEM) and deviate greatly from other
models over the regions with sparse vegetation cover such as
Australia. This further increases the differences in dust emis-
sion among the CMIP5 models.

4.3 Dust deposition flux

Dust deposition is a vital process in the dust cycle which re-
moves dust particles from the atmosphere and provides nutri-
ents to the terrestrial and marine ecosystems. Figure 8 shows
the comparison of dust deposition flux at 84 selected stations
between the models and observations. Only seven CMIP5
models provide total dust deposition flux (sum of dry and wet
deposition), which is used here. The global dust emission in
these seven models ranges from 1600 to 3500 Tg yr !, which
is at the medium level of all the CMIP5 models. The ob-
served annual mean dust deposition flux ranges from 10~ to
103 gm~2yr~!, indicating large spatial variabilities of dust
deposition. In general, six of seven CMIP5 models (exclud-

https://doi.org/10.5194/acp-20-1-2020
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Figure 6. Normalized dust emission flux in 15 CMIP5 models and the MERRA-2 reanalysis. The normalized dust emission flux is calculated
from the dust emission flux divided by the global mean for each model. The percentage of dust source area relative to global total surface
area is given in the title of each panel. The dust source area is defined as a normalized dust emission flux greater than 0.01. The maximum
normalized dust emission flux is also given in the top right corner of each panel.
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Figure 7. Mean, standard deviation, and relative standard deviation (also known as coefficient of variation) of the normalized dust emission
flux from 15 CMIP5 models. The relative standard deviation is derived by calculating the ratio of the standard deviation to the mean.

ing ACCESS1-0) reproduce the observed dust deposition
flux within a factor of 10 in most regions except over the
Southern Ocean, Antarctica, and the Pacific. Over the South-
ern Ocean and in Antarctica, all the models except CESM1-
CAMS overestimate the dust deposition flux by more than a
factor of 10 at two stations. Over the Pacific Ocean, all the
models except CanESM2 underestimate the dust deposition
flux by more than 10 times at several stations. In addition to
the overestimation over the Southern Ocean and Antarctica
and the underestimation over the Pacific Ocean, ACCESS1-
0 mostly underestimates the dust deposition flux in other re-
gions with an underestimation by more than a factor of 10
at several stations. Overall ACCESS1-0 underestimates the
dust deposition flux by approximately a factor of 2 on aver-
age.

Similar to most of the CMIP5 models, MERRA-2 repro-
duces the observed dust deposition flux within a factor of 10
at most stations except over the Southern Ocean and Antarc-
tica. Over the Southern Ocean and Antarctica, MERRA-2
tends to overestimate the dust deposition flux by more than
a factor of 10 at most stations. Compared to the CMIP5
models, larger dust deposition over the Southern Ocean and
Antarctica in MERRA-2 may be related to the adoption of

Atmos. Chem. Phys., 20, 1-24, 2020

both meteorology and aerosol assimilation in MERRA-2,
which affects the dust transport and deposition. As men-
tioned in Sect. 2, only AOD is taken into account in the
aerosol assimilation for MERRA-2. Therefore the large dis-
crepancy in dust deposition at several stations in MERRA-2
may result from the unrealistic representation of dust verti-
cal profiles, size distribution, and deposition process. Over-
all, the correlation coefficients between CMIP5 models and
observations (after taking the logarithms of both them; Rjog)
range from 0.90 to 0.92 and are slightly higher than that of
MERRA-2 (0.87). The model biases may result from an in-
accurate representation of underlying model processes such
as dust emission, transport, and deposition. The biases may
also be partly explained by the inconsistency between the ob-
servations and simulations, especially for those observations
which were made over a relatively short-term period (1 to
several years), as mentioned in Sect. 3.1.

The dust cycle can deliver nutrients from continents to
oceans. Table 5 summarizes the dust deposition and frac-
tion of wet deposition onto the global surface, continents,
and oceans in seven CMIP5 models and the MERRA-2 re-
analysis. Total deposition onto continents ranges from 1331
to 2850 Tgyr~! in seven CMIP5 models and accounts for

https://doi.org/10.5194/acp-20-1-2020
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Figure 8. Scatter plot of dust deposition flux at 84 selected stations between models and observations. The stations are marked with different
styles according to the sources of data and with different colours for different locations (Sect. 3.1). Also given are the correlation coefficients
and mean bias between models and observations (after taking the logarithms; Rjog and MBjog, respectively). The normalized mean bias
(NMB) that is calculated from the mean bias divided by mean observations is given as well. The 1: 1 (solid) and 1 : 10/10 : 1 (dashed) lines

are plotted for reference.

77 %-91 % of global total deposition. Total deposition in all
the oceans ranges from 197 to 686 Tg yr~! and accounts for
9 %—-23 % of global total deposition, indicating a consider-
able uncertainty in dust deposition, which should be taken
s into account in modelling the marine biogeochemistry with

https://doi.org/10.5194/acp-20-1-2020

ESMs. It is interesting to mention that if ACCESS1-0, with
the largest dust particle size range (0.06-63 um in diame-
ter) and the largest fraction (91 %) for continental deposi-
tion, is excluded, the other six models simulate quite similar
fractions of continental deposition (78 %—83 %). MERRA-

Atmos. Chem. Phys., 20, 1-24, 2020
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2 estimates 71 % (29 %) of dust deposited onto continents
(oceans), and this estimation is smaller (larger) than all seven
CMIP5 models, indicating that MERRA-2 transports dust
more efficiently to oceans. This is consistent with the com-
parison of dust deposition flux shown in Fig. 8 and may be
related to the assimilation of both meteorology and aerosols
in MERRA-2. The fractions of wet deposition (with respect
to total deposition) in seven CMIPS5 models are 8 %—33 %
and 49 %-71 % over continents and oceans, respectively.
MERRA-2 estimates the fraction of wet deposition (with re-
spect to total deposition) at 26 % and 69 % over the conti-
nents and oceans, respectively, which lies within the range of
CMIP5 models.

4.4 Surface dust concentration

Dust concentration is an important variable for its cycle.
Figure 9 shows the comparison of surface dust concentra-
tions between models and observations at 22 selected sta-
tions. These stations are located in the downwind regions
of dust sources, and annual mean dust concentrations at
these stations range from 10~ to 10> ugm~3. In general,
the models reproduce observed surface dust concentrations
within a factor of 10, with the exceptions of HadGEM2-
CC, HadGEM2-ES, and MIROC4h. Although HadGEM2-
CC and HadGEM2-ES simulate observed surface dust con-
centrations at the stations over the Atlantic Ocean well (sta-
tions nos. 1-4) and slightly underestimate the observations
in East Asia (stations nos. 7-8), the two models significantly
overestimate surface dust concentrations at most other sta-
tions especially at the station located in Australia and down-
wind regions (stations nos. 15-21). This is consistent with
their much higher dust emission in Australia compared to
other models (Table 3; Sect. 4.2). This is also consistent
with the overestimation of dust optical depth in Australia
by HadGEM2-CC and HadGEM2-ES compared to satellite
observations (Pu and Ginoux, 2018). In contrast, MIROC4h
greatly underestimates surface dust concentrations by 1-2 or-
ders of magnitude at most stations. Although compared to
MIROCS, MIROC4h only simulates approximately 4 times
lower global dust emission, MIROC4h tends to concentrate
all the dust emissions over smaller regions of global surface
(2.9 % compared to 6.1 %). Therefore, dust is less widely dis-
tributed in the atmosphere and a smaller fraction of dust is
transported to the downwind regions in MIROC4h, as indi-
cated by its almost 8 times smaller dust burden and only half
the dust lifetime compared to MIROCS. This difference can
explain lower surface dust concentrations in MIROC4h. An-
other reason may lie in the vertical diffusion of dust, which
also determines the distance of its horizontal transport.
Although the CMIP5 models (excluding HadGEM2-CC,
HadGEM2-ES, and MIROC4h) can roughly reproduce the
observed magnitudes of surface dust concentrations at most
stations, a considerable discrepancy between models and
observations can be found in certain regions. Most mod-
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Figure 9. Scatter plot of surface dust concentration at 22 selected stations between models and observations. The stations are indexed in
Table 2 and their locations are shown in Fig. 1. Also given are the correlation coefficients and mean bias between models and observations

(after taking the logarithms; Rjoe and MBjog, respectively). The normalized mean bias (NMB) that is calculated from the mean bias divided

by mean observations is given as well. The 1 : 1 (solid) and 1:10/10: 1 (dashed) lines are plotted for reference. The comparison results for
some stations (nos. 15-17 and nos. 19-22 for MIROC4h; no. 21 and no. 22 for MIROC-ESM and MIROC-ESM-CHEM) are not shown as
they are located too low and outside the frame.
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Table 5. Total dust deposition and wet deposition (Tg) in the global surface, continents, and oceans from CMIP5 models and the MERRA-2
reanalysis. Only the seven CMIP5 models with both dry and wet depositions provided are used here.

Model Global ‘ Continent ‘ Ocean
Total Wet? ‘ Total? Wet? ‘ Total? Wet?

ACCESS1-0 2216 261 (12 %) 2019 (91 %) 159 (8 %) 197 (9 %) 102 (52 %)
MRI-CGCM3 2109 819 (39 %) 1649 (78 %) 499 (30%) | 460 22%) 319 (69 %)
MRI-ESM1 2054 801 (39 %) 1609 (78 %) 492 (30%) | 445 (22%) 309 (69 %)
CanESM2 2965 882 (30 %) 2279 (77 %) 513 (22%) | 686 (23%) 369 (54 %)
CESM1-CAMS5 3454 1243 (36%) | 2850 (83 %) 94533 %) | 604 (17 %) 298 (49 %)
GISS-E2-H 1684 641 (38 %) 1359 81 %) 410 30%) | 324 (19%) 231 (71 %)
GISS-E2-R 1665 625 (37 %) 1331 80 %) 392 (29%) | 334 (20%) 232 (70 %)
MERRA-2 1792 692 (38.6%) | 1272 (71 %) 335 (26%) | 520 (29 %) 356 (69 %)

2 The ratio of wet deposition to total deposition is given in parentheses next to wet deposition. b The fraction of continental (or
oceanic) deposition to global deposition is given next to continental (or oceanic) deposition.

els except CanESM?2 significantly underestimate dust con-
centrations at stations in Antarctica (stations no. 21 and
no. 22), with the largest underestimation being more than
2 orders of magnitude in MIROC-ESM and MIROC-
ESM-CHEM, which also simulate much lower dust emis-
sions in Australia, southern Africa, and southeastern South
America (Fig. 3; Sect. 4.2). Eight models (ACCESSI1-
0, GFDL-CM3, GISS-E2-H, GISS-E2-R, MRI-CGCM3,
MRI-ESM1, CESM-CAMS, CSIRO-Mk3-6-0) greatly un-
derestimate dust concentrations by 1-2 orders of magni-
tude at station no. 6 in southern Africa. Three MIROC
family models (MOROCS5, MOROC-ESM, MIROC-ESM-
CHEM) underestimate dust concentrations by 1-2 orders
of magnitude at several stations in the downwind regions
of Australia (stations nos. 14, 15, and 17). Other notice-
able discrepancies include underestimations in East Asia
by ACCESS1-0/MIROCS, underestimations over the Trop-
ical Pacific Ocean by CESM-CAMS5/GISS-H2-H/GISS-E2-
R, and overestimations in Australia by CanESM2.

Overall the correlation coefficients and mean biases be-
tween CMIP5 models and observations (after taking the log-
arithms of both of them; R}z and MBjog) range from 0.55 to
0.88 and from —5.59 to 1.52 for all CMIP5 models, respec-
tively. All the correlation coefficients are statistically signifi-
cant at the 0.005 level. If HadGEM?2-CC, HadGEM2-ES, and
MIORC4h are excluded for the calculation, Rjo; and MBjog
range from 0.60 to 0.88 and from —1.61 to 1.04, respec-
tively. As a MBjog of —0.7 (0.7) corresponds to a general un-
derestimation (overestimation) by a factor of 2, six models
(MIROCS5, MIROC-ESM, MIROC-ESM-CHEM, CESMI1-
CAMS, GISS-E2-H, GISS-ES-R) underestimate surface dust
concentrations by more than a factor of 2 on average, while
CanESM2 overestimates surface dust concentrations by a
similar magnitude.

Compared to observations, MERRA-2 simulates the dust
concentrations at all stations well except for station no. 6 in
southern Africa. This improvement by MERRA-2 compared

Atmos. Chem. Phys., 20, 1-24, 2020

to the CMIP5 models may be due to the inclusion of both
meteorology and aerosol assimilation in MERRA-2. The cor-
relation coefficients (Rjog) between MERRA-2 and observa-
tions are 0.91, which is larger than for all the CMIP5 models,
and the mean bias (MBjo,) is close to 0 (0.01).

5 Conclusions

In this study we examine the present-day global dust cy-
cle simulated by the 15 climate models participating in
the CMIPS5 project. The simulations are also compared
with a dataset, MERRA-2, and observations of dust depo-
sition and concentration. The results show that the global
dust emission in these models differs much: from 2218 to
8186 Tgyr~! (size range 0.06-63 um in diameter), from 735
to 3598 Tgyr~! (size range 0.06-20um in diameter), and
from 1677 to 3698 Tgyr~! (size < 16 um in diameter). The
global dust emission differs by a factor of 45 for dust parti-
cles in the same size range.

The simulated dust emission regions also differ greatly, ac-
counting for a global surface area of 2.9 %—18 %. The models
mostly agree with each other in reproducing the dust belt,
which extends from North Africa, the Middle East, Cen-
tral Asia, South Asia to East Asia, but there are large un-
certainties in the extent of this dust belt and other source
regions including Australia, North America, South Amer-
ica, and southern Africa. In particular, some models simu-
late little dust emissions (< 0.1 % of global dust emission)
in Australia and North America, while some other models
simulate larger dust emissions there which account for 10 %—
30 % and 3 %—4 % of global dust emission in Australia and
North America, respectively. It is also revealed that the in-
creasing complexity of ESMs (HadGEM2-CC, HadGEM2-
ES, MIROC-ESM, and MIROC-ESM-CHEM) by coupling
dust emission with dynamic vegetation can amplify the un-
certainty associated with dust emissions.
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The removal of dust particles in the CMIP5 models is
mainly through dry deposition, and wet deposition only ac-
counts for 12 %-39 % of total deposition. The associated dust
lifetime is about 1.3-4.4d. A clear linear relationship be-
tween dust burden, dust lifetime, and fraction of wet deposi-
tion to total deposition is present in the CMIP5 models, sug-
gesting a general consistency among these models. The mod-
els also estimate that 77 %-91 % of emitted dust is deposited
back onto continents and 9 %-23 % of them are deposited
into the oceans. The fraction of wet deposition is smaller in
most CMIP5 models, and dust lifetime is shorter compared
to the MERRA-2 reanalysis, indicating a shorter distance
for dust transport from its sources in most CMIP5 models.
Compared to the observations, the CMIP5 models (except
for MIRCO4h) reproduce dust deposition flux and surface
dust concentration by a factor of 10 at most stations. Larger
discrepancies are found in remote regions such as Antarc-
tica and tropical Pacific Ocean. In Australia and downwind
regions, four MIROC family models (MIROC4h, MIROCS,
MIROC-ESM, MIROC-ESM-CHEM) which simulate little
dust emission in Australia greatly underestimate the dust
concentrations at stations in the remote regions. By contrast,
HadGEM2-CC and HadGEM2-ES overestimate dust con-
centrations. MIROC4h shows the largest discrepancy by un-
derestimating the surface dust concentrations by more than
a factor of 100 in Australia and downwind regions. Over-
all, although MIROC4h simulates 4-5 times lower global
dust emission than the other three MIROC family models,
MIROC4h simulates on average more than 50 times smaller
surface dust concentrations at 22 stations. This can be as-
cribed to the fact that most dust emissions in MIROC4h are
concentrated over the desert centres, which limits the long-
range transport of dust particles to the remote regions.

These results show large uncertainties in the global dust
cycle in ESMs. In fact, these models are fully coupled
atmosphere—land—ocean models and some of them also in-
clude dynamic vegetation. In several key regions such as
Australia and North America, uncertainties are larger com-
pared to those in previous models participating in the Aero-
Com project, where sea surface temperature is prescribed,
and in some models, meteorological fields are prescribed
from reanalysis (Huneeus et al., 2011). Larger uncertainties
in the CMIP5 models with dynamic vegetation are expected,
as a prognostic vegetation would depart from the observed
or constructed vegetation and may also lead to a large bias
in soil moisture, which may thus lead to an additional bias
in dust emissions in these models. Uncertainties in dust sim-
ulations also vary with regions, and a smaller uncertainty is
found in the deserts over the dust belt in the Northern Hemi-
sphere, but a larger uncertainty exists in other regions in-
cluding Australia and North America. The large uncertain-
ties in the global dust cycle in the CMIP5 models would cast
a doubt on the reliability of dust radiative forcing estimated
in these models. Future work is therefore needed to identify
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the sources of these uncertainties and improve the global dust
cycle in climate models.

6 Future work

Because dust life cycles involve various processes with scales
from micrometres to tens of thousands of kilometres and con-
sist of many parameters, the representation of the dust cycle
in climate models is a big challenge for the modelling com-
munity. Dust emission is the first and foremost process for
model improvements of the dust cycle (Shao, 2008; Shao et
al., 2011). Improving dust emission not only lies in the devel-
opment of a dust emission scheme but also in its implemen-
tation in climate models (e.g. Shao, 2008; Wu et al., 2016,
2019). For example, different dust emission schemes with
specific land cover datasets and criteria for the occurrence of
dust emission are adopted in the models (Table 1 and refer-
ences therein). Therefore, different results of dust emission
among the CMIP5 models reflect the uncertainty in many
aspects of the model, including meteorology, soil moisture,
land cover data, and dust emission parameterizations, as in
many previous intercomparison studies (e.g. Uno et al., 2006;
Textor et al., 2006; Todd et al., 2008; Huneeus et al., 2011).
A close look at these factors in each model will help to un-
ravel reasons behind the biases in these models. In addition,
it is also helpful to set up more constrained experiments to
separate the sensitivity of model estimates to individual fac-
tors, by varying one single factor such as the dust emission
scheme (e.g. Wu and Lin, 2013) and the land surface scheme
(e.g. Lin et al., 2012) or by using identical emissions (e.g.
Textor et al., 2007).

In this study the models are only evaluated with observed
dust deposition and surface concentrations. Some of these
observations, however, were made over a relatively short pe-
riod of 1 to several years and are insufficient to represent
current climatology, which may partly contribute to model
discrepancies (Sect. 4). It is desirable to collect a long-term
dataset. Moreover, it is also desirable to collect the obser-
vations of dust emission flux and use them for model evalua-
tion. In particular, for dust deposition and dust concentration,
some biases come from dust emission and others from circu-
lation and deposition parameterizations. It is only possible to
separate the contributions of different processes to the biases
in dust deposition and concentration if observations of dust
emission are also included in model comparison. In addition,
a dust aerosol reanalysis could serve as benchmark data to
evaluate model performance. However, the current aerosol
reanalysis is still not sufficient for a comprehensive evalua-
tion of the dust cycle (Sect. 3.2). In particular, because of the
limitation in dust emission, we are unable to analyse the con-
tribution of different factors such as meteorological fields and
land surface states to biases in dust emission. It is desirable
that future aerosol reanalysis also includes adjoint inversion
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of dust emissions using more specific observations such as
lidar observations, as done in Yumimoto et al. (2007).
We have compared the global dust emission and burden
among the models with the same dust size range considered.
s It should be mentioned that dust size distribution is an im-
portant parameter for the dust cycle (e.g. Shao, 2008; Ma-
howald et al., 2014), and it is not included in this study as
the model data are not available. The evolution of dust size
distribution during dust transport and deposition is critical to
10 our understanding of the model bias in the dust cycle. We
suggest that the size-resolved dust emission, concentration,
and deposition should be outputted and provided in the lat-
est CMIP6 project (Eyring et al., 2016). Moreover, observa-
tions of size-resolved dust concentration and deposition are
1s urgently needed. A compilation of available observations of
dust size distribution (e.g. Mahowald et al., 2014: Ryder et
al., 2018) is also required for model evaluation.

Data availability. CMIP5 results are available at
https://esgf-node.llnl.gov/search/cmip5/! MERRA-2

20 18 available at https://doi.org/10.5067/RZIK2TV7PP38
(Global Modeling and Assimilation Office, 2015a) and
https://doi.org/10.5067/FHOAOMLIPC7N (Global Modeling and
Assimilation Office, 2015b) (https://disc.gsfc.nasa.gov/datasets?
project=MERRA-2). Observations of dust deposition are avail-

25 able in the literature written by Nicolas Huneeus and coauthors
(https://www.atmos-chem-phys.net/11/7781/2011/). Observations
of surface dust concentrations are provided by Joseph M. Prospero
from the Rosenstiel School of Marine and Atmospheric Science at
the University of Miami.
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