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Abstract. We investigate the Asian summer monsoon (ASM) response to global dust emissions in the Coupled
Model Intercomparison Project Phase 6 (CMIP6) models, which is the first CMIP to include an experiment
with a doubling of global dust emissions relative to their preindustrial levels. Thus, for the first time, the inbuilt
influence of dust on climate across a range of climate models being used to evaluate and predict Earth’s climate
can be quantified. We find that dust emissions cause a strong atmospheric heating over Asia that leads to a
pronounced energy imbalance. This results in an enhanced Indian summer monsoon (ISM) and a southward
shift of the western Pacific Intertropical Convergence Zone (ITCZ), consistent across models, with the strength
of the ISM enhancement increasing with the magnitude of atmospheric dust shortwave absorption, driven by
dust optical depth changes. However, the east Asian summer monsoon response shows large uncertainties across
models, arising from the diversity in models’ simulated dust emissions and in the dynamical response to these
changes. Our results demonstrate the central role of dust absorption in influencing the ASM and the importance

of accurate dust simulations for constraining the ASM and the ITCZ in climate models.

1 Introduction

Mineral dust is the most abundant aerosol type by mass in
the Earth’s atmosphere (Kok et al., 2018; Glif3 et al., 2021),
and their emissions have at least doubled since preindustrial
times (Hooper and Marx, 2018). Dust aerosols play an im-
portant role in the Earth’s radiation balance and climate sys-
tem by interacting with radiation, clouds, and ecosystems
during its life cycle (Carslaw et al., 2010; Mahowald et al.,
2010; Kok et al., 2018; Chaibou et al., 2020; Jin et al., 2021).
Overall, dust serves as a cooling agent at the top of the at-
mosphere (TOA) over all but the brightest surfaces (Chaibou
etal., 2020). Dust also not only heats the atmospheric column
by absorbing solar radiation but also cools the atmosphere
through terrestrial radiation interactions, thereby perturbing
the vertical temperature profile (Balkanski et al., 2021; Ry-
der, 2021). However, our knowledge of dust—climate interac-
tions, including the magnitude and sign of dust’s radiative

effect, remains highly uncertain due to incomplete under-
standing of its physical and chemical properties (Formenti
et al., 2011; Richter and Gill, 2018; Di Biagio et al., 2019;
Adebiyi and Kok, 2020), life cycles (Shao et al., 2011; Kok
et al., 2021b; Wu et al., 2020), and interactions with other
components of the Earth system (Karydis et al., 2017; Chai-
bou et al., 2020; Li et al., 2021), as well as the challenges of
incorporating these processes into models.

Present-day global dust emissions are confined primar-
ily to the Northern Hemisphere tropical and subtropical re-
gions (i.e. the so-called dust belt; Shi et al., 2021), with
around 30 %—40 % emitted from Asian source regions (Kok
et al., 2021a). There are numerous studies investigating
Asian dust—climate interactions and particularly their links
to the Indian summer monsoon (ISM) (Sun et al., 2012;
Chen et al., 2017; Wang et al., 2020; Jin et al., 2021). It
is found that dust impacts the ISM through many different
pathways including the elevated heat pump mechanism (Lau
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et al., 2006), snow-darkening feedback (Sarangi et al., 2020),
and dust—cloud interactions (Karydis et al., 2017). However,
most of these mechanisms are subject to large uncertainties
in model physics and parameters (Jin et al., 2021). Unfortu-
nately, these uncertainties are very difficult to constrain us-
ing available observations. Compared to the ISM, there are
larger uncertainties in our understanding of the interactions
between dust and the east Asian climate, including the east
Asian summer monsoon (EASM) (Sun et al., 2012; Chen
et al., 2017; Wang et al., 2020). Dust emissions have the po-
tential to impact both the ISM and the EASM, collectively
known as the Asian summer monsoon (ASM).

The availability of the Coupled Model Intercomparison
Project Phase 6 (CMIP6; Eyring et al., 2016) experiments
offers a great opportunity to understand the climate impacts
of dust emissions and the role dust plays in the latest gen-
eration of climate models. Zhao et al. (2022) examined the
global and regional simulation of dust in 16 CMIP6 models
in the Atmospheric Model Intercomparison Project (AMIP)
experiments compared to observations and reanalyses, find-
ing that most models captured features such as spatial distri-
bution and seasonal cycles of dust well, with dust emission
and deposition being poorly represented, and that the ranges
of simulated dust burden and optical depth across models are
larger than that of previous model generations. Several pub-
lications have examined dust simulation and response to cli-
mate change in other CMIP6 experiments. Aryal and Evans
(2021) examined dust sensitivity to drought in historical and
future SSP585, showing that soil moisture is a better indica-
tor of dust variability than precipitation and highlighting the
importance of the land surface in simulating the dust cycle
accurately. Aryal and Evans (2023) and Zhou et al. (2023) ex-
plored the response of dust emissions and surface concentra-
tions to temperature and precipitation/soil moisture changes,
finding substantial regional variability. Zhao et al. (2023)
found that overall, dust loading increases globally by the end
of the 21st century in CMIP6 model simulations, though this
is dependent on the future scenario and region, with east Asia
and the western Pacific showing decreasing dust load due to
increasing precipitation in these regions. Contrastingly, Mao
et al. (2021) suggest an increase in east Asian dust emissions
in CMIP6 future simulations due to enhanced frequency of
circulation patterns connected to extreme dust events. Li and
Wang (2022) explored drought—dust relationships over the
southeastern USA in CMIP6 historical simulations. Gomez
et al. (2023) highlighted the important role of interactions
between dust and the West African monsoon in contributing
to future air quality degradations.

The CMIP6 Aerosols and Chemistry Model Intercompar-
ison Project (AerChemMIP; Collins et al., 2017) has for
the first time included a doubled-dust experiment alongside
single forcing experiments with other aerosol species. This
allows us to consistently isolate and quantify the impacts
of dust emissions in multiple state-of-the-art climate mod-
els. Although dust aerosols have been included in previous
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CMIP experiments as well as the latest CMIP6 historical,
AMIP, and future Shared Socioeconomic Pathway (SSP) ex-
periments, these experiments do not allow for the isolation
of the specific effect of dust on radiation and climate in a
multi-model context. It is important to understand the role
and extent of dust in impacting climate in the CMIP6 simu-
lations, where the effects of dust on climate (through mecha-
nisms such as surface, atmospheric, or top-of-the-atmosphere
(TOA) radiative effects and subsequent complex impacts on
atmospheric circulation) are present but not explicit. For the
first time, the new AerChemMIP experiments allows for this
to be diagnosed.

We present a multi-model study to determine the atmo-
spheric response to a change in global dust emissions in
Asia based on two sets of the AerChemMIP simulations from
seven CMIP6 models (Sect. 2). Dust radiative forcing, tem-
perature, and precipitation responses, as well as circulation
changes and mechanisms are presented in Sect. 3. Our major
findings and their implications are summarised in Sect. 4.

2 Models and simulations

To explore the impact of dust emissions, we used two sets of
time-slice simulations from seven participating CMIP6 mod-
els shown in Table 1, which provided dust diagnostics. We
include all seven models regardless of how well (or poorly)
they represent the dust cycle (Zhao et al., 2022) in order to
firstly understand the implicit effect of dust in climate sim-
ulations in general within CMIP6 models and, secondly, to
avoid further limiting the number of models analysed. Even
if models do not simulate the dust cycle well, it is important
to understand how dust may be influencing the climate and
circulation in CMIP6 models. The base simulation (piClim-
control) has all forcings fixed at preindustrial (year 1850)
levels. The AerChemMIP perturbation simulation (piClim-
2xdust) is identical to piClim-control except in that dust
emissions are doubled globally. The CMIP6 models repro-
duce major features of global dust processes well (Zhao et al.,
2022), including the spatial patterns of global dust emissions
and dust aerosol optical depth (DOD). Dust emissions were
calculated online in all the seven models in piClim-control
and were doubled in piClim-2xdust by scaling the dust emis-
sion parameterisations (Collins et al., 2017). As such, we
define the climate impacts of dust emissions as the differ-
ence between piClim-2xdust and piClim-control (i.e. piClim-
2xdust minus piClim-control). Sea surface temperatures and
sea ice distributions were prescribed as 1850 climatological
averages in both simulations. Therefore, the responses pre-
sented here represent the fast response of the climate system
due to rapid adjustments of the atmosphere to changes in the
energy balance as a direct result of dust emissions (Ganguly
et al., 2012; Samset et al., 2016; Zanis et al., 2020).

Table 1 also includes pertinent information relating to the
dust scheme in each model, including references for the
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wind-driven dust emission scheme applied. Table 1 includes
the type of size distribution utilised (i.e. sectional or modal)
and its diameter range or modal values. We note that the
largest size represented is 63 um by UKESM1-0-LL. Maxi-
mum size represented by modal schemes is difficult to assess,
though it is likely that these schemes represent super-coarse
dust particles poorly (e.g. Jones et al., 2022). In most mod-
els, dust does not act as cloud condensation nuclei (CCN).
However, in some models, the role of dust is not isolated
from other aerosols as a single mode may comprise a mix-
ture of aerosol species, including dust, the combination of
which can act as CCN but is not driven by dust, and thus the
role of dust through this pathway is expected to be very small
(e.g. MPI-ESM-1-2-HAM). Two models (NorESM2-LM and
MPI-ESM-1-2-HAM) include dust acting as ice nuclei (IN).
All models include the interaction between dust and LW radi-
ation (in addition to SW radiative interactions), which occurs
due to the larger size of dust relative to other aerosol species.

Table 1 also includes information on the complex refrac-
tive index (CRI) used for dust in each model, of which the
real and imaginary parts determine the scattering and absorp-
tion properties of dust, respectively. The imaginary refractive
index (IRI) of dust in models has received attention recently
due to the publication of updated laboratory IRI data (Di Bi-
agio et al., 2019), with several studies demonstrating that
current climate models overestimate the amount of absorp-
tion due to dust (Adebiyi et al., 2023b). Values for the mod-
els and simulations shown in Table 1 encompass IRI values
ranging from 1.1 x 1073 to 8 x 10~ at mid-visible wave-
lengths, with all models except CNRM-ESM2-1 using values
smaller than 2.4 x 1073, In this study, the mean and median
model IRIs are 2.56 x 1073 and 1.47 x 1073, respectively.
All models except CNRM-ESM2-1 fall within the range sug-
gested by the laboratory data of Di Biagio et al. (2019), while
CNRM-ESM2-1 lies on the upper edge of the range indi-
cated by measurements. It is notable that these CMIP6 mod-
els have a lower median IRI than those evaluated by Adebiyi
et al. (2023b) found to overestimate absorption, and only one
lies in the range of suggested over-absorption suggested by
Wang et al. (2024); i.e. most of the CMIP6 models investi-
gated here simulate a plausible IRI for dust in the mid-visible
spectral region.

The relative amount of absorption occurring due to dust
aerosol is determined by the single scattering albedo (SSA)
(Highwood and Ryder, 2014), which is determined by the
CRI applied in a model, the dust shape, and the modelled
and evolving (in space and time) size distribution. Although
the SSA is a good indicator of dust absorption in the atmo-
sphere, we do not report it here since it will also vary in space
and time due to its dependence on the size distribution. Sim-
ulated dust mass data as a function of size are not available
for these CMIP6 experiments. In models utilising modal dust
schemes, optical properties are typically calculated for a mix-
ture of aerosol species existing within each mode, so report-
ing SSA is not meaningful for dust specifically. Finally, only
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a few models specifically document dust SSA (often due to
its spatially variable nature), with the CRI being a much more
commonly documented variable (Table 1).

For each model and experiment, a simulation of at least
30 years is available. All model data are interpolated to
a 2° x 2° horizontal grid when computing the multi-model
mean (MMM). We used a first-order conservative interpo-
lation for fields that request the integral of the source field
across the regridding — dust emissions, for example. For all
other variables, we used bilinear interpolation. We focus on
the response over Asia (box in Fig. S1f in the Supplement)
in the summertime (June—July—August; JJA), when the Asian
summer monsoon (ASM) is fully established (Li et al., 2016;
Zhao et al., 2019; Jin et al., 2021). All the changes presented
here are due to a doubling of global dust emissions, and we
refer to this as just dust emissions for simplicity.

We diagnosed the dust effective radiative forcing (ERF) as
the differences in net radiative fluxes between piClim-2xdust
and piClim-control at the top of the atmosphere (TOA) and
at the surface (Forster et al., 2016). We then defined change
in atmospheric absorption due to dust emissions as the differ-
ence between TOA and surface ERF. The responses to dust
emissions such as changes in surface temperature and pre-
cipitation are calculated as averages of JJA means of the last
30 years of each simulation (Table 1). We tested the statis-
tical significance of the response at the p <0.1 confidence
level using the Monte Carlo test. We have also identified re-
gions where there are inconsistent responses across models,
defined as regions where four or fewer of the seven mod-
els have the same sign as the MMM. Radiative fluxes are
given as the total (shortwave and longwave) unless specifi-
cally stated otherwise. Clear-sky ERFs are obtained by a dou-
ble call to the radiation scheme within a model and represent
an atmosphere without clouds (e.g. Ghan, 2013). Cloud ERFs
are calculated as the difference between all-sky and clear-sky
ERFs.

3 Summertime climate responses to dust emissions

The models’ simulated changes in dust emissions and DOD
are shown in Fig. 1, while the JJA climatologies of DOD,
precipitation, 850 hPa winds, and sea level pressure fields are
included Figs. S1-S3 for reference. We note the large diver-
sities in models’ simulated dust climatology (Figs. 1 and S1)
and hence in the changes to DOD (Fig. S4) because of dou-
bling global dust emissions. The diversity in DOD clima-
tology (Fig. 1c and d) also results in statistically insignif-
icant changes in DOD due to doubled dust emissions in the
dustiest regions (hatches in Fig. 1f) despite DOD magnitudes
broadly doubling. Such inter-model diversities are most pro-
nounced over the Chinese deserts and east Asia, where half
of the models simulate very little dust emission. The models
also simulate very different monsoon climatologies (Figs. S2
and S3), which will contribute to differences in the DOD
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A. Zhao et al.: Dust absorption and the Asian summer monsoon

(a) Control emissions (g m-2 day-1) (b) 2xdust emissions (g m-2 day-1)
S TR R L

0.5

(c) Control DOD550
0.5

13389

(d) 2xdust DOD550

—— North China

0.4 4 —— South Asia 0.8

0.3 4 0.6
0.2 1 0.4

0.1 1 0.2

0.0

0.4

0.3

0.2

0.1

1.0

0.8

0.6

0.4

0.2

Ve V. N

— T 7 0.0
J] FMAM )] J ASOND J FMAM]J] J ASONTD
(e) JJA mean dust emission differences (g m-2 yr-1)

0.0
J FMAM ] J] AS ONTD
(f) JJA mean DOD550 difference

N

0.0
J FMAM/J J ASOND
(9) JJA mean DOD550 relative increase (%)

- T~

o

30S

60S

180 120w 60W 0 60E 120E 180 180 120W 60W

1 10 20 50 100 200 300 400 500 800

0.01 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

0 60E 120E

50 55 60 65 70 75 80 85 90 95 100

Figure 1. Model simulated (30-year mean) seasonal cycles of (a,b) dust emissions (g m—2 d_l) and (¢,d) DOD at 550 nm (DOD550) over
the Chinese desert (red) and south Asia (black; see boxes in e) in (a,c) piClim-control and (b, d) piClim-2xdust. Shadings represent the
5th-95th percentiles of the multi-model ensemble spread. Maps show the multi-model mean of JJA mean differences in (e) dust emissions
(g m~2 yr_] ), (f) DOD550, (g) the multi-model mean of percentage increase in DODS550 relative to the piClim-Control climatology over
Asia (denoted by box in f). Purple hatches in (f) denote statistical insignificance at the 10 % level of the multi-model mean DOD changes.

distribution through dust transport and wet deposition dif-
ferences and likely to differences in the response of the mon-
soon to the dust forcing.

3.1 Changes in radiative forcing and clouds

Figure 2 shows the spatial patterns and zonal mean profiles of
the ERF over Asia due to dust emissions. Those for individ-
ual models can be found in the Supplement. The clear-sky
ERF at TOA in the MMM shows a general negative forc-
ing (Fig. 2a) due to the direct dust-radiation interactions (i.e.
scattering and absorption) resulting from a mostly negative
TOA clear-sky SW ERF (Fig. S6) contrasted with a smaller
positive LW TOA clear-sky ERF (Fig. S7). There is, how-
ever, a positive clear-sky TOA ERF pattern that is confined
over the bright surface of the Arabian Peninsula as well as
over south and southeast Asia (particularly in CNRM-ESM?2-
1, GFDL-ESM4 and UKESM1-0-LL; Fig. S5). The spatial
pattern of all-sky TOA ERF in the MMM (Fig. 2b) resem-
bles that of clear sky over the land, yet large differences ex-
ist across models (Fig. S8). Over the Indian subcontinent,
there is more inter-model agreement in the all-sky TOA ERF
(Fig. 2a) than the clear-sky one (Fig. 2b). This is due to a
large uncertainty in the sign of models’ individual clear-sky
TOA EREF (Fig. S5) resulting from how the magnitudes of the
mostly negative SW clear-sky TOA ERF (Fig. S6) and posi-
tive LW clear-sky TOA ERF (Fig. S7) cancel out, producing
varying signs of the total TOA dust clear-sky ERF (Fig. S5).
Additionally, the net warming effect of clouds in this region
shifts the all-sky TOA ERF to positive values across most
models (Fig. S8), resulting in the better inter-model agree-

https://doi.org/10.5194/acp-24-13385-2024

ment seen in Fig. 2b. Over south Asia, all models but IPSL-
CMG6A-LR-INCA (—1.73 Wm™?2) simulate a positive all-sky
TOA ERF (Fig. S8, 0.01-3.38 W m™2). Comparing the clear-
sky atmospheric absorption (Fig. S18) to the all-sky version
(Figs. 1c and S21) reveals that most of the increased heating
from the Arabian Peninsula across the Indian ocean to south-
ern India, as well as around the Chinese deserts, is driven by
dust-induced atmospheric absorption.

Dust emissions result in significant all-sky atmospheric
heating through dust absorption above land and the Ara-
bian Sea (Fig. 2¢). This heating is robust across all models
(Fig. S21), producing a MMM of 1.58 (0.23-2.94) Wm™2
over Asia (box in Fig. 1f), which is dominated by the short-
wave radiative heating that is partially cancelled out by the
longwave radiative cooling (Figs. S11 and S21-23). The
all-sky atmospheric heating is particularly prominent over
south Asia (4.28 (1.01-9.59)Wm~2). As a result of the
dust-induced atmospheric absorption, there is a pronounced
negative surface all-sky ERF over land (Figs. 2d and S15).
Comparing all-sky and clear-sky surface ERFs (Figs. S12
and S15) reveals that the net surface cooling in these regions
is driven by the changes in dust rather than cloud.

Changes in the spatial pattern of total cloud fraction
(Figs. 3a and S27) over Asia and especially over south-
ern Asia (0.26 %-3.49 %) show common patterns across
models, generally showing increased cloud fraction in
these regions except MPI-ESM-1-2-HAM (—0.37 %). These
changes come from high-cloud increases (above 200 hPa)
over the Indian subcontinent (Fig. 3c) in all models except
MPI-ESM-1-2-HAM and broad decreases in cloud fraction

Atmos. Chem. Phys., 24, 13385-13402, 2024
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Figure 2. JJA mean changes in radiative fluxes (W m~2) due to doubled dust emissions. Maps show multi-model mean differences in
(a) clear-sky effective radiative forcing (ERF) at the top-of-the-atmosphere (TOA), (b) TOA all-sky net ERF, (c) all-sky atmospheric total
(shortwave plus longwave) absorption, and (d) surface all-sky net ERF. Green hatches denote where < four models have the same sign as the
multi-model mean. Curves show the zonal mean differences in (e) net atmospheric absorption and (f) surface ERF averaged between 40 and
150° E. Coloured curves represent individual models and black curves the multi-model mean.

over the Pacific Ocean above 400hPa (Fig. 3d). Changes
in high cloud are also observed over the Arabian Sea and
east China (not shown). Changes in mid-level clouds (700-
200 hPa) above the Chinese deserts (Fig. 3b) vary in sign be-
tween models. The cloud changes over south Asia and the
Pacific Ocean are associated with changes in the large-scale
atmospheric circulation (Sect. 3.3) rather than increases in
dust, which may modify ice cloud microphysical properties
(Fig. S31). Interestingly, the two models where dust acts as
an IN (MPI-ESM-1-2-HAM and NorESM2-LM) show oppo-
site responses in terms of changes in cloud fraction (Fig. 3b
and ¢).

The increased cloud across the Arabian Sea/southern Asia
region results in a weak negative TOA SW cloud ERF
(Fig. S25), a positive TOA LW cloud ERF (Fig. S26), and
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a positive TOA total cloud ERF (Fig. S24). This reduces the
magnitude of the negative clear-sky TOA ERF over the Ara-
bian Sea but strengthens the positive values over the Indian
subcontinent, resulting in the land—sea contrast in all-sky
ERF seen in Fig. 2b in this region. This indicates that the all-
sky TOA ERF from dust dominates that from cloud over the
Arabian Sea, while both dust and cloud act together to gen-
erate a positive value over the Indian subcontinent. In terms
of the clear-sky atmospheric absorption for this region, dust
causes a widespread large atmospheric heating in the SW
and cooling in the LW, producing a total heating (Figs. S18—
20). In addition, increased cloud generates a LW heating ef-
fect, which shifts the clear-sky (i.e. dust) LW atmospheric
absorption from negative (Fig. S20) to positive over ocean
(Fig. S23) and reduces the magnitude of the negative values
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cloud fraction averaged within the three boxes in (a). Coloured curves represent individual models and black the multi-model means. Green
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over land in the all-sky LW atmospheric absorption. Thus,
the overall effect of the increased cloud in this region is to
strengthen and spatially extend the atmospheric heating over
ocean resulting from increased dust.

Over the tropical western Pacific Ocean, we see a positive
surface all-sky ERF (Figs. 2d and S15), which is attributable
to reductions in clouds (Fig. 3 and d) as opposed to changes
in dust. In this region, radiative effects due to changes in dust
are negligible (Figs. S5 and S12), and therefore cloud effects
dominate the all-sky ERFs (Figs. S8 and S15). At the surface,
decreased cloud results in a small negative SW all-sky ERF;
a positive LW all-sky ERF; and, as a consequence, a positive
total all-sky ERF (Figs. S16, S17, and S15). At the TOA, re-
duced cloud results in a positive SW cloud ERF, a negative
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LW cloud ERF and a total cloud ERF which is positive, al-
beit slightly patchy (Figs. S25, S26, and S24, respectively),
indicating a dominance of the SW cloud ERF whereby less
SW radiation is scattered upwards, resulting in a warming.
The all-sky atmospheric heating is negative (Fig. 2c), which
is also driven by cloud reductions, causing a LW all-sky at-
mospheric cooling (Figs. S23 and S21).

The dust-induced atmospheric absorption leads to a north—
south alteration in energy distributions, as demonstrated by
the changes in the Asian zonal mean atmospheric absorption
(Fig. 2e) and surface ERF (Fig. 2f). The asymmetry is pro-
nounced over the dustiest regions between 40° E and 100° E,
encompassing the Arabian Peninsula, the Middle East, In-
dia, and the Taklamakan desert, and is weaker over the east

Atmos. Chem. Phys., 24, 13385-13402, 2024
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Asia—western Pacific region. We show in Sect. 3.3 that such
changes have important fingerprints on dust-induced precip-
itation and circulation changes.

3.2 Temperature response

Figure 4 shows JJA mean near-surface temperature changes
in response to increased dust emissions. The temperature re-
sponse is characterised by a cooling of the Indian subconti-
nent (—0.17 K) and the Chinese desert regions (—0.12K) in
the MMM (Fig. 4h). The cooling is consistent across most
models and is the largest in GFDL-ESM4 over India (up
to —1.8 K) and in IPSL-CM6A-LR-INCA over the Chinese
deserts (around —1.05K). However, models markedly dis-
agree with each other about the pattern and even the sign of
the temperature responses over much of the rest of the do-
main (see locations of green hatching in Fig. 4h). Over these
regions, as opposed to the cooling seen in other models, the
CNRM-ESM2-1 (Fig. 4a), MPI-ESM-1-2-HAM (Fig. 4e),
and UKESM1-0-LL (Fig. 4g) models simulate widespread
warming. These models are also the ones with the lowest
DOD climatology (Fig. S1) and simulate the smallest DOD
changes (Fig. S4) there amongst the seven models. This un-
certainty demonstrates the crucial importance of better ob-
servationally constrained representation of dust processes in
climate models for simulating the dust—climate interactions.

The temperature responses in individual models do not fol-
low the all-sky ERF at TOA (Figs. 2b and S8), which shows
opposite signs over some regions, such as India. Similarly,
near-surface temperature responses do not appear to show
much relation to surface all-sky ERF patterns either (Figs. 2d
and S15). Overall, dust emissions result in a general surface
cooling of the Asian continent in most models. However,
there are significant diversities in model-simulated patterns
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and signs of temperature changes despite the relatively con-
sistent changes in cloud and radiation across models. Such
diversity is only partly explained by the diversity in the mod-
els’ simulated dust climatologies. Meanwhile, we show be-
low that such diversity in surface temperature response is
also intertwined with changes in precipitation and monsoonal
circulation.

3.3 Precipitation and circulation responses

In this section, we turn to JJA mean changes in precipitation
due to dust emissions while attempting to understand the un-
derlying mechanisms by examining changes in the ASM.
Figure 5 shows the spatial patterns as well as the zonal
mean profiles over the south Asia region (60—100° E; Fig. 51)
and the east Asia—western Pacific region (120-150°E;
Fig. 5j), of precipitation changes in response to dust emis-
sions. We note that large uncertainties in models’ simulated
precipitation changes are expected due to challenges in sim-
ulating the ASM (Wilcox et al., 2020; Wang et al., 2021)
in addition to the diversity of the dust climatologies. Never-
theless, the precipitation responses exhibit certain common
robust features. Particularly, the increased precipitation over
the Indian subcontinent (up to 5 %) and southeast Asia (i.e.
Indonesia and Papua New Guinea south of the Equator) as
well as the drying (~ 10 %) of the western Pacific Ocean.
The MMM precipitation response (Fig. 5h) is largely ex-
plained by changes in the vertically integrated moisture flux
convergence (Fig. 6a), whilst there is very little contribu-
tion from local convective processes, as demonstrated by the
very limited changes in surface evaporation (Fig. 6b). These,
along with consistent changes in the 500 hPa vertical veloc-
ity (Fig. 6¢), demonstrate the predominant role of large-scale
atmospheric circulation changes in shaping the fast precipi-
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Figure 5. JJA mean changes due to doubled dust emissions in precipitation (mm d—1) in (a—f) the individual models and (h) the multi-model
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curves show JJA climatology (top axis) derived from the piClim-Control MMM.

tation response to dust emissions. The above is justified by
careful comparisons of these fields (Figs. S28 and S29) to
precipitation changes (Fig. 5) in each individual model. For
example, the pattern of precipitation increases over the In-
dian subcontinent match well with the anomalous 500 hPa
ascent and moisture convergence in most models. In compar-
ison, the drying of the western Pacific Ocean is accompanied
by strong anomalous descent at 500 hPa and moisture diver-
gence in all models.

The zonal mean precipitation changes show an enhance-
ment of the ISM, with precipitation increasing over land and
decreasing over the equatorial Indian Ocean in most models.
That is, there is a northward shift of the rain belt over the
ISM region (Figs. 5 and 6). This is supported by changes in
the 850 hPa winds in the MMM (Fig. 6d) and in most models
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(Fig. S30). Extensive lower tropospheric anti-cyclonic and
southwesterly anomalies bring extra moisture from the Ara-
bian Sea to the land. Over the Bay of Bengal, there are, how-
ever, anomalous southerlies that impede the climatological
westerly flows; such southerlies are consistent with the pat-
tern of enhanced precipitation there. The monsoonal precip-
itation increases lead to further cooling of the Indian sub-
continent on top of the dust-induced radiative surface cool-
ing (Fig. 4). The above changes in MMM are also seen in
most individual models. However, two models (MPI-ESM-
1-2-HAM and NorESM2-LLM) simulate weakened ISM cir-
culation. This is consistent with the precipitation reduction
over the Indian subcontinent (Fig. Se and f) and explains the
model-simulated warming there (Fig. 4e and f) in these two
models.

Atmos. Chem. Phys., 24, 13385-13402, 2024
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The importance of dust-induced atmospheric absorption in
changing monsoons and precipitation has been extensively
studied (Maharana et al., 2019; Wang et al., 2020; Bercos-
Hickey et al., 2020; Cruz et al., 2021; Jin et al., 2021; Balka-
nski et al., 2021), with several different physical mechanisms
proposed to explain their interactions — for example, snow-
darkening effects (Sarangi et al., 2020) and the elevated heat
pump (EHP) (Lau et al., 2006). Here we found that dust
emissions cause enhanced atmospheric absorption over the
Arabian Sea and south Asia (Fig. 2), which is linked to en-
hanced moisture flux convergence via adjustments in circula-
tions and therefore an enhancement in the ISM in most mod-
els (Fig. 6d). The enhanced ISM draws moisture from the
oceans to the northern Indian subcontinent (Fig. 6¢), produc-
ing anomalous ascent and precipitation (Fig. Sh) as well as
co-located increases in high clouds (Fig. 3). Although the in-
creased dust absorption may also contribute to cloud changes
via the semi-direct effect (e.g. Doherty and Evan, 2014), the
large-scale circulation changes here indicate that the south
Asian cloud increases due to dust are circulation-driven. The
total cloud atmospheric heating acts in the same direction as
that of the dust (i.e. heating) and spatially extends the region
of heating, further enhancing these effects. At the same time,
strong southwesterlies within the monsoon are likely to trans-
port more dust from the Arabian Peninsula to the Arabian
Sea and northern India. In doing so, the ISM is further en-
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hanced through the EHP feedback loop brought about by the
enhanced upper-tropospheric meridional temperature gradi-
ent because of increases in dust absorption.

The east Asian summer monsoon (EASM) response to
dust emissions is relatively weak and uncertain (Fig. 6). A
westward extension of the west Pacific subtropical high re-
sults in an enhanced monsoon flow over eastern China and
strong easterly anomalies over the tropical western Pacific
Ocean and the South China Sea. The easterly anomalies dis-
rupt the climatological northeastward transport of moisture
flux from the oceans to the land (Fig. S28). As a result, pre-
cipitation decreases over southern China land areas and only
increases moderately over northeast China in a few models
(GFDL-ESM4, GISS-E2-1-G, and UKESM1-0-LL) despite
the enhanced monsoonal circulation over land. This demon-
strates the large inter-model uncertainty in the response of
the EASM to dust emissions in CMIP6 models that under-
pins the small response in the MMM. Such uncertainties can
be attributed to several factors, including model deficiencies
in simulating the EASM (Wilcox et al., 2015), mixed cir-
culation changes due to dust emissions, and very low dust
emissions over east Asia in most models.

The east Asia—Pacific region sees a southward shift of the
western Pacific ITCZ that is robust across models (Fig. 5j).
The southward shift of the western Pacific ITCZ can be also
seen in the spatial patterns of precipitation changes that fea-
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ture a north—south (drying centred around 15° N versus wet-
tening centred around 5° S) dipole. The western Pacific ITCZ
shift is consistent with the dust emission induced in surface
radiative forcing (i.e. cooling in the Northern Hemisphere)
(Fig. S15) due to atmospheric absorption (Fig. 2c and f). This
is consistent with Evans et al. (2020), who found a linear rela-
tionship between dust-emission-induced hemispheric asym-
metry in radiative forcing and tropical precipitation shift
along global ITCZs. The southward shift of the western Pa-
cific ITCZ is accompanied by a general expansion of the
western Pacific Hadley circulation and an enhancement of
its ascending branch (not shown) as well as anomalous de-
scent over the subtropical western Pacific Ocean (Figs. 6¢
and S29). The regions of anomalous descent are associated
with co-located reductions in cloud fraction (Fig. 3), anoma-
lous high surface pressure (Figs. 6d and S30), moisture diver-
gence (Figs. 6¢c and S28), and precipitation reduction (Fig. 5).
The equatorward limbs of the moisture divergence feed the
Hadley circulation, forming a positive feedback loop be-
tween the drying of the subtropical western Pacific Ocean
and the southward shift of the western Pacific ITCZ. The re-
gions of anomalous moisture divergence in some models also
feed the tropical/subtropical anomalous easterlies that partly
explain the mixed response of the EASM circulations.

Overall, we found a mixed response of the ASM to dust
emissions which shows considerable diversity across models.
The inter-model diversity in the atmospheric circulation re-
sponse to dust is reflected in the uncertainties in models’ sim-
ulated temperature and precipitation changes. Nevertheless,
the presence of a number of robust circulation changes across
the models and the fact that precipitation changes closely
follow changes in circulation changes and moisture conver-
gence reveal the importance of large-scale atmospheric circu-
lation changes in shaping temperature and precipitation re-
sponses induced by dust emissions. The impact of dust on
the ASM suggests that deficiencies in ASM model simula-
tions in general may be associated with the representation
of dust processes. Meanwhile, the links between the shift of
the western Pacific ITCZ and dust may have implications for
the poorly constrained global ITCZs in most climate models
(Samanta et al., 2019; Fiedler et al., 2020; Mamalakis et al.,
2021). Specifically, since most models fail to capture the in-
terannual to interdecadal variabilities in global and regional
dust processes (Wu et al., 2019; Jin et al., 2021; Evan et al.,
2014), they may also fail to reproduce the fingerprint of dust
on the variability in global and regional ITCZs and monsoon
systems on a number of timescales.

3.4 Relationship to optical properties

Here we investigate the relationship between the strength of
SW absorption to the radiative and circulation changes. Ide-
ally we would relate this back to the dust optical properties
applied in each model (particularly the SSA). However, no
information on the dust mass load or modelled size distribu-

https://doi.org/10.5194/acp-24-13385-2024

13395

tion (which evolves in space and time) is provided in these
CMIP6 experiments (and indeed in most CMIP6 AerChem-
MIP experiments; Zhao et al., 2022). Despite this, we do have
information on the visible wavelength IRI (Table 1) for each
model, which contributes to the absorption.

We calculated Pearson’s correlation coefficients (%) and
their significance (using a two-tailed ¢ test) for changes
in DOD, atmospheric heating, and temperature over India
(defined by the box shown in Fig. 3a) and precipitation
specifically for the Indian monsoon region (18-28°N, 75—
85°E). We selected this region since it demonstrated the
strongest connection between changed dust and circulation
changes. We also examined atmospheric heating normalised
by changes in DOD to account for the range of DOD changes
across the models.

Interestingly, we find no relationship between the IRI and
the change in clear-sky SW atmospheric heating due to dou-
bled dust. However, we note that the model with the largest
IRI (CNRM-ESM2-1) does give the largest change in nor-
malised clear-sky SW atmospheric heating. We do, however,
see a reasonably strong relationship between change in DOD
and the change in SW clear-sky atmospheric heating across
models (2 =0.84, significant). Here GFDL-ESM4 shows
the largest DOD change over India and also the largest at-
mospheric SW clear-sky heating, while CNRM-ESM2-1 had
one of the smallest changes in both. The lack of relation-
ship between IRI and clear-sky SW heating in contrast to the
strong dependence on the DOD change points to the impor-
tance of simulated dust load in influencing atmospheric cir-
culation. It also emphasises the unavailable dust mass/size
data in contributing to changes in both the total absorption
and the DOD alongside the IRI. It appears that the change in
dust burden inferred through the DOD rather than the SW op-
tical properties of the dust is the dominant driver of changes
in SW clear-sky absorption here.

The clear relationship between DOD change and atmo-
spheric heating persists from the SW clear-sky to SW all-
sky absorption (2 =0.81, significant) and also to total (i.e.
SW and LW) clear-sky (r> =0.86, not significant) and all-
sky (r> = 0.88, significant) absorption due to the dominance
of the SW radiative effect of the dust over the LW, as seen
in Sect. 3.1. Additionally, models with a large change in SW
clear-sky atmospheric heating produced greater ISM precipi-
tation change (> = 0.81, significant) and greater decreases in
surface temperature (r2 = —0.87, significant). Thus, the dis-
crepancy in DOD change across models appears to explain
the range of change in SW atmospheric heating under the
doubled-dust scenario, which goes on to cause the range of
responses in precipitation and surface temperature. Since the
change in DOD directly relates to the underlying model DOD
climatology magnitude in each model, this suggests that the
range of dust-induced circulation responses depends on each
model’s underlying dust climatology, which is hugely vari-
able (Zhao et al., 2022).
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In the absence of transported dust size data, we also com-
pared the relationship between change in DOD and SW clear-
sky atmospheric absorption to the maximum size of dust
represented by the models’ dust schemes (Table 1) since
larger size contributes to greater SW absorption (Ryder et al.,
2019). Again, no relationship was evident relating these vari-
ables to the maximum dust size, though this is perhaps unsur-
prising given that models have a tendency not to transport
coarser dust particles far in the atmosphere even if larger
model size bins do exist in the dust scheme (e.g. Ratcliffe
et al. (2024). Further, it is unclear how well modal schemes
may represent the complexities of the coarser end of the dust
size distribution during transport (e.g. Jones et al., 2022).

We note that the small number of models is not ideal for
these statistical tests and neither is the cluster of IRI val-
ues around small values (0.001-0.002¢) with only one model
with a much larger value (0.0087). We did not perform an
analysis of the relationship between LW optical properties
and dust ERF despite their radiative importance due to the
LW optical properties being even more difficult to identify
for each model than those of the SW spectrum and the im-
portance of other measures of dust such as plume altitude
and size. We found that there was no relationship between
change in DOD and clear-sky LW atmospheric heating.

4 Conclusion and discussion

We investigated the fast ASM response to a doubling of
global dust emissions in seven CMIP6 models. Our results
offer a parallel to the impacts of preindustrial-to-present-day
global dust emission changes since global dust emissions
have approximately doubled since preindustrial times as well
as an insight into the concealed effect of dust on climate
within the latest generation of climate models. We found
that doubled dust emissions cause significant atmospheric
absorption over Asia. This results in circulation changes:
an intensification of the ISM (precipitation increases of up
to 5 %) exhibited by increased cloud and precipitation in this
region, whereby the radiative effects of the increased cloud
amplify the radiative effects from doubled dust, further en-
hancing circulation changes despite a surface cooling of the
Indian subcontinent due to increased precipitation. Addition-
ally, we find a southward shift of the western Pacific ITCZ
as a result of the circulation changes from dust absorption.
These demonstrate important fingerprints of dust emissions
on the ASM through dust-absorption-induced large-scale cir-
culation changes. For the ISM, we find that the strength of the
monsoon response depends on the magnitude of the change
in dust shortwave absorption, which is related to the change
in DOD and therefore the underlying model dust climatol-
ogy, which is hugely variable across models. We found no
relationship between dust-driven atmospheric absorption and
dust imaginary refractive index, with DOD changes being the
primary driver. However, the lack of dust size and mass data
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in the CMIP6 experiments prevents a full analysis of the rela-
tionship between dust optical properties and atmospheric ab-
sorption effects. There are also considerable uncertainties in
models’ simulated dust processes and in the large-scale cir-
culation changes in response to dust emissions across mod-
els. Particularly, the model climatology of dust emission and
loading seems to play a role in model-simulated climate re-
sponses. This demonstrates the importance of observation-
ally constrained dust processes and properties, particularly
absorption and DOD, for constraining the ASM and better-
constrained large-scale circulations for more reliable simula-
tions of dust—climate interactions.

We provide the caveat that the responses to dust emis-
sions might be incomplete in the model simulations we anal-
ysed here (Zanis et al., 2020). Firstly, the CMIP6 mod-
els poorly capture and underestimate dust load over the In-
dian subcontinent (Zhao et al., 2022). Therefore, the dust-
induced atmospheric absorption there and its impacts might
also be underrepresented. Secondly, the contribution of Asian
dust emissions to the global total is found to be underes-
timated by present-generation climate models (Kok et al.,
2021a). Thirdly, the significant low biases in the size and size
distributions of dust particles in present-generation climate
models (Ryder et al., 2019; Adebiyi et al., 2023a; Huang
et al., 2021) may also mean underestimated atmospheric ab-
sorption and reduced longwave dust-radiation interactions,
which could alter the impacts of doubling dust emissions.
Although recent results (Di Biagio et al., 2019) suggest that
climate models tend to apply values of the imaginary part
of the refractive index of dust which are too high in the
shortwave spectrum, we find that most models examined
here apply values within a reasonable range. Modelled size-
resolved mass concentration data are generally not available
for the CMIP6 experiments. Inclusion of such data in future
CMIP experiments would be beneficial for understanding the
breadth of interactions from dust optical properties through
to climate and circulation and is recommended for inclusion
in future experiments. We also urge the modelling commu-
nity to make model dust optical properties in both the short-
wave and longwave spectra, more easily available and up to
date. Assumptions and uncertainties around these parameters
in climate models will have great implications for model-
simulated signs and magnitudes of the climate responses to
dust emissions. Finally, the experiments analysed here are
atmosphere-only simulations. The pattern and magnitude of
the response to dust is likely different in fully coupled cli-
mate models, as has been demonstrated in several studies of
the response to anthropogenic aerosols (Ganguly et al., 2012;
Samset et al., 2016; Voigt et al., 2017) since the anticipated
cooling effect of dust on sea surface temperatures may have
impacts on monsoon circulation.

We acknowledge that the climate response to dust emis-
sions is still highly uncertain in climate models given the
large diversity reported here. However, whether conclusions
drawn from the seven models analysed here are just a re-
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flection of a sample of many more CMIP6 models is un-
known, and we note that the number of models participat-
ing in this experiment is fairly low (seven). For example,
we report model agreement where the number of models in
agreement with the MMM is five out of seven — having bet-
ter statistics and model participation is desirable. This war-
rants a community effort to better understand and simulate
dust processes in climate models given their potential signif-
icance in accurately simulating other intertwined processes.
The responses presented here are due to global dust emis-
sions, and we recommend further model experiments to com-
pare the impacts of local and remote dust emissions. Dust
as ice nuclei and related processes is still missing in most
models, which may affect model-simulated dust—climate in-
teractions (Froyd et al., 2022). We noted, however, that two
models (MPI-ESM-1-2-HAM and NorESM2-LM) have pa-
rameterised dust particles as ice nuclei. Nonetheless, changes
in ice—cloud microphysics (Fig. S31) in these two models are
insignificant; high-cloud changes in dusty regions are of op-
posite signs such that the inclusion of dust-IN interactions do
not explain their differences compared to other models. We
therefore suggest further studies to understand the possible
reasons behind this.

In summary, we found that doubling global dust emissions
results in enhanced atmospheric absorption over the Arabian
Sea and south Asia, causing an intensification of the ISM and
resulting in increased precipitation over the Indian subcon-
tinent and a subsequent surface cooling, a mixed response
of the EASM, and a southward shift of the western Pacific
ITCZ in the CMIP6 models. These responses feature large
inter-model diversities that are intertwined with diversities
in model-simulated large-scale circulation changes, although
the magnitude of these changes depends on the magnitude
of the dust-induced atmospheric absorption that is strongly
related to the dust optical depth. These responses may only
represent a certain fraction of the full response. It is there-
fore possible that dust may play an even greater role in global
climate interactions than we present here. More importantly,
we suggest that accurate representation of dust should be a
consideration in efforts to reduce monsoon biases in climate
models, and dust may represent an important feedback in fu-
ture projections of both the ASM and the regional and global
ITCZs.

Data availability. This work uses simulations from the Cou-
pled Model Intercomparison Project (Phase 6; https://www.
werp-climate.org/wgem-cmip, World Climate Research Program,
2020). Model outputs are available on the Earth System
Grid Federation (ESGF) website (https://esgf-data.dkrz.de/search/
cmip6-dkrz/, last access: 1 December 2023, Earth System Grid Fed-
eration, 2020).
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