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To address these issues, an internationally coordinated modeling effort was initiated in the framework of the Aerosolz\ﬁ \

Comparisons between Observations and Models (AeroCom), namely the UTLS model experiment, which is a part of the AeroCom

Phase-III studies. AeroCom is an open international initiative involving more than 20 global modeling groups and numerous

observational teams, aimed at evaluating aerosol processes across models, identifying sources of model-observation differences,

and accessing a wide range of aerosol environmental impacts (https://aerocom.met.no/). Since its inception in 2002, AeroCom has

organized numerous multi-model experiments, targeting various topics including aerosol composition, chemical, physical, and

optical properties, trends, radiative forcing, aerosol-cloud interaction, impacts on environment and climate, etc. (see

https://aerocom.met.no/publications/ for published results from previous AeroCom studies). AeroCom is also in alliance with

another international initiative, the International Satellite Aerosol Science Network (a.k.a. AeroSat, https://aero-sat.org/), since

2013 to foster a close collaboration between the global modelling and observation communities.,

This study reports results from the AeroCom Phase-11], UTLS model experiment to study the aerosol variability and trends in
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The model experiment setup and satellite AEC datasets are described in Sect. 2. Results are presented in Sect. 3, including
model-observation comparisons, process attribution using diagnostic tracers, and assessments of aerosol trends and variability.

Outstanding issues and broader implications are discussed in Sect. 4, followed by conclusions in Sect. 5.
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monthly CO anthropogenic and biomass burning emissions from 2010 CMIP6 dataset and specified secondary CO production

sources from methane and non-methane VOC oxidations (see Supplement section S1). The same annual cycle is repeated each

year during 2000-2018. A uniform 50-day atmospheric lifetime is applied as the sole sink for TRcoso. Because the source and sink

terms are identical across all models and all simulation years, any spatiotemporal differences in the simulated TRcoso distributions

725 can be attributed exclusively to model-dependent transport processes and underlying meteorology.

Aerosol removal processes are tracked by a pair of lead (>'°Pb) and radon (**’Rn) tracers, referred here as TRpy and TRgax

respectively. TRra is emitted from land surfaces (Zhang B. et al., 2021, Zhang K. et al., 2011) and decays with a 5.5-day lifetime - (Formatted: English (US) )
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2.2 Participating model configurations
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Aerosol microphysics schemes also differ. Five models use bulk aerosol schemes simulating mass concentrations with fixed

size bins and considering particle growth as a function of ambient relative humidity, whereas four models employ more advanced

microphysical schemes (either modal or sectional) for treatment of aerosol mixing states and particle size distributions.

Additionally, only GEOS-i33p2 accounts for the stratospheric background sulfate aerosol produced from carbonyl sulfide

(OCS) oxidation, which is an important stratospheric aerosol source but is omitted in other models.

2.3 Satellite aerosol extinction data in the UTLS

Acrosol extinction vertical profiles in the UTLS are available from both active (lidar) and the limb-scatter satellite jnstruments.<,
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2018; Nogél et al., 2020), and the Ozone Mapper and Profiler Suite Limb Profiler (OMPS LP) on the Suomi-NPP satellite (Taha et
al., 2021). Table 3 lists brief information about these products.

Among the satellite products, OSIRIS provides the longest temporal overlap (2001-2018) with the study period, followed by
CALIOP (mid 2006-2018), SCIAMACHY (2002-2012), and OMPS LP (2012-2018). AEC products from the limb-scatter

instruments at 750 nm are converted to 550 nm by multiplying a factor of 2.0 (based on typical Angstrém Exponent of 2.2) while

AEC from CALIOP is used at its native wavelength of 532 nm. Noted, retrievals, of AEC in the upper troposphere and near the

tropopause are especially challenging due to the frequent co-existence of aerosols and cirrus clouds, which limits the reliability

and representativeness of aerosols retrieved from the measured signals (e.g., Kremser et al., 2016; Langille et al., 2025).
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Table 3. Satellite products of aerosol extinction coefficient profiles in the UTLS. -« CFormaﬁed: Space Before: 8 pt
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Instrument

OSIRIS

SCIAMACHY

OMPS LP

CALIOP

Timeframe

2001-present

20022012

2012-present

20062023

Aerosol extinction
product

Limb-scatter

measurements of aerosol
extinction profiles at 750
nm, converted to 550 nm

Limb-scatter

measurements of aerosol
extinction profiles at 750
nm, converted to 550 nm

Limb-scatter
measurements of aerosol
extinction profiles at
multi-wavelength

Laser measurements of
aerosol backscatter
converted to extinction at
532 nm

Spatial coverage Cloud top to 35 km Cloud top to 38 km Cloud top to 40 km Tropopause to 36 km

Data version Version 7.0 daily gridded ~ Version 3.0 daily gridded ~ Version 2.1 (NASA) daily ~ Strat_V1-00 monthly
profiles profiles gridded profiles gridded profiles

L3 spatial resolution 30° lon, 5° lat, 15° lon, 5° lat, 20° lon, 1.5° lat, 20° lon, 5° lat,

~2 km vertical

3-4 km vertical

1 km vertical

0.9 km vertical

3 Results

3.1 Comparisons of AEC between observations and models in the UTLS ASMA region
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tropopause, satellite retrievals are subject to larger uncertainties with little L3 data available over the ASMA region because of 4
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Figure 2: Comparisons of monthly AEC (2002-2018) near the tropopause over the ASMA region from nine participatin

models’ BASE simulations at 100 hPa (color-shading) against four satellite products at 16.5 km altitude (lines). Model-

simulated non-volcanic and volcanic AEC are shown in green and yellow shadings, respectively. In GEOS-i33p2 model
anel a), light green shading indicates the contribution of background sulfate aerosol formed by OCS oxidation (not

included in other models). Note that the GFDL models (panels e and f) do not include volcanic emissions in their BASE

simulations.
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Figure 3: Same as Fig. 2 but at 70 hPa for model output and 19.5 km for satellite products.

Third, the GEOS-i33p2 (panel a) simulations suggest that background sulfate aerosol from OCS oxidation gcontributes<,
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substantially, to stratospheric AEC, accounting for 70-80% of non-volcanic AEC at 70 hPa (Fig. 3), although this source has a

minor contribution (about 10%) at 100 hPa (Fig. 2). Such source is not included in other models.,

Lastly, differences also exist among the satellite AEC products, with CALIOP (grey line) generally showing higher AEC than

the limb-scatter instrument retrievals near the tropopause (Fig. 2), although the inter-satellite variability is much smaller than the

inter-model spread.

To mitigate the large uncertainties associated with model-specific treatment of volcanic and background aerosols, which are

less relevant to ASM-driven processes, we focus the remainder of the analysis on model simulations of non-volcanic aerosols from

VOLO experiment at 150 hPa representing upper tropospheric conditions most affected by the monsoon dynamics.
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025 3.2 Model-simulated non-volcanic aerosols in the upper troposphere

We begin by analyzing model results for August 2012 as a representative case to illustrate the inter-model spread. Monthly
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mean non-volcanic AEC at 550 nm in August 2012, based on models’ VOLO simulations, are shown in Fig. 4 for horizontal .

distributions at 150 hPa and in Fig. 5 for longitude-pressure vertical cross-section in the 10°N—40°N latitudinal band.
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sharp vertical gradient between the surface and the UTLS in all models, but they disagree on how deeply aerosols are lofted:

GEOS-i33p2 (Fig. 5a) produces the strongest vertical intrusion into the UTLS, while ECHAM6 HAMMOZ (Fig. 5i) shows the

sharpest decrease with altitude, with minimal free tropospheric aeroso
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line marks the longitudinal range of the ASMA region at 150 hPa,

S
wn
=

Model-simulated,non-volcanic AEC averaged over the ASMA region at 150 hPa for August 2012 are summarized in Table 4.
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Results cluster, into three groups; group A includes GEOS-i33p2, (panel a), CIESM-MAM7,(b), and GISS-OMA (c) with simulated

AEC values above 1.5 10° km'; group B includes d), GFDL-fSST, (e), GFDL-nSST,

MIROC-SPRINTARS (h) with simulated AEC values around 0.5-0.7 10° km';, group C includes ECHAM6-HAMMOZ (i), with
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a much lower AEC value a0.13 10° km™'. ECHAM6-HAMMOZ also, exhibits a unique horizontal distribution at 150 hPa with no
evident maximum pver, the ASM (see Fig. 4). We further calculate the coefficient of variation (CV) of mean, AEC in the ASMA ]

region among the models, defined as the ratio between the inter-model standard deviation (stdev) and multi-model mean (expressed j
N CFormatted:

as percentage), to provide a measure of the degree of inter-model spread. Previous studies have also referred to this metric as model

“diversity” (Textor et al., 2006). We exclude the ECHAM6-HAMMOZ model from this calculation pecause it does not provide ;

the standardized gransport and removal tracer simulations that are necessary for diagnosing, processes relevant to AEC (see Sect.

3.3 and 3.4). The multi-model mean AEC in the ASMA region from the eight models is 1.22 10° km™ with a standard deviation of

0.96 10° km!, leading to a large CV value of 79%. These results highlight major unresolved differences in aerosol processes across

models.
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Several major factors contribute to the large differences in model-simulated AEC in the ASMA region despite all models using . *
Vi

the same prescribed surface emissions. These factors include the processes related to convective transport of aerosols and precursor

gases from the planetary boundary layer to the upper troposphere, removal of acrosols by wet scavenging, chemical production of H

secondary aerosols from their precursor gases during transport, and aerosol mass extinction efficiency (a function of aerosol
chemical composition, particle size distribution, particle density, and hygroscopic growth, any of which may differ among models).
In the following section, we diagnose inter-model differences in two of the most important processes contributing to model
diversity, namely the convective transport (diagnosed using the pollutant transport tracer TRcoso) and the wet removal (diagnosed

with the aerosol removal tracer TRpb/Ry,

Table 4. Model-simulated non-volcanic AEC, TRcoso, and TRpvra averaged over the ASMA region at 150 hPa for August2012.« %

Multi model means, standard deviations, and coefficients of variation (CV) are provided, excluding ECHAM6 HAMMOZ due to
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missing tracer output,

Model AEC TRcoso TR
— (10° km™) (ppb) (kg k')
(a) GEOS-i33p2 2.84 1054 0.87
(b) CIESM-MAM7 241 110.1 121
(c) GISS-OMA 1.71 104.2 1.01
(d) GISS-MATRIX 0.61 103.7 1.04
(e) GFDL-fSST 0.69 106.9 0.44
() GFDL-nSST 0.53 105.7 0.48
(g) CAMS-ATRAS 0.50 98.2 0.79
(h) MIROC-SPRINTARS 0.47 107.4 0.53
(i) ECHAM6-HAMMOZ 0.13 - -
Mean (a-h 1.22 105.2 (80.2)' 0.79
Stdev (a—h 0.96 3.5 (3.5)! 0.28
CV (%) (a-h) 79% 3% (4.3%)' 35%
"Numbers in parenthesis are calculated with 25 ppb background TRcoso value excluded. «
3.3 Inter-model differences in transport and removal process of aerosols <«

3.3.1 Diagnosing inter-model differences in transport process

Horizontal distributions of model-simulated transport tracer TRcoso at 150 hPa for August 2012 are shown in Fig. 6. All«

models displa

similar features of highest concentration in the ASMA core region and patterns to the west and east of ASMA. In
contrast to the large inter-model differences in non-volcanic aerosol distributions presented in Fig. 4, TRcoso concentrations from

the models are much more similar. This similarity reflects identically prescribed emission and loss rates, the relatively long lifetime
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Figure 7 shows the model;simulated pressure-longitude vertical distributions of TRcoso averaged over the 10°N—40°N latitude

band for August 2012. All models clearly gxhibit, two major pollutant convective transport pathways over the ASM domain, one |

located at ~70-90°E over India and another at ~100—120°E over China. Convective transport of TRcoso is also seen at locations

west of S0°E over Middle East/eastern Africa region, but this stem does not reach the upper troposphere except in CIESM-MAM?7 :

(a) GEOS-i33p2 CO50 (ppb) 150 hPa 201208 (b)!

P05  (Fig.7b). Another convection branch appears in, the North American monsoon region jn all, models with much lower, TRcoso
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particles such as dust and sea salt, more tightly to their sources

Despite broad similarities in the transport features, the vertical extent and magnitude of TRcoso over monsoon Asia still differs+
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in the lower atmosphere.
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Figure 8: Same as Fig. 5 but for the removal tracer TRpprn. The grey boxjndicates the vertical range used to compute «

the column integrated, pressure weighted mean TRpy/rn values over the ASMA region (see text for explanation).
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Figure 9: Model-simulated mean values of AEC

rev), TRcoso (red), and TRpp/rn
August 2012. The correlation coefficients between AEC and TRcoso, between AEC and each tracer, and the combined

multivariable regression, are shown in the upper right. The ECHAM6-HAMMOZ model is excluded due to missing
tracer output.
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Figure 10: (a—c, left y-axis) Multi-model (excluding ECHAM6-HAMMOZ) means of AEC at 150 hPa, TRcos at 150

hPa, and TRpyra averaged between surface and 150 hPa, respectively, for the ASMA region in August 2000-2018.
Vertical lines shown model standard deviations for a given year (divided by 10 in panels a and c for clarity. (right y-

axis) percentage departure from each variable’s 19-year mean. (d) Annual CMIP6 anthropogenic emissions of

rimary aerosols and secondary aerosol precursor gases over Asia (5° N-50° N, 65° E-130° E) relative to each species’

19-year mean. Anthropogenic emissions from 2015 to 2018 are kept the same as that in 2014 (shown as white circles).

Mann—Kendall trend statistics (Sen’s slope and p-value) appear at the bottom of each panel; correlation coefficients
between AEC and all other variables are listed in the lower text box below the panels.

The multi-model ensemble mean of AEC in the ASMA region at 150 hPa (Fig. 10a), displays a statistically significant
increasing trend from 2000 to 2018 {p = 0,021 from MK test), with a Sen’s slope of 0.013, 10> km™! yr'!, equivalent to about 1.2%

yr'y This increasing AEC trend is, in contrast with the cases of,convective transport tracer TRcoso (Fig. 10b) and the removal tracer |,
TReore, (Fig. 10c), neither of which shows any statistically significant trend, (higher p-values),

variabilities in transport and removal processes over fhe, two decades do not contribute to the overall long-term increase in AEC
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within the ASMA region. On the other hand, the AEC trend is consistent with the increasing trends of anthropogenic emissions of

primary aerosols and aerosol precursors in Asia (Fig. 10d), all of which show, statistically significant increasing trends between

1.2% and 3 9% per year, (p-values less than 2.8 x10° for all species in Fig. 10d), This consistency can be gonfirmed in the linear f

relationship between AEC and other variables (listed at the bottom of Fig. 10); AEC does not correlate with either the transport,or - -

wet removal fracers, (R=0.08 and -0.14, respectively) but it correlates significantly with the surface anthropogenic emissions of all

aerosol-related species (R = 0.73-0.82,).

As described in Sect. 2.1, the model simulations for 2015-2018 used CMIP6 anthropogenic emissions in 2014, due to the lack+

of emission estimates after 2014. To examine the effects of using the constant anthropogenic emissions for the last 4 years in

model-estimated trends, we calculate p-values and Sen’s slopes with the MK method by removing the 2015-2018 simulations. The

resultant statistics remains similar for all variables, e.g., p-value for AEC increases slightly to 0.023 and, as expected, the trend
x
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increases to 0.018 10° km™' yr'!'. At the same time, changes of correlation coefficients between AEC and anthropogenic emissions

in Asia are within = 0.01, and AEC still does not correlate with the transport and removal tracers, These results indicate that the

increase in non-volcanic AEC in the ASM upper troposphere in recent decades has been determined primarily by the growth of -

anthropogenic emissions in Asia, and the future changes of such trend, either increase or decrease, can be projected with the

forecast of future anthropogenic emissions,

v
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Interannual variability: We further examine the interannual variabilities of upper tropospheric AEC, TRcoso, and TRpb/ra in

the ASMA region using multi-model ensemble means with the linear trend of AEC removed from the time series. To examinghow

the interannual variabilities are related to large-scale climate or monsoon variabilities, we correlate the yime series, of detrended
AEC, TRcoso, and TReyra with the Multivariate El Nifio/Southern Oscillation (ENSO) Index version 2 (MELv2) and two Asian |

summer monsoon indices, the East Asian Summer Monsoon Index (EASMI) and the South Asian Summer Monsoon Index

(SASMI). Table 5 provides brief descriptions of these indices.

Table 5. Climate and Asian summer monsoon indices.

MELv2 SASMI EASMI

Definition Bimonthly overlapping leading combined An area-averaged dynamical An area-averaged dynamical
Empirical Orthogonal Function of five normalized seasonality index normalized seasonality index
variables (sea level pressure, sea surface (JJA) based on intensity of the (JJA) based on intensity of the
temperature, zonal and meridional components normalized wind fields at 850 hPa  normalized wind fields at 850 hPa
of the surface wind, and outgoing longwave within the South Asian domain within the East Asian monsoon
radiation) over the tropical Pacific basin (30°S—  (5°N-22.5°N, 35°E-97.5°E) domain (10°N-40°N, 110°E—
30°N and 100°E-70°W 140°E

References  Zhang et al., 2019 Li and Zeng, 2005 Li and Zeng, 2005

Weblink https://psl.noaa.gov/enso/mei http:/lijianping.cn/dct/ http:/lijianping.cn/dct/

page/65576

page/65577

As shown in Fig. 11, the detrended AEC, TRcoso, and TRpura exhibit moderate correlations with MELv2, with both AEC and+

TRcoso negatively correlated (R = -0.41 and -0.42, respectively) but TRewrn positively correlated with MELv2 (R = 0.68). These
relationships imply that during years with negative MEI v2 (La Nifia conditions), convective transport tends to be more efficient
while wet removal tends to be less efficient over the ASM region, leading to higher AEC values in the upper troposphere compared

to years with positive MELv2 (El Niflo conditions). By contrast, variations in AEC and the two tracers in the ASMA regions show »

low correlations with the two wind-based Asian summer monsoon indices, SASMI and EASMI (R =-0.16 and -0.29, respectively; :“gv |

Figures not shown).

The multi-model ensemble results presented in this section suggest that the non-volcanic AEC trend in the upper tropospheric+

ASMA region corresponds to anthropogenic emission trends in Asia, while interannual variability in AEC appears to be linked to

climate variability represented by MELv2.
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Figure 11: Scatter plots showing correlations between MELv2 and the detrended Augst values of AEC (left), TRcoso
middle), and TRpp/ra (right) in the ASMA region for 2000-2018.
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In this section, we discuss several modeling and evaluation issues encountered in the preceding analysis of UTLS aerosols,«/

with the aim of identifying approaches to jmprove, future coordinated, efforts.

Inter-model differences in AEC: The multi-model simulations of, non-volcanic AEC in the summertime upper tropospher

ASMA region exhibit substantial diversity, with an inter-model CV across the eight models ranging from 64% to 84% cvaluated

Jor August during 20002018, Diagnostic results from the common transport {TRcoso), and removal {TRpbrs) tracers indicate that

difference, in gvef removal processes is ynore responsible, than fransport for the inter-model spread in AEC, and transport and -
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microphysics schemes, size distributions, and pptical property assumptions, should also contribute to the AEC variance, a full

quantification, of these gffects, would require additional targeted model putputs,or common tracers.

Furthermore, significant discrepancies in model-simulated volcanic AEC from, the BASE experiment (Fig. 2;3) highlight

persistent, challenges jn representing, volcanic aerosols, in the models, despite all models psing identical, prescribed yolcanic SO-

inputs. These discrepancies suggest large differences in implementing plume jnjection heights, sulfate aerosol formation pathways

through SO: oxidation, and microphysical treatments of volcanic aerosols. Obviously, considerable effort is needed in the modeling

community to improve yolcanic aerosol simulation capabilities, which is essential, for broader climate and composition

Applications. Finally, the inclusion of background, sulfate aerosol, from OCS oxidation is necessary for an accurate representation,

of stratospheric aerosol loading, especially, during volcanically quiescent periods. [The absence of this gomponent in most
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participating models Jimits a comprehensive assessment of aerosol composition, variability, and trends in the stratosphere.
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The large model diversity in AEC may hamper the robustness of the two-decadal multi-model ensemble AEC trend in the

upper tropospheric ASMA region presented in Fig. 10. While differentially weighting models based on observational agreement

(e.g., Brunner et al., 2019) could potentially refine the multi-model ensemble means by excluding outliers, our focus on the

tropospheric-originating, non-volcanic aerosols that are not directly observable, thus making an unweighted ensemble approach

more reasonable for this study.

Diagnostic tracers for model processes: The inclusion of standardized, transport and removal tracers, in this experiment

provide valuable information on the characteristics of advection, convection, and aerosol removal efficiency, allowing a, more

caveats apply when interpreting the results. For TRcoso, a key, advantage is the co-location, of CO sources with ynany, fine,mode |
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