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The Arctic is experiencing heightened precipitation, affected by aerosols impacting rainfall and
snowfall. However, sparse aerosol observations in the central Arctic cryosphere contribute to
uncertainties in simulating aerosol-precipitation two-way interaction. This study examines aerosol-
precipitation co-variation in various climate models during the Arctic spring and summer seasons from
2003 to 2011, leveraging satellite-based aerosol data and various CMIP6 climate models. Findings
reveal significant spatio-temporal biases between models and observations. Snowfall dominance
occurs in models where total AOD surpasses the observation by 121% (57-186%, confidence interval),
intensifying simulated snowfall by two times compared to rainfall during summer. Consequently,
climate models tend to underestimate central Arctic rainfall to the total precipitation ratio, suggesting a
positive bias towards snowfall dominance. This highlights the importance of constraining total AOD
and associated aerosol schemes in climate models using satellite measurements, which potentially
could lead to a substantial reduction in snowfall contribution to the total precipitation ratio in the central
Arctic, contrary to current multi-model simulations across various spatiotemporal scales.

The Arctic is undergoing rapid warming, surpassing the global average by a
factor of up to four'. This phenomenon is termed Arctic Amplification
(AA)". According to recent studies based on the Coupled Model Inter-
comparison Project (CMIP6)” multi-model ensemble mean (MMM), AA
results in profound consequences on the transition from snow- to rain-
dominated precipitation patterns in the Arctic*, with significant socio-
economic-ecosystem implications™. Previous research has extensively
explored various factors contributing to the rain-dominated Arctic, such as
amplified moisture transport from lower latitudes™, increased evaporation
due to sea ice loss’, and an increase in temperatureg. However, the influence
of aerosol particles on precipitation and its type (snowfall and rainfall) in the
central Arctic remains inadequately explored’.

Aerosol particles influence cloud-precipitation two-way interaction by
acting as cloud condensation nuclei (CCN) and ice nuclei particles (INP) as
well as getting wet-scavenged by precipitation'’. Precise aerosol load and
associated aerosol calculation schemes in climate models are thus essential
for simulating aerosol-cloud-precipitation interactions, in turn, snowfall,
and rainfall". This is critical for partitioning the influence of aerosols on
clouds and precipitation types''. The uncertainties surrounding the influ-
ence of aerosols on precipitation, as well as the removal of aerosols through
wet scavenging by precipitation, are especially pronounced in the central
Arctic”. Part of this difficulty stems from the insufficient availability of
measurements of total aerosol load, more precisely the subset of the aerosol
types acting as CCN and INP", leading to potentially significant biases in
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quantifying the magnitude of the impact of aerosols on snow and rainfall as
well as removal of aerosols by wet-scavenging due to precipitation over the
central Arctic'™",

Addressing this lack of aerosol observational data gap hasled to research
campaigns like MOSAiIC"”, ACLOUD/PASCAL', and PAMARCMIP"",
alongside land-based measurements™"*". Still, these efforts did not represent
the vast central Arctic. Furthermore, using various satellite observations has
the potential to present aerosol distribution information across the central
Arctic. However, all these satellites are limited in their ability to retrieve
aerosol optical depth (AOD), especially in the central Arctic*™. This is
mainly associated with the fact that the algorithms employed by these
satellites are not specifically designed for retrieving data over cold and highly
reflective surfaces, as well as interference from clouds***.

Given the scarcity of comprehensive aerosol measurements over the
central Arctic snow and ice-covered areas, different attempts tried to address
this lack of aerosol distribution information by using AOD obtained from
top-of-atmosphere reflectance (TOA) from various remote-sensing space-
borne platforms™ . Nonetheless, these efforts have mainly concentrated on
assessing AOD over Spitsbergen Island of Svalbard archipelago, leaving
much of the central Arctic cryosphere unmonitored. Recently, an advanced
algorithm named AEROSNOW™ has emerged, specifically designed to
retrieve AOD in the central Arctic snow and ice-covered regions. This
algorithm offers a detailed spatial depiction of AOD spatio-temporal dis-
tribution over the expansive central Arctic cryosphere (70°N), covering
almost up to a decade from 2003 to 2011%.

In this study, we aim to bridge the scientific knowledge gap
described earlier by investigating the spatio-temporal AOD disparity
simulated by CMIP6 models and retrieved by AEROSNOW in the
central Arctic. Our emphasis is on evaluating its effects on snow and
rain precipitation as well as the impact of precipitation on the wet-
scavenging removal of aerosol in the relatively unexplored central
Arctic cryospheric region across different spatial and temporal scales
from 2003 to 2011. Our analysis reveals that CMIP6 models struggle to
accurately capture seasonal variations in aerosol observed by satellite.
Key findings indicate: (a) Majority of CMIP6 models inadequately
simulate total aerosol load, leading to a positive bias towards snowfall
across the central Arctic. (b) Modeled aerosol compositions are sig-
nificantly inconsistent between models, emphasizing the need to
integrate improved aerosol formation, transport, and deposition
knowledge to constrain its effects on Arctic precipitation. Recent
research” has shown that the latest climate models (CMIP6) estimate a
faster and more substantial increase in Arctic rainfall than previous
estimations based on CMIP5 models and associated this escalation in
rainfall to heightened moisture transportation from lower latitudes,
escalated evaporation stemming from sea ice reduction, and elevated
temperature. However, we propose that the contribution of rainfall to
the total precipitation ratio could become even more alarming than
currently estimated by ref. 4 with the integration of more realistic
aerosol load and aerosol schemes into these models, which simulate
high AOD. This study, therefore, serves as a baseline to support the
extensive literature that relies on CMIP6 models to quantify the mag-
nitude of aerosol-precipitation co-variation over the central Arctic sea
ice region.

Results and discussion

Setting the stage: retrieval of AOD over the central Arctic sea
ice region

The AEROSNOW retrieval focused on the rapidly changing central Arctic
cryospheric region. Given the challenge of highly reflective surfaces, and
low-level mixed-phase clouds to obtain observational data on aerosol dis-
tribution there, an advanced retrieval approach was undertaken®. The
AEROSNOW retrieval method was utilized, employing data from the
AATSR instrument aboard the ENVISAT satellite. This algorithm, detailed
in”, identifies and separates cloud-free scenes at high latitudes and retrieves
AOD”, presented in Fig. S1. The climate models employed in this study are

outlined in Table S1. Assessment of individual climate models concerning
AEROSNOW is illustrated in Fig. S2 and Table S2.

The study delves into two specific Arctic seasons: spring (April-May)
and summer (June-July—August). These seasons are characterized by the
interplay of anthropogenic aerosol transport over long distances in spring
and natural aerosol emissions locally during summer. Spring exhibits low
precipitation levels, while summer experiences high levels of precipitation'*”".
Thus AEROSNOW retrieval during these seasons serves as a benchmark to
assess CMIP6 climate models™ ability to simulate aerosols over the central
Arctic, providing insight into model performance relative to satellite obser-
vations and their association with types of precipitation.

Seasonal aerosol-precipitation nexus

During the spring season, both individual CMIP6 models and the
ensemble mean struggle to accurately simulate total AOD compared to
AEROSNOW observations (Fig. 1a). The MMM for low-AOD (models
underestimating AOD), high-AOD (models overestimating AOD), and
combined (Low-AOD + high-AOD) models shows underestimations and
overestimations by —55%, 221%, and 32%, respectively, compared to
AEROSNOW observations (Fig. 1a). Only the EC-Earth-AerChem and
MMM (All) models, within two standard deviations, fall within two
standard deviations of the satellite AOD observations. This indicates that
these models show better alignment with the observational data compared
to others (Fig. 1a). Snowfall dominates across all models during spring by a
factor of 6 compared to rainfall. Notably, high-AOD models, which
overestimate AOD by an average of 221%, exhibit the lowest rainfall at
approximately 0.084 mm/day, underestimating by —13% with respect to
the MMM of rainfall (Fig. 1a). Moreover, during the summer season, most
models do not accurately simulate the total AOD within two standard
deviations of satellite observations (Fig. 1b). However, the EC-Earth-
AerChem, MRI-ESM2-0, IPSL-CM5A2-INCA, and MMM (All) models
show AOD values within two standard deviations of the satellite obser-
vations (Fig. 1b). This suggests that these models more closely match the
observed AOD, reflecting a better representation of aerosol distribution
during the summer season compared to other models. The MMM for low-
AOD and high-AOD models shows significant discrepancies, with
underestimations of —48% and overestimations of 122%, respectively. In
contrast, the combined MMM (Low-AOD + High-AOD) closely aligns
with measurements, showing only a 5% overestimation.

When investigating precipitation types in summer, low-AOD models
simulate two-fold higher rainfall compared to high-AOD models
(0.73 mm/day for low-AOD models vs. 0.36 mm/day for high-AOD
models). Conversely, high-AOD models simulate 1.6 times higher
snowfall than low-AOD models (0.43 mm/day for low-AOD models vs.
0.70 mm/day for high-AOD models) (Fig. 1b). This bias towards snowfall
in high-AOD models affects the combined MMM, resulting in snowfall
becoming the slightly dominant form of precipitation in the central Arctic
region at 0.56 mm/day compared to rainfall at 0.54 mm/day (Fig. 1b).

Given that the Arctic is fully illuminated by sunlight in summer, it is
expected to be rainfall-dominated’. Thus, it is crucial to adjust the total
AOD, and the speciation of the aerosol types, which will, in turn, optimize
the CCN and INP number concentrations together with implementing a
precise aerosol scheme in high-AOD models during summer to match
AEROSNOW AOD observations could lead to a higher dominance of
rainfall than currently projected. This highlights the limitations of the
MMM of climate model ensembles in evaluating the current magnitude of
rainfall associated with AA over the sea ice region (Fig. 1b).

The high-AOD models positive bias towards snowfall during summer
affects the precipitation types during both spring and summer combined
(Fig. 1c). However, in high-AOD models, snowfall is enhanced by threefold
more than rainfall (snowfall is 0.67 mm/day, rainfall is 0.22 mm/day)
(Fig. 1c). This threefold higher snowfall contributes to the dominance of
snowfall in combined MMM in the central Arctic over rain approximately
by a factor of two. The relative percentage difference of AOD with respect to
MMM, its components, and the associated precipitation of each individual
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Fig. 1 | Spring and summer AOD and its compo-
nents, temperature, relative humidity, along with
corresponding snow and rainfall, averaged from
2003 to 2011, for both individual models and
AEROSNOW AOD. a—c Represent the spring,
summer, and combined (spring + summer) mean
aerosol components of each model, the multi-model
mean, and AEROSNOW averages over the high
Arctic sea ice region, respectively. Models simulat-
ing total AOD falling below and above the AERO-
SNOW levels are categorized as low-AOD and high-
AOD models. Dotted maroon lines indicate two
standard deviations, while solid lines represent the
mean of AEROSNOW AOD data. The black vertical
line above each AOD bar plot shows the two stan-
dard deviations of total AOD simulated by each
model. Blue, red, and blue-violet dotted lines depict
total precipitation, snow precipitation, and rain
precipitation respectively. These dotted lines for
precipitation serve as visual aids to discern changes
in precipitation across models simulating from low
to high AOD. d-fis the same as a—c but for aerosol-
only simulations. g-i and j-1 are the same as a-c but
for temperature and relative humidity respectively.
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model are presented in Fig. S3. Adjusting total AOD together with aerosol
schemes in high-AOD models during summer to align with AEROSNOW
observations could result in a decrease in snowfall and a more substantial
increase in rainfall in the MMM estimations than currently estimated by

ref. 4 over the central Arctic region.

Further, to estimate the impact of aerosol on snowfall and rainfall and
to confirm that the high load of aerosols in models is triggering higher
snowfall in high-AOD models, we have considered, the historical anthro-
pogenic aerosols-only (Hist-aer) simulations’, which focus on historical
anthropogenic aerosol forcings, while holding other forcings like carbon

dioxide, greenhouse gases, land use, volcanic activity, and solar radiation
constant at pre-industrial levels, are a significant component of the Detec-
tion and Attribution Model Intercomparison Project (DAMIP)” within the
CMIP6 framework. These simulations aim to isolate the effects of anthro-
pogenic aerosol load on climate by providing a controlled environment to
study their impacts on precipitation”. By utilizing a range of climate models,
Hist-aer allows us to assess how variations in aerosol load influence pre-
cipitation patterns. Thus by analyzing this Hist-aer simulations, we explored
the contribution of aerosols on rainfall and snowfall over the central Arctic
region, as shown in Fig. 1d-f. This analysis revealed that models with high
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AOD simulated nearly double the snowfall compared to low-AOD models
during the summer season (0.82mm/day in high-AOD models vs.
0.41 mm/day in low-AOD models) (Fig. le). However, there is only one
high-AOD model (i.e., GISS-E2-1G) provides Hist-aer simulations, but it is
representative for all the GISS high-AOD models that use same aerosol
scheme (ie., One-Moment Aerosol scheme (OMA)). Thus the insights
gained from this analysis confirm that high-AOD models are over-
estimating snowfall and underestimating rainfall (Fig. 1d—-f). Thus, in turn,
the summertime high snowfall simulated by high-AOD models contributes
to the higher snowfall and lesser rainfall in the MMM during both spring
and summer seasons combined (Fig. 1f).

Additionally, beyond aerosols, we explored the impact of temperature
and relative humidity (RH) co-variation on precipitation, illustrated in
Fig. 1g-i and Fig. 1j-1, respectively. High temperatures typically reduce
snowfall due to increased melting and less efficient ice crystal formation. In
contrast, low temperatures promote higher snowfall amounts as they favor
ice crystal growth and accumulation'’. High RH enhances both snowfall and
rainfall by increasing atmospheric moisture, which facilitates the growth of
cloud droplets and ice crystals, leading to heavier precipitation events as
saturation is more easily achieved'’. Conversely, low RH restricts moisture
availability, resulting in reduced cloud formation and smaller droplet sizes,
thereby diminishing overall precipitation amounts. To assess whether the
higher summertime snowfall simulated by high-AOD models is influenced
by temperature and RH, we examined the co-variation of temperature
between high- and low-AOD models in Fig. 1h. This analysis revealed that
high-AOD models, despite simulating slightly warmer temperatures
(—0.64 °C for high-AOD versus —0.67 °C for low-AOD), still generated
greater snowfall than rainfall. Similarly, Fig. 1k depicts the co-variation of
RH, indicating that high-AOD models exhibited lower RH during summer

(32.9% for high-AOD versus 35.3% for low-AOD) yet still produced higher
snowfall compared to rainfall.

Zonal mean cycle of aerosol-precipitation nexus

In addition, when examining the zonal-averaged seasonal variability of the
impact of precipitation on wet-scavenging of aerosols co-variations, as
previous observational studies'>”', the Arctic zonal average exhibits sig-
nificant aerosol concentration ranging from 70°N to 90°N during spring,
coinciding with relatively low precipitation levels. Conversely, during
summer, there is a decline in aerosol concentration and a rise in pre-
cipitation within the same latitudinal range'*”". Therefore, the zonally
averaged spring and summer cycles of total AOD overlaid with various
aerosol components and satellite measurements for low-AOD, high-AOD,
and combined MMM simulations are depicted in Fig. 2a for further eva-
luation of co-variation with respect to precipitation (Fig. 2b), as well as
meteorological parameters, such as temperature (Fig. 2¢c), and RH (Fig. 2d).
The zonal-averaged seasonal variability of AOD and associated precipita-
tion for individual models is illustrated in Fig. S4(j, ii). This reveals that
nearly all models, except for EC-Earth3-AerChem, fail to replicate this
seasonal pattern of aerosol-precipitation interaction. This discrepancy may
stem from inadequate integration and parameterization of various aerosol
schemes particularly the wet-scavenging of aerosols due to seasonal varia-
tion of precipitation within the individual models. This is evident in models
such as IPSL-CM6A-LR (Fig. S4i, ¢ and Fig. S4ii, ¢) and IPSL-CM5A2-
INCA (Figs. S5i and S6j), where there is interaction between aerosol con-
centration and precipitation, resulting in high summer precipitation coin-
ciding with high aerosol concentration. This observed positive correlation is
opposite to the expected negative relationship. This is associated with the
absence of aerosol schemes in these simulations (Table S1).
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Fig. 2 | Zonal and seasonal averages of AOD, total precipitation, temperature,
and relative humidity overlaid with aerosol types and AERONSNOW observa-
tions for low-AOD and high-AOD models from 2003 to 2011. a-d rows display
zonal averages of the total AOD, total precipitation, temperature, and relative
humidity over the high Arctic sea ice regions, respectively, plotted against month

and latitude for both the multi-model mean (MMM) of low-AOD and high-AOD
models, respectively. Additionally, it features AEROSNOW -retrieved total AOD
data, as well as the seasonal cycle from 2003 to 2011 of total aerosol load in terms of
AQOD and its speciations in the central Arctic sea ice region.

npj Climate and Atmospheric Science| (2025)8:103


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-025-00957-6

Article

As aresult, this disparity in zonal-averaged seasonal variability among
individual models is evident in the MMM for both low-AOD and high-
AOD models (Fig. 2a). In the MMM of low-AOD models, the zonal average
reveals the highest aerosol concentration between 70°N and 90°N during the
summer, coinciding with increased precipitation. This could be attributed to
either aerosol-induced precipitation effects (such as suppression of rain or
the Wegener-Bergeron-Findeisen (WBF) process) or to precipitation-
induced wet scavenging of aerosols (Fig. 2a, b, first column). Conversely, in
the MMM of high-AOD models (Fig. 2a, b, second column), the zonal
average displays lower aerosol concentration between 70°N and 90°N
during summer, coinciding with increased precipitation, showcasing wet-
scavenging due to higher precipitation during summer (Fig. 2a, b, middle
column), albeit with 1.4 times less total precipitation than low-AOD models.
Furthermore, the responses of different aerosol types and their associations
with precipitation, along with the relative percentage differences of each
aerosol component from the multi-model mean for individual models, are
depicted in Figs. S3-S6, respectively. Additionally, the seasonal and zonal
variations of meteorological parameters, such as temperature and RH, are
shown in Fig. 2¢, d. In both the low- and high-AOD model MMM, the
zonal average indicates the highest temperatures occur between 70°N and
90°N during summer, aligning with increased precipitation (Fig. 2c).
Meanwhile, in both model groups, RH is higher during the winter months
compared to summer (Fig. 2d).

Co-variation of simulated meteorology with aerosol composition
and precipitation. Analysis of combined MMM aerosol types and
associated meteorology co-variation, such as precipitation (Fig. 3a—c),

(a) Sprmg (AM)

(b) Summer (jjA)

temperature (Fig. 3d-f), RH (Fig. 3g-i) across the central Arctic reveals
distinct patterns for both spring and summer. In spring, characterized by
snowfall dominance across the models (0.61 mm/day), there is a positive
correlation (R = 0.35) between dust aerosol, a significant Ice Nucleating
Particle (INP) source in the Arctic”, and precipitation (Fig. 3a). This
shows that the scavenging process of the dust aerosol due to snowfall
during spring is not well adopted in the models. Similarly, in summer,
with rainfall predominance (0.54 mm/day) (Fig. 1b), a high correlation of
~0.78 is observed between sea salt (SS) aerosol load (Fig. 3b), a prominent
CCN source in the Arctic”, and precipitation (Fig. 3b). This further
shows that the scavenging process of the sea salt aerosol due to rainfall
during summer is not well adopted in the models. This discrepancy
underscores the necessity for enhanced aerosol schemes parameteriza-
tion within climate models, particularly focusing on Arctic aerosol-
cloud-precipitation processes such as wet-scavenging, the Wegener-
Bergeron-Findeisen mechanism etc, which governs ice and liquid droplet
growth under Arctic conditions™” (also see Table 1 and Method). Fur-
ther, the spring and summertime different aerosol types response to
precipitation for individual climate models are shown in Figs. S5 and Sé6.
In addition, from Figs. S5 and S6, reveal that nearly all models fail to
replicate this seasonal wet-scavenging of sea salt and dust aerosol types
and associated snowfall and rainfall precipitation co-variations, except
for EC-Earth3-AerChem in low-AOD models, and GISS-E2-1-H, GISS-
E2-1G, INM-CM5-0, INM-CM4-8, GISS-E2-2-G in high-AOD models.
It is noteworthy that although in the high-AOD models, there is a better
seasonal wet-scavenging of sea salt and dust aerosol types and associated
snowfall and rainfall precipitation co-variations the aerosol load is
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Fig. 3 | Correlation between aerosol components and precipitation, temperature,
and relative humidity averaged from 2003 to 2011. The linear relationship

between the multi-model mean (MMM) of total AOD and its components with the
MMM of precipitation (a—c), temperature (d-f, and relative humidity (g-i) during
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spring (first column), summer (second column), and total (spring+summer) (third
column). The triangles represent the monthly mean of MMM AOD of aerosol types,
precipitation, temperature, and relative humidity. The correlative coefficient is
presented as R.
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Fig. 4 | Correlation of precipitation with aerosol optical depth, temperature, and
relative humidity averaged from 2003 to 2011. The linear relationship between the
multi-model mean (MMM) of Precipitation with the MMM of aerosol optical depth
(a-c), temperature (d-f), and relative humidity (g-i) during spring (first column),

summer (second column), and total (spring+summer) (third column). The trian-
gles represent the monthly mean of MMM AOD of precipitation, aerosol optical
depth, temperature, and relative humidity. The correlative coefficient is presented
as R.

significantly higher than the AEROSNOW observations. Additionally,
the impact of meteorological factors, such as temperature and RH, on
aerosol swelling and their influence on high AOD during seasonal aerosol
loading of various components is presented in Fig. 3d-f and g-i. The
results show the co-variation between high AOD and either temperature
or RH.

Further, to analyze the correlation between precipitation and AOD,
temperature, and RH, we utilize statistical relationships represented by
correlation coefficients (Fig. 4a—i). In the Arctic, these linear correlations
vary across spring, summer, and combined seasonal timescales. During
spring, the correlation coefficient (R) between precipitation and AOD is
strongly negative (e.g., —0.61), suggesting a significant suppression of pre-
cipitation by aerosols or vice versa (Fig. 4a). Temperature exhibits a mod-
erate positive correlation (e.g, +0.22) (Fig. 4d), reflecting its role in
enhancing precipitation through convective processes as Arctic tempera-
tures rise’’. RH shows a weaker negative correlation (e.g., —0.27), indicating
its limited influence on precipitation during this season (Fig. 4g). In sum-
mer, the correlation between precipitation and AOD remains negative (e.g.,
—0.37), potentially due to the interaction between aerosol loading and
increased precipitation (Fig. 4b). Meanwhile, temperature shows a slight
positive correlation (e.g, +0.03), and RH maintains its minimal role
(Fig. 4e). When considering spring and summer together, the correlations
present averaged relationships, AOD remains negatively correlated with

precipitation, while temperature and RH exhibit moderate positive corre-
lations. These patterns underscore the complex interplay of atmospheric
dynamics and climatic factors driving Arctic precipitation variability.

Additionally, the impact of RH and temperature on AOD is essential
for comprehending aerosol-climate interactions (Fig. 3a-i). RH affects
aerosols through hygroscopic swelling’, where water-soluble particles grow
in size under high humidity, altering their optical properties and increasing
light scattering. Temperature influences AOD by driving temperature-
dependent aerosol emissions, such as volatile organic compounds (VOCs),
and affecting atmospheric stability and wind patterns, which impact aerosol
transport and distribution™. Both RH and temperature also influence pre-
cipitation through their roles in cloud formation and moisture availability,
creating a confounding effect. For example, increased RH may simulta-
neously enhance aerosol hygroscopic growth (high AOD) and precipitation,
leading to an apparent, but indirect, link between AOD and precipitation’.
This highlights the need to account for the shared influence of RH and T
when analyzing AOD-precipitation relationships.

This confounding relationship introduces challenges when trying to
interpret the interactions between AOD and precipitation. Without prop-
erly accounting for the roles of RH and temperature, it may be difficult to
discern whether changes in AOD are directly influencing precipitation
patterns or whether both are simply responding to common environmental
factors. Therefore, a more thorough description of the impacts of RH and

npj Climate and Atmospheric Science| (2025)8:103


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-025-00957-6

Article

temperature on AOD, including their effects on aerosol swelling, emission,
and transport, is essential to disentangle these complex interactions and to
avoid misinterpretation of the relationship between aerosol dynamics and
precipitation. Understanding these interactions will also help in improving
climate models that need to account for both aerosol effects on radiation and
cloud processes.

This emphasizes the importance of reconciling the total AOD simu-
lated by different models with the satellite observations and improving the
aerosol schemes used in the models that are responsible for the mechanisms
of Arctic aerosol emissions, their evolution, wet-scavenging and their
impact on precipitation in the form of CCN, and INP in the central Arctic.

Implications for quantifying the magnitude of Arctic rainfall and
snowfall dominance

Fresh insights into total AOD, the subset of which act as sources of CCN and
INP throughout the central Arctic, contribute significantly to addressing a
critical gap in understanding cloud formation, lifetime, and properties that
profoundly affect precipitation patterns, including rain and snowfall. In
Fig. 1a—c, we present the seasonal variations in aerosol loading and aerosol
properties during the AEROSNOW retrieval period.

The total aerosol load, quantified by AOD, significantly influences
precipitation patterns and vice versa in climate models through various
aerosol schemes''. The higher aerosol load can be due to the presence of
CCN and INP particles, changing cloud microphysics, and associated
processes for the type of precipitation'’. For instance, aerosols like black
carbon, organic carbon, dust, sea salt, and sulfate interact differently with
clouds, affecting the formation and intensity of rainfall and snowfall as well
as getting wet-scavenged by the precipitation'’. Aerosol schemes used in
various models such as SPRINTARS6.0, TACTICv2, MAM4, HAM2.3,
OsloAero, INCA v6 AER, TM5, MASINGAR mk2r4, OMA, and INM-
AER1 incorporate these aerosol-cloud-precipitation co-variations (See
Table 1 and S1), yet their effectiveness varies based on how comprehensively
they represent these microphysical processes (see Table 1 and Method).
More realistic aerosol schemes and associated wet-scavenging processes
tend to better capture these interactions, leading to more realistic predic-
tions of aerosol-precipitation changes under various climate scenarios.

We propose that incorporating improved aerosol loads, diverse aerosol
types, and associated aerosol schemes into high-AOD climate models will
decrease the contribution of snowfall to the total precipitation ratio during
summer. Consequently, this will result in a greater contribution of rainfall to
the total precipitation over the Arctic than is currently estimated by ref. 4.
Examining the representations of aerosol-precipitation variations provides
insights into climate model performance in the central Arctic. Leveraging
satellite-derived AOD data as a benchmark, we identify a significant
negative bias towards Arctic rain dominance in high-AOD climate models,
particularly evident during summer (Fig. 1b). Our analysis underscores that
across high-AOD models where total AOD surpasses the observation by
relatively 121%, snowfall intensifies by two times compared to rainfall
during summer (0.70 mm/day snowfall vs. 0.36 mm/day rainfall) (Fig. 1b).

This is associated to the significantly higher AOD estimation by these
models than the observation and also using aerosol schemes such as OMA,
and INM-AERI, which are missing various aerosol-cloud microphysical
processes such as autoconversion, accretion, wet-scavenging, Bergeron-
Findeisen processes (see Table 1, and Method). These basic aerosol schemes
need significant improvements in microphysical and feedback processes
(see Table 1). This further raises concerns regarding the suitability of the
current MMM of various climate models for realistically quantifying the
impacts of Arctic warming on rain and snowfall.

The MMM combined (low-AOD + high-AOD models) is crucial to
acknowledge that constraining total AOD and associated aerosol schemes in
models with high aerosol loads projecting substantial snowfall during
summer to align with observations could result in less snowfall and higher
dominance of rainfall contribution to the total precipitation ratio than
currently estimated by ref. 4. This underscores the limitations of MMM of
various CMIP6 models in assessing the magnitude of current and future

rainfall dominance associated with AA over the central Arctic sea ice region.
These findings emphasize the critical role of integrating new observational
datasets, such as AEROSNOW, for benchmarking total AOD and asso-
ciated aerosol schemes in climate models and refining the assessment of
Arctic precipitation patterns amid ongoing Arctic warming.

Methods

Space-borne observational data

This study employs the Advanced Along-Track Scanning Radiometer
(AATSR)” on ENVISAT to determine the total AOD over Arctic snow and
ice from 2003 to 2011. The AATSR was a part of the European Space
Agency’s (ESA) ENVISAT mission. The lifespan of this mission was from
February 28th, 2002 to April 8th, 2012. ENVISAT crosses the equator at
10:00 local time. The AATSR provided measurements from May 2002 to
April 2012, with a spatial resolution of 1 km at nadir and a swath width of
512 km. It is equipped with dual-viewing observations, with a forward
viewing angle of 55°, and measures upwelling reflectance at 0.55, 0.66, 0.87,
1.6,3.7,11, and 12 ym.

The AEROSNOW algorithm™ integrates aerosol retrieval” and cloud
masking methods™ specifically designed for high Arctic latitudes (= 72°N).
Utilizing AATSR’s dual-viewing capability, AEROSNOW effectively esti-
mates the aerosol contribution to TOF reflectance over bright cryospheric
surfaces. AOD values peak in spring (March-May) and are lower in summer
(June-August). AERONET ground-based measurement stations located in
high Arctic snow and ice-covered areas (such as PEARL, OPAL, Hornsund,
and Thule) were used for validation of the AEROSNOW-retrieved AOD
data. The validation showed a high correlation (R = 0.86) and minimal bias,
with an average AOD less than 0.15. The increased AOD in spring effectively
captures Arctic haze events’'. AEROSNOW provides unique, high-resolution
AOD data, offering valuable insights into Arctic cryospheric dynamics from
2003 to 2011. The satellite observations of temperature data for the same
period are taken form from https://doi.org/10.48670/moi-00123.

Model datasets

The CMIP6’ represents a comprehensive effort in climate modeling, pro-
viding a wealth of data critical to understanding the Earth’s climate system.
Within CMIP6, AOD is a critical component for assessing atmospheric
composition and radiative forcing. Several aerosol components, including
sulfate, black carbon, organic carbon, dust, and sea salt, are explicitly
simulated by CMIP6 models, allowing studies of their spatial and temporal
distributions and their impact on climate processes”. In addition, CMIP6
models provide valuable insights into precipitation dynamics, including
snowfall, rainfall and total precipitation, temperature, and RH. By simu-
lating these components, CMIP6 facilitates analyses of precipitation varia-
bility, trends, and extremes, thereby improving our understanding of
hydrological cycles and their response to anthropogenic forcing. These
datasets enable rigorous assessments of climate model performance and
uncertainties, informing climate projections and policy decisions aimed at
mitigating the impacts of climate change’. The models selected in this study
are based on the data availability of total AOD, associated aerosol types, and
associated precipitation types from individual models.

In the assessment of the monthly mean AOD simulated by CMIP6
models in conjunction with AEROSNOW retrievals, the calculation of the
monthly mean AOD from AEROSNOW is restricted to months char-
acterized by at least 15 days of daily data for Arctic complex conditions, as
suggested by refs. 24,40, in order to adequately capture the nuances of the
complex Arctic climatic conditions. Furthermore, in the assessment of the
central Arctic cryosphere using the CMIP6 model, the AEROSNOW
retrieval offers continuous temporal coverage throughout the month as the
CMIP6 models and collocated spatially with the output of each model.
Further, the precipitation units from kg/m2/s of the models are converted
to mm/day by using the below formula™.

Precipitation (mm/day) = Precipitation (kg/m®/s) x 86400

The multi-model mean was generated by regridding the model data to
a 1°x1° latitude and longitude grid. Additionally, to ensure spatial
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collocation with the models, the AEROSNOW data underwent regridding
to the same 1° x 1°latitude and longitude grid as the models by using CDO*".

Aerosol Schemes and associated precipitation types. Aerosols
influence precipitation types such as snowfall and rainfall through var-
ious processes in climate models. One common method used in climate
models to simulate aerosol-cloud-precipitation interactions is by incor-
porating aerosol schemes. These schemes account for aerosol effects on
cloud microphysics, which in turn has an impact on precipitation for-
mation by acting as CCN or INPs, depending on their properties. CCN
can enhance cloud droplet formation, affecting cloud properties such as
cloud droplet concentration, size distribution, and cloud albedo. INP can
initiate ice crystal formation, influencing the formation of ice clouds and
precipitation types such as snowfall. The representation of aerosol-cloud
interactions in climate models involves parameterizing these processes
based on the physical and chemical properties of aerosols.
Understanding how aerosol schemes in climate models calculate pre-
cipitation types like snowfall and rainfall and how they are influenced by
aerosols involves examining the aerosol-cloud-precipitation interactions
employed in these models. The detailed explanation of Aerosol-Cloud-
Precipitation interactions in Climate Models with equations are as follows;
i. Aerosol Activation and Impact on Cloud Microphysics: Aerosols act
as CCN for liquid clouds and Ice Nucleating Particles (INP) for ice
clouds. The formation of precipitation (rain or snow) depends on these
initial cloud microphysical processes'’. Cloud Droplet Number
Concentration (N): Cloud droplets form around aerosols acting as
CCN. The cloud droplet number concentration is influenced by the
concentration of CCN and the environmental supersaturation (S)*.
e—e

S =

q M

where, e is the actual vapor pressure, ¢; is the saturation vapor pressure over
liquid water. The relationship between cloud droplet number concentration
and the concentration of CCN can be expressed as:

N, = C(S) X (CCN)* x & )

Where, N, is the cloud droplet number concentration, C(S) is a function that
varies with supersaturation, CCN is the concentration of CCN, « is an
empirical exponent typically less than 1, S is the environmental super-
saturation, f3 is an empirical exponent representing the influence of super-
saturation on N;. Ice Crystal Number Concentration (N;): Ice crystals form
around aerosols acting as INP. The ice crystal number concentration
depends on the concentration of INPs and the environmental conditions,
particularly temperature (T) and supersaturation with respect to ice (Sic.)".

N, = f(T, INP) 3)

Where:N; is ice crystal number concentration, fis a function dependent on
temperature and INP concentration.

ii. Microphysical Processes: Autoconversion and Accretion: The for-
mation of precipitation from cloud droplets and ice crystals involves
several microphysical processes, including autoconversion (the process
by which cloud droplets merge to form raindrops) and accretion (the
process by which raindrops collect cloud droplets)*‘. Autoconversion
Rate (P,,,;,): The autoconversion rate is the rate at which cloud droplets
convert into raindrops. This process is influenced by the concentration
of cloud droplets*.

P o N2 XIWC? )
Where: P,,,, is the autoconversion rate, Ny is cloud droplet number con-
centration, and LWCis the liquid water content. Accretion Rate (P,,): The

accretion rate is the rate at which raindrops grow by collecting cloud

droplets. This rate is influenced by cloud droplet size and concentration*.

P, X A X N, ©)
Where: P, is the accretion rate, and r, is the mean droplet radius.

ili. Ice Nucleation and Snowfall Formation: In cold clouds, aerosols can
actas INPs, promoting the formation of ice crystals. The presence of ice
crystals impacts the type and amount of precipitation, particularly
snowfall. Ice Nucleation Rate (J): The rate of ice nucleation depends on
the number of INPs and the supersaturation with respect to ice®.

J= L x Sice (6)
Where: ] is the ice nucleation rate, 7, is the number density of ice nuclei, and
Sice is the supersaturation with respect to ice.
iv. Mixed-Phase Clouds and Precipitation Partitioning: Mixed-phase
clouds contain both supercooled liquid droplets and ice crystals. The
partitioning between rain and snow in these clouds is influenced by the

Bergeron-Findeisen process™.

—L=ale, —¢) (7)

Wherez% is the growth rate of ice crystals, a is the collection efficiency, e,, is
the saturation vapor pressure over water, and ¢; is the saturation vapor
pressure over ice.

v. Aerosol Wet Scavenging: Wet scavenging refers to the removal of
aerosols by precipitation. This process is critical for determining the
lifetime of aerosols in the atmosphere and their interaction with clouds
and precipitation. Wet-Scavenging Rate (S,,): The scavenging rate
depends on precipitation rate (P), the aerosol concentration (C,), and
scavenging coefficient (1,,)".

Sw:/\wxcha (8)

Where: S, is the aerosol wet-scavenging rate, A, is the scavenging
coefficient, P is the precipitation rate, and C, is the aerosol concentration.
vi. Radiative and Thermodynamic Feedbacks: Aerosols influence cloud
albedo and radiative forcing, which in turn affect surface temperatures
and atmospheric moisture, thereby impacting precipitation patterns.
Surface Radiative Forcing (AQ):*

AQ=—Az-§ )

Where: AQ is the change in surface radiative forcing, At is the change in
cloud optical thickness, and S is incoming solar radiation. These equations
illustrate how climate models use aerosol schemes to simulate the effects of
aerosols on snowfall and rainfall, capturing the intricate interactions
between aerosols, cloud microphysics, and precipitation processes. Changes
in cloud optical thickness due to aerosols can alter surface evaporation and
atmospheric moisture, impacting precipitation patterns.

Summary of the Table:

SPRINTARS6.0: comprehensive model with detailed microphysical
processes, excellent for mixed-phase clouds. Good balance between snowfall
and rainfall impacts.

MAM4 and HAM2.3: among the best in terms of detailed micro-
physics and aerosol interactions, though MAM4 lacks some long-term
feedback mechanisms.

TACTICv2 and OsloAero: good models but less detailed in micro-
physical processes compared to SPRINTARS6.0.

INCA v6 AER, TM5, and MASINGAR mk2r4: fair models with some
strengths in regional applications but need more comprehensive micro-
physics for global scales.

npj Climate and Atmospheric Science| (2025)8:103


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-025-00957-6

Article

OMA and INM-AERI1: basic models needing significant improve-
ments in microphysical and feedback processes.

Data availability

Climate model outputs from CMIP6 are publicly available at https://esgf-
node.llnl.gov/search/cmip6/. AERONET data are obtained from http://
aeronet.gsfcnasa.gov, ERA-Interim data can be accessed at https:/
climatedataguide.ucar.edu/climate-data/era-interim. AATSR satellite data
is available https://earth.esa.int/eogateway/instruments/aatsr/auxiliary-
data. The AEROSNOW scheme methodology can be accessed at https://
doi.org/10.5194/amt-17-359-2024.

Code availability

Code is available upon request to the corresponding author.

Received: 24 June 2024; Accepted: 3 February 2025;
Published online: 13 March 2025

References

1. Rantanen, M. et al. The Arctic has warmed nearly four times faster than
the globe since 1979. Commun. Earth Environ. 3, 168 (2022).

2. Eyring, V. et al. Overview of the coupled model intercomparison
project phase 6 (cmip6) experimental design and organization.
Geosci. Model Dev. 9, 1937-1958 (2016).

3. Bintanja, R. & Andry, O. Towards a rain-dominated arctic. Nat. Clim.
Change 7, 263-267 (2017).

4.  McCrystall, M. R., Stroeve, J., Serreze, M., Forbes, B. C. &Screen, J. A.
New climate models reveal faster and larger increases in arctic
precipitation than previously projected. Nat. Commun. 12,6765 (2021).

5. Bengtsson, L., Hodges, K. |., Koumoutsaris, S., Zahn, M. & Keenlyside,
N. The changing atmospheric water cycle in polar regions in a warmer
climate. Tellus A: Dyn. Meteorol. Oceanogr. 63, 907-920 (2011).

6. Bintanja, R. et al. Strong future increases in arctic precipitation
variability linked to poleward moisture transport. Sci. Adv. 6,
eaax6869 (2020).

7. Bintanja, R. & Selten, F. Future increases in arctic precipitation linked
to local evaporation and sea-ice retreat. Nature 509, 479-482 (2014).

8. Yukimoto, S., Oshima, N., Kawai, H., Deushi, M. & Aizawa, T. Factors
contributing to historical and future trends in arctic precipitation.
Geophys. Res. Lett. 51, e2023GL107467 (2024).

9. Schmale, J. et al. Pan-arctic seasonal cycles and long-term trends of
aerosol properties from 10 observatories. Atmos. Chem. Phys. 22,
3067-3096 (2022).

10. Rosenfeld, D. et al. Flood or drought: how do aerosols affect
precipitation? Science 321, 1309-1313 (2008).

11. Boucher, O. et al. Clouds and aerosols. In: Climate change 2013: The
physical science basis. Contribution of working group | to the fifth
assessment report of the intergovernmental panel on climate change,
571-657 (Cambridge University Press, 2013).

12. Schmale, J., Zieger, P. & Ekman, A. M. Aerosols in current and future
arctic climate. Nat. Clim. Change 11, 95-105 (2021).

13. Taylor, P. C., Boeke, R. C., Li, Y. & Thompson, D. W. Arctic cloud
annual cycle biases in climate models. Atmos. Chem. Phys. 19,
8759-8782 (2019).

14. Silber, I. et al. The prevalence of precipitation from polar supercooled
clouds. Atmos. Chem. Phys. 21, 3949-3971 (2021).

15. Shupe, M. D. et al. Overview of the MOSAIC expedition: atmosphere.
Elementa: Sci. Anth. 10, 00060 (2022).

16. Wendisch, M. et al. The arctic cloud puzzle: using acloud/pascal
multiplatform observations to unravel the role of clouds and aerosol
particles in arctic amplification. Bull. Am. Meteorol. Soc. 100, 841 —
871 (2019).

17. Hoffmann, A. et al. Remote sensing and in-situ measurements of
tropospheric aerosol, a pamarcmip case study. Atmos. Environ. 52,
56-66 (2012).

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Ohata, S. et al. Arctic black carbon during pamarcmip 2018 and
previous aircraft experiments in spring. Atmos. Chem. Phys. 21,
15861-15881 (2021).

Herber, A. et al. Continuous day and night aerosol optical depth
observations in the arctic between 1991 and 1999. J. Geophys. Res.
Atmos. 107, AAC 6-1-AAC 6-13 (2002).

Tomasi, C. et al. Aerosols in polar regions: a historical overview based
on optical depth and in situ observations. J. Geophys. Res. Atmos.
112 (2007).

Moschos, V. et al. Elucidating the present-day chemical composition,
seasonality and source regions of climate-relevant aerosols across
the arctic land surface. Environ. Res. Lett. 17, 034032 (2022).

Sand, M. et al. Aerosols at the poles: an aerocom phase ii multi-model
evaluation. Atmos. Chem. Phys. 17, 12197-12218 (2017).

Toth, T. D. etal. Minimum aerosol layer detection sensitivities and their
subsequent impacts on aerosol optical thickness retrievals in calipso
level 2 data products. Atmos. Meas. Tech. 11, 499-514 (2018).

Xian, P. et al. Arctic spring and summertime aerosol optical depth
baseline from long-term observations and model reanalyses — part 2:
Statistics of extreme aod events, and implications for the impact of
regional biomass burning processes. Atmos. Chem. Phys. 22,
9949-9967 (2022).

Swain, B. et al. Aerosols in the central arctic cryosphere: Satellite and
model integrated insights during arctic spring and summer.
EGUsphere 2024, 1-34 (2024).

Istomina, L. G., von Hoyningen-Huene, W., Kokhanovsky, A. A., Schultz,
E. & Burrows, J. P. Remote sensing of aerosols over snow using infrared
aatsr observations. Atmos. Meas. Tech. 4, 1133-1145 (2011).

Mei, L. et al. Aerosol optical depth retrieval in the arctic region using
modis data over snow. Remote Sens. Environ. 128, 234-245 (2013).
Mei, L. et al. On the retrieval of aerosol optical depth over cryosphere
using passive remote sensing. Remote Sens. Environ. 241, 111731
(2020).

Mei, L. et al. Retrieval of aerosol optical thickness in the arctic snow-
covered regions using passive remote sensing: Impact of aerosol
typing and surface reflection model. IEEE Trans. Geosci. Remote
Sens. 58, 5117-5131 (2020).

Swain, B. et al. Retrieval of aerosol optical depth over the arctic
cryosphere during spring and summer using satellite observations.
Atmos. Meas. Tech. 17, 359-375 (2024).

Willis, M. D., Leaitch, W. R. & Abbatt, J. P. Processes controlling the
composition and abundance of arctic aerosol. Rev. Geophys 56,
621-671 (2018).

Kawai, K., Matsui, H. & Tobo, Y. Dominant role of arctic dust with high
ice nucleating ability in the arctic lower troposphere. Geophys. Res.
Lett. 50, €2022GL102470 (2023).

Gong, X. et al. Arctic warming by abundant fine sea salt aerosols from
blowing snow. Nat. Geosci. 16, 768-774 (2023).

Mcllhattan, E. A., L’'Ecuyer, T. S. & Miller, N. B. Observational evidence
linking arctic supercooled liquid cloud biases in cesm to snowfall
processes. J. Clim. 30, 4477-4495 (2017).

Mcllhattan, E. A., Kay, J. E. & L’Ecuyer, T. S. Arctic clouds and
precipitation in the community earth system model version 2. J.
Geophys. Res. Atmos. 125, €2020JD032521 (2020).

Singh, A. et al. Rapid growth and high cloud-forming potential of
anthropogenic sulfate aerosol in a thermal power plant plume during
covid lockdown in india. npj Clim. Atmos. Sci. 6, 109 (2023).
Llewellyn-Jdones, D. & Remedios, J. The advanced along track
scanning radiometer (AATSR) and its predecessors ATSR-1 and
ATSR-2: an introduction to the special issue. 116, 1-3 (2012).
Jafariserajehlou, S. et al. A cloud identification algorithm over the
arctic for use with aatsr—slstr measurements. Atmos. Meas. Tech. 12,
1059-1076 (2019).

Bellouin, N. et al. Bounding global aerosol radiative forcing of climate
change. Rev. Geophys. 58, e2019RG000660 (2020).

npj Climate and Atmospheric Science| (2025)8:103

10


https://esgf-node.llnl.gov/search/cmip6/
https://esgf-node.llnl.gov/search/cmip6/
http://aeronet.gsfc.nasa.gov
http://aeronet.gsfc.nasa.gov
https://climatedataguide.ucar.edu/climate-data/era-interim
https://climatedataguide.ucar.edu/climate-data/era-interim
https://earth.esa.int/eogateway/instruments/aatsr/auxiliary-data
https://earth.esa.int/eogateway/instruments/aatsr/auxiliary-data
https://doi.org/10.5194/amt-17-359-2024
https://doi.org/10.5194/amt-17-359-2024
www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-025-00957-6

Article

40. Sogacheva, L. et al. Merging regional and global aerosol optical depth
records from major available satellite products. Atmos. Chem. Phys.
20, 2031-2056 (2020).

41. Schulzweida, U., Kronblueh, L. & Budich, R. G. cdo: climate data
operators. https://code.mpimet.mpg.de/projects/cdo (2019).

42. Twomey, S. The influence of pollution on the shortwave albedo of
clouds. J. Atmos. Sci. 34, 1149-1152 (1977).

43. DeMott, P. J. et al. Predicting global atmospheric ice nuclei
distributions and their impacts on climate. Proc. Natl. Acad. Sci. 107,
11217-11222 (2010).

44. Khairoutdinov, M. & Kogan, Y. A new cloud physics parameterization
in a large-eddy simulation model of marine stratocumulus. Mon.
Weather Rev. 128, 229-243 (2000).

45. Hoose, C. &Mébhler, O. Heterogeneous ice nucleation on atmospheric
aerosols: a review of results from laboratory experiments. Atmos.
Chem. Phys. 12, 9817-9854 (2012).

46. Pruppacher, H. & Klett, J. Microphysics of clouds and precipitation.
2nd edn., vol. 954 (1997).

47. Fahey, K. & Pandis, S. Size-resolved aqueous-phase atmospheric
chemistry in a three-dimensional chemical transport model. J.
Geophys. Res. Atmos. 108 (2003).

48. Seinfeld, J. H. & Pandis, S. N. Atmospheric chemistry and physics:
from air pollution to climate change (John Wiley & Sons, 2016).

Acknowledgements

We express gratitude to the CMIP6 model community for sharing their data
and to ESA for providing the AATSR dataset. We further thank Dr. Felix
Pithan of Alfred Wegener Institute, Helmholtz Centre for Polar and Marine
Research (AWI), Bremerhaven/Potsdam, Germany, for his valuable
suggestions, which were very helpful in shaping the manuscript. This
research has received funding from the University and the state of Bremen,
as well as from the Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation) under the project “ArctiC Amplification: Climate
Relevant Atmospheric and SurfaCe Processes, and Feedback Mechanisms
(AC)3" as part of the Transregional Collaborative Research Center (TRR) 172,
Project-ID 268020496.

Author contributions

B.S. and M.V. conceived and designed the research undertaken in this
study. B.S. analyzed the datasets and generated the plots. B.S. led the
analysis of results and wrote the manuscript with the help of M.V. All the co-

authors such as A.S., N.LA,, C.R.M.,,D.M,,AD,, LL.,N.P.,,RA, SS.G.,
R.G.G.,J.S,,V.H,,AK.,, MW, H.B., J.P.B., helpedin shaping the manuscript.
All authors contributed to the interpretation of the results and the preparation
of the final manuscript. | confirm that all authors have read and approved the
manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41612-025-00957-6.

Correspondence and requests for materials should be addressed to
Basudev Swain.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

npj Climate and Atmospheric Science| (2025)8:103

11


https://code.mpimet.mpg.de/projects/cdo
https://code.mpimet.mpg.de/projects/cdo
https://doi.org/10.1038/s41612-025-00957-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/npjclimatsci

	Insights of aerosol-precipitation nexus in the central Arctic through CMIP6 climate models
	Results and discussion
	Setting the stage: retrieval of AOD over the central Arctic sea ice region
	Seasonal aerosol-precipitation nexus
	Zonal mean cycle of aerosol-precipitation nexus
	Co-variation of simulated meteorology with aerosol composition and precipitation

	Implications for quantifying the magnitude of Arctic rainfall and snowfall dominance

	Methods
	Space-borne observational data
	Model datasets
	Aerosol Schemes and associated precipitation types


	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




