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Abstract. Arctic warm air mass intrusions are key to the region’s energy balance because they transport large amounts of
heat and moisture from lower latitudes. The resulting changes in heat and moisture content influences cloud properties, the
thermodynamic structure of the boundary layer, and surface radiation. Warm air mass intrusions can also carry significant
amounts of aerosols into the Arctic, including aerosols from anthropogenic sources at lower latitudes, which could influence
the radiative impacts of such events. In this study, we examine the role of aerosol transport during a warm air mass intrusion
that occurred in the central Arctic in April 2020. We use a version of the regional chemistry-climate model WRF-Chem adapted
for Arctic conditions (WRF-Chem-Polar), to investigate the radiative impact of aerosol-cloud interactions associated with the
event. We isolate the effects of the high aerosol burden by running the model with and without anthropogenic emissions.
Anthropogenic emissions increase cloud droplet number concentration by 117% and liquid water content by 52%. However,
the net surface radiative impact of these aerosol-cloud interactions is limited over sea ice. The high albedo of the underlying
sea ice limits shortwave cloud cooling, while the longwave effects of cloud perturbations are small. Over open ocean regions,
the surface radiative impacts of the aerosols are stronger. Overall, these results show that the net effect of an extreme aerosol
transport event is sensitive to the season in which the event takes place, due to strong dependence on the surface state and the

background Arctic haze conditions.

1 Introduction

The Arctic is warming four times faster than the global average rate (Rantanen et al., 2022), a consequence of local climate
feedbacks amplifying the effects of local radiative forcing and of warm air transported from the lower latitudes (Stuecker et al.,
2018). Heat and moisture are transported to the Arctic from lower latitudes year-round. Much of this transport occurs in the
form of transient eddies, often referred to as warm air intrusions (WAIs). WAIs are characterised as extreme events during
which plumes of warm and moist air travel into the Arctic and cause heat and moisture anomalies over temporal scales from
hours to days. WAI events have a disproportionate effect on the Arctic climate: despite occurring only 10% of the time, they are

responsible for more than 60% of all moisture transport to the Arctic (Pithan et al., 2018). The extreme temperature anomalies
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associated with WAIs are particularly impactful when they lead to melt conditions over ice sheets or sea ice (Mortin et al.,
2016; Solomon et al., 2017), and some studies have indicated a connection between springtime Arctic events and autumn sea
ice extent during years of Arctic sea ice minima (e.g. Kapsch et al., 2013). Surface warming during WAISs is controlled via
inter-related, coupled processes between the polar boundary layer, clouds, and surface fluxes. In models, such processes are
typically at the sub-grid scale and are therefore highly parameterised. This poses a challenge for the use of global climate
models to understand WAIs (Pithan et al., 2018), particularly when these parameterisations for low-atmosphere and cloud
processes are designed for mid-latitudes and therefore are not well-suited for use in the Arctic region.

Another important but less well-studied aspect of WAIs is the role of aerosols during such transport events. WAIs from lower
latitudes can carry a high aerosol burden relative to background aerosol conditions, containing both anthropogenic emissions
from mid-latitude source regions or natural aerosol species such as sea spray and dust (Lapere et al., 2024b). Such pollution
events can have additional or non-linear impacts to the WAI itself. For example, the deposition of light-absorbing aerosol
on snow and ice surfaces is known to be an important radiative forcing in Arctic regional climate (Skiles et al., 2018), and
strong aerosol transport associated with WAIs can lead to extreme deposition events of light-absorbing impurities onto ice
and snow (Thomas et al., 2017). Moreover, aerosol transport during WAIs can alter the radiative budget of clouds via aerosol-
cloud interactions. For one WAI event that was observed during the Multidisciplinary drifting Observatory for the Study of
Arctic Climate (MOSAIC) expedition (Kirbus et al., 2023), it has been hypothesised that the high aerosol burden impacted
the microphysical properties of the clouds and therefore affected the radiative budget at the location of Research Vessel (R/V)
Polarstern during MOSAIC (Dada et al., 2022). However, the importance of extreme aerosol transport in controlling cloud
radiative properties during Arctic WAISs is still unknown.

Here, we aim to address this gap by simulating the MOSAIC Arctic WAI case study on 15" and 16™ April 2020, including
the effects of the WAI on simulated aerosol properties, associated cloud impacts, and surface radiative effects and aim to answer

the following questions in this study:
1. Can this warm air mass intrusion be reproduced in a regional chemistry-climate model?
2. Do transported anthropogenic aerosols influence clouds and surface radiation during the warm air mass intrusion?
3. What is the relative importance of aerosol anomalies vs. heat and moisture anomalies for the surface radiative budget?
4. What are the implications of this analysis for global-scale models, both in the present day and in future Arctic climate?

In order to do this, we use WRF-Chem-Polar, a regional climate model that has been extensively developed and tested for use
in Arctic simulations (e.g. Marelle et al., 2017, 2021; Ahmed et al., 2023; Toannidis et al., 2023; Lapere et al., 2024a, 2025;
Marelle et al., 2025), and therefore provides the best available framework for state-of-the-art simulations of the impacts of
Arctic aerosol and cloud processes over large regional scales.

We test the sensitivity of cloud radiative effects to long-range transported anthropogenic pollution within the WAI, with
the objective of quantifying the importance of anthropogenic aerosol anomalies during strong pollution events for the Arctic

radiative budget. While in-situ observations provide invaluable insight into local processes during such extreme events, they
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are inherently limited in their ability to capture the full spatial extent and temporal evolution of WAIs and their downstream
impacts. Numerical modelling is therefore essential for placing these observations in a broader context. To this end, we adopt
a pan-Arctic modelling approach with a horizontal spatial resolution of approximately 100 km, allowing us to investigate
WAI-driven aerosol-cloud-radiation interactions over regional scales while remaining relevant to those typically represented in

global climate and Earth system models.

2 Methods
2.1 Model

We use WRF-Chem-Polar, which is adapted from the Weather Research and Forecasting model including Chemistry (WRF-
Chem) version 4.6.1, and has been developed for Arctic aerosol and cloud research. Improvements include polar-specific
aerosol sources (e.g. blowing snow), improvements to other aerosol and precursor sources relevant for polar regions (sea spray
including organics, dimethylsulfide and its multiphase chemistry), and improvements to the modelling of clouds and aerosol-
cloud interactions in the model. In this work, we represent aerosol-cloud interactions by combining MOSAIC-4bin aerosols
with the parameterisation of Thompson and Eidhammer (2014) hosted in the Thompson 2-moment cloud model, a setup called
TE14 in Marelle et al. (2025). Specific details on the model configuration can be found in Table Al. To investigate the WAI
event observed during MOSAIC on 15" and 16" April, we ran simulations from 15" March to 30" April 2020. We exclude
the first two weeks of model output to allow for model spin-up. We ran the model with and without emissions from fires and
anthropogenic sources, producing two simulations that we refer to as "polluted" and "clean" throughout.

The black box in Figure 1 displays the extent of the WRF-Chem-Polar domain used in this study. The domain consists of
100 x 100 grid boxes at a horizontal resolution of 100 km and has 50 vertical levels between the surface and 50 hPa. The size
and location of the model of domain was selected to include both the location of the R/V Polarstern (map and inset in Figure
1), and the location of Eurasian anthropogenic aerosol emission regions (red circles on Figures 1 show location of EMEP sites
where we perform model evaluation against measurements of PMs 5). Although the horizontal grid resolution of our model
configuration somewhat limits our ability to perform detailed comparisons to point measurements at high time resolution, we

use MOSAIC measurements to increase our confidence in the fidelity of the simulated anthropogenic aerosols in this case.
2.2 Observations
2.2.1 MOSAIC

MOSAIC was a year-long expedition involving the R/V Polarstern and taking place between September 2019 and October
2020. The ship drifted with the sea ice and measurements were taken onboard the ship, on the ice surrounding the ship, and
from a distributed network of observing systems. In this study we use measurements from the atmospheric science theme as
described in Shupe et al. (2022). We use measurements of aerosol mass and number concentration taken from the deck of

the R/V Polarstern. Mass concentration of the sulphate and organic aerosol components were taken with a High-resolution
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Figure 1. (a) Map with WRF-Chem-Polar domain boundaries (black lines), EMEP station locations (red circles), sea ice concentration
from WRF-Chem-Polar output, and position of R/V Polarstern during April 2020 of MOSAIC expedition. CAMS black carbon emissions

accumulated over 13-16 April from (b) anthropogenic emissions and (c) fires.

time-of-flight aerosol mass spectrometer (HR-ToF-AMS, referred to as AMS, Heutte et al., 2023). Equivalent black carbon
was calculated from aerosol attenuation measured with an aethalometer (Heutte et al., 2023). Note that measured equivalent
black carbon will be compared to modelled black carbon in Section 3 without making a distinction between the two terms. The
instrumental setup used to obtain these aerosol composition measurements used an upper size cut-off of 1um, thus the simu-
lated, binned aerosol mass concentrations are interpolated up to 1 pm diameter. We also evaluate the simulated meteorology
using observed temperature and humidity taken from a combination of radiosonde, 10 m meteorological tower, ceilometer, and
radiation station MOSAiC measurements (Jozef et al., 2023). To collocate the model output with the ship’s position, we extract

the nine nearest grid points to the ship and compare using the mean, minimum and maximum values over these grid points.

3 Model evaluation

This section evaluates the baseline representation of aerosols in the polluted simulation, facilitating the investigation in later

sections of cloud responses to pollution during the WAI and the associated surface radiative effects. We use PMs 5 mass
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Figure 2. Daily maps of the anomaly in simulated AOD between the polluted and clean simulations. Red star indicates position of R/V

Polarstern on each day.

concentration measurements from Europe to evaluate the modelled anthropogenic aerosol emissions close to sources, and

MOSAIC aerosol mass concentration measurements to evaluate the subsequent transport to the central Arctic.
3.1 Emissions and aerosols over Europe

Figure 1b-c shows accumulated black carbon emissions from fires and anthropogenic sources in the model domain. The emis-
sions are calculated from the CAMS global emissions inventory v5.3 (anthropogenic sources) and FINNv1.5 (fires), and are
used online during the WRF-Chem-Polar simulations. Including these emission regions as an aerosol source in the model do-
main is crucial for an accurate representation of the strong pollution event and its transport into the central Arctic. Dada et al.
(2022) showed that the high aerosol burdens observed at the ship on 15" and 16" April were associated with aerosol transport
from western Russian and northern Finland, regions which are associated with emissions from gas flaring and the metallurgical
industry. It can be seen from the simulated AOD anomalies between the polluted and clean simulations (Figure 2) that a high
AQOD from anthropogenic aerosol is reproduced in the polluted simulation, including over western Russia/northern Finland

during the WAI event and the days leading up to it.
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Figure 3. Times series of daily mean PM2 5 mass concentration from EMEP measurements (black) and WRF-Chem-Polar output (red) for
April 2020. Solid lines show mean over 10 EMEP stations, shading shows 1 standard deviation. WRF-Chem-Polar values are calculated from

the mean of the 9 nearest grid cells to each station.

To validate the treatment of aerosols in the mid-latitude emissions regions, we compared model output of PMj 5 to mea-
surements from European sites taken from the European Monitoring and Evaluation Programme (EMEP) dataset (e.g. Tgrseth
etal., 2012). We selected PMs, 5 for this evaluation because it is widely available in the EMEP dataset. The comparison of daily
mean PMs 5 mass concentration is shown in Figure 3 as a mean across 10 EMEP sites, the location of individual sites included
in the comparison are indicated on Figure 1 as red circles. The model captures both the magnitude and the variability of PMs 5
with the exception of a small overestimation of mass concentration between 8" and 12" April. This strong model-observation
agreement in PMs 5 in the European source regions shows that the model is capable of producing a well-characterised polluted

warm air mass that can be used to study the cloud and radiative effects.
3.2 Central Arctic aerosols

Next, we evaluate the transport of aerosols into the central Arctic by comparing aerosol mass concentration from MOSAiC
measurements and model output. The results are shown in Figure 4. We evaluated sulphate and organics (the largest two compo-
nents of aerosol mass in the observations) against measurements from AMS, and black carbon (which typically indicates direct
emissions from combustion processes) against acthalometer measurements. Missing time periods in the measurements in Fig-
ure 4 indicate where data has been removed due to the presence of local ship pollution (Beck et al., 2022). AMS measurements
(Figure 4 top and middle) are shown with a 50% uncertainty that is typical of the AMS instrument.

In the period before the event (up to 14™ April inclusive), the aerosol mass measurements show background values typical
of the Arctic haze season (Heutte et al., 2025). WRF-Chem-Polar captures the sulphate and organics background well. Black
carbon is slightly underestimated by WRF-Chem-Polar in the background, though due to the relatively small amount of black
carbon relative to total aerosol mass, this underestimation does not equate to a large underestimation in aerosol mass.

The measurements show two peaks in aerosol mass during the WAI event, on 15" and 16" April. The first peak on 15"
April is not captured well by WRF-Chem-Polar. This underestimation in aerosol mass is likely due to missing anthropogenic
emissions in the source regions, accumulation of small errors in atmospheric circulation, or biases in wet removal during
transport to the central Arctic. Note that we also tested the sensitivity of the simulated aerosol to the use of another emissions

inventory, ECLIPSE, for anthropogenic emissions in the model (not shown). ECLIPSE was also used by Dada et al. (2022)
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Figure 4. Times series of hourly mean (a) near-surface temperature, (b) near-surface humidity, and (c-e) PM; aerosol mass concentration

from MOSAIC measurements (black with markers) and WRF-Chem-Polar output (red) for April 2020. Temperature and humidity measure-

ments are from 10 m met mast, sulphate and organic carbon measurements are from AMS, black carbon measurements are from aethalometer.

WRF-Chem-Polar values are calculated from the mean of the 9 nearest grid cells to R/V Polarstern, shading shows range. Output is from

lowest model level. Collocated aerosol mass concentration from CAMS reanalysis (thin dash, Inness et al., 2019) and CESM output (thin

dash-dot, Buchholz et al., 2019) are also shown on panels (c-¢).
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in their analysis of the sources of the pollution in this event. We found that the simulated aerosol mass concentration in the
central Arctic was not very sensitive to the emissions used, which indicates that the underestimation of the first peak on
15" is likely due to a combination of factors. The second peak on 16" April is represented well. Organic and black carbon
mass concentration agrees well with the MOSAiIC measurements, particularly when accounting for the range of simulated
concentrations arising from spatial variability in the model (red shading), which can introduce bias if small errors in modelled
transport pathways physically displace the aerosol plume relative to the ship position. Sulphate mass is underestimated but
remains within reasonable agreement when measurement uncertainty is considered (black shading).

We note that it is well known that models often fail to capture aerosol abundance over the central Arctic Ocean which is
far from anthropogenic source regions, where model bias can typically exceed one order of magnitude (Whaley et al., 2022).
To provide a broader context for the comparison of MOSAIC measurements and WRF-Chem-Polar, Figure 4 also shows
aerosol mass concentrations from CESM. CESM output also provides the initial and boundary conditions for aerosols in WRF-
Chem-Polar, and is included here as a benchmark of the representation of high Arctic aerosol from a state-of-the-art global
climate model with a sophisticated aerosol scheme. CESM consistently underestimates sulphate, organic, and black carbon
mass and captures little of the event-driven increase in aerosol mass. The fact that WRF-Chem-Polar provides a more realistic
representation of aerosols than CESM gives us more confidence in the regional, Arctic-focused configuration of WRF-Chem-
Polar for our research aim of understanding aerosol-cloud-radiation interactions over the Arctic Ocean, specifically during this
aerosol transport event.

For reference, we also show that the CAMS aerosol reanalysis product EAC4 overestimates organic and black carbon aerosol
and underestimates sulphate aerosol in the central Arctic Ocean (Figure 4). This is likely because CAMS EAC4 assimilates
aerosol optical depth, without adjusting aerosol composition or vertical distributions (Inness et al., 2019), which results in these
biases in aerosol composition and mass at the surface during the background conditions of Arctic springtime. While the model
used to produce CAMS EAC4 does not include the same level of detail in aerosol-cloud radiation interactions as WRF-Chem-
Polar, it is widely used as a reference for global aerosol abundance (e.g. Jia et al., 2026), and should be validated further for use
in the central Arctic Ocean. It is included here to compare the performance of WRF-Chem-Polar to a widely-used reference
for atmospheric composition. CAMS performs similarly to WRF-Chem-Polar for sulphate but overestimates organic and black
carbon mass.

Overall, the evaluation of aerosol mass both within Europe and in the central Arctic shows that both the anthropogenic
emissions that drive the pollution event, and the transport of those emissions to the central Arctic (our region of interest) are
captured in WRF-Chem-Polar to a standard that is reasonable for the investigation of aerosol-cloud interactions that will be

presented in subsequent sections.
3.3 Sensitivity to microphysics scheme

For completeness, we have tested the model-observation agreement for aerosol mass concentration with the Morrison et al.
(2009) microphysics scheme, shown in Figure Al. The model-observation agreement is less good than for the Thompson mi-

crophysics scheme (described above, Figure 4), therefore in the remainder of the paper we only use the results from Thompson
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Figure 5. Maps of daily mean anomaly of (a-c) cloud droplet effective radius (0-2 km altitude mean of grid boxes with non-zero cloud
fraction), (d-f) cloud liquid water path and (g-i) surface cloud radiative effect between polluted and clean simulations. Red star indicates
position of R/V Polarstern on each day. Solid black line indicates extent of 90th percentile of AOD anomaly each day. Black dashed line

indicates WRF-Chem-Polar sea ice extent. Flux of cloud radiative effect is defined as positive towards surface.

(Sections 4 and 5). However, it is worth noting that despite the relatively poor agreement between observed and modelled
aerosols using a different scheme, the conclusions of this study are robust with respect to the role of aerosols in modifying
cloud properties and radiation. Specifically, the resulting surface radiative effects of the aerosol on clouds and radiation during

the warm air mass intrusion are similar in both the Thompson and Morrison microphysics schemes (see Appendix).

4 Sensitivity to pollution

In section 3 we showed that the polluted simulation is capable of reproducing the observed pollution event that arrived at R/V
Polarstern on 16™ April. In this section we will use differences between the polluted and clean simulations to investigate the

effect of the pollution transport on Arctic cloud properties and surface radiation.
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The strong increase in aerosol number concentration in the model due to the polluted air leads to more and smaller cloud
droplets. Figures Sa-c show the daily mean anomaly of cloud droplet effective radius between the two simulations. The anoma-
lies are calculated as the mean between 0-2 km altitude of cloud-containing grid boxes, i.e. grid boxes where cloud fraction
is non-zero. The altitude 0-2 km is selected as the altitude at which the model simulates clouds during the event (not shown).
The spatial extent of the polluted air mass can be defined by selecting grid points where the AOD anomaly between the two
simulations exceeds a given threshold, here we use the 90% percentile of all AOD anomaly values between 13" and 17" April
(solid black outline in all panels of Figure 5). Cloud droplet effective radius decreases in the presence of the pollution (negative
anomalies), suggesting that high aerosol loading causes a higher number of smaller cloud droplets compared to cleaner air.
This aerosol-cloud interaction suppresses the formation of rain from cloud water, since smaller droplets are less efficient at
forming rain. Positive anomalies in the simulated cloud liquid water path (Figures 5d-f) are consistent with this precipitation
suppression mechanism.

The influence of changing cloud properties on total surface radiative flux can be seen in Figures 5g-i, which show anomalies
in surface cloud radiative effect. Over open ocean, regions of smaller droplets and higher liquid water path are associated with a
strong surface cooling effect of up to 50 W m 2. This cooling is driven by higher cloud optical depth and albedo, causing more
incoming radiation to be reflected back to space. In contrast, these strong radiative effects do not occur over high-albedo, ice-
covered surfaces. This is evident by the spatial relationship between the strength of the surface cloud radiative effect anomalies
and the extent of the sea ice in the model (black dashed line in all panels of Figure 5).

In the Arctic, higher cloud optical depth can also be associated with a surface warming effect by trapping more outgoing
longwave radiation, especially over bright surfaces where shortwave cloud cooling is limited. However, in this case we find
that the model does not predict a strong effect from such longwave warming at the surface. The simulated clouds appear to
be sufficiently thick that their emissivity is already saturated and thus there is limited effect from increased aerosol burden
(Garrett and Zhao, 2006). Regions of increased cloud fraction do lead to surface longwave warming (not shown), however,
these regions that experience longwave warming are not widespread and are typically offset by shortwave cooling.

Figure 6 shows simulated distributions of cloud fraction, cloud droplet number concentration, and surface radiative flux
during the background and the WAI. Distributions of cloud droplet number concentration and cloud fraction are calculated
for altitudes between 0 and 2 km, corresponding to the altitudes where clouds are simulated in the model (not shown). The
distributions are taken from model output that was collocated with the position of R/V Polarstern. Before the WAI, cloud
fraction below 2 km altitude is not sensitive to the anthropogenic emissions, with mean values of 39.7 and 39.3% from the
polluted and clean simulations, respectively. During the WAL, the cloud fraction below 2 km is substantially higher on average,
with mean values of 64.8% in the polluted simulation and 65.9% in the clean simulation. Although the polluted and clean
simulations differ more during the WAI than during the background, the difference between the two simulations during the
WAL is much less than the difference between background and WAI conditions.

The impact of pollution during the WAI is clearest in the distributions of cloud droplet number concentration. The polluted
simulation predicts a small increase in mean cloud droplet number from 35.5 cm™3 in the background to 36.1 cm™3 in the

WAL, whereas the clean simulation actually predicts a decrease from 36.2 to 16.6 cm—2. However, Figure 6¢ shows only limited
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Figure 6. Simulated distributions at ship position of (a) mean cloud droplet number concentration between 0 and 2 km altitude (in-cloud
values only), (b) mean cloud fraction between 0 and 2 km altitude, and (c) total surface radiative flux. Distributions are calculated for the
background (1-13 April) and the WAI (15-16 April), and from polluted (red) and clean (grey) simulations. Mean (white cross) and median

(white line) values are shown for each distribution, mean value is shown above each distribution in text.

surface radiative effects of the droplet number perturbation. The WAI consistently increases total radiative flux at the surface.
In the polluted simulation, surface flux increases from -18.3 to 5.5 W ~2 during the WAI whereas the difference between the
two simulations during the WAI is about 3.4 W 2. This small difference is driven by stronger shortwave cooling in the polluted
simulation as result of the higher droplet number. Overall, the increase in surface radiative flux from the background to the

WAL is driven by longwave warming due to increased cloud occurrence and optical depth.

5 Conclusions

Using WRF-Chem-Polar, we simulated a warm air mass intrusion observed in the central Arctic during the MOSAIC expedi-
tion. By running simulations with and without anthropogenic aerosol emissions, we isolated and quantified the effect of the
observed extreme anomalies in aerosol burden on cloud properties and surface radiation. Cloud droplet number concentration
and liquid water content are 117% and 52% higher, respectively, in the polluted simulation than the clean simulations. This
leads to strong surface cooling over open ocean regions, whereas the surface cooling effect is strongly limited over the sea ice
region, where albedo is already high. This study builds on previous observational (Dada et al., 2022) and modelling (Kirbus
et al., 2023) studies of the same event by using a coupled aerosol-cloud microphysics model configuration, confirming the link
between high aerosol loading and cloud water content that was seen in idealised LES simulations presented in Kirbus et al.
(2023) and quantifying the resulting surface radiative effect, with sea ice playing an important role in controlling the local
response. We caution that the coarse horizontal resolution (100 km) may introduce limitations due to uncertainties in sub-grid
cloud parameterisations, though sensitivity tests with two microphysics schemes suggest that the surface radiative impact of
the anthropogenic aerosol is no more sensitive to this choice than the baseline surface warming of the event itself. The results
address the following questions:

Can this warm air mass intrusion be reproduced in a regional chemistry-climate model? We have shown that this configura-

tion of WRF-Chem-Polar can accurately simulate the event as it was observed during MOSAIC, including the rapid increase in
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near-surface temperature, the transition from (radiatively transparent) cloud-free or nearly cloud-free conditions to (radiatively
opaque) cloudy conditions, and the strong increase in anthropogenic aerosol. This is despite some limitations in the model
regarding the fidelity of aerosol mass concentration during the event (model underestimation of aerosols in the central Arctic).
Furthermore, we used two different model cloud microphysics schemes to test the sensitivity of our results to the treatment of
cloud processes. We found that the results are fairly insensitive to these different treatments of clouds, with both microphysics
schemes producing similar cloud radiative effects despite the fact that the results of one of the schemes agree much better
with the in-situ aerosol mass measurements from MOSAIC than the other. Overall, we have demonstrated the value of using a
regional chemistry-climate model with sophisticated aerosol and cloud schemes to study aerosol-cloud interactions in an event
such as this.

Do transported anthropogenic aerosols influence clouds and surface radiation during the warm air mass intrusion? Our
results show that despite a clear impact on cloud properties due to the transport of anthropogenic aerosols during the event,
surface radiative impacts of these aerosol-cloud interactions are limited to open ocean regions, with only very weak responses
over sea ice. Changes to cloud droplet number and liquid water content reduce the incoming shortwave radiation, but the
magnitude of this effect is limited over the sea ice surface where the albedo is already high. While it has been hypothesised that
the increase in cloud liquid water due to the pollution could cause surface warming from an increase in downwelling longwave
radiation, we find that this does not take place. This is because the cloud emissivity is already saturated even without the
pollution, likely due to the warm, moist conditions of the WAI combined with the moderately polluted Arctic haze background.
The surface radiative impacts of the aerosols transported into the central Arctic during this event are therefore strongly dictated
by the seasonal conditions of the sea ice and background aerosols.

What were the relative importance of aerosol anomalies vs. heat and moisture anomalies for the surface radiative budget?
The extreme aerosol anomalies during the event produced only a limited surface radiative impact compared with the strong
surface radiative perturbation associated with the warm air mass intrusion itself. The radiative impact of the WAI without
pollution (calculated from the increase in total surface radiative flux in our clean simulation) is a surface warming of 27.2
W m~2. When we include the effects of the pollution transport, the radiative impact is 23.8 W m~2. This implies that the
additional radiative impact of the pollution transport is a cooling effect of 3.4 W m~2 relative to the strong overall warming
from the WAI. The surface radiative impact of this event is therefore dominated by the longwave warming resulting from the
perturbations to clouds and lower atmosphere caused by the strong heat and moisture transport.

What are the implications of this analysis for global-scale models, both in the present day and in future Arctic climate? Our
analysis has shown that we need to be able to understand how extreme events such as these will evolve in a changing Arctic
climate. During present-day Arctic spring, when background aerosol levels are already raised due to haze and underlying
surface albedo is high, even an exceptionally strong extreme in aerosol loading does not cause a strong cloud radiative effect.
However, in a future Arctic, two counteracting changes will alter this balance: sea ice loss will lower surface albedo, while
declining anthropogenic emissions at lower latitudes will reduce the background aerosol burden. Together, these changes could
amplify the surface radiative impact of extreme aerosol events, with the result that anthropogenic aerosol may exert a stronger

cooling effect over an ice-free Arctic than it does today. However, predicting such a future cooling effect is made more difficult
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Table A1. WRF-Chem-Polar model configuration as used in this study.

EGUsphere\

Physics and meteorology

Option/source

Planetary boundary layer

Surface layer

MYNN?2.5 (Nakanishi and Niino, 2009)
MYNN (Nakanishi and Niino, 2009)

Land-surface scheme Noah LSM (Tewari et al., 2016)

Cloud microphysics Thompson and Eidhammer (2014) coupled to MOSAIC 4-bin
aerosol as in Marelle et al. (2025)
RRTMG (Iacono et al., 2008)

Grell-3 (Grell and Dévényi, 2002)

Shortwave and longwave radiation

Cumulus cloud scheme

Meteorology initial and boundary conditions ERAS
Aerosols and chemistry Option/source
Aerosols MOSAIC 4-bin
Gas phase chemistry MOZART

Chemistry and aerosols initial and boundary conditions CESM (Buchholz et al., 2019)
CAMS global emissions inventory v5.3
FINNv1.5 (Wiedinmyer et al., 2011)
MEGAN
Ioannidis et al. (2023)
Hulswar et al. (2022)

CMEMS

Anthropogenic emissions dataset
Fire emissions dataset
Biogenic emissions dataset
Sea spray emissions scheme

Seawater DMS dataset

Seawater chlorophyll-a dataset

due to uncertainties in the role of natural polar aerosol sources (which will also be affected by sea ice loss) and future transport
of anthropogenic aerosol and extreme events. Comprehensive modelling and observational approaches are needed to understand
this evolving system, capable of capturing the interacting effects of sea ice loss, shifts in large-scale dynamics, and changing

aerosol emissions.

Appendix A

Figure A1 shows the comparison of simulated and measured aerosol mass concentration at the R/V Polarstern for the sim-
ulations using Morrison cloud microphysics. The model-observation agreement for these simulations is substantially worse
than for the simulations using Thompson microphysics (Figure 4). The difference is likely to be caused by differences in the
strength of aerosol removal during transport, since both simulations use the same CAMS emissions and ERAS meteorology
for boundary and initial conditions. The two simulations also agree much better for PMs 5 mass concentration over Europe
(not shown), further pointing to processes during transport to the central Arctic. Despite the poor model performance from
Morrison shown in Figure A1, the two schemes are consistent in that cloud properties and total surface radiative flux remain

more sensitive to the WAI thermodynamical forcing than to the pollution (Figure A2).
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Figure A1. As Figure 4 but for simulations using the Morrison cloud microphysics scheme.

280 Code and data availability. The WRF-Chem-Polar model version used in this study is available at https://doi.org/10.5281/zenodo.19736986.
Model namelists, run scripts, and code to reproduce the figures are available at https://doi.org/10.5281/zenodo.19568552. ERAS meteoro-
logical data used to drive the model is available from ECMWEF at https://doi.org/10.24381/cds.bd0915c6 for pressure levels and https://doi.
org/10.24381/cds.adbb2d47 for single levels. Ocean chlorophyll-a data used to drive marine aerosol emissions in the model is taken from the
daily product of the Global Ocean Biogeochemistry Hindcast available from Copernicus Marine Service, distributed via https://data.marine.

285 copernicus.eu/. Seawater DMS used to drive ocean emissions of DMS in the model is taken from Hulswar et al. (2022). CAM-Chem data
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Figure A2. As Figure 6 but for simulations using the Morrison cloud microphysics scheme.

for initial and boundary conditions of model aerosols are available from Buchholz et al. (2019). Anthropogenic aerosol emissions are taken
from CAMS global emission dataset inventory version 5.3, available at https://doi.org/10.24381/1d158bec. Fire emissions are taken from
version 1.5 of the FINN dataset distributed by NCAR at https://www.acom.ucar.edu/Data/fire/ and described in Wiedinmyer et al. (2011).
The processed WRF-Chem-Polar model output required to reproduce the figures is available at https://doi.org/10.5281/zenodo.19564870.
EMEP measurements of PMa2 5 for April 2020 were taken from the EBAS database at https://ebas-data.nilu.no/ (EBAS database filters
used to find the data are included in the code for figures). Temperature and humidity measurements from MOSAIC are available from
https://doi.org/10.1594/PANGAEA.957760. Aerosol mass spectrometer and black carbon aethalometer measurements taken during MOSAiC
are available at https://doi.org/10.1594/PANGAEA.961009 and https://doi.org/10.1594/PANGAEA.952251 respectively. EAC4 aerosol mass
mixing ratios are available from CAMS at https://doi.org/10.24381/d58bbf47 (EAC4 download script included in code for figures).
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