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1. Abstract

Climate change reduces Arctic sea-ice concentrations (SIC) and increases sea surface temperature
(SST), a ecting the intensity and frequency of marine cold air outbreaks (MCAQSs) and associated phe-
nomena such as polar lows (PLs) and horizontal convective rolls (HCRs). These phenomena pose risks
to marine activities in Arctic environments and in uence mid-latitude weather. Understanding how SIC
and SST in uence MCAOs, PLs and HCRs is essential for improving forecast reliability.

This study investigates the MCAO, PL and HCRs which occurred between 18-21 March 2020 in the
Greenland and Norwegian Sea region, with the Weather Research and Forecasting (WRF) model. Multi-
ple con gurations of parameterization schemes and vertical levels were tested in their ability to simulate
observed key variables such as pressure, temperature, humidity, wind and cloud fraction. The AMPS
con guration with alterations to YSU boundary layer scheme and MM5 Monin-Obukhov surface layer
scheme was best able to simulate the MCAO, HCRs and PL overall.

The sensitivity experiments show that SIC decrease alone caused little to no changes in the PL
size, while it reduced the MCAO intensity by 0.5-0.8 K, and expanded the MCAO area by 18 45%.
However, when SIC decrease was combined with SST increase, PL increased in size by 6000 12000km?.
Additionally, the MCAO intensity increased by 0:32 to 0:65K, expanded by 22 56% and deepened by
36 69hPa.

Reduced SIC caused also increased PL size by 2000 5500km?, due to enhanced surface energy uxes,
since the sea ice edge moved toward the PL. Lastly, while cloud cover increased, the HCRs shifted only
slightly towards the new sea ice edge.

Overall, the Arctic weather phenomena are more sensitive to SIC and SST change combined, rather
than SIC change alone. The results also highlights the importance of the simulated edge e ect, where
surface uxes are enhanced at sea ice edges. Key recommendations for future studies are simulating
complete climate scenarios and performing additional case studies to determine the generality of the
results.
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2. Introduction

The increasing atmospheric concentration of greenhouse gases is warming the Arctic, which leads to
reduced sea-ice cover and increased sea surface temperature. The warming occurs at a greater rate in
the Arctic compared to the global mean and is referred to as Arctic ampli cation and has complex con-
sequences (Jenkins & Dai, 2021). Whereas overall warming is expected, it also in uences the frequency
and intensity of cold air outbreaks (CAOs) and polar lows (PLs) in a more complex manner (Dahlke
et al., 2022; Kolstad & Bracegirdle, 2008).

CAOs are generally de ned as persistent, large-scale intrusions of extremely cold air (Smith & Sheri-
dan, 2018). The events can occur over both land and ocean in higher-, mid latitudes and tropical regions.
They vary in duration, scale and intensity across di erent regions (Fletcher et al., 2016; Garreaud, 1999;
Smith & Sheridan, 2020). MCAOs are a subcategory of CAOs, and they occur when cold polar air masses
ow over relatively warmer ocean waters (Papritz et al., 2015). This causes a large vertical temperature
gradient, which in turn leads to high surface sensible and latent heat uxes from the ocean, creating a
convective boundary layer (Polkova et al., 2019).

Under certain conditions these MCAOSs can give rise to polar lows (PLs), which are short-lived (1-2
days) intense mesoscale cyclones (200 - 1000 km) forming at high latitudes (Kolstad, 2011; Kolstad et al.,
2016; Landgren et al., 2019). They are sometimes referred to as Arctic hurricanes (F re et al., 2012;
Kolstad et al., 2016; tombracegirdle, 2012). PLs are characterized by heavy precipitation, strong winds
(15 ms ') and severe marine icing (Kolstad, 2011; Meyer et al., 2021).

The extreme cold, combined with heavy precipitation, strong winds and severe icing makes MCAOs
and especially PLs a major hazard to shipping and other marine activities, as only icebreakers can
withstand these harsh conditions (Aarnes et al., 2018). Additionally, in the mid latitudes CAOs can
causes crop and cattle loss, water pipe damage and in extreme cases fatalities through hypothermia
(Smith & Sheridan, 2018).

Therefore, it is important to increase the understanding of MCAO and PL processes under a changing
climate. This is increasingly important as the Arctic is experiencing a rise in commercial and geopolitical
interest due to increased accessibility because of sea-ice melt. Russia, the U.S., Canada and EU countries
are already expanding their presence in the Greenland region and are expected to further increase this
in the next decade. Due to the increase in the shing, tourism, gas and oil sectors, the need to better
understand and predict Arctic extreme weather, like MCAOs and PLs becomes increasingly essential
(Aarnes et al., 2018).

Additional to large-scale variability, smaller-scale processes, such as the formation of horizontal con-
vective rolls (HCRs) play an important part in studying MCAOs. HCRs are typical cloud structures that
form during a MCAO, also known as cloud streets. They can be seen on satellite images as elongated
cumulus clouds (Chen et al., 2019). When the boundary layer height exceeds the lifting condensation
level the clouds form in regions of upward motion (Brammer, 1999). Surface heat uxes cause buoyancy,
which in combination with vertical shear form the cloud streets (Weckwerth et al., 1997). Importantly,
there is a relevant relation between the boundary layer height (BLH) and the width of the HCRs: the
distance between the centers of two updrafts is three times the boundary layer depth (Society, 2024).
The development of HCRs in uence the radiative properties and are therefore important to the energy
budget, making their formation and development under reducing sea ice and increasing SST patrticularly
interesting (Murray-Watson et al., 2023). However, due to time restraints, this study focuses solely on
changes in HCRs development and not on the feedback e ects these changes would have on the MCAO
again. In addition to HCRs, another mesoscale phenomenon frequently associated with MCAOs are PLs.

The causal relation between MCAQOs and PLs is ambiguous, as MCAOs describe the conditions nec-
essary for PL to form, while PLs at the sea-ice edge themselves can also induce a MCAO through the
strong winds and surface uxes (Gutjahr & Mehlmann, 2024; Kolstad, 2011; Kolstad et al., 2016; Land-
gren et al., 2019; Meyer et al., 2021). However, in most cases the MCAO triggers the development of
the PL. For a PL to form a low-level instability and an upper level forcing is needed. The MCAQOs
provide the low level instability needed for PL formation. The upper-level forcing is usually initiated by
an upper-level trough, which then causes rapid low-level spin-up (Montgomery & Farrell, 1992). The low



level instability determines where a PL can form, while the upper-level forcing determines if the PL will
form.

Therefore, in most cases, MCAO occurrence can be utilized to determine the potential for PL devel-
opment (Landgren et al., 2019). This is especially helpful since MCAOs are much easier to predict due
to their larger spatial and temporal scale (1-2 weeks> 1000 km), compared to PLs (1-2 days, 200-1000
km) (Kolstad, 2011; Landgren et al., 2019; Polkova et al., 2019). Currently PLs can only accurately be
predicted by short-term casting (1 day ahead), but there is a demand for longer timescales. So medium-
range PL forecasts are established and improved based on favorable preconditions: low-level instability
(MCAO presence) and upper-level dynamics (trough) (Polkova et al., 2019).

To use MCAO as a proxy for PL development, the MCAO rst needs to be quantied. However,
there is a wide range of (M)CAO classi cations. This complicates the comparison on both frequency and
intensity between MCAO described in literature (Cellitti et al., 2006; Dahlke et al., 2022; Kolstad, 2011,
Papritz & Spengler, 2017; Smith & Sheridan, 2018). Meyer et al. (2021) states that these di erences in
classi cation causes di erent magnitudes and spatial extent of MCAOs and that it is unsure how these
di erent classi cations in uence the sensitivity of the results, also when connecting MCAO and PLs.

Therefore, climatology studies tend to choose one classi cation and reclassify (M)CAOs to compare
them. For instance, Smith and Sheridan (2020) found based on climate reanalysis from 1979-2018 that
(M)CAO frequency, intensity, scale and duration decreased over time for much of the globe. Also Vavrus
et al. (2006) simulated a global decrease of 50-100 percent of CAOs in the Northern Hemisphere under
climate change scenarios. However, they also state that some regions show either relatively small changes
or even a slight increase in CAOs. Consequently, changes in CAO intensity and frequency must be studied
per region.

One region which commonly features HCRs and experiences MCAOs is the Fram Strait. This area
typically serves as the main route for cold air causing CAOs in the Nordic Seas (Papritz & Spengler,
2017). However, multiple models described by Vavrus et al. (2006) also show varying results regarding
trends in MCAO intensity and frequency, when solely looking at the Fram Strait. Dahlke et al. (2022)
performed a climatological study of MCAQOs solely in the Fram Strait and found that in December,
January, and February MCAOs intensity and frequency decrease, while in March MCAO intensity and
frequency increases. They also proposed that this temporal di erence could be due to the decrease in
sea-ice cover, which typically happens in March. They propose that the decrease in sea-ice cover can
intensify cyclones (cyclogenesis), which then potentially intensies MCAOs. These cyclones then also
strengthen the vertical mixing, which again boosts sensible and latent heat uxes. This increase in avail-
able energy could in turn intensify the PL. Gutjahr and Mehlmann (2024) performed a relating study
and found that PLs intensify MCAOs in the Labrador Sea.

Returning to the earlier point about di erent MCAO classi cations and their implications for linking
MCAOs to PLs, one detail is especially important. MCAO are traditionally classi ed based on the
di erence between the surface potential skin temperature and the potential temperature aloft. And the
chosen pressure level (500-900 hPa) at which this comparison occurs, signi cantly in uences the results
(Meyer et al., 2021). To address this, Meyer et al. (2021) introduced an alternative metricMp, which
better captures the relation of MCAOs to PLs. In general, Meyer et al. (2021) states that the vertical
potential temperature pro le has three levels in general: an unstable, neutral, and stable layer on top.
The critical pressure level is on the boundary between the unstable and stable layer. So, the neMp
value re ects the vertical extent that is a ected by the MCAO.

Meyer et al. (2021) also argue that there is a trend for an increase in critical pressure level with
distance to the sea-ice extent. This means that the MCAO depth and boundary layer height increases
with distance from the sea-ice extent.

To study how MCAOs, PL and HCRs processes are aected by changes in sea-ice extent and sea
surface temperature (SST), this case study analyzes an intense MCAO and associated HCRs and PL
event. The region of interest is the Greenland and Norwegian sea, including the Fram Strait, see Figure
3.1 in the Methods.

To accurately represent the characteristics of the MCAO and PL, weather and climate models must
e ectively represent key atmospheric processes. In this study, the Weather Research and Forecasting
(WRF) model will be used to simulate and investigate the MCAO and PL. WRF is a state of the art
atmospheric modeling system, suitable for a broad range of applications. WRF successfully simulated



MCAOs, PLs and HCRs previously (Bromwich et al., 2013; F re et al., 2012; Kolstad et al., 2016; Spens-
berger & Spengler, 2021).

The study investigates one MCAO (8-20 March 2020) and PL (19-20 March 2020) at which HCRs
were present in the Fram Strait. This was the second strongest MCAO in March in the 42 years of data
that were analyzed by Dahlke et al. (2022). The PL developed on 19th of March west of the Norwegian
Sea, triggered by cold air advection from the east coast of Greenland. This PL passed Jan Mayen at 13
UTC on 19 March (Revokatova et al., 2021), with radio sounding and satellite data available. Simulating
in March has additional advantages since it is at the end of the polar night, and satellite data and more
radio soundings are available compared to earlier winter months. Also the Polarstern from the MOSAIC
campaign is situated North to the Fram Strait, providing additional valuable in-situ data.

The study has two aims. Firstly, to determine WRFs ability to simulate the MCAO, PL and HCRs
during the case study from 18-20 March. Secondly, to analyze the e ect sea-ice extent and SST has on
the physical processes governing the MCAO, PL and HCRs.

This will be achieved by producing an accurate simulation of the observed MCAO, PL and HCRs
between 18-20 March. Five dierent con gurations of parameterization schemes and vertical levels are
tested. After the best con guration is determined, experimental runs with an change in the sea-ice extent
and experimental runs with a change in sea ice extent and change in SST are simulated, to study the
e ects sea-ice extent and sea surface temperature has on the MCAO, PL and HCRs. Therefore, the study
has the main research question:

What is the e ect of a changing sea-ice extent or changing sea-ice extent and sea surface temperature
on the development of the marine cold air outbreak, the polar low and horizontal convective rolls?

With the following sub-questions:

" What combination of parameterization schemes captures the marine cold air outbreak, polar low
and horizontal convective rolls from 18-20th of March in the Greenland and Norwegian sea best?

" How do sensible and latent uxes, vertical pro les of temperature and moisture, boundary layer
height, vertical velocity and low-level instability change with altered sea ice concentration and sea
surface temperature?



3. Methods

This sections provides a detailed overview of the observational datasets, modeling framework, and
analytical methods used to answer the two sub questions and the main research questions of this study.
To address the rst sub question on an optimal simulation of the MCAO, HCRs and PL by WRF,
ve di erent combinations of parameterization schemes and vertical levels (hereafter referred to as the
con gurations) were tested. Model performance was assessed and validated by comparing simulation
outputs with observational data. The most representative con guration was used as the base run for
the second part of the study, which addressed the e ects of a change in SIC and SST. Six additional
simulation experiments were conducted, with the previously determined con guration, but altered sea-ice
extent and sea surface temperature. Sea ice extent was altered to represent the expected sea-ice melt
and to assess its impact on the MCAO, HCRs and PL, while SST was adjusted to determine if this had
an enhancing or suppressing in uence.

3.1 Con gurations and Validation

The research was conducted using WRF ARW version 4.1.4. All simulations ran from 2020-03-
18T12:00:00 until 2020-03-20T04:00:00, a total of 41 simulation hours. This allowed for su cient spin-up
time (for later analyses 24 hours spin-up time was used) and ensured that processes were simulated
su ciently long to be analyzed.

Firstly, the research domains were selected, see Figure 3.1. Domain 1 covers a large area of 2260
km by 3000 km, to ensure it captured the MCAO and the area where it originated. Domain 2 spans
492 km by 1992 km, so it captured the whole trajectory of the PL, as proposed by Revokatova et al.
(2021). Domain 3 covers 492 km x 1102 km, which focused on the area where the HCRs occurred based
on satellite images, see Figure 10.4. The simulation of domain 1 ran on a 10 km x 10 km resolution, while
the simulations of domains 2 and 3 ran on a 2 km x 2 km resolution. These resolutions were ne enough
to resolve the PL, HCRs and the MCAO (Chen et al., 2019; F re et al., 2012; Gutjahr & Mehlmann, 2024).

WRF uses parameterization schemes to solve physical processes that occur at smaller scale than can
explicitly be solved by the model. These schemes range from simple and e cient to more complex and
computationally expensive (Wang et al., 2025). As di erent combination of schemes can produce di erent
results, the schemes have to be chosen carefully. For this study especially the planetary boundary layer
scheme and surface layer scheme are of interest, as will be explained below.

Firstly, the planetary boundary layer schemes (PBL schemes) handle the vertical sub-grid-scale uxes
which are created by eddy transport. The PBL scheme thus takes over the explicit vertical di usion,
for the whole atmosphere, not just the boundary layer (Skamarock et al., n.d.). The boundary layer
height (BLH) is strongly in uenced by the chosen PBL scheme used in the models. For a reliable forecast
especially the BLH is essential (Mantovani lnior et al., 2023).

Secondly, the surface layer schemes compute the exchange coe cients used in calculating uxes of
heat, moisture, and momentum at the lowest model levels (Namdev et al., 2024). Accurate surface layer
schemes are therefore essential to capture the strong air-sea interaction present during MCAOSs.

To test which con guration most accurately represents the processes associated with the MCAO,
HCRs and PL, ve dierent combinations of parameterization schemes and vertical levels were tested.
Table 3.1 lists the schemes and vertical levels per run, along with the rationale behind their selection.
For time e ciency the ve con gurations were based on previous studies focusing on the Arctic environ-
ment, PLs or MCAOSs. These studies were chosen since they had been successful in prior research, which
provided a more reliable and targeted starting point for model testing. By limiting to these ve con g-
urations, the analysis was more manageable. The aim was not to develop and test new con gurations,
but rather to identify the most suitable con guration for this study. The selection of con gurations was
also guided by the availability of studies that clearly documented their parameterization schemes.



Observational Data

Firstly, vertical pro les from radiosondes were available at Danmarkshavn, Ny-Alesund, Jan Mayen,

Bj rn ya, Ittoggortoormiit, And ya and the Polarstern - the icebreaker from the MOSAIC expedition.
These were available at time intervals of either six or twelve hours (Maturilli et al., 2022). Since the
Polarstern moved with the sea-ice, the measurements are not at a xed position. The average distance
between measurements is 13 km. Therefore the average location (86.156N, 16.327E) over the simulation
period was taken.

Additionally, weather stations provided timeseries data at Danmarkshavn, Adventdalen and the Po-
larstern (Schmithasen et al., 2021). All observational points are indicated in Figure 3.1.

The locations where observational data was acquired were deliberately spatially spread out. This
ensured that model performance assessment was done at a range of locations. On top of that, satellite
data was downloaded and visualized covering the whole study domain (Platnick et al., 2017). This further
enabled model performance assessment over the whole study domain.

Please see section Data Accessibility Statement for all links and references to datasets.

Figure 3.1: WRF domains 1, 2 and 3. Domain 1 is the largest box, focusing on the MCAO, domain 2 is the second largest,
focusing on the PL and domain 3 is the smaller, focusing on the HCRs. Measurement locations are indicated by a diamond
(weather station data), triangle (weather station data and radiosonde data) and a circle (radiosonde data).

Data Analysis

In order to compare the WRF output to observational data, three distinct approaches were taken.
Firstly, vertical proles were created per simulated run, at the location where radio soundings were
available. Each vertical pro le contained information on pressure, temperature, potential temperature,
wind speed, wind direction, relative humidity and speci ¢ humidity on an hourly basis. For each variable,
the simulated vertical pro le was compared to the observation, by calculating the root mean square error
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Table 3.1: The ve con gurations: overview of the parameterization schemes and vertical levels per run and some comments

Run Parameterization schemes Comments

Run 1 | Long-wave radiation: RRTMG Was previously used to deter-
Short-wave radiation: Goddard mine accurate con guration for
Boundary layer: Mellor-Yamada-Janjic (Eta) various meteorological variables
Surface-layer schemeMonin-Obukhov  (Janjic Eta) over Antarctica. The AMPS
Land-surface option: Unied Noah LSM combination is stated to bet-
Microphysics: WSM 5-class ter describe the polar environ-
Cumulus parameterization: Kain-Fritsch (new Eta) pa- | ment. It has 61 vertical levels
rameterization for domain 1; no cumulus parameteriza- mainly concentrated in the lower
tion on 2-km grids (domains 2 and 3) part of the atmosphere \AMPS

Con guration”, n.d.; Bromwich
et al., 2013).

Run 2 | Follows the AMPS con guration (run 1), except Was previously used to validate
boundary layer scheme:MYNN WRFs ability in simulating sur-
di erent shortwave radiation scheme: RRTMG , and face weather over West Antarc-
surface layer schemeMYNN tica. Reported high skill in simu-

lating surface pressure, good skill
for wind speed, generally good
representation of strong wind
events, good skill for tempera-
ture in winter. Main shortcom-

ing is failure to properly repre-

sent transient cyclones and their
in uence on coastal winds (Deb
et al., 2016).

Run 3 | AMPS con guration (run 1), except Was previously used for a sensi-
boundary layer schemeYSU , and tivity study of model resolution
surface layer schemeMM5 Monin-Obukhov on moisture and heat exchange

during a MCAO (Spensberger &
Spengler, 2021).

Run 4 | Short- and long wave radiation: RRTMG Was previously used for a deep
Short-wave radiation: Dudhia . Boundary layer: YSU . polar low with hurricane like
Surface-layer: MM5 similarity , rapid radiative transfer | characteristics over the Barents
model. Sea.51 vertical levels , with 18
Land-surface: Noah . set below 850 hPa to increase the
Microphysics: Thompson bulk resolution of physical processes
Cumulus: Betts{Miller{Janijic moist convection. in the PBL needed for polar-low

developments (F re et al., 2012).

Run 5 | Short- and long wave radiation: Community Atmo- Was previously used for an in-
spheric Model tense PL in the Barents Sea, with
Boundary layer: MYNN focus on surface energy uxes
Surface-layer: not specied, however Kolstad and Brace-| and latent heat release due to
girdle (2017) used a similar set-up withMM5 similarity condensation higher up in the at-
surface layer and turned on dissipative heating with en-| mosphere. 41 vertical layers
thalpy ux coe cients instead of MYNN with the lowest 24 below 700 hPa
Land-surface: Noah (Kolstad, 2017; Kolstad et al.,
Microphysics: Thompson bulk 2016).

Cumulus: Switched o (all domains)
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(RMSE), mean absolute error (MAE) and the index of agreement (d). Since wind direction is circular,
angular di erences are used for the calculations of RMSE, MAE and d of wind direction.

These three statistical metrics are calculated because multiple indexes on model performance must be
reported, as only one index cannot adequately capture model performance (Willmott, 1982). The RMSE
and MAE are among the best overall indicators of model performance, with MAE being less sensitive to
extreme values. Additionally the d-value proposed by Willmott (1982) is also favored overR?, because
it also takes the overall trend of the data into consideration. The d-value ranges from 0-1 with values of
1 indicating the perfect agreement, while values of 0 indicate poor model performance.

The RMSE, MAE and d-values are calculated per WRFs vertical layer. Since the radiosounding
observations report values every second, there was a mismatch in the vertical layers. To solve this, the
observations were averaged around the WRF pressure level to match the exact vertical levels of the WRF
simulation.

Secondly, timeseries of 2 meter temperature (T2m) and sea level pressure (SLP) were created at the
locations where continuous temporal observational data were available. The RMSE, MAE and d values
were calculated per hour at Danmarkshavn and Adventdalen and every three hours at Polarstern, because
measurements were only available at three hour intervals.

Third, spatial distribution of cloud fraction and cloud mask were visualized, enabling visual compar-
ison to the satellite observations. The distance between the HCRs is determined based on the number of
rolls perpendicular to 200 km.

Additionally, the BLH was further evaluated. The BLH was identi ed at the height of the strongest
potential temperature inversion or humidity gradient, based on observed vertical pro les. This estimated
BLH was compared to the simulated BLH, which is a standard output of WRF.

The validation with observations, satellite comparison and spatial analyses contributed quantitatively
and qualitatively in determining which con guration most accurately simulated the processes associated
with MCAOs, PLs and HCRs.

3.2 Experimental Runs: Adjusted Sea Ice and SST

The best con guration was determined and was used for the experiments. In total six experiments were
performed, in which either only the SIC or the SIC and the SST were altered, see Table 3.2. Experiments
SIC and SIC SST* were adjusted based on climate scenario SSP2-4.5 because it symbolizes the
middle of the road scenario. This is relevant because it represent on of the most likely scenario for the
future. Experiments SIC ~ and SIC  SST™ were set up based on climate scenario SSP5-8.5 because
it represents the worst case scenario in which climate change is most extreme (Intergovernmental Panel
on Climate Change, 2023). ExperimentsSIC* and SIC* SST are based on historical data from 1991-
2020. This scenario was chosen to analyze the e ect of an increase in SIC and a decrease in SST. As this
is the opposite from the other four scenarios, it can show if certain changes are linear. The SIC and SST
datasets were taken from the Copernicus Interactive Climate Atlas from the CMIP6 model, see Data
Accessibility Statement. The data was taken for the spring season (MAM), since the simulation take
place at the end of March. It is also important to note that the new SIC dataset is fractional, with values
between 0 and 1. Conversely, the base run (run 3 from previous section) used a SIC dataset that was
binary, with values either O or 1. This caused some inconsistencies which are presented in the discussion,
see section 5.3.

Table 3.2: Experiment set-up. The name of the experiments, together with what scenario in the certain time frame they
are based on, and what input variable is changed compared to the base run.

Experiment name | Scenario  New datasets Time frame
SIC SSP2-45 SIC 2081-2100
SIC SSP5-85 SIC 2081-2100
SIC* Historical SIC 1991-2020
SIC SST* SSP2-45 SIC + SST 2081-2100
SIC SST™ SSP5-8.5 SIC + SST 2081-2100
SIC*SST Historical SIC + SST 1991-2020

In order to implement the changes in SIC or SIC and SST properly, also the landmask, land use
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index and surface skin temperature (Tsk) were adjusted. This ensured physical consistency and avoided
unrealistic uxes over open ocean or ice covered areas. The landmask indicates what areas are land and
which are water. Based on the condition that if sea ice fraction was lower than 0.5 the landmask and
landuse values were adjusted to water.

Since Tsk is the input for the surface heat uxes it had to be altered accordingly. This was done as
follows: Tsk =SIC Tskgg +(1 SIC) SST. For experimentsSIC |, SIC and SIC* this meant the
old SST was used, while for experimentSIC SST*, SIC SST™ and SIC*SST their respective
SST values were used. These updated surface skin temperatures need to be interpreted with some nuance,
which is provided in the discussion.

With these settings, WRF was run as before, but now from 2020-03-18T12:00:00 until 2020-03-
21T00:00:00, which matched the base run.

3.2.1 Horizontal Covective Rolls

The sensitivity of the HCRs to SIC and SST was analyzed using the spatiotemporal di erences in the
sensible and latent heat ux, boundary layer height (BLH), vertical velocity at 900 hPa, vertical bulk wind
shear between 0-1 km and the maximum cloud fraction. The surface uxes indicate the available energy
for buoyancy, while the BLH and vertical velocity describe the resulting upward motion. In addition to
Su cient convection, also su cient shear must be present to organize clouds into HCRs. Finally, the
cloud fraction showed shifts or changes in the HCR structure compared to the base run.

Only the changes of experimentSIC SST + + relative to the base run were shown, in which
variable di erences were always calculated as experiment - base run. Since this experiment had the
largest changes in SIC and SST, it showed the maximum expected response on the HCRs.

All variables were studied and compared at the same time step (2020-03-19T12:00), because this
allowed for su cient spin up time and showed the HCRs clearly. This researched was all performed
inside domain 3, because of its higher spatial resolution (2 km x 2 km).

3.2.2 Polar Low

Additionally, also the PL was researched at the higher resolution, but this time inside domain 2.
Both the size and the intensity of the PL were analyzed. The whole PL analysis was done from 2020-03-
19T15:00 until 2020-03-20T00:00, so it captured both the development and the decay of the PL.

The size was researched through the change in PL surface area per hour. At each simulated hour it
was calculated how many grid cells satis ed the criteria: surface winds exceed 1%is !, relative vortic-
ity at 850 hPa exceeds 6 10 s ! and is in inside an active CAO area M > 0), further detailed in
the methods 3.2.3. This criteria is based on Zappa et al. (2014) and is physically meaningful for PL de-
tection. For simplicity each grid cell is assumed to be «m?, as the resolution of domain 2 is 2 km by 2 km.

To determine whether the experiments were signi cantly larger than the base run, the Wilcoxon
signed rank test was applied (Abdi, 2023; Whitley & Ball, 2002). This test was chosen because the data
was not normally distributed and was paired through time and space. The Wilcoxon signed rank test
considers the sign and magnitude of the di erences between the base run and the experiments, but does
not account for time dependencies within the dataset.

Simpli ed the test goes as follows: rst the di erence between each paired point (in this case paired
by hour) is calculated. Then the absolute values are ranked, with negative value receiving a negative
rank and positive values receiving a positive rank. The positive and negative ranks are then summed,
termed the rank sums. It then tested if the two rank sums are signi cantly di erent, through a series of
calculations detailed in Jesussek (2025).

Next to the PL size also the PL intensity was analyzed. This was done by comparing the 90th per-
centile threshold of 10 m wind speed and the average top 10% of 10 m wind speed. This served as a
proxy for the PL intensity. By using both the 90th threshold and the top 10%, the extreme winds are
well represented. The 10 m wind were chosen because they are a primary driver of damages caused by
PLs. The calculations were performed hourly and only inside the previously calculated PL area.

Lastly, the Mtr value by Meyer et al. (2021) was calculated. TheMtr value measures the vertical
distance between the upper boundary of the MCAO and the dynamical tropopause. It is calculated as
follows: Mtr = p  py , in which p (hPa) is the pressure for the upper boundary of the MCAO and
pr (hPa) is the pressure at the dynamical tropopause. They are determined as follows:(p ) = Tsk.
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The py is the pressure level at which 2 PVU is exceeded. Théltr value was calculated because it
also incorporated the interactions of the upper atmosphere. To further study the interaction with the
stratosphere, also a cross section of the potential vorticity through the PL was made.

3.2.3 Marine Cold Air Outbreak

Finally, also the intensity, horizontal- and vertical extent of the MCAO were studied, to evaluate how
the alterations of sea ice or sea ice and SST a ected the MCAO. This was done inside domain 1.

The surface area of active CAO was calculated per timestep for the simulated base run and the
experiments. The criteria for a grid cell to be considered wa$l > 0, as proposed by Dahlke et al. (2022).

The M value is calculated as follows:M = 14 8500, » IN Which 1s¢ is the surface potential skin
temperature. This was done from 2020-03-19T12:00:00 until 2020-03-21T00:00:00 to allow for su cient
spin up time.

Since the data is again paired, the Wilcoxon signed rank test was performed on the surface area of
the base run versus the six experiments. This gave insight into the signi cance of the results. Since
experimentsSIC , SIC , SIC SST" and SIC SST** have a much lowerSIC, the active CAO
area was expected to be larger. Therefore, the null hypothesis was that those experiments would have a
larger area compared to the base run. On the other hand, thesIC* and SIC* SST experiment have
a higher SIC and the active CAO area was thus expected to be smaller. Hence the null hypothesis for
these experiments was that the experiments would have a smaller area compared to the base run.

Furthermore, the magnitude of the MCAO was researched through the use of the maximumM max )
and temporal mean (M mean ) and spatiotemporal mean M nean Of M. The M. Vvalue gave insight
into the extreme values, while the M yean @and M ean  €nabled comparison over the whole a ected area.
The Mmean Value was calculated from 2020-03-19T12:00:00 until 2020-03-21T00:00:00. TNEqean Was
calculated over the same time, but only over the area in whichM > 0 for the base run. By analyzing
M mean the change in intensity over the same time and area was best quanti ed.

Again the data is paired, so a Wilcoxon signed rank test was performed on thél nea, between the
base run and the six experiments, to determine if changes were signi cant.

Finally, to also consider the e ects of the change in sea ice or sea ice and SST on the vertical extent
of the MCAO, the new cao-indexMp as proposed by Meyer et al. (2021) was researched. It is calculated
as follows: Mp = pg p in which py = 1013:25hPa and p is the height in hPa at which the surface
potential temperature equals the potential temperature aloft (same as for Mtr calculation, see section
3.2.2).
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4. Results

This section presents the results, starting with an evaluation of the di erent WRF model con gurations
on representing the main observed features of the MCAO, PL and HCRs. The second part covers the
experimental runs with adjusted sea ice concentration (SIC) and SST and its e ects on the simulation of
the MCAO, PL and HCRs.

4.1 Evaluation of WRF Con gurations

To determine the most accurate model con guration, the simulated SLP, T2m, and vertical pro les of
temperature, humidity and wind are compared to observational data. The observed vertical pro les are
also used to evaluate the accuracy of the simulated BLH. Finally, spatial distribution of cloud fraction
were analyzed and compared to satellite images.

4.1.1 Sea Level Pressure and 2 Meter Temperature

In general all runs perform better at simulating the SLP than the T2m, see Table 4.1. This table
shows the average RMSE, MAE and d-values for SLP and T2m for Adventdalen, Danmarkshavn and
the Polarstern. Location speci c statistics can be found in Tables 10.1 and 10.2 in the Appendix. The
d-values are dimensionless and can thus be compared directly. The d-values are higher for SLP than T2m
for all runs. The simulations of SLP for Runs 1-3 perform similarly on all three statistical metrics, while
run 4 and especially run 5 perform worse.

Regarding the simulated T2m, run 4 performs best for both RMSE and MAE and worst for run 3.
However, the d-value of run 3 is higher than of run 2, 4 and 5. Run 1 has the highest d-value for T2m, but
the RMSE and MAE are slightly higher than that of run 4. Considering the RMSE, MAE and d-values
for both SLP and T2m, run 1 performs best, followed by run 2 and 3. Run 4 outperforms run 5, which
performed worst overall.

Table 4.1: RMSE, MAE and d-values for SLP and T2m for the ve model con gurations. Statistics are calculated between
the simulations and the observations. Blue cells are indications of less accurate simulation, while green cells are indications
of more accurate simulation. Displayed values are averages of the three locations: Adventdalen (Ad), Danmarkshavn (Da)
and Polarstern (Po).

Runl | Run2 | Run3 | Run4 | Run5
RMSE for SLP (hPa) 1.41 1.30 1.38

MAE for SLP (hPa) 127 | 1.14
d for SLP () 094 | 095
RMSE for T2m (degC) | 2.80 | 2.60
MAE for T2m (degC) 2.26 2.20

d for T2m (-) 0.81 [[066 0.77

4.1.2 \Vertical Structures

Since the d-values are dimensionless, Figure 4.1 shows the d-values for all variables and all locations
combined. Runs 1-4 show similar performance for both the median (center line in box) and the mean
d-values which are, respectively, 0.85, 0.84, 0.85, 0.86. The mean d-value of run 5 is much lower at only
0.75, and run 5 also has a much lower median. There are only slight di erences considering the spread
in d-values between runs 1-4, while run 5 shows a much larger spread. It should also be noted that the
d-values are skewed towards higher values for all runs. Overall, run 5 performs the worst, with the lowest
median and the largest spread for all variables except wind direction, see Figure 10.1 in the Appendix.
Regarding the d-values, runs 1-4 perform similarly. However, since d-values capture also the ability to
simulate the trend within data, it is also important to assess the RMSE and MAE to study the actual
simulation errors. However, again the di erences between runs 1-4 are small, while run 5 performs worst
across all variables. The results on the RMSE and MAE are presented in the Appendix (Table 10.2),
because the main message is the same as the summarizing Figure 4.1.
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Figure 4.1: Spread in the d-values for the ve con gurations with variables (temperature, potential temperature, relative
humidity, speci c humidity, wind direction and wind speed) and locations (And ya, Bjrnya, Danmarkshavn, Ittoqqr-
toormiit, Jan Mayen, Ny Alesund and the Polarstern) combined.

4.1.3 Validation of Horizontal Convective Rolls

Additional to the evaluation of the model simulated surface and vertical proles of temperature,
humidity and wind metrics, it is also important to evaluate WRFs ability to simulate the cloud fraction
and the boundary layer height.

Runs 1, 2 and 3 show a clear HCR structure, recognizable by the distinct long lines of high cloud
fraction, see Figure 4.2, which shows the spatial distribution of the simulated maximum cloud fraction.
Run 4 also shows some HCR structure, but much less distinct. Run 5 shows no HCR structure. Both
run 4 and 5 show clouds further west of the main cloud structure, which are located above the sea-ice.
However, the cloud mask obtained from satellite images shows the sharper cloud fraction line along the
see ice edge like as shown in run 1, 2 and 3, see Figure 10.3 in the Appendix. Additionally, the HCRs are
clearly visible on the true color re ectance, see Figure 10.4 in the Appendix. So, the clouds above the
sea ice are not observed in reality, while the HCRs above the open ocean were. Since the resolution of
the satellite and WRF are di erent, the comparison between observed and simulated must be considered
with caution. Therefore, the focus is on whether the simulations capture the general observed structure
of the HCRs, rather than the exact spatial details.

Further analysis revealed that the distance between the observed rolls is 10-16.5 km. This distance
varies over time and space as can be seen in Figure 10.4 in the Appendix. The simulations of runs 1, 2
and 3, showed a distance between HCRs of 9-11 km (see number of rolls within 210 km in Figure 4.7C
and D, where only run 3 is shown). However, runs 4 and 5 do not show the distinct up- and downdrafts
and clouds characterizing HCRs (not shown). Despite the simplicity of estimating the HCRs size of the
observed and simulated HCRs, the results show that the simulated HCRs in run 1, 2, and 3 are of the
same order of magnitude.

As discussed previously, correctly simulating the BLH is an important aspect for reliable forecasts.
Figure 4.3 shows the BLH for the ve runs. Run 2-5 show an increasing BLH from the sea-ice edge
to south-east direction. Additionally, these runs also capture the ner structure of the distinct lines
associated with the HCRs. Run 5 shows higher simulated BLH, ranging from 2000-3000 meter, whereas
the other runs show simulated BLH generally being lower, around 1500 meter.

Run 1 shows di erent BLH behavior, with initially an increase in BLH, but then a sharp decrease in
simulated BLH. Despite this, the elongated lines associated with HCR structure are visible, but they do
dissolve further south-east.

To asses the validity of the simulated BLH output, the model results are compared against BLH
estimates based on observations. The estimated BLH is simply identi ed at the height were a strong
inversion in potential temperature was present in the observed vertical prole. Figure 4.4 shows the
observed vertical pro le of potential temperature, with estimated BLH and BLH from WRF output.
Comparison of the estimated BLH to the simulated BLH reveal substantial di erences between the
di erent con gurations. Run 1 consistently simulates the lowest BLH (heights between 20-500 meters),
while run 5 simulates the highest (heights between 500-2000 meters). Runs 2-4 show more variation,
but perform similarly overall. All con gurations underestimate the BLH overall. These patterns are
representative of the other 37 pro les.
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Figure 4.2: Spatial distribution of simulated maximum cloud fraction for run 1-5 for domain 3, at 2020-03-19T12:00.
Numbers in left top corner indicate the con guration number. The grey line indicates the binary sea ice edge.

Figure 4.3: Spatial distribution of simulated boundary layer height for runs 1-5 for domain 3, at 2020-03-19T712:00. Numbers
in left top corner indicate the con guration number. White line indicates the binary sea ice edge.
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Figure 4.4: Three vertical pro les of potential temperature at Ny-  Alesund, with simulated BLH per run indicated. Legend
applies to all three gures. Black solid line is the observed potential temperature pro le, colored lines indicate the calculated
BLH as provided as standard output from WRF and dashed black lines indicates the estimated BLH based on strong
temperature inversion. All on 2020-03-19, at 12, 18 and 23 UTC.

4.1.4 Validation of Polar Low

As mentioned in the introduction, the PL developed of the east coast of Greenland and passed Jan
Mayen at 13 UTC on the 19th of March (Revokatova et al., 2021). This trajectory is clearly re ected in
the simulated cloud fraction and 500 hPa geopotential height for the con guration of run 3, see Figures
10.6 and 10.7 in the Appendix. It is rst visible at 12 UTC on the ninetieth and dissolved at 12 UTC on
the twentieth, indicating that the simulated PL likely only lasted 24 hours. This is within the reasonable
range of 12-48 hours as indicated in the introduction. However, the cloud fraction is simulated di erently
for the other con gurations.

According to Revokatova et al. (2021), this PL is characterized by a distinct comma shaped cloud
structure, which is also visible on satellite pictures, see Figure 10.5 in the Appendix. Only the con gu-
ration for run 3 was able to represent this speci ¢ feature of the cloud structure associated with the PL,
see the black circle in Figure 4.5. This gure shows the cloud fraction for the ve runs at 00 UTC on the
twentieth, when the PL has passed the Island of Jan Mayen (approximately 70N, 10W). Throughout the
simulation no comma-shaped cloud structures are present in runs 1, 2, 4, and 5.

In summary, model evaluation of simulated key variables, boundary layer height and cloud fractions,
the con guration of run 3 most accurately simulated the features associated with HCRs, PL
and MCAO

) (4)
) (®)
®3)

Figure 4.5: Spatial distribution of simulated maximum cloud fraction for runs 1-5 for domain 2 on 2020-03-20T00:00.
Numbers in left bottom corner indicate the con guration number. Grey line indicates the binary sea ice edge. Black circle
indicates the distinct comma shaped PL.
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