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Abstract. The Arctic is warming faster than the global average and any other region. One important factor for this is the
poleward atmospheric transport of heat and moisture, which contributes directly to the surface and air warming. In this case
study, the atmospheric circulation and spatio-temporal structure of a moisture intrusion event is assessed, which occurred
during the 5™ to 7" June 2017 over the Nordic Seas during an intensive measurement campaign over Svalbard. This analysis
focuses on high-spatial resolution simulations with the ICON (ICOsahedral Non-hydrostatic) model which is put in context
with coarser resolution runs as well the ERAS reanalysis. A variety of observations including passive microwave satellite
measurements is used for evaluation. The global operational ICON forecasts from the German Weather Service DWD at 13
km horizontal resolution are used to drive high resolution Limited Area Mode (LAM) ICON simulations over the Arctic
with 6 km and 3 km horizontal resolutions. The results show the skillfull capacity of the ICON-LAM model to represent
the observed spatio-temporal structure of the selected moisture intrusion event and its signature in the temperature, humidity
and wind profiles, and surface radiation. The high resolution simulations offer a higher accuracy than the global simulations
and the ERAS reanalysis, compared to observations. This is especially demonstrated in the representation of the changing
vertical structure of specific humidity and wind associated with the moisture intrusion passing Ny-Alesund (western Svalbard).
Namely, the humidity increase in 1-2 km height topped by a dry layer and the development of a low-level wind jet is best
represented by the 3 km simulation. The study also demonstrates that such moisture intrusions can have a strong impact on the
radiative and turbulent heat fluxes at the surface. A drastic decrease of downward shortwave radiation by ca. 500 W m and an
increase of downward longwave radiation by ca. 100 W m within 3 hours are determined, which highlight the importance of

both moisture and clouds asso
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1 Introduction

Several processes and feedback mechanisms contribute to the Arctic amplification (Serreze and Barry, 2011; Wendisch et al.,
2017). One is the retreating snow and sea-ice cover and associated upward heat fluxes (Serreze et al., 2009; Screen and
Simmonds, 2010). Another relevant factor is the atmospheric poleward transport of heat and moisture, which contributes to
the warming directly due to increased downward longwave radiation and indirectly due to cloud radiative effects and increased
surface heat fluxes via associated sea-ice reduction (Ghatak and Miller, 2013; Boisvert et al., 2016; Woods and Caballero,
2016). Intense moisture intrusion events, some of them identified as Atmospheric Rivers (ARs) - river-style narrow filaments
of high amounts of vertically integrated moisture - account for a significant part of the poleward moisture transport into the
Arctic (Woods et al., 2013; Liu and Barnes, 2015). AR events can trigger surface ice melt and bring heavy snow accumulation in
the polar regions (Gorodetskaya et al., 2014; Nash et al., 2018; Wille et al., 2019; Mattingly et al., 2020). Thus, it is critical that
climate models represent them realistically in order to correctly simulate the Arctic climate and thus improve our understanding
of the processes responsible for the Arctic warming amplification. However, many models show biases in the representation
of the vertical atmospheric thermodynamic structure, clouds and surface heat fluxes in the Arctic (Sedlar et al., 2020; Inoue
et al., 2021). This is due to an incomplete understanding and uncertainty in parameterizations of these small-scale physical
processes, such as mixed-phase low-level clouds and their interaction with boundary layer processes (see overview of Vihma
et al. (2014)) as well as coarse vertical and horizontal resolutions in current regional (ca. 5-50 km) and global (ca. 15-150
km) climate models. Added value of using higher horizontal resolutions has been reported e.g. for wind (Moore et al., 2015),
moisture transport (Guan et al., 2018) and precipitation (Prein et al., 2015) simulations in Arctic environments. Furthermore,
models and reanalyses have difficulty to capture ARs, particularly in the polar regions (Martin et al., 2018; Gorodetskaya et al.,
2020). Hence, case studies exploring different resolutions like the one presented here are important for better understanding
the processes and for improving parameterizations in both climate and weather prediction models.

The aim of this study is to provide a comprehensive evaluation of the spatio-temporal structure of an AR event in a suite
of ICON (ICOsahedral Non-hydrostatic; Zingl et al., 2015) simulations. The model is used in a Limited Area Mode (LAM),
referred as ICON-LAM, over a circum-Arctic domain with two different horizontal resolutions (6 km and 3 km), driven by 13
km global ICON forecasts. We investigate a moisture intrusion event, which occurred during the Arctic CLoud Observations
Using airborne measurements during polar Day (ACLOUD) campaign over the Arctic Ocean and the sea ice North-West of
Svalbard (Ehrlich et al., 2019; Wendisch et al., 2019). An analysis of the meteorological conditions during the campaign period
May-June 2017 showed distinct air mass changes over the campaign months (Knudsen et al., 2018), including events of intense
advection of warm and moist air. One of such, occurring during the 5% to 7™ June 2017, has been identified as an AR (Viceto
et al., 2020) by the AR algorithm from Gorodetskaya et al. (2014, 2020). It originated from western Siberia and travelled over
the Barents Sea and reached Svalbard. This AR is the focus of our case study.

Given the general lack of observations in the Arctic, the ICON-LAM simulations of the spatio-temporal evolution of this AR
will be mainly compared with reanalysis data and measurements from the AWIPEV research base in Ny-Alesund, Svalbard,

and the research station in Shoyna (hereafter called Shojna, from the IGRA network station name), northern Russia. In addition,
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the skill of humidity simulations will be quantified in a two-way approach. The classical observation-to-model method, where
model variables are directly compared with observations, will be complemented by the model-to-observation approach using
forward simulated and directly measured brightness temperatures (Tg). For this, synthetic Ty are derived for ICON-LAM
simulations with the Passive and Active Microwave radiative Transfer Operator (PAMTRA; Mech et al., 2020).

The research questions addressed by this AR case study are:

— Can ICON-LAM represent the spatio-temporal structure of the AR reasonably? For this, the observed AR characteristics

are studied in detail and the model evaluation results will provide us insights into where a model skill is lacking.

— What is the effect of the model horizontal resolution on the representation of the AR? The comparison will show us if

an increased resolution results in an apparent added value in the simulations.

Section 2 of this paper describes the evaluation data and the applied model. The presented assessment of the selected AR
event, in Section 3, includes its spatio-temporal structure (section 3.1), signature at observational stations (section 3.2) and

impact on surface radiative and heat fluxes (section 3.3). Finally, a summary and conclusions are presented in section 4.

2 Observations and Models
2.1 Observational datasets
2.1.1 Data from Ny-Alesund/Svalbard during the ACLOUD campaign

In Ny—z&lesund (78.55°N, 11.55°E; see Fig. 1), Svalbard, the atmospheric column is observed by a variety of instruments
operated at the AWIPEV research base (operated by the German Alfred Wegener Institute Helmholtz Centre for Polar and
Marine Research (AWI) and the French Polar Institute Paul Emile Victor IPEV)). In this study, we use data obtained from
ground-based remote sensing and balloon-borne radiosondes. During the ACLOUD campaign, four radiosonde launches per
day were performed at 5, 11, 17 and 23 UTC (i.e. one hour prior to WMO standard synoptic hours, in order to reach the level of
100 hPa at an average ascent of 5 m s™), providing vertical profiles of temperature, pressure, relative humidity as well as wind
speed and direction (Maturilli, 2017), and allowing the analysis of the vertical profile of the atmosphere. Specific humidity
was retrieved for the entire column allowing the calculation of integrated water vapour (IWV). Moreover, IWV was derived
based on the zenith path delay of Global Navigation Satellite System (GNSS) ground station data (Dick et al., 2001; Gendt
et al., 2004) with a temporal resolution of 15 minutes and an accuracy of 1-2 kg m™. Ground-based remote sensing with a
HATPRO microwave radiometer enables the retrieval of IWV over Ny-Alesund every 2 seconds (Nomokonova et al., 2019),
with an uncertainty of about 0.5 kg m™ (Crewell et al., 2021a) as shown in comparisons to radiosonde measurements. Note,
that HATPRO provides the water vapor column directly above the station while GNSS measurements are taken between ground
and several GNSS satellites leading to a footprint of about 30 km (Steinke et al., 2015). In addition, the N y-Alesund surface
radiation budget components observed in the frame of the Baseline Surface Radiation Network (BSRN) (Maturilli, 2018) are
used in this study.
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2.1.2 Radiosonde data from the Russian station Shojna

As the selected AR takes its origin in north-west of Russia, radiosonde data at different Russian research stations from the
Integrated Global Radiosonde Archive (IGRA, Durre et al. (2006)) network have been explored. Vertical profiles during the AR
development were captured by radiosonde measurements at the Shojna research station (official WMO station name: Shoyna),
located in the Russian Arctic, at the western Kanin Peninsula, between the White and Barents Seas (67.88°N, 44.17°E; see
Fig. 1). Accordingly, its radiosonde data for specific humidity, air temperature and wind speed on 5" and 6™ June (at 12:00

UTC for both day) are included in our analysis.
2.1.3 Satellite-based observations by passive remote sensing instrument

Passive microwave instruments on polar orbiting satellites are well suited to provide observations at higher latitudes. By their
wide swaths (1920 km), a good spatial coverage can be achieved. With the operation on multiple platforms, several overpasses
over the same geographic location during one day are possible. ARs, as features governed by water vapour structures and
associated clouds and precipitation, can be well observed with instruments measuring the brightness temperature Ty along the
wings of water vapour absorption bands. The Microwave Humidity Sounder (MHS; Barker et al., 2012) instrument operated on
the MetOp-A satellite utilises three water vapour sensitive channels at the HoO line around 183.31 GHz (183.31 +1, 183.31
43, and 190.31 GHz) along with two window frequencies at 89 GHz and 157 GHz. At nadir the footprint size is about 16 km
and increases towards the edges of the 1920 km wide swath. An advantage of higher frequencies in the absorption bands is
the reduced influence of the surface due to a higher atmospheric opacity and therefore a signal that can be related to mid and
upper tropospheric water vapour concentrations. The observations in the atmospheric windows are strongly influenced by the
surface (open ocean, sea ice, and land) but on the other hand give information on the hydrometeor contents like liquid water

path, precipitation, and snow water path through emission and scattering signals.
2.2 PAMTRA forward simulator

Comparing atmospheric models to observations can be done in observational or modelling space. For studies in the modelling
space, retrieval algorithms are required to derive modelled quantities from the observations (observation-to-model). To compare
measurements and models in the observational space (model-to-observation), appropriate forward operators for the observation
wavelengths are needed. Here we make use of the Passive and Active Microwave TRAnsfer tool (PAMTRA; Mech et al.,
2020), a software package suited for the simulation of passive and active observations in microwave frequency region based
on atmospheric model output. PAMTRA has been applied to the ICON-LAM simulation output to derive the Ty for the AR
event for the MHS frequencies with model output on 3 km and 6 km horizontal resolutions and for ERAS5 on a 0.25° grid
for the 6™ June 2017 12:00 UTC, the date of the distinct AR pattern. For the purpose of this study, several assumptions
have to be made. Depending on the surface type (ocean/land) of a grid point, different models (TESSEM (Prigent et al.,
2017) and TELSEM (Aires et al., 2011)) and data (sea surface temperature (SST), wind speed, sea-ice cover) are employed

to derive the surface emissivity (see Mech et al. (2020) for more details). To model the effect of clouds and precipitation the
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scattering properties of liquid hydrometeors are calculated by the Mie theory (Mie, 1908) from the ICON hydrometeor mixing
ratios taking into account the microphysical assumptions of the model. For cloud ice and snow, that are assumed to be non-
spherical, the self-similar-Rayleigh-Gans approximation has been used (Hogan et al., 2017). Absorption coefficients for in the
microwave frequency range relevant atmospheric gases in particular water vapour, are calculated with a modified version of the
Rosenkranz 98 model (Rosenkranz, 2015). The Ty fields have been convoluted to match the footprint of satellite observations
over the simulation area. Only observations from satellite overpasses within one hour before and after the simulation time have

been taken into account.
2.3 ERAS reanalysis

ERAS (Copernicus Climate Change Service (C3S), 2017) is the fifth generation of the European Centre for Medium Range
Forecast (ECMWF) global climate and weather reanalysis (Hersbach et al., 2020). ERAS provides hourly estimates of a large
range of environmental variables. ERAS has a horizontal latitude-longitude grid resolution of about 31 km (native grid of
0.25°x0.25°), 137 vertical model levels up to the height of 80 km (from 1000 hPa to 1 hPa, with 40 levels below 5 km), and
covers a period from 1979 and onward. This state-of-the-art reanalysis has been chosen for its high spatio-temporal resolution,
as well as its higher performances compared to ERA-Interim (Dee et al., 2011) for the ARs in the polar regions (Gorodetskaya
et al., 2020). Further, it has been shown that ERAS presents a high quality reanalysis for the Arctic region (Graham et al., 2019;
Mayer et al., 2019).

2.4 ICON model

This study makes use of the ICON model (Zingl et al., 2015). ICON allows simulations to be performed with various spatio-
temporal resolutions, from long-term global climate simulations to very high resolution large eddy simulations (Dipankar et al.,
2015; Giorgetta et al., 2018). One particular aspect of the ICON model is its icosahedral triangular grid, which allows a nearly
homogeneous coverage of the globe, preventing numerical stability issues due to the so-called “pole problem" on traditional
latitude-longitude grids. In this study, the ICON-NWP model (version 2.6.1) is set up in Limited Area Mode (LAM) over the
Arctic region. Simulations are performed for the Pan-Arctic covering the domain north of 65°N (Fig. Al from Appendix) at
horizontal grid resolutions of 6.58 km and 3.29 km (respectively R3B08 and R3B09 following ICON’s grid terminology). For
both grid resolutions, 70 vertical model levels are used, extending from the surface (with the lowermost vertical layer of 20
m) to the top height of 23 km, with a gradually coarser vertical resolution with increasing height. The LAM simulations are
initialized from global ICON analysis at 13.15 km horizontal grid spacing (R0O3B07, here after ICON-GLOBAL, Deutscher
Wetterdienst (2020)) and 90 vertical model levels up to 75 km. The LAM simulations are forced at the lateral boundaries by
three hourly ICON global forecast data (i.e. output data from operational DWD forecasts), and also include sea ice and SST
updates (from the global forecasts runs). The model is run over the selected AR period (from 5™ to 7" June 2017) in the
so-called forecast mode to force the model to stay close to the observed weather situation, i.e. the simulations are re-initialised
every 30 hours from the ICON-GLOBAL run. Thus, the model is initialised on 4th June 2017 18:00 UTC (Day I) and runs for
30 hours until 5th June 2017, 23:59 UTC (Day II). The second model run is initialized at 18:00 UTC of Day II and runs until
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23:59 UTC of Day III, etc. The first 6 hours of each model run are discarded afterwards, in order to give the model a spin-up
time (i.e. only output of Day II from 00:00 to 23:59 UTC for the first run are retained for our analysis). These simulations make
use of the single-moment microphysics scheme (Seifert, 2008), which predicts the specific mass content of four hydrometeor
categories such as cloud water, rain water, cloud ice and snow. This physical parameterization is suitable for mesh sizes of 3 km
and coarser, and recommended for LAM simulations (Prill et al., 2020). The Rapid Radiation Transfer Model (RRTM, Mlawer
et al. (1997)) is used to derive the radiative fluxes and the Tiedtke/Bechtold convection scheme (Tiedtke, 1989; Bechtold
et al., 2008) is applied to parametrize shallow convection at the fine 3-6 km horizontal scales of this study. The ICON-LAM
simulations make use of ICON’s sea-ice model (Mironov et al., 2012), which simulates sea-ice thermodynamics (i.e. growing
and melting of sea ice, as well as sea-ice albedo) but does not consider sea-ice dynamics (the sea ice coverage is determined

by the ice-fraction analysis). More information of the ICON model and its LAM setup can be found in Prill et al. (2020).

3 Results
3.1 Spatio-temporal structure of the atmospheric river

To illustrate the selected AR event, Figure 1 shows ERA5-based spatial maps of integrated water vapour (IWV) and mean sea
level pressure (MSLP) evolution over the North Atlantic Ocean sector of the Arctic region from 5% June 2017 12:00 to 7 June
2017 00:00. The locations of the Ny-Alesund and Shojna research stations are also shown.

On 5" June 2017 12:00 UTC (Fig. 1a), a pronounced moist air intrusion can be seen arriving from the north-west Russian
coasts and moving over the Kara and Barents Seas into the Norwegian Sea. This moist air has IWV values of up to 30 kg m™,
while the rest of the region present values lower than 10 kg m™. From this time on, this moist air intrusion starts elongating
and narrowing further south of Svalbard (Fig. 1b). On 6™ June 2017 12:00 UTC, a thin and long path of moist air spreads from
the Barents Sea to Iceland, while passing over Ny-/a\lesund and extending into the Greenland Sea, driven by the low pressure
system over the southern part of the Norwegian Sea (Fig. 1¢). This moisture intrusion was detected as an AR in Viceto et al.
(2020) using the AR detection algorithm from Gorodetskaya et al. (2020). Twelve hours later (Fig. 1d), the AR has dissipated
but some moisture is still present and mixed with dryer air from the surrounding. These IWV patterns are similar to those
observed in other ARs occurring over polar regions (Wille et al., 2019; Gorodetskaya et al., 2020). Figure 1 also shows the
ERAS5-based IWV anomaly with respect to the 1979-2020 climatological mean. For the AR, a positive IWV anomaly as large
as 15 kg m™? is found. Such high IWV anomaly values are similar to those observed during strong moisture intrusions in the
mid-latitudes (Nash et al., 2018; Vazquez et al., 2018) and Siberian Arctic (Komatsu et al., 2018).

As seen in Fig. 2, the general structure of the ICON-LAMG6 simulated AR on 6" June 2017 12:00 UTC is in agreement
with the one from ERAS. The IWV spatial pattern ("AR shape") is well reproduced in comparison to the one of ERAS,
with pattern correlation of 0.91 (i.e. Pearson product-moment coefficient, calculated after the remapping of IWV field from
ICON-LAMSG6 onto the ERAS regular Gaussian lat-lon grid). The IWV difference "ICON-LAM6 minus ERAS5" (Fig. 2b)
shows large positive differences (ca. 12 kg m?) near the southern boundaries of the AR along the moisture location over

the northern Barents and Kara Seas. This indicates that ICON-LAMG6 show higher humidity compared to ERAS at the AR
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Figure 1. Integrated water vapour (IWV, kg m™, color shading) and mean sea level pressure (MSLP, hPa, black isolines) from ERA5 over the
Atlantic sector of the Arctic on 5% June 2017 12:00 UTC (a), 6 June 2017 00:00 UTC (b), 6™ June 2017 12:00 UTC (c) and 7" June 2017
00:00 UTC (d). The pink isolines represent the IWV anomaly (contours each 5 kg m™) at those dates compared to the mean from 1979-2020
climatology. The red symbols show the locations of the Ny-Alesund (78.55°N, 11.55°E) and Shojna (67.88°N, 44.17°E) research stations.

location. The IWV differences "ICON-LAM6 minus ICON-GLOBAL" (Fig. 2c) and "ICON-GLOBAL minus ERAS5" (see
Fig. B1 from Appendix) show that this high moisture level seen in ICON-LAMS6 might be inherited from ICON-GLOBAL, as
higher humidity values are seen in ICON-GLOBAL compared to ERAS at the AR location. One possible explanation for the
higher moisture level in ICON-GLOBAL might come from higher moisture level (or bias) in the I[CON-GLOBAL analysis.
This moisture bias in the I[CON-GLOBAL analysis is a known issue by the DWD service and will hopefully be reduced in the
newest ICON version. Furthermore, pronounced filament-like anomalies (i.e. positive/negative IWV differences) occur over
the northern Norwegian Sea, in ICON-LAM6 compared to ERAS and ICON-GLOBAL. These differences are within £15 kg
m and indicate a southward shift of the AR in ICON-LAM6 compared to ERAS5 and ICON-GLOBAL, with the AR wrapping
up more closely around the low pressure system in ICON-LAMS6. These differences and shift might be related to the difference

in horizontal resolution of the datasets. The IWV difference between ICON-LAM6 and ICON-LAM3 (Fig. 2d) is found to be
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of much smaller range (in the order of +6 kg m) and occurs mainly along the edges of the intrusion location. This indicates

a slightly narrower AR in [ICON-LAMS3, likely due to its higher horizontal resolution.

(@ (b)

ICON-LAM 6km 06/06/17 12:00
¥ . —

ICON-LAM 6km - ERA5: 06/06/17 12:00 2
Ry
A ;

[ =T ~E [ T
v Ny-Alesund v Ny-Alesund .
e Shojna

§
20 &
185 2
£
0f
1< 2
> 1@
123 £
o o 2
60°N o N é
3=
8
-6
6
A -9
> -12
0 -15
(c) (@)
15 6
ICON-LAM 6km - ICON-GLOBAL 13km: 06/06/17 12:00 12 ICON-LAM 6km - ICON-LAM 3km: 06/06/17 12:00 B
T E T3 = o G W T v ko
v Ny-Alesund BN F ° v Ny-Alesund - 1“\“ e - 4
e Shojna 6 e Shojna 3
: 3 . 2
N Q
2 E 1 £
o o
12 05 =
o o
o £ o g
o <
1g 058
T o
-2 60°N 1>
g g
3= 2
/ 6 3
/ - -9 / 4
20°W 10°W o 10°E 20°E  30°E  40°E 50°E 60°E B 20°w 10°w o 10°E 20°E  30°E  40°E 50°E 60°F 5
6

Figure 2. (a): Integrated water vapour (IWV, kg m™, color shading), mean sea level pressure (MSLP, hPa, black isolines), precipitation (pink
isolines for precipitation > 5 mm) and sea-ice (black hatches for sea-ice fraction > 0.15) from ICON-LAM 6 km. (b), (c), (d): Differences
of IWV between ICON-LAM 6 km and ERAS (ICON-LAM6 - ERAS, b), ICON-GLOBAL 13 km (ICON-LAM6 - ICON-GLOBAL, c)
and ICON-LAM 3 km (ICON-LAM6 - ICON-LAM3, d, note the different scale) on 6™ June 2017 12:00 UTC. All IWV fields have been
remapped onto the ERAS (0.25x0.25 regular lat-lon) grid to calculate the differences. The black lines (d) are the reference lines for the
presented cross sections in Fig. 4. The location of the Ny—Alesund and Shojna research stations are indicated by a red/black triangle and

circle.

In order to evaluate model performance with satellite observations, a model-to-observation evaluation of the simulations with
respect to the brightness temperatures Tg (Fig. 3) is carried out with PAMTRA model (see Section 2.3). The forward approach
(Fig. 3) confirms the results from the ERAS5-based comparison of IWV (Fig. 2). Figure 3 presents the Ty comparison between
observations from the MHS instrument on the MetOp-A satellite at different frequencies and the corresponding ICON-LAMG6
(Fig. 3 m-o0) and ICON-LAM3 (Fig. 3 j-i) simulations and the ERAS reanalysis (Fig. 3 p-r) for one overpass between 11:00
and 13:00 UTC of the 6™ June 2017. For the channels with strong surface influence (i.e. 89 and 157 GHz, not shown) locations

where Tp is difficult to estimate, especially over sea ice and ice covered land (Greenland), have been left out. In general,
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Figure 3. Top row shows the integrated contents of water vapour (IWYV, a)) and liquid (CRWP, b)) and solid hydrometeor content (ISGWP, c))
from the 6 km ICON-LAM simulation for the 6™ June 2017 12:00 UTC. In panels d)-f) the forward simulated Tg at 183.31£1, 183.31+£3,
and 190.31 GHz based on ICON-LAM on the 6km resolution are shown. g) to i) show the observations from MHS for an overpass between
11:00 and 13:00 UTC. The differences between simulation and observation for 6 and 3 km ICON LAM simulations and ERAS reanalysis

(rows) are shown in m) to r). Bottom panels s)-u) present, through kernel density plots the observations to each corresponding simulation.
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the simulations and the observations are in good agreement, with differences that can be attributed to small time and space
displacements. The AR event can be seen quite well in the observations as well as in the simulations for the channels most
sensitive to emission by water vapour (183.3141 and 183.31+3 GHz). The closer the channel to the water vapour line at 183.31
GHz and the higher the mid- and upper-level water vapour content, the less deep these channels can sound the atmosphere and
therefore the lower the T is. This shows as well that the AR extends throughout the troposphere. For the 190.31 GHz, higher
Tg can be seen that corresponds to a mixture of clouds, precipitation and water vapour in lower atmospheric layers. This
channel shows as well Tp depressions due to scattering in regions with higher contents of frozen hydrometeors. Due to its
coarser resolution, around twice the order of the footprint size of the satellite observations, ERAS shows therefore less details
compared to the MHS microwave satellite products (Figs. 3 p-r). On the other hand, the high resolution of the ICON-LAM

simulations (Figs. 3 m-j), resulting in a better comparison to the coarse satellite observations.
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Figure 4. Altitude-latitude/longitude cross-sections of specific humidity (g kg™, color shading) and wind speed (m s, grey isolines) from
ICON-LAMBG (a, b) and of specific humidity difference between ICON-LAM6 and ICON-LAM3 (c, d), along latitude at 11.55°E (a, ¢) and
along longitude at 78.55°N (b, d) on 6™ June 2017 12:00 UTC. Black and red dotted lines: column above Ny—x&lesund location. The location

of the cross-sections is indicated in Fig. 2d.
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The three-dimensional (3D) structure of the AR is well seen in the specific humidity pattern (Fig. 4). The 3D structure
presents a narrow shape of the increased moisture associated with the AR of ca. 2° of latitude (or ca. 200 km) width, as
demonstrated by the altitude-latitude cross-section (Fig. 4a). On the other hand, as seen on the altitude-longitude cross-section
(Fig. 4b), the AR elongates, with length of thousands of kilometers. These are typical length and width of the mid-latitude
ARs (Rutz et al., 2019). The figure confirms the passage of the intrusion over the Ny-Alesund research station. Figure 4
further indicates that the AR-related moisture increase covers almost the entire troposphere. However, the maximum moisture
content of the AR (of about 6.5 g kg'l) is found, co-located with the maximum wind speed, at an altitude of about 2 km.
Such a structure and humidity content is in agreement with other AR cases in the polar region as discussed in Komatsu et al.
(2018), Gorodetskaya et al. (2020) and Terpstra et al. (2021). The presented 3D analysis confirms the above finding that [CON-
LAMBG shifts the AR slightly southward, compared to the coarser resolution data of ERAS and ICON-GLOBAL (Fig. C1 from
Appendix) and that the high resolution ICON-LAM3 simulates a slightly narrower (by ca. 0.5° or ca. 40 km) structure of the
AR compared to ICON-LAMG6 (Fig. 4c and 4d).

3.2 Atmospheric river signature at station locations
3.2.1 Ny-Alesund/Svalbard

As previously presented, the AR reached Ny-Alesund, on the 6" June 2017, by extending from north-western Siberia. The
broad suite of atmospheric instruments at AWIPEV research base at Ny-Alesund allows the ICON simulated event to be
compared with observations.

Figure 5 presents the time series of IWV at Ny-Alesund, with ICON-LAMG6, ICON-LAM3 and ICON-GLOBAL simulations,
ERAS reanalysis and GNSS, HATPRO and radiosonde observations, from 5% June 2017 00:00 UTC to 8™ June 2017 00:00
UTC. Low background IWV values between 2 kg m? and 4 kg m2, which is representative for Arctic air masses, are seen on
5" June 2017 before the AR event reached Ny-;\lesund. Starting from 6™ June 2017 00:00 UTC, the HATPRO observations
indicate a large increase in IWV, reaching its maximum of 21 kg m at about 14:00 UTC. Afterwards, when the AR passed,
the IWV values steeply decrease to reach a minimum of about 10 kg m at 21:00 UTC on 6™ June 2017. Then on 7" June
2017 still some moisture stays around Ny-Alesund with IWV fluctuations between 8 kg m? and 14 kg m™, indicating that
the background IWV state (i.e. pre-AR state of low IWV) has not been reached yet. The GNSS dataset shows a relatively
similar evolution, with however lower IWV values during the three-day period, as well as a smaller maximum, around 19 kg
m2, during the passage of the AR on 6™ June 2017. Although only 6-hourly, the radiosonde results also show a similar IWV
evolution with a large increase of IWV values during the AR passage. A slight one-to-two hour advance of the maximum IWV
appears in the simulations compared to the observations, i.e. the maximum IWV occurs at 12:00 UTC in ERAS and at 13:00
UTC in the ICON simulations, while it was observed at about 14:00 UTC. Nonetheless, a relatively realistic representation of
this temporal evolution of IWV is seen in the ICON-LAM simulations as well as in ICON-GLOBAL and ERAS. Similarities
are found in the simulated IWV maximum values compared to the observations, with values ranging from 18 kg m to 22 kg

m‘z.
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The realistic representation of the AR passage over Ny-[oklesund from the ICON-LAM simulations is also indicated from
the statistics. Table 1 show the minimum, maximum, mean and standard deviation (based on all values available within the 24
hours of the specific day) of IWV at Ny—Alesund from ICON-LAM6, ICON-LAM3, ICON-GLOBAL, ERAS5 and the GNSS
and HATPRO data for the IWV evolution from 5" June 2017 to 7" June 2017. Table 1 also presents the root mean square
error (RMSE) and mean absolute error (MAE) calculated for ERAS, ICON-GLOBAL, ICON-LAM6 and ICON-LAM3, with
the HATPRO dataset as a reference. As expected and seen in Fig. 5, larger variabilities in IWV values is found during the AR
passage (6" June 2017) compared to the pre- and post-event periods. The differences found in GNSS and HATPRO have also
been shown by Crewell et al. (2021b) with the latter being closer to radiosonde measurements within a long-term assessment.
These differences, between the statistics from the observations and the reanalysis and model datasets, are also reflected in
the RMSE and MAE values being higher during the AR passage over Ny-Alesund, indicating the difficulty for the reanalysis
and model simulations to represent the accurate amount of humidity in the atmospheric column during the AR passage at
Ny-Alesund. Nonetheless, the evolution of the IWV during the three-day period is rather well captured by the reanalysis and

model datasets.

Ny-Alesund 05-08/06/2017

& GNSS ~
227 & HATPRO 8%
20| ® Radiosonde $ Q0

& ERAS S % A
181 < ICON-GLO 13 km (54

¢ ICON-LAM 6 km m

=
[=)]
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IWV (kg m-2)
S
N e~

=
(=)
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Figure 5. Time series of integrated water vapour (IWV, kg m™) at Ny-Alesund from the radiosonde, GNSS and HATPRO data, from ERAS,
ICON-GLOBAL, ICON-LAMS6 and ICON-LAM3, from 5 June 2017 00:00 UTC to 8" June 2017 00:00 UTC. The model and ERAS5 results

are based on the station nearest grid point.

Figure 6 compares the simulated vertical profiles of specific humidity, air temperature and wind speed at Ny—zoAlesund with
the radiosonde data on 5" June 2017 12:00 UTC and 6™ June 2017 12:00 UTC. During the pre-AR conditions on 5" June
2017 12:00 UTC, the lower atmosphere is dry with typical values smaller than 1 g kg'!, and a low-level humidity inversion
at ca. 100-400 m is observed (Fig. 6a). This is a common feature in the Arctic boundary layer (Nygard et al., 2014) and can

contribute to the formation and maintenance of clouds (Sedlar, 2014). This inversion is not well captured by the models and the

12
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GNSS ‘ HATPRO H ERAS H ICON-GLOBAL ‘ ICON-LAM6 ‘ ICON-LAM3 ‘

|
| | min | 19| 36 || 31| 28 | 39 | 33 |
| 050617 | max | 42| a8 || 4| 41 | 46 | 42 |
| @) | mean | 27 a1 36| 34 | 42 | 37 |
| s | 05| 03 | 03] 05 | 0.2 | 03 |
| | RMSE | | [— 08 | 01 | 04 |
| | MAE | | | os | 0.7 | 01 | 04 |
| [ min | 25| a4 ] a2 45 | 5.0 | 46 |
| 060617 | max | 185 | 2m1 || 189 | 217 | 226 | 23 |
| @m | men | 87| 103 105 | 105 | 127 | 116 |
| [sta | 50 s2 | as || 62 | 63 | 62 |
| | RMSE | | | a5 2.1 | 36 | 26 |
| | MAE | | | 32 13 | 29 | 19 |
| [min | 102  no| na2 9.7 | 106 | 9.9 |
| 070617 | max | 143 | 159 || 138 | 147 | 161 | 157 |
| @m) | mean | 126 135 128 126 | 134 | 127 |
| [sta | 10 0] o8| 16 | 15 | 16 |
| | RMSE | | [ 19 | 16 | 20 |
| | MAE | | | os | 14 | 14 | 16 |

Table 1. Statistics (minimum, maximum, mean, standard deviation) of IWV (kg m?2) at Ny—z&lesund, with ICON-LAM6, ICON-LAM3,
ICON-GLOBAL, ERAS and the GNSS and HATPRO data, for the 5", 6" and 7™ June 2017. All data sets have different spatio-temporal
resolutions (see Section 2). The root mean square error (RMSE) and Mean Absolute Error (MAE) are calculated based on 3 hourly data and

are relative to the HATPRO observational data. These statistics are based on all values available within the 24 hours of the specific day.

reanalysis (Fig. 6a). This can be associated with different processes insufficiently represented in the model, including surface
cooling, condensation at higher levels and moisture advection. Earlier work also showed that reanalyses underestimate the
265 amplitude and frequency of humidity inversions in the Arctic (Naakka et al., 2018). Apart from this, the simulated humidity
profiles agree with the radiosonde. During the AR event on 6 June 2017 12:00 UTC, a large moisture increase by ca. 4 gkg™! is

observed between 1 km and 2 km altitude (Fig. 6b). This increase in low-level humidity is driven by the passage of the AR over

13
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orange) on 5% June 2017 12:00 UTC (a, ¢, e) and 6" June 2017 12:00 UTC (b, d, f). For ERA5 and ICON simulations, the solid line

presents the value for the Ny-Alesund nearest grid point, while the shading presents the range (maximum-minimum) across the four station

surrounding grid points. A zoom of the profiles in the lowest 500 m is included in the upper right corner of each figure.
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Ny-Alesund and this AR moistening signature is well reproduced in the simulations. The ICON-LAM simulations show closer
humidity profiles to observations than the ones from ERAS and ICON-GLOBAL. This includes not only the realistic simulation
of the low-level confined moisture increase, but also of the dry layer above the intrusion levels between 2 km and 3 km. Such
dry layers are observed frequently and represent a coherent layer of air descending from near tropopause-level (Browning,
1997). Neither ICON-GLOBAL nor ERAS can accurately reproduce this. Furthermore, a smaller spread across the four closest
grid points around Ny-Alesund is seen in both ICON-LAM simulations compared to that in ERAS5 and ICON-GLOBAL. This
clearly indicates an increase of the accuracy of the AR representation with the increase in horizontal resolution of the model,
as well as a reduced variability over the four surrounding grid points. Warmer near-surface air temperature accompanies the
AR, as shown by the 5 K temperature increase within the lowest first kilometer from the 5" to the 6% June 2017 (Figs. 6¢
and 6d). Comparable increase of temperature has previously been reported during other ARs in the polar regions (Komatsu
et al., 2018; Wille et al., 2019; Francis et al., 2020). It is interesting to note that the temperature increase associated with the
AR passage is seen confined between the surface and the humidity maximum from the AR at higher levels. This temperature
increase dissolves the previously occurring low-level temperature inversion, as seen on Figs. 6¢ and 6d embedded plots (i.e.
zoom on the first 500 m of the atmosphere). This characteristic is an AR signature, which is relatively well reproduced in the
ICON-LAM simulations. Associated with the increase of humidity and temperature, a relatively large increase in wind speed
(of about 6 m s7') in the lowest kilometer, establishing a strong low-level jet between ca. 500 m and 900 m, is seen on the
6™ June 2017 (Figs. 6e and 6f). Also this AR-related prominent increase in lower tropospheric wind speed and occurrence
of low-level jet, as was shown by earlier studies in Antarctica (Gorodetskaya et al., 2020), is well reproduced by the ICON-
LAM simulations and ERAS, although the simulated maximum wind peak is slightly raised in its altitude. On the contrary,
ICON-GLOBAL significantly overestimates the maximum wind speed (Figs. 6e and 6f).
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Figure 7. Time series of specific humidity (g kg!, color shading), air temperature (K, grey isolines) and wind speed (m s!, orange isolines)
profiles at Ny—/e\lesund from ICON-LAMSG (a) and specific humidity difference between ICON-LAM6 and ICON-LAM3 (b, ICON-LAM3
was remapped onto the ICON-LAMSG grid resolution), from 5™ June 2017 00:00 UTC to 8™ June 2017 00:00 UTC.
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The time series of [CON-LAMG6 specific humidity profiles support the understanding of the temporal development of the AR
structure as seen at Ny—Alesund during the 6™ June 2017 (Fig. 7a). While the near-surface atmosphere is relatively moist (ca. 3
gkg!) on 5 June 2017, the rest of the column is extremely dry (<0.5 g kg'!). When the AR arrives at Ny—Alesund at 5™ June
2017 18:00 UTC, the moisture increase starts expanding in the lowest 2 km of the atmosphere accompanied with the increase
in temperature. On 6 June 2017 12:00 UTC, the moisture increase is seen over the entire column with establishing values of
ca. 5.5 gkg! between 1 km and 2.5 km of altitude. This well pronounced increase in humidity indicates the passage of the AR
over the research station for about 10 hours. From 7" June 2017 on, the upper air dries out but some moisture (about 3 g kg™!)
stays within the lowest 3 km height above Ny-Alesund. Such a long-lasting (up to a few days) lower-level moistening after the
actual AR passage is not uncommon (Ramos et al., 2015), and was also found in Antarctica (Wille et al., 2019). Figure 7 also
presents the time series of the specific humidity difference between both ICON-LAM simulations (Fig. 7b). The differences are
generally very small, except for the time of the arrival of the AR over Ny-;\lesund, when ICON-LAMS6 shows up to 3.75 g kg'!
higher humidity content compared to ICON-LAM3. This indicates that the AR arrives over the station in [CON-LAMG slightly
(ca. 2 hours) earlier than in ICON-LAM3 due to the coarser model resolution. This advance of ICON-LAMBS6 is also visible in
the IWV time series in Fig. 5, during the onset of the AR event during the morning of 6™ June 2017. Probably mainly due to
their coarser resolutions, ERAS and ICON-GLOBAL show a smaller and weaker humidity core of AR during its passage over
Ny-Alesund (see Fig. D1 from Appendix).

3.2.2 Shojna/Russia

The Shojna research station has been chosen for this study as it is located on the path of the analysed AR. As for the Ny-
Alesund station, radiosonde data are available for both 5 and 6™ June 2017, allowing the analysis of both humidity and wind
speed at this location.

Similarly to Ny-Alesund, the temporal evolution of IWV at Shojna (Fig. 8) shows an increase of moisture content over
the station from the 5% June 2017 to a peak on the day of the AR event, and then a relatively small decrease of IWV on the
7" June 2017. The passage of the AR over Shojna, which is about 10° further south than Ny-Alesund, is well captured by
all simulations as observed by the radiosondes, with a maximum IWV of 20 kg m™ with the radiosonde data (although the
radiosondes might not capture the maximum IWV value due to their low 6-hourly temporal resolution), 22 kg m in ERAS
and 24 kg m in ICON-LAM simulations during the afternoon of 6" June 2017. As expected from the atmospheric circulation
(Fig. 1), the AR is passing over Shojna before Ny-Alesund. Accordingly, the moisture content at Shojna increases almost 24
hours earlier than the one at Ny-Alesund, and the AR-related elevated moisture stays longer over Shojna than over Ny-Alesund.
Furthermore, the comparison of Figs. 5 and 8 shows that, while the AR maximum is rather similar for both locations, IWV
evolution at Shojna before and after the AR passage is higher, likely due to its more southern location compare to N y—Alesund.
On the 5™ June 2017, the background pre-AR IWV values are about 10 kg m™ at Shojna, but only 4 kg m™ at Ny-loAlesund.
However, during the peak of the AR event (i.e. the IWV maximum), the IWV values are relatively similar both at Shojna and
Ny—Alesund stations. All ICON simulations show a comparable IWV evolution to the 6-hourly radiosonde data and to ERAS,
although with a consistent slightly higher IWV magnitude (by ca. 2 kg m?). If the relatively good agreement of ERA5 IWV
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time series to the radiosonde values might come from the assimilation of observations, Crewell et al. (2021b) showed that
Russian radiosonde stations may often be too dry compared to satellite data (ex. IASI, MIRS). Hence, the higher IWV values
found with the ICON simulations may represent more accurately the evolution of the humidity at Shojna station. Nonetheless,
the relatively good agreement between the radiosonde data and the reanalysis and model datasets is also seen in Table 2, which
summarises the statistics (minimum, maximum, mean, standard deviation, based on all values available within the 24 hours
of the specific day) of IWV at Shojna, with I[CON-LAMG6, ICON-LAM3, ICON-GLOBAL and ERAS, for the 5t gth apd 7t
June 2017. Smaller differences are seen in the statistics of the IWV evolution at Shojna compared to Ny—l&lesund, indicating a
higher accuracy of the representation of the IWV values during the AR passage over Shojna. These differences are likely to be
due to the different scale of the AR structure at both research stations (i.e. large humidity pattern at Shojna but thin filament at

Ny-Alesund).
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Figure 8. Time series of integrated water vapour IWV, kg m'z) at Shojna from radiosonde, ERAS, ICON-GLOBAL, ICON-LAM6 and
ICON-LAMS3 from 5™ June 2017 00:00 UTC to 8" June 2017 00:00 UTC. The model and ERAS5 results are based on the station nearest grid

point.

The change in the vertical profiles of specific humidity and wind speed shows a similar AR signature (Fig. 9) as detected at
Ny-Alesund. With the AR arrival (Fig. 9b), the low-level specific humidity increases by a factor of 4, compared to the pre-AR
conditions (Fig. 9a). This means that on 6 June 2017, a large increase of humidity occurs between 1 km and 2 km of altitude
and reaches values of almost 7 g kg™!. However, compared to Ny-Alesund (Figs. 6a and 6b), the maximum humidity at Shojna
(Fig. 9a and 9b) appears at a slightly lower altitude (at ca. 1 km), indicating that the AR moves to slightly higher (by ca. 500
m) altitude while elongating over the ocean. This phenomenon has been previously reported for another AR event from the
Siberian coasts towards the Arctic Ocean (Komatsu et al., 2018), suggesting an “upward and poleward upgliding of the humid

air parcels" of moisture intrusions which travel over sea ice into the Arctic. Similarly to Ny—Alesund, an increase of the surface
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ERAS || ICON-GLOBAL | ICON-LAM6 | ICON-LAMS3 |

|
| | min | 76 | 9.0 | 95 | 8.7 |
| 050617 | max | 133 || 128 | 140 | 129 |
| @) | mean | 95 || 107 | 115 | 104 |
| s | s 14 | 15 | 14 |
| [ min | 139 || 136 | 1338 | 127 |
| 0606117 | max | 219 || 2.7 | 248 | 2.1 |
‘ (24h) ‘ mean ‘ 19.2 H 19.6 ‘ 20.8 \ 20.0 \
| [sta |22 34 | 39 | 43 |
| [ min | 164 160 | 1956 | 186 |
| 070617 | max | 208 || 238 | 216 | 209 |
‘ (24h) ‘ mean ‘ 18.0 H 19.0 ‘ 20.5 ‘ 19.5 ‘
| [sa |13 23 | 05 | 06 |

Table 2. Statistics (minimum, maximum, mean, standard deviation) of IWV (kg m’z) at Shojna, with ICON-LAM6, ICON-LAM3, ICON-
GLOBAL and ERAS5, for the 5", 6™ and 7" June 2017. These statistics are based on all values available within the 24 hours of the specific

day. Note: all data sets have different spatio-temporal resolutions (see Section 2).

air temperature (Figs. 9c and 9d) is seen with the AR passage. It is interesting to note that the increase of temperature at Shojna
is collocated with the increase of moisture, while at Ny-Alesund the temperature is seen near the surface and the moisture
maximum is at higher altitudes than before. Again, a low-level wind jet is associated with the AR (Figs. 9e and 9f). Although
the ICON-LAM simulations fail to reproduce the relatively dry layer above 1500 m on 6™ June 2017 (Fig. 9b), the ICON
simulations relatively well capture the AR signatures in the humidity temperature and wind profiles. However in this case,
ERAS represent more accurately the specific humidity profiles at Shojna, as well as the dry layer above the AR. It is interesting
to note that the across grid point scatter in the simulations is much smaller at Shojna, located on relatively flat Kanin Peninsula,
compared to N y—Alesund. This is an implication of the latter station’s location on the complex orography of Svalbard island and
nearby fjord, and demonstrates the difficulty to compare models and observations of different resolution especially in complex
orography as elucidated in more detail by Steinke et al. (2015). Furthermore, Dobler et al. (2019) demonstrated that convection
permitting simulations for Svalbard show differences to observations as the simulated values derived for the 2.5 km x 2.5 km
grid box center closest to the station do not exactly match the station location.

Figure 10 shows the temporal evolution of the vertical profiles of specific humidity and air temperature from ICON-LAMG6

at Shojna for the three-day period of interest. During the pre-AR conditions on 5" June 2017, elevated humidity of about 4 g
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Figure 9. Vertical profiles of specific humidity in g kg™' (a and b), air temperature in K (c and d) and wind speed in m s™' (e and ) at Shojna
from the IGRA radiosonde (black), ERAS (grey) and ICON simulations (ICON-GLOBAL: blue, ICON-LAMG6: red, ICON-LAM3: orange),
on 5" June 2017 12:00 UTC (a and ¢) and 6™ June 2017 12:00 UTC (b and d). For ERAS and ICON simulations, the solid line presents the

value at the Shojna nearest grid point, while the shading presents the range (maximum-minimum) across the four station surrounding grid

points. A zoom of the profiles in the lowest 500 m is included in the upper right corner of each figure.

kg! is seen within the lowest first kilometer of the atmosphere topped with a very dry atmosphere above. Starting from 6" June
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Figure 10. Time series of specific humidity in g kg™ (color shading), air temperature in K (isolines) and wind speed in m s (orange
isolines) profiles at Shojna from ICON-LAMS6 (a) and specific humidity difference between ICON-LAM6 and ICON-LAM3 (b, ICON-
LAM3 remapped onto the ICON-LAMS grid resolution), from 5™ June 2017 00:00 UTC to 8™ June 2017 00:00 UTC.

2017 00:00 UTC, the AR passage over Shojna station is identified by an increase in specific humidity within the lowest three
kilometers of altitude, with a peak of up to 8.5 g kg'! in the afternoon. As seen at Ny—Alesund (Fig. 7) and reported by previous
studies (Francis et al., 2020; Gorodetskaya et al., 2020), some moisture persists within the atmosphere after the AR passage,
with still relatively high humidity values at the surface. One noticeable difference between Shojna and Ny-Alesund humidity
evolution resides in that Shojna shows a clear moisture core near the surface during the AR passage, coinciding with the low-
level jet (with wind speed around 9 m s!), while at Ny—Alesund the moisture flux ascents and spreads over high altitudes (i.e.
decoupling from the low-level jet). Similar vertical structure was shown by Terpstra et al. (2021) for the Antarctic AR case: the
humidity and wind speed maximum are collocated within the AR at its lower latitude extent, while they are decoupled when
AR arrives over Antarctica. The displayed difference between ICON-LAM6 and ICON-LAM3 indicates an earlier increase of
IWYV and thus earlier arrival of the AR at the Shojna grid point in the coarser resolution ICON-LAMG6 simulation, compared to
the finer resolution ICON-LAM3, which is consistent with the finding for the Ny—[oklesund station.

3.3 Atmospheric river impact on surface energy fluxes

AR events are associated with increased IWV and also linked with changes in cloud occurrences and phases, energy fluxes at
the surface and precipitation (Lavers and Villarini, 2015; Ramos et al., 2015; Nash et al., 2018; Wille et al., 2019; Whan et al.,
2020). We focus here initially on the AR-related impact on the surface radiative fluxes at Ny-Alesund.

For this, Fig. 11 shows the time series of the surface shortwave and longwave downward and net radiation at Ny-Alesund
on 6 June 2017. When the AR arrives over Ny-Alesund at 09:00 UTC, the shortwave downward radiation at the surface gets
strongly attenuated, with a decrease from 600 W m™ to about 100 W m2 within 3 hours. The radiation signature of the AR

is also found in an enhanced surface longwave downward radiation, by an increase of about 100 W m, replacing surface
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Figure 11. Time series of the surface shortwave net flux (a), surface longwave net flux (b), surface shortwave downward flux (c) and surface

longwave downward flux (d) (W m?) from ERA5, ICON-LAM6, ICON-LAM3 and from observations at Ny-Alesund on 6" June 2017.

cooling with warming. The maximum longwave downward radiation of about 340 W m™ relates with the peak of the AR-
related IWV at 12:00 UTC (Fig. 5). The calculated radiation impact of our AR case is of larger magnitude than for an Antarctic
AR case reported by Wille et al. (2019). We find that the surface longwave net flux turns from ca. -80 W m before the AR
arrival to ca. 10 W m™? after the AR passing (Fig. 11b), indicating a warming contribution from the AR. This change turns the
longwave net radiation towards the positive sign and shows that the increase of the downward radiation clearly dominates over
the AR-initiated temperature increase of ca. 5 K at the surface (Figs. 6d and 9d) and the related longwave upward radiation
increase (not shown). The longwave downward radiation stays elevated, during and after the AR passage, due to the sustained
enhanced water vapour level. While ERAS5 fails to capture the radiation evolution at Ny-Alesund realistically, both ICON-LAM
simulations represent the effect of the AR on the surface radiation in agreement with the station observations. However, higher
surface shortwave radiation can be seen in ICON-LAM simulations compared to the observations and ERAS may come from
the surface albedo representation in the model. For future studies, further insight on the impact of ARs on the surface albedo
would help improving the understanding of ARs impact on their surroundings. Unfortunately, no data from ICON-GLOBAL

was available for this comparison. The factors influencing the radiation are both the AR-related enhanced moisture (Figs. 5 and
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6) and the cloud radiative effects. Indeed, a first inspection of both the HATPRO-derived retrieval of cloud liquid water path
(LWP) and the 94 GHz cloud radar-derived reflectivity at Ny-Alesund on the 6" June 2017 indicates a related formation and
ca. 6 hour-long occurrence of liquid-containing clouds (not shown). A detailed analysis of potential AR-related cloud effects
is beyond the scope of this paper, but is planned in future after the quality-checked observational data from those instruments

become fully available.
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Figure 12. Surface map of sensible (a) and latent (b) heat fluxes (W m2, color shading) from ICON-LAM 6 km, on 6™ June 2017 12:00
UTC. Positive/negative signs indicate a downward/upward flux to/from the surface. Regions of IWV > 20 kg m™ (red line), precipitation >

5 mm (pink line) and sea-ice fraction > 0.15 (black hatching) are included.

Surface turbulent heat fluxes may as well be affected by the passage of the AR as Fig. 12 illustrates. The presented spatial
distribution of surface sensible and latent turbulent heat fluxes from ICON-LAMS6 on 6" June 2017 12:00 UTC shows that
those can be linked with the location of the AR. The figure indicates that south of the AR, the negative latent heat fluxes
(evaporation) dominate in association with the low pressure system over the Northern North Atlantic Ocean (Fig. 1) and the
region with precipitation > 5 mm per hour. Within the core of the AR (defined here, by the red line, as the region where the
IWYV is higher than 20 kg m™), both sensible and latent heat fluxes seem of relatively similar order of magnitude, with however
slightly higher downward sensible heat fluxes (i.e. both positive and negative latent heat fluxes while only positive sensible heat
fluxes within the AR location). This may indicate that the surface evaporation is somehow suppressed due to the warm air at
the surface, associated with the AR passage. Such moisture flux patterns may be a characteristic of AR events (Komatsu et al.,
2018; Wille et al., 2019; Terpstra et al., 2021). Furthermore, the high evaporation at the southern extent of the AR indicates the
moisture sources over northwestern Siberia. Hence both the high evaporation in the south and suppressed evaporation along the
AR extent show that the moisture source arises from Siberia. The differences in the turbulent heat fluxes between ICON-LAMG6
and ICON-LAM3 are small and statistically not significant (not shown). Although this study only here modestly explore the
effect of the AR on the surface energy budget, the initial results show a clear impact of the AR on the surface energy fluxes.
Future work on this topic would be needed to fully estimate and understand the contribution of AR events on the surface energy

budget in the polar regions.
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4 Summary and Conclusions

For the first time this study analyses, with high resolutions simulations, a moisture intrusion event which was identified as an
AR during the ACLOUD campaign during the 5" to 7% June 2017 over the Nordic Seas. The AR reached Ny-Alesund and
the Norwegian Sea by elongating from the North-western coast of Siberia and over the Kara Sea and the Arctic Ocean. With
the help of observational datasets (HATPRO, GNSS, radiosondes and satellite-borne measurements) and a reanalysis product
(ERAS), the spatio-temporal structure of the AR was assessed and its representation in the ICON-LAM at 6 km and 3 km
horizontal resolution was evaluated.

A large moisture anomaly, as large as 15 kg m™ compared to the climatological mean, was observed at the location of the
AR, with actual IWV values greater than 25 kg m™. Comparable IWV patterns were previously reported from other ARs in
the Arctic (Komatsu et al., 2018) and over Antarctica (Wille et al., 2019; Gorodetskaya et al., 2020). The study presented the
long and narrow filament-like AR structure extending over the entire Nordic Seas and showing a vertical structure with the
maximum moisture in 1-2 km height. The analysis showed that the passage of the AR affects the entire atmospheric column
as well as the surface and those effects can last for several hours (at least 24 hours) after the AR event.

Comparing the IWV spatial structure of the model with the ERAS reanalysis, the representation of the AR was found
to be well captured by the ICON-LAM simulations. However, a southward shift of the AR was found in the simulation,
compared with ERAS5 and ICON-GLOBAL, probably due to its higher horizontal resolution. The capability of the ICON-LAM
simulations to capture the AR spatial IWV structure was confirmed by the additional model-to-observation evaluation, using
brightness temperature comparison. Furthermore, the observed AR signatures in the temperature, humidity and wind profiles
at the two stations Ny—Alesund/Svalbard and Shojna/Northwestern Russian coast, which the AR passed over, are represented
in the ICON-LAM simulations: an increase in near-surface air temperature by ca. 5 K and according dissolved temperature
inversion, an increase in specific humidity by ca. 4 g kg'' in the lower troposphere and in IWV by ca. 15 kg m™, and the
establishment of a low-level wind jet. The AR-related upper-tropospheric dry layer is also realistically represented in both
ICON-LAM simulations at Ny—Alesund, while at Shojna improvements would be needed.

The results from this study showed that the ICON-LAM model is able to represent the spatio-temporal structure of the
selected AR with a higher accuracy than the global ICON model and the ERAS reanalysis. This was particularly demonstrated
in the more accurate representation of the AR’s impact on the temperature, wind and humidity profile changes at Ny-Alesund.
The results showed only a few indications that the high resolution of 3 km was beneficial compared to the 6 km simulation.
This includes the improved representation of the position and magnitude of the moisture maximum in 1-2 km height during
the AR occurrence at Ny-Alesund. The 3 km simulation also shows a slightly narrower AR with a slightly later arrival at
Ny-Alesund, compared to the 6 km model, but its added value is hard to evaluate.

An initial analysis of the impact of the AR event on the surface radiation and turbulent heat fluxes at Ny-Alesund was
performed. The results showed the significant surface radiation signature of the AR when it passed the station by the drastically
decreased downward shortwave radiation (by more than 300 W m) and increased downward longwave radiation (by ca. 100

W m2) within 3 hours, shifting the cooling at the surface into a surface warming. The surface heat fluxes are also affected at
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the AR location (decrease of the heat fluxes) and in its vicinity (higher latent heat fluxes associated with precipitation). The
strong impact of the AR on the energy fluxes at the surface and its realistic representation in the ICON-LAM simulations
was demonstrated. Although this study mainly focuses on one AR case, those initial results clearly show the impact of the
AR on the surface energy fluxes. However, more in-depth analyses of this would be required to fully understand the effect of
the AR passage on its surroundings, and in particular, the role of the water vapour and the cloud radiative effects. For this,
the Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAIC) will provide the necessary and unique

in-situ data sets to study this for other AR cases during that expedition.

5 Code availability

The ICON model code is distributed under a licence by the Deutscher Wetterdienst (DWD). More information can be found
on the DWD website (https://code.mpimet.mpg.de/projects/iconpublic). The PAMTRA model code is available in a GitHub
repository distributed under an GPLv3.0 license found at https://github.com/igmk/pamtra.

6 Data availability

The ICON-GLOBAL, ICON-LAM and PAMTRA (input and output) model data are stored at the AWI computing center and
are available upon request from the corresponding author. The ERAS data can be found on http://www.ecmwf.int/en/forecasts/
datasets/ecmwf-reanalysis-v5. The observational data from Ny-Alesund are available at the PANGAEA data repository, for
radiosondes (https://doi.org/10.1594/PANGAEA.879822), HATPRO (https://doi.org/10.1594/PANGAEA.902142) and surface
radiation measurements (https://doi.org/10.1594/PANGAEA.887502). The radiosonde data for the Shojna station from the
IGRA network (https://www.ncdc.noaa.gov/data-access/weather-balloon/integrated- global-radiosonde-archive) are available
at: https://www1.ncdc.noaa.gov/pub/data/igra/. The MHS satellite data can be found at: https://www.avl.class.noaa.gov/saa/

products/welcome.
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Appendix A: Results for ERA5 and ICON-GLOBAL
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Figure A1. Pan Arctic ICON-LAM domain and representation of the integrated water vapour (IWV, kg m™, color shading) and mean sea
level pressure (MSLP, hPa, white isolines) from ERA5 from 5" June 2017 12:00 UTC to 7" June 2017 00:00 UTC. The location of the

Ny-Alesund and Shojna research stations are included as red symbols.
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Figure B1. Differences of integrated water vapour (IWV, kg m) between ICON-GLOBAL 13 km and ERAS5 on 6™ June 2017 12:00 UTC.
The IWV field has been remapped onto the ERAS5 (0.25x0.25 regular lat-lon) grid to calculate the difference.
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Figure C1. Altitude-latitude/longitude cross-sections of specific humidity (g kg™, color shading) and wind speed (m s, grey isolines) from
ERAS5 (top panels) and ICON-GLOBAL (bottom panels), along latitude at 11.55°E (left panels) and along longitude at 78.55°N (right panels)
on 6" June 2017 12:00 UTC. Black and red dotted lines: Ny-Alesund location. The location of the cross-sections is indicated in Fig. 2.
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Figure D1. Time series of specific humidity (g kg™!, color shading) profiles at Ny-Alesund from ERA5 (left panel) and ICON-GLOBAL
(right panel), from 5™ June 2017 00:00 UTC to 8™ June 2017 00:00 UTC.
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