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Abstract. The Arctic is warming faster than the global average and any other region of a similar size. One
important factor in 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 from 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 Deutscher Wetterdienst (DWD) at 13 km
horizontal resolution are used to drive high-resolution Limited-Area Mode (LAM) ICON simulations over the
Arctic with 6 and 3 km horizontal resolutions. The results show the skilful capacity of the I[CON-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. In several aspects, the high-resolution simulations
offer a higher accuracy than the global simulations and the ERAS reanalysis when evaluated against observations.
One feature where the high-resolution simulations demonstrated an advanced skill is the representation of the
changing vertical structure of specific humidity and wind associated with the moisture intrusion passing Ny-
Alesund (western Svalbard); the humidity increase at 1-2 km height topped by a dry layer and the development
of a low-level wind jet are 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 in downward shortwave radiation by ca. 500 Wm™2 as well as an increase in downward longwave
radiation by ca. 100 W m~2 within 3 h have been determined. These results highlight the importance of both
moisture and clouds associated with this event for the surface energy budget.
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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 atmo-
spheric poleward transport of heat and moisture (Naakka
et al., 2018; Rydsaa et al., 2021), which contributes to the
warming directly due to increased downward longwave ra-
diation and indirectly due to cloud radiative effects and in-
creased surface heat fluxes via associated sea-ice reduction
(Ghatak and Miller, 2013; Boisvert et al., 2016; Woods and
Caballero, 2016; Nygard et al., 2019). Intense moisture in-
trusion events, some of them identified as atmospheric rivers
(ARs) — river-style narrow filaments of high amounts of ver-
tically 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; Woods et al., 2017,
Martin et al., 2018; Nash et al., 2018; Wille et al., 2019;
Mattingly et al., 2020). Thus, it is critical that climate mod-
els represent them realistically in order to correctly simu-
late the Arctic climate and thus improve our understanding
of the processes responsible for the Arctic warming amplifi-
cation. However, many models show biases in the represen-
tation 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 under-
standing and uncertainty in parameterizations of small-scale
physical processes, such as mixed-phase low-level clouds
and their interaction with boundary layer processes (Vihma
et al., 2014) as well as coarse vertical and horizontal reso-
lutions in current regional (ca. 5-50 km) and global (ca. 15—
150km) climate models. Added value of using higher hor-
izontal resolutions has been reported e.g. for wind (Moore
et al., 2015), moisture transport (Guan et al., 2018), and pre-
cipitation (Prein et al., 2015) simulations in Arctic environ-
ments. Furthermore, models and reanalyses have difficulty
in capturing 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 of the processes and
for improving parameterizations in both climate and weather
prediction models.

The aim of this study is to provide a comprehensive eval-
uation of the spatio-temporal structure of an AR event in a
suite of [CON (ICOsahedral Non-hydrostatic; Zingl et al.,
2015) simulations. The model is used in a limited-area mode
(LAM), referred to as ICON-LAM, over a circum-Arctic do-
main with two different horizontal resolutions (6 and 3 km)
driven by 13km global ICON forecasts. We investigate a
moisture intrusion event, which occurred during the Arc-
tic CLoud Observations Using airborne measurements dur-
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ing 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 meteorologi-
cal 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 advec-
tion of warm and moist air. One of these, occurring from
5 to 7 June 2017, has been identified as an AR (Viceto
et al., 2021) by the AR algorithm from Gorodetskaya et al.
(2014, 2020). It originated from western Siberia and trav-
elled 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 (here-
after called Shojna, from the IGRA network station name),
northern Russia. In addition, the skill of humidity simula-
tions will be quantified in a two-way approach. The classical
observation-to-model method, where model variables are di-
rectly compared with observations, will be complemented by
the model-to-observation approach using forward-simulated
and directly measured brightness temperatures (7). For this,
synthetic Tp are derived for [CON-LAM simulations with the
Passive and Active Microwave radiative TR Ansfer operator
(PAMTRA; Mech et al., 2020).

The research questions addressed by this AR case study
are the following.

— Can ICON-LAM represent the spatio-temporal struc-
ture of the AR reasonably? For this, the observed AR
characteristics are studied in detail and the model eval-
uation results will provide us with 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 whether 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 Sect. 3, includes its spatio-temporal structure
(Sect. 3.1), signature at observational stations (Sect. 3.2), and
impact on surface radiative and heat fluxes (Sect. 3.3). Fi-
nally, a summary and conclusions are presented in Sect. 4.

2 Observations and models

2.1 Observational datasets

2.1.1 Data from Ny-Alesund/Svalbard during the
ACLOUD campaign

In Ny-Alesund (78.55° N, 11.55°E; see Fig. 1), Svalbard,
the atmospheric column is observed by a variety of instru-
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ments 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 In-
stitute 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 ra-
diosonde launches per day were performed at 05:00, 11:00,
17:00, and 23:00 UTC (i.e. 1 h prior to WMO standard syn-
optic hours, in order to reach the level of 100 hPa at an av-
erage ascent of Sms™!), providing vertical profiles of tem-
perature, 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 min and an ac-
curacy of 1-2kgm™2. Ground-based remote sensing with
a HATPRO microwave radiometer enables the retrieval of
IWYV over N y-Alesund every 2 s (Nomokonova et al., 2019a),
with an uncertainty of about 0.5 kg m~2 (Crewell et al., 2021)
as shown in comparisons to radiosonde measurements. Note
that HATPRO provides the water vapour column directly
above the station, while GNSS measurements are taken be-
tween ground and several GNSS satellites, leading to a foot-
print of about 30 km (Steinke et al., 2015). In addition, the
Ny-Alesund surface radiation budget components observed
in the framework of the Baseline Surface Radiation Network
(BSRN) (Maturilli, 2018) are used in this study.

2.1.2 Radiosonde data from the Russian station Shojna

As the selected AR has its origin in the 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 ra-
diosonde data for specific humidity, air temperature, and
wind speed on 5 and 6 June (at 12:00 UTC for both days)
are included in our analysis.

2.1.3 Satellite-based observations by a passive
remote-sensing instrument

Passive microwave instruments on polar-orbiting satellites
are well suited to providing observations at higher latitudes.
By their wide swaths (1920km), a good spatial coverage
can be achieved. With the operation on multiple platforms,
several overpasses over the same geographic location dur-
ing one day are possible. ARs, as features governed by wa-
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ter vapour structures and associated clouds and precipitation,
can be well observed with instruments measuring the bright-
ness temperature 7g along the wings of water vapour ab-
sorption bands. The Microwave Humidity Sounder (MHS;
Barker et al., 2012) instrument operated on the MetOp-A
satellite utilizes three water-vapour-sensitive channels at the
H,O line around 183.31 GHz (183.31 41, 183.31 £ 3, and
190.31 GHz) along with two window frequencies at 89 and
157 GHz. At nadir the footprint size is about 16 km and in-
creases towards the edges of the 1920 km-wide swath. An ad-
vantage 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 obser-
vations 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 lig-
uid 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 obser-
vational space (model to observation), appropriate forward
operators for the observation wavelengths are needed. Here
we make use of the PAMTRA tool (Mech et al., 2020), a soft-
ware package suited for the simulation of passive and active
observations in the microwave frequency region based on at-
mospheric model output. PAMTRA has been applied to the
ICON-LAM simulation output to derive the T for the AR
event for the MHS frequencies with model output at 3 and
6 km horizontal resolutions and for ERAS on a 0.25° grid
for 6 June 2017 12:00 UTC, the date of the distinct AR pat-
tern. 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, such as TESSEM (Prigent et al.,
2017) and TELSEM (Aires et al., 2011), and data (sea sur-
face temperature (SST), wind speed, sea-ice cover) are em-
ployed to derive the surface emissivity (see Mech et al., 2020,
for more details). To model the effect of clouds and precip-
itation, the scattering properties of liquid hydrometeors are
calculated by Mie theory (Mie, 1908) from the ICON hy-
drometeor mixing ratios taking into account the microphysi-
cal assumptions of the model. For cloud ice and snow, which
are assumed to be non-spherical, the self-similar Rayleigh—
Gans approximation has been used (Hogan et al., 2017). Ab-
sorption coefficients for atmospheric gases relevant in the mi-
crowave frequency range, in particular water vapour, are cal-
culated with a modified version of the Rosenkranz 98 model
(Rosenkranz, 2015). The Tg fields have been convoluted to
match the footprint of satellite observations over the simula-
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Figure 1. Integrated water vapour (IWV, kg m—2, colour shading) and mean sea level pressure (MSLP, hPa, black isolines) from ERAS 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 brown isolines represent the IWV anomaly (contours each 5 kg m~2) 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) stations.

tion area. Only observations from satellite overpasses within
1 h before and after the simulation time have been taken into
account.

2.3 ERAS5 reanalysis

ERAS5 (Copernicus Climate Change Service, 2017) is the
fifth generation of the European Centre for Medium-Range
Weather Forecasts (ECMWF) global climate and weather re-
analysis (Hersbach et al., 2020). ERAS provides hourly es-
timates of a large range of environmental variables. ERAS
has a horizontal latitude—longitude grid resolution of about
31 km (native grid of 0.25° x 0.25°), has 137 vertical model
levels up to a height of 80km (from 1000 to 1 hPa, with 40
levels below 5 km and the lowest level at 10 m), and covers a
period from 1979 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).
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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 (Giorgetta et al., 2018) to very high-resolution
large eddy simulations (Dipankar et al., 2015). One partic-
ular aspect of the ICON model is its icosahedral triangu-
lar 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 LAM over the Arctic region. Simulations are
performed for the pan-Arctic, covering the domain north of
65° N (Fig. Al from the Appendix) at horizontal grid reso-
lutions of 6.58 and 3.29 km (respectively R3B08 and R3B(09
following ICON’s grid terminology). For both LAM grid res-
olutions, 70 vertical model levels are used, extending from
the surface to the top height of 23 km (with 38 levels below
5km and the lowest (full) level at 10 m). The vertical res-
olution gradually increases with height from 20 m near the
surface to 2571 m at the model top.

The LAM simulations are initialized from global ICON
analysis at 13.15 km horizontal grid spacing (RO3B07, here-
after [ICON-GLOBAL) and 90 vertical model levels up to
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75km (Deutscher Wetterdienst, 2020). The LAM simula-
tions are forced at the lateral boundaries by 3-hourly ICON
global forecast data (i.e. output data from operational DWD
forecasts) and also include sea ice and SST updates (from
the global forecast runs). Furthermore, no additional forcing
is applied (i.e. the model evolves freely in the inner part of
the domain up to the model top). 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-initialized ev-
ery 30h from the ICON-GLOBAL run. Thus, the model
is initialized on 4 June 2017 18:00 UTC (Day I) and runs
for 30 h until 5 June 2017 23:59 UTC (Day II). The second
model run is initialized at 18:00 UTC of Day II and runs un-
til 23:59 UTC of Day III, etc. The first 6 h 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 simula-
tions make use of the single-moment microphysics scheme
(Seifert, 2008), which predicts the specific mass content of
four hydrometeor categories such as cloud water, rainwa-
ter, cloud ice, and snow. This scheme is suitable for mesh
sizes of 3km and coarser and recommended for LAM sim-
ulations (Prill et al., 2020). The Rapid Radiation Transfer
Model (RRTM; Mlawer et al., 1997) is used to derive the ra-
diative fluxes, and the Tiedtke—Bechtold convection scheme
(Tiedtke, 1989; Bechtold et al., 2008) is applied to parameter-
ize 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 dynam-
ics (the sea-ice coverage is determined by the ice-fraction
analysis). More information on the ICON model and its LAM
set-up 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, Fig. 1 shows ERAS-based
spatial maps of IWV and mean sea level pressure (MSLP)
evolution over the North Atlantic Ocean sector of the Arc-
tic region from 5 June 2017 12:00 UTC to 7 June 2017
00:00 UTC. The locations of the Ny-Alesund and Shojna re-
search 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-western Rus-
sian coasts and moving over the Kara and Barents seas into
the Norwegian Sea. This moist air has IWV values of up to
30kg m~2, while the rest of the region presents values lower
than 10kg m~2, 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
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passing over Ny-Alesund and extending into the Greenland
Sea, driven by the low-pressure system over the southern part
of the Norwegian Sea (Fig. 1c). This moisture intrusion was
detected as an AR in Viceto et al. (2021) using the AR de-
tection algorithm from Gorodetskaya et al. (2020). Twelve
hours later (Fig. 1d), the AR has dissipated, but some mois-
ture is still present and mixed with dryer air from the sur-
roundings. 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 ERAS-
based IWV anomaly with respect to the 1979-2020 climato-
logical mean. For the AR, a positive IWV anomaly as large as
15kg m~2 is found. Such high IWV anomaly values are sim-
ilar to those observed during strong moisture intrusions into
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 agree-
ment with the one from ERAS5. The IWV spatial pattern
(“AR shape”) is well reproduced in comparison to the one
of ERAS, with a pattern correlation of 0.91 (i.e. Pearson
product-moment coefficient, calculated after the remapping
of the IWV field from ICON-LAMG6 onto the ERAS regu-
lar Gaussian latitude—longitude grid). The IWV difference
“ICON-LAM6 minus ERAS5” (Fig. 2b) shows large posi-
tive differences (ca. 12kg m_z) near the southern bound-
aries of the AR along the moisture location over the north-
ern Barents and Kara seas. This indicates that ICON-LAMG6
shows higher humidity compared to ERAS at the AR Ilo-
cation. The IWV differences “ICON-LAM6 minus ICON-
GLOBAL” (Fig. 2c) and “ICON-GLOBAL minus ERAS5”
(see Fig. A2 from the Appendix) show that this high moisture
level seen in ICON-LAMG6 might be inherited from ICON-
GLOBAL, as higher humidity values are seen in ICON-
GLOBAL compared to ERAS at the AR location. One pos-
sible explanation for the higher moisture level in ICON-
GLOBAL might come from a higher moisture level (or
bias) in the ICON-GLOBAL analysis. This moisture bias
in the ICON-GLOBAL analysis is an issue known by the
DWD and will hopefully be reduced in the latest ICON
data assimilation system. Furthermore, pronounced filament-
like anomalies (i.e. positive/negative IWV differences) oc-
cur over the northern Norwegian Sea in [CON-LAMG6 com-
pared to ERAS and ICON-GLOBAL. These differences are
within +15kg m~2 and indicate a southward shift of the AR
in ICON-LAMG6 compared to ERAS 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-LAMG6
and ICON-LAMS3 (Fig. 2d) is found to be of a much smaller
range (of the order of +6kgm~2) and occurs mainly along
the edges of the intrusion location. This indicates a slightly
narrower AR in ICON-LAM3, likely due to its higher hori-
zontal resolution.
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Figure 2. (a) IWV (kg m~2, colour shading), MSLP (hPa, black isolines), and sea ice (black hatches for sea-ice fraction > 0.15) from
ICON-LAM 6 km. (b—d) Differences of IWV between ICON-LAM 6 km and ERAS (ICON-LAM6 — ERAS, b), ICON-GLOBAL 13 km
(ICON-LAM6 — ICON-GLOBAL, ¢), 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 (0.25 x 0.25 regular latitude—longitude) grid to calculate the differences.
The black lines (d) are the reference lines for the presented cross sections in Fig. 4. The locations of the Ny-Alesund and Shojna research

stations are also shown.

In order to evaluate model performance with satellite ob-
servations, a model-to-observation evaluation of the simula-
tions with respect to the brightness temperatures 7g (Fig. 3)
is carried out with the PAMTRA model (see Sect. 2.3).
The forward approach (Fig. 3) confirms the results from
the ERAS5-based comparison of IWV (Fig. 2). Figure 3
presents the 7Tg comparison between observations from the
MHS instrument on the MetOp-A satellite at different fre-
quencies and the corresponding ICON-LAMG6 (Fig. 3m—o)
and ICON-LAM3 (Fig. 3j-1) simulations and the ERAS re-
analysis (Fig. 3p-r) for one overpass between 11:00 and
13:00 UTC of 6 June 2017. For the channels with strong sur-
face 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 gen-
eral, the simulations and the observations are in good agree-
ment, 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 chan-
nels most sensitive to emission by water vapour (183.31 + 1
and 183.31 &3 GHz). The closer the channel is 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

Atmos. Chem. Phys., 22, 173-196, 2022

sound the atmosphere and therefore the lower the 73 is. This
also shows that the AR extends throughout the troposphere.
For 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 also shows 7 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 therefore shows fewer details compared to the MHS
microwave satellite products (Fig. 3p—r). On the other hand,
the high resolution of the ICON-LAM simulations (Fig. 3m—
1) results in a better comparison to the coarse satellite obser-
vations.

The three-dimensional (3D) structure of the AR is well
seen in the specific humidity pattern (Fig. 4). In the altitude—
latitude cross section (Fig. 4a), the AR is associated with
a vertically elongated but horizontally narrow pattern of in-
creased moisture of ca. 2° (or ca. 200 km) width. On the other
hand, as seen in the altitude—longitude cross section (Fig. 4b),
the AR elongates horizontally, with a length of thousands of
kilometres. These are typical scales 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 fur-
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corresponding simulation.

ther indicates that the AR-related moisture increase covers
almost the entire troposphere. However, the maximum mois-
ture content of the AR (of about 6.5gkg™!) is found, co-
located with the maximum wind speed, at an altitude of about
2 km. Such a structure and humidity content are in agreement
with other AR cases in the polar region as discussed in Ko-
matsu et al. (2018), Gorodetskaya et al. (2020), and Terpstra
et al. (2021). The presented 3D analysis confirms the above

https://doi.org/10.5194/acp-22-173-2022

finding that ICON-LAMS6 shifts the AR slightly southward
compared to the coarser-resolution data of ERAS and ICON-
GLOBAL (Fig. A3 from the Appendix) and that the high-
resolution ICON-LAM3 simulates a slightly narrower (by ca.
0.5° or ca. 40km) structure of the AR compared to ICON-
LAMBG (Fig. 4c and d).
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3.2 Atmospheric river signature at station locations

3.2.1 Ny-Alesund/Svalbard

As previously presented, the AR reached Ny-Alesund on
6 June 2017 by extending from north-western Siberia. The
broad suite of atmospheric instruments at the AWIPEV re-
search 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-LAM6, ICON-LAM3, and ICON-GLOBAL
simulations, ERAS reanalysis, and GNSS, HATPRO, and ra-
diosonde observations from 5 June 2017 00:00 UTC to 8 June
2017 00:00 UTC. Low background IWV values between 2
and 4 kg m~2, which are representative of Arctic air masses,
are seen on 5 June 2017 before the AR event reached Ny-
Alesund. Starting from 6 June 2017 00:00 UTC, the HAT-
PRO observations indicate a large increase in IWV, reach-
ing its maximum of 21 kgm™2 at about 14:00 UTC. After-
wards, when the AR passed, the IWV values steeply de-
crease to reach a minimum of about 10 kg m~2 at 21:00 UTC
on 6 June 2017. Then, on 7 June 2017, some moisture still
stays around Ny-Alesund, with IWV fluctuations between

Atmos. Chem. Phys., 22, 173-196, 2022

8 and 14kgm~2, 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 3d period as well
as a smaller maximum, around 19kgm~2, during the pas-
sage of the AR on 6 June 2017. Although only 6-hourly,
the radiosonde results also show a similar IWV evolution
with a large increase in IWV values during the AR passage.
A slight 1-2h advance of the maximum IWV appears in
the simulations compared to the observations; i.e. the maxi-
mum IWYV 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. Sim-
ilarities are found in the simulated IWV maximum values
compared to the observations, with values ranging from 18
to 22kgm™2.

The realistic representation of the AR passage over Ny-
Alesund from the ICON-LAM simulations is also indicated
from the statistics. Table 1 shows the minimum, maximum,
mean, and standard deviation (based on all values available
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Figure 5. Time series of IWV (kg rnfz) at Ny-;\lesund from the radiosonde, GNSS, and HATPRO data, from ERAS5, ICON-GLOBAL,
ICON-LAMBS6, and ICON-LAM3, from 5 June 2017 00:00 UTC to 8 June 2017 00:00 UTC. The model and ERAS results are based on the

station nearest the grid point.

Table 1. Statistics (minimum, maximum, mean, standard deviation) of IWV (kg In*z) at Ny-Alesund, with ICON-LAM6, ICON-LAM3,
ICON-GLOBAL, ERAS, and the GNSS and HATPRO data, for 5, 6, and 7 June 2017. All the datasets have different spatio-temporal
resolutions (see Sect. 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 h of the specific day.

GNSS HATPRO ERA5 ICON-GLOBAL ICON-LAM6 ICON-LAM3

5June 2017 Min 1.9 3.6 3.1 2.8 39 33
(24h) Max 42 4.8 4.1 4.1 4.6 42
Mean 2.7 4.1 3.6 34 42 3.7

SD 0.5 0.3 0.3 0.5 0.2 0.3

RMSE 0.6 0.8 0.1 04

MAE 0.5 0.7 0.1 0.4

6 June 2017  Min 2.5 4.4 42 4.5 5.0 4.6
(24h) Max 18.5 21.1 18.9 21.7 22.6 22.3
Mean 8.7 10.3 10.5 10.5 12.7 11.6

SD 5.0 52 4.5 6.2 6.3 6.2

RMSE 4.5 2.1 3.6 2.6

MAE 32 1.3 29 1.9

7 June 2017  Min 10.2 11.0 11.2 9.7 10.6 9.9
(24h) Max 14.3 15.9 13.8 14.7 16.1 15.7
Mean 12.6 135 12.8 12.6 13.4 12.7

SD 1.0 1.0 0.8 1.6 1.5 1.6

RMSE 1.1 1.9 1.6 2.0

MAE 0.8 1.4 14 1.6

within the 24 h of the specific day) of IWV at Ny-Alesund
from ICON-LAM®6, ICON-LAM3, ICON-GLOBAL, ERAS,
and the GNSS and HATPRO data for the IWV evolution
from 5 to 7 June 2017. Table 1 also presents the root mean
square error (RMSE) and mean absolute error (MAE) calcu-
lated for ERAS, ICON-GLOBAL, ICON-LAMS6, and ICON-
LAM3, with the HATPRO dataset as a reference. As ex-
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pected and seen in Fig. 5, larger variabilities in IWV values
are 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.
(2021), with the latter being closer to radiosonde measure-
ments within a long-term assessment. These differences, be-
tween the statistics from the observations and the reanalysis

Atmos. Chem. Phys., 22, 173-196, 2022
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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 simu-
lations 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 3 d period
is rather well captured by the reanalysis and model datasets.

Figure 6 compares the simulated vertical profiles of spe-
cific humidity, air temperature, and wind speed at Ny-
Alesund 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 atmosphere is dry with typ-
ical values smaller than 1 gkg™!, and a low-level humidity
inversion at ca. 100400 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 reanalysis (Fig. 6a). This can be asso-
ciated 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 amplitude and frequency of hu-
midity inversions in the Arctic (Naakka et al., 2018). Apart
from this, the simulated humidity profiles agree with the ra-
diosonde. During the AR event on 6 June 2017 12:00 UTC, a
large moisture increase by ca. 4 gkg ™! is observed between 1
and 2 km altitude (Fig. 6b). This increase in low-level humid-
ity is driven by the passage of the AR over Ny-Alesund, and
this AR moistening signature is well reproduced in the sim-
ulations. 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 and 3 km. Such
dry layers are observed frequently and represent a coherent
layer of air descending from near-tropopause level (Brown-
ing, 1997). Neither ICON-GLOBAL nor ERAS can accu-
rately reproduce this. Furthermore, a smaller spread across
the four closest grid points around Ny-Alesund is seen in
both ICON-LAM simulations compared to those in ERAS
and ICON-GLOBAL. This clearly indicates an increase in
the accuracy of the AR representation with the increase in
horizontal resolution of the model as well as a reduced vari-
ability 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 kilome-
tre from 5 to 6 June 2017 (Fig. 6¢ and d). Comparable in-
crease in 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 maxi-
mum from the AR at higher levels. This temperature increase
dissolves the previously occurring low-level temperature in-
version, as seen in Fig. 6¢ and d embedded plots (i.e. zoom
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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 in hu-
midity and temperature, a relatively large increase in wind
speed (of about 6 m s~ !) in the lowest kilometre, establishing
a strong low-level jet between ca. 500 and 900 m, is seen on
6 June 2017 (Fig. 6e and f). Also, this AR-related prominent
increase in lower-tropospheric wind speed and occurrence of
a low-level jet, as was shown by earlier studies in Antarc-
tica (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. By con-
trast, [CON-GLOBAL significantly overestimates the maxi-
mum wind speed (Fig. 6e and f).

The time series of ICON-LAMS6 specific humidity pro-
files support the understanding of the temporal development
of the AR structure as seen at Ny-Alesund on 6 June 2017
(Fig. 7a). While the near-surface atmosphere is relatively
moist (ca. 3gkg™") on 5 June 2017, the rest of the column
is extremely dry (< 0.5 gkg™!). When the AR arrives at Ny-
Alesund on 5 June 2017 18:00 UTC, the moisture increase
starts expanding in the lowest 2km of the atmosphere, ac-
companied by the increase in temperature. On 6 June 2017
12:00 UTC, the moisture increase is seen over the entire col-
umn, with establishing values of ca. 5.5 gkg ™! between 1 and
2.5 km of altitude. This well-pronounced increase in humid-
ity indicates the passage of the AR over the research station
for about 10 h. From 7 June 2017 on, the upper air dries out,
but some moisture (about 3 gkg™!) 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-Alesund, when ICON-LAMG6 shows up to
3.75gkg™! higher humidity content compared to ICON-
LAMS3. This indicates that the AR arrives over the station in
ICON-LAMBG slightly (ca. 2 h) earlier than in ICON-LAM3
due to the coarser model resolution. This advance of ICON-
LAMBG 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—f\lesund (see Fig. A4 from
the 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.
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Figure 6. Vertical profiles of specific humidity (g kg_l) (a, b), air temperature (K) (¢, d), and wind speed (m s (e, ) at Ny-Alesund
from the radiosonde data (black), ERAS (grey), and ICON simulations (ICON-GLOBAL: blue, ICON-LAMG6: red, ICON-LAM3: orange)
on 5 June 2017 12:00 UTC (a, ¢, €) and 6 June 2017 12:00 UTC (b, d, f). For ERAS and ICON simulations, the solid line presents the value
for Ny-Alesund’s 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 panel.

Similarly to Ny-Alesund, the temporal evolution of IWV
at Shojna (Fig. 8) shows an increase in moisture content over
the station from 5 June 2017 to a peak on the day of the
AR event and then a relatively small decrease in IWV on
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 maxi-
mum IWV of 20 kg m~2 with the radiosonde data (although
the radiosondes might not capture the maximum IWYV value

https://doi.org/10.5194/acp-22-173-2022

due to their low 6-hourly temporal resolution), 22kg m—2
in ERAS, and 24kgm™2 in ICON-LAM simulations during
the afternoon of 6 June 2017. As expected from the atmo-
spheric circulation (Fig. 1), the AR passes over Shojna be-
fore Ny-Alesund. Accordingly, the moisture content at Sho-
jna increases almost 24 h earlier than the one at Ny-Alesund,
and the AR-related elevated moisture stays longer over Sho-
jna than over Ny-Alesund. Furthermore, the comparison of
Figs. 5 and 8 shows that, while the AR maximum is rather
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Figure 8. Time series of IWV (kg m~2) at Shojna from radiosonde, ERAS, ICON-GLOBAL, ICON-LAM6, and ICON-LAM3 from 5 June
2017 00:00 UTC to 8 June 2017 00:00 UTC. The model and ERAS results are based on the station’s nearest grid point.

similar for both locations, the evolution of the IWV value
at Shojna before (i.e. before 5 June 2017 12:00 UTC) and
after (i.e. after 7 June 2017 00:00 UTC) the AR passage is
higher, likely due to its more southern location compared to
Ny—Alesund.

On 5 June 2017, the background pre-AR IWYV values are
about 10 kg m~2 at Shojna but only 4 kg m~2 at Ny-;\lesund.
However, during the peak of the AR event (i.e. the IWV max-
imum), the IWV values are relatively similar at the Shojna
and Ny-Alesund stations. All ICON simulations show a com-
parable IWV evolution to the 6-hourly radiosonde data and to
ERAS although with a consistently slightly higher IWV mag-
nitude (by ca. 2kgm~2). Some of this relatively good agree-
ment of ERA5 IWV time series with the radiosonde values

Atmos. Chem. Phys., 22, 173-196, 2022

might come from the assimilation of observations. However,
Crewell et al. (2021) showed that Russian radiosonde sta-
tions may often be too dry compared to satellite data (e.g.
IASI, MIRS). Hence, the higher IWV values found with the
ICON simulations may represent more accurately the evo-
lution of the humidity at the Shojna station. Nonetheless,
the relatively good agreement between the radiosonde data
and the reanalysis and model datasets is also seen in Ta-
ble 2, which summarizes the statistics (minimum, maximum,
mean, and standard deviation, based on all values available
within the 24 h of the specific day) of IWV at Shojna, with
ICON-LAM6, ICON-LAM3, ICON-GLOBAL, and ERAS
for 5, 6, and 7 June 2017. Smaller differences are seen in
the statistics of the IWV evolution at Shojna compared to
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Table 2. Statistics (minimum, maximum, mean, standard deviation) of IWV (kg m_2) at Shojna, with ICON-LAM6, ICON-LAM3, ICON-
GLOBAL, and ERAS, for 5, 6, and 7 June 2017. These statistics are based on all values available within the 24 h of the specific day. Note:

all the datasets have different spatio-temporal resolutions (see Sect. 2).

ERA5 ICON-GLOBAL ICON-LAM6 ICON-LAM3

5 June 2017 Min 7.6 9.0 9.5 8.7
(24h) Max 13.3 12.8 14.0 12.9
Mean 9.5 10.7 11.5 10.4

SD 1.8 1.4 1.5 1.4

6 June 2017 Min 139 13.6 13.8 12.7
(24h) Max 21.9 22.7 24.8 24.1
Mean 19.2 19.6 20.8 20.0

SD 2.2 34 3.9 4.3

7 June 2017  Min 16.4 16.0 19.6 18.6
(24h) Max 20.8 22.8 21.6 20.9
Mean 18.0 19.0 20.5 19.5

SD 1.3 2.3 0.5 0.6

Ny-Alesund, indicating a higher accuracy of the representa-
tion 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).

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 in humidity occurs between 1 and 2 km of al-
titude and reaches values of almost 7 gkg™'. However, com-
pared to Ny-Alesund (Fig. 6a and b), the maximum humidity
at Shojna (Fig. 9a and b) 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 by Komatsu et al.
(2018) for another AR event from the Siberian coasts towards
the Arctic Ocean, suggesting an “upward and poleward up-
gliding of the humid air parcels” over sea ice into the Arc-
tic, because the cold air dome (built by the cold boundary
layer capped by strong temperature inversion) blocks the in-
trusion. Similarly to Ny-Alesund, an increase in the surface
air temperature (Fig. 9c and d) is seen with the AR passage.
It is interesting to note that the increase in temperature at
Shojna is collocated with the increase in moisture, while at
Ny-Alesund the temperature increase 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 (Fig. 9¢
and f). Although the ICON-LAM simulations fail to repro-
duce the relatively dry layer above 1500 m on 6 June 2017
(Fig. 9b), the ICON simulations capture the AR signatures in
the humidity, temperature, and wind profiles relatively well.
However, in this case, ERAS5 represents more accurately the
specific humidity profiles at Shojna as well as the dry layer
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above the AR. It is interesting to note that the across-grid-
point scatter in the simulations is much smaller at Shojna,
located on the relatively flat Kanin Peninsula, compared to
Ny-Alesund. This is an implication of the latter station’s lo-
cation on the complex orography of Svalbard and the nearby
fjord and demonstrates the difficulty in comparing models
and observations of different resolution, especially in com-
plex orography as elucidated in more detail by Steinke et al.
(2015). Furthermore, Dobler et al. (2019) demonstrated that
convection-permitting simulations for Svalbard show differ-
ences from observations as the simulated values derived for
the 2.5 km x 2.5 km grid box centre closest to the station do
not exactly match the station location.

Figure 10 shows the temporal evolution of the vertical pro-
files of specific humidity and air temperature from ICON-
LAMBG at Shojna for the 3 d period of interest. During the pre-
AR conditions on 5 June 2017, increased humidity of about
4 gkg~! is seen within the lowest first kilometre of the atmo-
sphere topped by a very dry atmosphere above. Starting from
6 June 2017 00:00 UTC, the AR passage over the Shojna sta-
tion is identified by an increase in specific humidity within
the lowest 3 km of altitude, with a peak of up to 8.5 gkg™! 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 lies in Shojna showing a
clear moisture core near the surface during the AR passage,
coinciding with the low-level jet (with wind speed around
9ms~!) and the maximum air temperature (282 K), while
at Ny-Alesund the moisture flux ascends and spreads over
high altitudes (i.e. decoupling from the low-level jet). A sim-
ilar vertical structure was shown by Terpstra et al. (2021) for
the Antarctic AR case: the humidity and wind speed maxi-
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Figure 9. Vertical profiles of specific humidity (g kg_l) (a, b), air temperature (K) (c, d), and wind speed (m s (e, ) 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 6 June 2017 12:00 UTC (b, 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 panel.

mum 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 in IWV and thus an ear-
lier arrival of the AR at the Shojna grid point in the coarser-
resolution ICON-LAMS6 simulation compared to the finer-
resolution ICON-LAM3, which is consistent with the finding
for the Ny-Alesund station.

Atmos. Chem. Phys., 22, 173-196, 2022

3.3 Atmospheric river impact on surface energy fluxes

AR events are associated with increased IWV and also linked
to 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 short-
wave and longwave downward and net radiation (fluxes are
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longwave downward flux (d) (W m_z) from ERAS, ICON-LAM6, ICON-LAM3, and observations at Ny-;\lesund on 6 June 2017. The

fluxes are positive downward.

positive downward) at Ny-Alesund on 6 June 2017. When
the AR arrives over Ny—/oklesund at 09:00 UTC, the short-
wave downward radiation at the surface gets strongly atten-
uated, with a decrease from 600 to about 100 W m~2 within
3h. The radiation signature of the AR is also found in an
enhanced surface longwave downward radiation, by an in-
crease of about 100 W m~2, replacing surface cooling with
warming. The maximum longwave downward radiation of
about 340 W m~2 relates to the peak of the AR-related IWV
at 12:00UTC (Fig. 5). The calculated radiation impact of
our AR case is of larger magnitude than for an Antarctic
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AR case reported by Wille et al. (2019). We find that the
surface longwave net flux changes from ca. —80 W m™2 be-
fore the AR arrival to ca. 10 W m™2 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 in the downward
radiation clearly dominates over the AR-initiated tempera-
ture 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 wa-
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ter vapour level. While ERAS fails to capture the radiation
evolution at Ny-Alesund realistically, both ICON-LAM sim-
ulations represent the effect of the AR on the surface ra-
diation, in agreement with the station observations. How-
ever, higher net surface shortwave radiation can be seen in
ICON-LAM simulations compared to the observations, and
ERAS5 may come from the surface albedo representation in
the model. For future studies, further insight into the im-
pact of ARs on the surface albedo would help in improv-
ing the understanding of ARs’ impact on their surroundings.
Unfortunately, no data from ICON-GLOBAL were avail-
able for this comparison. The factors influencing the radia-
tion are both the AR-related enhanced moisture (Figs. 5 and
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 6 June 2017 indicates a related formation
and ca. 6 h-long occurrence of liquid-containing clouds (not
shown). A detailed analysis of potential AR-related cloud ef-
fects is beyond the scope of this paper but is planned in fu-
ture after the quality-checked observational data from those
instruments become fully available.

Surface turbulent heat fluxes may also be affected by the
passage of the AR, as Fig. 12 illustrates. The presented spa-
tial 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 to the location of the AR. The fig-
ure indicates that, south of the AR, the negative latent heat
fluxes (evaporation) dominate at the same location as the
low-pressure system over the northern North Atlantic Ocean
(Fig. 1). Within the core of the AR (defined here, by the red
line, as the region where the IWV is higher than 20 kg m~2),
both sensible and latent heat fluxes seem of a relatively sim-
ilar order of magnitude, with however slightly higher down-
ward sensible heat fluxes (i.e. both positive and negative la-
tent heat fluxes but only positive sensible heat fluxes within
the AR location). This may indicate that the surface evapora-
tion 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 north-western Siberia. Hence both
the high evaporation in the south and suppressed evapora-
tion along the AR extent show that the moisture source arises
from Siberia. The differences in the turbulent heat fluxes be-
tween ICON-LAMG6 and ICON-LAM3 are small and statis-
tically not significant (not shown). Although this study only
modestly explores 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 to 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-resolution
simulations, a moisture intrusion event which was identified
as an AR during the ACLOUD campaign from 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 reanal-
ysis product (ERAS), the spatio-temporal structure of the AR
was assessed, and its representation in the ICON-LAM at 6
and 3 km horizontal resolution was evaluated.

A large moisture anomaly, as large as 15 kg m~2 compared
to the climatological mean, was observed at the location of
the AR, with actual IWV values greater than 25kgm™2.
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 at 1-2km
height. The analysis showed that the passage of the AR af-
fects the entire atmospheric column as well as the surface,
and those effects can last for several hours (at least 24 h) af-
ter 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. How-
ever, a southward shift of the AR was found in the simulation
compared with ERAS 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 evalu-
ation 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 (north-western Russian coast), which the AR passed
over, are represented in the ICON-LAM simulations: an in-
crease in near-surface air temperature by ca. 5K and corre-
sponding dissolved temperature inversion, an increase in spe-
cific humidity by ca. 4 gkg™! in the lower troposphere and
in IWV by ca. 15kgm™2, and the establishment of a low-
level wind jet. The AR-related upper-tropospheric dry layer
is also realistically represented in both I[CON-LAM simula-
tions at Ny-Alesund, while at Shojna improvements would
be needed.

The results from this study showed that the [CON-LAM
model is able to represent the spatio-temporal structure of
the selected AR and for specific features with a higher ac-
curacy than the driving global ICON model and the ERAS
reanalysis. This was demonstrated in the more accurate rep-
resentation of the AR’s impact on the temperature, wind, and
humidity profile changes at Ny-Alesund. The models and re-
analysis differ in both the horizontal and vertical resolution,
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and assessment of this overall implication is complex. Al-
though ERAS has a similar number of levels in the lowermost
5km to ICON-LAM, it does not show an advanced skill in
the AR signature in the vertical profiles of temperature, hu-
midity, and wind at Ny-Alesund, where the simulations with
the ICON high horizontal resolutions show a better skill. This
indicates that a certain horizontal model resolution is of par-
ticular importance for an effective comparison with station
observations near coastal and/or complex topography. How-
ever, an advanced skill for all aspects of the AR cannot be
concluded. The 3 km simulation also shows a slightly nar-
rower AR with a slightly later arrival at Ny-Alesund com-
pared with 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 Wm~2) and increased downward longwave
radiation (by ca. 100 W m~2) within 3 h, shifting the cool-
ing at the surface to a surface warming. The surface heat
fluxes are also affected at the AR location (decrease in the
heat fluxes) and in its vicinity (higher latent heat fluxes as-
sociated 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 re-
sults clearly show the impact of the AR on the surface energy
fluxes. However, more in-depth analyses of this would be re-
quired 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 (MO-
SAiC) will provide the necessary and unique in situ datasets
to study this for other AR cases during that expedition.
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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~2, colour shading) and mean sea
level pressure (MSLP, hPa, black dotted isolines) from ERAS from 5 June 2017 12:00 UTC to 7 June 2017 00:00 UTC. The locations of the
Ny-Alesund and Shojna research stations are included as red symbols.
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5 June 2017 00:00 UTC to 8 June 2017 00:00 UTC.

Code availability. The ICON model code is distributed under
a licence by the Deutscher Wetterdienst (DWD). More informa-
tion can be found on a MPI-M webpage (https://code.mpimet.
mpg.de/projects/iconpublic/wiki/How_to_obtain_the_model_code,
Deutscher Wetterdienst, 2021) and on the DWD website. The PAM-
TRA model code is available in a GitHub repository distributed
under an GPLv3.0 licence found at https://github.com/igmk/pamtra
(https://doi.org/10.5281/zenodo.3582992, Mech et al., 2019).

Data availability. The ICON-GLOBAL, ICON-LAM, and
PAMTRA (input and output) model data are stored at the AWI
computing centre and are available upon request from the corre-
sponding author. The ERAS5 data can be found at https://www.
ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-vS (Copernicus
Climate Change Service, 2021). The observational data from
Ny-;\lesund are available at the PANGAEA data repository for ra-
diosondes (https://doi.org/10.1594/PANGAEA.879822, Maturilli,
2017), HATPRO (https://doi.org/10.1594/PANGAEA.902142,
Nomokonova et al., 2019b), and surface radiation measurements
(https://doi.org/10.1594/PANGAEA.887502, Maturilli, 2018).
The radiosonde data for the Shojna station from the IGRA net-
work  (https://www.ncdc.noaa.gov/data-access/weather-balloon/
integrated- global-radiosonde-archive, last access: 8 June 2021)
are available at https://wwwl.ncdc.noaa.gov/pub/data/igra/
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