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Abstract

Long believed to be insignificant, melt activity on the Northeast Greenland Ice
Stream (NEGIS) has increased in recent years. Summertime Arctic clouds have
the potential to strongly affect surface melt processes by regulating the amount
of radiation received at the surface. However, the cloud effect over Greenland is
spatially and temporally variable and high-resolution information on the north-
east is absent. This study aims at exploring the potential of a high-resolution
configuration of the polar-optimized Weather Research & Forecasting Model
(PWREF) in simulating cloud properties in the area of the Nioghalvfjerdsfjor-
den Glacier (79 N Glacier). Subsequently, the model simulations are employed
to investigate the impact of Arctic clouds on the surface energy budget and on
surface melting during the extensive melt event at the end of July 2019. Com-
pared to automatic weather station (AWS) measurements and remote-sensing
data (Sentinel-2A and the Moderate Resolution Imaging Spectroradiometer,
MODIS), PWRF simulates cloud properties with sufficient accuracy. It appears
that peak melt was caused by an increase in solar radiation and sensible heat
flux (SHF) in response to a blocking anticyclone and foehn winds in the absence
of clouds. Cloud warming over high-albedo surfaces helped to precondition the
surface and prolonged the melting as the anticyclone abated. The results are sen-
sitive to the surface albedo and suggest spatiotemporal differences in the cloud
effect as snow and ice properties change over the course of the melting season.
This demonstrates the importance of including high-resolution information on
clouds in analyses of ice sheet dynamics.

KEYWORD

cloud properties, cloud radiative effect, Northeast Greenland Ice Stream, regional climate
modeling, surface energy balance, surface melt

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the

original work is properly cited.

© 2022 The Authors. Quarterly Journal of the Royal Meteorological Society published by John Wiley & Sons Ltd on behalf of the Royal Meteorological Society.

3566 wileyonlinelibrary.com/journal/qj

QJ R Meteorol Soc. 2022;148:3566-3590.


https://orcid.org/0000-0002-9586-720X
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/QJ

ANDERNACH ET AL.

Quarterly Journal of the 3567

NRMets

1 | INTRODUCTION

In the Arctic, temperatures have risen at almost four
times the global mean rate in recent decades (Rantanen
etal.,2022), a phenomenon referred to as Arctic amplifica-
tion (Manabe and Stouffer, 1980; Lee et al., 2021). Together
with temperature rise, the mass balance of the Greenland
Ice Sheet (GrIS) has transitioned from a positive (mass
gain) or near equilibrium state before the 1990s to a neg-
ative state (mass loss) in the 20th century (e.g., Mouginot
et al., 2019). In the 21st century, mass loss of the GrIS
has even accelerated (e.g., van den Broeke et al., 2016;
The IMBIE Team, 2020), resulting in a cumulative ice loss
of approximately 3,902 Gt during 1992 and 2018 and a
global sea-level rise contribution of 10.6 mm (The IMBIE
Team, 2020).

The acceleration of the 21st century mass loss is char-
acterized by substantial interannual variability (van den
Broeke et al., 2017). The beginning of the century was
marked by a couple of major melt events with, 2002,
2010, 2012 and 2019 standing out (van As et al., 2012;
Hall et al., 2013; Tedesco and Fettweis, 2020). During the
unprecedented melt event in July 2012, almost the entire
ice sheet experienced surface melt (Nghiem et al., 2012;
Hall et al., 2013), including at Summit Station, which is
over 3,000ma.s.l. (Nghiem et al., 2012). Ice-core records
from the same location revealed the rarity of such events,
with the last occurring in 1889 (Clausen et al., 1988). How-
ever, a series of cold summers, especially in the west and
increased snowfall in the east (Zhang et al., 2019; Sasgen
et al., 2020), recently slowed down the total rate of mass
loss (The IMBIE Team, 2020). This phase of reduced ice
loss is interrupted by a record melt year in 2019 with an
annual mass loss of 532 Gt revealed by satellite measure-
ments (Sasgen et al., 2020). Although total June-August
(JJA) runoff was lower than in 2012, the surface mass
balance was the lowest on record, and Summit Station
experienced melting again (Tedesco and Fettweis, 2020).
In August 2021, even the first rainfall event was reported
at Summit Station (Moon et al., 2021).

For decades, the highest melt has occurred in south-
ern regions (Rignot and Kanagaratnam, 2006; Velicogna
and Wahr, 2006). However, in the last decade, acceler-
ated mass loss and highest melt anomalies have been
observed in the north, particularly in the northeast (e.g.,
Hall et al., 2013; Khan et al., 2014; Mouginot et al., 2015;
Mouginot et al., 2019). During the anomalous melt in
July/August 2019, the Northeast Greenland Ice Stream
(NEGIS) mass loss accounted for a fraction of 35%, whereas
the southwest participated by around 44% less than in
2012 (Cullather et al., 2020).

With a catchment area of more than 200,000 km?, the
NEGIS is a prominent feature of the GrIS (Rignot and
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Kanagaratnam, 2006). It drains into the ocean through
three marine-terminating outlet glaciers: Zacharie
Isstrom, Storstrommen Glacier and Nioghalvfjerdsfjorden
Glacier (hereafter abbreviated as 79 N after its latitudinal
position), holding a sea-level rise equivalent of 1.1 m in
their marine-based sectors (Mouginot et al., 2015). Drain-
ing approximately 8% (Rignot and Kanagaratnam, 2006)
of the GrIS, 79 N is the largest discharger of ice in northern
Greenland. Both the Zachariae Isstrom and the 79 N, have
accelerated and retreated significantly in recent years,
ending their state of relative stability (Khan et al., 2014).
Since 1999, the area of the Zacharize Isstrom ice shelf
shrank by 95% and its flow velocity tripled after the col-
lapse of its floating ice tongue in late 2012 to early 2013
(Mouginot et al., 2015). While mass losses of 79 N have
been significantly lower (Andersen et al., 2019), an area of
more than 100 km? was lost through calving at its outlet
in 2019/2020 (Turton et al., 2021). The trend in ice dynam-
ics is attributed to a loss of buttressing sea ice at the ice
sheet margin (An et al., 2021) due to the warming of ocean
and air temperatures (Sneed and Hamilton, 2016; Turton
et al., 2019). Besides ice discharge, enhanced surface melt
and runoff have driven ice losses (An et al., 2021; Blau
etal., 2021).

Clouds play a pivotal, but sometimes opposing, role in
controlling the Arctic surface energy balance (van Tricht
et al., 2016; Hofer et al., 2017; Wang et al., 2018; Niwano
et al., 2019). They can either warm the surface by trap-
ping and emitting long-wave radiation or cool it by reduc-
ing the incident solar radiation (Curry et al., 1996). The
extreme dryness of the atmosphere in the Arctic with
low clear-sky emissivity enhances the contrast of clouds’
greenhouse effects between clear and cloudy states (Curry
et al., 1996; Shupe and Intrieri, 2004; Cox et al., 2015).
Many major melt events of the GrIS in recent years are
associated with cloud dynamics (Bennartz et al., 2013;
Hofer et al., 2017; Solomon et al., 2017). It is even sug-
gested that melting would not have occurred at Summit
Station during the 2012 melt event without the presence
of a cloud cover (Bennartz et al., 2013). The cooling effect
of Arctic clouds relies on their ability to scatter incoming
solar radiation, so that less energy is available for warm-
ing the surface and melting overlying snow or ice layers
(Curry et al., 1996; Shupe and Intrieri, 2004). Therefore,
an absence of clouds can accelerate surface melt (Hofer
et al., 2017; Ruan et al., 2019). Recent studies highlighted
the variability of Greenlandic cloud forcing, which is spa-
tially and temporally heterogeneous (Wang et al., 2018;
Wang et al., 2019; Izeboud et al., 2020). Important influenc-
ing factors can be variations in the surface albedo and the
solar zenith angle (SZA) (Minnett, 1999; Shupe and Intri-
eri, 2004; Wang et al., 2018). Clouds trigger surface melt by
long-wave warming predominantly in the highly reflective



3568 Quarterly Journal of the

NRMets

ANDERNACH ET AL.

Royal Meteorological Society

accumulation zone, while clouds in the darker ablation
zone rather promote short cooling (Wang et al., 2019; Ize-
boud et al., 2020). However, local and regional effects devi-
ate from the general cloud trend and the magnitude of the
cloud effect also depends on cloud phase (Shupe and Intri-
eri, 2004; Bennartz et al., 2013). It is therefore not possible
to generalize the impact of clouds on GrIS surface condi-
tions and high-resolution local-scale studies are required
to evaluate their distinct spatiotemporal influence.

Even though Arctic clouds have been identified as
decisive in modulating near-surface conditions (Bennartz
et al., 2013; van Tricht et al, 2016; Hofer et al., 2017),
their exact influence remains uncertain. Given this large
uncertainty, they are still only poorly represented in cli-
mate models (Lacour et al., 2018; Sedlar et al., 2020; Inoue
et al., 2021). While the representation of clouds has been
substantially improved in the sixth phase of the Cou-
pled Model Intercomparison Project (CMIP6) compared to
CMIP5, the Sixth Assessment Report (AR6) of the IPCC
(Intergovernmental Panel on Climate Change) still iden-
tified clouds as main contributor to overall uncertainty
in climate (Forster et al., 2021). In view of Greenland’s
large contribution to global sea-level rise (Oppenheimer
et al,, 2019) and manifold feedback mechanisms with,
for example, ocean circulation (Golledge et al., 2019), it
is paramount to understand the role of Arctic clouds as
drivers of the GrIS mass loss.

Most of the previous studies analyzing the near-surface
impact of Arctic clouds covered the whole Arctic region
at a low spatial resolution (e.g., Cesana et al., 2012; Cox
et al., 2015; Kay et al., 2016; Hines and Bromwich, 2017;
Cho et al, 2020) or the whole of Greenland (e.g.,
van Tricht et al, 2016; Hofer et al., 2017; Lacour
etal., 2018; Niwano et al., 2019; Hahn et al., 2020; Lenaerts
et al., 2020), impeding the ability to draw reliable con-
clusions on smaller regions or single locations. Many of
the more small-scale studies focused either on the south-
east (Djoumna et al., 2021), the west (van den Broeke
et al., 2008; Izeboud et al., 2020; Djoumna et al., 2021)
or the interior (i.e., Summit Station; Lacour et al., 2018;
Miller et al., 2015; Solomon et al., 2017). Given the large
spatial variability in cloud forcing on near-surface condi-
tions (Wanget al., 2019) and the disparate findings, directly
transferring their results to other regions such as the
NEGIS is not appropriate. However, the increasing con-
tribution of the northeast to GrIS mass losses (Mouginot
etal., 2015) necessitates the need to understand the impact
clouds have in this region. Until now, little is known about
cloud radiative impacts in this region, hampering accu-
rate future mass balance and climate simulations (Flato
et al., 2013). Moreover, adequate analysis of the interac-
tions between the NEGIS (i.e., 79 N) and the atmosphere
is still missing (Turton et al., 2019).

Greenland’s remote and challenging working environ-
ment impedes fieldwork. Consequently, ground observa-
tions are only sparsely distributed over the island. A solu-
tion to this problem is state-of-the-art models. Previously,
the polar-optimized Weather Research & Forecasting
Model (PWRF) has been successfully used for modeling
more general atmospheric processes in the NEGIS region
(Turton et al., 2019; Turton et al., 2020; Turton et al., 2021)
as well as for studying polar clouds elsewhere (Listowski
and Lachlan-Cope, 2017; Cho et al., 2020). However,
no high-resolution study had systematically investigated
cloud properties and their role on the near-surface cli-
mate conditions of the 79 N area. The overarching research
objective of the present study is, thus, to evaluate PWRF's
capability of simulating cloud properties over northeast
Greenland. Associated, we assess the effects of Arctic
cloud dynamics on the near-surface climate conditions in
the area of the 79 N and constrain their impact on surface
melt during a case study of an extreme melt event at the
end of July and the beginning of August 2019.

2 | DATA AND METHODS
2.1 | Description of the synoptic
conditions

Surface mass balance anomalies were record low in the
hydrological year September 2018—-August 2019 relative to
1981-2010 (Tedesco and Fettweis, 2020). The melt season
in 2019 was marked by unusually persistent anticyclonic
conditions over the GrIS, that coincided with a nega-
tive North Atlantic Oscillation (NAO) index, which was
seventh-lowest in the 1950-2019 record, a strongly pos-
itive East Atlantic (EA) index and a peaking Greenland
Blocking Index (GBI) (Cullather et al., 2020). Cloud dis-
sipation due to anticyclonic conditions enhanced surface
melting, which darkened the surface, leading to enhanced
melt-albedo feedback. Further, it paved the way for a
northward advection of moist, warm air along the west-
ern flank (Tedesco and Fettweis, 2020). While fresh snow
reflects most of the sunlight due to its high reflectivity,
the reduced summer snowfall at that time did not fully
cover the dark ice surface, which allowed a reduced sur-
face albedo that led to an early (mid-April) as well as an
extensive, summertime surface melt. The highest concen-
tration of positive anomalies in air temperature, number
of melting days and melt extent were observed in the
northeast. Tedesco and Fettweis (2020) explained these
anomalies with a higher northeastern cloud cover in com-
bination with the low albedo. The first major melt event
happened between June 11 and 17 when half of the ice
sheet was at melting point (Tedesco and Fettweis, 2020).
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The second major melt event took place between July 29
and August 2 with a maximum melt extent of 62%-73%
of the GrIS, including the 79N, on July 30 and 31 (Cul-
lather et al., 2020; Tedesco and Fettweis, 2020). Extensive
melt was caused by a northward blocking pattern, which
had emerged as a high-pressure ridge over Western Europe
and transitioned into a closed-circulation anticyclone over
Scandinavia. The blocking pattern led to a bending of the
jet stream from the southeast to the northwest, advecting
warm air from Europe to Greenland. After arriving at the
ice sheet, the warmer air was rapidly mixed down from
the mid-troposphere to the ground, initiating strong GrIS
melting on July 29 (Tedesco and Fettweis, 2020). Figure 1
depicts the anomalous high 500-hPa geopotential height
over northeast Greenland during that time.

Over the 79N Glacier, the circulation anomaly was
associated with an increase of surface pressure and wind
speed, a change in wind direction from north/northwest
to southerly-to-southwest and a reduction in cloud cover
according to ERAS5 as a result of the northeastern blocking
location, consistent with descriptions in Ward et al. (2020).
The change in atmospheric conditions led to a rise in air
temperatures, which peaked at 7°C near 79 N on July 31.
Strongest warming concentrated along the coast. It is likely
that the warming effect was reinforced by the southwest-
erly air masses heating adiabatically as they descended
from the interior of the GrIS towards the eastern shoreline
(Ward et al., 2020). The rise in surface temperature deter-
mined the onset of surface melt. The 79N (highlighted
with the black dot in Figure 2) was located approximately
in the transition area of freezing and melting temperatures.

500 hPa geopotential height anomaly (m)

oI

FIGURE 1 ERAS5 geopotential height anomalies during peak
melting from July 29 to August 1, 2019 relative to the 30-year
average 1980-2009 over the days of the study period (July 23 to
August 10) [Colour figure can be viewed at wileyonlinelibrary.com]
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In its ablation area, temperatures were at the melting point
during the period July 30 to August 2, allowing for sur-
face melt and runoff. On subsequent days, the blocking
anticyclone weakened and the jet stream shifted back into
lower latitudes. As a consequence, surface temperatures
dropped below freezing again. During the last days of the
study period (August 7-10), an anticyclone established
over northeast Canada, leading to a northwesterly inflow
of moist air onto northern Greenland. This triggered low
but not extreme temperatures and an increase in cloud
cover.

2.2 | Polar weather research
and forecasting model and setup

The PWREF, a regional atmospheric model adjusted for
the Arctic and Antarctica and introduced by Hines and
Bromwich (2008), was developed by the Polar Meteorol-
ogy Group of the Byrd Polar and Climate Research Center
at The Ohio State University. Most of the changes rela-
tive to the regular Weather Research & Forecasting Model
(WRF) (Skamarock et al., 2019) have been made to the
physical schemes, mainly the Noah land surface mod-
ule (LSM), to better represent sea ice and snowpack and
their role in heat transfer processes (Hines et al., 2011;
Hines et al., 2015). PWRF has undergone extensive test-
ing over the GrIS (Hines and Bromwich, 2008), the Arctic
Ocean (Bromwich et al., 2009) and the Arctic land (Hines
et al., 2011; Wilson et al., 2011, 2012). Previously it has
successfully been used for studies over the NEGIS (Turton
et al., 2020; Turton et al., 2021). We used PWRF version
4.1.1, which was the latest at the time of our study.

The model setup was informed by extensive experi-
ence from our previous WRF applications and additional
polar studies using PWRF (Hines et al., 2011; Barton and
Veron, 2012; Turton et al., 2019; Cho et al., 2020; Turton
et al., 2020). The best-performing configuration (Table 1)
was chosen out of a set of 44 sensitivity runs, testing
various combinations of physics, dynamics and time step
options. The domain is based on a Polar Stereographic pro-
jection centered on northeastern Greenland (Figure 3a).
Applying one-way nesting, the horizontal resolution of
5 km in the outer domain (d01) was dynamically down-
scaled to 1 km in the inner domain (d02). The higher tem-
poral (hourly) and spatial resolution output of the inner
domain was used for the present analysis. The high spa-
tial resolution of the nest is necessary due to the complex
topography within the domain and to resolve small-scale
processes and features of clouds. Thus, the grid spacing is
similar to that in previous polar cloud modeling studies
with WRF of, for example, Sotiropoulou et al. (2021), but
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FIGURE 2 ERAS surface temperature (in °C) over Northeast Greenland during July 28 to August 3, 2019. The blue contour lines show

the 0°C and the —10°C lines. The black dot marks the location of KPC_U [Colour figure can be viewed at wileyonlinelibrary.com]

higher than in other publications (e.g., Otkin and Green-
wald, 2008; Hines and Bromwich, 2017; Listowski and
Lachlan-Cope, 2017; Cho et al., 2020; Sedlar et al., 2020).
The model was run for 22 days, covering the period July
21 to August 10, 2019. The first 48 hr were discarded for
model spin-up in accordance with previous WRF model
studies (e.g., Listowski and Lachlan-Cope, 2017; Kropac
etal., 2021).

To comply with the polar setup of WREF, either thresh-
olds or external data on several sea ice variables are spec-
ified. Based on analyses of satellite data of the respective
days in 2019, sea ice thickness, sea ice albedo and maxi-
mum snow depth on sea ice were adjusted to 0.2, 0.64 and
0.3 m, respectively, to better match the conditions at the
coast of 79 N.

2.3 | Model input data

The operational European Centre for Medium-Range
Weather Forecast (ECMWF) reanalysis dataset ERAS at
hourly intervals served to specify lateral and boundary
conditions of the PWRF simulations. Its horizontal reso-
lution is approximately 31 km and it covers 137 vertical
levels from the surface until a height of 0.01 hPa. Previous
studies employed ERAS5 for analyses in the Arctic and over
Greenland (e.g., Graham et al., 2019). In addition, Graham
et al. (2019) found it to perform best in a group of five
reanalysis products over the Arctic gateway.

However, snow water equivalent and snow depth val-
ues of 2,000 kg-m~2 and 10 m, respectively, were indicated
by ERA5 almost all over northeast Greenland in August.
These exceed typical snow heights measured in summer
(Pedersen et al. 2016; Rasmussen et al., 2018). Simi-
lar overestimations have been found previously (Wang
et al., 2021). To account for the overestimation, the upper
bounds of snow water equivalent and physical snow
depth, which are both used to determine snow depth, were
limited to 300 kg-m~2 and 1.0 m respectively in the WRF
initial conditions. These values are based on observations
of the area and glaciers in the vicinity and have previously
been used successfully in studies of the 79N (e.g., Turton
et al., 2020).

To represent sea ice concentration and sea surface
temperature (SST) the Optimum Interpolation 1/4 Degree
Daily Sea Surface Temperature Analysis developed by
the National Oceanic and Atmospheric Administration
(NOAA) National Centers for Environmental Informa-
tion (NCEI) was used (Reynolds et al, 2007; Banzon
et al., 2016). The product is based on Advanced Very High
Resolution Radiometer (AVHRR) infrared satellite SST
data supplemented by in-situ data from buoys and ships.
Daily data are provided on a 0.25° spatial grid.

2.4 | Evaluation data

Three observational datasets were used to validate the
PWREF simulations. In-situ observations at two automatic
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Summary of the most relevant polar-optimized Weather Research & Forecasting Model (PWRF) settings used for the

simulations concerning domain configuration, physics and dynamics options and forcing data

Parameter
Domain configuration

Horizontal grid spacing
Grid dimensions

Time step

Vertical levels

Model top pressure

Physics
Microphysics

Cumulus

Radiation

Planetary boundary layer

Atmospheric surface layer

Land surface model

Dynamics

Diffusion

Input data
Static data

Lateral boundaries

Selection

5km (d01) and 1 km (d02)

320 x 320 (d01) and 381 x 381 (d02)
30s(d01) and 10 s (d02)

60; lowest eta-level: ~9.6 m above the surface

1,000 Pa

Morrison 2-moments (Morrison et al., 2009)

Kain-Fritsch (only in d01) (Kain, 2004)

Community Atmosphere Model scheme
(Collins et al., 2004)
Mellor-Yamada-Janji¢ TKE scheme
(Janji¢, 2002)

Eta similarity scheme (Janji¢, 1994)

Unified Noah Land-Surface Model
(Chen and Dudhia, 2001)

Calculated in physical space

United States Geological Survey (USGS)
24-category land use and land mask

ERAS5 and National Oceanic and Atmo-
spheric Administration (NOAA) Optimum
Interpolation 1/4 Degree Daily Sea Surface
Temperature Analysis

References

Barton and Veron (2012), Cho et al. (2020), Listowski
and Lachlan-Cope (2017), Turton et al. (2020)

Hines and Bromwich (2008), Turton et al. (2020)
Barton and Veron (2012), DuVivier and Cassano (2016)

Barton and Veron (2012), Cho et al. (2020), Turton
etal. (2019)

Cho et al. (2020), Listowski and Lachlan-Cope (2017),
Turton et al. (2020)

Barton and Veron (2012), Cho et al. (2020), Listowski
and Lachlan-Cope (2017), Turton et al. (2020), Vignon
et al. (2019), Wilson et al. (2011)

Kropac et al. (2021)

weather stations (AWSs) located on Kronprins Christian
Land (KPC) in the northeast of Greenland are available
from the PROMICE (Programme for Monitoring of the
Greenland Ice Sheet) network operated by the Greenland
and Denmark Geological Survey (GEUS). As displayed in
Figure 3b, the upper station, KPC_U, is located close to the
equilibrium line at 79.83°N, 25.17°W, 870 m a.s.l. and the
lower station, KPC_L, is located close to the ice sheet mar-
gin at 79.91°N, 24.08°W, 370 m a.s.l. (Fausto et al., 2021).
Station variables used for the analysis include air pres-
sure, air temperature, specific humidity, wind speed and
direction, short- and long-wave radiation, turbulent heat
fluxes and surface temperature. The data have been
post-processed, including for example a tilt-correction.
Refer to Fausto et al. (2021) for more information on

the PROMICE dataset. We calculated daily surface albedo
as the ratio of aggregated hourly up- and downwelling
short-wave radiation. Hourly albedo values were capped
at a maximum value of 0.9, since values above were con-
sidered unrealistic and typically result from measurement
uncertainty (Mdlg et al., 2009).

Simulated cloud cover fractions were validated with
satellite imagery acquired by the multispectral instrument
on the Sentinel-2A satellite and the Moderate Resolution
Imaging Spectroradiometer (MODIS) Terra. Compared to
other datasets such as CloudSat, they offer the advantage
of having high spatial and temporal resolutions, pro-
viding the potential for a robust cloud detection at high
latitudes. Sentinel-2A, previously successfully used for
supraglacial lake detection over the 79 N (Hochreuther
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Location of the study area. (2) The outer (d01) and inner domain (d02) used for the simulation as well as the validation

area (black rectangle). (b) Location of the Sentinel-2A granules and the two PROMICE (Programme for Monitoring of the Greenland Ice
Sheet) stations as well as the 79 N and the Zachariz Isstrem. The true-color (band combination 4-3-2) image mosaic is of June 19, 2019. The
elevation model in the background was produced by the Greenland ice sheet mapping project (Howat et al., 2014) [Colour figure can be

viewed at wileyonlinelibrary.com|

et al., 2021), collects images at a horizontal resolution of
10 m with a revisit time of less than two days for the polar
regions (European Space Agency, 2015). Level-1C (L1C)
scenes of six granules (110 x 110 km, Figure 3b), contain-
ing the 79 N, were used. Images were merged separately,
delivering one complete scene with a sensing interval of
maximum 50 min per day. Each scene was compared to
the PWRF output of the closest time. To derive a cloud
mask, the widely used algorithm Fmask (Function of
mask) (e.g., Tarrio et al., 2020; Hochreuther et al., 2021)
was applied to the images as it unites the benefits of a
straightforward state-of-the-art application with reason-
able results. It creates a 20-m-resolution cloud mask by
separating the image into clouds, cloud shadow, clear sky,
water and snow (Zhu and Woodcock, 2012). For this study,
version 0.5.5 was used.

A cloud mask at 250 m is distributed with the MOD35
product, whereas information on cloud water path (CWP)
is provided in the MODO06 product at 1 km spatial resolu-
tion (Platnick et al., 2018). In contrast to the Sentinel-2A
data, multiple scenes per day were available for the study
site. To make them comparable to PWRF simulations at
full hour, only those images with a time difference of max-
imum 15 min and with less than 5% of missing data were
retained. All of them were cropped to the extent of the
Sentinel-2A granules (Figure 3b).

2.5 | Evaluation procedure

Simulations were evaluated against the PROMICE and
satellite observations, using the two grid points closest to
the AWS coordinates and spatial averages, respectively.
To assess the model performance three different statisti-
cal metrics were calculated, including mean model bias
(MMB), Pearson Correlation Coefficient () and root mean
square error (RMSE) (Wilks, 2011).

Liquid water path (LWP) is the vertically integrated
sum of all liquid hydrometeors (suspended liquid cloud
droplets and falling rain), whereas ice water path (IWP)
is the vertically integrated sum of all solid hydrometeors
(suspended ice and falling snow and graupel). Within each
grid column, the mixing ratios were summed and verti-
cally integrated with respect to the thickness of the vertical
layers. Total CWP is the vertically integrated total cloud
mixing ratio and includes both, LWP and IWP. Vertically
resolved 2D cloud fraction, defined as the area of a grid
box covered by a cloud, was column-integrated. To obtain
a binary cloud cover mask to compare with the satellite
data, a threshold of 107° kg-kg~! was applied to the total
cloud mixing ratio. This value has previously been applied
to delineate summer clouds in Antarctica (Hines et al,
2019).
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2.6 | Analysis of the cloud effect

As in many previous studies (e.g., Intrieri, 2002; Cox
et al., 2015; Wang et al., 2018; Niwano et al., 2019; Wang
et al., 2019; Izeboud et al., 2020; Djoumna et al., 2021),
we used the cloud radiative effect (CRE) as a metric to
assess the impact of clouds on the surface energy bal-
ance. It is defined as the difference in W-m~2 between
cloudy and clear-sky surface radiative fluxes under the
assumption of unchanged meteorological conditions. A
positive CRE implies a net cloud warming at the surface,
whereas a negative CRE refers to a net cloud cooling.
CRE was calculated using Equation 1 for the short-wave,
Equation 2 for the long-wave and Equation 3 for the net
effect, where SW|] and LW/ are the downwelling short-
and long-wave radiation and « is the surface albedo. Like
in previous studies (Shupe and Intrieri, 2004; Barton and
Veron, 2012), the upwelling component of the long-wave
spectrum was ignored in the calculation as it is assumed
to be the same during clouded and clear-sky conditions.
Following this definition of CRE, the instantaneous cloud
effect is considered.

CREshort-wave = (SW lall—sky —SW lclear—sky)
X(1—a)[W-m72 1)

CRElong—wa\/e =LW iall—sky -Lw l«clear—sky [W . m—Z] (2)

CREpet = CREghort-wave + CRElong—wave [W : m—Z] (3)

To further evaluate the relationship between clouds and
surface warming or melting, the total surface energy bal-
ance (Ey,) was calculated using Equation 4, where SHF
and LHF are the turbulent sensible and latent heat fluxes,
respectively.

Eot =SW | X(1 —a) + LW | + LW 1
+ SHF + LHF [W - m™?| 4)

Energy available for melting (Epert, in W-m~2) equals Eyo
when surface temperature is at the melting point (0°C).
Fluxes are positive when directed toward the surface,
indicating a supply in energy, and negative when leaving
the surface, corresponding to a loss of energy.

3 | RESULTS & DISCUSSION

3.1 | Model evaluation

Figure 4 compares the model simulations with the
PROMICE observations. Since the two KPC stations are
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located closely to each other and the model performance is
similar, we decided to focus on only one station. The upper
station, KPC_U, was chosen as it combines the advan-
tages of better representing the conditions over the 79 N as
well as the interior, which experienced exceptional surface
melt, and is far enough from the ice sheet margin, where
the barren surroundings could bias the data.

Overall, the near-surface properties at 79 N are realis-
tically reflected by PWREF. Surface air pressure and wind
speed are all-round well captured (not shown), having a
correlation coefficient of » = 0.97 and r = 0.71, respec-
tively. While the temporal variability of air temperature
(Figure 4a), SW| (Figure 4c) and LW/ (Figure 4d) is
moderately to well captured, their absolute values are
not always well represented. Parts of the differences can
most likely be attributed to the difference in measure-
ment height. However, it should be noted that radiative
fluxes are simulated with higher skill at KPC_L (SW{:
MMB = -8.55W-m~2, r = 0.90, RMSE = 65.29 W-m~2;
LW|:MMB=1.80W-m~2,r=0.47, RMSE =27.73 W-m~2).
Variability in specific humidity (Figure 4¢), wind direction
(Figure 4f) and surface albedo (Figure 4b) are only moder-
ately captured. The daily surface albedo values agree well
at the beginning of the simulation. Then, however, the
model values decrease logarithmically as the snow ages,
while the observed values remain almost constant. During
each modeled snow fall event, which is the case twice at
the end of the study period (August 9 and 10), the albedo
value instantly leaps back to its maximum value. Since
these snow fall events are not visible in the observations,
this leads to an only moderate correlation coefficient at
KPC_U. At KPC_L, albedo is overestimated.

While PWRF has amendments to the Noah LSM, these
are mostly to better represent sea ice (Hines et al., 2015),
whereas glacier albedo is still poorly represented. In order
to solve the deviations in albedo, several tests were per-
formed, including changes in the physical parametrization
and the input meteorological fields. In Noah LSM, sur-
face albedo is directly related to snow cover. Every time
fresh snow falls, the albedo jumps to its maximum value
and decays afterwards as a function of the age of the snow
(Livneh et al., 2010; Hines et al.,, 2011). As long as the
ground is still snow-covered, the albedo does not drop
below the minimum value set in the model code. Thus,
an accurate representation of snow cover is indispens-
able to realistically simulate surface albedo. During the
study period, ERAS5 snow depth had an almost constant
value of 10 m over the entire land area except for a nar-
row coastal strip where it dropped sharply down to zero.
Although being lowered before ingesting them into the
model (Section 2.3), values remained too high, never drop-
ping below 0.2 m except for an isolated area at the coast.
Thus, snow extent was constant and darker glacier ice or
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the bare ground at the coast was not represented. Consider-
able snow depth overestimation by ERA5 was also detected
for High Mountain Asia (Wang et al., 2021), the Yamal
Peninsula in Russia (Matveeva and Sidorchuk, 2020) and
for the Tibetan Plateau (Orsolini et al., 2019).

Despite the deficiency in modeled surface albedo,
the statistical performance metrics are predominantly in
the range of previous model evaluations of hourly WRF
simulations (e.g., Hines and Bromwich, 2008; Bromwich
et al., 2009; Collier et al., 2018; Temme et al., 2020; Tur-
ton et al., 2020; Kropac et al., 2021), suggesting sufficient
model skill to use the model output in the further analyses
of the cloud effect.

Accurate information about the spatial distribution
of clouds and their macro- and microphysical proper-
ties is required to understand cloud radiative forcing on

the underling surface. PWRF captures the absolute val-
ues as well as the temporal variability in cloud cover
(Figure 5a) and CWP (Figure 5b) reasonably well, reflect-
ing the observed three stages of cloud cover (Figure 5a):
medium cloud coverage at the beginning, low cloud cover
during peak melt and high cloud cover at the end. A more
detailed analysis, however, reveals certain mismatches.
Occasionally (e.g., July 24 and 28), PWRF simulates the
arrival of cloud fields earlier than in the observations,
leading to large overestimations. At other instances, how-
ever, the possible time difference between the simulation
at full hour and the acquisition of the satellite images
(MODIS + 15 min, Sentinel-2A + 50 min) must be consid-
ered (Section 2.4). Especially during times of atmospheric
instability, such as during the last days, cloud cover is
variable and states alternate quickly.
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Spatiotemporally averaged, cloud cover is highest
(41.1%) in the simulations, followed by the results of
Fmask (36.3%), and lowest in the MOD35 product (26.8%).
Some differences in the results may be due to the different
methods to determine cloud cover in the simulation and
satellite data (Section 2.5). The apparent model overesti-
mation is mostly caused by the sensitivity of the applied
total cloud water mixing ratio (Section 2.5) to detect
very thin clouds at high altitudes and the tendency of
PWREF to simulate many of these. Even though high-level
clouds are less important for cloud radiative forcing than
their lower counterparts (Bennartz et al., 2013; Miller
et al., 2017), they are common over Greenland (Lenaerts
et al., 2020). In remotely sensed data, clouds over bright
surfaces are difficult to detect due to the limited spec-
tral contrast. Optically thin clouds (e.g., cirrus) are a par-
ticular challenge because of their shared spectral signa-
ture with the underlying earth’s surface (Zhu and Wood-
cock, 2012). As for the Fmask algorithm, the absence of
a thermal band in the Sentinel-2A imagery impedes the
detection of low-altitude clouds, since the cirrus band
can only partially account for the missing information
(Frantz et al., 2018). Consequently, it frequently fails at

detecting low- and mid-altitude clouds (Frantz et al., 2018;
Chen et al, 2020), while actually being good for the
detection of high-level cirrus clouds (Zhu et al., 2015).
Visual inspection of the Sentinel-2A images, however,
revealed that some optically thin clouds were not detected.
Figure 6 shows, using the example of July 25, that although
the majority of the clouds are captured, some thin ones
are missed in the southeast. As thin cirrus clouds with
small reflectance values are difficult to discern by visual
inspection, it is possible that the number of undetected
thin clouds is even higher in the other images, similarly
reported in other studies (e.g., Zhu and Helmer, 2018;
Tarrio et al., 2020).

MODIS also frequently misses thin clouds. Thresholds
used for the detection of clouds need to be sufficiently
high in order to avoid noises in its cirrus band 26 that
could be confused with thin clouds, the so-called elec-
tronic “crosstalk” problem (Guenther et al., 2002). While
being good for optically thick clouds, MODIS thus has
an inferior capability to detect optically thin clouds (Holz
et al., 2008; King et al., 2013)—a problem that persists
even in the latest MODIS collections (Tan et al., 2019;
Kotarba, 2020; Lee et al., 2020). Tan et al. (2019) found the
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barren ground as well as rocks are colored bright cyan and deep water is black. Fmask, function of mask [Colour figure can be viewed at
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strongest discrepancy between CALIOP (Cloud-Aerosol
Lidar with Orthogonal Polarization) and MODIS Collec-
tion 6 data at low cloud optical thickness (COT) values,
which has been confirmed for Collection 6.1 used in this
study (Kotarba, 2020). While PWRF allows for very thin
clouds with water contents frequently below 0.01 g-m™3
and COT values below 0.4, the MODIS cloud mask detects
clouds only reasonably well until a COT of 0.4 and thinner
clouds are commonly omitted by the passive sensor (Ack-
erman et al.,2008; Tan et al., 2019). Uncertainties are found
to be highest in the polar regions, where cloud amount is
underestimated by up to 40%, particularly at night when
only thermal bands are available (Kotarba, 2020). Further,
Chan and Comiso (2013) found that in the Arctic, low- (top
height <2 km) and high-level clouds (top height >6 km),
especially when they are geometrically thin (<2 km), are
an important source of error, as they are frequently missed
by MODIS. For example, on July 24 and 28, PWRF simu-
lates an almost completely overcast sky in the afternoon
(Figure 5a). Fmask results for July 28 also show overcast
conditions, while cloud cover is below 50% in MODIS on
both days. This is because PWRF simulates many thin ice
clouds (Figure 8d). While the higher-level ice clouds over
the darker 79 N and adjacent land are detected by MODIS,
the sensor missed those further inland over the brighter ice
sheet. In contrast, Fmask detected most ice clouds in the
interior, while it failed to capture the low clouds over the
79N on July 24. Considering the described shortcomings
and the generally better capabilities of the sensor over open
water than over snow and ice surfaces (Liu et al., 2010), it

is assumed that not all clouds over the ice sheet and the
sea ice were observed. The underestimation of the cloud
amount also affects the results of related cloud properties,
as these are only calculated for pixels flagged as cloudy or
probably cloudy in the cloud mask.

Applied to Sentinel-2 images, Fmask commonly mis-
classifies bright surfaces (i.e., bare soils, snow and ice) as
clouds (Frantz et al., 2018; Chen et al., 2020). To account
for the separation problem between clouds and artificial
surfaces, the algorithm was improved (Frantz et al., 2018),
yet this has not solved the problem over snow-covered
areas (Chen et al., 2020; Hochreuther et al., 2021; Zekoll
et al, 2021). In many scenes, the rocky outcrops in
the eastern part of study area are mistaken for clouds
(Figure 6), causing an overestimation of total cloud cover.
The misidentification of high-elevation sites as clouds is
a frequent problem in the Fmask results (Qiu et al., 2019;
Cilli et al., 2020).

The model and satellite data disagree most often in
the coastal area, particularly over the tongue of the 79N,
where an almost permanent cloud cover is simulated
(Figure 7b). Disagreement in this area is particularly high
with Fmask data, which show clear conditions over the
glacier tongue in more than 50% of the scenes. The defi-
ciency in the detection of thin clouds may also account
for the discrepancy between the satellite products and the
model simulations of the fog and low-level cloud cover
over the tongue of the 79 N. Summertime fog is a frequent
feature over the Arctic Ocean (Tjernstrdm et al., 2012)
and over east Greenland (Gilson et al., 2018) as well as
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over the 79 N Glacier (personal communication Ole Zeis-
ing, December 6, 2021). Previous studies with MODIS
images showed that fog extent over the low-lying part of
the outlet glacier was highest at the end of July and the
beginning of August (Jiskoot et al., 2019). Generally, the
existence of thick sea ice limits or even prevents the forma-
tion of Arctic sea fog and low-level stratus as the vertical
moisture flux is reduced and the boundary layer is more
stable (Paluch et al., 1997). For the simulation period, the
default sea ice thickness was reduced, based on observed
values (Section 2.2). The thin and patchy sea ice allows
for an increase in atmospheric moisture from the Arc-
tic Ocean and the formation of marine stratus. Simulated
optical thickness in the lowest levels was predominantly
low (COT < 3), complicating the detection by remote sen-
SOrS.

Mismatch in many instances is likely to be a conse-
quence of the shortcomings of the satellite products in the
polar regions. Previous studies have proven the good per-
formance of the Morrison 2-moment microphysics in the
polar regions (e.g., Listowski and Lachlan-Cope, 2017; Cho
et al., 2020). Therefore, model simulations are assumed
to be sufficiently accurate to further analyze the cloud
radiative impact.

3.2 | Cloud properties

The following analysis focuses on the landmasses in the
inner domain (d02 in Figure 3a) using exclusively model
output. The ocean area was masked out in all spatial aver-
ages due to the strong contrast of cloud cover over land and
sea, and due to our focus on the impact of clouds on sur-
face melting. It further increases the comparability with
preceding studies.

We classified clouds into low- (top height <2 km),
mid- (2 km <top height <6 km) and high-level clouds
(top height>6 km), a classification that has previously
been applied (Chan and Comiso, 2013). In the lowest
level, shallow clouds account for 21% of the area on aver-
age (Figure 7a). Compared to low-level clouds, high-level
clouds have higher geometrical depths and the highest
spatial coverage of 16% at around 7.8 km. Mid-level clouds
only play a subordinate role at most times with a max-
imum mean occurrence of 14% at the transition to the
high-level. The bimodal distribution is similar to previ-
ous PWREF results for the Arctic (Cho et al., 2020). Nev-
ertheless, mid-level clouds could be underrepresented,
likely as a result of insufficient vertical mixing in the
Mellor-Yamada-Janji¢ planetary boundary scheme (Otkin
and Greenwald, 2008). Over the whole study period and
area, mean total cloud cover (as vertical integral) is 45%
(Figure 7b), which is lower than the GrIS-wide summer
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mean of 66% (2007-2010) (van Tricht et al., 2016), but
roughly agrees with previous annual-mean model results
for the region (Ettema et al., 2010) and reflects the block-
ing conditions. Generally, the lower cloud fractions in the
northeast are likely to be a consequence of the drier atmo-
sphere and the dominant wind system. However, cloud
occurrence follows a clear gradient from the interior to the
coast, where summertime fog and low-level marine stratus
are an almost permanent feature due to the regular supply
of moisture. Cloud occurrence decreases toward the inte-
rior as the temperature and moisture decrease. It is subject
to a higher temporal variability due to the diminishing
influence of the ocean and the increasing importance of
the atmospheric circulation and regional wind patterns,
resulting in stronger temporal contrasts. However, the
comparison with the AWS observations in Section 3.1
indicated that simulated total cloud cover in the upper
ablation zone is either underestimated or optically too
thin, visible in the higher simulated than observed SW|
and lower LW|.

Figure 7c shows the vertical distribution of cloud cover
over the case study period. Only toward the end of the
study period, when the impact of the anticyclone subsides,
longer lasting high cloud covers are simulated. Also, cloud
cover increases at all levels, reaching fractions of above
0.9. Another extensive high-level cloud shield is simulated
prior to the melt event on July 28. However, it passes by
within a few hours, allowing for high incident solar radi-
ation thereafter. Very few clouds are simulated during the
time of the strongest surface melting.

Over most of the study period, LWP, which is almost
completely represented by cloud droplets (Figure 8b),
quantitatively dominates IWP with a mean value of
12.3 g-m~2 compared to 8.3 g-m~2 (Figure 8a). How-
ever, the IWP maximum is more than twice as high
(160.0 g'm~2) as the LWP maximum (66.4 g-m~2). These
highlights are caused by short-term sharp increases of
ice and snow water content or suspended cloud liquid
water. In contrast to these three major hydrometeor cat-
egories (also found in Cho et al., 2020), graupel and rain
only contribute little to total CWP. When only consider-
ing grid points flagged as cloudy, mean LWP is 27.2 g-m~2.
Forty-two percent of these grid points have a LWP above
10g-m~2 and 19% are in the range of 10 and 40g-m~2,
which was previously shown to elicit the highest radiative
effect (Bennartz et al., 2013). Clouds within this range are
opaque enough to reflect the long-wave surface emission
while being thin enough to allow for SW| to be absorbed
by the surface and to raise near-surface temperature. The
high percentage of clouds with a LWP below 10 g-m~2 fur-
ther corroborates the finding that PWRF simulated many
thin clouds and vast thick cloud covers were mostly absent
during the study period.
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The anticyclonic conditions during the study period
are also reflected in the lower mean LWP and IWP
compared to results for most of Greenland (van Tricht
et al., 2016; Lenaerts et al., 2020), which, however, did
not cover the northern-most part. When excluding the
period of the strongest melting (July 29 to August 4), dur-
ing which CWP was extremely low, the mean value of
LWP (16.4 g-m~2) aligns with the average of 16.0 g-m~
found in observations for JJA by van Tricht et al. (2016).
Simulated IWP is slightly lower (12.4 g-m~2) than their
Greenland-wide mean (19.0 g-m~2), but a strong decreas-
ing trend in their cloud cover is visible toward the north,
indicating below-average values over the NEGIS (van
Tricht et al., 2016; Lacour et al., 2017). Moreover, their
Greenland-wide mean value is strongly distorted by the
extraordinary high IWP in the southeast.

The most important contribution to CWP comes from
low-level clouds. In contrast to cloud cover, which is

also high in the upper troposphere at many time steps
(Figure 7c), Figure 8e shows that total cloud water content
peaks almost exclusively near the surface (~0.08 g-m~3).
At higher altitudes, simulated cloud water contents are
predominantly low (<0.05g-m~3), indicative of frequent
clear conditions or the presence of thin ice clouds. The
reason for the strong contrast is the different quantita-
tive contributions of the hydrometeors. Suspended cloud
liquid water is more abundant in proximity to the Arctic
Ocean, which acts as permanent moisture source. There-
fore, the highest contents appear close to the ground with
a spatiotemporal mean value of 0.03 g-m~* and isolated
peaks up to 0.08 g-m~3 (Figure 8b). Whereas cloud lig-
uid water predominates below 1 km most of the time, its
vertical extent increases toward the mid-level with chang-
ing synoptic conditions. Any supercooled liquid present
in the upper layers is readily converted into ice at low
temperatures. Therefore, icy hydrometeors concentrate in
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the middle and high layers (> ~4 km). While ice water
contents are above zero at most times steps, record val-
ues of almost 0.01 g-m~3 are visible from August 7 to 8
(Figure 8d). Snow peaks at slightly warmer conditions at
around 1.9 km and also has its maximum of 0.03g-m™3
from August 7 to 8 (Figure 8c). The amounts of simulated
graupel and rain are negligible.

3.3 | Cloud radiative effect

Spatially averaged long-wave (short-wave) CRE ranges
from 0.7 to 62.9 W-m~2 (—34.6 to —0.3 W-m~2) with a mean

value of 18.2 W-m~2 (—6.9 W-m~2) (Figure 9a). Net CRE is
dominated by its positive long-wave component, resulting
in overall warming effects. Clouds add around 11.2 W-m—2
to the radiation received at the surface. There are only
few exceptions where the net effect is negative. CRE
exhibits a similar temporal variability as the cloud prop-
erties (Figure 8a). The highest cloud effects are achieved
during times of high cloud amount and water, while CRE
approaches zero at times of the strongest melting.

Cloud cover is a first-order control on CRE and deter-
mines its spatial distribution (Figure 9c-e): long-wave
(short-wave) CRE sharply rises (decreases) in proxim-
ity to the Arctic Ocean due to the increasing cloud
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amount, corroborating the findings by Wang et al. (2019).
In contrast, differences are minor further inland and
insignificant between the ablation and the accumulation
zone probably due to the overall high surface albedo,
which leads to a reflection of most of the incoming
radiation.

However, the strength of the correlation (Figure 9b)
with cloud cover decreases with cloud altitude. Low- and
mid-level cloud cover both correlate highly with long-wave
(row =0.96 and rpig =0.69) and net CRE (rjow =0.93
and rpig =0.58), while short-wave CRE is less strongly
and negatively correlated (rjow =—0.70 and rp;g = —0.65),
suggesting that the shading not solely depends on the
simple coverage. Correlations with high-level clouds are
only moderate and subject to a higher variability. The
weaker correlations are presumably a consequence of
the lower COT and cloud temperature at high altitudes.

Therefore, long-wave warming and short-wave shading
are stronger for optically opaque clouds. The higher cor-
relation (by |0.2|) with LWP than IWP suggests that the
effect is more important for liquid- than for ice-bearing
clouds. Differences are the result of the diverging effec-
tive radii and shapes related to the thermodynamic phase
of the hydrometeors: The typically smaller but numerous
droplets in liquid clouds have a greater surface area per vol-
ume, increasing the opacity and the albedo (Curry, 1995;
Shupe and Intrieri, 2004). Since the opacity is directly
related to the radiative transmissivity, clouds with higher
water concentrations shade more solar irradiance (Zhang
etal.,1996; Sedlar et al., 2020). Similarly, their emissivity in
the infrared spectrum increases, but saturates when reach-
ing the characteristics of a blackbody (Shupe and Intri-
eri, 2004). From that moment on, LW is determined pre-
dominantly by cloud temperature (Bennartz et al., 2013).
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This explains the range of LWP (10 and 40 g-m~2) of which
the cloud radiative forcing is most sensitive (Shupe and
Intrieri, 2004; Bennartz et al., 2013).

Surface albedo, as well as the combined effect with
SZA, only weakly correlate with CRE (rpw =[0.30],
rsw =[0.15], rpet =10.32]). Correlations are slightly
stronger when only considering the cloudy states
(rsw =0.46, ryee =0.55), since during clear states the
absence of cloud water limits the feedback with albedo
and SZA. This effect has already previously been shown
by Minnett (1999) and Wang et al. (2018). The latter sug-
gested that at high sun elevations (large cos(SZA)) over
low-albedo areas, clouds scatter more of the solar radia-
tion, causing a stronger short-wave CRE. As suggested by
Wang et al. (2018), this can explain, why short-wave CRE,
in contrast to the long-wave component, does not saturate
at high LWP. Instead an increase in LWP leads to a further
strengthening of the short-wave CRE, making net CRE
at high LWP primarily dependent on the SZA and albedo
(Wang et al., 2018). Given the average high surface albedo
values and the limited sun elevations at the study site at
the end of July and beginning of August, this helps to
understand the constant dominance of long-wave warm-
ing and the low correlations with the combined SZA and
albedo effect.

3.4 | Surface melt contribution
On the first days of the study period, only coastal areas
experience melting during the day, while the remaining
parts of the research domain have simulated surface tem-
peratures below the melting point. A strong decrease in
the amount of Ey is simulated on July 27, marking the
transition to the anticyclonic conditions (Figure 10). With
the impinging anticyclone, the wind speed and air tem-
perature rise, which leads to an increase in the amount
and the extent of Ey,e; on the following days. By July 29,
the entire northeast sector is melting. The supply of melt
energy increases over the next few days, peaks on August
2 with a domain average of 104.2 W-m~2, which is approx-
imately twice as high as in the beginning, and decreases
thereafter (Figure 10). While Ey,y; is still high at the coast
on August 3, the spatially averaged melt potential contin-
uously decreases on subsequent days due to lower values
and a smaller affected area. At the end of the study period,
only some coastal areas are still at the melting point. Aver-
aged over time and space, 26.6 W-m~2 is available for
melting. While mean values are highest (40-50 W-m~2) in
the north and along a narrow strip in the lower ablation
area, Epec averages 20-30 W-m~2 over the 79 N.
Unsurprisingly, net short-wave radiation dominates
the diurnal cycle of Epe. Also in the long-term, the
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increase of net short-wave radiation during cloud-free
times and decrease at the end of the study period due to the
increase in SZA and cloud shading correlates moderately
with Epe (r = 0.41, p <0.1). In contrast, net long-wave
radiation shows no clear correlation with melt. Its increase
to —38.2 W-m~2 during the last days compared to the mean
of —57.1 W-m™2 is related to the higher cloud cover. On a
daily basis, the amount of Ey,; correlates only weakly with
net CRE (r =—0.35) and long-wave CRE (r =—0.32). The
correlation coefficient is even lower for short-wave CRE
(r = 0.26). Hence, surface melt tends to be higher during
times of low cloud coverage. However, the connection is
not statistically significant at p < 0.01. This underlines the
competing effects of long- and short-wave cloud surface
forcing. Moreover, highlighting that determinants other
than clouds that are at play.

Contributions of the turbulent fluxes are much smaller
and more variable. During the strongest melting (July 28
to August 3), surface cooling through sublimation and
evaporation (LHF = —20.4 W-m~2) is compensated by the
positive SHF. While occasionally removing energy from
the surface before the extensive melt (July 24 to 27), the
latter gains in importance as wind speeds increase and the
temperature gradient between the warm atmosphere and
the cooler surface of the ice sheet rises and is a decisive
factor in the widespread surface warming and melting in
northeast Greenland. During peak melt, SHF is on aver-
age 29.0 W-m~2, contributing 28.2% to the energy balance
(Figure 10). Contributions are especially high during daily
minimum SW|, providing a maximum of 42.2 W-m~2 or
52.4%. This suggests that cooling of the surface at night
was limited. Positive contributions of SHF are sustained
also outside the extreme melting period. This is related to
a more rapid cooling of the snow and ice surface through
long-wave infrared emission than of the overlying air. It is
assumed that the gradient is even enhanced due to con-
densation processes in the almost permanent fog layer over
the low-elevation areas, visible in the slightly positive LHF
during the times of daily minimum SW|.

We hypothesize that the blocking anticyclone in the
northeast is accompanied by foehn winds, remotely trig-
gered by an antecedent atmospheric river event in the
northwest, an effect only recently highlighted (Mattingly
et al., 2020; Mattingly et al., 2022). These dry and warm
downslope winds cause positive SHF and net short-wave
radiation anomalies as well as negative LHF and net
long-wave radiation anomalies, increasing Epei;. On July
26, an atmospheric river developed on the west coast of
Greenland evident in MERRA-2 (Modern-Era Retrospec-
tive analysis for Research and Applications, Version 2)
data used in Mattingly et al. (2022). By the end of July 28,
the atmospheric river moves eastwards across Greenland,
though losing water vapor amount. On July 29, a sudden
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drop in relative humidity, a change in wind direction,
together with a jump in wind speed and a sharp increase
in air temperature was simulated at KPC_U (Figure 4a,f).
Similar characteristics reoccur on August 1 and 2. These
conditions are characteristic of foehn winds, although
they are not well documented in this region. Therefore,
we hypothesize that a weak foehn wind, prompted by
an atmospheric river, enhances the melting. Besides the
enhancement of SHF, the incipient foehn winds also dis-
pel most of the fog and low-level marine stratus over
the low-lying coastal area, including the floating tongue
of the 79N, allowing for more incident solar radiation.
This effect is strongest on July 29, when the entire glacier
tongue is fog-free. On subsequent days, the fog-dissolving
effect is less evident even under reoccurrence of the foehn
winds, suggesting that the anticyclone slowly moves on
and the drying impact of the foehn winds is not strong
enough.

Hence, our results suggest that the combined impact
of high net short-wave radiation and SHF drove the exten-
sive surface melt on the NEGIS. Without the contribu-
tion of this turbulent flux, surface melting would have
been less strong and extensive. Non-radiative fluxes were
previously highlighted by Fausto et al. (2016b) as domi-
nant drivers of the exceptional melt event in 2012. Hofer
et al. (2017) linked the decrease in summer cloud cover
in 1995-2009, in response to more anticyclonic condi-
tions, with enhanced melting. However, they identified

the decreased cloud shading in the ablation zone as
cause. Contradictory to Hofer et al. (2017), this analysis
reveals that clouds had a permanent long-wave warming
effect over the NEGIS during the study period. Although
the absence of clouds increased SW|, the exceptional
amount and extent of the melting would not have occurred
without the direct warming and drying impact of the
anticyclone-induced warm-air advection and the foehn
winds. Clouds were more important after the anticyclone
had abated. Despite the subsequent cooler and less windy
conditions and reduced SW|, owing to the increasing SZA
and higher cloud cover, the long-wave warming effect from
the clouds sustained surface melting. The clouds between
August 5 and 10 added on average 22.9 W-m~2 to the sur-
face energy balance every hour. Although Epe was 33%
lower than at the highest melt between July 29 and 4,
melt energy was 72% higher compared to July 23 to 28,
when only few clouds were present and net CRE was 50%
lower.

3.5 | Impact of surface albedo

A positive CRE of a similar range had previously been
observed at KPC_L and KPC_U during May to August
2008-2013 by Wang et al. (2019). On the other hand,
compared to the observations (Section 3.1), simulated sur-
face albedo is found to be overestimated in the lower
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ablation area and slightly underestimated in the upper
ablation zone during our study period. A realistic surface
albedo representation, however, is decisive for an accu-
rate calculation of the surface energy balance because
(besides SZA) its value directly determines the propor-
tion of incident solar radiation that is absorbed by the
surface. Fausto et al. (2016a) showed that after surface
albedo had decayed from 0.6 to 0.2 at an AWS station in
southern Greenland, absorption increases by a factor of
2to4.

To determine the impact of the bias in the surface
albedo on the calculation of CRE, a test was conducted,
using simulated values for all variables except for the
albedo, which was taken from the AWS observations.
Figure 11 shows the results for KPC_U station. There, the
occasionally negative net CRE in the model output dis-
appears, and spatially and temporally averaged net CRE
is on average 64% higher than before and the magni-
tude of short-wave CRE decreases by 69%. In contrast,
in areas of overestimated surface albedo, the short-wave
effect increases due to less incident solar radiation being
reflected at the surface and net CRE frequently becomes
negative. The higher (lower) surface reflectivity reduces
(increases) both the available melt energy and the number
of melt hours.

The tendency toward a dominating summertime
short-wave CRE in regions of low surface albedo values as
opposed to the positive net CRE in the high albedo zones
aligns with previous studies (Miller et al., 2015; Solomon
et al., 2017, Wang et al., 2018; Izeboud et al., 2020).
Whether a cooling effect occurs, depends strongly on sur-
face albedo. Solomon et al. (2017) suggested an approxi-
mate albedo threshold of 0.8 as the boundary of a warming
and a cooling effect. Results by Wang et al. (2018), on the
other hand, showed that also areas with a lower albedo
(~0.5) can experience positive net CRE values. In the
present study setup, the boundary appears to comply with
the latter one. This suggests that during the melting season
the cloud effect found with the model simulations rather
applies to areas with higher surface albedo values such as
in the accumulation area or in the higher-elevation abla-
tion zone, while during times of higher albedo in spring
and autumn they are also realistic for the lower ablation
zone. Importantly, the study highlights the strong sensi-
tivity of the cloud impact on external factors, explaining
the strongly variable results found in literature for the
northeast GrIS.

4 | CONCLUSIONS

Despite the complex topography in the research area and
the highly variable nature of clouds, PWRF is capable
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of simulating realistic magnitudes of cloud cover, water
content and water path. The horizontal and vertical exten-
sions of clouds are well captured, not only in the lower but
also in the middle to upper troposphere. Some overesti-
mation relative to MODIS and Sentinel-2A cloud retrievals
occurs near the surface along the coast, including the float-
ing tongue of the 79 N. However, the satellite data have
considerable weaknesses and therefore cannot be consid-
ered free of errors. Without a denser network of in-situ
measurements, it is difficult to determine whether the
higher cloud frequency and water content is due to a model
bias, such as excessive moisture or insufficient vertical
mixing, or because of inadequacies in the comparative
data. Nevertheless, comparison with the satellite data as
well as with the literature confirms that the model output
is within the expected range. Some deviation from previ-
ous studies is due to the short study period, which does
not represent the average conditions in summer. Since
the main features and transitions in cloud properties are
reflected, the results allow for insights into processes, par-
ticularly the interplay of radiation, cloud properties and
surface melting. In view of the paucity of in-situ observa-
tions in the remote and hostile northeast of Greenland,
PWREF is a valuable tool, which holds the potential to
complement our knowledge on cloud properties and their
radiative and thermal impact.

In northeast Greenland, clouds have a dominant
long-wave warming effect in the high-albedo snow- and
ice-covered areas during the study period. They can also
cool the surface, after the albedo has decreased enough.
This underlines the competing impact clouds have on the
near-surface climate conditions in the lower ablation zone
and complements previous findings (e.g., Wang et al., 2019;
Izeboud et al., 2020). At the time of the extreme surface
melting, an extensive cloud cover was mostly absent due to
the blocking anticyclone. Consequently, cloud effects were
negligible. Instead, melt was driven by a symbiosis of dif-
ferent factors, including warm-air advection, cloud dissi-
pation and foehn winds. These favored above-average SW|
and SHF and outweighed losses through LW1 and LHF.
It is hypothesized that the effect of the anticyclone was
reinforced by foehn winds over the northeastward sloping
edges. These further promoted the dissipation of clouds
also over the almost permanently cloudy or foggy float-
ing tongue of the 79 N through drying and warming the
near-surface air (“foehn clearing”), allowing for more inci-
dent solar radiation and amplified turbulent heat fluxes.
Although clouds were not the decisive instantaneous fac-
tor for the peak melting, they had an important effect
shortly before and after the event. Clouds were not only
more abundant just prior to maximum melt, but also JJA
mean cloud cover anomalies were positive in the northeast
(Tedesco and Fettweis, 2020). It is assumed that average
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higher cloud cover, although variable, preconditioned the
ground and allowed for more melting as its long-wave
emission overcompensated the losses in solar radiation.
The importance of optically thin clouds, as the ones
described by Bennartz et al. (2013), that prime the surface
and prolong the melt around predominantly SW| and
SHF-driven melt events has previously also been shown
for Antarctica (Gilbert et al., 2020).

Surface albedo is an important modulator and deter-
mines the sign of the cloud impact. In comparison with
in-situ observations in the region, simulated albedo was
too high and decayed too slowly in the lower ablation zone,
largely dampening the short-wave cooling effect and prob-
ably concealing spatial differences between the coast and
the interior. If the simulated surface albedo was lower in
the coastal area, clouds would have had a stronger solar
shading effect. Thus, the simulations are assumed to be
most realistic for higher-elevation areas and off-peak melt
seasons as the albedo changes over the course of the melt-
ing season. An improved surface albedo representation is
necessary to evaluate spatiotemporal differences compre-
hensively.

The results demonstrate the complex role that Arc-
tic clouds play in the near-surface climate conditions and
the surface mass balance of the NEGIS. Determining the
magnitude and sign of their radiative and thermal impact
remains challenging, as the cloud effect does not solely
depend on the coverage, but also on cloud properties as
well as on environmental characteristics. Yet the study
complements previous findings for the whole of Green-
land (e.g., Wang et al., 2018; Wang et al., 2019; Izeboud
et al., 2020) and enhances the understanding of link-
ages between the atmosphere and the cryosphere. Fur-
ther it connects previous findings of the general impact
of Arctic clouds (e.g., Bennartz et al, 2013; van Tricht
et al., 2016; Wang et al., 2018; Wang et al., 2019; Izeboud
et al., 2020) with analyses of the causes of the extreme

melting in July/August 2019 (Cullather et al, 2020;
Tedesco and Fettweis, 2020), improving the understand-
ing of the processes that drove the exceptional melt in the
northeast.

Future work should also investigate the long-term
cloud effects and the feedback with other components
of the climate system. Moreover, a more realistic repre-
sentation of surface albedo in PWRF and accurate snow
cover input data are needed. This also calls for more
reliable validation data. In spite of the efforts that have
been undertaken to continuously improve the Fmask
algorithm (Frantz et al., 2018) as well as the MOD35
cloud mask (Moeller et al., 2017), cloud detection in polar
regions remains an unresolved challenge for passive imag-
ing sensors. The limited accuracy of the satellite obser-
vations points out the need for more sophisticated algo-
rithms to extract cloud cover information, for example
with machine- or deep-learning algorithms (e.g., Chen
et al., 2022; Li et al., 2022). Additionally, more compre-
hensive in-situ observations in this region are necessary to
validate the model output with a higher degree of confi-
dence.

The expected increase in moisture content in the
warming Arctic (Vihma et al., 2016) and the growing
moisture supply from the Arctic Ocean in response to
the reducing sea ice (Serreze and Meier, 2019) will most
likely enhance the cloud cover frequency over Green-
land, especially over low-lying areas such as the ter-
mini of the outlet glaciers. On the other hand, more
prevalent anticyclonic conditions in previous years have
been associated with a cloud cover reduction (Hofer
et al., 2017). However, these only favor the dissipation
of clouds when they are located over northeast Green-
land (Ward et al., 2020). Considering the large sea-level
rise equivalent stored in the marine-terminating glaciers
of the NEGIS, cloud-enhanced surface melt could have
tremendous global implications. It is therefore necessary
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to further improve our knowledge on Arctic cloud proper-
ties and their impact on surface melt.
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