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ABSTRACT

Mass loss from the Greenland Ice Sheet (GrlS) has accelerated over the past two decades, coincident with
rapid Arctic warming and increasing moisture transport over Greenland by atmospheric rivers (ARs). Summer
ARs affecting western Greenland trigger GrlS melt events, but the physical mechanisms through which ARs
induce melt are not well understood. This study elucidates the coupled surfaceBatmosphere processes by which
ARs force GrlS melt through analysis of the surface energy balance (SEB), cloud properties, and local- to
synoptic-scale atmospheric conditions during strong summer AR events affecting western Greenland. ARs are
identibed in MERRA-2 reanalysis (1980D2017) and classibed by integrated water vapor transport (IVT) in-
tensity. SEB, cloud, and atmospheric data from regional climate model, observational, reanalysis, and satellite-
based datasets are used to analyze melt-inducing physical processes during strong90th percentile OOAR, OO
events. Near AR OO0landfall, 0OspRdays feature increased cloud cover that reduces net shortwave radiation and
increases net longwave radiation. As these oppositely signed radiative anomalies partly cancel during Agy
events, increased melt energy in the ablation zone is primarily provided by turbulent heat Buxes, particularly
sensible heat Bux. These turbulent heat Buxes are driven by enhanced barrier winds generated by a stronger
synoptic pressure gradient combined with an enhanced local temperature contrast between cool over-ice air and
the anomalously warm surrounding atmosphere. During ARgg; events in northwest Greenland, anomalous melt
is forced remotely through a clear-sky foehn regime produced by downslope 3ow in eastern Greenland.

1. Introduction

The Greenland Ice Sheet (GrlS) has experienced sub-
stantial mass loss during the past two decades, resulting in
an increased contribution to global mean sea level rise
(Bamber et al. 2018 Mouginot et al. 2019; Hanna et al.
202Q Shepherd et al. 202). This mass loss exhibits a large
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degree of interannual variability, especially pronounced
during a period of accelerating mass loss over roughly
2000b12yan den Broeke et al. 201§. The GrIS loses mass
through solid ice discharge and through a reduced surface
mass balance (SMB), when increases in surface ablation
exceed those in snow accumulation and meltwater refreez-
ing. SMB-related losses were responsible for a greater
proportion of total mass loss than ice dynamical processes
during the recent GrIS mass loss acceleration Yan den
Broeke et al. 2017 Mouginot et al. 2019), and model pro-
jections indicate that SMB will play the dominant role in
future GrlS mass losses Calov et al. 2018 Rickamp
et al. 2018.

GrlS surface melt is driven by energy exchanges at the
interface between the ice/snow surface and the atmosphere,
and is therefore highly sensitive to atmospheric conditions.
A number of atmospheric and coupled oceanbatmospheric
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phenomena, operating across a broad spectrum of spatio-
temporal scales, have been found to inBuence GrIS SMB
variability. These include slow-moving anticyclones known
as OOGreenland blockd®@é ¢od and Mote 2016; Ahlstr sm
et al. 2017 Hanna et al. 20183 and extratropical cyclones
(McLeod and Mote 2015; Berdahl et al. 2018, whose oc-
currence has been linked to the state of the North Atlantic
Oscillation (NAO) ( Fettweis et al. 2013 Hanna et al. 2013
Delhasse et al. 2013 and the Atlantic multidecadal oscil-
lation (AMO) ( Rajewicz and Marshall 2014 Auger
et al. 2017.

Another recurring feature of the synoptic-scale at-
mospheric circulation that has been shown to inBuence
GrlS SMB variability is the organization of intense
water vapor transport into narrow corridors known as
atmospheric rivers (ARs). ARs typically form due to
moisture convergence along the cold front in warm
sectors of extratropical cyclones Dacre et al. 2015. A
particularly intense AR affected western Greenland
during the extreme melt event of mid-July 2012, when nearly
the entire ice sheet experienced surface melt for the prst time
in over a century (Nghiem et al. 2012 Neff et al. 2014, Bonne
et al. 2019. Mattingly et al. (2018, hereafter M18) analyzed
the inBuence of ARs on GrlS SMB during 19802016,
Pnding that strong AR events produce intense melt in the
low-elevation ablation zone during summer and that ARs
affecting western Greenland are responsible for the largest
Greenland-wide SMB losses. Recent trends in summer AR-
related moisture transport to western Greenland align with
GrlIS SMB trends, as enhanced AR activity during ; 2000D
12 has been followed by more moderate moisture transport
by ARs to Greenland in subsequent years Qltmanns et al.
2019 Mattingly et al. 2016; M18). Climate models project
increased moisture transport to the high-latitude Northern
Hemisphere under future emissions scenariosl(avers et al.
2015 Singh et al. 2017, underscoring the importance of
understanding interactions beween ARs and the ice sheet
surface.

Although the inf3uence of ARs on warm season GrIS
melt events has been established§118; Ballinger et al.
2019, the physical mechanisms through which ARs and
other features of the synoptic-scale atmospheric circu-
lation induce melt are not well understood. On an an-
nual basis, the absorption of solar radiation is the
greatest source of melt energy across the ice sheeBpx
et al. 2012. Hofer et al. (2017) found evidence for a
decreasing trend in summer cloud cover over Greenland
from 1995 to 2009 and deduced that this decrease in
cloud cover drove the corresponding negative GrIS
mass trend through enhanced shortwave radiation ab-
sorption, mainly in the low-albedo ablation zone. However,
other studies have found that clouds enhance GrlS surface
melt and prevent meltwater refreezing in the accumulation
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zone through enhanced downwelling longwave radiation
(Bennartz et al. 2013 Miller et al. 2015; Van Tricht et al.
2016 Solomon et al. 2017 Cullather and Nowicki 2018;
Wang et al. 2018, and future GrlS melt projections are
highly sensitive to modeled cloud properties (Hofer et al.
2019. Given the large Ruxes of water vapor delivered by
ARs, it is likely that some parts of the GrlS experience
SMB losses under cloudy conditions during AR events.
Additionally, studies of inten se melt events in the ablation
zone of southern and western Greenland have shown that
turbulent Buxes of sensible and latent heatNdriven by en-
hanced wind speedsNare a major source of melt energy
and exceed the magnitude of radiative Ruxes during these
anomalous melt episodes Braithwaite and Olesen 199Q
Fausto et al. 2016¢b; Hermann et al. 2018.

In light of this uncertainty over the physical processes
contributing to enhanced GrlS summer melt, in this study we
examine the local- to synopticscale atmospheric mecha-
nisms and surfaceDatmospheriteractions that drive GriS
melt during AR events. M18 found that the negative GrIS
SMB response is greatest during strong summer ARs af-
fecting western Greenland, and therefore we focus on these
events. We brst explore the response of the radiative
(shortwave and longwave radiation) and turbulent (sensible
and latent heat Bux) terms of the surface energy balance
(SEB) to strong AR events, including the spatial variability
of these energy balance components across the GrIS
(section 39. We then analyze the atmospheric processes that
produce these SEB responses, focusing on the role of clouds
in altering radiative Buxes and the local- to synoptic-scale
changes in temperature and pressure belds that produce
enhanced wind speeds and turbulent Buxessgctions 3band
30. As exact values of SEB terms and cloud properties are
uncertain over Greenland, we employ a number of obser-
vational, regional climate model, reanalysis, and satellite-
derived datasets to represent the spread of plausible results
and highlight areas of agreement and disagreement between
data sources. We devote particular attention to a distinct
contrast in the processes contributing to melt in the western
versus eastern Greenland ablation zone during strong AR
events affecting the higher latitudes of northwest Greenland.
This contrast is characterized by simultaneous cloudy, moist
conditions over western Greenland and clear, dry down-
sloping conditions in eastern Greenland, with anomalous
melt energy present under both these regimes.

2. Data and methodology

a. Data sources

1) THE REGIONAL CLIMATE MODEL MAR

The primary data source employed to examine SEB
components, near-surface wind Pelds, and cloud properties
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is the Modéle Atmosphérique Régionale (MAR) ( Gallée
and Schayes 199 which has been widely used in GrIS
studies (Fettweis et al. 20173. MAR is a coupled atmosphereb
land surface model that includes the 1D Soil Ice Snow
Vegetation Atmosphere Transfer (SISVAT) scheme (De
Ridder and Gall ée 1999 to calculate mass and energy 3uxes
between the land surface, snow surface, and atmosphere.
Daily outputs from MAR version 3.9.6 ( Delhasse et al. 202}
forced with ERA-Interim reanalysis and run at 7.5-km spatial
resolution over the period 1980D2017, are used in this study.
The ERA-40 radiative scheme is used to compute shortwave
and longwave radiative Buxes in MAR (Delhasse et al. 202]
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approximately uniform (; 0.190.5mm) over snow-
covered surfaces in this aea but shows a large degree
of spatial variability after snowmelt onset in the summer,
with end-of-summer z values ranging from; 10D50 mm
in the lower ablation zone to ; 0.01 mm near the equi-
librium line ( Smeets and van den Broeke 2008 MAR
uses a scheme incorporating surface snow/ice density,
snow depth, snow erosion, and sastrugi (ridges of snow
formed by wind erosion) to determine z, for turbulent
Bux calculations, but only for snow-covered surfaces
(Alexander et al. 2019), and averagezy over the ice sheet
in MAR ranges from ; 3 to 6 mm. Similarly, turbulent

MAR uses a OObulkOO parameterization dependent on thgux calculations from observations typically use simpli-

temperature and humidity difference between the surface and
brst MAR vertical level ( ; 2m), along with the wind speed, to
calculate sensible and latent heat Ruxes e Ridder and
Schayes 1997

MAR has been shown through extensive validation
efforts to reproduce near-surface temperatures, melt,
and SMB values with a high degree of accuracy over the
Greenland and Antarctic ice sheets (Rae et al. 2012
Fettweis et al. 2017 Sutterley et al. 2018 Agosta et al.
2019 Fettweis et al. 202Q. The success of the model in
simulating these Pelds may result from compensating
biases in SEB, as previous MAR versions have been
found to signibcantly overestimate downwelling short-
wave radiation and underestimate downwelling long-
wave radiation over Greenland due to underestimation
of cloudiness (Franco et al. 2013 Fettweis et al. 2017
Delhasse et al. 202). Net shortwave radiation simulated
by the model may also be affected by inaccuracies in
albedo, particularly in the low-elevation bare ice zone
where the lower limit of albedo is bxed to 0.4 in MAR
but has been observed to be 0.2 or lower in some areas
(van As et al. 2013 Alexander et al. 2014; Tedesco et al.
2016 Fettweis et al. 2017. According to Delhasse et al.
(2020), the version of MAR (3.9.6) used here still has
biases in the downward energy Buxes but minimal bias in
near-surface temperature, suggesting that there are still
some error compensations in the modeled SEB.

Turbulent RBuxes of sensible and latent heat from
MAR have not been examined as thoroughly as radia-
tive SEB components. Validation of turbulent Buxes is
difpcult because the single-level bulk method used to
calculate them from both model output and PROMICE
station observations (see below) likely results in un-
derestimation of their magnitude, particularly during
intense melt events in the ablation zone (austo et al.
2016k Hermann et al. 2018. Additionally, the roughness
length for momentum z, is a major factor in determining
turbulent heat RBux values but is poorly constrained in
models and observations. Fi¢d observations across the
K-transect in southwest Greenland have found that zg is

bed z, values for (snow or) ice surfaces yan As et al.
2012 Fausto et al. 20163
In our comparisons with ERA5 and MERRA-2 (Table S1

in the online supplemental material), MAR shows the best
overall performance in reproducing the observation-based
SEB terms from PROMICE (described in the next subsec-
tion). For all variables except LHF (see section 39 the mean
differences between AR categories are greater than the
mean MAR bias (cf. Tables S1 and S2), and thus MAR is
able to simulate the differences in SWet, LW et, and SHF
that occur across AR conditions.

2) PROGRAMME FOR M ONITORING OF THE
GREENLAND |CE SHEET OBSERVATIONS AND
DERIVED FLUXES

Daily average values from Programme for Monitoring
of the Greenland Ice Sheet (PROMICE) stations ( van
As et al. 201]) are used to analyze near-surface atmo-
spheric conditions over the GrIS and for comparison
with MAR, reanalysis, and satellite data. PROMICE
stations measure downwelling and upwelling longwave
and shortwave radiation, and PROMICE also provides
derived turbulent Buxes calculated from a 1D surface
energy balance model. Similar to MAR, turbulent Buxes
are calculated using the bulk method and the observed
near-surface gradients in temperature, specibc humid-
ity, and wind speed (van As 2011). The model assumes
Zo5 1 mm and uses the observed surface temperature to
calculate near-surface atmospheric gradients in tem-
perature and humidity, rather than the surface temper-
ature for which all SEB components are in balance.

This study focuses on conditions in the western and
northeastern sectors of the GrlS during AR events, and
thus data from 11 PROMICE stations located in the
Nuuk (NUK), Kangerlussuag (KAN), Upernavik (UPE),
Thule (THU), and Kronprins Christian Land (KPC) re-
gions (Fig. 1, Table 1) are utilized. Most stations are lo-
cated in the lower ablation zone or in the upper ablation
zone near the equilibrium line, with elevations ranging
from 220m (UPE_L) to 1840 m (KAN_U) above sea
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