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Abstract Rainfall at the Greenland ice sheet Summit 14 August 2021, was delivered by an atmospheric
river (AR). Extreme surface ablation expanded the all-Greenland bare ice area to near-record-high with
snowline climbing up to 788 + 90 m. Ice sheet wet snow extent reached 46%, a record high for the 15-31
August AMSR data since 2003. Heat-driven firn deflation averaged 0.14 + 0.05 m at four accumulation

area automatic weather stations (AWSs). Energy budget calculations from AWS data indicate that surface
heating from rainfall is much smaller than from either the sensible, latent, net-longwave or solar energy

fluxes. Sensitivity tests show that without the heat-driven snow-darkening, melt at 1,840 m would have totaled
28% less. Similarly, at 1,270 m elevation, without the bare ice exposure, melting would have been 51% less.
Proglacial river discharge was the highest on record since 2006 for late August and confirms the melt-sustaining
effect of the albedo feedback.

Plain Language Summary While rainfall at Summit station atop of the Greenland Ice Sheet in
mid-August 2021 captured global attention, its direct surface thermal effects were weak and unable to explain
the major melt and river discharge that occurred during and after the event. Exceptional heating of the ice sheet
first occurred due to the heat transfer from condensation and the elevated air temperature during an atmospheric
river (AR) episode. Satellite measurements reveal a rapid retreat of the snowline to higher elevations, exposing
a large extent of relatively dark bare ice. Where snow remained, darkening due to wet snow metamorphism was
responsible for sustained additional solar heating of the upper ice sheet elevations for the following 2 weeks.
Observations from automatic weather stations and satellites, and river gauging, reveal that the AR had an
immediate and sustained impact.

1. Introduction

On 14 August 2021, news headlines reported that rainfall was witnessed for the first time at Summit station near
the highest point of the Greenland ice sheet (Ramirez, 2021) and was accompanied by high surface melt extent
(Scambos et al., 2021).

Greenland rainfall can be delivered as part of concentrated poleward transport of moisture and heat in “atmos-
pheric rivers” (ARs). Neff et al. (2014) identified ARs promoting Greenland melting by movement of air masses
over the ocean with upstream development over the 2012 summer North American heatwave. The 2012 ARs
were responsible for the largest observed single-day Greenland surface ice ablation rate of 0.28 m day~! (Fausto,
van As, Box, Colgan, & Langen, 2016; Fausto, van As, Box, Colgan, Langen, & Mottram, 2016; Mattingly
et al., 2018). In addition to increasing Greenland rainfall fraction of precipitation (Niwano et al., 2021), the
frequency of moist ARs reaching Greenland is also increasing (Mattingly et al., 2016), likely driven by more
highly-amplified jet-stream patterns (Francis & Skific, 2015). ARs have strong surface energy budget (SEB)
impacts (Mattingly et al., 2020), yet so far lack an analysis including on-ice rainfall observations.

Atmospheric heating induces snow darkening via snow grain metamorphism (Brun, 1989; Picard et al., 2012;
Wiscombe & Warren, 1980) and dark bare ice exposure (Ryan et al., 2019; Wehrlé et al., 2021). Because snow
grain growth occurs as a cube of liquid water content (Brun et al., 1992), small amounts of rain or meltwater can
rapidly lower clean snow albedo with the observed cloud-free clean snow albedo range from 0.85 to 0.60 (Cuffey
& Paterson, 2006). On glaciers, once snow ablates, the bare ice albedo can decline below the initial exposed bare
ice albedo of 0.57 + 0.11 (Wehrlé et al., 2021) to below 0.25 (van As et al., 2013) mainly from ice microbiological
processes (Cook et al., 2020; Ryan et al., 2018; Stibal et al., 2017; Williamson et al., 2020). Thus, the Greenland
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ice sheet surface mass balance can be thought of as highly responsive through melt-albedo feedback (Flanner
et al., 2011; Qu & Hall, 2007).

Here, surface glacial and proglacial hydrological impacts of the mid-August 2021 AR event are examined using
Automatic Weather Station (AWS) records, satellite-derived wet snow and bare ice extents, snow and bare ice
albedo, snowline elevation and proglacial meltwater river discharge data. A SEB model is used to quantify radi-
ative, turbulent, and rainfall heat transfers for melting before, during and after the AR.

2. Data and Methods
2.1. AWS Meteorological Observations

AWS data from the Greenland Climate Network (GC-Net) (Steffen & Box, 2001; Steffen et al., 1996) and the
Program for the Monitoring of the Greenland ice sheet (PROMICE) (Ahlstrgm & *PROMICE Project Team, 2008;
Fausto et al., 2021) provide in-situ microclimatological observations. AWS albedo is computed using a running
+11-hr sum of upward/downward solar irradiance after (van den Broeke et al., 2004). New are Lufft WS401-UMB
rain gauges initiated by GEUS starting June 2021 on GC-Net stations and from 2018 on the NUK_U PROMICE
station. Rain gauge undercatch-correction and rainfall heat transfer details appear in Supporting Information S1.

2.2. Sentinel-3 Retrievals

Satellite retrievals of snow and ice (SICE) albedo are from the EU Copernicus Sentinel-3A Ocean Land Color
Instrument (OLCI). These SICE albedo retrievals agree within 5% with the PROMICE AWS observations
(Kokhanovsky et al., 2019, 2020). Cloud identification employs Sentinel-3A Sea and Land Surface Temperature
Radiometer (SLSTR) data after (Metsédmaki et al., 2015). The SICE algorithms and data appear in open access
repositories (Box et al., 2020; Wehrlé et al., 2020).

2.2.1. Image Analysis

To increase clear sky coverage before and after the rain and AR event, we form average albedo mosaics; 9-13
August and 15-19 August 2021. From these, 100 m elevation-binned albedo averages are taken from three areas
of interest (Figure 1b) and compared with AWS data. For estimates of average snowline position, we take the bare
ice to snow albedo threshold of 0.565 after (Wehrlé et al., 2021).

2.3. Watson River Discharge and Catchment Surface Energy Budget

The Watson River, fed by a 11,922 km? catchment of the western Greenland ice sheet, has discharge recorded
in Kangerlussuaq (van As et al., 2018) (see Figures 1 and S13 in Supporting Information S1). SEB data over the
catchment are obtained from PROMICE KAN L, M, and U AWS data driving a SEB model (van As et al., 2017).
The model solves for the surface temperature in balance with all energy fluxes: net shortwave and longwave
radiation; sensible and latent heat fluxes; subsurface heat flux and rain heat flux. Turbulent heat fluxes are calcu-
lated using near-surface gradients in temperature, wind speed and humidity. Energy budget surplus contributes to
melting for cases with surface temperature reaching 0°C.

2.4. AMSR Wet Snow Mapping

Advanced Scanning Microwave Radiometer (AMSR) AMSR-E and AMSR2 satellite 19 GHz passive microwave
sensors are used to map the presence of snowpack water twice-daily (13 Universal Time Coordinate (UTC)
ascending and 01 UTC descending passes) with 20 km spatial resolution after (Picard & Fily, 2006; Torinesi
et al., 2003). Bare ice melting below the snowline is sometimes not captured by this algorithm and is ignored,
leading to underestimates of the total ice sheet melt extent by up to 6%. The interannual frequency of wet snow is
evaluated using the data span from years 2003-2021.
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Figure 1. Automatic weather station (AWS) locations and the Watson River catchment appear on both panels. (a) An area

of the western Greenland ice sheet on 20 August 2021 featured using a 1 km Sentinel-3 Ocean Land Color Instrument RGB
image with inset 10 m Sentinel-2B true color images illustrating saturated snow and dark bare ice after the atmospheric river.
(b) Greenland Climate Network and Program for the Monitoring of the Greenland ice sheet AWS locations and the expansion
of wet snow area over 12-hr recorded by AMSR satellite passive microwave between August 13, 16 UTC and August 14, 04
UTC. Rain amounts at AWS are indicated and described further here and in Supporting Information S1.

3. Results and Discussion
3.1. Large-Scale Circulation

ERAS 850 hPa wind and water vapor fields (Copernicus Climate Change Service [C3S], 2017) (Figures Sla-Slc
in Supporting Information S1) reveal a low-pressure system west of Greenland 13 August 2021 that drew an AR
from the southwest onto the island by 14 August. By 16 August, another low had invaded which re-invigorated
the southerly advection to Greenland as the AR shifted eastward. Southerly air and moisture delivery to south-
west Greenland continued 17 August. By 19 August, the AR connection to Greenland had ceased and large-scale
winds had reduced. On 20 August, the southerly flow was offshore from Greenland and weakened. By 21 and
22 August, northerly flow brought lower air temperatures to western Greenland with high pressure and clear
sky conditions prevailing over the ice sheet. The relatively dry conditions continued through 27 August. Then,
until 31 August, air temperatures continued decreasing across west Greenland with sustained northerly polar air
advection, punctuating the ablation season.

3.2. Snow, Melt, Then Rain

All AWS with rainfall instruments (Figure 1) recorded air temperatures (T,
before rainfall. Prior to T, > 0°C and rainfall, the AWS surface height and albedo records also indicate snowfall
at several sites: CP1 (Figure S6b in Supporting Information S1); Summit (Figure S5a in Supporting Informa-
tion S1); and NUK_U (Figures 2a and S4 in Supporting Information S1). Consistently, Sentinel-3 SICE retrievals
indicate elevated albedo 11-13 August from snowfall prior to heating conditions.

) exceeding 0°C at least 8 hours
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Figure 2. Rainfall, air temperature, albedo and surface height changes recorded by (a) the NUK_U Program for the Monitoring of the Greenland ice sheet (PROMICE)
AWS (photo Figure S2 in Supporting Information S1) and (b) by the GEUS South Dome (SDM) Greenland Climate Network AWS photo (Figure S4 in Supporting
Information S1). Note the differences in scale for the y-axes between sites. At SDM, instrument one is 1.2 m nearer the surface than instrument 2. Instrument heights
start at roughly 2 m above ground. Shading is applied to the graphics to illustrate relative humidity cases above 98%, air temperature above 0°C, rainfall and snowfall
cases. The NUK_U ice ablation recording is from a hydraulic sensor (Fausto et al., 2012).

3.3. AWS Site Rainfall, Albedo and Surface Height
3.3.1. NUK_U

Rainfall at NUK_U totaling 97.0 mm over three days (76 hr) commenced 14 August 04 UTC (UTC is hereafter
“z”) and continued intermittently until 20 August 00z (Figure 2a). Four days before the AR, 0.18 m snow accu-
mulated (07 August 23z—-08 August 08z, 9h). The fresh snow had ablated prior to rainfall. The large (0.4) albedo
decline caused by the AR includes bare ice exposure by 11 August. By the onset of rainfall 14 August, albedo
stabilized below 0.4. Air temperatures peaked above 5°C when the highest rates of ice ablation occurred for times
when rainfall is not recorded, net shortwave was relatively high (>100 W m~2) and net longwave was positive,
indicative of low clouds. The NUK_U ice ablation during and after the AR totaled 0.4 m, substantial at 20% of
the full 2008-2019 ablation season average.

3.3.2. South Dome

5.3 mm South Dome (SDM) rainfall was measured in three pulses during 50 hr from 15 August 06z—17 August
08z. The SDM record indicates snow deflation pausing when air temperatures drop below the melting point early
15 August (Figure 2b). Rainfall at this high elevation (2,893 m) location indicates the extremely high heat content
of the air mass.
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Figure 3. Averaged elevation profiles of snow and ice (SICE) albedo including the standard deviation of the values in the
specified time interval and area of interest (Figure 1b). The albedo values from field observations are included for the before
and after atmospheric river cases. The color shaded areas illustrate the ranges of the snowline using + one standard deviation
from the SICE albedo and the 0.565 initial bare ice albedo after (Wehrlé et al., 2021).

3.4. Satellite Observations of Melt

At the onset of the AR 13 August, AMSR retrievals indicate a near-doubling of the ice sheet wet snow area to
9.99 x 10° km?. The fractional melt area was 29% 13z 13 August, 44% by 01z 14 August, peaking at 46% at 13z
on 14 August. If the bare ice area (BIA) below the snow limit is included, the peak melt extent was 51%.

AMSR recorded surface melting at Summit starting at 13z on 14 August. 12 hr earlier, no surface melting was
detected in the vicinity of Summit (Figure 1b). Under the melting case at 16z, the Summit AWS (Figure S5a in
Supporting Information S1) recorded very low (4 W m~2) solar irradiance, indicating that surface heating is likely
driven by turbulent sensible and condensational heat fluxes in addition to the downward longwave irradiance.

The average number of wet snow days for the whole ice sheet for the second half of August 2021 (4 days) was
record-high for the AMSR period since 2003 and twice the 2003-2021 average.

It took 8 days, until 22 August, for the wet snow extent for the whole ice sheet to return to the pre-AR extent.

3.5. Atmospheric River Impacts on Snow and Ice Albedo

The AR conditions ablated the thin snow cover across the southwestern ablation area. At NUK_U (Figure S4
in Supporting Information S1) and KAN_M, an extreme albedo change (—0.4) is observed as snow ablation
led to dark (albedo <0.4) bare ice exposure. Concurrently, within 4 days was a large (788 + 90 m) snowline
elevation increase across the western ice sheet area of interest (Figure 3). See also Figure 1b. The darkening can
include the destruction of a sun crust (Tedstone et al., 2020) and water saturation of the surface (blue areas in
Figures 1 and S11 in Supporting Information S1). Above snowline elevation, a SICE albedo drop by 0.10 + 0.04
(Figure 3) is equivalent in magnitude with that observed by the KAN_U and DYE-2 AWS. In Arctic snow, where
the concentration of light absorbing impurities (mainly black carbon) are typically very low (under 10 ng/g)
(Doherty et al., 2013; Polashenski et al., 2015), the snow heating impacts are primarily attributable to snow grain
growth and the albedo decline resulting from the grain growth-driven shortwave infrared darkening (Brun, 1989;
Wiscombe & Warren, 1980).

The AR impacted the northern ice sheet with a snowline increase by 212 + 60 m on average on the Humboldt
Glacier, consistent with the GC-Net Petermann AWS station recording an albedo drop of 0.16 (Figure S7 in
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Figure 4. Surface energy budget and cumulative melting at 1,842 m elevation in the Watson River catchment (Figure 1)
based on KAN_U AWS (See Figure S12 in Supporting Information S1) observations. Abbreviations: net shortwave radiation
(SRNet); net longwave radiation (LRNet); sensible heat flux (SHF); latent heat flux (LHF); and ground conductive heat flux
(G). The KAN sites lack rainfall observations.

Supporting Information S1). Similarly for the northeastern ice sheet, an average 121 + 78 m snowline increase
is evident in the SICE mosaics, consistent with the 0.12 albedo drop according to the KPC_U PROMICE AWS
observations (Figure S8 in Supporting Information S1). The SICE albedo anomaly map illustrates widespread
dark anomaly across and above much of the ice sheet ablation area, for example, on 22 August, including the
northeastern ice sheet (Figure S9 in Supporting Information S1), likely including foehn effects (Mattingly
et al., 2020).

3.6. Surface Energy Budget

From the start of the AR, a strong increase in downward net turbulent heat transfer from the heat and moisture
import initiated melt (Figure 4 red shaded area). While a stronger melt increase is observed at lower elevations
(see Figure S10 in Supporting Information S1), we feature a higher elevation site to highlight the AR impact
over the much larger upper elevation accumulation area. During the AR prolongation phase (Figure 4, green
area), while condensational and sensible heating and absorbed sunlight (SRNet) continue to fuel melt, key to the
round-the-clock melting is the sustained positive net longwave radiation (LRNet) cf. Charalampidis et al. (2015),
Van Tricht et al. (2016).

Daily average air temperature at KAN_U, 1,840 m above sea level, remained above melting around-the-clock
14-19 August. Subsequently, clouds began dissipating, indicated by negative trends in LRNet and turbulent
fluxes (Figure 4). Yet, even as daily average T, dropped below 0°C (Figure 4 purple shading), the snow albedo
reduction initiated by melt during the AR and the resulting increase in net shortwave radiation (SRnet) sustained
melting for five days (20-25 August). Similarly, Hofer et al. (2017) find cloud free conditions are important for
the melt-albedo feedback. While some midday melting occurred, the only other surface melt energy source was a
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minor (<15 W m~2) SHF. The cumulative melting during the melt-albedo feedback phase (Figure 4 purple area)
was greater than during either the preceding AR “heatwave” or the “warm, cloudy, no rain” phases (Figure 4
green shading). Further, the rate of surface melting during the melt-albedo feedback phase was as large as the
previous 5 days under more frequent cases of T, above 0°, demonstrating the melt-albedo feedback. Were the sky
conditions not mostly cloud-free, the feedback would have been less strong.

In a sensitivity calculation, by hypothetically inhibiting the snow-albedo feedback; keeping the KAN_U albedo
>0.8, we found a 28% reduced melting (broken gray line on the bottom panel of Figure 4). The approximation
does not include (a) how in the brightened scenario, air temperature could drop during periods of no surface
melting and (b) that effect could not feedback into all other SEB components like the turbulent sensible heat flux
or subsurface energy fluxes. Further, penetration of shortwave radiation, neglected, yields minor warming of the
snow pack that may enhance melt compared to our simulations, but it is difficult to quantify without a much more
complex model (Dombrovsky et al., 2019; van Dalum et al., 2020).

The end of the ablation season is accompanied by a return of high albedo (>0.8) values (Figure 4) and melt termi-
nation. See also the 27-31 August snowline elevation profile in Figure 3.

3.7. Heat From Rainfall

At CP1, while the observed total rainfall (14 mm) is 62% as large as the melt from the SEB (M = 23 mm), the
calculated sensible heat transfer from the CP1 rainfall amounts to just 2% the magnitude of M. Even if the rain
temperature were somehow 1°C warmer, the rain contribution to surface melting would remain under 5%. Simi-
larly, Garvelmann et al. (2014), Niwano et al. (2015) and Wiirzer et al. (2016) find that turbulent sensible and
latent heat transfers dominate the SEB, under even heavier rainfall.

The five AWS sites recording rainfall (Figure 1) indicate another limiting factor for rainfall heating of the surface.
Upward longwave irradiance indicated that the surface was already melting at the onset of rainfall. Therefore, any
heat-driven snow grain growth would already have begun and would not require rainfall to occur.

At Summit, a photograph of a ca. 5 mm thick ice layer is featured (Ramirez, 2021). From this and taking the refro-
zen layer to have had a pre-melt snow density of 300 kg m=3, we estimate a rainfall of 3.4 mm, which released
1.1 MJ m~2 of latent energy by refreezing with rain assumed at 0°C. As the water appears to have refrozen at
the surface, this released energy probably radiated away upward as decreasing air temperatures ensued after the
~8 hr of >0°C conditions. Had this water percolated to depth, the released energy would have had a considerable
snow warming impact because the latent heat release (by fusion) is more than an order of magnitude higher than
the specific heat of water.

3.8. Bare Ice Area

The AR SEB variations in Figure 4 are evident in whole ice sheet BIA changes after Wehrlé et al. (2021). The
13,337 km? increase in BIA between 19 and 20 August 2021, right before cloudy conditions ended, was among
the highest daily increase in BIA obtained by Sentinel-3 SICE retrievals in the five-year data set (2017-2021).
The BIA anomaly during the AR is 30% above the five-year average and occurs 20 days later than the previous
record BIA in 2019, consistent with the results from passive microwave (See Section 3.4).

3.9. Watson River Discharge

Starting 14 August, the day of the AR, Watson River discharge increased abruptly (Figure 5). River discharge and
whole ice sheet BIA have a high correlation (0.858, 1—p > 0.999), suggesting the Watson River is representative
of the ice sheet. The late August 2021 river discharge exceeded the observed (2006-2021) annual average peak
and reached above any multi-day level in the 15-27 August period of record (Figure S13 in Supporting Informa-
tion S1). River discharge remained elevated for 2 weeks after the AR arrival, more than the known routing delays
for the catchment (van As et al., 2017), independently demonstrating the connection of the melt-albedo feedback
amplification of the AR.
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Figure 5. Greenland ice sheet bare ice area from Sentinel-3 after Wehrlé et al. (2021) and year 2021 Watson River discharge
after (van As et al., 2018). Colored areas illustrate the different phases of the episode in Figure 4.

4. Conclusions

The mid-August 2021 AR produced widespread changes to snow cover extent and thickness and had strong
glacio-hydrological impacts. The AR heatwave conditions were preceded by snowfall. The 2021 melt area and
western river discharge was below average until the AR. However, with AR onset, a strong increase in surface
turbulent sensible and latent (condensational) heat transfer to the surface drove extensive clearing of ablation area
snow cover and rapid expansion of ice sheet surface melting. After clouds cleared 6 days later, the accumulation
area snow albedo darkened by 0.1 from melt-driven wet snow metamorphism, sustaining melt conditions despite
a return to sub-freezing air temperatures in early hours each day. Thus, the AR serves as a useful example of the
melt-albedo feedback amplifying melt after a melt perturbation.

Satellite passive microwave data indicate how in the span of 12 hr, surface melting reached the ice sheet Summit
at 04z 14 August, a time of day much more likely to be driven by turbulent than radiative fluxes. This single daily
increase in wet snow extent for that late melt season date is the largest in the AMSR record from 2003.

The AR drove widespread snowline elevation increases; by 787 + 122 m for the central western ice sheet,
212 + 60 m for the far northwestern ice sheet (Humboldt and Petermann glaciers) and 121 + 78 m for the
northeastern ice sheet. The loss of ablation area snow cover drove the all-Greenland BIA to nearly as high in the
extreme melt season of 2019. The BIA increase, between 19 and 20 August 2021, under cloudy conditions was
among the highest daily increase in BIA obtained by Sentinel-3 in the first five-years of the mission.

During the AR, 0.14 + 0.05 m firn area snow deflation is observed by four AWSs, with higher rates under
non-rainy conditions, pointing to the relative dominance of turbulent surface heating.

Rainfall heat transfer contributed just 2% to the calculated melting at a 2,200 m elevation western ice sheet site
(CP1 a.k.a. Crawford Point). Condensation or sensible heat transfer from the warm air mass was a far more
powerful heat source. The observed amount of melting delivered by the AR could have happened without rain-
fall. Yet, the impacts of rain and meltwater refreeze are considerable provided that percolation delivers the melt
below where the heat can be radiated away and that refreeze-at-depth occurs. We found no evidence for the latter
condition because the rainfall amount was not extreme and the surface was already melting hours before the rain-
fall. Understanding any changes to the frequency and intensity of ARs appears to be a more important research
target than the heat content of the liquid precipitation ARs may or may not produce. Further, while rainfall that
does not percolate and refreeze may not have strong surface thermodynamic impacts, rainfall contribution to the
hydraulics of Greenland ice (Doyle et al., 2015) may be more consequential to ablation through ice sheet flow
acceleration.

The Watson River discharge for this period of August was the highest in the 16-year period of record since 2006
thus-far. The independent data from Watson River confirm the melt conditions initiated by the AR and sustained
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by the melt-albedo feedback. The high correlation of the river discharge with BIA also highlights the importance
of the lower ablation area in ice sheet freshwater discharge production.

As climate warming delivers more frequent cases of the 0°C melt boundary being passed, the resilience of the ice
sheet to AR heating will becomes more compromised. Had the rain instead fallen as snow, the albedo feedback
would have instead been both strongly toward minimizing surface energy absorption and increasing the meltwater
retention capacity. So, even while the heat added by rain is small compared to other energy sources for melt, an
increasing frequency of rainfall (instead of snowfall) can have a substantial future impact on the surface mass
balance and as such is a strong indication of an amplified response of the ice sheet to the effects of warming.

Without the clear-sky conditions after the AR, the albedo feedback would have been less strong. The extent of
albedo-feedback-perpetuated melt may well depend on whether the cloud cover was near the surface, providing
a source of perpetuated melt through surface infrared heating, as compared to a situation with high clouds which
could have had a relative cooling effect.

Data Availability Statement

SICE uses open source Dataverse Project software (“Dataverse Project,” 2021; King, 2007) for data curation at an
open-access repository (Box et al., 2020) distributed under a non-restrictive license. Data to understand, evaluate,
and build upon the reported research are available at https://doi.org/10.22008/FK2/SKBAYA.
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