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Analysis of the record-breaking August 2021 rainfall over
the Greenland Ice Sheet
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Abstract Rainfall was witnessed for the first time at the highest area of the Greenland Ice Sheet on 14 August, 2021. The
thermodynamic mechanisms supporting the rainfall are revealed by ERAS reanalysis, in-situ and satellite data. We find that a strong
southward intrusion of the polar vortex favored the maintenance of a deep cyclone over Baffin Island and an amplification of
anticyclonic circulation over the southeastern ice sheet, which pumped warm and moist air toward Greenland from anomalously
warm waters south of Greenland. Across a wide swath of the ice sheet, atmospheric uplift maintained above-melting and rainfall
conditions via condensation and enhanced downward infrared irradiance. Without the low-level liquid clouds, the spatial extent and
duration of the rainfall would have been smaller. Over the ice sheet topographic summit, the air temperature from the ground to
250 hPa level was ~2 °C higher than the previous record set on 12 July, 2012. Such events may occur more frequently with the
decreased temperature contrast between the Arctic and the mid-latitude regions that drives highly amplified jet streams. Thus, this
extreme event serves as a harbinger of a more likely wet surface condition across all elevations of the ice sheet.
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1 Introduction Ice Sheet melt extent of 872000 km?* (Scambos et al., 2021)
had rainfall witnessed for the first time at Summit Station

On 14 August, 2021, an anomalously high Greenland (72.58°N, 38.46°W, 3216 m above sea level) near the
highest point of the ice sheet, arousing international
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2021). Not only do they contribute to surface ablation
processes by reducing the albedo and increasing the density
and temperature of near-surface snow and ice (Reijmer et al.,
2012; Rennermalm et al., 2013; Vandecrux et al., 2020; Box
et al, 2022), they can impact ice flow dynamics and
meltwater runoff (Doyle et al., 2015). Rainfall has been
increasing across the Arctic under global warming (Han et al.,
2018; Dou et al., 2019, 2021, 2022; McCrystall et al., 2021).
It is reasonable to consider that rainfall far inland on the ice
sheet is extremely unlikely due to its extreme high altitude,
average low precipitable water vapor, long distance from the
oceans and the extremely low inland surface temperatures.
This study investigates the causes for this rainfall event over
the highest area of Greenland by considering the large-scale
atmospheric circulation driving the warm and moist air
(WMA), and the cloud physical processes over the ice sheet.

2 Data and methods

2.1 Automatic weather station observations

2.1.1 Air temperature and albedo observed at Summit
Station

The Summit Station (Figure 1a), an automatic weather
station (AWS) of the Greenland Climate Network (GC-Net),
has monitored surface micro climatological and
glaciological parameters since the mid-1990s (Steffen et al.,
1996). The AWS is equipped with a temperature sensor with
an accuracy of better than 0.3 °C and a sampling interval of
15 s. The albedo was calculated based on the observations
from LI-200SZ pyranometers using a running + eleven-hour
sum of upward/downward solar irradiance after van den
Broeke et al. (2004). Hourly-averaged 2 m air temperatures
during 1995-2021 were used to obtain the frequency and
the corresponding date of the near-surface temperature
reaching the melting point since 1995. Hourly-averaged
albedos during 11-18 August, 2021 were used to verify the
occurrence of rainfall.

2.1.2 Rainfall amount observed at Crawford Point
AWS

Here, we exploit the rainfall observations from the
Lufft WS401-UMB sensor package that the Geological
Survey of Denmark and Greenland (GEUS) has included in
a new generation of GC-Net AWS since June, 2021 at e.g.,
Crawford Point 1 (CPl, 69.52°N, 47.02°W, 1941 m,
Figure la). Precipitation gauge undercatch errors are
corrected after Yang et al. (1999).

2.2 Cloud physical characteristics observed by
satellite

The data of cloud physical characteristics are obtained
from NOAA (National Oceanic and Atmospheric
Administration) Climate Data Record (CDR) of AVHRR
(Advanced Very High Resolution Radiometer) reflectance
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and brightness temperatures, which was produced by the
University of Wisconsin using the AVHRR Pathfinder
Atmospheres—Extended =~ (PATMOS-X)  Version 5.3
processing system (Pinzon and Tucker, 2014; Key et al.,
2015). Since 1979, NOAA and MetOp satellite have passed
between twice and 10 times every day, covering the entire
globe. This study uses the data of cloud type, cloud
temperature and cloud top height from the MetOp platform
on 13 and 14 August (Indexof/data/avhrr-reflectance-cloud-
properties-patmos-extended/access(noaa.gov)). Note that
the observed supercooled water cloud refers to liquid cloud
droplets below 273.16 K (Pavolonis et al., 2005). The
source (raw, Level 2) AVHRR data points, with a sensor
resolution of 1.1 km near nadir, have been gridded to a
0.1°x0.1° equal-angle grid in ascending and descending
files. These data include calibrated reflectance channels in
the visible spectrum (0.63, 0.86, and 1.6 microns) portion of
the record, brightness temperatures from the 3.75, 11 and
12 um channels as well as a suite of cloud products (the
PATMOS-x Cloud Properties CDR).

2.3 ERAS reanalysis data of circulation, water
vapor flux, air temperature and cloud

ERAS is the fifth generation ECMWEF reanalysis of the
global climate and weather (Hersbach et al.,, 2020)
(https://cds.climate.copernicus.eu/cdsapp#!/search?type=
dataset), which is produced at a 1-hourly time step using an
advanced 4D-Var assimilation scheme with a horizontal
resolution of approximately 31 km, including variables on
37 pressure levels from 1000 hPa to 1 hPa. Here used are
geopotential  height, winds, specific humidity air
temperature and potential vorticity (https://cds.climate.
copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-
levels? tab=overview), and the following variables on single
levels: total precipitation, snowfall, sea level pressure and
10 m horizontal wind (https://cds.climate.copernicus.cu/
cdsapp#!/dataset/reanalysis-eraS-single-levels?tab=form).
The temperature data of the middle 26 layers (700 hPa to
100 hPa) were used to analyze the daily vertical profile of
air temperature at Summit Station on the warmest day per
year since at least 1995.

For cloud investigations, the ECMWF Integrated
Forecasting System (IFS) cloud scheme simplifies water
droplets of different sizes to represent a number of discrete
cloud droplets/particles, including cloud water droplets and
raindrops. The ‘Total column cloud liquid water’ variable
represents the amount of liquid water contained within
cloud droplets in a column from the ground to the top of the
atmosphere, and it is used to reproduce the development of
liquid-phase cloud over Greenland. The specific cloud
liquid water content and geopotential are applied to
determine the height of liquid-phase cloud. Hourly ERAS
cloud data during 13—15 August, 2021 are used.

2.4 Methods

We adopt the Lagrangian analysis tool LAGRANTO
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developed by Sprenger and Wernli (2015) to calculate the
4-day backward trajectories for the rainfall event.
LAGRANTO was driven by 2-hourly wind fields on a
(0.25°%0.25°) grid and 27 pressure levels. Trajectories were
started from 1400 UTC (the warmest time) on 14 August,
2021 at 50 hPa above the ground level. The starting grid
points had a 10 km spacing, sampled with radius 50 km
around the summit of Greenland (38.46°E, 72.58°N). The
end grid point was the corresponding starting grid point
four days before.

The following methods were used in the calculation of
water vapor convergence over the ice sheet. Moisture flux

(ézq?/ g ) was equal to the horizontal wind (V)

multiplied by the specific humidity (¢) on pressure levels
and then divided by the gravitational constant (g). It was
used to represent the source, direction and intensity of water

vapor transport. Moisture flux divergence (V-Q) usually

characterizes the degree of water vapor concentration
change caused by atmospheric movement. Positive and
negative values indicate divergence and convergence of
water vapor, respectively. Vertically integrated moisture
flux divergence from surface to the cloud top

1 R:ou to) =y4
(V -—IP P 0V dp ) can clearly reflect the amount of water
g sfc

vapor change in a specific area, thus has a good
corresponding relationship with surface precipitation.

3 Results

3.1 Background atmospheric circulation during
the precipitation event

Figure 1la illustrates the spatial distribution of
Greenland Ice Sheet precipitation on 14 August, 2021 from
the ERAS reanalysis, which coincides with the melt extent
of the ice sheet surface observed by the satellite record
during the same period (Scambos et al., 2021). The
circulation field during this precipitation event had leaded
to an abnormally high temperature and water vapor content
from a southwesterly WMA intrusion (Figure 1b). The
intrusion caused a near-surface warming of 9 °C in average
for the area above 1000 m surface elevation relative to the
climatology. The vertical profiles of air temperatures
demonstrated that the warming caused by the WMA was
not only occurring in the planetary boundary layer, but
extended throughout the troposphere to 250 hPa with about
2 °C higher temperatures than the highest daily temperature
profile on 12 July, 2012 (Figure 1c).

The front edge of the warm air converged with a weak
westerly wind, causing the precipitation belt to advance to
the inland area (Figure 1b). The rainfall area generally
coincided with the areas with sufficient moisture supply
simulated by ERAS, and they were larger (more northerly)
than the areas with near surface warming to the melting

point (Figures la, 1b). The precipitation was sustained by
topographic uplift of a warm front with non-convective
precipitation (Figure S1). Upstream, over the steeper slopes
of the southwestern ice sheet, ERAS5 indicates that the
precipitation included a convective process (Figure Slc),
resulting in a relatively heavy local precipitation above
20 mm-d™" (Figure la), which was partly verified by the
observation of 15 mm at the CP1 Station during the same
period.

3.2 The formation and maintenance of anomalous
atmospheric circulation

The key atmospheric circulation responsible for the
northward advection of WMA was a low pressure system
located over the Baffin Island on 14 August, 2021
(Figure S2). To explore its evolution, we investigated the
mid-tropospheric daily mean 500 hPa geopotential heights,
sea level pressure and the dynamic perspective from 330 K
potential vorticity and horizontal wind from 10 to
14 August, 2021 (Figure 2). The potential vorticity
advection on an isentropic surface was conserved following
the adiabatic and frictionless flow and thus could concisely
illustrate the formation and enhancement of a trough or
ridge (Figure 2). The 330 K isentropic surface inclined
gradually from the Arctic to a lower latitude, along which a
circulation veers to be more rotating by moving
equatorward.

On 10 August, the polar vortex was displaced toward
North America with a low pressure center (SLP: 980 hPa)
extending to the surface over the Baffin Island (Figure 2a).
Such a strong circulation was effective to deliver WMA
toward Greenland, preconditioning the occurrence of
rainfall. Meanwhile, a trough was extended from the polar
vortex southeastward over North America. Due to the high
potential vorticity advection from the north into the trough
(Figures 2d, 2e), this trough was subsequently isolated from
the polar vortex to a closed low over the Hudson Bay with
an intensification of the surface cyclone on 12 August
(Figures 2b, 2¢). In the eastern flank of this closed low, the
southerly flow advected low potential vorticity toward the
Baffin Bay and amplified the ridge from Newfoundland to
the Baffin Bay (Figure 2e).

As shown in Figures 2c¢ and 2f, the closed low pressure
system retreated poleward due to the northward advection
of low potential vorticity on 14 August. Meanwhile, a ridge
was amplified from the North Atlantic northward to
Greenland. As a result, southwesterly flow between the
closed low and the ridge prevailed from the
mid-troposphere to the surface, which intensively
transported WMA to Greenland, leading to much warmer
vertical profile than those of previous extreme high
temperature events in this region (Figure 1c). Such strong
and long-lasting water vapor transport was also known as
an atmospheric river (AR) (Newell et al., 1992; Eckhardt et
al., 2004; Ralph et al., 2004). Neff et al. (2014) identified
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Distribution of rainfall, total precipitation and 2 m air temperature
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Figure 1 Process analysis of the August 2021 rainfall event. a, Distribution of daily mean total precipitation (shaded) and 2 m air
temperatures (contour) in the Greenland region on 14 August, 2021 from ERA5 reanalysis. The cyan contours mark the 1 mm-d "' rainfall
isoline, and the red contours indicate the 0 °C 2 m air temperature isotherm. The inset map illustrates the melt extent of the ice sheet surface
during the rainfall event observed by the SSM/I satellite (Scambos et al., 2021); b, Large-scale atmospheric circulation features of the
rainfall event, including anomalies of daily mean air temperature (shaded), geopotential height (contour) and moisture flux (arrow) at
850 hPa, relative to the same period of 1979-2020 mean; ¢, The vertical air temperature profile at Summit Station on the warmest day per
year since at least 1995 based on ERAS, the thick red line indicates the profile on the day of August 2021; d, The hourly variations in
surface albedo observed at the Summit GC-Net AWS from 11 to 18 August, 2021.

ARs promoting Greenland melting by advection of air
masses over the ocean with upstream development over the
2012 summer North American heatwave. These 2012 ARs
were responsible for the largest single-day Greenland-wide
surface ice ablation rates (Fausto et al., 2016, 2021;
Mattingly et al., 2018; Neff, 2018). The frequency of ARs
impinging on Greenland is increasing (Mattingly et al.,
2016), driven by more common highly-amplified jet-stream
patterns (Francis and Skific, 2015).

The moisture and heat transport by the AR was further
examined by tracking air mass backward for 4 d from the
ice sheet Summit. The backward trajectories agreed with the

distribution of the southerly flow, confirming a strong
WMA transport from the abnormally warm North Atlantic
across the Labrador Sea to the summit of the ice sheet
(Figure S3 and Figure 2f). The WMA transport included
convergence, ensuring an intensification of heat and
moisture delivery.

From 10 August to 13 August, the air mass flowed
with internal heat conservation (Figure S4b). From hours
—14 to zero (00—14 UTC on 14 August), as the air mass was
uplifted over the ice sheet (Figure S4a), the air mass cooled
16 K by expansion, and that cooling was partially offset by ~8 K
heating from condensation (Figure S4b). Concurrently,
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Figure 2 Dynamic mechanism of the formation and maintenance of cyclone over Baffin Island. Daily mean 500-hPa geopotential height
(GPH, contour, units: m) and sea level pressure (SLP, shaded) on 10 August (a), 12 August (b) and 14 August (c), 2021. The contours are
drawn for every 50 m. (d)—(f) as per (a)—(c), but for the 330 K potential vorticity (PV, shaded) and horizontal wind (arrows), illustrating the

formation and evolution of a trough or ridge.

the air parcel humidity was reduced by water droplet
formation (Figure S4c). The diabatic heating maintained the
air parcel temperature around the melting point, which
favored rain rather than snow as high as Summit Station.

3.3 Rain produced by low-level liquid clouds

Except for the latent and sensible heating effects of the
WMA, cloud microphysical process could also play a key
role in the formation of liquid precipitation instead of
snowfall. Evident from the cloud images retrieved by ESA
MetOp satellites, clouds had developed over Greenland on
13 August, most of which included supercooled water
droplets (Figure S5a). On 14 August, the liquid water path
(LWP) increased along the AR (Figure S5b and Figure 3b),

indicating that the intrusion of WMA formed new liquid
cloud droplets through condensation.

ESA MetOp-A satellite observations show that the
cloud top temperatures ranged 261-273 K (264 K on
average) (Figure 3c), which were higher than the value
(around 258 K) for the Bergeron—Findeisen—Wegener
(BFW) process to likely occur (Korolev and Isaac, 2003).
That said, even if the condensation nuclei were introduced
into the cloud, the BFW process is ineffective for it is a
mechanism of snowfall formation through sublimation
growth of ice crystals (Wegener, 1911; Bergeron, 1935, 1949).
On the other hand, if the BFW process was active, the
snowfall “that” it produced could not melt in such a short
distance under the established temperature vertical profile
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(Figure 1c), since the liquid-phase clouds were too low
(<2km above the ground) during the rainfall event
(Figure 3d).

Previous studies on the formation mechanism of warm
cloud rainfall in middle and low latitudes found that the wet
air flow could aggravate the cloud turbulence and promote
the growth of cloud particles, generating larger cloud
droplets (Pruppacher and Klett, 1997; Devenish et al., 2012;
Wyszogrodzki et al., 2013). The turbulent process amplified
the size differentiation of droplets in the liquid clouds,
leading to the further coalescence growth of droplets due to
differing droplet falling speeds (Ayala et al., 2008; Woittiez
et al., 2009). Once the weights of the droplets exceed the
carrying capacity of the updraft, falling rain droplets occur
(Rosenfeld et al., 2013). In the supercooled water cloud
region, due to the existence of a large number of
liquid-phase cloud droplets, the collision and growth of
cloud droplets could be intensified with the continuous
invasion of WMA, producing liquid precipitation without
the BFW process.

Direct measurement of the microphysical processes of
cloud droplet evolution were not accessible in this case. We
thus estimated the rainfall produced by the water vapor
convergence on 14 August based on ERAS5 (see “Data and
methods” section), and compared with the AWS rainfall
observations at CP1 on the same day, which is located in the
accumulation area of the ice sheet southwest of the Summit
Station at 2022 m above sea level (Figure 3a). Results show
that the newly formed liquid clouds due to water vapor
convergence contributed most (~11 mm of 14 mm) of the
rainfall amount, while the contribution of the direct
reduction of the original liquid cloud was about 658 g'm™
(Figure 3e), which was equivalent to about only ~1 mm
rainfall. These two parts contributed a total of ~11 mm
rainfall, lower than the observed total (14 mm). For the
Summit Station, the decrease in the original liquid cloud
and the water vapor convergence contributed ~1 mm and
6 mm to the rainfall amount, respectively.

4 Discussions and conclusions

The intrusion of strong WMA was a main cause of the
widespread rainfall over the Greenland Ice Sheet on 14
August, 2021, which was initiated and maintained by a
cyclonic system stalling to the west over Baffin Island. The
formation mechanism of this cyclone was associated with a
deep closed low pressure system isolated from the polar
vortex over Hudson Bay. Due to southward and downward
advections of high potential vorticity associated with the
dominant subtropical high over the Northeastern Pacific, the
deep cyclone intensified over the Hudson Bay and then
displaced northward to Baffin Island (Figure 4). This
cyclone with the downstream anticyclonic -circulation
rendered pronounced southerly flow prevailing from the
Labrador Sea to Greenland in the troposphere, which

brought in warm and moisture air to the inland areas over
Greenland.

For the thermal process, most of the air mass was
originated from the mid- to low-troposphere and advected
in the low level near the ocean surface and maintained the
conservation of heat content until it reached Greenland. As
such, the southwesterly flow could deliver to Greenland the
heat absorbed over the Labrador Sea and the North
American Atlantic sector, where the sea surface temperature
was 1 to 2 °C above normal according to ERAS reanalysis
(Figure S6). As a consequence of the WMA advection and
uplift with cooling partially offset by condensational
heating, the temperature from ground to 250 hPa over the
summit area was ~2 °C higher than the previous record
value since at least 1995. The higher temperature favored
rainfall at the expense of snowfall.

This study suggested that the low-level liquid clouds
over ice sheet played an important role in generating
rainfall. As the WMA invaded northward and inland over
the ice sheet, it produced liquid droplets through
condensation and promoted a rain droplet collection
increase by increasing the cloud turbulence, eventually
generating rain drops through gravitational collision. This
study proposed a reasonable inference based on the
observations of cloud phase and temperature. The full
microphysical evolutions of the collision and coalescence
have however yet to be documented.

Further analysis indicates that the clouds in ERAS
generated over the southwestern edge of the ice sheet from
the afternoon of 13 August, and gradually developed and
extended to the inland areas, reaching the maximum extent
at 5 to 7 UTC on the 14 August (see Movie S in
“Supplementary Figures and Movie” online). However,
compared with satellite observations (Figure 3b), ERAS
could hardly reproduce the large extension of liquid clouds
over the inland area of the ice sheet, possibly leading to
an underestimation of the rainfall extent in this area
(Figure 1a).

The sixth report of IPCC Working Group I suggests that
the ocean south of Greenland is an area of frequent marine
heat waves (MHW) (Frolicher et al., 2018; Fox-Kemper,
2021). In this study, we contend that MHWSs and a breaking
polar vortex are critical preconditions for suitable
atmospheric circulation configurations of WMA, of which
intruding into the inland areas of the ice sheet and
accompanying rainfall events will no longer be so rare. In this
regard, rainfall events are an additional factor contributing to
increasing ice sheet melting in a warming Arctic.
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Figure 4 Conceptional illustration of the major formation mechanism of the rainfall event over the Greenland Ice Sheet on 14 August, 2021.
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Supplementary Figures and Movie
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Figure S1 Anomalies of ERAS daily mean total precipitation (a), large-scale precipitation (b) and convective precipitation (c), on 14
August 2021, relative to the same period of 1979-2020 mean. Only the absolute values of precipitation anomalies greater than 1 mm-d " are
shaded.

Anomaly of SLP on 14 August, 2021

24 1812 6 0 6 12 18 24 SLP/hPa

Figure S2 Anomaly of ERAS daily mean air pressure at mean sea level (SLP) on 14 August 2021, relative to the same period of
1979-2020 mean.



Analysis of record-breaking August 2021 rainfall over Greenland Ice Sheet 175

SLP/hPa
600

50°N 650

700

750

40°N
800

850
30°N
900

20°N 950

45"W 0mst 1000

Figure S3 Daily mean ERAS sea level pressure (SLP) and 10 m horizontal wind (arrows) above the ground on 14 August, 2021. The
color shaded curves are the trajectories tracked backward for 4 d started at 14:00 UTC on 14 August 2021. The starting points are
equidistantly distributed every 10 km in a circle of radius 50 km around the Summit Station of Greenland. Contours are drawn for every
5 hPa. “L” and “H” signify the low and high pressure, respectively. Color shading represents air pressure.
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Figure S4 Time series of pressure (a), temperature (black) and potential temperature (blue) (b) and specific humidity (c) along the 4-day
backward trajectories from the Summit Station (see “Methods”).
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Figure S5 The types of clouds over Greenland from the ESA MetOP and NOAA-16 satellites observations during the rainfall event on
August 13 (a); The LWP during the rainfall event (b).
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Figure S6 Anomaly of ERAS daily mean sea surface temperature (SST) on 14 August 2021, relative to the same period of 1979-2020
mean.

Movie S Suppercooled cloud dynamic over Greenland based on ERAS.
The movie is available online at https://aps.chinare.org.cn/EN/10.12429/j.advps.2022.0016.



