Anomalous circulation in July 2019 resulting in mass loss on the Greenland Ice Sheet
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Abstract. Current mass loss on the Greenland Ice Sheet (GrlS) includes a significant
contribution from surface runoff. The circumstances associated with melt events are important
for understanding the global sea level contribution of the GrlS. In late July 2019, surface melt
occurred over 62 percent of the GrlS, including Summit Station. The general circulation leading
to the event is found to be dissimilar to 2012 and other events documented in the 21st Century,

with warm air associated with remote atmospheric blocking over western Europe eventually
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transiting west to the GrlS. Gravimetric data indicate that the 2019 summer mass loss was 137
Gt more than the 2004-2010 median, or about 92 percent of the 2012 record. Mass loss during
the event was significant in GrlS northeastern regions in 2019. As compared to 2012, the
southwest did not fully participate. Similar circulation patterns have not previously been

associated with significant melt.

1. Introduction

In recent assessments of global sea level, attention has focused on the contributions of
polar ice sheets. Satellite altimetry, gravimetric data, and in situ observation assessments suggest
that ice sheet mass loss continues to accelerate (e.g., Meredith et al., 2019). For the Greenland
Ice Sheet (GrlIS), about half of the current mass loss (50.3 percent) is attributable to a reduction
in surface mass balance, owing to an increase in meltwater runoff (The IMBIE Team, 2019). The
processes associated with surface mass loss have been extensively studied, particularly in light of
recent melt events (e.g., van den Broeke et al., 2017; Hanna et al., 2013; Cullather et al., 2016;
Mioduszewski et al., 2016; Trusel et al., 2018). The summer of 2012 saw widespread melt on the
GrIS surface and significant mass loss (Tedesco et al., 2013; Hanna et al., 2014; Fausto et al.,
2016), including 11- and 12-July when melt was simultaneously observed on nearly the entire
GrlS (Hall et al., 2013). Melt and above-freezing air temperatures were observed at Summit
Station (72°N, 38°W, 3216 m; hereafter “Summit™) on 11-July which, based on glaciological
records, had occurred only once previously in the past 800 years (Nghiem et al., 2012). Other
melt events have occurred at lower elevations since the turn of the century (Hanna et al., 2008;
Steffen et al., 2004; Tedesco et al., 2008; Box et al., 2010). These events exhibit variability in

their manner and duration. With rare exceptions for the northern basin (Tedesco et al., 2016),
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they are persistently focused on the western margins (Graeter et al., 2018), which are located on
the windward side of the ice sheet under typical atmospheric circulation patterns (Hanna et al.,
2014).

Some examined factors that potentially drive melt events include: the role of various
surface energy budget components, including (1) enhanced longwave radiative fluxes associated
with warm, moist air intrusions and cloudiness (van Tricht et al., 2016; Bennartz et al., 2013;
Cullather and Nowicki, 2018), (2) enhanced shortwave flux absorption associated with reduced
cloudiness and ice surface darkening due to surface feedbacks, preconditioning through reduced
winter or spring snow cover (Dyurgerov and Meier, 1999), or aerosol deposition (Box et al.,
2012; Hofer et al., 2017; Tedesco et al., 2011; Thomas et al., 2017), or (3) changes in turbulent
fluxes (Fausto et al., 2016); (4) the effects of reduced sea ice cover on eastward advecting warm
and moist conditions (Rennermalm et al., 2009; Liu et al., 2016; Stroeve et al., 2017; Noél et al.,
2014); and (5) various mechanisms of atmospheric circulation, including North Atlantic
blocking, circulation trends over the Arctic Ocean (Lim et al., 2016; Hanna et al., 2013;
Hakkinen et al., 2014; Tedesco et al., 2016), and extreme moisture transport (Neff, 2018;
Mattingley et al., 2018). Local high-pressure blocking has been associated with surface melt
events in 2002, 2003, 2007, 2010, and 2012 (Hanna et al., 2008; Nghiem et al., 2012). But prior
analysis has suggested that local blocking is an endemic contributor to enhanced surface melt,
including lesser events (e.g., Lim et al., 2016; Cullather and Nowicki, 2018; Rajewicz and
Marshall, 2014; Hanna et al., 2016). The relation has led to the developed use of the Greenland
Blocking Index (GBI; Hanna et al., 2014).

On 30- and 31-July 2019, widespread surface melt was observed across the GrlS, and

above-freezing temperatures were again measured at the NOAA Summit automatic weather
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station (AWS; Tedesco and Fettweis, 2019). Here, we employ atmospheric reanalyses (Modern-
Era Retrospective analysis for Research and Applications, version 2: MERRA-2; Gelaro et al.,
2017) and satellite observations from the Moderate-resolution Imaging Spectroradiometer
(MODIS; Hall et al., 2018) and the Gravity Recovery and Climate Experiment
(GRACE/GRACE-FO) to characterize daily circulation patterns in the week leading to the 2019
event, quantitatively describe the extent and duration of surface melt, examine the amount and
spatial distribution of the associated GrlS mass loss, and provide context in relation to prior melt
events in the 2003-2018 satellite data record. The analysis reveals a warm air mass previously
associated with a western European heatwave was advected north and westward across the
marginal seas of the North Atlantic. Ultimately, this event produced significant melt and mass
loss along the northeastern side of the GrlS, and enhanced anticyclonic circulation patterns that

drove mass loss elsewhere on the ice sheet.

2. Atmospheric Conditions

Figure 1(a) shows the evolving jet stream pattern associated with the melt event in late
July and early August 2019. An omega blocking pattern — characterized by a high-amplitude
ridge or northward distending area of high pressure in the upper troposphere and surrounded to
its east and west by high-amplitude troughs — emerged over western Europe in the early part of
the week of 21-July (Fig. 1(a)), producing northward, warm air advection from North Africa. By
24-July, the ridging pattern was centered over western Europe near 9°E, with a lee trough near
30°E and a strengthening windward trough over the central North Atlantic near 28°W. Within
this long wave ridging pattern, a minor wave was embedded within the windward trough near the

British Isles, which intensified the southerly flow along the western side of the ridge. The
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blocking pattern resulted in record temperatures in several locations (Magnusson, 2019; Graham
and Huggett, 2019). On 25-July, station data (Smith et al., 2011) for Paris-Montsouris, France
reached 42°C while Brussels, Belgium and Cologne, Germany exceeded 36°C. On 26-July,
reanalyses indicate the upwind trough of the blocking pattern became negatively tilted (Fig. 1(a))
as the ridge advanced northward to form a closed-circulation anticyclone over Scandinavia. A
temperature of 32°C was reached at Bergen, Norway on 26-July and at Helsinki, Finland on 27-
July. The negative tilt of the trough folded the jet stream into a southeast-to-northwest
orientation over the North Atlantic, oriented from the British Isles to eastern Greenland. The
surface warm air mass over Europe then followed the westward tilt of the jet stream onto the
GrlS, initiating enhanced surface melt on 29-July.

A MODIS data-based analysis of aerosol concentrations (Randles et al., 2017) indicates a
large transport from Europe over the North Sea on 26-July, with optical thicknesses of up to 0.1
(Supporting Information Fig. S1). The composition is recognized to be largely associated with
Saharan dust. Over the subsequent two days, the analysis suggests a dispersal over the North
Atlantic, with remaining amounts becoming topographically blocked upon nearing Greenland.
For the time associated with the melt event, there is insufficient evidence of significant aerosol
deposition on the ice sheet.

Rawinsonde data from Scoresbysund (71°N, 22°W, 70 m) for 12UTC 26-July to 29-July
indicate an advancing warm layer with temperatures exceeding the prior week’s conditions by
5-10°C throughout the troposphere, with an above-freezing layer extending from the surface to
700 hPa (Durre and Yin, 2008; Fig. 2c,d,e). It may be seen from the profiles that mid-
tropospheric temperatures increased first, with values at Scoresbysund reaching 0°C at 730 hPa

on 26-July. The warmest part of the profile is at 839 hPa on 27-July and 814 hPa on 28-July; a
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near-surface inversion forms after 29-July. A similar downward progression occurred at
Danmarkshavn (77°N, 19°W, 11 m), and is consistent with very slow warm air advection.
Summit profiles also show a downward progression of temperature increases throughout the
troposphere, with an increase of almost 10°C at 500 hPa by 30-July. After 29-July, the Summit
profile indicates a near-surface inversion, with the surface pinned near the melting point on 30-

July.

3. Surface melt and mass loss

Ice surface temperatures (IST), indicative of the surface melt/freeze state, were computed
from available Terra swath observations from the Moderate-resolution Imaging
Spectroradiometer (MODIS) for each 24-hr period between 25-July and 5-August (Hall et al.,
2018). Daily melt extent is determined by applying an IST threshold selected, wherein melt is
identified for locations where the IST is greater or equal to the threshold value. The value is
based on the accuracy of the product and a long-term comparison with other observations
(Adolph et al., 2018). The retrieval is only available for cloud-free conditions (Moeller et al.,
2018).

Between 29-July and 1-August, MODIS IST observations indicate that between 21 and
52 percent of the GrIS experienced surface melt, with a peak observed extent occurring on
1-August as shown in Fig. 2a (see also Supporting Fig. S5). It may be seen from the figure that
there is extensive cloud cover just prior and at the onset of the melt event, particularly on 29- and
30-July (covering 22 and 19 percent, respectively). This restricted the ability of MODIS to detect
surface melting across the central and southern GrlS, including Summit. Basins shown in Fig. 1

(Zwally et al., 2012) are used to identify regions broadly homogeneous regarding surface slope
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orientation relative to atmospheric advection. Here, cloud cover was particularly prevalent in
basins 3 and 4. Nevertheless, MODIS IST data indicated substantial melt across the eastern and
northern GrlS, with melt extent exceeding 80 percent of basin 2 on 30 and 31-July.

Reanalyses may contribute additional information on surface conditions where there is
significant cloud cover. MERRA-2 has compared favorably with satellite observations of surface
melt (Reeves Eyre and Zeng, 2017; Hall et al., 2018; Cullather et al., 2016), and is used for
consistency with the identified general circulation. As noted in Hall et al. (2018), confidence in
ice sheet surface properties increases when different datasets are used to produce a similar result.
Between 29-July and 1-August, MERRA-2 indicated that between 30 and 62 percent of the ice
sheet experienced surface melting (Fig. 2b; see Supporting Fig. S6). Peak melt extent was
observed on 30-July, when 62 percent of the ice sheet — including Summit — experienced surface
skin temperatures at or above 0°C. Surface melt was particularly widespread over central GrIS
basins 3 (89 percent) and 7 (98 percent). There was also extensive surface melt on 31-July (61
percent), though MERRA-2 does not indicate melt at Summit, nor is widespread melt indicated
over the central GrlS on this day. Rather, the reanalysis indicates extensive melt in northern
basin 1 (greater than 78 percent) and in northeastern basin 2 (48 percent), as well as large parts
of southwestern basins 5 and 6. MODIS data suggest the more extensive melt in the northern
basins occurred on the prior day, 30-July. Nevertheless, the time-averaged surface melt extent
pattern in MODIS and MERRA-2 are in general agreement (Fig. 2a,b); there are discrepancies in
the southern GrlIS, where extensive cloud cover during the initial phase of the melt event
obscured MODIS retrievals.

Also shown in Fig. 2 is the Summit time series of observed air temperatures and

corresponding values from reanalyses. Temperatures exceeded 0°C for 11.2 hr on 30-July, and
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again for 5.5 hr on 31-July, reaching a maximum value of 1.2°C on the second day. The time
series is remarkable, and is substantially longer than the historic 2012 event when the melting
point was reached for 6.5 hours on one day (McGrath et al., 2013). Corresponding values from
the reanalysis for 2019, which indicate some differences in the diurnal cycle but nevertheless
approximate the day-to-day variability of the station measurements.

An examination of the surface energy budget finds a nuanced time series leading to the
melt event. Though reanalysis representations of the GrlS surface energy budget can be
problematic (e.g., Cullather et al., 2014), MERRA-2 has reasonably reproduced observed cloud
radiative forcing and surface albedo (Wang et al., 2019). The energy budget evolution is also
supported by the Scoresbysund AWS (Fig. 3). Reanalysis fields indicate the daily-averaged
surface downwelling thermal flux increased markedly over basin 3 in the eastern GrlS prior to
the melt event, while the solar flux decreased. From an average of 197 W m ™2 on 24-July, the
longwave flux increased by 80 W m2 by 29-July (Fig. 3; see Supporting Fig. S$10). From an
average of 301 W m 2 on 24-July, the downwelling shortwave flux was lower by 109 W m 2 on
29 July. Over the ensuing two days, the downwelling longwave flux gradually decreased while
the downwelling shortwave flux rapidly increased to pre-event levels. Relative to 29-July, the
downwelling longwave flux was 7 W m ™2 lower on 30-July and 28 W m ™2 lower on 31-July,
while the shortwave was higher by 61 W m2 on 30-July, and by 88 W m 2 on 31-July. During
this transitional period, the total downwelling radiative flux, the net surface radiative flux, and
the surface air temperature were maxima for the examined period, and ice sheet surface melt
became widespread. Turbulent fluxes added an additional 18 W m 2 during this period, or 41

percent of the net surface flux. Cloud masking from the MODIS temperature data support the
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east-to-west passage of a cloud shield over 26 to 29-July, prior to the arrival of warmest surface
temperatures on the eastern GrlS (see Supporting Fig. S4).

Reanalysis and GRACE/GRACE-FO data are used to characterize mass loss changes
associated with this melt event. While MERRA-2 surface runoff has compared favorably with
observations (e.g., Smith et al., 2017), the surface representation is of intermediate complexity
and has no explicit firn representation (Cullather et al., 2016).

Reanalysis fields suggest that surface runoff increased markedly from 28-July to 2-
August, with the largest amount occurring on 31-July of 1.42 Gt. Over this 6-day period, the total
runoff was 6.4 Gt. This may be compared with the historic 2012 melt event (Supporting Table
S1). Over the period 10-15 July of 2012, reanalyses indicate runoff of 7.7 Gt, suggesting the
significance of the 2019 event. More intriguing is the breakdown of these amounts by basin. In
the 2012 event, southwestern basin 6 accounted for largest fraction, nearly 29 percent of the total
amount. In 2019, basin 6 only accounted for 19 percent, while northeastern basins 2 and 3
contributed 35 percent of the total. In comparing the 2012 and 2019 events, it is found that the
northeastern basins provided similar amounts of runoff, while the southwestern basins provided
about 44 percent less runoff in 2019 as compared with 2012.

Gravimetric solutions from GRACE/GRACE-FO are available at resolutions of 300-
500 km and at monthly time scales (Loomis et al., 2020; see Supporting Information Fig. S7).
Thus, changes over the June to August time period examined here may result from the ambient
conditions and are not necessarily directly attributable to the melt event of 30-July to 1-August.
The gravimetry observations are also not limited to surface changes but measure total mass
variability. Surface melt may impact underlying glacier mass on a delayed time scale, from

englacial and subglacial routing and retention (Nienow et al., 2017). These gravimetric observing
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attributes are realized in comparing total mass loss with reanalysis surface estimates over the
melt event, but are nevertheless of interest.

We compute basin-averaged mass loss from GRACE/GRACE-FO from the Univ. Texas
at Austin’s Center for Space Research (CSR) RL06 Level-2 spherical harmonics solution, using
the averaging kernel method (Swenson and Wahr, 2002) and applying GRACE Technical Notes
13 and 14 to restore geocenter motion (Sun et al., 2016) and replace Cyo and Cs, values (Loomis
et al., 2019, 2020). Effects due to glacial isostatic adjustment are removed using the ICE-6G_D
(VMb5a) model (Peltier et al., 2018).

Figure 4 presents mass loss anomalies relative to each year’s maximum value for (a) the
total GrlIS, (b) northern GrlS, defined as Zwally basin 1, (c) eastern GrlIS, defined as the sum of
basins 2 and 3, and (d) southern GrlS, defined as the sum of basins 4, 5, and 6. By considering
basin clusters, signal leakage errors associated with the limited spatial resolution of monthly
GRACE products are mitigated. The reported 2-¢ uncertainties include the solution noise,
processing differences, and leakage errors. For the total GrlS, the August minus June monthly
values indicate a late-summer loss of 420+142 Gt for 2019. This compares with losses of
459+140 Gt and 443+125 Gt for 2012 and 2016, respectively, and a mean loss of 283+99 Gt for
the years 2004-2010 (shown in grey). Regionally, the 2019 June-to-August mass losses are
65+41 Gt, 114+79 Gt, and 147+73 Gt for northern, eastern, and southern GrlS, respectively. For
2012, losses of 43+48 Gt, 141+77 Gt, and 194+54 Gt are found for the same three regions. We
note that the late summer losses in the northern GrlS (basin 1) are the largest of the
GRACE/GRACE-FO record. Combining the northern and eastern regions results in comparable
mass losses in 2012 and 2019, while losses in the southern region were a larger contributor in

2012 (42 percent of the total) than in 2019 (35 percent of the total). Consistent with reanalysis
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output for the days encompassing the surface melt, gravimetric data indicate a significant event
in 2019 that is somewhat smaller than in July 2012, and with a distinctly different pattern of

mass loss.

4. Surface melt historical context

The circulation mechanisms leading to the 2019 melt event contrast with those associated
with previous events in the satellite record (e.g., Hakkinen et al., 2014; Cullather and Nowicki,
2018) in several respects. Prior events are largely associated with transient blocking over the
North Atlantic, leading to the redirection of subtropical warm air northward over the western
GrlS. For example, Fig. 1(b) shows jet stream patterns for several significant melt events in
which a high-pressure ridging pattern forms in close proximity to the ice sheet. In the melt event
of 12 July 2012, for example, a mid-latitude blocking ridge formed near 35°W over several days,
eventually extending north to the Denmark Strait and forming a heat dome over the ice sheet that
was maintained for an extended period (Nghiem et al., 2012). Such North Atlantic blocking led
to a nearly barotropic advection of warm, moist air onto the ice sheet. The 2019 pattern shown
here actually coincides with low pressure over the North Atlantic (Fig. 1(d)), although the arrival
of the warm air mass eventually resulted in anticyclonic circulation over much of the central and
northern regions of the ice sheet. For 2019, the rapid folding of the jet stream resulted in a
westward advection of warm air in the middle and upper troposphere that preceded surface
warming. The advection is similar to that of a mid-latitude warm front, albeit at a greatly slowed
rate due to the jet stream folding and planetary wave interaction at higher latitudes. This
baroclinic temperature advection likely resulted in the phased response of surface energy budget

components, which differs significantly from previous melt events.
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A key aspect of the antecedent circulation is the bending of the jet stream towards the
northwest. The streamline configuration of 26-July — oriented from southeast over the British
Isles to northwest over the GrlS as contained within the dashed region shown in Fig. 1(a) — was
compared with prior summer conditions (June, July, and August; JJA) in MERRA-2 over the
satellite observing era using pattern correlation (see Supporting Fig. S11). Similar patterns are
infrequent but not rare, occurring on average about once per year. An intriguing analogy
occurred on 26-28 June 2003 during an extended European heatwave (Black et al., 2004). While
the pattern shared characteristics with late July 2019, it did not fully extend westward to the
GrlS, and any associated surface melt was largely unremarkable. Limiting factors for this
mechanism are the longitudinal range of the jet excursion — which in the 2019 case extended
from western Europe all the way to the ice sheet — and access to warm, subtropical air. An
additional factor is the duration of the jet folding, which was sustained for several days in 2019
and allowed the warm air mass to traverse onto the ice sheet. Atmospheric heat and moisture
transports parallel the jet stream during this event (Supporting Information Figs. S2-S4). The
values are consistent with an extreme atmospheric moisture transport event (Liu and Barnes,
2015; Mattingley et al., 2018), but again differ in location and orientation to previous melt events
examined.

A potential factor in the 2019 event is ice surface preconditioning. Tedesco and Fettweis
(2019) note that the 2019 melt season began early, reducing the snowpack. The summer period
was characterized by an unusually persistent anticyclone over the GrlS, with a melt event
between 11-17 June. Passive microwave results of Tedesco and Fettweis (2019) and reanalyses

suggest that almost half of the ice sheet experienced melt on 13-June (see Supporting
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Information Fig. S6), potentially leading to decreased surface albedo and snowpack warming,
which can result enhanced feedback mechanisms later in the season.

Persistent high pressure over the ice sheet, as indicated with the GBI, has been associated
with reduced cloud cover and enhanced solar radiation, although recent work has also found an
association with the northward advection of warm, moist air along the western margins of the ice
sheet (Neff et al., 2014). During the late July 2019 event, high pressure likely provided
subsidence which allowed warmer air to more rapidly mix downward to the surface. The
circulation for this event was confined to the central and northern regions of the GrIS and largely
excluded the southwestern margins from the direct influence of advecting warm air (e.g.,

Fig. 1(d)).

Indices of atmospheric teleconnections are also examined to assess whether the
prevailing summertime general circulation was conducive to a melt event. Similar to the GBI,
these indices are more associated with central North Atlantic blocking, rather than westward
advection indicated for the 2019 event. Studies have shown the negative phase of the North
Atlantic Oscillation (NAO) is more conducive to blocking (e.g., Fettweis et al., 2013; Hanna et
al., 2015), while the positive phase of the East Atlantic (EA) pattern — the second principal
model of North Atlantic variability (Trigo et al., 2008) — has also been correlated with enhanced
GrlS summer warming (Lim et al., 2016). Principal component-based indices from the NOAA
Climate Prediction Center for summer months (JJA) indicate that the NAO was in the negative
phase for 2019, and that the index was the seventh lowest value of the 1950-2019 record. The
EA index was also strongly positive for JJA, continuing a series of positive values over the last

two decades. The JJA average of the GBI was also at a record level (a value of 5567). In this
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context, these indices suggest sustained warmer conditions over the summer period which may

have preconditioned the ice sheet surface.

5. Discussion

A review of the various factors examined in previous melt events highlights unique
features of the late July 2019 conditions. The phased time series of surface radiative fluxes
shown do not easily comport with prior determinations on the importance of longwave versus
shortwave forcing. Rather, an increased net surface energy flux resulted from the interplay of
downwelling flux components in the presence of an advancing cloud field. Anomalies in coastal
sea ice cover are unlikely to have played a role in the 2019 event. In the vicinity of
Scoresbysund, ice extent was only coastally proximal by late July, and was similar to recent
years in the satellite era (e.g., Fetterer et al., 2017). The ice extent near Fram Strait and in Baffin
Bay, which became ice-free in mid-July, was also unremarkable in comparison to recent years.
While general circulation indices are consistent with previous melt events, the indexes are
generally used to identify blocking over or very near the ice sheet, as opposed to the remote
blocking that occurred here.

Prior to 2012, surface melt at Summit had occurred once in 800 years (Nghiem et al.,
2012), but has now occurred twice in about 7 years. The infrequent nature of melt at Summit and
the unusual manner of this event dissuades conclusions regarding trends. Nevertheless, these
recent events are consistent with increasing surface melt found elsewhere on the GrIS (The
IMBIE Team, 2019).

The large excursion of the jet stream is an intriguing aspect of this event. While some

studies have suggested a tendency for low index flow in the presence of a warming climate, such
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303  conclusions remain contentious (e.g., National Research Council, 2014; Gillett and Fyfe, 2013,
304  Francis and Vavrus, 2012). In a warming climate, it is possible that the effects of infrequent

305 circulation conditions on the GrlIS are simply becoming more acute. It remains to be seen if a
306  wider variety of anomalous circulation patterns may become associated with surface melt under
307  these conditions.
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554  List of Figures

555 1. (a) The contour line corresponding to a stream function value of —5 -10" m? s computed from

556 MERRA-2 250 hPa winds, for successive 12-hr instances from 20-July through 2-August
557 2019. The projection highlights zonal and meridional departures. GrIS drainage basins from
558 Zwally et al. (2012) are labelled. A domain used for pattern correlation is indicated with a
559 green dashed line, see text. (b) As in (a) but for melt events (Box et al., 2010; Nghiem et al.,

560 2012) ending 12-June 2007, 21-July 2010, and 12-July 2012. (c, d, e) 700 hPa temperature

561 field for selected times in 2019, shaded every 0.1°C. Grey shading indicates no data

562 (intersection of 700 hPa level and the surface). The 500 hPa geopotential height field is
563 indicated with contour lines every 20 m. The 250 hPa wind field is indicated with vectors.
564 The reference magnitude is 20 ms .

565 2. The extent of GrIS surface melt over the three-day period 29-July to 31-July 2019 from (a)
566 MODIS retrieved skin temperature, and (b) MERRA-2. Stars indicate the location of

567 meteorological stations Scoresbysund (Ittoggortoormiit, 71°N, 22°W), Danmarkshavn (77°N,
568 19°W), and Summit (73°N, 39°W). Temperature sounding profiles are indicated for these
569 stations (c, d, e) over the period 23-July to 03-August. Hourly surface air temperature time
570 series are shown over the period of the melt event ().

571 3. Surface energy budget components from (a) MERRA-2, averaged over GrlS basin 3, and (b)
572 PROMICE AWS station SCO-U (72°N, 27°W, 970 m). Vertical bars indicate the spatial

573 standard deviation of MERRA-2 over basin 3. Flux values are plotted in W m 2, and air

574 temperature is plotted in °C.

575 4. Annual cycle of GRACE/GRACE-FO derived mass anomaly relative to each year’s maximum

576 value for (a) total GrIS, (b) northern GrlS (Zwally basin 1), (c) eastern GrIS (Zwally basins 2
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and 3), and (d) southern GrIS (Zwally basins 4, 5, and 6), in Gt. Select years are indicated,
while dotted lines denote all other years in the GRACE/GRACE-FO record. Accumulated
errors are shown for 2019; errors for all other years are considered in the analysis but are not
overlaid here for clarity. The time series are plotted as anomalies relative to each year’s
maximum value, which generally occurs in winter and early spring for each of the basins

shown.
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Figure 3.
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Figure 4.
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