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Abstract—Monitoring melt extent and timing on the Green-
land ice sheet is important for tracking the ice sheet’s mass and
energy balance as well as the global and Arctic climate variability
and change. In this study, we use L-band (1.4 GHz) brightness
temperature observations collected by NASA’s soil moisture active
passive (SMAP) mission to investigate the extent, duration, and
intensity of melt events on the Greenland ice sheet from 2015 to
2021. SMAP provides nearly all-weather surface monitoring over
all of Greenland twice daily with morning and evening overpasses
at approximately 40-km spatial resolution. We applied empirical
threshold and geophysical-model-based algorithms using horizon-
tally and vertically polarized microwave brightness temperature
differences to quantify both the intensity and extent of surface melt-
ing. Analysis of the melt seasons shows that Greenland experienced
unusually strong melt events at the end of July 2019 and on August
14, 2021, which extended the melt area across much of the dry
snow zone over a period of one and two days, respectively. In situ
temperatures measured at Greenland’s Summit station confirm the
above freezing temperatures during these extreme events.
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electromagnetic scattering, geophysical inverse problems, ice,
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1. INTRODUCTION

BOUT 8% of the world’s ice is located on the Greenland

(GL) ice sheet. The melting of this large ice mass over land
due to global warming is estimated to contribute approximately
0.72 mm/yr to global sea-level rise [1]-[3]. Due to their all-
weather operational capability and sensitivity to the presence
of liquid water in snow, both satellite microwave radar and
radiometer systems are commonly used to detect melt events
over GL [4]-[7].

L-band (1.4 GHz) radiometer systems may provide more
comprehensive information on the polar ice sheets because of
the larger characteristic ice penetration and sensing depth at
lower microwave frequencies, which can extend up to hundreds
of meters beneath the surface as compared to higher frequen-
cies [8]-[10]. In this article, we investigated the response of
the L-band radiometer on NASA’s soil moisture active passive
(SMAP) satellite, launched in January 2015, to the GL ice
sheet’s melt events [11]. The objective of this study is to detect
dielectric changes in the surface composition, such as snow
wetness percentage, and relate those changes to melt events. Our
hypothesis is that the long-wavelength (1.4 GHz) measurements
from SMAP are more sensitive to a higher melt intensity and
deeper surface snow/firn/ice layers than the shorter wavelength
measurements used by more conventional satellite microwave
radiometers. We use a recently developed algorithm [12] to
determine spatial and temporal variations in surface wetness
over the GL ice sheet using SMAP brightness temperature (TB)
retrievals. Similarly, Houtz et al. [13] quantified surface melt
on the GL ice sheet using microwave TB measured at 1.4
GHz by the European Space Agency soil moisture and ocean
salinity (SMOS) radiometer from 2011 to 2018. They used the
microwave emission model of layered snowpacks (MEMLS)
[14] with a different layer configuration from our model. The
similarities and differences during the overlapped period of
investigation (2015-2018) between the results obtained with the
model used here [13] are discussed in different sections of this
article.

The rest of this article is organized as follows. In
Section II, we present the SMAP data and our method to detect
melt events using SMAP microwave observations. In Section III,
we demonstrate the melt detection and snow wetness retrieval
results from both the empirical and the model-based algorithms.
Finally, Section IV concludes this article.
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II. DATA AND METHODS
A. SMAP Data

NASA launched the SMAP mission on January 31, 2015,
and science data production began on March 31, 2015. The
L-band radiometer onboard the satellite includes vertically (V)
and horizontally (H) polarized TB channels. The SMAP TB
measurements have a 38-km spatial footprint (defined by the
half-power footprint on the earth’s surface of the radiometer
antenna pattern), and the data are mapped to a 9-km polar
equal-area projection grid [15]. The SMAP satellite has a sun-
synchronous 6 A.M./6 P.M. equator-crossing orbit, a constant
40° sensor incidence angle, and an approximate 1000-km swath
width [16]. This enables daily coverage of the GL ice sheet with
both A.M. and P.M. overpasses. The radiometric resolution of the
gridded SMAP TB product is less than 0.5 K [16].

B. Method

Due to the strong sensitivity of the microwave TB measure-
ments to the presence of liquid water in snowpack [17], melt
detection can be achieved by monitoring the changes of the
normalized polarization ratio (NPR) and V-polarized TB with
respect to reference values computed during winter conditions,
and subsequently, estimating snow wetness for melt events [12].
The NPR is computed as [12]

— By 7 Bn 1)

where Tz, and Tz, are the V- and H-polarized TB, respectively.
The advantage of using the NPR compared to brightness-based
approaches is that it minimizes the sensitivity to the physical
temperature [18], [19]. Even though there are some residual
differences in the effect of physical temperature on the V- and
H-polarized TB, the influence is dominated by the dielectric
changes of the wet snow active layer. The benefit of using TBV
is to reduce any false melt event detection by the NPR, as the
V-pol TB changes are dominated by changes in the dielectric
constant, whereas the H-pol TB is affected comparatively by
the changes in a vertical layer structure. This can affect the NPR
even in the absence of any liquid water.

Fig. 1(a) and (b) shows the regional pattern of the NPR refer-
ence value (NPR,.¢) and the maximum NPR seasonal difference
from reference conditions for the 2016 melt season (MS) (April
7-September 30, 2016), respectively. NPR,..¢ is the temporal
mean of the NPR from April 1-6 in each calendar year. This
one-week duration for the winter reference period is due to the
availability of SMAP data starting only in April 2015. Based on
the analysis of the length of the winter reference period in [12],
this one-week period would be adequate based on our selected
Z parametersin (2) and 3) ( Zypr = 5 and Zy, = 10). The
analysis shows that the NPR value can either increase or decrease
from the winter season average depending on the location.
A positive NPR change is expected for dry snow conditions or
areas that typically experience limited seasonal melting, whereas
a negative NPR change is expected for areas with complex
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Fig. 1. (a) Maximum of the SMAP ANPR. (b) NPR,¢ for an austral MS
(April 7-September 30, 2016) over GL.
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Fig. 2. GL digital elevation map (DEM) with select weather stations shown
with symbols.

subsurface structures that result due to seasonal melting. These
scenarios are explained in more detail in [12].

After monitoring the NPR and T'g, variations, we determine
spatial and temporal variations in surface wetness over the
GL ice sheet using an empirical threshold algorithm and
retrieve snow wetness based on a geophysical multilayer snow
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Number of melt days derived from the empirical algorithm using SMAP L-band (1.4 GHz) radiometer TB retrievals over GL for each MS from 2015
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SMAP measured (a) NPR and (b) V-pol TB over the GL KAN-M station (67.06° N and 48.83° W) during the 2015 and 2016 MSs (April 7-September

30) of the study period. The temperature is measured at the KAN-M station (https://www.promice.dk/WeatherStations.html). Daily maximum, minimum, and
average air temperatures are denoted by red, blue, and black dots, respectively. The cyan-shaded regions demonstrate the threshold region above which a melt event

would be detected.

emission model and wetness retrieval (SnoWR) algorithm.
Both algorithms are explained in more detail in [12]. The algo-
rithms determine that a melt event has occurred if both ANPR
(: NPRdaily — NPRyer) and ATy (= TBVdaily —TBVret)
are greater than empirically determined threshold values

mi (t)

_J1 (True) |ANPR| > Zupe X E[SD [NPR] [wREF] a1l pixels
~ 10 (False) otherwise

(2)
mo (t)

_J1 (True) [ATgv|>Zuw X EISD [Tav]|wREF] Al pixels
~ 10 (False) otherwise

3)

where E[] is the mean estimator, SD[] is the temporal standard
deviation (STD) estimator, WREF refers to the time period
from April 1-6, All Pixels refers to taking the spatial average
over all GL pixels, and Z,,;,, and Zy,, are constant real numbers.
The Z parameter determines the false alarm rate [12], [20]. A
melt event will be detected at time 7 if both m () and mo(t)
indicate melt occurrence, which corresponds to a bitwise AND
operation A on the m (¢) and ms(t) binary states.

After detecting a melt event, the snow wetness is retrieved
using the SnoWR algorithm [12]. The algorithm uses microwave
emission models for either decrease or increase scenarios of
the NPR during MSs. The emission model represents a three-
layer medium (air, wet snow, and dry snow layers) for the case
of increasing NPR, and a four-layer medium for the case of
decreasing NPR by adding a middle layer between the wet and
dry snow layers of the three-layer model. Four different look-up
tables (LUTs) describing the vertical and horizontal TB response
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SMAP measured (left) NPR and (right) V-pol TB over the GL Summit weather station (72.58° N and 38.46°) during the (a) 2019 and (b) 2021 MSs

(April 7-September 30) of the study period. The temperature is measured at the Summit station (https://www.esrl.noaa.gov/gmd/obop/sum/). Daily maximum,
minimum, and average air temperatures are denoted by red, blue, and black dots, respectively. The cyan-shaded regions demonstrate the threshold region above

which a melt event would be detected.
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Fig.6. Total melt area percentage and the median number of melt days derived
from the empirical threshold algorithm over GL for seven MSs between 2015
and 2021.

during melt and freeze seasons (FSs) were made by sweeping
the model parameters over specified realistic ranges. The top
wet snow layer is absent in the models during the frozen season.
Finally, layer properties, such as snow wetness and density, are
retrieved by comparing the SMAP measured TB with the LUTs
during melt and FSs.

In contrast, Houtz er al. [13] used a four-layer model config-
uration (air, wet snow, dry snow, and ice substrate) of MEMLS
over all of GL. This difference in the snow model configurations
does not mean that either of the approaches is superior to the
other. Indeed, it suggests that there is no single optimal model
configuration for the entire GL ice sheet due to its large area
and the spatial variability of snow physical properties. Hence,
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Fig. 7. Daily melt area of GL derived from the empirical algorithm using
SMAP L-band microwave radiometry between 2015 and 2021. The MSs are
color coded.

by selecting an appropriate snow model, an algorithm can be
developed, similar to this article and [13], to retrieve the desired
snow parameters, such as wetness and density.

III. RESULTS
A. Empirical Algorithm Results

Fig. 2 shows the GL DEM with various weather stations
denoted in [21]. The GL ice mask, based on the Programme
for Monitoring of the GL Ice Sheet (PROMICE), used in this
study is derived from the analysis of an aerophotogrammetric
map of GL acquired in the 1980s [22]. The purpose of using
the ice mask is to ensure that the SMAP footprint is only over
the ice sheet and not bare ground, as the seasonal behavior of
TB would be different. However, due to the coarse resolution


https://www.esrl.noaa.gov/gmd/obop/sum/

MOUSAVI et al.: EVALUATION OF SURFACE MELT ON GREENLAND ICE SHEET USING SMAP L-BAND MICROWAVE RADIOMETRY

Retreived Average of Snow Density: 2015-2021
(Wet Snow Layer)

Snow Density (glcma)

Fig. 8.
shaded DEM.

11443

Retreived Average of Snow Density: 2015-2021
(Dry Snow Layer)

o
o
Snow Density (g/cma)

Retrieved temporal mean snow density using the SnoWR algorithm from 2015 to 2021 during (a) melt and (b) frozen seasons overlaid on the gray

Snow Wetness %

Fig. 9.
shaded DEM.

80 T T T T T

r T
Il Melt Extent Area % .l
[_ISnow Wetness % (Median)

1l

2015 2016 2017 2018 2019 2020 2021
Melt Season

a
=)
T

Melt Extent Area %
w B
o =]
T T

Fig. 10.  Bar chart for the total melt area percentage and the median of the
snow wetness percentage over GL retrieved from SMAP TB observations using
the SnoWR algorithm.

SMAP gridding and the ice mask imperfections, there may still
be mixing of the ice sheet and bare ground emissions along
the ice mask edges. This ice mask outline is shown with a red
solid line in Fig. 2. In this study, the MS and the winter reference
periods are April 7-September 30 and April 1-6 in each calendar
year, respectively. The potential MSs start after the last day of
their winter reference period.

SMAP retrieved temporal mean snow wetness percentage using the SnoWR algorithm over GL for each MS from 2015 to 2021, overlaid on the gray

Fig. 3 shows the melt detection results for each MS using
the empirical melt detection algorithm [12] overlaid on the GL
DEM. There is very little interannual variability in the NPR,¢¢
and Ty, values (see Figs. 13 and 14 in Appendix A; the
figures also show ANPR and ATy for each MS). Fig. 15
shows the STD of NPR,¢f and Tgy,, from 2015 to 2021. The
maximum values are 0.0147 and 13.33 K for NPR,¢f and T'gy;,,
respectively, and their corresponding mean values are 0.003 and
1.514 K. The southwest coast of the GL ice sheet experienced
melt events in all of the MSs covered by the SMAP record and
has the largest number of melt days during 2016, 2017, 2020,
and 2021 MSs, as shown in Fig. 3. As an example, Fig. 4(a) and
(b) shows NPR and Ty, respectively, measured by SMAP
over the KAN-M weather station (67.06° N and 48.83° W)
during the 2015 and 2016 MSs. This station is located at an
elevation of 1500 m above sea level (a.s.1). The air temperature
data for this station from the PROMICE website! shows that
there was a greater number of melt days (indicated by measured
air temperatures above 0.0 °C) in 2016 than in 2015. Other KAN
stations (KAN-L and KAN-U) show similar behavior (only
KAN-M results are shown for brevity). Therefore, the station

![Online]. Available: https://www.promice.dk/WeatherStations.htm]
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measurements support the result retrieved with the empirical
algorithm.

The maps show that the interior of the GL ice sheet experi-
enced melt events only during MSs 2019 and 2021 for less than
10 days. The closest weather station to this part of GL is the
Summit station (72.58° N and 38.46° W). Fig. 5(a) and (b) shows
the NPR and Ty observations over Summit station during
the 2019 and 2021 MS (April 7-September 30), respectively.
This station is located at an elevation of 3200 m a.s.l. The
figures also show in situ air temperature measurements from
Summit station acquired from the National Oceanic and At-
mospheric Administration, Earth System Research Laboratory,
Global Monitoring Division.? On July 31, 2019 and August 14,
2021, the air temperature rose above the water freezing point
(0°C), and there was a significant change in the measured NPR
(increase) and T’zy (decrease), with both falling outside their
corresponding thresholds (cyan shaded region) indicating melt
detection. This melt event happened over about one day, which
agrees with the number of melt days for this location in Fig. 3.

The region to the east of the melt area over the high-elevation
GL interior (~ 73.00° N and 31.00° W) experienced more melt
events during the 2019 MS. The northern part of GL along the
coast also experienced more melt events during 2015, 2019,
2020, and 2021, with the 2019 and 2021 MSs having the greatest
number of melt days and extent along the northern coastal region.
In general, the 2019 and 2021 MSs experienced the largest melt

2[Online]. Available: https://www.esrl.noaa.gov/gmd/obop/sum/

TABLE I
TOTAL MELT AREA PERCENTAGE AND THE MEDIAN NUMBER OF MELT DAYS
DERIVED FROM SMAP L-BAND TB RETRIEVALS USING THE EMPIRICAL
ALGORITHM AND THE MEDIAN OF THE SNOW WETNESS PERCENTAGE
RETRIEVED USING THE SNOWR ALGORITHM OVER GL

Total Melt Median of the Median of the
Melt Season Area % Number of Retrieved Snow

Melt Days Wetness %
2015 50.89 % 25 0.06 %
2016 47.36 % 24 0.07 %
2017 39.88 % 10 0.04 %
2018 45.93 % 11 0.07 %
2019 68.60 % 10 0.14 %
2020 43.76 % 15 0.05 %
2021 71.17 % 8 0.24 %

extents (~69%) as a result of the exceptional melt event at the
end of July 2019 and on August 14, 2021 over the GL interior.
A similar melt extent area of about 62% of GL during 2019 is
reported in [23].

Columns 2 and 3 of Table I show the melt area percentage
(ratio of the number of melt pixels by the total number of pixels
over GL and within the ice sheet mask) and median of the number
of melt days derived from the empirical algorithm over GL in
each annual MS, respectively. Fig. 6 illustrates the results in
columns 2 and 3 of Table I in a bar chart format. The melt maps
show the melt extent and duration across GL, but they do not
convey the intensity of the melt, which we derived using the
snow wetness retrieval and discussed in the next section. The
median number of melt days is highest during the 2015 MS.
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Even though 2015 did not experience the largest number of melt
days along the southwest coast, it experienced a more uniform
number of melt days along most of the GL coastal region, which
resulted in 2015 having the largest median number of melt days.
Moreover, the median number of melt days was particularly low
in 2017, 2018, 2019, and 2021, whereas the largest melt extent
area occurred in 2019 and 2021.

Fig. 7 shows the evolution of the melt extent over GL (daily
ratio of the cumulative number of melt pixels by the total number
of pixels over the GL ice sheet) from April 1 to September 30
of each calendar year. While the timing of the maximum melt
and the overall duration of the MS is fairly consistent from year
to year, the results show that 2019 and 2021 have a large and
narrow spike in melt extent at the end of July and on August 14,
respectively, which corresponds to brief periods of anomalous
surface melting (less than 10 days) that occurred over the high-
elevation GL interior. The curves also clearly show the next
largest melt extent of the 2015 MS.
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Fig. 13. Temporal maximum ANPR (left) and the NPR,.¢ (right) measured
by SMAP L-band microwave radiometer over GL for the (a) 2015, (b) 2016, (c)
2017, (d) 2018, (e) 2019, (f) 2020, and (g) 2021 MSs.

B. SnoWR Algorithm Results

Using the SnoWR algorithm [12], snow wetness was retrieved
over GL for each MS from years 2015 to 2021. The wetness
retrieval is applied to pixels where the algorithm determined
that melt occurred in that year (see Section II-B).

Fig. 8(a) and (b) shows the temporal mean snow density from
2015 to 2021 during the respective MS and FS. The plots are
overlaid on the GL DEM. The spatial mean of the retrieved
snow densities during the MS and FS are about 683 and 641
kg/m3, respectively. As an example, the retrieved average snow
density and thickness of the top wet snow layer during the
MS 2016 at DYE-2 station (~66.49° N and 46.30° W) are 493
kg/m? and 7.5 m. The reported in situ values of the mean snow
density over the first 3.7 m of snow at two different snow pits
(~400 m apart) at the DYE-2 station from May to September
2016 are 406+93.5 and 4364-153.2 kg/m3, respectively [24].
Houtz et al. [13] reported a mean retrieved snow density of
about 600450 kg /m? from 2011 to 2018. The correspondence is
reasonable considering the large snow density variability within
and between the snow pits, and the fact that the retrieval is
attributing the density to deeper (generally denser) layers not
captured by the snow pit measurements.

Fig. 9 shows the temporal mean snow wetness percentage
retrieved across GL. The figure shows that the GL ice sheet
experienced more wetness along the southwest coastal region in
all MSs. Similar results showing more wetness along the coastal
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regions (especially in the southern region) are shown in [13]
from 2015 to 2018, as they only retrieved wetness from 2011
to 2018. Colosio et al. [25] used higher frequency (37 GHz)
measurements of SMMR and SSMI/S, also reported melt events
along the coastal regions with an increasing number of melt days
mostly in western GL. However, in 2019, a smaller area near the
southwest coast experienced a higher snow wetness percentage
compared to the other MSs. GL also experienced more wet snow
to the east of the GL interior during the July 2019 melt event.
In addition, in 2021, the interior area along the northwest coast
experienced more wetness compared to the other MSs. These
results agree with the map of the number of melt days from the
empirical algorithm in Fig. 3.

Column 4 of Table I represents the median of the snow wetness
percentage over GL, retrieved using the SnoWR algorithm in
each MS. Fig. 10 illustrates the results in columns 2 and 4 of
Table I in a bar chart format. The 2019 and 2021 MSs had the
most extensive melting with the top two median snow wetness
percentages of 0.14% and 0.24%, respectively, over GL. Even
though GL did not experience a longer period of melting in
2019 and 2021, as shown in Fig. 6, it experienced greater snow
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Fig. 14. Temporal maximum AT gy (left) and the T’y ¢ (right) measured
by SMAP L-band microwave radiometer over GL for the (a) 2015, (b) 2016, (c)
2017, (d) 2018, (e) 2019, (f) 2020, and (g) 2021 MSs.

wetness. It should be noted that this snow wetness value is
the spatial median of the temporal mean of the retrieved snow
wetness across GL and may vary for specific locations. For
example, at the Swiss Camp Site (69.56° N and 49.32° W)
during 2015, the temporal maximum retrieved snow wetness
and the retrieved wet snow layer thickness are about 9% and 44
cm, respectively. Other studies, using higher frequency (37 GHz)
satellite microwave TB observations, reported a similar temporal
liquid water percentage with a maximum value of about 9% and
8% averaged over the first 5 cm and 1 m of snow, respectively,
at the Swiss Camp site during 2001 [25].

The wet snow layer thickness depends on the depth of the
near-surface layer warming and the percolation of melt water
from the warm top layers into the deeper otherwise dry snow
layers. Longer melt periods promote the percolation of melt
water into deeper firn layers. The successful detection of the wet
layer thickness depends on the magnitude of the wetness, as a
very wet surface would hinder emissions from the deeper layers,
and the retrieved wet layer thickness could appear thinner than
it actually is. However, as melt water percolates downward the
volumetric snow wetness may remain low enough for L-band
penetration even for longer melt periods. For example, using
Figs. 9 and 11, the retrieved wet snow layer was relatively
thick (~700 cm) over the region to the east of the southwest
Gl coastline (~68.00° N and 49.00° W) during 2019, where
the melt event was less intense (temporal mean snow wetness
~ 0.2%), and the microwave signal could penetrate deeper into



MOUSAVI et al.: EVALUATION OF SURFACE MELT ON GREENLAND ICE SHEET USING SMAP L-BAND MICROWAVE RADIOMETRY

STD TBV Winter Refernce (2015-2021)

(a)

Fig. 15.

the layer. Conversely, for ice shelves closer to the southwest
coastline, the retrieved wet snow layer was relatively thin (< 30
cm) during the 2019 MS, as the melt events were more intense
(snow wetness ~ 2.3%). However, it should be noted that liquid
water percolation in the snow layer is complex and influenced
by many factors, such as blockage by ice lenses and retention
of liquid water at varying snow layer depths [24]. Fig. 11 shows
the retrieved wet snow layer thickness over Gl for each MS
from 2015 to 2021.

The wet snow in the surface attenuates microwave emissions
from deeper ice layers, which creates uncertainty regarding the
true thickness of the wet layer for very wet conditions. The
penetration depth for a medium is computed using retrieved
snow density and the temporal maximum retrieved snow wet-
ness. If the penetration depth was larger than the wet snow layer
thickness (more than 1/e of the radiation passing through the
layer), then the layer of the pixel was classified as transparent;
if it was smaller, then the pixel was classified as opaque [12].
Based on this classification, most of GL was transparent during
melt events, except for regions closer to coastlines, particularly
the southwest. For those regions, the wet snow layer thickness
remains uncertain and may be thicker than the retrieval would
indicate. A smaller part of the southwest coastal region became
opaque during 2016 and 2018, compared to other years of record.
In addition, the GL interior, which experienced only a brief
period (less than 10 days) of melting, is mostly transparent.
Fig. 12 shows the binary transparency state of the top wet snow
layer over GL for each MS from 2015 to 2021.

IV. CONCLUSION

This study demonstrates the potential of SMAP L-band ra-
diometry for tracking ice sheet melt events over GL. We use a
recently developed geophysical model (SnoWR) and empirical
algorithms to estimate the duration and intensity of surface melt-
ing over GL solely using SMAP L-band TB observations. The
approach exploits the effect of liquid water in the surface layers
of the ice sheet on L-band radiation. Unlike higher frequency
(shorter wavelength) observations, the SMAP low-frequency
(1.41 GHz) observations can sense deeper into the snow/firn
layers and slowly saturate with the presence of liquid water even
in deep layers of the ice sheet. The results show that most of
the lower elevation GL coastal regions experienced melt events
during all MSs from 2015 to 2021. The southwest coast also
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STD NPR Winter Refernce (2015-2021)

0.015

NPR

0.005

STDs of Ty ver (left) and NPR,¢¢ (right) measured by SMAP L-band microwave radiometer over GL from 2015 to 2021.

experienced a fairly high number of melt days and snow wetness
during all MSs. In addition, GL had exceptionally strong melt
events at the end of July 2019 and on August 14, 2021, which
extended the melt area across much of the GL high-elevation
interior and dry snow zone over an average period of two days.
In situ air temperatures obtained from GL’s Summit station
(72.58° S and 38.46° W) indicated above freezing temperatures
during these events. Our results also indicated that the 2015 MS
had the highest median number of melt days (25 days), whereas
the 2021 MS had one of the lowest median number of melt days
(6 days) besides the 2019 MS (10 days). This indicates that even
though surface melting during 2019 and 2021 happened over
most of GL (~69%) with a larger amount of wetness values
(median of 0.14% and 0.20%, respectively, across GL), the 2019
and 2021 melt events happened over a shorter period.

APPENDIX
See Figs. 13-15.
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