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Abstract

We provide an updated analysis of instrumental Greenland monthly tempera-
ture data to 2019, focusing mainly on coastal stations but also analysing ice-
sheet records from Swiss Camp and Summit. Significant summer (winter)
coastal warming of ~1.7 (4.4)°C occurred from 1991-2019, but since 2001 over-
all temperature trends are generally flat and insignificant due to a cooling pat-
tern over the last 6-7 years. Inland and coastal stations show broadly similar
temperature trends for summer. Greenland temperature changes are more
strongly correlated with Greenland Blocking than with North Atlantic Oscilla-
tion changes. In quantifying the association between Greenland coastal tem-
peratures and Greenland Ice Sheet (GrIS) mass-balance changes, we show a
stronger link of temperatures with total mass balance rather than surface mass
balance. Based on Greenland coastal temperatures and modelled mass balance
for the 1972-2018 period, each 1°C of summer warming corresponds to ~(91)
116 Gt-yr' of GrIS (surface) mass loss and a 26 Gt-yr™" increase in solid ice
discharge. Given an estimated 4.0-6.6°C of further Greenland summer
warming according to the regional model MAR projections run under CMIP6
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1 | INTRODUCTION

Recent research highlights increased mass loss from the
Greenland Ice Sheet (GrIS) (Shepherd et al., 2020; Hanna
et al., 2013a; Hanna et al., 2020; Bamber et al., 2018), and
the ice sheet's response to anthropogenic global warming
includes a non-linear effect of rising air temperatures on
melt and runoff (Trusel et al., 2018). Trusel et al. (2018)
found a 250-575% increase in melt intensity at multiple
ice-core sites in the Jakobshavn drainage basin on the
west flank of the GrIS during 1994-2013, which corre-
sponds with a period of strong global warming influence
on Greenland surface air temperatures (Hanna
et al.,, 2012). Recent extreme melt events in summers
2012 (Nghiem et al., 2012; Tedesco et al., 2013; Hanna et
al., 2014) and 2019 (NSIDC, 2019; Tedesco and
Fettweis, 2020) highlight the high sensitivity of GrIS to
climate change, and its potential proximity to a tipping
point (Lenton et al., 2008; Box et al., 2018; Pattyn
et al., 2018), especially since large areas of the ice-sheet
margins, and inland areas tend to be around or some-
times well above 0°C in summer (Hanna and
Cappelen, 2002; Hanna and Braithwaite, 2003; Trusel
et al., 2018). Apart from annual snapshots of yearly
extremes published in NOAA's Arctic Report Card,
Greenland section (Tedesco et al., 2019), the last system-
atic seasonal analyses of coastal and inland Greenland in
situ instrumental air temperature records were published
by Hanna et al. (2012) and Mernild et al. (2013), although
Ogi et al. (2016), Abermann et al. (2017) and Ballinger
et al. (2018) present some coastal temperature analyses
that extend to 2013 or 2014. Here we present an updated
analysis of both coastal and inland temperature records,
focusing on seasonal temperature trends, and the unusu-
ally warm summer of 2019 in comparison with the record
warm 2012 Greenland summer. Since Greenland summer
temperature changes are crucial for affecting GrIS mass
balance and global sea-level rise, we also explore the

future climate projections (SSP5-8.5 scenario), and assuming that ice-
dynamical losses and ice sheet topography stay similar to the recent past, linear
extrapolation gives a corresponding GrlIS global sea-level rise (SLR) contribu-
tion of ~10.0-12.6 cm by 2100, compared with the 8-27 cm (mean 15 cm)
“likely” model projection range reported by IPCC in 2019 (SPM.B1.2). How-
ever, our estimate represents a lower limit for future GrIS change since fixed
dynamical mass losses and amplified melt arising from both melt-albedo and
melt-elevation positive feedbacks are not taken into account here.

climate change, Greenland ice sheet, mass balance, melt, temperature

relation between these parameters for both recent
(1972-2018) and future (until 2100) climate conditions
based on the output of a regional climate model (MAR)
forced by the latest available (CMIP6) suite of global cli-
mate model (GCM) predictions.

2 | DATASETS AND METHODS

We use updated, quality-controlled monthly surface air
temperature data from Danish Meteorological Institute
(DMI) synoptic stations (Cappelen, 2020), Greenland Cli-
mate Network (GC-Net; Steffen and Box, 2001) automatic
weather stations (AWS) Swiss Camp (1169-m elevation,
western flank of GrIS) and Summit (3200-m elevation in
centre of GrIS), and an AWS located at 515-m elevation
on a nunatak next to Mittivakkat Gletscher (Gl.) on
Ammassalik Island in south-east Greenland (Figure 1).
The DMI data and Mittivakkat Gl. series are updated
through December and August 2019 respectively, while
the GC-Net AWS records are available to April 2019 and
are updated from the time series presented in Hanna
et al. (2014). We supplement the DMI and GC-Net Sum-
mit station records with NOAA GEOSummit data for
2019, available from: ftp://ftp.cmdl.noaa.gov/met/sum/.
Full details of the corrections applied in the construction
of the DMI and Swiss Camp and Summit temperature
series are given in Hanna et al. (2014); for example, the
main (DMI) dataset has been pre-checked for temporal
coverage and homogeneity (Cappelen, 2020). Following
Hanna et al. (2012, 2013b) we use Composite Greenland
Temperatures CGT2 and CGT3, which are monthly
means of respectively nine (Upernavik, Aasiaat, Ilulissat,
Sisimiut, Nuuk, Paamiut, Narsarsuaq, Qaqortoq and
Tasiilaq) and five overlapping (Upernavik, Ilulissat,
Nuuk, Narsarsuaq and Tasiilaq) DMI coastal Greenland
stations (Figure 1). These averages extend back to 1961
and 1895 respectively.


http://ftp://ftp.cmdl.noaa.gov/met/sum/
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FIGURE 1 Map showing weather
stations used in this study. CGT2 (CGT3)
stations are depicted by red squares and
blue asterisks (blue asterisks). The
5-digit numbers refer to the World
Meteorological Organization station
codes [Colour figure can be viewed at
wileyonlinelibrary.com]
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Trend analysis is conducted based on linear least-
squares regression and significance testing, with results
regarded as statistically significant at p < 0.05. Correla-
tion analysis, also with significance testing, is based on
de-trended time series. Standard meteorological seasons
are used, so DJF = winter, MAM = spring, JJA = summer
and SON = autumn, where winter follows the year of
January. Following Turner et al. (2016), we also calcu-
lated temperature trends using the Mann-Kendall Tau
and Sen’s slope test, together with confidence intervals,
in order to identify breakpoints that may mark times of
significant temperature (trend) change.

For analysing the association between Greenland
temperature and atmospheric circulation changes over
the Greenland region, we use Hurrell's principal-compo-
nent-based North Atlantic Oscillation (NAO) monthly
series (available online at https://climatedataguide.ucar.
edu/climate-data/hurrell-north-atlantic-oscillation-nao-
index-pc-based) (Hurrell, 1995) and Greenland Blocking
Index (GBI) monthly and daily data (https://www.esrl.
noaa.gov/psd/gcos_wgsp/Timeseries/GBI_UL/; https://
www.esrl.noaa.gov/psd/data/timeseries/daily/GBI/) show-
ing anomalies and changes in mid-tropospheric anticy-
clonic conditions over the Greenland region (Hanna


https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-pc-based
https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-pc-based
https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-pc-based
https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/GBI_UL/
https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/GBI_UL/
https://www.esrl.noaa.gov/psd/data/timeseries/daily/GBI/
https://www.esrl.noaa.gov/psd/data/timeseries/daily/GBI/
http://wileyonlinelibrary.com
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et al., 2013b; Hanna et al., 2016; Hanna et al., 2018a). The
GBI is the area-weighted mean 500 hPa geopotential
height field calculated over the following domain:
60-80°N, 20-80°W.

Observations of satellite-derived surface melt extent
and duration are derived from brightness temperatures
measured by the Special Sensor Microwave Imager/
Sounder (SSMIS) passive microwave radiometer
(Mote, 2007; Tedesco et al., 2013). Near real time SSMIS
brightness temperatures on a 25-km polar stereographic
grid are available from the National Snow and Ice Data
Center (NSIDC) (Maslanik and Stroeve, 1999). The sur-
face melt identification method uses a dynamic threshold
of 19 GHz, horizontally polarized, brightness tempera-
tures derived from a microwave emission model of firn
conditions associated with at least 1% liquid water con-
tent (Mote and Anderson, 1995). Melt is observed when
brightness temperatures exceed the threshold for a given
location. Output is re-gridded to the equal area EASE2
25-km grid prior to calculation of melt extent, consistent
with the historical climate data record of melt extent
maintained by NSIDC (Mote, 2014).

For comparing recent changes in Greenland tempera-
tures with GrIS mass balance, surface mass balance
(snow accumulation minus surface meltwater runoff)
and solid-ice discharge variations, we use the recently-
published dataset of Mouginot et al. (2019). This is based
on the mass-budget method using an optimized, down-
scaled regional climate model and spatially-/temporally-
enhanced aerial, satellite and bathymetric datasets
(Mouginot et al., 2019).

Future projections made for the Ice Sheet Model
Intercomparison Project for CMIP6 (ISMIP6) (Nowicki
et al., 2016) by the regional climate model MAR (Fettweis
et al., 2017) forced by the new CMIP6 “high end” (update
of RCP8.5) scenario (SSP5-8.5; O'Neill et al., 2016) until
2100 are used here to estimate warming rates over Green-
land for the next decades. Version 3.9 of MAR is used here
at a resolution of 15km, and was forced at 6-hour
timesteps by five Earth System Models (CESM2, CNRM-
CM6-1, CNRM-ESM2-1, MRI-ESM2-0 and UKESM1-0-LL)
from the CMIP6 database. We refer to Fettweis et al. (2017)
for a more detailed description of MAR, and to Delhasse
et al. (2020) for the validation of MARv3.9. The MAR
model, forced by NCEP-NCARvl (1950-2019) and
ECMWF ERA-40 (1958-1978) and ERA-5 (1979-2019)
reanalysis data using the set-ups of Fettweis et al. (2017)
and Fettweis et al. (2020) (respective grid resolutions of
20 km and 15 km), is also used to map the recent observed
warming over the GrIS.

Figures S1 and S2 respectively compare the mean
annual SMB and mean summer (JJA) near surface air
temperature for 1981-2010, calculated using MAR forced

by the five CMIP6 models, with that simulated by MAR
forced by ERAS5 [which is the MAR simulation exten-
sively validated in Fettweis et al., 2020)]. For SMB, differ-
ences greater than the standard deviation (SD) of MAR-
ERA5 (as a measure of interannual variability) are
hatched. Differences can be large locally but remain sta-
tistically insignificant in most areas. When integrated
over the whole ice sheet (Table 1), these differences do
not greatly impact the reliability of the future projections.
When compared with the CMIP5-driven MAR simula-
tions (Fettweis et al., 2013), MAR driven by CMIP6 is
generally better for current climate.

We have added the interannual variability (SD
around the mean over each period) in Table 1 to show
where the differences of CMIP6- versus reanalysis-based
MAR runs are significant. For 1972-1990 the differences
are lower than the interannual variability. Over
2001-2019, the CMIP6-forced MAR simulations system-
atically overestimate SMB and underestimate melt
because the recent general circulation changes in sum-
mer (increase of blocking events) driving the recent melt
increase are not represented by the global models. As
shown by Delhasse et al. (2018), accounting for circula-
tion changes in the GCM-driven projections would
amplify simulated melt and reduce SMB, bringing these
parameters into better agreement with the reanalysis
reconstructions for 2001-2019.

3 | GREENLAND TEMPERATURE
ANALYSIS AND INTERPRETATION
3.1 | Temperature trends

During 1991-2019 there was significant overall warming
of ~4.4°C in winter, ~2.7°C in spring, and ~1.7°C in
summer, that was generally focused in areas away from
the extreme south (Table 2; Figure 2a-d). Autumn coastal
trends since 1991 are only locally significant and are
focused in northeast and east Greenland (especially
Danmarkshavn). The strongest warming was in west and
northwest Greenland, up to ~6-6.5°C in winter. For the
overall 1981-2019 period these values reach ~6-7.5°C.
However, mean temperature trends are not significant
for all seasons since 2001. This reflects a strong rise in
coastal Greenland temperatures from the early 1990s
until the early 2010s, with stabilization or slight decline
thereafter, although this is not a significant change
according to Mann-Kendall testing and therefore most
likely reflects natural variability. Summer and July tem-
perature trends for 1991-2018 at Swiss Camp are respec-
tively 1.7°C and 1.2°C (Figure 3), which are significant
warmings and broadly comparable with 1.5/1.6°C for
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TABLE 1 Greenland Ice Sheet mean summer temperature (°C) and mean annual melt, runoff and SMB values (Gt-yr™*) for two recent
past periods from Mouginot et al. (2019), MAR/NCEP and MAR/ECMWF Reanalyses, and for the same periods and the late Twentieth
Century as modelled using MAR and CMIP6 using the SSP5-8.5 scenario (O'Neill et al., 2016). For each parameter/period, the numbers in

brackets show the standard deviation (interannual variability) based on the respective yearly values

2001-2019 (2001-2018
for Mouginot and

Model/forcing Parameter 1972-1990 MAR/ECMWEF data) 2081-2099
Mouginot et al. (2019) SMB 442.5 (98.4) 271.8 (91.4) N/A
MAR/NCEP Temperature —7.9(0.5) —6.7 (0.7) N/A
Melt 402.6 (58.6) 601.8 (148.9) N/A
Runoff 249.6 (47.0) 402.2 (102.6) N/A
SMB 433.9 (104.1) 288.2 (107.9) N/A
MAR/ECMWF Temperature —8.1(0.6) —6.9 (0.7) N/A
Melt 386.9 (64.2) 591.6 (141.5) N/A
Runoff 223.8 (49.2) 386.8 (101.2) N/A
SMB 498.4 (113.0) 319.0 (109.1) N/A
MAR/CESM2 Temperature —8.2(0.6) —6.6 (0.8) —1.0(0.8)
Melt 346.3 (65.0) 588.7 (134.7) 2,603.8 (522.2)
Runoff 180.7 (35.0) 370.7 (96.1) 2,234.9 (526.0)
SMB 516.4 (72.4) 399.8 (134.5) ~1,265 (501.9)
MAR/CNRM-CM6 Temperature —8.6 (0.6) —7.7 (0.7) —2.4 (1.0)
Melt 355.0 (68.9) 474.8 (98.9) 1924.5 (374.5)
Runoff 233.1 (52.3) 322.0 (72.3) 1,670.3 (372.9)
SMB 520.3 (75.9) 473.2 (103.9) —652.8 (296.1)
MAR-CNRM-ESM2 Temperature —9.0 (0.7) —7.8 (0.5) —2.7 (0.6)
Melt 355.4 (80.0) 506.5 (67.5) 1790.6 (292.1)
Runoff 227.6 (60.8) 354.3 (53.1) 1,530.1 (296.2)
SMB 419.8 (97.0) 358.2 (94.0) —670.8 (248.5)
MAR-MRI-ESM2 Temperature —7.9 (0.6) —6.5(0.8) —2.5(0.6)
Melt 427.7 (81.9) 617.1 (117.7) 1,659.4 (188.4)
Runoff 258.4 (59.6) 403.7 (82.5) 1,355.9 (176.4)
SMB 495.4 (101.5) 377.9 (85.4) —380.6 (208.1)
MAR_UKESM1-CM6 Temperature —9.6 (0.8) —7.5(0.7) —0.9 (0.4)
Melt 259.7 (105.0) 497.5 (100.6) 2,716.3 (360.2)
Runoff 125.1 (61.1) 317.6 (66.0) 2,437.4 (353.3)
SMB 512.6 (82.1) 427.6 (100.0) —1,280.1 (332.2)

CGT2(3) for both July and summer (1991-2018). A simi-
lar significant warming of 1.9°C is observed at Summit
for summer 1992-2019 (Figure 4). The observed summer
warming of 1.1°C at Mittivakkat Gl. Nunatak from
1994-2019, with one missing year of data (2007), is based
on a slightly shorter record and is not quite statistically
significant. However, Greenland warming in summer
since the early 1990s is generally significant and extends
from the coastline across the ice sheet.

To determine possible physical insights into causes of
these temperature changes (e.g., cloud-cover and

radiation changes), we repeated the DMI station analysis
on monthly mean minimum (parameter 111) and
monthly mean maximum (parameter 121) surface air
temperature changes, although fewer stations have com-
plete records for these auxiliary measures of temperature
(Tables 3 and 4; Figure 2). Temperature trends are not
greatly different, although tend to be less significant over-
all, for the limited number of stations available. Summer
trends for 1991-2019 are greater for mean maximum
than mean minimum temperature, for example, 1.4°C
versus 0.6°C for Kangerlussuaq, 3.4°C versus 1.7°C for
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FIGURE 4 Summer (JJA) mean surface air temperature for
[Colour figure can be viewed at wileyonlinelibrary.com]

1992-2019 at Summit, Greenland: GC-Net and our synthesized
Summit record (based on DMI data, infilled where latter are
Nuuk and 1.9°C versus 0.3°C for Narsarsuaq. This differ- missing by regression fitting from GC-Net Summit data), updated

ence suggests an increased prevalence of clear skies and from Hanna et al. (2012) [Colour figure can be viewed at
enhanced solar radiation in mainly boosting daytime wileyonlinelibrary.com|
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FIGURE 5 Greenland seasonal temperature
trends from MAR for (a—d) 1991-2019 (1990-2018 for
autumn) and (e-h) 2001-2019 (2000-2018 for
autumn). Panels (a—d) are overlain with circles
representing corresponding seasonal temperature
trends for DMI coastal met stations, with crosses
indicating statistically-significant trends at p < 0.05
[Colour figure can be viewed at
wileyonlinelibrary.com]

temperature maxima. This is supported by the results of
Hofer et al. (2017) who found an effect of decreasing
cloud cover in summer and the resulting increased short-
wave radiation in driving GrIS mass loss between 1995
and 2009. Conversely, winter trends since 1981 and 1991
tend to be greater during the night than day. This sug-
gests an enhanced role of cloud cover in restricting
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coastal night-time cooling under a warming climate. One
DMI station, Sisimiut cooled significantly in autumn dur-
ing 2001-2018 in both these parameters but not in its
overall mean temperature.

We also present spatial patterns of Greenland temper-
ature trends based on the MAR model output, which
indicates the regional focus of the strongest warming
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shifted according to season: thus for 1991-2019 it was
focused along the southwest and northern margins of the
country in winter, in central Greenland and pockets
along the west and northwest coast in spring, in central
northern interior districts in summer, and in a narrow
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-1.00
-1.25
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-1.75
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Reference period: 1981-2010
2019 — 2012 JJA 2m—Temperature (K)

FIGURE 6 Difference in Greenland summer (JJA)
temperature (°C) between 2019 and 2012 (2019 minus 2012) from
MAR. Areas where the difference is less than the JJA near-surface
temperature interannual variability, as represented by the standard
deviation, over 1981 to 2010, are not hatched [Colour figure can be
viewed at wileyonlinelibrary.com]|

band along the northeast margin in autumn (Figure 5).
According to MAR, and in line with the DMI coastal sta-
tion analysis above, much of southern and southwest
Greenland has not warmed during autumn since 1991.
MAR trends between 2001 and 2019 show the southwest
of the country cooling in winter and spring, and deeper,
much more widespread cooling in west Greenland in
autumn (Figure 5). This reflects lower geopotential
heights centred in a band between southeast and north-
west Greenland, which caused the advection of relatively
cold air from the north and inland over the ice sheet
down the west side of Greenland during the last decade
in autumn (not shown).

3.2 | Relation between Greenland
temperature and atmospheric circulation

Correlation coefficients between de-trended seasonal
time series of Greenland coastal temperature changes
and NAO changes are mainly significant and are stron-
gest in autumn and winter and in southern Greenland
(Table S1). These correlations are fairly stable through
time in winter and summer but increase (decrease) for
the most recent periods in spring (autumn). Although
individual stations' correlations tend to be stronger in
winter, the strongest overall correlations for the CGT2/3
station averages with NAO are in both autumn (1961-90)
and winter (1991-2018) for CGT2 and in autumn
(1961-90) for CGT3. We also note clusters of non-
significant correlations between Greenland coastal tem-
perature and NAO: this is the case especially for Tasiilaq
in spring and (mainly) summer, as well as for Upernavik,
Aasiaat, Ilulissat and Sisimiut in spring when overall cor-
relations are also weakest.

Correlations between de-trended seasonal series of
Greenland coastal temperatures and GBI are nearly all
significant (except for Tasiilaq), stronger than NAO

@), (b)
B
— i — 2019 80°N o,
S804 | = 16872010 Mean
b 40 FIGURE 7 Greenland Ice Sheet
é 60 | 30 melt extent for: (a) 2019 (black)
\E ?g compared with 2012 (red) and
Z 404 0 1981-2010 mean (blue) and
% i 70°NI... 10 interdecile range (grey); and (b) melt
2 201 20 day anomaly for 1 June to August
E ] -30 31, 2019 compared to 1981-2010
0 M . . . -40 mean. Graphics adapted from https://
1 Apr 1 May 1Jun 1 Jul 1 Aug 1Sep 0N nsidc.org/greenland-today/ [Colour
figure can be viewed at

500W  40°W  30°W wileyonlinelibrary.com]
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FIGURE 8 Greenland Blocking (a)

of Climatology

Daily GBI 2012 vs Climatology

Index (GBI) daily values in summer 5800
(here 1 May-31 August) for (a) 2012
and (b) 2019. The 1951-2000 day of
year (DOY) GBI mean values are
overplotted in (a) and (b) for
reference (daily anomaly = 2012/
2019 daily value-DOY mean). Plot

Daily GBI 2019 vs Climatology

(c) shows the total number of (b)
positive GBI daily anomalies from 5800
1948 to 2019 inclusive for the 5700

26 April-25 August period [Colour
figure can be viewed at
wileyonlinelibrary.com]
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correlations, and are strongest in winter, when they peak
at 0.86 for CGT2 (CGT3) (Table S2). Spring and summer
temperature-GBI correlations increase through time to
peak at ~0.8 for 1991-2018. Temperature-GBI correla-
tions peak spatially in west and south Greenland.

3.3 | Case study: summer 2019
Greenland heatwave and extreme melt
event and comparison with 2012

Mean summer and July temperatures in 2019 were in the
top 4-6 warmest years on record but were generally not
as high as in 2012 except in northern parts of the GrIS.
Summer 2019 at 7.7°C was the fourth warmest coastal
Greenland summer in the CGT2 record after 2012
(8.2°C), 2010 (8.1°C) and 2003 (7.8°C), and CGT3 in
2019 at 7.8°C was the joint sixth warmest summer but
both of these composite 2019 temperatures were
0.5-0.6°C below the 2012 mean summer values. July
2019 was the joint fourth warmest in both the CGT2 and
CGT3 series, but was 0.9°C and 0.7°C, respectively, below
the record 2012 July mean temperatures. At the time of
writing, 2019 summer data were not available from Sum-
mit and Swiss Camp CG-Net AWSs. Of earlier years,
2012, closely followed by 2010 for summer, remains the
warmest summer and July on record at Summit
(Figure 4). At NOAA GEOSummit, which is probably the
highest-quality Summit temperature record because it
utilizes ventilated thermometers although its record only

1980 1990

begins in 2008 (Hanna et al., 2014), the summer 2019
mean temperature was —13.4°C, 0.5°C below that for
summer 2012, although the July 2019 mean of —10.2°C
comfortably exceeded the —11.1°C July 2012 mean tem-
perature. For Swiss Camp (Figure 3), the summer 2012
mean temperature of +1.2°C tied with 2007 and was
closely followed by 2010 at +1.1°C, while 2.0°C in July
2012 was only the second warmest July mean tempera-
ture after 2.2°C in July 2011. At Mittivakkat Gl. Nunatak
(record since 1994), 2019 at 6.3°C was only the sixth
highest year in the summer mean temperature series,
behind 2012 at 6.7°C and well behind the warmest sum-
mers in 2005 (7.9°C) and 2010 (7.3°C).

Extreme maximum daytime temperatures in summer
2019 were also generally high but not exceptional. For
example 23.4°C at Narsarsuaq on August 1, 2019 tied
with 2016 as the joint fourth highest August temperature
since 1961 but higher August maxima, of 24.0°C in 1966
and 23.9°C in 1987, were recorded at that station before
the recent major warming period in the 2000s. An abso-
lute maximum temperature of 20.0°C at Ilulissat in July
2019 was the joint sixth highest on record (records since
1890), recently exceeded by 21.1°C in 2012 and 21.7°C in
2017, although 21.9°C was recorded there in July 1908.
However, at Danmarkshavn, on the north-east Green-
land coast (Figure 1), the August 2019 maximum of
19.7°C was nearly 2°C above the next warmest August
maximum of 17.8°C in 2012 (based on records back to
1949). Perhaps most notably, there was a new record
absolute maximum temperature of 1.2°C at NOAA
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GEOSummit on July 31, 2019, which slightly exceeded
the previous daily maximum record of 1.0°C recorded
there on July 11, 2012 (Hanna et al., 2014; NSIDC, 2019).
However, summer 2019 absolute maximum temperatures
at  Nuuk, Ittoqqortoormiit and Tasiilaq were
unremarkable. This analysis based on coastal AWS data
is confirmed by plots from MAR comparing temperature
differences for summer 2019 versus 2012, where only
northernmost Greenland was generally warmer, by up to
~2°C, in 2019 (Figure 6).

There is a well-established highly significant correla-
tion between Greenland temperature and melt (Hanna
et al., 2008; Hanna et al., 2013b). According to 1950-2019
MAR model outputs forced by NCEP-NCARv1, increas-
ing GrIS summer mean temperature by 1°C results in
126.9 Gt-yr ' extra generation of summer meltwater pro-
duction (r = 0.89) and a correspondingly greater monthly
sum of daily melt areas of 7.748 x 10° km* (6.490 x
10° km?) for a surface meltwater production threshold of
>1 (>5) mm-day " (respective r values of 0.91 and 0.88).
Estimates of the spatial extent of melt in late July 2019
exceeded any date since July 2012 (Figure 7a). The extent
reached a maximum of 60.3% on July 31, 2019, compared
to an average (1981-2010) maximum extent of 39.8%. The
surface melt extent on 30 July was the first time that melt
was detected at the highest elevation of the ice sheet,
Summit Station, since July 11, 2012. The 2019 melt dura-
tion, which is calculated as the number of days with melt
detected for a given 25-km grid cell, exceeded the mean
across most of the ice sheet. The entire northern periph-
ery of the ice sheet had at least 20 more days with melt,
in some locations nearly 50 more days with melt, com-
pared to the mean (Figure 7b). Only a thin elevation
band along the southeastern margin had below-average
melt (Figure 7b).

The warm Greenland summers of 2012 and 2019 were
characterized by high-pressure blocking that promoted
the advection of warm air masses from further south. In
2019, peak Greenland blocking occurred during 10-17
June (with the GBI value peaking at +2.96¢ above the
1951-2000 mean on 12 June), 9 July (GBI of +2.05¢), and
30 July to 4 August (peak GBI of +3.04c on 31 July),
when the GBI was >2¢ above the respective daily long-
term means. In summer 2012, peak GBI was on 31 May
to 5 June (peaking at 2.766 on 3 June), 14-15, 18 and
27 June (2.390 on 15 June), 9-10 and 13 July (2.21c on
9 July), and 16-19 August (peaking at 2.566 on
17 August). Summers 2012 and 2019 both had a total of
16 days with the GBI > +20; however, 2019 had greater
extremes (~+30) in daily GBI, marked by several consec-
utive days of +100 m geopotential height anomalies
(Figure 8a,b). Figure 8c shows the total number of posi-
tive GBI days since 1948 for the 26 April - 25 August
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FIGURE 9 NCEP/NCAR Reanalysis vl mean (a) 500 hPa
geopotential anomalies and (b) 700 hPa vector winds indicating
direction of anomalous south-easterly airflow over Greenland
during the high Greenland Blocking (GB) and high ice-melt
episode from 30 July to August 4, 2019, during which consecutive
daily GB anomalies were all >2¢. For panel (a) negative contours
are dotted and the zero contour is omitted [Colour figure can be
viewed at wileyonlinelibrary.com|

period. This set of dates reflects the remarkable window
in 2019 of 122 consecutive positive GBI days spanning
most of the melt season, while 1958 and 2012 - each with
103 days — have the second greatest number of positive
GB days over this period.

There are fundamental differences in the synoptic
causes of the mid-July 2012 and end of July 2019 high
melt episodes. In 2012, high Greenland blocking led to a
relatively warm south-westerly airstream being advected
up over the western flank of the GrIS and producing the
record melt (Nghiem et al., 2012; Hanna et al., 2014),
while in 2019 a prevailing easterly airflow arising from
low pressure over the northeast North Atlantic caused a
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FIGURE 10 Modelled GrIS annual (a) total mass balance, (b) surface mass balance and (c) ice discharge versus summer Composite
Greenland Temperature 2 (CGT2 is a 9-station average; see Section 2 for definition). For comparison with (b), graph (d) shows MAR/NCEP-
modelled GrIS annual SMB versus mean GrIS summer temperature (see main text, Section 3.4, for discussion). All relations are built using
1972-2018 data. Mass balance model output for (a—c) are from Mouginot et al. (2019)

relatively warm airmass to be advected westwards over
the southeastern flank of the ice sheet and then subside
down the western side where it further warmed adiabati-
cally (NSIDC, 2019) (Figure 9) Once again this resulted
in extreme surface melt, although overall not as extreme
as in 2012, and is considered to have resulted in an excep-
tionally prolonged period of above-freezing temperatures
at Summit (NSIDC, 2019).

3.4 | Observed and model predicted
relationships between GrIS mass balance
and air temperatures

Summer means (1972-2018) of Greenland CGT2 coastal
temperatures and MAR-modelled whole GrIS tempera-
tures are very strongly correlated at r = 0.84, where a 1°C
change in CGT2 corresponds to a 0.81°C change in the
mean temperature of the Greenland ice sheet and periph-
eral glaciated areas. Based on years 1972-2018, summer
CGT2 data are significantly correlated with GrIS total

mass balance (MB), surface mass balance and ice dis-
charge annual data from Mouginot et al. (2019)
(Figure 10). CGT2 explains the following variance in MB,
SMB and discharge (respectively 57%, 50% and 46%).
From these linear fits we infer that a 1°C increase in
Greenland coastal summer temperature equates to a
116.2 Gt-yr' decrease in MB, which for this temperature
change consists of a 90.6 Gt-yr ™' decrease in SMB, and a
25.7 Gt-yr~! increase in discharge. Neglecting other fac-
tors such as precipitation changes, which are very much
second-order in recent decades (e.g., Wilton et al., 2017),
this implies that 78 (22)% of the ice sheet's recent
response to changing surface air temperatures has been
via SMB (dynamical) changes. Comparing NCEP (ERA)-
driven MAR output of annual SMB plotted against whole
GrIS summer temperature gives a similar correlation,
with an explained variance of 53 (58) %, while a 1°C
change in GrIS area-average summer temperature corre-
sponds to a similar 96.7 (114.1) Gt-yr ' decline in SMB.
Our five CMIP6 model runs under the SSP5-8.5 sce-
nario provide a mean summer warming of 5.3°C (range
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FIGURE 11

Greenland Ice Sheet annual SMB after Mouginot et al. (2019) (purple line), based on the RACMO regional climate/SMB

model, and as simulated by MAR using NCEP-NCAR v1 Reanalysis data from 1950-2018 (black line) and MAR runs using five different
CMIP6 GCMs (MAR-CESM2, MAR-CNRM-CMIP6, MAR-CNRM-ESM2, MAR-MRI-ESM2, MAR-UKESM1-CMIP6) and the SSP5-8.5
scenario as forcing (other colour lines) (Hofer et al., in review). Note this does not include topographic changes or surface-elevation
feedbacks, which would likely increase the changes shown here, especially after 2070 [Colour figure can be viewed at

wileyonlinelibrary.com]|

mean CMIP6/MAR with poly. fit

D —

—=—  NCEP/MAR with linear fit

FIGURE 12 Sensitivity of GrIS

1000

500 2

SMB simulated by MAR and CMIP6
(mean of five models named in
Section 2) to GrIS mean summer

o
o

temperature over the period
1950-2100 (diamonds with blue
quadratic polynomial line fitted

GrlS SMB /Gt-yr?

<

through). For comparison, the
relations we previously develop based
on MAR simulations for 1972-2018

-500

y =29.21x* -502.35

-1000

. are shown by the red squares and
line (linear regression; Figure 10d),
discussed in Section 3.4 [Colour

figure can be viewed at

°

wileyonlinelibrary.com]

-1500

GrlIS mean summer temperature /°C

4.0-6.6°C) for 2081-2099 relative to 2001-2019 (Table 1).
According to our linear relations above based on
Mouginot et al. (2019) and weather station data, this is
likely to result in a SMB decrease of 362.4-598.0 (mean
480.2) Gtyr ' by 2081-2099: and a resulting 1.00-
1.65 mm-yr~ " increased contribution of the GrIS to global
sea-level rise [in addition to its recent contribution of
0.75 mm-yr_' reported by Mouginot et al. (2019) for
2001-2018], which represents an approximate doubling

of the recent (1990s to present) rate of GrIS mass loss
(Bamber et al., 2018; Hanna et al., 2020). Assuming line-
arity (which is a simplistic assumption because the rate
of decline of SMB is likely to accelerate markedly during
the late 21st century, especially during the last decade;
Figure 11), this would give a corresponding GrIS global
sea-level (GSL) contribution of ~10.0-12.6 cm by 2100
relative to 2020. Although we do not extrapolate recent
MB and discharge trends to 2100, due to unclear causal
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relations between air temperature and solid-ice dis-
charge, it is possible that increasing discharge in a
warmer climate (Bigg et al., 2014) may add to accelerat-
ing GSL contribution from greater SMB losses.

Our extrapolation of future GrIS SMB change is likely
conservative and limited by the following factors:

1. It is derived using data from a period from which we
know that not all SMB change was temperature-
driven, being augmented by changes in atmospheric
circulation, warm-air advection and reduced albedo
(Pattyn et al., 2018). In our temperature-SMB correla-
tion, the entire energy balance (and energy excess for
melt) is expressed in terms of temperature, whereas
there is an important radiation-related, temperature-
independent contribution to the SMB decrease. There-
fore, the relation between SMB and temperature over
recent decades may vary from the longer term.

2. It does not take into account the findings of Fettweis
et al. (2013) and Trusel et al. (2018) on the quadratic
relation between summer temperature and melt/run-
off, and therefore SMB and MB. Our GrIS SMB projec-
tion based on recent (1972-2018) climatic conditions
severely underestimates the rate of future change
according to the mean SMB changes simulated by
MAR forced by the five CMIP6 models we use here
(Figure 12).

3. We also assume that there is no change in the ice-
sheet topography (Le clec'h et al., 2019) or dynamical
mass losses.

Nevertheless, despite the above limitations, our sim-
ple calculation supports the dominant role of SMB
changes (Goelzer et al., 2013) in the 8-27 cm “likely
range” (mean 15cm) total GrIS sea-level commitment
under RCP8.5 reported by IPCC (2019, SPM.B1.2).

4 | CONCLUSIONS

Our updated analysis of Greenland coastal and inland
weather station records shows strong and significant
warming since 1991 in all seasons (~1.7°C in summer
and ~4.4°C in winter), where the summer warming
compares well between coastal and inland (Swiss Camp,
Summit) sites; however, trend analysis for 2001-2019
highlights compensating short-term warming and
cooling before and after 2012 that gives no significant
net temperature change at most stations. However, flat-
ter or slightly declining temperature trends for some
sites since around 2010 are generally insignificant and
well within the scope of natural variability. Summer
2019 saw near-record warmth and melt but was not

of Climatology

quite as warm as summer 2012 over most of Greenland
except at Summit and in the north; however, summer
2019 had a record number of blocked days over Green-
land, and was notable for its peak warmth and melt
(31 July) occurring relatively late in the melt season,
which also coincided with the date of peak blocking.
By quantifying the relation between observed and pro-
jected Greenland surface air temperature changes and
modelled GrIS mass balance changes, we have under-
scored the likely high sensitivity of the GrIS to contin-
ued global warming, and have provided some initial
predictions of GrIS SMB change. We have also quanti-
fied a highly significant (r ~ 0.8) association between
coastal Greenland mean surface air temperatures and
GBI variations, which has increased in strength in
spring and summer in recent decades. One of the main
causes of blocking is surface warming and consequent
warming of the tropospheric air column, but increased
blocking also enhances summer warming through
warm-air advection and decreased cloud cover. This
makes it crucial to improve the understanding and
currently questionable predictions of future trends in
Greenland regional atmospheric circulation, especially
blocking (e.g., Hanna et al., 2018b), when attempting
to decipher ice-sheet “weather” from “climate” and, in
particular, to quantify the effects of continued global
warming on GrIS mass balance.
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