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Cloud microphysics and circulation anomalies
control differences in future Greenland melt

Stefan Hofer

Recently, the Greenland Ice Sheet (GrIS) has become the main
source of barystatic sea-level rise? The increase in the GrlIS
melt is linked to anticyclonic circulation anomalies, a reduc-
tion in cloud cover and enhanced warm-air advection®*”. The
Climate Model Intercomparison Project fifth phase (CMIP5)
General Circulation Models (GCMs) do not capture recent
circulation dynamics; therefore, regional climate models
(RCMs) driven by GCMs still show significant uncertainties in
future GrlS sea-level contribution, even within one emission
scenario>*"'°, Here, we use the RCM Modéle Atmosphérique
Régional to show that the modelled cloud water phase is the
main source of disagreement among future GrlS melt projec-
tions. We show that, in the current climate, anticyclonic circu-
lation results in more melting than under a neutral-circulation
regime. However, we find that the GrlS longwave cloud radia-
tive effect is extremely sensitive to the modelled cloud liquid-
water path, which explains melt anomalies of +378 Gtyr™
(+1.04 mmyr global sea level equivalent) in a +2 °C-warmer
climate with a neutral-circulation regime (equivalent to 21%
more melt than under anticyclonic circulation). The discrep-
ancies between modelled cloud properties within a high-
emission scenario introduce larger uncertainties in projected
melt volumes than the difference in melt between low- and
high-emission scenarios’.

Clouds are of first-order importance for the GrIS surface energy
budget (SEB; Supplementary equation (1))'>". For shortwave (SW)
fluxes, clouds (1) block incoming solar radiation and (2) change the
albedo of the surface'>"”. The amount of solar radiation reaching the
surface for vertically homogeneous liquid clouds depends on the
cloud optical depth (COD, = (3LWP)/(2p,r.)), which is a function
of the liquid-water path (LWP), the effective particle radius (r,) and
the density of water (p,). The variability in the LWP controls the
variability in the COD. Clouds interact with the surface by filter-
ing parts of the near-infrared spectrum where the ice albedo is low,
thereby increasing the broadband surface albedo®.

For longwave (LW) fluxes, clouds contribute to the SEB by trap-
ping heat, depending on the cloud phase'’. Although clouds tend
to warm the high albedo interior of the GrIS", the secular trend
in enhanced melt over the darker ablation zone is partly controlled
by a decrease in summer cloud cover and increased SW downward
(SWD) radiation and net shortwave radiation (SWnet)*. These com-
plex interactions show that an appropriate representation of cloud
microphysics is critical for reducing uncertainties in the projected
GrIS sea-level contribution®*!>!*16-15,

To analyse the differences between the RCP8.5 GrIS melt projec-
tions, we forced the RCM Modéle Atmosphérique Régional (MAR)°
with three different projections from the CMIP5 model suite®**.
We chose these GCMs because they most closely match the 700hPa
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temperature and mid-tropospheric circulation over Greenland from
1980 to 1999 when compared with the European Centre for Medium-
Range Weather Forecasting (ECMWF) reanalysis (ERA) product
ERA-Interim". However, because the CMIP5 models do not pre-
dict the recent anticyclonic circulation regime over Greenland*>'*,
these results are only valid for a neutral-circulation state.

There is a marked difference in the total melt amount between
the simulations (Fig. 1). From 2017 to 2100 (projected), the MAR
forced by the second generation Canadian Earth System Model
(CanESM2) simulates 86,000 Gt of melt anomalies (23.7cm sea-
level equivalent (SLE)*') during summer (June, July, August; JJA),
almost twice as much as the MAR forced by the Norwegian Earth
System Model (NorESM1) (46,400 Gt, 12.8 cm SLE) and the Model
for Interdisciplinary Research on Climate Version Five (MIROC5)
(54,100 Gt 14.9 cm SLE). There is a factor of 1.85 between the small-
est and largest melt projections; this factor is larger than 1.75, which
is the difference between the projected GrIS contributions to bary-
static global sea-level rise by the end of the twenty-first century
under RCP 2.6 and RCP 8.5 (ref. '').

The most notable energy flux contribution comes from the JJA
longwave downward (LWD) radiation anomalies, equating to 79,400
Gt melt potential between 2017 and 2100 in the CanESM2. Again,
the NorESM1 and the MIROC5 show notably lower LWD anoma-
lies, with 59,300 Gt and 58,300 Gt, respectively. The significant posi-
tive correlation between melt and LWD anomalies explains between
86% and 95% of melt anomalies (Supplementary Fig. 1). Conversely,
SWD anomalies are negative across all simulations. These correla-
tions suggest that the SW transmissivity of the atmosphere will
decrease in a warming climate with a neutral circulation over the
GrIS”. This combined change in LWD and SWD anomalies points
towards a contribution from cloud microphysical properties.

Despite a decrease in SWD, SWnet anomalies are positive in all
simulations because of the melt-albedo feedback®*. The CanESM2
also estimates the largest increase in SWnet at 36,200 Gt, versus
19,300 Gt (NorESM1) and 26,900 Gt (MIROC5). We find that SWD
and SWnet anomalies are of second-order importance in future
GrlIS surface mass balance (SMB) projections compared to differ-
ences in LWD (on average, SWnet is 2.4 and SWD 2.1 times lower)*.
Although the albedo scheme of the MAR has been verified against
in-situ observations and remote sensing data, the quantification of
the SWnet anomalies remains subject to uncertainties because the
MAR lacks important albedo feedbacks**.

There are two mechanisms that physically explain the differences
in LW fluxes: differences in (1) the emissivity of the atmosphere
(equation (1)) and (2) air temperature. Because infrared cloud emis-
sivity (e) is linked to cloud microphysics and the COD (z) via

€= 1—exp(—pr) (1)
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Fig. 1| Cumulative summer melt and radiation anomalies expressed as melt potential. a-c, Cumulative anomalies based on the 1980-1999 mean state
of the model expressed as melt anomalies (Gt) and radiation anomalies as melt potential (Gt), with MAR forced by NorESM1 (@), with CanESM2 input (b)
and with MIROCS5 input (c). ME represents the cumulative melt anomaly, SWD and LWD the shortwave downward and longwave downward anomalies

and SWhnet the anomaly in the net shortwave radiation.

where f is a diffusivity factor”, any increase in the COD may also
enhance the general LWD fluxes from the atmosphere by increasing
the emissivity.

Figure 2 (first row) shows that the CanESM2, which produces
the highest projected melt and LWD anomalies, also shows the larg-
est increase in COD: 2.18 times greater than that of the NorESM1
and 2.06 times greater than that of the MIROC5 (1980-2100). The
increase in all three simulations correlates most closely with a qua-
dratic increase of the COD over time.

The MAR CanESM2 also predicts the largest increase in LWD
anomalies, reaching 1,165 Gt (NorESM1), 1,622 Gt (CanESM2) and
1,122 Gt (MIROCS; Fig. 2, second row).

All three simulations show a statistically significant positive cor-
relation between the COD and LWD (R*=0.98, 0.99 and 0.99; Fig. 2,
last row). However, the increase in the COD is defined by a second
order polynomial, whereas the anomalies in the LWD show a more
linear response, indicating a saturation effect. Using the equation of
the saturation curve (Fig. 2, last row), we find that the impact of the
COD on LWD anomalies would cease when the COD equals 1.46
(CanESM2), 0.61 (NorESM1) and 0.57 (MIROCS5). At these points,
the cloud emissivity reaches unity in a neutral future GrIS circu-
lation state. Figure 2 (last row) also indicates a transient response
of the LW cloud radiative effect, with a decreasing sensitivity with
increasing COD. However, in our simulations cloud cover does not
change during the twenty-first century and, therefore, increasing
COD is the only mode of variability. Normally, the atmospheric
emissivity only reaches unity when the cloud cover approaches
100%. Conversely, an increase in COD beyond the saturation val-
ues for LWD would still reduce SWD anomalies because this effect
saturates more slowly'. These results also suggest that the LW cloud
radiative effect is currently highly sensitive to changes in cloud
properties (that is, there is a steep slope at the current COD).

The representation of atmospheric water content is very impor-
tant in determining the SEB because the LW emissivity of clouds
(equation (1)) is dominated by variability in the LWP. Figure 3a—c
shows only small differences in the total ice-water path (IWP), with
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averages of 62, 67 and 60 gm=. However, there are notable differ-
ences in the LWP, with the MAR CanESM2 estimating a 2.7 times
greater LWP. The optically thicker clouds in the highest melt simu-
lation are therefore due to a markedly larger amount of liquid water,
rather than a homogeneous increase in both IWP and LWP. This
marked difference in cloud liquid water path also highlights how
COD and higher melt are connected: the MAR CanESM2 produces
clouds that bear more liquid water, which leads to optically thicker
clouds via t=(3LWP)/(2p,r.), which in turn makes the atmosphere
more efficient at emitting LWD (compare with equation (1)). The
source of higher LWP and melt in the CanESM2-forced run may
be associated with higher humidity as CanESM2 predicts an
earlier ice-free Arctic Ocean than other CMIP5 models®. The
GCMs in the Arctic region are also highly sensitive to tropical
teleconnections and differences in ocean forcing such as the
Atlantic Multidecadal Oscillation*°.

We are confident that the LW emissivity is not influenced by
changes in the overall JJA cloud cover. Although the cloud cover
shows marked decadal variability, there is no clear secular trend
(Supplementary Fig. 2a), probably because the GCMs do not simu-
late future circulation changes'®".

Temperature only accounts for small proportions of LW and
melt anomalies. At the start, the MAR CanESM2 (the model with
1.85 times more melt) ranks in second place for melt season tem-
perature (2m above ground), whereas MIROCS5 is the warmest
(Supplementary Table 1 and Supplementary Fig. 2b,c). The MAR
CanESM2 also has the coldest annual temperature at the start.
However, the MAR CanESM2 becomes slightly warmer towards the
end of the twenty-first century when its JJA temperature is elevated
by 0.9°C and 1.8°C compared to the MIROC5 and NorESM1 simu-
lations, respectively. These differences in the JJA temperatures are
probably a consequence of and not a precursor for differences in
modelled cloud microphysics. When the atmosphere is approxi-
mated as a black body (Supplementary equation (2)) (from 2080 to
2100), these temperature anomalies only explain 2.7% of the differ-
ences in LWD.
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Fig. 2| Cloud optical depth, LWD and their connection. The first row shows the five-year running mean of COD during JJA over the GrIS from the

three different GCM inputs: NorESM1, CanESM2 and MIROCS5 from left to right (blue, orange and green, respectively). The black line is a second-order
polynomial fit, with corresponding second order polynomial equations and R? values as plot labels (P<0.01). The second row shows the five-year running
mean of GrIS JJA LWD anomalies based on the 1980-1999 mean state of the model, expressed as melt potential (Gt). The last row shows the correlation
between JJA COD and LWD anomalies with a second-order polynomial fit to the data and corresponding fit parameters and R? values (P<0.01).

The MAR is able to reproduce the JJA cloud-cover trends
when compared to satellite data with increases in the north and
decreases in the south of Greenland*. We also checked the MAR’s
ability to reproduce observed cloud LWP and atmospheric water-
vapour content when forced with the ERA-Interim* . Although
the MAR slightly underestimates the LWP between autumn and
spring when compared to observations from Summit, Greenland*"*,
it accurately captures the LWP evolution during the melt season.
The MAR also accurately models the precipitable water-vapour dis-
tribution over Summit (Fig. 3e).The MAR therefore captures the
influence of cloud water-phase distribution on the SEB and future
GrIS melt.

In addition to cloud microphysics, missing circulation anoma-
lies in the GCMs are a second major source of uncertainties™'’. The
recent melt increase over the GrIS is largely attributed to a switch
of the North Atlantic Oscillation to an anticyclonic state*>"!0**%,
These circulation anomalies have led to a decrease in cloud cover
and to an increase in warm-air advection mainly over southwestern
Greenland, increasing both LW and SW fluxes’. However, the lat-
est studies show that all the CMIP5 models used for future projec-
tions do not simulate these circulation anomalies”'. Delhasse et al.”
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have shown that future melt could double if anticyclonic circulation
were to persist during the twenty-first century.

To compare uncertainties resulting from potentially missing
anticyclonic circulation anomalies with uncertainties due to cloud
microphysics, we forced the MAR with artificially warmed reanaly-
sis data, which capture the recent anticyclonic circulation anomalies
because they are observationally constrained®'***. We examined the
effect of anticyclonic circulation anomalies on the GrIS melt and the
SEB anomalies at different warming levels (+0°C, +1°C, +1.5°C,
+2°C between 1980 and 1999) and compared them to differences
due to modelled cloud microphysics in a neutral future Greenland
circulation (Fig. 4). We compared the results from two peri-
0ds—1980 to 1999 and 2000 to 2016—when circulation anomalies
were observed at four warming levels (see Methods). We note that
the period from 2000 to 2016 is 0.7 °C warmer than the reference
period due to an inseparable combination of (1) circulation changes
causing warm-air advection and (2) global warming.

Furthermore, we compare one RCP 8.5 simulation that pro-
duces the most twenty-first century melt (CanESM2) to the mean
of the other two projections at the same warming levels to assess
differences resulting from diverging cloud LWP (see Methods).
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Fig. 3 | Evolution of LWP and IWP and comparison to in-situ and satellite observations. a-c, The five-year rolling mean of the JJA LWP and IWP over
Greenland between 1980 and 2100. X indicates the average of the IWP over the entire time series (1980-2100). d, A comparison of the annual LWP (gm)
cycle for Summit, Greenland. We compare the monthly mean annual cycle MAR LWP over Summit (72°35'46.4” N 38°25'19.1” W) to in-situ observations
from Summit between January 2011 and June 2014 when in-situ data are available®'*. e, The monthly mean annual precipitable water vapour (PWV) cycle

from the MAR over Summit and in-situ observations from Summit.

Our results therefore show the melt signal resulting from
cloud microphysics on top of the additional melt due to
tropospheric warming.

At the present-day climate of +0°C, anticyclonic circulation
anomalies are 4.7 times more efficient at enhancing melt than cloud
LWP anomalies at +218 Gtyr” compared to +38Gtyr (Fig. 4a).
The higher melt sensitivity to anticyclonic circulation anomalies is
principally because anticyclonic circulation may enhance both LWD
fluxes (warm-air/humidity advection) and SWD fluxes (cloud dis-
sipation)*’. Conversely, positive LWP anomalies can only enhance
the LWD, whereas the SWD is being reduced due to cloud optical
thickness (Fig. 4b,c).

The extra melt due to uncertainties in modelled cloud micro-
physics is more sensitive to increasing temperatures than melt due to
anticyclonic circulation anomalies. At 42 °C, the cloud liquid-water
response yields an increase in melt of +378 Gtyr! (+1.04mmyr
SLE*), a tenfold increase from the +38 Gtyr™ at +0°C. Melt due
to anticyclonic circulation anomalies only increases by a factor of
1.4 compared to +0°C, resulting in +311Gtyr" (+0.86 mmyr').
Although a LW-dominated SEB could potentially lead to more melt
over the bright accumulation zone and less melt over the darker
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ablation zone, we do not find any strong evidence for this: at +2°C
in the anticyclonic case, 83% of total melt occurs in the ablation
zone, compared to 82% in the neutral CanESM2 simulation. The
main reason for the higher sensitivity of the neutral-circulation
case is an increase in the LWD by a factor of 1.6 and an increase
in the SWnet (Fig. 4d) from —121 Gtyr™" to +39Gtyr' due to the
melt-albedo feedback, despite negative SWD anomalies (Fig. 4b).
However, the SWD anomalies decrease more slowly than the rate
of LWD increase, implying a different sensitivity of the LW and SW
downwelling fluxes to cloud microphysics in a warming climate.
Partitioning the SEB and comparing two distinctly different
GrIS circulation scenarios enables us to show that major uncer-
tainties in future GrIS sea-level contribution arise from two dif-
ferent pathways. First, anticyclonic circulation anomalies may add
an additional +311 Gtyr' (+0.86mmyr' SLE) in a +2°C warmer
climate (in addition to the increase in melt by increased tempera-
ture alone) by increasing both SW fluxes (via reduced clouds in the
south) and LW fluxes (via enhanced temperature/humidity advec-
tion and more clouds in the north). However, it is unclear whether
recent anticyclonic circulation anomalies will persist during
the twenty-first century. Second, in a more neutral Greenland
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Fig. 4 | Impact of anticyclonic circulation anomalies and cloud liquid-
water fraction anomalies on melt and the SEB. a, Impact of circulation
anomalies (dark blue) and LWP anomalies (pale blue) on JJA melt and
surface-energy flux anomalies (Gtyr™) at different temperatures compared
t0 1980 to 1999 (+0°C, +1°C, +1.5°C and +2°C). Anomalies due to
circulation changes are based on comparing the 1980 to 1999 mean

of MAR forced by ERA-Interim with the 2000 to 2016 period where
circulation anomalies have been observed. The cloud liquid-water response
is calculated on the basis of comparing the mean of two MAR projections
forced with GCMs without markedly enhanced cloud liquid-water fraction
(MIROCS5 and NorESM1) with MAR CanESM2, which shows notably
enhanced cloud LWP. b-d, Impact of circulation and cloud liquid-water
fraction anomalies on SWD flux anomalies (b), LWD anomalies (¢) and
absorbed SWhet fluxes (d) expressed as melt potential (Gtyr™).

circulation state, notable uncertainties arise from differences in
modelled cloud microphysics and downwelling LW fluxes; the
potential exists to contribute +378 Gtyr' (+1.04mmyr' SLE) at
+2°C in addition to the melt increase due to tropospheric warm-
ing. These melt anomalies are closely linked to the LW cloud radia-
tive effect, which is currently highly sensitive to an increase in the
COD. Our results indicate that uncertainties due to cloud processes
depend on the specific circulation pathway and that the cloud
radiative effect shows a transient response in a warming climate
(Supplementary discussion). In conclusion, our study highlights
two key areas that should be addressed to greatly reduce GrIS melt
uncertainties: (1) improvement of cloud microphysics and radiative
schemes in climate models based on higher density of in-situ obser-
vations of clouds’ water phase, and (2) understanding the drivers of
current GrIS circulation anomalies to assess the likelihood of their
persistence in the future.
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Methods

Supplementary discussion. The analysis presented here has potential
consequences on the degree to which clouds influence current and future melt*'>*
and specifically on how we discuss the GrIS cloud radiative effect.

First, in a neutral-circulation state and corresponding climate, the changes and
uncertainties in the SEB are mostly due to a ‘pure’ cloud effect, with competing
downwelling fluxes in the SW and LW part of the spectrum. Here, ‘pure’ means
that the response in the SEB is controlled by changes only in cloud cover or
microphysics. ‘Pure’ cloud effects can only ever enhance one of the two fluxes
whereas the other part is reduced; therefore, the exact value of the cloud radiative
effect is important. However, our analysis and the previous results (Fig. 2, bottom
and ref. ') show that the impact of clouds on the SEB is far from constant over
time in a changing climate. In the LW part, the GrIS is currently extremely
sensitive to any increase in the COD; however, the response flattens as the cloud
LW emissivity (€) reaches unity. Conversely, the reductions in the SW part are less
sensitive to an increase in the COD, leading to a transient cloud radiative effect
that is being dominated by downwelling LW fluxes. However, in a warming climate
the SW impact does not saturate as quickly as in the LW; therefore, with further
warming the CRE influence could become SW-dominated (again). It is therefore
essential to consider, especially with rising temperature levels due to greenhouse
gas emissions, that the GrIS CRE is not constant over time and is also showing
a transient response. Any value attributed to it is only valid for the specific time
period considered and not as a general constant.

Second, anticyclonic circulation anomalies over Greenland during the past 20
years have increased both SW and LW fluxes, with SW fluxes being the dominant
contribution over this period*. However, there are two potential mechanisms that
could have led to this signal that need further investigation. First, increases in LW
and SW fluxes over the same geographical areas could be due to a ‘mixed’ response
from decreases in cloud cover (more SW) and a higher frequency of warm-air
and moisture advection (more LW). In this case, the exact quantification of the
cloud radiative effect might be of lower importance because it is theoretically
possible to have positive SW and LW anomalies under cloud cover reductions
in areas where clouds would usually warm the surface. Second, the positive SW
and LW flux anomalies may be explained by recent studies’ that have focused
on a GrIS-wide aggregation of anomalies. GrIS-wide aggregation of radiation
anomalies could mask the importance of the observed differences in cloud cover
trends over geographically and climatologically separate areas of the GrIS, with
increases in clouds over the cold and dry north and decreases in cloud cover over
the south, where clouds over the ablation zone have been found to cool the surface
in summer’®”. Therefore, we think that additional studies on the effect of clouds
on the Greenland SEB and SMB (in hindcast simulations) should take a basin-scale
approach when discussing recent trends in cloud characteristics.

Modéle Atmosphérique Régional. The RCM used in this study, the MAR, is

a non-hydrostatic atmospheric model that solves the primitive equation set.

A detailed description of the model setup, physics and performance in regional
climate simulations is given in refs. ***. In this study, we used the MAR v3.9.0 .
The forcing fields from the CMIP5 model data® are prescribed at the model
boundaries at a 6-h timestep for (1) the period 1976 to 2100 for the MIROC5 and
NorESM1 forcing fields and (2) the period 1971 to 2100 for the CanESM2 forcing
fields. These fields include information about temperature, wind, humidity and
pressure at the surface. Within the model, the one-dimensional energy-balance-
based snow model, Soil Ice Snow Vegetation Atmosphere Transfer (SISVAT),
creates links between the atmosphere, snowpack, permanent ice (on glaciers and
the ice sheet) and the tundra surrounding the GrIS*. The physical properties of
snow and ice in SISVAT are directly based on the snow model CROCUS***'. The
model was run on an equal-area grid with a 25km resolution when forced by
GCMs (future projections) and with a 15km resolution when forced by reanalysis
data. Over the GrIS, the MAR has been extensively tested and its physics have been
finely tuned to match in-situ and remote sensing data. Furthermore, the MAR was
also tested against other polar RCMs****. It has been especially tuned to match
the surface mass balance and melt extent on the GrIS****. The cloud scheme of
the MAR was first developed based on ref. **, with marked improvements being
implemented on the basis of work performed during the Mixed-Phase Arctic
Cloud Experiment*.

Sensitivity to anticyclonic circulation anomalies and cloud microphysics.
ERA-Interim sensitivity experiments. To assess the impact of anticylonic circulation
anomalies over Greenland as observed during the past two decades, we split the
ERA-Interim reanalysis product™ into two parts following Delhasse et al.”. First,
the JJA 1980 to 1999 period served as the reference period in which no circulation
anomalies were observed and the GrIS was in equilibrium'**. Second, we used the
JJA 2000 to 2016 period, when anticyclonic circulation anomalies were observed,
to examine the impact of anticylonic conditions on melt and radiative fluxes
relative to the neutral-circulation reference period. We note that the period from
2000 to 2016 was 0.7 °C warmer than the reference period due to an inseparable
combination of (1) circulation changes causing warm-air advection and (2) global
warming. In the next step, we artificially increased the ERA-Interim temperature
at all of the 24 vertical sigma levels of the MAR by +1°C, +1.5°C and +2°C. We
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preserved the relative humidity at the lateral boundaries by increasing the specific
humidity. Sea surface conditions remained unchanged in the warmed ERA-Interim
input fields. In Fig. 4 all the comparisons labelled ‘Circulation response’ are
differences between the 1980 to 1999 period (neutral circulation) and the 2000 to
2016 period where anticylonic circulation anomalies were observed. Positive values
correspond to higher melt or radiative fluxes during the anticyclonic period from
2000 to 2016.

GCM sensitivity tests. We compared the response of GrIS radiation fluxes and
melting caused by anticyclonic circulation anomalies (see ERA-Interim sensitivity
experiments) to the response caused by diverging modelled cloud water phase

in the GCM-forced MAR simulations at different warming levels. First, for each
of the MIROC5- and NorESM1-forced MAR simulations, we identified each 20-
year period where the mean JJA temperature (at 850, 700, 600 and 500 hPa) over
the whole integration domain reached +1°C, +1.5°C and 42 °C compared to the
1980-1999 reference period. Next, we calculated the mean 20-year period of the
two simulations for each warming level. We used these mean 20-year periods to
compute the mean of the radiative fluxes and melt at +0°C (1980-1999), +1°C,
+1.5°C and +2°C for each of the three GCM-forced simulations.

To identify the radiation and melt anomalies associated with cloud
microphysics alone (that is, without associated tropospheric warming), we
compared the mean radiative and melt fluxes of the MIROC5- and NorESM1-
forced simulations (low LWP enhancement, Fig. 3a,c) with the CanESM2-forced
simulation (~3 X LWP enhancement compared to the other simulations, Fig. 3b)
at each warming level and period identified. We note that the CanESM2
exhibited slightly more JJA warming at each period or warming level than the
other two simulations (Supplementary Tables 1 and 2). During the whole period
of study, the CanESM2 projects approximately 1°C more warming over Greenland
(Supplementary Table 1, AT). However, the CanESM2-forced JJA temperatures are
in agreement with the other simulations during the 1980 to 1999 reference period;
we therefore conclude that the higher rate of warming through the CanESM2-
forced simulation is due to a positive feedback with the higher amount of liquid-
water content and greater downwelling LW radiation, rather than a warm-bias
inherent to the CanESM2 simulation.

Computation of anomalies. Anomalies presented in this paper are calculated
based on the 1980 to 1999 average of the model outputs (melt, SMB, cloud
properties, radiative properties and so on). Whenever radiation anomalies and
non-radiative SEB components are not shown using their SI unit (joule), they have
been converted to a mass anomaly (‘melt potential’)’. For this purpose, we use the
heat of fusion that is needed to melt 1kg of ice, H;=333.55k] kg™, where positive
values correspond to an above-average downward flux of energy or heat. A positive
anomaly therefore means that more energy has been received at the surface of the
GrIS than in the reference climate period. The radiative scheme in the MAR is the
same that used in the ERA-40 reanalysis product®. Radiative fluxes in the SW and
LW are broadband values integrated over the whole range of the corresponding
spectrum.

The three steps from the model output on the 25x 25km? grid to the anomalies
are as follows:

«  Computing the monthly arithmetic mean of a given parameter from daily
model outputs

«  Computing the climatological mean state of every pixel for every month from
1980 to 1999

o Summing up the anomalies from the climatological mean and converting to
melt potential (if applicable)

The following equation was used to compute the anomalies for every pixel and

month:
;i j,month = xi,j,momh_Ti,j,m (2

where a;  ,.» refers to the anomaly of a model pixel value (x;; on) in the ith
rows and jth column of the grid, from the corresponding monthly grid-cell
climatology. Subscript m refers to the month for which the equation was evaluated,
and subscript i and j refer to the specific position on the model grid. We began
with the radiative anomalies at each pixel in W m=. Because of the grid-cell
extent of 25 X 25 km?, we then multiplied the radiative anomalies by the area of the
pixel to arrive at the total anomaly in watts (joules per second) of one singular grid
cell. We then summed up all the values spatially over the entire GrIS (see equation
(3)) and multiplied the spatially aggregated radiation anomalies (joules per second)
by the duration of the month (in seconds). This took us from joules per second
to the total anomalies in joules, which we then converted to melt anomalies
in gigatons:

Aatotal = Z Z ai,j,month 3)
i
CMIP5 and RCPs. The CMIP5 is the most recently completed GCM

intercomparison project’. Overall, more than 20 climate modelling groups
contributed, using more than 50 different models®. To produce a higher resolution
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RCM output, the Coordinated Regional Downscaling Experiment (CORDEX) was
built around the CMIP5 GCM model output®, with the MAR model outputs used
in the CORDEX downscaling experiment being compliant with the CORDEX
framework®. For the CMIP5 models, there are four formulated RCPs, but only two
of them are part of the ‘core’ experiments in the CMIP5 project®. The RCP values
(for example, in RCP 8.5) refer to the approximate forcing due to atmospheric
greenhouse gases in W m™ at the surface of the Earth compared to pre-industrial
levels®. The RCP 8.5 pathway used in this study is a high-emission scenario
(‘business as usual’), with the radiative forcing increasing throughout the twenty-
first century®. Various other intercomparison projects have been built around

the CMIP5, with one specifically looking at feedbacks from clouds in the GCMs
(Cloud Feedback Model Intercomparison Project; see ref. 7). However, despite a
notable increase in resolution (and therefore more computational power being
used by these models) and more physical processes being captured by the CMIP5
model block compared to previous CMIP models, the overall spatial and temporal
patterns of main climate variables such as temperature and precipitation have not
changed markedly’. The CMIP5 models have incorporated more physical processes
than any other CMIP project before, making it the best representation of climate
change modelling based on physical characteristics to date®’.

Data availability

The monthly means from 1980 to 2100 of all three MAR RCP 8.5 simulations used
in this study are available via ftp://ftp.climato.be/fettweis/ MARv3.9/Greenland/. If
daily outputs are required, they can be requested from X.E. (xavier.fettweis@uliege.be)
and S.H.

Code availability
All the code used for the analysis in this study is available upon request from the
corresponding author.
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