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Key Points:

¢ The cloud radiative effect on the GrIS shows a strong but always positive seasonal
cycle

e The short-term ice sheet response to cloud radiation is a reduction of surface melt

e The long-term response is opposite with increased surface melt through a decreased
surface albedo
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Abstract

As of yet, there is no consensus on the role of the cloud radiative effect (CRE) on the
Greenland Ice Sheet (GrIS). This study focuses on the seasonal and temporal variabil-

ity of the CRE, to better understand the response of the firn. To do so, we combine satel-
lite observations, climate-model output, and a snow model. We separate short-term and
long-term impacts. The results show a positive CRE for all seasons, with an annual short-
term CRE of 24.7 Wm ™2, which is largest in fall. The long-term response of the GrIS

to the CRE is positive and dominant in summer ablation areas, decreasing the albedo
and enhancing melt-water runoff. This long-term effect stresses the influence of the firn
conditions on its response to CRE, and highlights the need to include a snow model to
study GrIS cloud radiation. The (lack off) long-term component of the CRE explains

the conflict in previous studies.

1 Introduction

The Greenland Ice Sheet (GrIS) has been losing mass since the late 1990’s through
a rise in surface meltwater runoff (Fettweis, Franco, et al., 2013; van den Broeke et al.,
2016) that results from an increase in atmospheric temperatures. The rise in meltwa-
ter runoff is mainly attributed to atmospheric changes, with more frequent warm and
dry summers (Fettweis, Hanna, et al., 2013), and a decrease in surface albedo (Box et
al., 2012). Arctic clouds trigger feedback mechanisms that induce albedo changes and
regulate surface melt principally because clouds regulate the amount of radiation received
by the surface (Bintanja & Van Den Broeke, 1996). Over Polar Regions, including the
GrIS, the increase in longwave (LW) radiation dominates the decrease in shortwave (SW)
radiation, leading to a net positive cloud radiative effect (CRE) on annual time scales.
This affects the conditions of the GrIS firn, reducing meltwater refreezing and thereby
accelerating bare-ice exposure (decreasing the albedo) and enhancing meltwater runoff
(van Tricht et al., 2016). However, Hofer et al. (2017) argue that the observed decreas-
ing summer cloud cover, i.e. a relative increase in SW radiation, is the main driver for
meltwater runoff. Furthermore, Wang et al. (2018) argue that clouds stabilize the albedo
feedback and decelerate surface melt, referring to a net negative CRE observed by au-
tomatic weather stations (AWS).

The main motivation to study the response of the GrIS to cloud radiation more
closely, is to better understand these conflicting views on the impact of CRE. This is done
by gaining insight in the seasonal variability of the CRE and to seek what the long term
effect of clouds are. This is done by gaining insight in the seasonal variability of the CRE
and to quantify the long term and short terms effects of clouds on the GrIS. Therefore,
we adopt the methodology of van Tricht et al. (2016): we use CloudSat-CALIPSO satel-
lite remote sensing observations of cloud conditions over the period 2007 to 2010, which
are complemented by atmospheric data from a regional climate model (RACMO2.3) to
create a realistic cloud forcing dataset with hourly temporal resolution. The reason to
adopt their method is twofold: it uses a dataset that has both high spatial and tempo-
ral resolution, and it includes a snow model that allows to study the cloud-surface in-
teraction. With more detailed SNOWPACK simulations, that can be compared on a day
to day basis, the GrIS CRE can be assessed for separate seasons and the short-term and
long-term response of the snowpack to radiative forcing can be quantified separately.

The CRE (Wm™?) is defined as the difference in net radiation fluxes of an all-sky
scenario to a clear-sky scenario simulation, defined in equation 1. A positive CRE in-
dicates net cloud warming at the surface; a negative CRE indicates net cloud cooling.

The all-sky scenario provides the observation based estimate of the GrIS meteorology.

In the clear-sky scenario, all clouds and their radiative effects are removed. Precipita-

tion (both solid and liquid) is left unchanged to exclude other changes in the atmosphere
and snowpack. The magnitude of the radiative effect is intimately connected to the amount
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of ice and liquid water in the cloud, its temperature, solar zenith angle and surface albedo
(Shupe & Intrieri, 2004).

_ it 41 T T
CRE = FSW,allfsk:y + FLW,allfsky - (FSW,clearfsky + FLW,clearfsky) (1)

2 Methods and Data

The methodology used in this study is based on van Tricht et al. (2016), see their
paper in Nature Communications (doi 10.1038/ncomms10266) for a detailed explana-
tion. Simulations are performed with the physically-based snow model SNOWPACK (Lehn-
ing et al., 2002) to assess the impact of the cloud CRE on surface snow and firn condi-
tions. A state-of-the-art hybrid dataset has been created to represent the cloud forcing
on the GrIS surface mass balance (SMB). This hybrid data set is a combination of CloudSat-
CALIPSO satellite observations and data from the regional climate model, RACMO2.3
(Noel, 2015). The combination of the data sets creates a much needed observation-based
dataset, that also has a high temporal resolution. The hybrid data set has been evalu-
ated by ground-based observations and automatic weather stations (AWSs) and proved
to perform better than just the climate model data. The same hybrid data set is used
to force SNOWPACK in this study.

2.1 SNOWPACK simulations

SNOWPACK (Lehning et al., 2002) is a one-dimensional physical snow and land-
surface model, which focuses on a detailed description of the mass and energy exchange
between the snow and the atmosphere. Here we use SNOWPACKSs to account for pro-
cesses that are not included in the satellite products: the response of the GrIS to the ex-
cess energy of the CRE. To better represent GrlS snow conditions, SNOWPACK has been
refined to include a prognostic snow albedo parameterization (van Angelen, 2012; Gard-
ner & Sharp, 2010) that accounts for snow grain size variations, cloud optical depth, so-
lar zenith angle and concentration of light-absorbing impurities at the surface. van Tricht
et al. (2016) has shown that, with the albedo scheme implemented, SNOWPACK per-
forms well in simulating GrIS surface conditions.

To couple the effect of clouds on the surface energy balance (SEB) to the SMB, SNOW-
PACK simulations were performed for an all-sky and clear-sky scenario on a 2° by 2°
grid for the three consecutive hydrological years, from September 2007 to September 2010.
The all-sky scenario provides the most observation based estimate of the actual GrIS CRE.
In the clear-sky scenario, all clouds and their radiative effects are removed. Note that
precipitation (both solid and liquid) is left unchanged to exclude other changes in the
atmosphere and snowpack.

2.2 Scenarios

To create insight in the temporal variability of the CRE, each day in the three hy-
drological years is simulated individually. This approach enables us to initialize each day
for different scenarios. With this we simulate more scenario’s than van Tricht et al. (2016),
whom initialized only at the start of the simulation (2007). Now, each day is initialized
with preceding either only all-sky conditions (AI) or only clear-sky conditions (CI). For
both the all-sky initialization scheme and clear-sky initialization scheme, each day is sim-
ulated twice: once for an all-sky day (A) and once for a clear-sky (C) day. Consequently,
there are four scenarios using this approach:

1. AATL one all-sky day simulated, initialised with preceding all-sky conditions. This
is the most observation based scenario, including all clouds that have occurred.
2. CAI one clear-sky day simulated, initialised with preceding all-sky conditions.



115 3. ACI: one all-sky day simulated, initialised with preceding clear-sky conditions.

116 4. CCI: one clear-sky day simulated, initialised with preceding clear-sky conditions.
17 This is the scenario where no clouds occur, ever.

118 These four scenarios allow to separate between short and long-term cloud effects. The
119 following comparisons are made:

120 (a) Short-term cloud radiative effect: difference between scenario AAI-CAI and sce-
121 nario ACI-CCI. These schemes have the same initial firn conditions, but differ-
122 ent cloud forcing for one day.

123 (b) Long-term cloud radiative effect: difference between scenario AAI-ACT and sce-
124 nario CAI-CCI. These schemes enjoy the same daily forcing but different initial
125 firn conditions.

126 3 Results

127 3.1 Seasonal variations of Cloud Radiative Effect
a fall winter spring summer
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128 Figure 1. Cloud radiative effect (CRE) on the GrIS. a) Short-term CRE per season, averaged
120 difference between scenario AAI-CAI and ACI-CCI over 2007-2010. Values per grid point are

130 seasonal averages. b) Time-series of both short-term (red lines, scenario AAI-CAI and ACI-CCI)
131 and long-term (blue lines, scenario AAI-ACI and CAI-CCI) CRE, for only ablation grid points.
132 Plotted with a 30-day moving average. The shaded areas represent the 10 to 90 percentile of the
133 ablation gridpoint data.

134 The simulations show that clouds have a net positive radiative impact, for all sea-
135 son in the year. See figure 1. There are a few strong ablation gridpoints that are an ex-
136 ception to this, but for a such limited period of time in summer that no monthly aver-

137 aged CRE is negative. For the two comparison cases the annual averages for the GrIS

138 are a) short-term (scenario AAI-CAI) 24.8 +£2.5Wm~2 and (scenario ACI-CCI) 24.84-2.4Wm~2,
130 b) long-term (scenario AAI-ACI) 0.6 £5.4Wm~2 and (scenario CAI-CCI) 0.6 +5.3Wm 2
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respectively. The direct atmospheric CRE, without any snow feedback, is 29.5Wm ™2
(van Tricht et al., 2016). Following the timescale from direct to long-term, the annual
average CRE decreases. These differences show that the GrIS buffers the positive CRE.
The differences between the two short-term or respectively long-term components is small,
showing that the short-term CRE is not highly affected by the GrIS initialisation and
that the long-term CRE does not change a great deal for different daily forcing. As the
distinction between short-term and long-term is both more significant and of more in-
terest, the differences between the components of each time scale are not included in fur-
ther analysis. The small difference of the components allows to average them for spa-

tial visualisation in figure 1la.

The short-term CRE (figure 1a) is stronger than the long-term CRE (figure 1b),
and its maximum is in fall with GrIS average 31.4 +1.5Wm ™2, and the minimum effect
is in spring, 19.4 +1.8Wm™2. Furthermore, the ablation grid points, located along the
coasts, and the south area on the GrIS show a more pronounced seasonal fluctuation than
the inland. A negative, short-term CRE occurs at some grid points in summer, but this
is never prevalent. Fach grid point has a monthly positive CRE.

The the mangitude of the annual long-term CRE is smaller than the short-term
CRE, whereas its spatial behaviour is similar to the short-term CRE (not shown). A strong
peak of long-term CRE can be seen in summer, but only for ablation grid points. For
accumulation grid points (inland), the long-term CRE is negligible compared to it’s ac-
companying short-term CRE (supplementary figure S1). The positive long-term CRE
indicates that the GrIS has a memory for its preceding conditions and that clouds have
a lasting net warming effect. The figure shows that this memory does not extend to other
seasons, indicating that the memory of the GrIS in terms of radiation energy is no longer
than 1-3 months. Nevertheless, during the melt season, this CRE memory is key as the
long-term CRE is dominant over the short-term CRE. The short-term CRE goes down,
due to SW cloud cooling, but the long-term CRE goes up. Note that only the short-term
CRE is measurable, whereas the long-term GrIS response can only be determined by a
snow model. All in all, this positive long-term CRE component suggest that persistent
cloud cover has an important role on the GrIS SMB forcing, or related to this: that the
state of the GrlS is essential for cloud radiation studies.

3.2 Response of GrIS to Cloud Radiative Forcing

The response of the GrlS to cloud radiative forcing is our main interest. As pre-
viously stated, the GrIS buffers the radiative energy on a daily time scale and, in sum-
mer, even for longer time scales.

On short-term time scale, the positive CRE induces surface warming (supplemen-
tary figure S2). The annual averages for the surface warming due to cloud radiation on
the GrlIS are 1.0 £0.3Wm 2 (scenario AAI-CAI) and 1.1 £0.4Wm~? (scenario ACI-CCI).
The spatial and temporal variations of the surface warming are closely correlated to the
CRE. The net SW radiation, figure 2b, decreases in cloudy conditions, but not enough
to induce net cloud cooling (CRE < 0). The short-term effect of clouds on the albedo
is positive as a result of the broadband albedo increase in cloudy conditions (Gardner
& Sharp, 2010), but as this is embedded in the albedo parameterization it cannot be stated
to be solely the response of the GrIS (figure 2c).

The long-term CRE increases in summer due to an increased storage of net SW
radiation, as opposed to the decrease of SW radiation on short time scales. The oppos-
ing response was never quantified before, as only the direct differences in SW radiation
can be measured, and illsutrates the importance of accounting for the long term response..
The positive effect of clouds on the net SW budget can be explained by the accompa-
nying decrease in albedo, allowing for more absorbed radiation. This in turn increases
the surface melt rates (visualized as a negative cloud effect on snow water equivalent (SWE),
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Figure 2. Cloud effect on the GrIS ablation grid points for different variables, plotted with a

30-day average. The shaded areas represent the 10 to 90 percentile of the ablation gridpoint data.
Time series of both short-term (red dashed line, average of scenario AAI-CAI and ACI-CCI) and
long-term (blue line, average of scenario AAI-ACI and CAI-CCI) cloud effect. a) Cloud Radiative
effect, b) Cloud effect on net shortwave radiation, c¢) Cloud effect on surface albedo, d) Cloud

effect on snow water equivalent.

figure 2d). When surface melt starts to occur, the albedo drops even lower, enhancing
the albedo feedback. At the end of summer this feedback system resets as the air tem-
perature decreases and surface melt reduces, and there is no more difference between the
simulation scenarios. There is a lag in the time period needed for the cloud effect on the
albedo to reset, which is presumably due to the fact that the lower latitudes still receive
SW radiation in this time of year, maintaining the albedo feedback. For accumulation
grid points, this feedback system is absent and the GrIS shows no long-term response

to the cloud radiative forcing.

It appears that the LW radiation is not a significant factor for the long-term re-
sponse of the GrlIS to cloud forcing (supplementary figure S3). There is a small long-term
warming of the GrIS of 0.9 £0.3°C for ablation grid points and practically none for ac-
cumulation grid points (0.03 £0.2°C). There is no certainty that this has significant ef-
fect on the surface melt (supplementary figure S4).

3.3 Impact on SMB

Eventually, the short-term and long-term effects of cloud radiation join forces. Ta-
ble 1 shows that all-sky initialised simulations (AAI and CAI) have significantly more
mass loss during the melt season than the clear-sky initialised scenarios (ACI and CCI),
agreeing with the long-term cloud effect on the SWE in figure 2d. The increase in mass
loss during the melt season from scenario ACI to AATI is 99.2 Gt/year, from scenario CCI
to CAI this is 110.9 Gt/year (respectively 38.4% and 43.6%). Similar increases between
the scenarios are found for the Melt-Area Index (MAI), which is the ratio between the
area exposed to mass loss and the total area of the GrIS. This suggest that, during the
melt season, the CRE influences mostly how much area is prone to mass loss. This can
be traced back to the long-term response of the albedo to the cloud radiation, and the
accompanying increase in net SW radiation (figure 2b and c). The MAIT pleads that the
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Table 1. Yearly averaged mass loss component of the SMB of the GrIS during the melt sea-
son and the corresponding Melt-Area Index, per simulation scenario in 2007-2010. All simulated
days with a SMB < 0 are included when calculating mass loss, and account for meltwater runoff,
sublimation and evaporation. SMB values are weighted for the respective areas of each gridpoint
when calculating the representative value for the GrIS. The Melt-Area Index is the ratio between
the area exposed to mass loss and the total area of the GrIS (1.71 - 10%&m?) such that a high

Melt-Area Index indicates a larger area exposed to mass loss.

scenario  # | SMB mass loss during melt season Melt-Area Index
[Gt/yr] [-]
AAT 1 357.2 139.7
CAI 2 365.3 149.2
ACI 3 258.0 102.6
CCI 4 254.4 105.3

CRE is more potent for priming areas to melt conditions than it is in amplifying the ex-
isting melt-rates, but note that this is not an explicit result.

Our results also show that clear-sky conditions on a single summer day produce
more mass loss than a cloudy summer day: scenario CAI loses 8.1 Gt/year more dur-
ing the melt season than scenario AAI, an increase of 2.3%. For scenario CCI with re-
spect to ACI, it is an increase of 3.6 Gt/year (1.4%). This shows that relatively more
incoming SW radiation (clear-sky) induces more melt, as Hofer et al. (2017) and Wang
et al. (2018) have argued. But most prominently, these results demonstrate that such
a clear-sky summer day yields the highest summer surface mass loss if it is initialised with
all-sky conditions: scenario CAI yields much more mass loss than scenario CCI, agree-
ing with the findings of van Tricht et al. (2016).

Table 1, again, underlines the importance of on the long-term effect of cloud ra-
diative forcing, on the one hand, and, on the other hand, the importance of the initial
firn conditions when assessing cloud effects on glaciers and ice sheet.

4 Discussion

This study has succeeded in getting a step closer to understanding cloud radiative
processes that are important for the GrIS SMB, bringing attention to the significance
of the GrIS’s long-term response. In particular, we show that the GrIS stores energy col-
lected by a positive CRE, which decreases the albedo in the summer and enhances sur-
face melt rates. The new firn’s memory of the GrIS to cloud forcing implies that the con-
ditions of the GrIS are essential for radiation studies on the SMB.

Moreover the positive long-term response of the GrIS to the CRE discloses the rea-
son for the existing conflicting theories on the CRE. Wang et al. (2018) have studied the
CRE using automatic weather stations and conclude that the CRE is negative at low
albedo values and thus that clouds stabilise the albedo feedback and decelerate surface
melt. Hofer et al. (2017) show that surface melt is governed by the decrease in albedo,
but attribute this to decreasing cloud cover and thus indirectly to a negative CRE. Both
these studies align with the short-term response of the GrIS to SW radiation. Comple-
mentary, this study now shows that the long-term GrIS response to SW radiation is pos-
itive and dominant in summer, not only agreeing with the findings of van Tricht et al.
(2016) but indicating this as principal driver for surface melt and the cause for the dis-



260 similarities between studies. Knowing this, we can conclude that radiation studies should

261 not solely be based on observations but must be accompanied by a snow model.
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X-2 IZEBOUD ET AL.: GRIS RESPONSE TO CLOUD RADIATION

Introduction

This document includes additional figures, to add to the argumentation in the main
article.
Figures S1. See figures below. Captions contain all the necessary explanation per
figure, for thorough understanding refer to the main article. For clarity, the overview
of abbreviations used to name different scenarios is included here as well as in the main
article:

1. AAIL one all-sky day simulated, initialised with preceding all-sky conditions.

2. CAI: one clear-sky day simulated, initialised with preceding all-sky conditions.

3. ACI: one all-sky day simulated, initialised with preceding clear-sky conditions.

4. CCI: one clear-sky day simulated, initialised with preceding clear-sky conditions.
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Figure S1. Cloud radiative effect (CRE) on the GrIS for only accumulation gridpoints. Time-
series of both short term (red lines, scenario AAI-CAI and ACI-CCI) and long term (blue lines,

scenario AAI-ACI and CAI-CCI) CRE. Plotted with a 30-day moving average. The shaded areas

represent the 10 to 90 percentile of the accumulation gridpoint data.
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Figure S2.  Short term cloud radiative effect on the GrIS surface temperature. Averaged

difference between scenario AAI-CAI and ACI-CCI over 2007-2010. Values per grid point are

seasonal averages.
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Figure S3. Cloud radiative effect (CRE) on the GrIS net longwave radiation budget. Time-
series of both short term (red lines, scenario AAI-CAI and ACI-CCI) and long term (blue lines,
scenario AAI-ACI and CAI-CCI) CRE, for only ablation grid points. Plotted with a 30-day
moving average. The shaded areas represent the 10 to 90 percentile of the ablation gridpoint

data.
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Figure S4. Cloud radiative effect (CRE) on the GrIS surface temperature. Time-series of both
short term (red lines, scenario AAI-CAI and ACI-CCI) and long term (blue lines, scenario AAI-
ACT and CAI-CCI) CRE, for only ablation grid points. Plotted with a 30-day moving average.

The shaded areas represent the 10 to 90 percentile of the ablation gridpoint data.
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