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Abstract

Surface melt is an important process for the stability of ice shelves, and therewith the Antarctic ice sheet. In Antarctica,
absorption of solar radiation is mostly the largest energy source for surface melt, which is further enhanced by the snowmelt-
albedo feedback (SMAF): refrozen snow has a lower albedo than new snow, which causes it to absorb more solar radiation,
further increasing the energy available for surface melt. This feedback has previously been shown to increase surface melt
by approximately a factor of 2.5 at Neumayer Station in East Antarctica. In this study, we use a regional climate model to
quantify SMAF for the entire Antarctic ice sheet. We find that it is most effective on ice shelves in East Antarctica, and is
less important in the Antarctic Peninsula and on the Ross and Filchner-Ronne ice shelves. We identify a relationship between
SMAF and average summer air temperatures, and find that SMAF is most important around 2654+2 K. On a sub-seasonal
scale, we identify several parameters that contribute to SMAF: the length of dry periods, the time between significant snowfall
events and snowmelt events, and prevailing temperatures. We then apply the same temperature-dependency of SMAF to the
Greenland ice sheet and find that it is potentially active in a narrow band around the ice sheet, and finally discuss how the

importance of SMAF could change in a warming climate.
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Abstract

Surface melt is an important process for the stability of ice shelves, and therewith the
Antarctic ice sheet. In Antarctica, absorption of solar radiation is mostly the largest en-
ergy source for surface melt, which is further enhanced by the snowmelt—albedo feedback
(SMAF): refrozen snow has a lower albedo than new snow, which causes it to absorb more
solar radiation, further increasing the energy available for surface melt. This feedback

has previously been shown to increase surface melt by approximately a factor of 2.5 at
Neumayer Station in East Antarctica. In this study, we use a regional climate model to
quantify SMAF for the entire Antarctic ice sheet. We find that it is most effective on

ice shelves in East Antarctica, and is less important in the Antarctic Peninsula and on

the Ross and Filchner-Ronne ice shelves. We identify a relationship between SMAF and
average summer air temperatures, and find that SMAF is most important around 265+2 K.
On a sub-seasonal scale, we identify several parameters that contribute to SMAF: the
length of dry periods, the time between significant snowfall events and snowmelt events,
and prevailing temperatures. We then apply the same temperature-dependency of SMAF
to the Greenland ice sheet and find that it is potentially active in a narrow band around
the ice sheet, and finally discuss how the importance of SMAF could change in a warm-
ing climate.

Plain Language Summary

The Antarctic ice sheet is surrounded by ice shelves: floating extensions that pre-
vent it from flowing into the oceans. The stability of these ice shelves is mainly affected
by the melting of snow and ice, leading to a potential disintegration of the entire ice shelf.
To properly simulate the climate, models should therefore be able to accurately repro-
duce snowmelt rates. Snowmelt in Antarctica is mainly driven by the absorption of so-
lar radiation. This is subject to a positive feedback: when snow melts, it becomes darker,
causing it to absorb more radiation. This leads to more energy that is available for snowmelt,
which further darkens the surface. In this study, we use a climate model to quantify the
importance of this feedback for the Antarctic ice sheet. We find that it is most impor-
tant in regions with an average summer air temperature around 265 K. We furthermore
find that during a long, dry period in summer, the feedback is more effective, and that
the timing between snowfall and snowmelt partly determines how much the feedback will
affect snowmelt. As a final step, we estimate how important this feedback is in Green-
land, and how the observed patterns could change in a warming climate.

1 Introduction

The Antarctic ice sheet (AIS) contains approximately 26 million km? of ice, equiv-
alent to a global mean sea level change of 58 m (Morlighem et al., 2020). In recent years,
accelerated mass loss from the AIS has been observed; Shepherd et al. (2018) report a
mass loss rate of 109456 Gt yr~! over the period 1992-2017. The highest mass loss is
observed in West Antarctica, as a result of the thinning and disappearing of ice shelves,
the floating extensions of the grounded ice sheet. Ice shelves are present along ~74 %
of the AIS (Bindschadler et al., 2011), buttressing the grounded ice sheet. They expe-
rience basal melt through ocean—ice heat exchange (Pritchard et al., 2012; Massom et
al., 2018), as well as surface melt by energy exchange at the ice-shelf surface (Van den
Broeke, 2005; Kingslake et al., 2017). The recent collapse of Larsen A and B ice shelves
on the east side of the Antarctic Peninsula (AP) was preceded by extensive surface melt,
inducing hydrofracturing (Van den Broeke, 2005; Glasser & Scambos, 2008). On the west
side of the AP, break-up events on Wilkins ice shelf have been associated with increased
basal melt rates, leading to changes in buoyant forces (Braun et al., 2009; Padman et
al., 2012). Ice-shelf thinning and break-up have both been associated with the acceler-
ation of its feeding glaciers (Scambos et al., 2004; Rott et al., 2011), causing the high
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mass loss rates in coastal West Antarctica and the AP (Wouters et al., 2015; Turner et
al., 2017). Ice-shelf stability is thus crucial for the future mass balance of the AIS. Be-
cause both basal and surface melt are expected to increase in a warming climate also for
the more southerly ice shelves (Trusel et al., 2015), a proper representation of ice-shelf
melt processes is essential in climate modeling.

In this paper we focus on surface melt processes. Weather stations, satellites and
climate models have been used to estimate surface melt rates on Antarctic ice shelves
(Bromwich et al., 2013; Trusel et al., 2015; Van Kampenhout et al., 2017; Van Wessem
et al., 2018; Agosta et al., 2019; Souverijns et al., 2019). In-situ observations show that
in the cold climate of Antarctica, insolation is usually the most important energy source
for surface melt (Van den Broeke, Reijmer, et al., 2005; Jonsell et al., 2012; King et al.,
2015; Jakobs et al., 2020). The absorption of solar radiation is in turn enhanced by the
snowmelt-albedo feedback (SMAF) (Jakobs et al., 2019): when snow melts, meltwater
percolates into the subsurface snow layers where it can refreeze. As refrozen snow con-
sists of larger snow grains than new snow, it reduces the backward scattering of photons
(Wiscombe & Warren, 1980), i.e. it has a lower albedo. As a result, the surface absorbs
more incoming solar radiation, leading to more surface melt, representing a positive feed-
back. Therefore, it is crucial for climate models to use a snow albedo parameterization
that includes this melt—albedo feedback (Cullather et al., 2014; Van Dalum et al., 2019;
Alexander et al., 2019).

In a previous study, we used high-quality meteorological observations from Neu-
mayer Station, located on Ekstrom ice shelf in East Antarctica, to quantify the effect
of SMAF on surface melt rates (Jakobs et al., 2019). We used a surface energy balance
(SEB) model that includes a grain-size-dependent albedo parameterization, and found
that on average, SMAF enhanced surface melt (1992-2016) at Neumayer Station by a
factor of 2.5, but with significant interannual variability. The current study aims to ex-
tend our previous work to the entire AIS, using the regional climate model RACMO2.
This climate model is specifically developed to simulate polar climates and has been ex-
tensively evaluated (Van Wessem et al., 2018; Jakobs et al., 2020). Its albedo parame-
terization makes it well-suited to study SMAF at the continental scale.

In the next section, we introduce the climate model RACMO2 and describe the albedo
parameterization used. In Section 3 we present a map of SMAF in Antarctica (Section
3.1), discussing its spatial variability as well as the interannual variability at different
locations (Section 3.2). We identify regions in Antarctica that are most affected by SMAF
(Section 4.1) and present local case studies on a daily timescale to identify conditions
where SMAF is largest (Section 4.2). In Section 4.3, we comment on the potential im-
portance of SMAF in Greenland, and how SMAF will affect surface melt in the future
on both ice sheets, followed by conclusions in Section 5.

2 Methods
2.1 Model descriptions

The regional climate model RACMO?2 is developed by the Royal Netherlands Me-
teorological Institute (KNMTI). It is a hydrostatic model that combines the dynamical
core of the High Resolution Limited Area Model (HIRLAM, Undén et al. (2002)) with
the physics parameterizations of the Integrated Forecast System (IFS, version CY33rl)
of the European Centre for Medium-Range Weather Forecast (ECMWF) (ECMWF, 2008).

For this study, we use the latest polar version (RACMO2.3p2, from now on referred

to as RACMO?2), which has been specifically developed for use over glaciated regions (Reijmer

et al., 2005; Van Wessem et al., 2018). The atmosphere is represented by 40 vertical lev-
els and the model is forced by the ERA-Interim reanalysis product at its lateral bound-
aries as well as in the upper atmosphere (Van de Berg & Medley, 2016). The atmospheric
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component is coupled to a multilayer snow model (Ettema et al., 2010), which allows for
meltwater percolation, refreezing and runoff. Furthermore, RACMO2 uses an albedo pa-
rameterization that depends on grain size (Gardner & Sharp, 2010; Kuipers Munneke

et al., 2011) and a drifting-snow scheme that simulates horizontal transport of snow by
near-surface winds (Lenaerts et al., 2012).

Van Wessem et al. (2018) compared the output of RACMO2 with in-situ measure-
ments of surface temperature, radiation fluxes, turbulent fluxes and wind speed. They
found that RACMO2 yields reliable estimates of surface temperatures and net short-wave
radiation (R? > 0.9), and performs adequately in modeling turbulent fluxes, net long-
wave radiation and wind speed (R? > 0.5). They furthermore found a good correla-
tion (R? = 0.81) of surface melt rates with the results from the QuikSCAT satellite.
Jakobs et al. (2020) showed that RACMO2 reproduces surface melt rates with reason-
able accuracy: compared to in-situ melt estimates from (automatic) weather stations in
the AP and Dronning Maud Land, RACMO2 slightly underestimates surface melt rates
(bias=-7.3 mm w.e. yr~!) but overall, the agreement is good (R? > 0.8).

RACMO?2 solves the surface energy balance (SEB) equation, which describes the
energy exchange between the surface, the sub-surface and the atmosphere and determines
the amount of energy available for surface melt:

M = Ryet + @s + QL + Qa, (1)

where Ryt is net radiation, the sum of net short-wave and net long-wave radiation, Qg
and @y, are the turbulent fluxes of sensible and latent heat, respectively, and Qg is the
surface value of the subsurface heat flux. M is the energy available for surface melt, which
is equal to 0 when the surface temperature is below the melting point of ice (273.15K).

In an iterative procedure, the surface temperature is determined so that the SEB is closed.
If this temperature would exceed 273.15 K, it is forced to this value and excess energy

is available for surface melt. The turbulent fluxes Qg and @1, are determined using Monin-
Obukhov similarity theory, which relates the fluxes to the near-surface gradients of wind
speed, potential temperature and humidity (see e.g. Van den Broeke, Van As, et al. (2005)).
The subsurface heat flux Qg = ka—f, where k is the effective thermal conductivity of

the snow/ice and %—Z the temperature gradient in the near-surface snowpack. The snow
model solves the heat-conductivity equation to obtain the subsurface temperature pro-

file and therewith Q¢ (Ettema et al., 2010):

oT 0 oT
P 5y = "5, (kaz> + Qrefrs (2)
where q,ef; is the energy released by the refreezing of meltwater per unit time per area.

Penetration of short-wave radiation is not considered in this version of RACMOZ2.

This version of RACMO?2 uses the albedo parameterization of Gardner and Sharp
(2010), in which the albedo is described as a base value ag with modifications due the
solar zenith angle 6 (da,, ), the cloud optical thickness 7 (da,) and the concentration of
black carbon in the snow (da.). The impact of snow impurities is assumed negligible for
Antarctica and thus da,.=0 (Warren & Clarke, 1990; Grenfell et al., 1994; Bisiaux et al.,
2012; Marquetto et al., 2020)).

The base albedo ag is given by (Gardner & Sharp, 2010):
ag = 1.48 — 1.2704870-07 (3)
where 7, is the snow grain size, in turn parameterized as
Te(t) = [re(t — 1) + dre.ary + drewet) fo + Te,0fn + Ter fr, (4)

where dre qry and dre wey describe grain growth due to dry and wet snow metamorphism,
respectively. 79 and 7, denote the grain sizes of new and refrozen snow, set to con-

stant values of re o = 54mm (Kuipers Munneke et al., 2011) and 7., = 1000 mm (Van Wessem
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et al., 2018). f,, fu and f, are the fractions of old, new and refrozen snow. The effect
of the second layer is considered by changing the base albedo ag to:

o = (0™ — a™) + A (ol — o™ )

where top and btm indicate the top and bottom layers respectively, and A is a factor de-

pendent on oztSOp and the top-layer thickness z. Equations for doy,, do, dre dry, dre wet

and A can be found in Gardner and Sharp (2010). This approach is different from Kuipers Munneke
et al. (2011) and Jakobs et al. (2019), who used more than two layers to calculate the

surface albedo.

2.2 Quantifying SMAF

To quantify the effect of SMAF, we performed two simulations with RACMO?2 on
a 27 km horizontal resolution for the period 1979-2018: a baseline run Ry in which the
full albedo parameterization is used as described above, and a sensitivity run Ry, in which
the contribution of refrozen snow to snow grain size, and hence surface albedo, is dis-
abled by setting f, = 0 in Eq. (4). The same approach was used by Jakobs et al. (2019)
to quantify SMAF at Neumayer Station in East Antarctica. The term ‘period-average’
is used throughout this article, referring to the period 1979-2018.

There are several ways to quantify SMAF. The most robust definition is SMAF,
the ratio of the total (‘t’) cumulative amounts of surface melt in Ry and Ry over the en-
tire period available (in this study 1979-2018). We use this measure to interpret the spa-
tial variability of SMAF and e.g. its correlation with period-average temperature. SMAF
can also be determined on a seasonal (‘s’) basis, i.e. the ratio of seasonal (in this study
Jul-Jun) melt in Ry and R;, and is denoted by SMAF. Time series of SMAF are used
to study the interannual variability of SMAF and the connection to the SEB.

3 Results
3.1 Spatial distribution of SMAF

Since SMAF is defined as the ratio of surface melt in two different runs, we first
present the relation between seasonal surface melt rates and SMAF in Fig. 1a, for sea-
sons with at least 10 mm w.e. of surface melt, for each model grid cell. The figure shows
that the highest SMAF, values occur in low-melt regions, while in high-melt regions SMAF;
is close to 1. It furthermore shows that melt is not the only driver of SMAF. In this sec-
tion we study the spatial distribution of SMAF and surface melt; in Sect. 4 we then dis-
cuss possible other drivers of SMAF.

To identify the regions where SMAF is most important, we first need to know the
spatial distribution of surface melt in Antarctica. This is presented in Fig. 2a, with the
highest values occurring on both sides of the AP, locally exceeding 300 mm w.e. yr—!. Ex-
treme values (>500 mm w.e. yr~!) occur on small islands north of the AP. The highest
surface melt rates in East Antarctica are found on Shackleton ice shelf (indicated in Fig. 2¢
with an ‘S’), due to its northerly location. The lowest values are found on the Ross and
Filchner-Ronne ice shelves. The absolute increase in seasonal average melt because of
SMAF (Ry — Ry) is shown in Fig. 2b. A pattern similar to Fig. 2a emerges, with the
highest values in the AP and on Shackleton ice shelf, but also in coastal Dronning Maud
Land and the Amundsen Sea sector.

Figure 2c shows the resulting SMAF;, ranging from 1 to ~2.8, for locations with
at least 5 mm w.e. of period-average seasonal surface melt. The highest values are found
in coastal Dronning Maud Land and the Amundsen Sea sector; these locations have rel-
atively low seasonal surface melt rates, combined with an increase because of SMAF that
is relatively large. Lower values are found in low-melt regions such as on the Ross and
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Figure 1. a Relationship between surface melt rate and SMAFs. Each dot represents one
season with at least 10 mm w.e. for all grid points within the model domain. b Period-average
seasonal surface melt versus SMAF; standard deviation for all grid points with period-average

seasonal surface melt > 5mm w.e.

Filchner-Ronne ice shelves, and high-melt regions such as the northern AP. These pat-
terns are discussed in more detail in Sect. 4.1, but first we consider the temporal vari-
ability of SMAF,.

3.2 Temporal variability of SMAF

For six locations, indicated by blue dots in Fig. 2c, time series of seasonal snow melt
for both runs (R and R;) are presented in Fig. 3. The ratio between these two yields
the seasonal SMAF value; indicated in top-right are SMAF; and the average and stan-
dard deviation of SMAF;. The average of SMAFj is greater than SMAF;; this is a re-
sult of the lower limit of SMAFg, which is by definition 1. Especially in low-melt regions,
summers with high SMAF; have a larger effect on its average than on SMAF;.

These locations were selected to illustrate the different SMAF regimes. On Larsen
C ice shelf (Fig. 3f), SMAF leads to an increase in surface melt by a relatively constant
factor every year, characterized by a low standard deviation of SMAF. This is differ-
ent from e.g. Amery ice shelf (Fig. 3c), where SMAF varies strongly from year to year
(high standard deviation of SMAF). For the other locations, the standard deviation ranges
between these extremes. Note that Larsen C and King Baudouin ice shelves have sig-

nificant melt events outside of the summer months, because of regular Fohn events (Lenaerts

et al., 2017; Wiesenekker et al., 2018). These are however not sensitive to SMAF, as they
are not driven by short-wave radiation but rather by turbulent heat fluxes.

Figure 1b shows a decrease of SMAF interannual variability with increasing melt.
In low-melt regions (< 100 mmw.e.yr—1), melt is highly intermittent and the albedo
remains generally high. If melt occurs, the albedo decreases significantly and surface melt
increases relatively strongly, yielding large SMAF, values. In contrast, high-melt regions
have a lower surface albedo to start with due to the higher prevailing temperatures; the
albedo-lowering effect of melt is therefore less influential and melt is only slightly enhanced,
leading to low SMAF, values and variability.

Figures 1 and 2 present the relationship between surface melt and SMAF. How-
ever, these figures also suggest there are more drivers determining SMAF. These are the
subject of Sect. 4.1, where we identify climatic regions where SMAF is most active. Sec-
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tion 4.2 focusses on how SMAF is related to the SEB on a daily timescale, for different
regimes.

4 Discussion
4.1 Climatic drivers of SMAF

To understand the spatial patterns in Fig. 2c, we investigated the relationship be-
tween SMAF; and several quantities: summer (Nov—Feb) air temperature, summer pre-
cipitation and seasonal surface melt rate. The most discernible pattern is observed in
the correlation with temperature, which is therefore used below to describe large-scale
climate drivers of SMAF;. Precipitation and surface melt are used to discuss SMAF on
a sub-seasonal scale in Sect. 4.2.

Figure 4 presents the relation between SMAF; and mean summer air temperature.
It shows that the highest SMAF; values are found in regions with an average summer
air temperature of ~265K (defined as T), where SMAF; reaches an average value of 1.9.
This pattern is not very sensitive to the chosen period; it is similar if the time period

is limited to an arbitrary 10-year or 20-year period throughout the total period (not shown).

Its shape suggests a ‘peak bandwidth’ rather than a single peak value. Therefore, in the
following we consider a 2 K bandwidth around T¢, i.e. T, = 265 £ 2 K.
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In regions with temperatures above or below 1., SMAF; gradually decreases to 1.

In the colder regions (T < 263 K), surface melt rates are generally low (mostly < 30 mm w.e.yr—!)

and SMAF only moderately enhances surface melt (~40-50%). In warmer regions (T >
267K), such as the AP, SMAF is also less important for surface melt; due to the rela-
tively mild conditions, the contribution of turbulent heat fluxes is more important to melt
energy than absorption of short-wave radiation. This causes melt events that are less af-
fected by the surface albedo, limiting the influence of SMAF. This is discussed in more
detail in Sect. 4.2.

Figure 5 shows the spatial distribution of the deviation of average summer air tem-
perature from T, in Antarctica (Fig. 5a) and Greenland (Fig. 5b, Noél et al. (2018), dis-
cussed in Sect. 4.3). The Ross, Filchner-Ronne and Amery ice shelves extend far to the
south and are the coldest areas which experience surface melt in Antarctica, with av-
erage summer air temperatures of 260 K and lower. These ice shelves represent the left
tail of the temperature-SMAF; relation (Fig. 4), where SMAF has a limited effect on
surface melt rates. The AP is the warmest region of Antarctica, with average summer
air temperatures of 270 K and higher. It is located in the right tail of the temperature—
SMAF; relation, where surface melt is semi-continuous, mainly driven by high air tem-
peratures, and SMAF is also of limited importance for surface melt rates.

The remaining, smaller ice shelves in East and West Antarctica experience aver-
age summer air temperatures around 7, displayed in white in Fig. 5a, with the 2 K band-
width indicated with red contours. This indicates that SMAF is currently significantly
(~doubling) enhancing surface melt on ice shelves all around the AIS. In this high-SMAF
regime, surface melt is an intermittent process; the meteorological circumstances that
favor SMAF are identified in the next section.
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T¢, the green contour in (b) indicates the ice sheet margin (No€l et al., 2018).

4.2 SMAF and its connection to the SEB

To investigate SMAF and its drivers more closely, we compare summers with dif-
ferent SMAF values at four locations: King Baudouin ice shelf, Ross ice shelf, Larsen
C ice shelf and Amery ice shelf (see Fig. 2¢ for locations). These locations were selected
because they represent different SMAF regimes: moderate temperature, strong SMAF
(King Baudouin, Fig. 6), high temperature, weak SMAF (Larsen C, Fig. 7), low tem-
perature, weak SMAF (Ross, Fig. 8), and low temperature, strong SMAF (Amery, Fig. 9).

Figure 6 shows melt-season time series for a location on King Baudouin ice shelf,
located in coastal Dronning Maud Land, (indicated by ‘B’ in Fig. 2¢) in a moderate-temperature,
strong-SMAF region (Fig. 5a). Figure 3b has shown that in this location, SMAF, ex-
periences a large interannual variability. Figure 6 shows daily cumulative surface melt
(a,e), precipitation (b,f), the surface energy balance components (SEB, c¢,g) and tem-
perature and albedo (d,h) for experiments Ry and R; (see Sect. 2.2). In the melt sea-
son 2002-03, around 15 Dec, a melt episode occurs immediately after a strong precip-
itation event (Fig. 6a and b). Because of refreezing, the albedo drops from 0.9 to ~0.75
(Fig. 6d). As no more significant snowfall events follow, the albedo remains low for the
remainder of the season, resulting in significantly elevated SW o, values (Fig. 6¢) and
a prolonged period of surface melt in Ry. The surface albedo is not reset to that of new
snow until the end of the melt season. As grain growth by refreezing is inactive in Ry,
the decrease in albedo after the melt event is smaller; it stabilizes at ~0.82. As the sur-
face now reflects more solar radiation, SW is significantly lower and melt ceases af-
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ter the first melt event following the precipitation event. In Ry melt totaled ~70 mm w.e.
during this season, while in R; it totaled only 8 mm w.e., yielding a high SMAF, value
of 8.5 (Fig. 6a).

At the same location but two seasons later (2004-05), a similar dry period occurred
(Fig. 6e-h). Contrary to 2002-03, melt did not start immediately after the last signif-
icant snowfall event. Rather, the albedo decreases steadily because of dry snow meta-
morphism in both Ry and R;. Before the first melt of the season, the albedo had decreased
to ~0.82 in both runs. Similar to 2002-03, the albedo decreases more in Ry than in R
during the melt event. However the effect of SMAF is now less pronounced than in 2002—
03 because the albedo was already lowered, making the additional contribution of refrozen
snow less important. The difference in SWyet is therefore also smaller, as well as the dif-

ference in surface melt rates throughout the season. The total 2004-05 surface melt amounts

are ~200mm w.e. in Ry and ~80 mmw.e. in Ry, giving a SMAF; of 2.5 (Fig. 6e).

Figure 7 shows results for a location on Larsen C ice shelf in the AP (indicated by
‘C’ in Fig. 2¢), a region that experiences relatively high surface melt rates and higher
temperatures than King Baudouin ice shelf, due to its more northerly location. Melt is
enhanced by SMAF most efficiently between 15 Dec 2007 and 1 Jan 2008, during a pro-
longed dry period (Fig. 7e and f). The subsequent difference in albedo (Fig. 7h) resulted
in significantly more absorption of solar radiation during this period (Fig. 7g) while tem-
peratures were high enough to sustain surface melt. The absence of such a dry period
in 2002-03 prevented SMAF from affecting surface melt as efficiently. Furthermore, the
air temperature is close to the melting point throughout the season, which allowed sus-
tained surface melt in both Ry and R; runs. In the end, SMAF enhanced surface melt
by only ~30% compared to ~140 % in 2007-08, which again underlines the importance
of dry periods for the effectiveness of SMAF. The effect is considerably smaller than on
King Baudouin ice shelf (Fig. 6) because of the higher temperature on Larsen C, which
allows for surface melt to proceed even in the absence of SMAF (R;). This also explains
the smaller interannual variability that is observed in Fig. 3f.

Figure 8 shows results for a location on Ross ice shelf, the largest ice shelf in Antarc-
tica (see Fig. 2¢). Due to its southerly location, temperatures are significantly lower than
on King Baudouin ice shelf and, therefore, melt is more intermittent and less extensive.
Although in 2007-08 (Fig. 8e-h) the air temperature occasionally reaches the melting
point, sustained melt does not occur. Melt is limited to short melt events during which
SMAF is unable to enhance surface melt over a longer period. However, because melt
energies are so low, small absolute melt differences still induce a significant SMAF, value
for this season. In another year (2002-03), there was one significant melt event without
any melt enhancement because of SMAF (Fig. 8a). Figure 8c shows that during the melt
event, both SWye; and LW . are approaching zero, indicating heavily overcast condi-
tions. Melt energy is for an important part provided by Qs, which is insensitive to sur-
face albedo. As a result, SMAF did not enhance surface melt during this event.

Figure 9 shows daily melt, precipitation, SEB, temperature and albedo for a loca-
tion on Amery ice shelf, East Antarctica (indicated by ‘A’ in Fig. 2¢), which experiences
relatively low average temperatures for its latitude. The first season (panels a—d) rep-
resents the high-SMAF summer 2004-05 without a prolonged dry period; even the pre-
cipitation event on 30 Dec was not able to sufficiently reset the surface albedo. During
this event, melt continued because of the persistent high temperature and with it high
Qs. As a result the new snow was quickly removed from the surface. The difference in
SW et in the following days is sufficient to cause high SMAF,. In the summer of 2005—
06 (panels e-h) an even higher SMAF, occurs, resulting from a long dry episode. A re-
markably large difference in air temperature is observed (Fig. 9h) during the persistent
melt episode in Ry which is absent in R;. This is caused by persistently higher surface
temperatures, following larger SW,; and refreezing.
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These examples show the different meteorological circumstances that can lead to
different SMAF values. The moderate-temperature regions have the highest SMAF; val-
ues, because SMAF causes the albedo to be lowered sufficiently such that enhanced ab-
sorption of solar radiation causes continuous melt, which is absent in R;. In warm re-
gions, even in cases when the albedo is higher, melt continues in R; (see Fig. 7d). Fi-
nally, in cold regions, sustained melt does not occur because of the low temperatures.
Melt is limited to single-day melt events instead, rendering SMAF unable to enhance sur-
face melt for a prolonged period, resulting in small SMAFg and SMAF; values.

These examples illustrate that especially prolonged dry periods in temperate sum-
mer climates enable SMAF to greatly enhance summer melt amounts, due to the lack
of snowfall resetting the surface albedo. Quantifying the correlation between dry peri-
ods and SMAF, remains difficult. The exact timing of precipitation and early melt events
is equally important: when dry snow metamorphism has already lowered the surface albedo
before surface melt starts, SMAF is strongly reduced.

We conclude that, in order to properly simulate the Antarctic melt climate, a cli-
mate model must accurately represent surface albedo, precipitation timing and inten-
sity, and air and snow temperature.

4.3 Outlook: Greenland and the future

The shaded areas in Fig. 4 indicate the normalized distributions of temperature
for all grid points with period-average seasonal surface melt of at least 1 mm w.e. in Antarc-
tica (orange) and in Greenland (green, accumulation zone only, Noél et al. (2018)). The
Ross, Filchner-Ronne and Amery ice shelves correspond to the left peak of this distri-
bution, where the impact of SMAF on surface melt rates is limited (Sect. 4.1). The right
peak of this temperature distribution represents the remaining ice shelves along East and
West Antarctica. The higher temperatures are a result of their more northerly location
than the Ross, Filchner-Ronne and Amery ice shelves. This shows that in the current
climate, the majority of melt points fall in a regime with moderate SMAF, with only few
locations significantly above Tt.

In a warmer climate, the distributions in Fig. 4 will shift towards the right. The
East Antarctic ice shelves, located in the right peak of the orange distribution, will slowly
become less affected by SMAF. On the other hand, the Ross, Filchner-Ronne and Amery
ice shelves, which are in the left peak of this distribution, will gradually be exposed to
higher SMAF values. As SMAF will become more important on these ice shelves, sur-
face melt will increase relatively more strongly in these regions than for example on coastal
Dronning Maud Land ice shelves. This might negatively affect the stability of the ice shelves
through processes such as increased firn saturation, increased ice temperatures and hy-
drofracturing, and therewith affects the future of the AIS (Trusel et al., 2015).

The temperature distribution of melt points in Greenland is shown in green shad-
ing in Fig. 4 (accumulation zone only, Noél et al. (2018)). The absence of large, flat ice
shelves results in large differences with the distribution of Antarctica. The bulk of the
Greenland distribution is centered around 260 K, which represents the high and flat in-
terior accumulation zone. Figure 10 shows the melt—temperature relation for Antarctica
and Greenland (accumulation zone only), relating the period-average summer melt and
summer temperature (Nov—Feb for Antarctica, May—Aug for Greenland). The Green-
land curve seems to be an extension of the Antarctica curve, suggesting that when tem-
peratures increase in the southern hemisphere, the Antarctic melt climate will increas-
ingly resemble the contemporary Greenland melt climate. Note also that the temperature—
SMAF relationship (Fig. 4) is not very sensitive to the time period for which it is cal-
culated (not shown). This suggests that this relationship might also be applicable to Green-
land. In order to assess how SMAF might affect surface melt in Greenland, we there-
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fore apply the temperature-SMAF relationship to the Greenland temperature distribu-
tion.

Figure 5b shows the temperature deviation from T, for Greenland. Similar to Fig. 5a,
white areas indicate the regions where SMAF is currently most optimal for enhancing
surface melt, red areas are too warm for a strong SMAF, and blue areas are currently
too cold. In the current climate and based on our results from the AIS, it shows that SMAF
is active in a large part of the interior ice sheet in southern Greenland, and a narrow band
in the middle-elevated accumulation zone around the rest of the ice sheet. In a warm-
ing climate, the SMAF region will migrate inland, corresponding to a right-ward shift
of the green temperature distribution in Fig. 4. This leads to a rapid increase of the area
being affected by SMAF when air temperatures over Greenland continue to rise.

5 Conclusions

In this study we investigate the spatial and temporal variability of the snowmelt—
albedo feedback (SMAF) on the Antarctic ice sheet (AIS). This is done by performing
two simulations with the regional atmospheric climate model RACMO2, covering the pe-
riod 1979-2018. This model uses a parameterization that relates the surface albedo to
the grain size of snow; by disabling the contribution of refrozen snow to albedo lower-
ing, this allows us to explicitly model the effect of SMAF on surface melt. One simula-
tion is performed with the full albedo parameterization (Rp), in the other simulation this
refrozen-snow contribution is disabled (R;). Following Jakobs et al. (2019), we define
SMAF as the ratio of cumulative surface melt between these two simulations, a value
of 1 indicating no effect, a value of X indicating that melt is enhanced X-fold because
of SMAF.

We find that SMAF is spatially highly variable on the AIS, ranging from values close
to 1 in cold, low-melt regions such as the Ross and Filchner-Ronne ice shelves, to val-
ues up to 3 in coastal Dronning Maud Land (Fig. 2). Relating SMAF; to average sum-
mer (Nov-Feb) air temperature reveals a maximum around 265K (7¢, Fig. 4). Many Antarc-
tic ice shelves are located in the temperature regime where SMAF is currently optimal,
except for the three largest ice shelves (Ross, Filchner-Ronne and Amery), which are too
cold, and the entire Antarctic Peninsula (Fig. 5a), which is too warm.
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425 Investigating the link between SMAF and the surface energy balance reveals that

a2 the timing of significant snowfall events with respect to surface melt is important. Sea-

a7 sonal SMAF is highest when melt occurs immediately after the last snowfall event at the
a2 onset of the melt season and in the absence of significant precipitation throughout the

229 remainder of the season. The reason is that in this case the surface albedo is not reset

430 to the new-snow value and enhanced melt occurs continuously. When snowfall is not im-

431 mediately followed by surface melt, the surface albedo is lowered by dry snow metamor-

e phism. The effect of refrozen snow on seasonal albedo is subsequently much smaller than
433 in the previous example, and therefore SMAF is less important. In cold regions such as

434 the Ross ice shelf, the air temperature is generally too low to accommodate continuous

435 surface melt. When surface melt occurs, it is mostly constrained to a single melt day;

436 as a result, SMAF is not able to significantly enhance surface melt. On Larsen C ice shelf,
437 located in the mild AP, the air temperature is normally high enough to facilitate near-

438 continuous surface melt; SMAF does enhance surface melt but it does not determine whether
439 surface melt continues or ceases. This is contrary to moderate-temperature locations,

440 where SMAF can be the determining factor for the start and continuation of surface melt.
a1 Although a large part of Antarctica is currently too cold for an optimal SMAF, which
a2 occurs at ~ 265 K, rising temperatures in the future could expose even the largest ice

a3 shelves to a strong increase in surface melt because of SMAF. Applying the same thresh-
aaa old to the Greenland ice sheet shows that a large part of southern Greenland is in the

a5 SMAF-sensitive temperature regime (Fig. 5b), indicating that SMAF is an important
416 driver for surface melt in that area.
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