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Two high melt episodes occurred on the Greenland ice sheet in July 2012, during which
nearly the entire ice sheet surface experienced melting. Observations from an automatic
weather station (AWS) in the lower ablation area in South Greenland reveal the largest
daily melt rates (up to 28cm d~' ice equivalent) ever recorded on the ice sheet. The
two melt episodes lasted 6 days, equivalent to 6% of the June-August melt period, but
contributed 14% to the total annual ablation of 8.5 mice equivalent. We employ a surface
energy balance (SEB) model driven by AWS data to quantify the relative importance of
the energy budget components contributing to melt through the melt season. During the
days with largest daily melt rates, surface turbulent heat input peaked at 552 Wm~=2,
77% of the surface melt energy, which is otherwise typically dominated by absorbed
solar radiation. We find that rain contributed ca. 7% to melt during these episodes.

Keywords: South Greenland melt, surface mass balance, daily melt rates, turbulent heat fluxes, in situ observation,
automatic weather stations

INTRODUCTION

Understanding the response of the Greenland Ice Sheet (GrIS) to contemporary climate change is
crucial to predicting future changes in global sea-level (IPCC, 2013; Dutton et al., 2015). Climate
models and remote sensing of ice sheet mass balance indicate that the GrIS is losing mass at an
increasing rate (Shepherd et al., 2012; Tedesco et al., 2013; Andersen et al., 2015; Khan et al., 2015).
The GrIS experienced a record mass loss in 2012 (Tedesco et al., 2013), when the combined surface
mass balance and ice dynamic components of mass loss eclipsed the 2010 record loss (Tedesco et al.,
2011; Sasgen et al., 2012). Year 2012 also established a new surface melt extent record, when satellite
observations revealed that melting occurred across virtually the entire ice sheet surface on 12 July
2012. This extraordinary melt episode (8-11 July), unprecedented in the satellite record, was due
to an advective heatwave over most of Greenland (Nghiem et al., 2012; Tedesco et al., 2013; Neff
et al., 2014; Fausto et al., 2016). A second high melt episode occurred 27-28 July, covering all of
West Greenland (Fausto et al., 2016).

When studying changes in ice ablation rates or local melt patterns, the spatial detail of regional
climate models and satellite gravimetry is often insufficient to resolve the margin of the ice sheet,
where strong spatial gradients in surface mass balance occur (e.g., Colgan et al., 2015; Langen
et al,, 2015). In these regions, in situ measurements can provide crucial insights into inter-annual
and seasonal melt variability, and thus aid the interpretation of mass change patterns observed or
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simulated at larger spatial scales (Fausto et al., 2009, 2016;
Tedesco et al., 2013; Van As et al., 2014; Machguth et al., 2016).

Earlier work has examined the partitioning the surface mass
budget (SMB) components over Greenland ice with a focus on
turbulent heat fluxes as the main contributor to SMB variability
(Braithwaite, 1981, 1995; Smeets and van den Broeke, 2008a).
Determining the contribution of turbulent heat fluxes to changes
in surface melt, especially in the GrIS ablation area where most
melt occurs, is important due to the direct link between turbulent
fluxes and changes in the general atmospheric circulation
(Braithwaite, 1981, 2009). Recent increases in turbulent heat
fluxes over ice are a direct consequence of higher atmospheric
temperatures in the Arctic (McGrath et al., 2013).

Automatic weather stations (AWSs) provide unique
observational insight into GrIS surface mass balance (Citterio
et al., 2015; Van As et al.,, 2016). By directly measuring both
glaciological and meteorological quantities related to SMB,
AWSs offer a detailed understanding of the climate-ice sheet
interactions (Charalampidis et al., 2015; Noél et al., 2015; Fausto
et al., 2016).

Here, we investigate the two 2012 high melt episodes [MEs,
hereafter ME1 (8-11 July) and ME2 (27-28 July)] at the QAS_L
AWS site in South Greenland (Figure 1), which routinely records
high (7-9 m) annual ablation totals. We present observed daily
ice melt rates from the 2012 summer (June, July, August), and
perform diagnostic simulations of daily melt rates using a surface
energy balance (SEB) model driven by AWS data, allowing us
to quantify and rank all melt energy sources through the melt
season.

47°0W 46°45'W

FIGURE 1 | ASTER scene from 30 July 2013. The red line highlights the ice
sheet margin and the white circle gives the location of the QAS_L weather
station. The red dots on the overview map indicate the locations of the
PROMICE AWS transects.

METHODS

Site Description and Instrumentation

The QAS_L measurement record dates back to 2001 (Podlech
etal,, 2004). The QAS_L station was redesigned in 2007 following
the standard detailed in the Programme for Monitoring of the
Greenland ice sheet (PROMICE; e.g., Citterio et al., 2015). In
2009, the station was re-located 1.5km to the east to avoid the
AWS moving into a heavily crevassed area only 2.5 km from the
ice margin (61°02" N, 46°51’ W, 280 m a.s.l., Figure 1). QAS_L
measures a suite of meteorological quantities (air pressure,
temperature, humidity, wind speed, and the downward and
upward short- and longwave radiation fluxes) at 10 min temporal
resolution (Van As et al., 2016; Table 1). Its measurements also
include glaciological quantities (ice temperatures, and snow and
ice ablation; Fausto et al., 2012a).

Measurement errors vary by sensor and contribute to the
uncertainty of the surface energy budget calculations. The largest
manufacturer-reported sensor uncertainty is for the Kipp and
Zonen CNR1/CNR4 radiometer at 10% for daily totals (Van
As, 2011), a number which in practice has been found to
be ca. 5% for daily totals (Van den Broeke et al, 2004).
Solar radiation measurements are corrected for sensor/AWS
tilt (Van As, 2011). The daily average melt rate measurements
from the AWS’s pressure transducer assembly were assessed
to have a measurement uncertainty of 0.04m ice equivalent
(eq; Fausto et al., 2012b). Actual ablation at QAS_L and other
locations around Greenland can show highly irregular melting.
Several studies indicate that differences between measurements
placed a few meters apart can be as much as +10% (e.g.,
Braithwaite et al, 1998; Boggild et al., 2004; Fausto et al.,
2012b).

Surface Mass Balance Model

A point SEB model (Van As et al, 2005, 2012) is used to
distinguish between the energy sources contributing to surface ice
melt at the QAS_L site in 2012 (Figure 2). The model uses hourly
averages of AWS data to calculate SEB components: absorbed
shortwave radiation (SRnet); net longwave radiation (LRnet);
sensible heat flux (SHF); latent heat flux (LHF); sub-surface heat
flux (SSHF), rain heat flux (RHF). The calculated surplus energy
is assumed to melt snow or ice (M), depending on which is
present at the ice sheet surface:

TABLE 1 | Instrument overview for the important energy flux calculations.

Instrument Manufacturer Model Height above ice
type surface (m)
Thermometer, Rotronic assembly MP100H-4-1- 2.7
aspirated 03-00-10DIN
Hygro-/thermometer, Rotronic assembly  HygroClip S3 2.7
aspirated
Wind monitor R.M. Young 05103-5 3.1
Radiometer Kipp and Zonen CNR1 or 3.0

CNR4
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FIGURE 2 | Hourly meteorological parameters measured by the AWS [air pressure (hPa), air temperature (°C), wind speed (ms“), humidity (%), and
the downward (in) and upward (out) short- and long-wave radiation fluxes (Wm‘z)]. Vertical dotted lines indicate the melt episodes ME1 (8-11 July) and ME2

(27-28 July), respectively. Total ice melt period is 30 May (day 151) to 26 October (day 300).
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SRnet + LRnet + SHF + LHF + RHF + SSHF = M (1)

The SMB is the sum of precipitation, runoff, and sublimation/
deposition. Runoffis the sum of meltwater and rain. Lacking local
precipitation measurements, values are bi-linearly interpolated
to the QAS_L location from HIRHAMS regional climate model
after Fausto et al. (2016). Accuracy of the simulated SMB
is ensured by evaluating modeled surface height change due
to ablation with that independently observed at the AWS
site (Figure 3A). The model assumptions and all equations
are described by Van As et al. (2005), Van As (2011). Here,
we summarize the calculation of the turbulent heat fluxes.
Following the Monin-Obukhov similarity theory, SHF and LHF
are approximated as:

u q9—9s
ln%_’s”uln%—lﬁq

LHF = pLy/yk* (3)

In Equations (2) and (3), p is the density of air and
Cp = 1005 JK'kg™! its specific heat capacity at constant
pressure. Ly = 2.83-107° ]kg_1 and L, = 2.50-10_6]kg_1 are the
latent heats of sublimation and evaporation, respectively, while
k = 0.4 is the von Karman constant. Calculating the turbulent
heat fluxes requires the measurement height (zy T g, Table 1)
of wind speed (u), temperature (T), and specific humidity (q),
while the surface roughness lengths for momentum, heat and
moisture are denoted zgr 4. Stability correction functions vy, 1,q
are used for stable conditions (Holtslag and de Bruin, 1988)
and for unstable conditions (Paulson, 1970). The aerodynamic
surface roughness length for momentum (zp) is used in the

_ 2 u T—Ts calculation of the turbulent heat fluxes and is often set to differing
SHF = pCpr*— = (2) .
In e Yy In ZO—TT —Yr constant values for snow and ice surfaces (Brock et al., 2006).
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FIGURE 3 | (A) Daily ablation at QAS_L. The black dashed line indicates the threshold of observational uncertainty. (B) Daily-mean surface energy budget fluxes at
QAS_L. The black line is total melt; the negligible sub-surface heat flux contribution is not shown. (C) The partitioning of available melt energy between radiative (net
short and long wave) vs. non-radiative (sensible, latent, rain, and sub-surface) energy fluxes. Ice melt period here is June, July, August.
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While assuming these to be constant in space and time is an
oversimplification (Smeets and van den Broeke, 2008a; van den
Broeke et al., 2009), we adopt zy values 5.10~3 m for ice, which
we derive from tuning simulations to minimize the difference
between modeled and observed ablation. The surface roughness
lengths for heat and moisture are based on Smeets and van
den Broeke (2008b) for an ice surface and Andreas (1987) for
a snow surface. The temperature and specific humidity at the
surface T and q; are iteratively calculated to ensure that surface
energy fluxes are in balance. If the surface is melting, the surface
temperature is kept at 0°C, and surplus energy is then used to
melt ice following Equation (1).

RESULTS
Meteorology and SMB in 2012

Figure 2 illustrates the meteorological parameters measured by
the AWS. The two high melt episodes are characterized by
relatively high air temperatures, wind speed and downward
longwave radiation (LRin), while downward shortwave radiation
(SRin) is relatively low. Low values of SRin and high LRin
values are indicative of the presence of clouds (Figure 2; Van As,
2011). While summertime air temperature over snow-free terrain
can exceed 20°C in South Greenland (Cappelen and Vinther,
2013), near-surface temperatures rarely exceed 5°C over the ice
sheet, given the effectively infinite energy sink of ice melt (Van
As et al, 2013). Occasionally though, advection of relatively
warm and moist air provides conditions for anomalously high
near-surface ice sheet air temperatures. During ME1 and ME2
such advection occurred and affected mostly the south, west,
and northwest of Greenland (Fettweis et al., 2013; Neff et al,,
2014). QAS_L measured a 2.7 m air temperature of 12.1°C on
11 July 2012 at 10:40 UTC. On 27 July 2012 at 10:10 UTC
2.7m air temperature reached 13.1°C, a record-setting value
since local PROMICE local observations began in April 2007.
These exceptionally high temperatures coincided with periods of
rare positive temperatures and melt production at the ice sheet
summit (~3200 m a.s.l; Nghiem et al., 2012; Bennartz et al., 2013;
Neff et al., 2014).

The summer average air temperatures at QAS_L in 2012 were
higher than those measured during the previous record-setting
mass loss year of 2010 at QAS_L. July 2012, with a mean air
temperature of 5.9°C, was 1.2°C warmer than the July 2007-
2015 average (Table 2; Van As et al., 2016). In contrast, average
December, January, and February (DJF) winter air temperature
in 2011/12 (—8.3°C) was considerably lower than the analogous
average winter (—6.5°C; Table 2). The 2012 ablation total at
QAS_L during was 8.5m ice eq., which was ca. 24% larger
than the observational period average of 6.5m ice eq. The 2010
ablation total, however, was higher at 9.3 m ice eq.

Winter accumulation at QAS_L, derived from acoustic surface
height measurements was 0.7 m ice eq. in 2012, which is 0.3 m
ice eq. above average. While the density of the snowpack is not
measured throughout the year, measurements suggest a mean
density of 430 kgm™3, which is consistent with Podlech et al.
(2004). Snow depth at melt season onset provides an important
temporal control on the transition of a glacier’s surface from

TABLE 2 | Average monthly temperatures for 2012 and for the period of
August 2007 to September 2015 with associated standard deviation (STD).

Monthly Temperatures in °C for QAS_L

2012 Average STD Max temp. year Min temp. year
Jan —8.1 -6.7 2.7 2010 2008
Feb -6.9 -6.4 3 2010 2008
Mar -84 -6.3 2.4 2013 2012
Apr -0.5 —1.1 1.7 2008 2014
May 2.4 1.7 1.8 2010 2011
Jun 4.3 3.9 0.3 2012 2011
Jul 5.9 4.7 0.6 2012 2013
Aug 4.6 4.2 0.4 2014 2013
Sep 3 21 0.7 2012 2009
Oct 1.7 -0.5 1.7 2012 2011
Nov  —-3.3 -3.8 2.5 2010 2011
Dec  —33 -6.3 3.7 2010 2011

high albedo snow (>0.6) to comparatively low albedo ice (ca.
0.2 at QAS_L), after which the absorption of solar radiation
increases by a factor 2-4. The large 2010 QAS_L ablation was
therefore in part preconditioned by the low 2009/10 winter snow
accumulation (Fausto et al., 2012a). The summer albedo value
at QAS_L is lower than measured elsewhere on the ice sheet by
either AWSs or MODIS (Box et al., 2012), and recurs annually
(Van As et al,, 2013). Figure 1 illustrates the band of dark ice
visible across the ablation area in the absence of snow cover.

Melt Rates in 2012

Here, we present daily ablation observations from the pressure
transducer assembly described by Fausto et al. (2012b).
Figure 3A shows the daily ice ablation at QAS_L for the 2012
melt period June, July, and August. ME1 and ME2 are clearly
identified and were the largest observed in Greenland to date.
The ice melt season started in late May, after a 4-week period
of snow melt. Surface height measurements confirm that there
was no snow accumulation throughout the warm summer and
well into the autumn, with first accumulation occurring on day
305 (1 November 2012). The modeled surface mass loss was
captured accurately with the exception of three periods. The
model underestimates ablation around 10 July (day 192), during
MEI, and also around July 27 (day 209), during ME2, while it
slightly overestimates ablation in the beginning of August (after
day 214). Agreement between the variability in measured and
modeled ablation is illustrated by a correlation of r = 0.82 and
RMS difference of 0.03m d~! ice eq. within the measurement
uncertainty of 0.04 m ice eq. (Fausto et al., 2012b). The average
daily melt rate for the summer of 2012 was 0.08 m ice eq., which
exceeds the measurement uncertainty. The largest daily melt
rate (0.28 m ice eq.) occurred on 11 July, while the largest daily
melt rate during ME2 was 0.19 m ice eq. on 27 July. These melt
rates were 5 and 3 standard deviations above the 2012 average,
respectively. MEI contributed 0.9 m ice eq. of ablation (10% of
the yearly total), while ME2 amounted to 0.3 m ice eq. of ablation
(4% of the yearly total). Together, ME1 and ME2 lasted 6% of the
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total ablation season, but contributed 14% to the annual ablation
total.

Surface Energy Fluxes

A comparison of SEB components illuminates the dominant
physical processes during the high melt episodes (Figure 3B;
Table 3). On average for June, July and August (JJA), 69% of
the QAS_L 2012 melt energy flux (M, 244 W m~2) was supplied
by net shortwave radiation. Conversely, net longwave radiation
was an average surface energy sink of 6%. Thus, 63% of M was
supplied by radiative fluxes, while the remaining M was provided
by the sensible (30% of M), latent (6% of M), and rain (1% of M)
heat fluxes, with an on average negligible (0%) SSHEF.

During the two high melt episodes in July, absorbed solar
radiation delivered just 17% (ME1) and 22% (ME2) of M. Net
longwave radiation changed sign to become an energy source [6%
(ME1) and 8% (ME2) of M], consistent with overcast conditions.
While the turbulent heat exchange is typically smaller than the
radiative energy fluxes over melting ice surfaces as in Figure 3B,
during the two MEs SHF contributed over half [51% (MEI)
and 40% (ME2) of M] and LHF contributed 22% of M each.
The RHF contribution was 5% (ME1) and 9% (ME2) of M
during both episodes (Figure 3B, Table 3). A SSHF near 0% of
M throughout the melt season (not shown) is characteristic of
isothermal melting ice.

DISCUSSION

Given that absorbed solar radiation is the primary melt energy
source on an annual basis, the influence of intra- and inter-annual
variability in air temperature and other variables on ablation is
often taken to be of secondary importance (e.g., Van den Broeke
et al, 2011). Yet, during the MEs, the turbulent heat fluxes and
the RHF were the primary control of melt (77% during ME1 and
70% during ME2; Figure 3C, Table 3). The large turbulent heat
fluxes during these episodes stem from anomalously warm and
moist southerly air flow being transferred onto the ice sheet by

TABLE 3 | Averaged energy fluxes and meteorological quantities for June,
July, August (JJA), and the two high melt episodes ME1 (8-11 July) and
ME2 (27-28 July), respectively.

Energy fluxes Average (JJA) ME1 ME2
Net shortwave (\Nm*z) 170 (69%) 97 (17%) 112 (22%)
Net longwave (Wm—2) —15 (—6%) 35 (6%) 42 (8%)
Sensible heat (\Nm*z) 74 (30%) 282 (61%) 205 (40%)
Latent heat (\Nm*2) 13 (6%) 115 (21%) 104 (21%)
Rain heat (Wm—2) 3 (1%) 23 (5%) 40 (9%)
Melt Energy (Wm~—2) 244 552 503
METEOROLOGICAL QUANTITIES

Pressure (hPa) 978 975 975
Temperature (°C) 5.0 9.4 8.4
Humidity (%) 77 68 82
Wind speed (ms=1) 4.3 9.8 7.1

Parentheses indicate relative energy fluxes.

weather systems (Neff et al., 2014; Bonne et al,, 2015). The SEB
model underestimates in-situ observed ablation during the two
episodes by 33 and 14%, respectively (Figure 3A; Fausto et al,,
2016). Since the SEB calculation uses observed radiative fluxes
with a ca. 5% measurement uncertainty (Van den Broeke et al,,
2004), this cannot explain the bias. Therefore, we test the SEB
model run called “zy = 0.005” (Figure 4A) described in Methods,
against different important parameter choices in the calculation
of the turbulent and rain heat fluxes.

Due to the relatively large uncertainty in precipitation rates
that we employ, as well as an unknown rain temperature that
in the model is set to near-surface air temperature, substantial
uncertainty is associated with the rain energy flux in the
SEB calculations. Rain measurements from Qaqortoq, ~60km
southwest of QAS_L, reported 20 mm rain during MEI and
50 mm rain during ME2 (Cappelen, 2015). The total amount of
rainfall at QAS_L simulated by HIRHAMS5 was 192 and 186 mm
during the MEs, respectively. These large rainfall rates indicate
the possibility that the RHF caused more melt than the SEB
model calculates. For instance, in the presence of a temperature
inversion in the atmospheric boundary layer, near-surface air
temperature can be lower than the rain temperature. Weather
balloon observations taken from the integrated global radiosonde
archive (IGRA; Durre et al., 2006) at the settlement of Narsarsuaq
(~80km to the east) show a temperature inversion of up to
5°C during both melt episodes. Figure 4B addresses the possible
melt underestimation with temperature inversion by increasing
the rain temperature by a fixed number. Increasing model rain
temperature by 5°C to compensate, this doubles the heat content
delivered to the ice sheet surface by rain, but still only explains
10% the underestimation in modeled melt (Figure 4B). Langen
etal. (2015), state that HIRHAMS has a tendency to substantially
overestimate (ca. 200%) precipitation events at weather stations
on land at less than 50 km from the margin. In the interior of the
Greenland ice sheet, however, Lucas-Picher et al. (2012) found
it produces a realistic accumulation field with biases of ~10%.
With very few rain measurements having been conducted in the
ablation area it is very difficult to assess the actual precipitation
rate at our study site. However, our model experiments indicate
that the RHF is of minor importance.

The importance of stability-correction functions in the
calculation of SHF and LHF has been examined by setting them
to zero in the model (SEB nostabil, Figure 4A), increasing the
turbulent heat output. The effect of these functions is fairly small
at the high wind speeds that are common over the ice sheet.
During the MEs, the wind speed was relatively high (~15m
s~!; Figure2), yielding small stability correction. Figure 4A
confirms that the stability correction has a minor influence on the
calculated surface energy flux, and cannot explain the differences
between modeled and observed ablation.

We also investigated to what extent longwave radiation
measurements taken at ca. 3m above the ice surface are
representative for surface radiation. This potential issue is
illustrated by the outgoing longwave radiation being larger
than the theoretical maximum for a melting surface (315.6
W m~2). Giesen et al. (2014) provide an adjustment method
for longwave radiation at above-freezing air temperatures. The
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FIGURE 4 | Cumulative surface ablation at the QAS_L site in 2012 from the observations (red) and SEB model sensitivity experiment. (A) zo = 0.005 is
equal to Fausto et al. (2016), and with no stability and longwave out corrections (B) with changing temperature of rain (C) with changing zg. ME1 (8-11 July) and ME2
(27-28 July) indicate the melt episodes. Total ice melt period is 30 May (day 151) to 26 October (day 300).

result of this adjustment (SEB LRyy) for QAS_L is illustrated in
Figure 4A, and is found to be too small (~20 W m~?2) to explain
the difference between modeled and measured ablation during
the MEs.

It is also entirely possible that zj, an important value in SHF
and LHF calculation, attained a different value (e.g., Brock et al.,
2006). In order to have the model calculate ablation better during
the MEs, it would require an unrealistic zg value 10-100 times
larger (Figure 4C; Fausto et al., 2016). This is supported by Brock
et al. (2006), who find changes in the order of a factor 2 during
the ice melt season at Haut Glacier d’Arolla. We conclude that
during the MEs at QAS_L, the daily mismatch between modeled
and observed ablation also cannot be explained by choosing a
larger z to increase the turbulent energy fluxes. The cause of
the mismatch remains unclear, and may be in part explained by
a combination of factors dealing with (1) underestimated heat
from rain, (2) underestimated longwave radiation, (3) stability
over-correction and (4) underestimated aerodynamic surface
roughness. Wiirzer et al. (2016) discuss rain on snow melt

episodes in the Swiss Alps and find that during heavy rain and
transient atmospheric flow the sensible and latent heat exchange
dominates the SEB by up to 84%, which is consistent with other
studies under similar conditions (e.g., Garvelmann et al., 2014;
Wever et al,, 2014). We find that turbulent heat fluxes during
rain on ice events at QAS_L show a distinct similarity to values
obtained under similar conditions in the Swiss Alps.

The QAS_L AWS observations are largely consistent with
the interpretation of Tedesco et al. (2013), who showed the
2012 extremes in melt, air temperature, runoff, and albedo to
be unparalleled in the past three decades on an ice-sheet-wide
scale. Their study shows that the extreme values observed in
2012 are partly explained by the presence of persistent high
air pressure over Greenland, which commonly provides stable
weather conditions with low cloud amounts and thus high
amounts of solar radiation. The cause of the increased melt
observed in Greenland in the past decade coincided with a
change in general circulation patterns of the Arctic. A systematic,
persistent change in the early-summer atmospheric circulation

Frontiers in Earth Science | www.frontiersin.org

September 2016 | Volume 4 | Article 82


http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive

Fausto et al.

South Greenland High Melt

in the Arctic region is thought to be related to atmospheric
blocking episodes (Overland et al., 2012; Hanna et al., 2013, 2014;
Rajewicz and Marshall, 2014). Our study confirms these general
findings, but provides an important contrasting detail. Namely,
that 14% of the total annual ablation can be explained by non-
radiative energy fluxes dominated by transient atmospheric flow
and cloudy weather, during two brief melt episodes comprising
just 6% of the June-August melt period.

CONCLUSIONS

During two high melt episodes in July 2012, the highest observed
daily ablation rates (0.28 m ice eq.) were recorded by the
QAS_L weather station in the lower ablation area of the South
Greenland ice sheet. Surface mass balance modeling shows, that
net radiation was responsible for 63% of melt energy during the
2012 melt season. During the two high melt episodes, however,
turbulent and rain heat fluxes were responsible for ca. 77% of
melt energy, peaking at 552 Wm~2. Sensible and latent heat
contributed up to 51 and 21% to melt, respectively and rain
heat up to 9%. These melt episodes, which lasted 6 days in total,
or 6% of the June-August melt period, contributed 14% of the
total annual ablation of 8.5m ice eq. Surface energy flux values
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