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Dear Prof. dr. Hanna,

We hereby submit our revised manuscript, initially submitted to The Cry-
osphere Discussions on 19 March 2015. The reviewers, while embracing our
manuscript in its initial form, provided very valuable input towards its im-
provement. In response, we have performed changes, the most important of
which we outline in the following:

We have tried to simplify the text throughout the manuscript in order to en-
hance the flow, and facilitate the reader towards our conclusions. The most
significant changes are the exemplified paragraph in the review by Xavier Fett-
weis, and the last paragraph of our Discussion, where we removed the unneces-
sary quantifications and simply referred to the respective subsections in the
Results. Also, an incorrect analysis at the “Melt-albedo feedback” subsection
was identified and corrected (p. 2883, 1. 20 of Discussion Paper), as the total
amount of meltwater equals the sum of runoff and refreezing minus rainfall.

We have now clarified that the snow density in the simulations is the rounded
measured density of snow-pit measurements in 2013. Also, in response to a
very sharp comment by Xavier Fettweis, we have modified Table 4, and includ-
ed the surface height changes. In the accumulation area, the permeable surface
is a source of uncertainty for surface height monitoring, since during the melt
season all objects tend to sink into the warmed snow and firn, following the
percolation of meltwater. It is rather important for studies in the accumulation
area to provide both surface height and mass budget estimates, and we are glad

we were prompted to do so.
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We have removed all discussion of the North Atlantic Oscillation (NAO), be-
cause it is indeed a climatic aspect more relevant to studies of higher spatiotem-
poral scales. Our study reserves its conclusions even without the NAO, which
indicates that its mention was unnecessarily high level of detail.

As suggested, we have also introduced a paragraph in the Discussion on the
MODIS instrument sensitivity while referencing specialized studies on that mat-
ter (Wang et al., 2012; Lyapustin et al., 2014).

Further changes include an alternative reference for the PROMICE project
(Ahlstrom et al., 2008), as well as the citation of a paper describing our weather
station setup (Citterio et al., 2015). A short comment about the uncertainty of
refreezing estimates was also inserted in the introduction with the inclusion of a
relevant citation (Vernon et al., 2013).

We should mention that two of our references are currently under review
(Charalampidis et al., under review; Machguth et al., under review). However,
we expect the editorial decision from their respective journals no later than the
end of October this year.

Lastly — but more importantly — as you might have already noticed, we have
decided to include Alun Hubbard and Samuel Doyle, as well as their current
affiliations in the revised manuscript. Their contribution to our efforts is unde-
niable since throughout the years they have provided for the maintenance and
logistical support of the KAN_U weather station within the framework of the
Greenland Analogue Project. We felt that the simple mention in the Acknowl-
edgements of the Discussion Paper did not do justice to their contribution.
They have welcomed our decision to include them as authors, and have kindly
offered to proofread the study.

We look forward to your response. Don’t hesitate to contact me if you have

further questions.

Yours sincerely,

Charalampos Charalampidis

GEUS
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Response to both reviewers

Anonymous referee

This is a very thorough analysis and interpretation of 5 years of automatic weather station
data from the western flank of the Greenland Ice Sheet. The MS contains a wealth of
meteorological data that will be of interest to other Greenland workers, and as such is worth
publishing. There is also useful consideration of ice surface albedo feedback and sub-surface
refreezing. | found the paper to be well-structured, well-written and -illustrated and easy to
follow. | concur with many of the comments of Reviewer 1.

Referee Xavier Fettweis

This paper presents recent changes in the energy balance and the snowpack behaviours at
KAN_U situated near the equilibrium line in the accumulation zone of the Greenland ice
sheet. It is not the first time that energy balance and melt from in situ observations is
discussed in this south-western part of the GrlS (van den Broeke et al., 2011) but KAN_U is
situated in the accumulation (while measurements from the ablation zone only was
presented in van den Broeke et al. (2011)) and the discussion about the snowpack changes in
2012 is interesting, innovative and deserves to be published in TC with some minor revisions
only.

We thank Xavier Fettweis and an anonymous reviewer for their enthusiastic response, encouragement and
constructive comments on our discussion paper. In the following, we address all points:

The paper is clear and fits well with TC. The text is well written but sometimes it is hard to
read due to the abundance of numbers and statistics in the text. Some simplifications when
nothing important is told (e.g.: lines 1-10, pg 2883) could be made in the text by simply
referencing to the corresponding tables.

Taking also into account that Reviewer #2 found our discussion paper easy to follow, we have attempted
some minor simplifications throughout the text, in order to make our quantifications more straightforward.
The paragraph exemplified, we reformulated as: “Figure 9a, which depicts total monthly surface energy
"¢ and E"' dominate the SEB from May to
September, while £, and E,; dominate the SEB during the remainder of the year. During the years
exclusive of 2012 considered here (2009, 2010, 2011 and 2013), the total summer energy input to the ice
sheet surface was 620-650 MJ m™2. This energy reaches a peak in July. In July 2010, for example, the total

exchanges throughout the study period, illustrates that Eg
Net

energy input reached 246 MJ m™. By contrast, in 2012, the total summer energy input exceeded 770 MJ m™
2 and in July it reached 304 MJ m™. The 2012 total energy used for melt was 414 MJ m™ (65 % higher than
in 2010), of which 183 MJ m™* was used for melt in July.”

Line 25, pg 2875 vs line 11 pg 2878: 360 or 400 kg/m3 for the snow density?

Admittedly, it is an unclear wording. The measured average snow density is 360 kg m~, used in Table 4 in
the discussion paper. The snow density used in the simulations was rounded to 400 kg m™. We have



reformulated as: “Solid precipitation is added in the model based on KAN_U sonic ranger measurements,
assuming the rounded average snow density found in snow-pit measurements, i.e. 400 kg m™".

Table 4: | am a bit surprised that we use here a mean density of 360 Kg/m3 for estimating the
mean ablation rate. As snow is melting, the snowpack density should be higher.

This is a fair point. Of course, there is density increase after melt percolates, as illustrated in Figures 9b and
11c of the discussion paper. We used this density in an attempt to estimate the mass flux melted for the
first time from the initial snowpack each melt season. Arguably, this can be confusing, and not necessarily
correct. Therefore, we decided to remove the estimated ablation rates from Table 4, as they are also not a
crucial point in the study.

Where does the density uncertainty of 40 kg/m3 come from?

This uncertainty is based on the standard deviation among the measurements from snow pit
measurements conducted in spring 2013, which we now clarified in the caption.

Just giving the difference in snow height is for me more reliable.

Indeed, we also think that heights are more reliable and generally should be also provided, as SMBs are
sometimes a matter of interpretation, especially in the accumulation area of the ice sheet. We have now
inserted the winter/summer heights in Table 4. We did, however, keep also our SMB estimates for
reference. The updated Table 4 of the discussion paper is shown here as Table I.

Line 16, pg 2880: these low albedo values are for me more likely the result of the snowpack
erosion by the wind (making apparent old firn) than reduced winter precipitation. The
regional model MAR does not suggest particular low winter accumulation at KAN_U in 2012-
2013.

We agree, and MAR is accurately suggesting substantial accumulation during winter 2012-2013 at KAN_U.
We also agree that there might have been snowpack erosion at our study site (Leanerts et al., 2014).
However, this erosion is unlikely to have caused exposure of old firn. By November 2012, the snow
thickness was 0.6 m (Fig. 2). From that point onward, and until spring 2013, the sonic ranger measurements
suggest that there was limited accumulated snow on top of that initial snowpack in autumn; hence wind
might have had an effect on surface, but certainly not erode the whole snowpack, thereby exposing firn.
The snow at the surface probably lost part of its reflectivity after the prolonged exposure to the
atmosphere. The area received substantial accumulation in spring. This was also verified by the Arctic Circle
Traverse 2013 (ACT-13) in late April 2013, when we were at the location and the snow cover was ~ 0.9 m.
After two weeks, the snow cover had increased by ~ 0.3 m.

Lines 15-20, pg 2886: | do not see the interest of discussing NAO here. The role of NAO over
Greenland is well known for explaining the recent melt increase and for me, Fig 10a as well as
these 5 lines should be removed.

Initially, our aim was to provide with a description as complete as possible, but we agree that information
on the NAO, as well as its connection to recent climatic changes are readily available in the literature, and



perhaps more relevant to larger-scale studies. We have now removed all discussion of the NAO, and also
Figure 10a. The new version of Figure 10 of the discussion paper is shown here as Figure I.

Lines 5-12, pg 2887: The comparison with MODIS is interesting but a part of the MODIS based
albedo decrease could be the result of the declining instrument sensitivity of the MODIS
sensors1. This issue should be discussed. However the same albedo trend is also simulated by
MAR (forced by NCEP-NCARv1) which also simulates the exceptional low albedo in summer
2012 (see Fig.1 next page)!

It is, indeed, an issue that should be mentioned when discussing remotely-sensed albedo. We have now
included the following in the manuscript: “Part of the MODIS based albedo decrease could be the result of
the declining instrument sensitivity of the Terra MODIS sensor (Wang et al. 2012; Lyapustin et al. 2014)
though updated (through 2014) comparisons between MOD10A1 and ground observations from GC-Net
data (Box et al. 2012; not shown) do not indicate an obvious nor statistically significant difference.”

According to MAR, it is the first time in summer 2012 since 1950 that significant ice lenses
appear but in 1960, MAR also simulates high runoff rates due to snowpack meltwater
saturation suggesting that it is not the first time that significant melt events occur at Kan_U.

We have reasons to believe that this is partly incorrect. In detail, two firn cores were retrieved in May—June
1989 from Site J (66° 51.9' N, 46° 15.9' W, 2030 m a.s.l.; Kameda et al., 1995), ~ 36.2 km east-southeast
from KAN_U (Fig. lla). According to the deduced Melt Feature Percentage (MFP) shown in Figure llb
(Kameda et al., 2004), 1960 has a higher melt feature percentage (MFP) than usual, but assuming that
strong melt in 1960 would mostly percolate into previous year's firn layers, there is no indication that 1960
stands out much.

Another observational study analyses 10 m firn temperatures based on measurements prior to 1965 (Mock
and Weeks, 1966). In their analysis, the closest site to KAN_U was ~60 km south-southwest, i.e. at a lower
elevation. According to this study, the estimated 10 m firn temperature at KAN_U was at that time around
—14 °C, suggesting that there was no significant refreezing in that period (and therefore ice content within
the firn).

The above observations come from different settings, but they provide evidence from both higher and
lower elevations than KAN_U, thus bracketing out location. From these observations, we cannot explain the
MAR-simulated meltwater at KAN_U in 1959-1964 (Fig. 1 of the review) saturating the snowpack and not
percolating to available pore space below. We believe this to be corroborated by the concurrent summer
(JJA) albedo from MAR, the high values of which do not imply meltwater presence at the surface, but rather
increased snow metamorphosis.

Finally, while some runoff still occurs in 2013 (while the summer was cold) as a result of the
2012 summer induced snowpack compaction, runoff disappears in summer 2014 suggesting
that we need several successive summers as 2012 to have a significant snowpack
degradation.

Correct, and a very good point. Hopefully, with the present study we communicated effectively that the
years 2010-2011-2012 were three consecutive years of unusual atmospheric conditions that resulted in



negative net mass budgets and increased melt. The exceptional condition of the firn in 2012 was in part
preconditioned by the two previous years. This can be understood by the analysis of the subsurface
temperature measurements (Fig. 11a), and is the subject of another study (Charalampidis et al., under
review). We should add at this point, that we are very pleased to see agreement on runoff between MAR
and our results for the years 2012 and 2013.

Some RACMO (or eventually MAR) outputs could be added in the manuscript to put the 2012
summer in a longer term perspective instead of using Kangerlussuaq measurements.

A very good point, indeed. While in the present study we tried to base our argumentation exclusively on
observations, it is our aim to increase the spatiotemporal perspective of our investigations using RCM
output, which will be in fact the subject of a forthcoming study.
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Table I. Surface height changes and mass budgets (measured in winter and calculated in summer) at KAN_U
in meters and m w.e., respectively, and ablation duration. The uncertainty of the surface height change is
estimated at 0.2 m. The mass budgets are calculated assuming snow density of 360 kg m™ (the average
density of the uppermost 0.9 m measured on 26 April 2013), with uncertainty estimated at 40 kg m™
(standard deviation among the snow-pit measurements). The snow density assumption was not needed in
2012 and 2013 when actual density measurements were conducted.

winter summer .
) . ] summer ablation
height winter budget height net budget ]
budget period

change change
2008-2009 +1.64* +0.59*10.15 -0.71 —-0.2610.08 +0.34*£0.12  01/06-19/08
2009-2010 +0.70 +0.25+0.08 -1.22 —-0.44+0.09 —-0.1940.12 30/04-05/09
2010-2011 +1.02 +0.37+0.08 -1.13 —-0.41+0.09 —-0.0410.12 28/05-13/08
2011-2012** +0.70 +0.25+0.08 -1.80 -0.8610.14 -0.6140.16 27/05-24/08
2012-

+1.24 +0.45+0.09 -0.75 —-0.2710.08 +0.18+0.12 29/05-17/08
2013***

* value inferred from Van de Wal et al. (2012)

** estimate based on snow-pit densities from May 2012

*** estimate based on snow-pit densities from May 2013
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Figure 1. (a) Monthly air temperature from Kangerlussuaq and at KAN U. Correlation coeffcients: 0.97 for
the extent of the KAN_U data, 0.66-0.99 for the months individually, minimum being January. (b) Monthly
reference period (1976-1999) air temperature at Kangerlussuaq. (c) Monthly (May to September) and
summer (June-July-August average) air temperature anomalies at Kangerlussuaq for the years 2000—2013.
Error bars indicate two standard deviations.
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Figure Il. (a) Location of Site J (Kameda et al., 1994) with respect to KAN_U. (b) Melt percentage data from
the top part of a firn core retrieved in 1989 at Site J by the Japanese Arctic Glaciological Expedition
(JAGE89; Kameda et al., 2004).
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Abstract

We present five years (2009-2013) of automatic weather station measurements from the
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lower accumulation area (1840 m above sea level) of the Greenland ice sheet in the
Kangerlussuaq region—western-Greenland. Here, the summers of 2010 and 2012 were both
exceptionally warm, but only 2012 resulted in a strongly negative surface mass budget (SMB)
and surface meltwater runoff. The observed runoff was due to a large ice fraction in the upper
10 m of firn that prevented meltwater from percolating to available pore volume below.

Analysis reveals an anomalously —relatively-low 2012 summer albedo of ~0.7, as meltwater

was present at the ice sheet surface. Consequently, during the 2012 melt season, the ice sheet

surface absorbed 28 % (213 MJ m2) more solar radiation than the average of all other years.

A surface energy balance model is used to evaluate the seasonal and interannual variability of
all surface energy fluxes. The model reproduces the observed melt rates as well as the SMB
for each season. A sensitivity test-analysis reveals that 71 % of the additional solar radiation
in 2012 was used for melt, corresponding to 36 % (0.64 m) of the 2012 surface lowering. The
remaining 1.14 m of surface lowering resulted from was—primariby—due—to—the—high

atmospheric temperatures, up to +2.6 °C daily average, indicating that 2012 would have been

a negative SMB year at this site even without the melt-albedo feedback.

Longer time series of SMB, regional temperature and remotely sensed albedo (MODIS) show
that 2012 was the first strongly negative SMB year, with the lowest albedo, at this elevation
on record. The warm conditions of recent thetast-years has resulted in enhanced melt and
reduction of the refreezing capacity at-in the lower accumulation area. If high temperatures
continue, the current lower accumulation area will turn into a region with superimposed ice in

coming years.

1 Introduction

Glaciers and ice caps have dominated the cryospheric component to global average sea level
rise during the past century (0.5 mm yr'—e— or about 70 % of the total cryospheric
component for the period 1961-2003; Solomon et al., 2007) due to their relatively short
response times to climate variability. However, the largest freshwater reservoir in the
Northern Hemisphere is the Greenland ice sheet, which would cause a sea level rise of 7.4 m
if completely melted (Bamber et al., 2013). The average sea level rise contribution from the
ice sheet has increased from 0.09 mm yr* over the period 1992-2001 to 0.6 mm yr* over the
period 2002-2011, according to the latest IPCC report (Vaughan et al., 2013). The sheer
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volume of the ice sheet and the relatively large warming of the polar regions may yield an

increasingly dominant contribution to cryospheric mass loss in coming decades.

An increasingly important driver of this accelerating mass loss is surface melt and subsequent
runoff (Shepherd et al., 2012). Between 2009 and 2012, roughly 84 % of the inereased

Greenland ice sheet’s increased mass loss was due to enhanced surface runoff and reduced

Ettema et al., 2009;; 2010; Enderlin et al., 2014). Increased melt is primarily the result of

atmospheric warming (Huybrechts and de Wolde, 1999; Huybrechts et al., 2011;Huybrechts
and-de-Welde—1999) and the darkening of the ice sheet (Bgggild et al., 2010; Wientjes and

Oerlemans, 2010; Box et al., 2012; Van As et al., 2013;:-\Wientjes-and-Oerlemans—2010). It

has been postulated that the sea level rise associated with an An—increase in meltwater

production can be substantially buffered is-commenly-expected-to-be-largely-compensated-for

by water refreezing in snow and firn (Harper et al., 2012). However, it has also been is

suggested that under in—a-moderate warming scenarie-the ice sheet will lose 50_% of its
capacity to retain water by the end of the century (Van Angelen et al., 2013), although there is

considerable uncertainty involved in retention estimates: based on SMB reecenstructions

simulations (Vernon et al., 2013).-

In-situ measurements are essential for understanding the impact of the changing atmospheric
conditions on the ice sheet. In the Kangerlussuaq region, West Greenland, seven automatic
weather stations (AWS) and nine SMB stakes constitute a relatively dense network of in-situ
measurements (Van de Wal et al., 1995; Greuell et al., 2001; Van den Broeke et al., 2008a3;
Van As et al., 2012). The uppermost AWS, KAN_U, was established on 4 April 2009 (67° 0’
0" N, 47° 1' 1" W; Fig. 1). Located approximately 140 km inland from the ice margin and at
about 1840 m above sea level (a.s.l.), KAN_U is one of the few AWS in Greenland located in
the lower accumulation area, where small changes in climate forcing will likely have the

largest impact on the-ice sheet near-surface stratigraphy.

In the Kangerlussuaq region, approximately 150 km of mountainous tundra separates the ice
sheet from the ocean. Characteristic for the ice sheet in this region is a relatively wide
(approx. 100 km) ablation area. The equilibrium line altitude (ELA), where annual
accumulation and ablation are equal, was estimated to be 1535 m a.s.l. for the period of 1990—
2003 (Van de Wal et al., 2005), but is reported to have increased to {1553 m a.s.l. for the
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period of 1990-2011 (+-Van de Wal et al., 2012). At 1520 m a.s.l., superimposed ice becomes
apparent-evident at the ice sheet surface at the end of every ablation season, and its upglacier
extent is estimated untH-to reach about 1750 m a.s.l. (Van den Broeke et al., 2008a). The

percolation area is found at higher elevations, up to about 2500 m a.s.l., which is the lower

limit of the dry snow area.

The ablation area in this region has been studied extensively. Van den Broeke et al. (2008a)
presented four years of radiation measurements below the ELA. The lowest albedo values are
found at the intermediate AWS S6 (1020 m a.s.l.) due to a the-surface-melt-water-induced
"dark band" induced by surface meltwater (Greuell, 2000; Wientjes and Oerlemans, 2010).

Melt modelling revealed an the-increase of-in_ summer melt toward the margin, and the-a
decrease in deecreasingrele—of-sensible heat flux with increasing elevation, but also the-an
increaseing In the importance deminance-of shortwave radiation in the surface energy balance
(SEB) during melt at higher elevations (Van den Broeke et al., 2008b;; 2011). An annual
cycle in surface roughness length was-has been found to exist over a large part of the ablation

area (Smeets and van den Broeke, 2008). This determines part of the variability in the
turbulent heat fluxes during the summer months (as—presented—by-Van den Broeke et al.,
£2009). This latter study showed that the regional katabatic nature—of-the-winds—ever—the
regien, in combination with the variable surface roughness ir-at the-lower regienselevations,
provides significant year-round turbulent heat transfer in a stable surface layer. An increasing
wind speed with surface elevation was identified, contrary to what would be expected from
katabatically forced wind over an ice surface flattening with elevation. This is due to the
larger surface roughness near the margin (Smeets and van den Broeke, 2008), the increasing
influence of the large scale pressure gradient force (Van Angelen et al., 2011) and the
proximity of pooled cold air over the tundra that sets up an opposing pressure gradient force
in the boundary layer during winter. Van As et al. (2012) quantified the extreme surface melt

in the Kangerlussuag region in 2010, validated by river discharge measurements.

At elevations above the superimposed ice area and below the dry snow area (i.e. ~1750-2500
m a.s.l.), sufficient melt occurs to impact snow/firn properties, but not enough to reveal bare
ice. In a warming climate with melt at-inereasinghyoccurring at higher elevations, this area
would comprise an increasingly large portion of the ice sheet due to the ice sheet’s flattening

with increasing elevation_(McGrath et al., 2013). A rare event in July 2012 caused melt at all

elevations of the ice sheet (Nghiem et al., 2012). Bennartz et al. (2013) partially attributed this
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Greenland-wide event of increased near-surface temperatures partiaty—to thin, low-level
liquid clouds. These clouds, while optically thick and low enough to enhance downward
longwave radiation, were thin enough for solar radiation to reach the ice sheet surface. They

were present at Summit station about 30 % of the time during the 2012 summer months.

A large difference between with—the ablation and accumulation areas is that in the

accumulation area; processes within the snow/firn layers, such as meltwater percolation and
refreezing, significantly impact the mass budget (Harper et al., 2012). Additionally, an
important process is the melt-albedo feedback (Box et al., 2012). Our aim is to assess the
SMB sensitivity to atmospheric forcing in the lower accumulation area using AWS
measurements that serve as input for a SEB model. The five-year period with AWS
measurements (2009-2013) spans a wide range of melting conditions, including the record
melting years of 2010 and 2012 (Tedesco et al., 2011;; 2013; Van As et al., 2012; Nghiem et
al., 2012; Hanna et al. 2014) and years with limited melting such as 2009 and 2013. We add
temporal perspective by discussing Kangerlussuaq temperatures since 1976 and Moderate
Resolution Imaging Spectroradiometer (MODIS) albedo values since 2000. ir—the
follewingBelow, we first describe the observations and SEB calculations, after which we wil
present the-atmospheric conditions and surface energy fluxes at KAN_U, and the changes
therein due to recent years with extreme melt. Finally, we investigate the importance of the
melt-albedo feedback on the SMB of the lower accumulation area and discuss how changes in

the firn can yield SMB variability on an -shert-interannual time scale.

2 Methods

2.1 AWS measurements

KAN_U is part of the retwerk-ef~20 AWSs comprising #-the Programme for Monitoring of
the Greenland Ice Sheet (PROMICE) network (;--Ahlstregm et al., 263412008). Measurements
include ambient air pressure, relative humidity and aspirated temperature (T,) at 2.7 m height
above the ice sheet surface, wind speed and direction at 3.1 m_height, as well as incoming and
reflected solar/shortwave (Es', Es') and downward and emitted terrestrial/longwave (E.*, E.")
radiation components at 10-minute intervals. Accumulation and ablation are measured by two

sonic rangers, one attached to the AWS and one on a separate stake assembly (Fig. 1b).
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Sensor specifications are listed in Table 1. The AWS transmits hourly measurements during

the summer period and daily during winter (Citterio et al., 2015).

AWSs installed on glaciers are prone to tilt due to the-transient ehanges-evolution of ef-the ice
or firn surface. The importance of accounting for the-pyranometer tilt has been discussed by
e-g—MacWhorter and Weller (1991). AWSs located in accumulation areas are comparatively
stable due to the accumulated snow on the base of the tripod. The maximum tilt registered by
KAN_U is 3.0 degrees. A tilt correction for the solar radiation measurements is made after
Van As (2011).

Two gaps in (subyh-eurly) hourly measurements exist due to a malfunctioning memory card,
from 27 October 2010 until 22 April 2011 and from 26 October 2011 until 21 January 2012.
During these periods, when -with-only transmitted daily values_are available, measurements
from a second AWS, ;-S10; erected on 17 August 2010 at ~50 m distance from KAN_U, were

used_and —-adjusted by linear regression to eliminate systematic prevent-e-g-—offset s-due to a

different ee-tn-measurement heights. The overlapping time-seriesrecords of the two time series
revealed high cross-correlations and low Reetroot-Meanmean-Sguare—squared Beviations

deviations (RMSD) for every measured parameter (Table 2). Due to technical issues with
S10, E.*, E." and T, measurement gaps from 9 February 2011 until 30 April 2012 were filled
with a similar approach, using measurements from AWS S9 located 53 km closer to the ice
sheet margin. Any added uncertainty from using adjusted wintertime measurements will have

minimal impact on the summertime results presented below.

The broadband albedo is the fraction of the incoming shortwave radiation reflected at the _ice

sheet surface and an important parameter in studying the changes in the accumulation area:

E
Es

)

a =

To verify its accuracy, albedo was compared for both AWSs KAN_U and S10 for the warm
seasons (May-September) of 2010, 2011 and 2012 (Table 2). For hourly values, the RMSD
for 2010 and 2011 was only ~0.03. The RMSD for 2012 was 0.07, due to the farger-higher
spatial variability in surface reflectance after substantial melt.
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2.2 Surface radiation budget

The radiation budget at the ice sheet surface is given by the sum of solar and terrestrial

radiation components:
ER = ESl + E5T+ E|_l + E|_T = EsNet + ELNet (2)

Fluxes are here taken as positive when directed toward the ice sheet surface. By the inclusion

of albedo and utilizing the Stefan-Boltzmann law, this can be rewritten as:
Er=(1-a)Es' + B ' — e0Ts" (3)

with o being the Stefan-Boltzmann constant (5.67 x 10 W m2K™) and Ts the surface
temperature. The longwave emissivity ¢ for snow/firn is assumed equal to 1 (black-body

assumption).

2.3 SEB model

Various studies have applied SEB models in glaciated areas under different climatic
conditions, such as a {e-g-high Antarctic plateau_(--Van As et al., 2005) and the :-Greenland
ablation area_(-Van den Broeke et al., 2008b;-; 2011). The energy balance at the atmosphere-

surface interface is:
EmM=Er+Eq+Eg+Ec +Ep 4)

where En, Eg, Eg and Ep are the turbulent sensible, turbulent latent, subsurface conductive

and rain-induced energy fluxes, respectively.

Rainfall is assumed to be at melting-point temperature (T, = 273.15 K), thus Ep is non-zero

when Ty is below freezing:
Ep = pwCw/(To —Ts) (5)

where ¢, is the specific heat of water (4.21 kJ kg™ K™ at 0 °C and 999.84 kg m>) and 7 is the

rainfall rate. The latter is assumed to be non-zero when-under conditions of heavy cloud cover

during periods with non-freezing air temperatures are-met-(see below).

The energy balance is solved for the one unknown variable Ts. If Ts is limited to the melting-
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point temperature (273.15 K), the imbalance in Eq. 4 is attributed to melt (Ey). For sub-
freezing Ts values all other SEB components are in balance and surface melt does not occur.
En and Eg are calculated using the “bulk method” as described by Van As et al. (2005). This
method uses atmospheric stability, and thus depends on T, implying that Eq. 4 has to be

solved iteratively.

The average surface roughness length for momentum z, at this elevation would realistically be
~10* m (Smeets and van den Broeke, 2008). During summer, the ice sheet surface melts
occasionally, smoothing it and thus attaining a smaller zo (~10° m). Slightly increased
roughness is expected during wintertime due to sastrugi,; and drifting snow (Lenaerts et al.,

2014) can increase zo in cases up to 10~ m-{enaerts-et-al-—2014). In the present study, zo is
kept constant at 10* m. A series of test runs showed that the results of this study were not

very sensitive to #-the range of plausible zo values. The scalar roughness lengths for heat and

moisture are calculated according to Andreas (1987).

Subsurface heat transfer is calculated on a 200-layer grid with 0.1 m spacing (20 m total) and
is forced by temperature changes at the surface and latent heat release when water refreezes
within the firn. Heat conduction is calculated using effective conductivity as a function of firn
density (Sturm et al., 1997) and specific heat of firn as a function of temperature (Yen, 1981).
The calculations are initialized using thermistor string temperatures from April 2009 and
depth-adjusted firn core densities measured on 2 May 2012. The subsurface part of the model
includes a percolation/refreezing scheme based on Illangasekare et al. (1990), assuming active
percolation within snow/firn. Provided that there is production of meltwater at the surface, the
amount of refreezing is limited either by the available pore volume or by the available cold
content at each level. The scheme simulates water transport and subsequent refreezing as the
progression of a uniform warming front into the snow/firn and is active for all melt seasons
except for 2012. In 2012, surface runoff dominateds water movement after 14 July, as clearly
visible on Landsat imagery (not shown). This coincided with the surfacing of a 6 m thick ice
layer in the model, which was also found in firn cores (Machguth et al., under review).

Consistent with these observations, Here-we use 6 m of ice (density of 900 kg m™®) as a

threshold that causes meltwater to run off horizontally, shutting down vertical percolation.

Solid precipitation is added in the model based on KAN U sonic ranger measurements,

assuming the-a rounded average snow density of 400 kg m~> observed found-in snow-pit
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measurements. .e. 400 kg m Sehlid-precipiationis—addedin-the-model-based-onKAN-U

measurements. Although rain occurs enly-speradicathy-infrequently at 1840 m a.s.l., a rain
estimate is incorporated with prescribed precipitation rates for each year during hours with a
thick cloud cover producing E.* values that exceed black-body radiation using the air
temperature (E_* > o7,") and T, is above freezing. Festing-Evaluating this against winter
accumulation, the following precipitation rates were found-derived and apphed-prescribed to
the rain calculation: 2.0 x 10° m h™ for 2009-2010 and 2012-2013, 3.5 x 10° m h™* for
2010-2011 and 0.5 x 10° m h™* for 2011-2012. Using this approach, the model produces
liquid precipitation during the summer months only; by the end of the five-year period it
amounts to a total of 0.26 m_water equivalent (m w.e.), 15 % of the total precipitation over the

five years. The contribution of rain in the energy balance is minor; the total energy added to
the surface for the whole study period is approximately 1.15 MJ m2, which could yield a total

of 9 mm of melted snow.

The performance of the model in terms of ablation is illustrated by comparing the-simulated

surface changes with the measured surface height changes due to ablation and accumulation

-(Fig. 2a). The model accurately reproduces the melt rates during every melt season. Yet
this validation does not cover the whole melt season. We found that the AWS tripod and stake
assembly are prone to sinking somewhat into warm, melting firn during the second part of the
melt season (note the measurement gaps). In a second model validation method-exercise, we
compare the-simulated and with-the-measured Ts (inferred from the E_") in Fig. 2b, and find
they correlate well (R?* = 0.98) with an average difference of 0.11 °C and Reetroot-
Meanmean-Sguare-squared Errer—error (RMSE) of 1.43 °C. Part of thise difference can be

attributed to the seemingly overestimated 10 % E," measurement uncertainty as reported by

the sensor manufacturer, which would yield a RMSE of 6.2 °C of T values.

2.4 Additional measurements

For a study with a five-year time span, it is useful to provide a longer temporal perspective.

For this, we lo antic-Oscillatio IAO)H lationa

. e : —We use the air temperature record from
Kangerlussuaq airport observed by the Danish Meteorological Institute (DMI) since initiated
#—1973 in_support of te—faciitate—aircraft flight—operations (Cappelen, 2013). Full
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observational suite coverage is available frem-since 1976. Monthly T, from the airport
correlate well with the KAN_U time series (R = 0.97), indicating that Kangerlussuaq
measurements can be used for providing temporal perspective, despite -tr-spite-ef-the 160 km
distance that separates the two measurement sites. Finally, frem—we 5x5—km—regridded

MODIS-albedo-measurements (MOD10AL-we-use the pixel nearest to KAN_U in 5 by 5 km
regridded MODIS albedo product (MOD10A1) to investigate albedo variability over r-a-the

20002013 perspeetiveperiod.

3 Results

3.1 Meteorological observations

The importance of katabatic and synoptic forcing on near-surface wind direction is—are
roughly equivalent eguathy-tmpertant-at the elevation of KAN_U (Van Angelen et al., 2011).
The average wind direction is south-southeast (~150° Fig. 3a). ¥etHowever, in a case study
of the 2012/2013 winter (Van As et al., 2014), the prevailing wind direction ef-was ~135°
(southeast), suggestings an influential katabatic regime in which air drains down-slope and is ;
deflected by the Coriolis forcingEffect. Wind speed is higher during winter (Fig. 3b); annual
average values are 6-7 m s ', -whereas summer average values are around 5 m s (Table 3).
Winds exceeding 15 m s occur primarily during the winter period and rarely exceed 20 m s™*
when averaged over 24 hours. The barometric pressure of about 800 hPa exhibits an annual
cycle with relatively high pressure in summer (Fig. 3c), favoring more stable, clear-sky
conditions. Also the specific humidity varies annually, peaking in summer. Annual values are
about 1.5 g kg .

The year 2010 was the warmest year of the record (Table 3), with the winter (December-
January-February) of 2009-2010 being 4.0 °C warmer than the 2009-2013 average, and the
summer (June-July-August) only being equaled by 2012 (1.8 °C; Table 3). Especially-May
2010 was especially warm, at 6.2 °C, or 5.1 °C above the 2009-2013 average. Positive T,
persisted during the end of the melt season resulting in a —1.1 °C monthly average for August.
The high 2010 temperatures influenced #mpacted—the—surface ablation_by —inducing early
onset. In 2010, ablation ;—which-lasted from late April until early September, whereas, for

instance, the 2009 melt season at KAN_U eceurred-spanned early June until mid-August.

10



296
297
298
299
300
301
302
303
304
305

306
307
308
309
310
311
312
313
314

315

316
317
318
319
320
321
322
323
324

325

The average SMB over the period 1994-2010 at KAN_U is +0.27 m w.e. (Van de Wal et al.,
2012). Melt at this elevation occurs frequently-during each melt season. The winter 2009/
2010 accumulation was relatively low, amounting to 65 % of the 2009-2013 average (0.25 m
w.e.; Table 4). During the 2010 melt season, all the snow that had accumulated srew-since the
end of the previous melt season ablated, including part of the underlying firn, resulting in the
first negative SMB year on record (Table 4). The stake measurements from Van de Wal et al.
(2012) document a two-year surface height change of +0.42 m on average for 2008-2010 at
the same location (S10), corresponding to +0.15 m w.e. assuming a snow pit density of 360
kg m~3. From this estimate, we infer the winter and net SMB for 2009 to be +0.59 and +0.34

m w.e., respectively.

During winter 2011-/2012, accumulation was the-samesimilar as in winter 2009-/2010. In
spring 2012, positive T, was first recorded during April (with —12.8 °C the warmest April on
record), followed by a relatively warm May (-8.6 °C). Already in late May 2012 ablation
rates were high (7.2 mm w.e. d*; Charalampidis and van As, 2015inpress). June and July
were the warmest of the five-year record with —1.5 °C and —0.6 °C monthly average T,,
respectively. With the summer of 2012 on average as warm as that of 2010, but the ablation
period shorter by 398 days (Table 4), the summer SMB was —0.86 m w.e., making 2012 the
most a-strongly negative SMB year (—0.61 m w.e.) to be recorded at this location (Van de Wal
et al., 2005; 2012).

3.2 Surface energy fluxes

Solar radiation exhibits a strong annual cycle at this location above ien-the Arctic Cpelar

eircle (Fig. 4a). In the absence of topographic shading or a significant surface slope (~0.37°)
the day-to-day variability in incoming shortwave radiation at this elevation is dominated by
cloudiness and the solar zenith angle. The highest daily Es' values occur in June and exceed
400 W m~2, while at the ELA they are just below 400 W m~ (Van den Broeke et al., 2008a)
due to more frequent cloud cover and a thicker overlying atmosphere. Whereas Es' increases
with elevation from the ELA to KAN_U, Es™® obtains values of up to 100 W m 2 both at the
ELA and at KAN_U, implying regulated—solar energy input that is requlated by surface

reflectance.

Terrestrial radiation exhibits an annual cycle of smaller amplitude (Fig. 4a). The annual

11
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variations of the downward and emitted longwave radiation are governed by the temperature
and emissivity variations of the atmosphere and the ice sheet surface, respectively. Hence, the
absolute magnitudes of both components are larger during the summer period. E.‘
fluctuations depend primarily on cloud cover. E. ' is a sink to the SEB and during summer is
limited by the melting surface with the maximum energy loss being 316 W m2. This results

Net

in predominantly negative E, ™ values throughout the year. The energy loss peaks during

June and July.

The Eg annual cycle displays an energy gain at the ice sheet surface during May to August
and energy loss the rest of the year (Fig. 4b). This winter energy loss is primarily
compensated by downward sensible heat flux. Calculated Ey is typically positive throughout
the year, with highest values in winter when Egr is most negative, heating the ice sheet surface
while cooling the atmospheric boundary layer (Fig 4b). This facilitates the katabatic forcing
and thus enhances wind speed and further turbulent energy exchange between the atmosphere
and the ice sheet surface. The contribution of Ey to melt is smaller than at lower elevations
(Van den Broeke et al., 2011). T:the dominant melt energy source at KAN_U is Eg.

Ee changes sign from winter to summer, and is on average a small contributor to the annual
SEB. During the summer period, Eg is comparable to Ey but with opposite sign, enabling
surface cooling by sublimation and/or evaporation. In the winter, Eg is directed mostly toward
the cold ice sheet surface, resulting in heating from deposition.

The annually averaged Eg is mostly negative and of the same magnitude as Eg (3-4 W m2),
but with no distinct annual cycle. Melt seasons with substantial refreezing exhibit increased
positive summer-averaged Eg since the near-surface firn temperature is on average higher
than Ts, leading to conductive heat transport toward the ice sheet surface. Low Eg values in

summer indicate limited refreezing in the firn just below the ice sheet surface.

Ep is non-zero, but still negligible in summer, when positive air temperatures occur and thus

precipitation is liquid.

3.3 Interannual variability of the SEB and implications for melt

With the exception of August 2009, when predominantly clear skies caused Es' being 40 W

m~2 larger, and E.* 36 W m 2 smaller, than in the other years, monthly average values of Eg'

12
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at this site are fairly invariant (difference < 25 W m2; Fig. 5a). Often Er increases when
clouds are present over an ice sheet; a so-called radiation paradox (Ambach, 1974), as it was
observed in April 2012.

Figure 5b illustrates the annual cycle of monthly average albedo, not including the winter
months October—February, when shortwave radiation values are too low for accurate albedo

estimation, yet it is expected to be characteristic of attair-fresh dry snow values (0.8-0.9).

High albedo persists until May due to fresh snow depositeds on the ice sheet surface. An
exception occurred during March and April 2013, when the monthly albedo of 0.78 suggests
reduced precipitation input for a prolonged period and the presence of aging eld—¢lean—dry
snow on the ice sheet surface (Cuffey and Paterson, 2010). In the years 2009—2011 and 2013
the albedo gradually decreased beginning late May and during the summer due to the effects
of relatively high temperatures and melt on snow metamorphism. During summer, albedo still
exceeded 0.75. While in August melt at KAN_U can still occur, this does not counteract the

effect of snowfall events that increase the surface albedo.

The anomalously warm period in June and July 2012 (Fig. 3d) coincided with a larger
decrease ef-in surface albedo than in the other years. The combination of enhanced melting,
heat-induced metamorphosis and firn saturation, reduced the albedo from 0.85 in April to 0.67
in July reaching a value that is characteristic of eerresponds-te-the-tower-soaked snow facies
close to the lower elevation srew/firn line (Cuffey and Paterson, 2010). As a consequence,

Es™ increased by approximately 25 W m2 in June and July (32 %; Fig. 5¢). This darkening
thus functions as an amplifier of melt (Box et al., 2012; Van As et al., 2013), contributing to
the large observed ablation rates-(Table 4).

The largest longwave radiation surface emissions occurred during August 2010 and June—July
2012, approaching the theoretical limit of —316 W m 2 for a continuously melting ice sheet
surface (Fig. 6b). The concurrent high E.* (Fig. 6a; Table 5) was related to high atmospheric
temperatures. This caused summer E, " in the-summers-2010 and 2012 to exceed its value in
other years (Table 5; Van As et al., 2012). While summer Es"®" was similar in 2009 and 2010,
summer Egr was about-690_ % larger in 2010 than in 2009, primarily due to the high

Net

atmospheric temperatures-atore. During summer-2012, summer E, ™ was similar as in 2010.

The large summer Es", resulted in summer Er 67 % higher than in 2010 (Table 5). The
highest daily Eg attained 100 W m™ on 9 July and coincided with the start of a Greenland-

13
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wide warm event. On 12 July, nearly the entire ice sheet surface was reported to melt
(Nghiem et al., 2012), followed shortly after by the highest meltwater discharge in 56 years
on 12 July 2012, as inferred ean—be—conecluded—by the partial destruction of a bridge
constructed over the the-1956-Watson river bridge-in Kangerlussuaq in 1956. en-12-Juhy-2012-
At KAN_U, wWell above the long-term ELA-at-KAN-Y, not only a strongly negative SMB
was recorded in 2012, but it was the only year with a positive annual radiation budget (Er =
+4' W m?; Table 5).

Ey was largest during 2010 and smallest during 2011 (Table 5), the years of highest and
lowest annual T,, respectively (Table 3). Sensible heat transfer toward the ice sheet surface
was also low on average alse-tew-in 2012, owing to the cold winter months. The high July
2011 Ey was due to warm air advection that occurred over a cold surface, yielding large near-
surface temperature gradients and thus-sensible heat exchange (Fig. 7a). #a-theDuring summer
ef-2013, when the-air temperatures remained relatively low, the ice sheet surface exhibited the
lowest sensible heat gain compared to the other melt seasons. In all, Ey did not contribute to
SEB interannual variability as much as the radiative components.

Summer Eg values are correlated with the atmospheric pressure (R_=0.96), which —that

influences the gradients in near-surface specific humidity and wind speed. t—theDuring
summer 6£-2012, pressure and specific humidity were relatively high (811 hPa and 3.7 g kg %,
respectively; Table 3), while the wind speed was reduced, thus contributing to the lowest
absolute summer Eg with the lowest cooling rates due to evaporation/sublimation. The
maximum latent heat loss that year occurred in May. Thereafter, the moisture content in the
near-surface air became relatively large, with Eg decreasing in absolute value until July.
Summer 2013; was conversely characterized by relatively low pressure and specific humidity
(804 hPa and 2.8 g kg, respectively) resulting in high evaporation/sublimation rates

especially in June and July (Fig. 7b).

Monthly Eg values were small and displayed small interannual variability, especially in
summer. The summers of 2010 and 2011 exhibited the most positive Eg as a consequence of
substantial refreezing (Fig. 7¢), which influenced mpacting-the-near-surface firn temperature
gradients-a-the-firn. Fhe-summer-averageSummer Eg valdesforin 2009 and 2013 (Table 5)

were-was lower due to the moderate melt seasons of smaller duration. Summer E¢ was lower

in_summer-2012 due to a warm ice sheet surface conducting heat into the firn and the absence

14
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of refreezing.

The melt rates in 2009 and 2013 was-were similar. In both years -with-the largest Ey occurred
ing-in July and did not exceeding 30 W m2 (Fig. 8a). Ey peaked similarly in 2010 and 2011,
in June reaching about 20 W m™ and in July exceeding 35 W m™. May and August 2010
sustatned-exhibited significant melt in response to the warm atmospheric conditions (Van As
et al., 2012). Both 2010 and 2012 exhibited significant melt in May (10 W m™). During
summer 2012, Ey, far exceeded all other years, with -e-g—a July value of 68 W m?, leading to

the largest ablation reported in Table 4.

TFhere-is-a-large-deminance-of-the radiative fluxes dominate ever-the interannual variability

of melt at KAN_U, with the-variations in E_"® being most influential over the amount of
available Ey in the years 20092011 and 2013. In 2012, it was the large Es"® that mainly

contributed to the melt anomaly.

3.4 Melt-albedo feedback

Figure 9a, which depicts total monthly surface energy exchanges throughout the study period,
illustrates that ES"* and E, ™ dominate the SEB from May to September, while E, " and Ey

dominate the SEB during the remainder of the year. During the years exclusive of 2012
considered here (2009, 2010, 2011 and 2013), the total summer energy input to the ice sheet

surface was 620-650 MJ m™. This enerqy reaches a peak in July. In July 2010, for example,

the total energy input reached 246 MJ m. By contrast, in 2012, the total summer energy
input exceeded 770 MJ m™, and in July it reached 304 MJ m. The 2012 total energy used
for melt was 414 MJ m2 (65 % higher than in 2010), of which 183 MJ m~ was used for melt
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Figure 9b illustrates the simulated mass fluxes at the ice sheet surface (note the different y
scales for positive and negative values). A total of 40 kg m™ of mass loss occurs on average
by the sum of sublimation and evaporation during spring and summer. Conversely,
Deposition-deposition amounts to 10 kg m 2 each winter season. The total snowfall from
April 2009 until September 2013 amounted ~1500 kg m? (also Table 4). Up to the end of
May 2012, all meltwater had accumulated internally through percolation into the firn, adding
a-mass of 1158 kg m 2 (1020 kg m™2 from snowfall and 138 kg m2 from rainfall). Due to ice
layer blocking vertical percolation in summer 2012, 444 kg m? ran off, removing

approximately 38 % of accumulated mass since April 20009.

The total amount of meltwater generated at the ice sheet surface, egualing-equivalent to the
sum of runoff and refreezing_minus rainfall, amounted 4307-1232 kg m 2 in 2012. As the
calculated surface ablation was 860 kg m2 (Table 4), 30 66% (372447 kg m?) of the
produced meltwater was melted more than once during the ablation season. This suggests that
Essentialhy-48%(416 kg m2) (48 % of the total ablation or 34 % of the produced meltwater)
was effectively retained in near surface firn layers.

2010 was the first year on record during which surface ablation exceeded accumulation from
the preceding winter at KAN_U (Table 4; Van de Wal et al., 2012). Even though atmospheric
temperatures were high and the impact on ablation was large in 2010, the response of the
snow surface was much larger in 2012, when ablation was more than three times larger than
the accumulation. Albede-lin 2012, albedo dropped-decreased to ~0.7 atready-by #-mid-June
(Charalampidis and van As, #press2015), implying substantial metamorphosis of the snow
surface, while in all other years this value-albedo was reached only in July or August. The
albedo reduced even more on 10 July (~0.6), signifying the saturation of the ice sheet surface
and the exposure of thick firn. Until 6 August, the albedo value corresponded to that of
soaked facies close to the snow/firn line (Cuffey and Paterson, 2010). It should be noted that
snowfall events increased the albedo during several periods in the summer season

(Charalampidis and van As, -press2015).

To quantify the impact of a relatively dark ice sheet surface on the SEB, Fthe average annual

cycle in albedo of all years excluding 2012 was used to replace the low 2012 albedo in

dedicated a-medel-sensitivity analysisrun-to-guantify-the-impact-ofarelatively-dark-ice sheet
surface-on-the-SEB. Figure 10a shows the albedo anomaly of 2012, which resulted in started

16



478
479
480
481
482
483
484
485
486

487

488

489

490
491
492
493
494
495

496
497
498
499
500
501
502
503
504
505
506
507

inveking-enhanced ablation in late May/early June (Fig. 10b). At the end of August, the ice
sheet surface lowered an additional 0.64 m due to 58_% more melt energy compared to a

situation with average albedo. The excess Ey from the melt-albedo feedback amounted to 152

Net Net

MJ m 2, while the excess Es™® supplied was 213 MJ m 2 (Fig. 10c). The remaining Es"®" was
consumed by other fluxes, primarily Ey. As the total surface ablation of 2012 was 1.78 m of
surface height change (Fig. 2) the remaining 1.14 m was primarily due to the warm

atmospheric conditions and similar to 2010 (1.21 m). This sensitivity analysis implies that the

location would have experienced a negative SMB in 2012 even without the melt-albedo
feedback.

4 Discussion

4.1 Uncertainties

Model performance is limited by the accuracy of the instruments of KAN_U as given in Table
1. The radiometer uncertainties are the largest, based on what is reported by the manufacturer
(10_% for daily totals, although this is likely to be an overestimate (Van den Broeke et al.,
2004)). Nevertheless, the accurate simulation of surface temperature and snow ablation rates
(Fig. 2) throughout the period of observations builds confidence in both the measurements

and the model.

The model exhibits considerable sensitivity to the subsurface calculations, suggesting
importance of pore volume and firn temperature, and how much more complicated SEB
calculations are in the lower accumulation area than for bare ice in the ablation area. The
model is able to capture the seasonal variations of temperature in the firn and calculated
temperatures are commonly within 3.6 °C of those measured with an average of —0.3 °C (Fig.
11a). The shallow percolation of a wetting front in the firn is estimated at depths of 1-3 m in
the years 2009 and 2013 (Fig. 11b), while in the years of larger melt, pore volume until 10 m
depth is filled, possibly overestimating the percolation depth given the relative temperature

buildup in the simulated firn below roughly 5 m depth (Fig. 11a; Charalampidis et al., under

review). In particular for 2012, available simulated pore volume at ~6 m is significantly
affected by meltwater that percolates below the formed thick ice layer, which may indicate

that the runoff threshold of a 6 m ice layer is an overestimate, highlighting the need for a
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better runoff criterion. Further investigation on this criterion and inclusion of water content
held in the firn by capillary forces, saturation of the surface and proximity of impermeable ice
to the surface is necessary.

The fact that the subsurface calculations are initialized in 2009 by use of vertically shifted firn
densities from a 2012 core does not influence the calculation of the surface energy fluxes and
thus the outcome of this paper. Importantly, the timing that simulated runoff occurred in July
2012 is in agreement with satellite observations due to the runoff criterion, thereby providing

confidence in realistic calculation of Eg.

Although the subsurface calculations are on a vertical grid of 10 cm (see also 2.3), there is
loss of detail in the density profile with time due to the interpolation scheme that shifts the
column vertically when it needs to account for surface height variations (Fig. 11c). Increased
spatial resolution requires a finer temporal resolution to avoid model instability. Since this
would also increase calculation time severely, while the calculated SEB would be unaffected,
we accepted the loss of detail in density in this study. Nevertheless, during each melt season
when refreezing is important to be accounted for, no loss of detail is expected near the surface

since the column is shifted almost continuously upward.

Rainfall is known to occur during summer on the higher elevations of the ice sheet. The exact
amount is unknown as in situ measurements for precipitation are rare and difficult. Therefore,
the rainfall calculated by our model should be considered a first-order estimate. Nevertheless,
the amount of rain is expected to be small and its effect on the SEB is negligible, as shown by

the model results.

It is possible that other factors than heat-induced snow metamorphism and the presence of
surface water contributed to the 2012 albedo anomaly. Such could be aerosol particles or
impurities at the snow surface, effectively reducing its albedo (Doherty et al., 2013). Also, in
cases of extreme melt, microbial activity can develop at the ice sheet surface with the

subsequent production of a dark-colored pigment (Benning et al., 2014).

4.2 Long-term perspective in temperature and albedo
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Kangerlussuaq airport temperature record since 1976 was used to provide a temporal

perspective to the KAN_U temperature in recent years (Fig. 12c). The standard deviations
reveal variability during the winter period of more than 10 °C while for the months of July
and August standard deviations are ~2.0 °C. The temperature measurements reveal that the
region has been warming on average starting in 1996 (not shown). Figure 12d illustrates this
for 2000-2013; e.g. the summers (JJA) were 1.2 °C warmer than in the reference period
1976-1999. The warm 2010 and 2012 summer have an anomaly value of +1.9 °C and +1.8
°C, respectively. The high temperatures in recent years are most apparent for June when in 10
out of 14 years the 1976-1999 standard deviation is exceeded. A further increase of the
regional temperatures, as anticipated by climate models, will likely further increase the
frequency of large melt events and the extent of each melt season, leading to conditions
similar to or more extreme than in 2012 (McGrath et al., 2013).

The MOD10AL time series from the years 2000-2013 shows an albedo decrease of 0.05-0.10
during the 14 years of measurements in response to the increased temperatures (Fig. 13). In
particular, May albedo reached record low values in 2010 and 2012. July albedo is
considerably lower in the years 2007-2013 than it was in the first half of the record. The
exceptional surface conditions in July 2012 were also captured by MODIS with the lowest
monthly albedo (~0.6) of the time series. The albedo in August is generally higher than in
July due to snowfall, but the values remain sufficiently low to enhance melt._We note that part

of the MODIS based albedo decrease could be the result of the declining instrument
sensitivity of the Terra MODIS sensor (Wang et al. 2012; Lyapustin et al. 2014) though

updated (through 2014) comparisons between MOD10A1 and ground observations from GC-

Net data (Box et al. 2012; not shown) do not indicate an obvious nor statistically significant

difference.

Increased meltwater infiltration into the firn during events of increased melt has led to the
formation of thick, near-surface ice lenses between 2 to 7 m, judging from the 2012 firn core.
This contrasts the aquifers (i.e. liquid water storage) that are observed in the firn in southeast
Greenland (Forster et al., 2013; Koening et al., 2014; Kuipers Munneke et al., 2014). The

southwestern ice sheet receives about one third of the annual precipitation amount in the
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southeast (Ettema et al., 2009), resulting in differences in thermal insulation of the infiltrated
water and available pore volume. Persistent shallow refreezing on an interannual scale has led
to the formation of thick impermeable ice enabling runoff in 2012 (Machguth et al., under

review).

The DMI measurements indicate that 2009 is representative of the reference period 1976-
1999 (Fig. 11c; Van As et al., 2012). tr—summerWith respect to summer 2009, 2616-the
radiation budget in summer 2010 was increased due to reduced-lower E N by-10-W-m
(Table 5; Sect. 3.3). Fhe—concurrent-increase—in-melt-was13-W-m “—In summer 2012, E.M
was the same, while EsM® was 17-W-r >-larger than in 2010. —appreximately-76%Most of
which-this ES"® excess was consumed by melting (:2-W-“Sect. 3.4). The melt-albedo
feedback (Box et al., 2012) will contribute to the rise of the ELA in a warming climate

(Fettweis, 2007; Van de Wal et al., 2012), and might transform the lower accumulation area
into superimposed ice if warming prevails. We have shown that the melt-albedo feedback
makes that warm summers can have great impact on melt and runoff in the lower
accumulation area. Our results suggest that if warm atmospheric conditions persist in the
future, the additional input of solar radiation at the ice sheet surface will be of higher

importance to surface changes than atmospheric warming.

5 Conclusions

We used five years of automatic weather station measurements to characterize the prevailing
meteorology and surface energy fluxes at a location in the lower accumulation area of the
southwest Greenland ice sheet. The analysis showed large control of the radiative components
over the interannual variability, and mostly from net longwave radiation. The main
contributor to melt is absorbed solar radiatioradiation. In n—but—fer-all but one year of

observations, however, this—solar radiation did not induee—control surface mass balance

variability. This was not the case during the 2012 melt season, when the area attained
unusually low albedo values (<0.7) owing to large melt and the subsequent exposure of water-
saturated, high-density firn. The consequential enhanced solar absorption along with warm
atmospheric conditions resulted in intensified melt during the strengest-most negative surface
mass budget year since 1994, and presumably since at least 1976 given the Kangerlussuaq
temperature record. A sensitivity test with our energy balance model indicates that the melt-
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albedo feedback contributed an additional 58 % (152 MJ m?) to melt energy in 2012, though
increased atmospheric temperatures alone would have yielded a negative surface mass budget

as well.

Percolation of meltwater within snow and firn is generally considered to refreeze in firn at
1840 m a.s.l. on the ice sheet, which prevents runoff and therefore limits Greenland’s
contribution to sea level rise. This concept is applicable apphes-to all the-higher elevation
regions of the ice sheet where there is that-experience—moderate melt and where—deep

percolation is possible. However, the lower accumulation area of the southwestern ice sheet

showed high sensitivity to the warm atmosphere in 2012, primarily due to because—of-the
relatively low precipitation in the region, which prevents the timely replenishment of
saturated enables-the-immediatetoss-ef-pore volume in the near surface uppereters-of-firn

under extreme melting conditions. Water retained in the firn can lead to substantial density

increase due to refreezing, which in warm years not only may function as a mechanism to

block percolation, but also lowers the surface albedo and enhances melt, accelerating the

transformation of the-a lower accumulation area underlain by firn into an ablation -deminated

regienarea underlain by superimposed ice. This highlights the importance of accurately

modelling ef-percolation and refreezing within the firn, in order to best be-able-te-estimate the
sea level rise contribution associated with frem—the—Greenland ice sheet to—sea—level

risemeltwater production.
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Table 1. Sensors and their published accuracies-aceerdingte-the-issued-manuals.

parameter

sensor

accuracy

air pressure

aspirated air temperature

relative humidity

shortwave radiation

(incoming and reflected)

longwave radiation

(incoming and emitted)
wind speed and direction

surface height

Campbell CS100

Rotronic MP100H aspirated
(Pt100)

Rotronic MP100H aspirated
(HygroClip R3)

Kipp & Zonen CNR4
(Pyranometer)

Kipp & Zonen CNR4
(Pyrgeometer)

Young 05103-5

Campbell SR50A

2 hPaat—40 °Cto 60 °C

0.03°Cat0°C

1.5%at23°C

10 % for daily totals

10 % for daily totals

0.3ms* 3°

102 mor 0.4 %
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Table 2. Linear regression parameters for hourly values of KAN_U and S10 AWSs: Slope (x),

intercept (), correlation coefficients (R) and rRoot-mMean-sSquared deviations (RMSD).

S10-KAN_U X W R RMSD
Es'* 1.010 - 0.99 37.25 (W m?)
Esl* 0.987 - 0.99 24.71 (W m™?)
E 1.003 —6.06 0.99 8.92 (W m?)
= 0.990 —0.25 1.00 3.62 (W m?)
Ta 0.995 —0.25 1.00 0.50 (°C)
ambient air 0.990 7.77 1.00 0.45 (hPa)
pressure

relative humidity 0.899 10.31 0.91 3.78 (%)
wind speed* 0.928 - 0.99 0.66 (ms™)
02010™* - - 0.93 0.032 (-)
02011** - - 0.94 0.028 (-)
a2012** - - 0.91 0.066 (-)

* regression line forced through zero

** 24-hour running averages for the months May until September
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Table 3. Annual and summer (June-July-August) average meteorological

parameters at

KAN_U.

KAN_U 2009* 2010 2011 2012 2013**
annual averages

Ta (°C) ~155 ~11.6 ~18.0 ~14.3 ~15.4
ambient air 799 804 797 800 799
pressure (hPa)

specific humidity 1.5 2.0 1.4 1.9 1.5
(9kg™)

wind speed (ms™) 7.0 7.0 6.2 6.5 7.0
albedo 0.85 0.82 0.82 0.79 0.80
summer (JJA) averages

T. (°C) 43 18 2.9 18 45
ambient air 809 808 811 811 804
pressure (hPa)

specific humidity 2.9 3.6 3.3 3.7 2.8
(9kg™)

wind speed (ms™) 5.3 5.2 5.0 4.6 5.2
albedo 0.78 0.77 0.78 0.71 0.78

* average 2010-2013 January, February and March

** average 2009-2012 October, November and December
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Table 4. Surface height changes and mass budgets (measured in winter and calculated in

summer) at KAN U in meters and m w.e., respectively, and ablation duration. The

uncertainty associated with efthe-surface height change is estimated at-to be 0.2 m. The mass

budgets are calculated with an assumed assuming-snow density of 360 kg m™> (the average

density of the uppermost 0.9 m measured on 26 April 2013), with uncertainty estimated at 40

kg m™ (standard deviation among the snow-pit measurements). The snow density assumption

was not needed in 2012 and 2013, when actual density measurements were conducted.

_ winter _ summer ablation
height height net budget ]
budget budget period
change change
01/06—
2008-2009 +1.6* +0.59*+0.15 -0.7 —0.26+0.08  +0.34*+0.12
19/08
30/04—
2009-2010 +0.7 +0.25+0.08 -1.2 -0.44+0.09 -0.19+0.12
05/09
28/05—
2010-2011 +1.0 +0.3740.08 -1.1 -0.4140.09 -0.04+0.12
13/08
2011 27/05—
+0.7 +0.25+0.08 -1.8 -0.86+0.14 -0.61+0.16
2012** 24/08
2012— 29/05—
+1.2 +0.4540.09 -0.8 —0.2740.08 +0.18+0.12
2013*** 17/08

* value inferred from Van de Wal et al. (2012)

** gstimate based on snow-pit densities from May 2012

*** astimate based on snow-pit densities from May 2013
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Table 5. Annual and summer (June-July-August) average energy fluxes at KAN_U (W m™).

2009* 2010 2011 2012 2013**
annual averages
Es 155 153 150 145 151
Es' ~125 ~121 -121 -110 -119
Es"® 30 32 29 35 32
E. 207 224 205 223 212
= —246 —262 —239 —254 —248
EN -39 38 34 31 36
Er -9 —6 -5 4 -4
En 17 18 12 12 14
Ee -2 -1 -2 -1 -3
Ec -2 -3 1 -2 -2
Ep 0.004 0.006 0.009 0.012 0.005
Em 4 8 6 13 5
summer (JJA) averages
Est 322 305 302 296 313
Es' —252 —234 -236 -208 —242
EsN 70 71 66 88 71
= 237 259 252 260 245
= —291 —303 —299 -303 —292
EN 54 —44 47 43 47
Er 16 27 19 45 24
En 6 6 8 7 5
Ee -9 -9 -7 -5 -13
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Ec 2 4 4 2
Ep 0.014 0.025 0.035 0.049

Em 15 28 24 49

0.021

17

* used average 2010-2013 values for January, February and March

** used average 2009-2012 values for October, November and December
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Figure 1. (a) Map of Greenland and the
installation of KAN_U (April 2009).

location of KAN_U. (b) Picture taken after the
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902  Figure 4. (a) 31-day running average values of all radiation budget components at KAN_U.
903  Solid lines indicate the net solar and terrestrial radiation components. (b) Same, as (a), but for
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Figure 11. (a) Difference between firn temperature measured by the KAN_U thermistor string
and simulated firn temperature. The blue lines indicate the position of the thermistors below
the surface. The white areas near the surface are due to surfaceding thermistors. Note that the
thermistor string was replaced by a new one drilled on 28 April 2013. (b) Simulated

refreezing rates. (c) Simulated firn density.

48



948

949
950

951
952
953
954
955
956
957

2 I A O B A B O @

T,(°C)

L1 T T I A o
2013

[ S s |
2010 2011 2012

year
20 T T T T T T T T (b) 6 ry (c)
151 - : 4 5
10k . TR . . . - 4
5F 3t
0 . 2f
G o
-5 T 4t
= [
-10 e
-15- -1+
-20 -2+
-251 -3t
[—o—May —o— Jun —8— Jul —8— aug Sept ——— JJA average |
_30 1 " . . 1 . \ . 1 \ . -4 e e e e e e e MR
1 2 3 4 5 6 7 8 9 10 1M 12 2SD 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
month year
year
T T T T T a]
e LN NN e S P P AR N N SRR T
=-2 i O 0 O
2010 2011 2012
» P rTrTrrrTTd )
10—
o
<
= _10l-
-20
- 1
2011
T (c) 6 (d)
sk
4
3
5
T 4L
B o
1 ha
21 .
N H : Py
= [—o—way ——Jun —8— Ju —8— Aug Sept ——— JJA average :
-4 L
2SD 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 20112012 2013
year

Kangerlussuaq and at KAN U. Correlation coefficients (R): 0.97 for the extent of the KAN_U
data, 0.66-0.99 for the months individually, minimum being January. (be) Monthly reference
period (1976-1999) air temperature at Kangerlussuag. (ce) Monthly (May to September) and
summer (June-July-August average) air temperature anomalies at Kangerlussuaq for the years

2000-2013. Error bars indicate two standard deviations.

49



958
959

960
961
962
963
964

o 0.9 T T T T T T T T T T T T T T (a)

2 o8 ,‘_"__"."_“.‘—‘.—'—.**—.——"“‘-———.::;.:::.::='F==.

®

> 07 rrTE Sl L L R
oot

= 0.6 = 1 | i 1 i i

Il 1 1 1 1 1
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
year

(b)

Il 1 1 Il 1 1 1 1 1 1 Il 1
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
year
o 0.9 — ; — : — . ‘ ; . ‘ : (c)
208F
s 07 [
>0 KAN_U
= E L P L L !
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
year
o
b (d)
-
©
3
>
é Il 1 1 Il 1 1 1 1 1 1 Il 1
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

year

“W (e)

moD10A1

e oo 0O
o N @
T

September albedo

i I I | i I I | i I | i
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
year

Figure 13. 11-day Gaussian filtered nearest neighbor 5x5 km MOD10AL1 albedo (2000-2013)
and KAN_U (2009-2013) albedo for the months: (a) May (R = 0.91, (4a)ayg = —0.02—,
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