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Abstract. We present the seasonal cycle and interannualfl Introduction

variability of the surface energy balance (SEB) in the ab-

lation zone of the west Greenland ice sheet, using sevefpurface melt and subsequent runoff of meltwater are of pri-
years (September 2003—August 2010) of hourly observationghary importance for the mass balance of the Greenland ice
from three automatic weather stations (AWS). The AWS sheet (GrIS). Strong interactions exist between surface melt-
are situated along the B8R latitude circle at elevations of ~water production and the sliding behaviour of the ice sheet
490ma.s.l. (S5), 1020ma.s.l. (S6) and 1520 ma.s.l. (S9) an west Greenland (Zwally et al., 2005; Van de Wal et al.,
distances of 6, 38 and 88 km from the ice sheet margin. The2008; Joughin et al., 2008; Shepherd et al., 2009), a pro-
hourly AWS data are fed into a model that calculates all SEBcess that is linked to the formation and decay of subglacial
components and melt rate; the model allows for shortwavemeltwater channels (Schoof, 2010). The increase in runoff
radiation penetration in ice and time-varying surface momen-since 1990, following atmospheric warming (Box and Co-
tum roughness. Snow depth is prescribed from albedo anéién, 2006; Hanna et al., 2008), explains more than half of
sonic height ranger observations. Modelled and observedhe recent mass loss of the GriS (Van den Broeke, 2009a).
surface temperatures for non-melting conditions agree veryn the warm summers of 2007 and 2010 (Tedesco et al.,
well, with RMSE’s of 0.97-1.26 K. Modelled and observed 2008, 2011), melting on the GrIS exceeded 600 Gtyan

ice melt rates at the two lowest sites also show very goodncrease ot-60% compared to the 1961-1990 average. Es-
agreement, both for total cumulative and 10-day cumulated?ecially in areas where the ice sheet borders on tundra, which
amounts. Melt frequencies and melt rates at the AWS sited1€ats up considerably in summer, summer melt rates can at-
are discussed. Although absorbed shortwave radiation is th&in 4-5m of ice (Van de Wal et al., 2005). If in a future
most important energy source for melt at all three sites, in-warmer climate the ice sheet further retreats onto the land,
terannual melt variability at the lowest site is driven mainly surface meltwater runoff will continue to dominate GrlS
by variability in the turbulent flux of sensible heat. This is mass loss, making it a crucial parameter to model correctly.
explained by the quasi-constant summer albedo in the lower In the absence of detailed observations, estimating melt
ablation zone, limiting the influence of the melt-albedo feed-and runoff from the GrlS requires the use of a regional at-
back, and the proximity of the snow free tundra, which heatsmospheric model that solves the full surface energy balance
up considerably in summer. (SEB) at high spatial resolution (Fettweis, 2007; Ettema et
al., 2009; Fettweis et al., 2010). In turn, these models require
validation from in situ observations at the ice sheet surface
(Ettema et al., 2010a, b). Owing to the difficult terrain in the
GrlIS ablation zone with crevasses, slush formation and the
presence of meltwater lakes (Box and Ski, 2007), only a few
SEB time series are available to date (Ambach, 1977; Greuell
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1999). Most experiments lasted only for (part of) a single Half-hourly averages of air pressure, shortwave/longwave
ablation season, neither capturing the wintertime climate noincoming/outgoing radiation components and two-level wind
the interannual variability. speed/direction, temperature and relative humidity are stored
Automatic weather stations (AWS) may fill these obser- at the AWS and retrieved each year in August or Septem-
vational gaps in time and space. Since September 2003, thiger. Table 1 lists the sensor specifications and Table 2 the
Institute for Marine and Atmospheric Research of Utrechtperiod of operation, location information and basic climate
University (UU/IMAU) has operated three AWS in the abla- and surface energy balance statistics. Radiation, temperature
tion zone in west Greenland, as a contribution to the Greenand humidity observations are corrected along the lines de-
land Climate Network (GC-Net, Steffen and Box, 2001). The scribed in Van den Broeke et al. (2004, 2008a). Owing to a
AWS are equipped with radiation sensors and two measuredatalogger failure, S6 misses data from September 2007 to
ment levels for temperature, humidity and wind speed, whichAugust 2008, and for several weeks in June, July and August
makes them especially suitable for SEB studies. Previously2010. This prevented the calculation of averages for those
the first four years of AWS data (2003-2007) were used tomonths at S6.
assess the radiation and turbulent driven heat exchange (Van The SEB model requires time series of snow depth, in-
den Broeke, 2008a, 2009b) and the surface mass balancdrument height and surface momentum roughnessrhe
(Van den Broeke et al., 2008b). This study presents an upfirst step is to determine whether ice or snow is present at the
date, using the longer time series to present the average seadrface; for this, a combination of albedo (SYWSWout|)
sonal cycle of the full energy balance with special referenceand surface height measurements is used, where we use the
to interannual variability, including a thorough evaluation of previous end of summer ice surface as a base horizon to
the model under melting and non-melting conditions. Thedetermine the snow depth at the start of the melt season
next section describes the AWS data and the SEB model(May). As an example, Fig. 2 shows the evolution of albedo
Sect. 3 presents the model evaluation and the SEB result¢plue line), surface level from the sonic height ranger (or-
followed by a summary and conclusions in Sect. 4. ange line), the deduced ice horizon (red line) and derived
snow depth (green line) at S6 for the summer of 2004. Af-
ter the thin layer (25 cm) of winter snow has melted, back-

2 Methods ground albedo gradually decreases in the course of the melt
season. This slow evolution is probably caused by snow
2.1 AWS data metamorphism under the influence of melt and partly by the

fact that the radiation sensor, mounted at approximately 6 m
The three AWS are situated along the K-transect, a stake amabove the surface, “sees” a much larger surface area (ap-
ray in southwest Greenland that extends from the ice margimproximately 100 rd) than the sonic height ranger, which is
to 1850 ma.s.l. This part of the GrIS is characterized by alocated closer to the surface and has a smaller viewing an-
dry and sunny climate, resulting in little wintertime accumu- gle. Even when the snow may have disappeared under the
lation (Van den Broeke et al., 2008b) and high summertimesonic height ranger, the radiation sensor still detects patches
ablation rates of up to 5 m near the ice margin (Van de Wal etof snow, usually in gullies, keeping the albedo well above
al., 2005). The AWS masts are not fixed to the ice and sink0.6. Only after these patches have completely melted away
with the ablating surface, while approximately retaining their towards the end of the ablation season, does the albedo reach
upright position. Each site is equipped with an independenthe value of glacier ice (approximately 0.55). Superimposed
sonic height ranger, fixed to the ice, to monitor snow accu-on this gradual background decrease in albedo are rapid fluc-
mulation and snowl/ice ablation, as well as one or several alutuations. These are caused by summer snowfall events, and
minium stakes to measure annual net ablation/accumulatiom spite of their small magnitude (typicallg5cm) are im-
at the end of the ablation season. Figure 1 shows the locatioportant because they temporarily reduce or even halt surface
and surroundings of the three AWS sites S5 (490 ma.s.l.)ice melt. The combination of albedo and sonic height ranger
S6 (1020ma.s.l.) and S9 (1520 ma.s.l.) superimposed odata is used to derive snow depth at S5 and S6 for the full
a MODIS image from 23 August 2006. This time of year observational period. Albedo measurements at S9 suggest
marks the end of the ablation season, when the bare ice extettiat glacier ice did not surface there (supported by ground
is at a maximum; clearly visible are the bare ice zone (grey-observations), and a semi-infinite snowpack is prescribed for
ish, between 500-1500 ma.s.l.), the superimposed ice zonthat site. Instrument levels (heights above the surface) are
(milky blue, 1500-1750ma.s.l.) and the snow-covered per+econstructed based on the derived snow depths and refer-
colation zone (bright white, 1750 ma.s.l. and higher). Melt- ence measurements during annual station visits. In combina-
ing of dust-rich glacier ice causes the dark band in the mid-tion with the two-level wind speed, temperature and humid-
dle ablation zone (Wientjes and Oerlemans, 2010). Strongty data this information is used to calculate 20-day running
interactions between surface meltwater production and iceneans of surface momentum roughngséSmeets and Van
dynamics have been observed along the K-transect (Van dden Broeke, 2008a; Van den Broeke et al., 2009b).
Wal et al., 2008; Shepherd et al., 2009).
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Fig. 1. Left: MODIS scene of west Greenland (23 August 2006) with AWS locations (white dots) and ice sheet elevation contours (dashed
lines, height interval 250 m, from Bamber et al., 2001). Inset shows location of Summit. Right: images of AWS locations at S5 (27 August

2006), S6 and S9 (both 26 August 2006).

Table 1. AWS sensor specifications. EADT Estimated Accuracy for Daily Totals.

Sensor Type Range Accuracy

Air pressure Vaisala PTB101B 600 to 1060 hPa 4hPa

Air temperature Vaisala HMP35AC —80 to +56°C 0.3°C

Relative humidity ~ Vaisala HMP35AC 0to 100% 2% (RHDO %)
3% (RH> 90 %)

Wind speed Young 05103 Oto 60ms 0.3ms1?

Wind direction Young 05103 0to 360 3°

Pyranometer Kipp en Zonen CM3 305 to 2800 nm EADPTO0 %

Pyrradiometer Kipp en Zonen CG3 5000 to 50000nm EADIO %

Snow height Campbell SR50 0.5t010m 0.01mor0.4%

2.2 SEB model

The SEB of a “skin” layer is given by:

M = SWin + SWout+ LWin + LWout-+ SHF+ LHF 4G5
= SWnet+ LWnet+ SHF+ LH F+Gs

= Rpet+ SHF+LHF+G5 (1)

www.the-cryosphere.net/5/377/2011/

where M is melt energy, SW, SWyyt and SWgt are in-
coming, reflected and net shortwave radiation fluxesj,L.\W
LWyt and LW,et are incoming, emitted and net longwave
radiation fluxesRnet is the net radiation flux, SHF and LHF
are the turbulent fluxes of sensible and latent heat@sis

the subsurface (conductive) heat flux, evaluated at the sur-
face. All terms are in W m? and defined positive when di-
rected towards the surface. Here we briefly repeat the main
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380 M. R. van den Broeke et al.: Seasonal cycle and interannual variability of SEB

Table 2. AWS topographic, climate and surface energy balance characteristics. Similarity theory is used to obtain temperature, humidity
and wind speed at standard heights from AWS observations. All SEB values are derived from the SEB model apar{{r@ugyand
LWin, which are from (corrected) observations.

S5 S6 S9
Location (August 2006)
Latitude (N) 6706 67°05 67°03
Longitude (W) 5007 49023 48214
Elevation (ma.s.l.) 490 1020 1520
Distance from ice edge (km) 6 38 88
Period of operation used for this paper
Start of observation 1 September 2003 1 September 2003 1 September 2003
End of observation 31 July 2010 31 July 2610 31 July 2010
Annual average climate variables
Surface mass balance (mw.e.) -3.6 -1.5 ~0
2m temperature (K) 267.2 263.3 260.4
2m relative humidity (%) 75 87 89
2 m specific humidity (g kg?l) 2.3 2.1 1.9
10 m wind speed (msh) 5.3 6.9 7.9
Annual average surface energy balance variables ()m
SWi, 117 131 142
SWout -73 -94 -110
SWhet 45 36 32
LWin 241 227 222
LWout —280 —269 —260
LW et -39 —42 -38
Rnet 6 -6 -6
SHF 38 26 18
LHF -4 -2 -4
G 2 3 3
M 41 20 11

* September 2007—-August 2008, June and July 2010 are missing at S6.

model characteristics; for a more detailed model descriptionfrom Van den Broeke (2008a, 2009b), who did not require
the reader is referred to Van den Broeke (2004, 2008a, bimelt rate to be quantified and therefore could use “observed”
2009b). Ts (from LW to calculate the radiation balance and turbu-

As input the SEB model uses hourly valueszef (cor- €Nt fluxes.

rected) single-level measurements of wind speed, tempera- Equation (1) assumes all energy to be absorbed at the sur-
ture and humidity, S\, SWpyt and LW,. The scalar rough-  face, neglecting penetration of shortwave radiation to levels
ness lengths for heat)) and moisture4,) are calculated below the surface. This may be justified for fine-grained
using the expressions of Andreas (1987), including the addry snow, but not for bare glacier ice. When ice is ex-
justments for very rough ice surfaces proposed by Smeetposed at the surface at S5 and S6, the model of Brandt
and Van den Broeke (2008b). The SEB model solves Eq. (1and Warren (1993) is used to calculate the subsurface short-
to obtain surface temperatufg, using bisection and nested wave radiation flux. This model is based on Mie scatter-
iterative procedures for the stability corrections in the turbu-ing in a medium of perfectly stacked spherical particles with
lent heat flux calculations, assuming the surface to be satu2.5 mm diameter combined with the two-stream approach
rated with respect to ice (or water when the surface is melt-of Schlatter (1972), using 118 wavelength bands to account
ing). If Ts exceeds the melting point, it is reset to 273.15K for the highly wavelength-dependent absorption properties
and all remaining energy is used for melt. This way of work- of ice. We correct the incoming shortwave spectrum for
ing assumes a closed energy balance and therewith differatmospheric mass and the presence of clouds, the latter

The Cryosphere, 5, 37390, 2011 www.the-cryosphere.net/5/377/2011/
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Fig. 2. Albedo (blue line, based on 24-h running mean shortwave
fluxes), snow surface (orange line), reconstructed ice horizon (red
line) and associated snow depth (green line) derived from sonic
height ranger measurements for S6, summer 2004.

parameterized using the expressions of Kuipers Munneke et
al. (2010). The radiation grid has 1 mm resolution to a depth
of 5m, after which radiative heating is interpolated to the
coarser temperature grid.

3 Results

3.1 Model evaluation for melting and non-melting
conditions

The modelled SEB must be evaluated separately for melting
and non-melting conditions. When the surface is not melting,
modelled values of surface temperatitecan be compared
to “observed” values derived from L¥\;. Assuming a con-
stant, unit longwave emissivity of the snow/ice surface, the
results for observed and modelled hourly and monthly mean
Ts are presented in Fig. 3a—c. The model performs well, with
an average difference for hourly values betwedh28 K at
S5 and 0.34K at S9. The RMSE decreases from 1.26 K at S5
to 0.97 K at S9. The better performance of the model in the
higher ablation zone is probably associated with the smaller
summer ablation, resulting in smaller mast displacement and
tilt, and hence smaller corrections for the shortwave radiation
measurements.

During melt conditions7s is constant and therefore not a
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useful variable to evaluate the SEB model. Instead we comFig. 3. Observed vs modelled surface temperature for hourly (red

pare observed and modelled melt rates for ice, which has @ots) and monthly averages (black dots) a{&®5S6(b) and SY(c).
well-known density (910 kg m?®), thus enabling a conver- dTay is average difference, RMSE is Root Mean Squared Error.

sion from height change (as measured by the sonic height
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Fig. 4. (a)Observed (blue line) versus modelled (red line) cumulative ice ablation at S5 and S6. Cumulative ice melt from annual stake
measurements are indicated by trianglgs. Observed versus modelled 10-day average ice melt rates at S5 (red dots) and S6 (blue dots).
The dashed lines are linear regressions on the data.

ranger) to mass change and hence (modelled) melt energyions, the SEB model accurately simulates the surface tem-
This does not work for S9, where the surface consists ofperature. These results lend credibility to the modelled SEB
snow/firn with unknown density, but it works well for S5 components.
and S6, where ice is frequently present at the surface and
can easily be detected (Fig. 2). Figure 4a shows that cumu3.2 Average seasonal cycle of the SEB
lative ice melt measured by the sonic height rangers at S5
(26.9x 10°kgm~—2) and S6 (16 x 10°kgm~2) is matched  Table 2 shows some climate and energy balance statistics.
by the SEB model to within 1.9% (S5) and 1.6 % (S6). The lapse rate of 2 m temperature is 7.4 Kknbetween S5
The difference between the sonic height ranger and the aband S6 and 5.8 Kkm! between S6 and S9. The stronger
lation stake measurements (triangles in Fig. 4a) is an inditemperature decrease near the margin reflects the effect of the
cation of the observational uncertainty, arising from instru- warm summertime tundra on the temperature at S5. The rela-
mental error, from the fact that the observations are not pertive humidity increases towards higher elevation, but specific
formed at exactly the same location but especially from thehumidity decreases owing to lower temperatures that limit
fact that stake measurements are not very accurate in thiée atmospheric moisture content. Wind speed becomes sig-
first place. At S5, modelled cumulative ice ablation follows nificantly larger towards the interior, which is partly caused
the stake measurements better than the continuous track &y the smaller momentum roughness, and partly by the
the sonic height ranger. At both sites, observed and modgreater influence of the upper level winds in the Greenland
elled cumulative melt agree to within the observational un-interior (Van Angelen et al., 2011). The thinner atmosphere
certainty. A stricter evaluation of the SEB model is to com- at S9 transmits more shortwave radiation, but as the average
pare observed and modelled ice melt over shorter periodsurface albedo is also higher, and the latter effect dominates,
(Fig. 4b). A 10-day period is chosen, to reduce the mea-et shortwave radiation (Sy decreases from S5 to S9. As
surement noise of the sonic height ranger to a level that ena result of the warm air from the tundra during summer, the
ables a meaningful comparison. Again, agreement betweefiux of sensible heat (SHF) towards the surface is also great-
modelled and observed ice melt is very good at both siteest at S5. The gradients in these two SEB components{SW
(S5:r =0.99, slope=0.96, RMSE=2.1kg nT2day 1; S6: and SHF) are the main reason for the exponential increase of
r=0.98, slope=0.98, RMSE=1.7 kg nT2day 1). melt energy when going from S9 to S5.

We conclude that during melting conditions, the SEB Figure 5 displays the average seasonal cycle of monthly
model is capable of reliably simulating interannual and intra-melt frequency at the AWS sites, based on hourly data. The
seasonal melt rate variability. During non-melting condi- error bars represent one standard deviation for the monthly
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at S5, 16 % at S6 and 12 % at S9. At S5, melt may occur in
any month of the year, even occasionally in mid-winter. In
the lower ablation zone the melt season usually starts at the /
end of April, with an average melt frequency of several %. 71+ \ /&
May marks the start of the ablation season in the middle to
higher ablation zone, with melt frequencies of 15% at S6to 902 \V%
8% at S9. Melt frequency peaks in July at all AWS, and
varies from 52 % at S9, 68 % at S6 and 88 % at S5. Septem-
ber is still a significant melt month at S5 and S6, with average 0
melt frequencies of 30 and 10 %, respectively.

Figure 6a shows the average seasonal cycle of albedo at
the three sites. The error bars represent one standard devigig. 6. Average seasonal cycle of albe@ (error bars indicate
tion for the monthly means, and for clarity the seasonal cyclestandard deviation for the 7-yr period) and average seasonal cycle
of the standard deviation is plotted separately in Fig. 6b. Theof the albedo standard deviation (S().
shape of the seasonal cycle at S5 differs significantly from
that at S6 and S9. Winter accumulation is small at S5, ow-
ing to significant wintertime snowdrift sublimation and the Fig. 2) keep the interannual variability high. At S9, glacier
infilling with snow of the abundant crevasses. In late winter ice is not exposed, and the seasonal cycle in albedo reflects
and spring, the surface at S5 consists of a mix of bare icéhe progressive metamorphism of the firn under the influence
and snow, which explains the intermediate albedo values an@f melt. Interannual variability peaks in July, caused by sum-
very large standard deviations in the period February—April.mer snowfalls.
Persistent melt causes the relatively dark glacier ice to be ex- Figure 7a—c shows the average seasonal cycle of SEB com-
posed throughout summer, leading to low albedo values angonents at the three AWS sites. We have integrated the en-
low interannual variability. At S6, the surface is covered by ergy fluxes from the surface to the lowest ice level in the
snow until May, but melt may occur in April and May, result- model, so that a single value can be presented fops\W
ing in an increase in the standard deviation. June is a tranand M. The error bars represent one standard deviation for
sition month. In July and August, ice is exposed at S6 andthe monthly means. The amplitude of the main forcing com-
the albedo reaches its minimum, but summer snowfalls (se@onent of the seasonal cycle in the SEB, aWbn average
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decreases towards higher elevations, a result of the higher av-
erage surface albedo. The shape of the seasonal SEB cycle
at S5 differs significantly from that at S6 and S9, as a re-
sult of the different seasonal cycle of albedo. At S5, W

is distributed rather symmetrically around the summer sol-
stice, while at S6 and S9, the more gradual decrease of albedo
causes the seasonal cycle of @ytb be less symmetric, with

a slow increase towards a peak in July and a rapid decrease
in fall.

Being situated on the protruding tongue of Russell glacier,
the SEB at S5 is influenced by the thermal characteristics
of the surrounding ice-free tundra. Especially in July, when
most of the moisture has evaporated from the upper tundra
layers, 2 m temperatures over the tundra may reach 18520
during sunny conditions (Van den Broeke et al., 1994). The
associated horizontal temperature gradient sets up a pressure
perturbation that is favourable for the formation of strong
barrier winds that blow from south to north along the large-
scale direction of the ice sheet margin (Van den Broeke and
Gallee, 1996). This enhances turbulent heat exchange be-
tween the ambient atmosphere and the melting ice surface,
resulting in significantly positive values of SHF and LHF
at S5 (Fig. 7a). SHF shows a double maximum, owing to
katabatic wind forcing that prevails in the absence of bar-
rier winds both in summer and winter. The July peaks in
SHF and LHF shift the melt peak away from the maximum
in SWpet. Another effect of the presence of warm tundra air
is to enhance LW through higher ambient temperatures and
moisture in the low atmosphere. This results in less negative
values of LW, as LWgyt is constant under melting condi-
tions. The effect on LWet at S5 is a difference with S6 and
S9 of 10-15W m?, representing a significant 10 % of the
available melt energy at the ice sheet margin.

Higher on the ice sheet at S6 and S9, the temperature and
moisture contrasts between ambient atmosphere and (melt-
ing) ice surface are less pronounced, resulting in smaller
summertime values of SHF, LHF and L\ At S9, the
moisture gradient is reversed and LHF becomes negative and
therewith compensates a large part of SHF, a well-known
summer phenomenon close to the equilibrium line (Ambach,
1977; Henneken et al., 2004).

3.3 Interannual variability

The good performance of the SEB model and the reason-
able length of the time series enables us to use the AWS data
for a preliminary study of factors driving interannual melt
variability in this part of the GrlS. The error bars in Fig. 5
indicate that interannual variability of midsummer melt fre-
qguency increases towards the higher ablation zone. For in-
stance, S9 melt frequencies for June vary from 18 % in 2006
to 56 % in 2007. The years 2007 and 2010 stand out as high-
frequency melt years, with a July melt frequency at S9 of al-
most 70 %. In contrast, lower in the ablation zone at S5, the
mid-summer melt frequency is remarkably stable from year
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Fig. 8. Monthly mean SEB components and melt frequency (%) ge$56(b) and SY(c).

to year, with July values ranging from 83-93%. Here, theGJnT2. The anomalous melt seasons of 2007 and 2010
variability is largest in the beginning (May) and end (Septem-stand out especially in the high ablation zone (S9). At all
ber) of the ablation season. For instance, September 200Biree sites, S\ is the main energy source for melt, fol-
had a 65 % melt frequency at S5, while it was only 18 % in lowed by SHF. LHF represents a small energy source for
2004 and 2009. melt at S5, is zero at S6 and a small energy sink at S9. The

Figure 8a—c shows the time series of monthly mean SEBsubsurface heat flux is an energy sink at S5 and S6: the im-
components at the three AWS sites, including melt frequencypermeable ice does not allow meltwater to refreeze at depth,
(black bars). At S5, the onset and evolution of the ablationmaintaining the temperature gradient between the upper and
season in terms of melt frequency is comparable from yeafower ice layers; in combination with the large heat conduc-
to year. At S6 and S9, there is considerably more interannudivity of ice, this efficiently transports heat towards greater
variability. For instance, the summers of 2007 and 2010 (undepths. At S9, meltwater penetration and refreezing bring
til July only) clearly stand out as anomalous, with high melt the snowpack at the melting point over a considerable depth.
rates. In combination with the smaller heat conductivity of snow,

Figure 9 shows the cumulative energy sources for meltthis means thaG becomes small during melt. At all sites,
at the three sites, based on monthly totals and expressed Vnetis the main heat sink during melt.
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shows the slope of the regressioRAGEBOAM, where  may advect warm air from lower latitudes to the marginal
ASEB indicates the anomaly of an SEB component from theice sheet. To illustrate the impact of regional and large scale
mean) as a function of distance to the ice margin. The er<irculation on the SEB in the ablation zone, Fig. 12 shows
ror bars are based on regressions performed on subsets of theurly values of 10m wind speed (a), 2m and surface tem-
data, with a minimum of 0.1. At S6 and SBPASWe/d AM perature (b) and SEB components at S5 for a two-month pe-
dominates, indicating that interannual variability in ¢/  riod in 2005. During this period, six high wind speed events
explains most of the variability in melt. This is indicative of can be distinguished, numbered I-VI in Fig. 12a. These
an active melt-albedo feedback, i.e. the fact that the albed@vents are all associated with high 2 m temperatures, indicat-
of melting snow is considerably lower than that of dry snow. ing the downward mixing of warm air, and high SHF values,
At both sites, SHF also explains part of the melt variability, generally in excess of 100 WT4, promoting strong melt-
while 9ALHF/aM anddAG¢/dM are not significantly dif-  ing. LHF values generally remain below 50 W# Further
ferent from zero. At S ASHFWO AM dominates, indicating on the ice sheet, at S6 and S9, the impact of these events
that changes in SHF are the best predictor for melt variabilityon the turbulent fluxes is much smaller owing to the smaller
close to the ice margin- & 0.59, explained variance 35%). air-to-ice sheet temperature gradients (not shown). As the oc-
At S5,9 ALHF/d AM is also significant and equally large as currence of these events is highly variable from year to year,
dARne/dAM. This follows from the fact that the surface they explain a large part of the melt variability, in spite of the
at S5 is snow-free for most of the summer. As a result, thefact that these SEB components contribute less than 50 % to
surface albedo is more or less constant and the melt-albedihe total seasonal melt energy. This is as important as it is
feedback is not active. interesting, because in a future warmer climate, when the ice
Moreover, as explained in the previous sections, S5 is unsheet retreats on land and more ice-free land is exposed, the
der the direct influence of warmer air masses to the wesSEB and associated melt climate as presently observed at S5,
and south of the ice sheet, which can be mixed downwardncluding the occurrence of barrier winds, will become rep-
to the ice surface by regional or large scale circulation. Aresentative for the entire marginal ice sheet, including those
pronounced regional circulation develops in summer duringparts that are currently adjacent to the ocean.
sunny weather with on-ice directed large-scale flow, creating
a sharp temperature contrast at the ice sheet margin between
the warm tundra air and the cold ice sheet air. This resultss Summary and conclusions
in the formation of a thermally driven north-south directed
low-level jet, the so-called barrier wind (Van den Broeke andWe used seven years of automatic weather station data from
Gallée, 1996). The associated strong wind shear and tempethe ablation zone in west Greenland to drive a surface
ature gradients strongly enhance SHF, LHF and hence meknergy balance (SEB) model that calculates SEB compo-
near the ice sheet margin. Alternatively, synoptic systemaents, surface temperature and melt rate. Modelled surface
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temperatures and ice melt rates compare very well to obsembservations used in this study are only locally representa-
vations. Melt frequency in summer ranges from 80-95 %tive and their time series too short to infer trends in the melt
in the lower ablation zone to 35-55 % close to the equilib-regime. An important question therefore remains how repre-
rium line. The average seasonal cycle of melt as well as insentative these observations are for the Greenland ice sheet
terannual melt variability is mainly driven by absorption of as a whole, and whether the Greenland melt regime has un-
shortwave radiation; an exception is the lower ablation zonedergone significant changes in recent decades. This can only
where the turbulent fluxes of sensible and latent heat conbe addressed using output of a regional atmospheric climate
tribute significantly to the melt energy, and are also the mosimodel (Ettema et al., 2010a, b), and will be explored in a
important SEB components explaining interannual melt vari-forthcoming study.
ability. Strong turbulent exchange is maintained by barrier
winds, a low level jet along the ice sheet margin that is forced\cknowledgementsThis work is funded by Utrecht University
by thermal differences between the tundra and the ice sheef"d the Netherlands Arctic Program (NAP) of the Netherlands Or-

. . L . . ganisation of Scientific Research, section Earth and Life Sciences
This melt regime, which is typical for ice caps surrounded by NWO/ALW)
ice free land in more temperate climate regions, is expecteél '
to become more important in Greenland in a warmer future gieq by: E. Hanna
when the ice sheet retreats on land. Unfortunately, the AWS
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