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Abstract

We describe the climatology from a meteorological dataset acquired from automatic
weather station observations done in the ablation zone of the Greenland Ice Sheet be-
tween 2001 and 2007. Stations were placed in three regions below the polar circle:
on the southern tip of the ice sheet, on a calving glacier in the Nuuk fjord, and on
the south-eastern ice margin near Tasiilaq. The yearly cycles in temperature, relative
humidity and wind speed reveal the largest variability in wintertime, causing annual val-
ues to depend largely on winter values. Adding to wintertime variability are extremely
strong and cold katabatic wind events in the southeast (“piterags”). During summer
no pronounced daily cycle in near-surface atmospheric parameters is recorded in the
three regions, in spite of a large cycle in solar radiation, dominantly regulating surface
melt. Net ablation is largest at the southernmost station due to low surface albedo, and
can be up to six metres per year, but is highly sensitive to the timing of the start of the
ice ablation season. lllustrative of this is that similar ablation amounts are found in the
Nuuk fjord region where little or no snow accumulates in winter.

1 Introduction

The polar regions are currently subject to profound change. Telltale signs hereof are
the rapid reduction in arctic sea-ice cover (Comiso et al., 2008), the retreat of major
Greenlandic outlet glaciers (Joughin et al., 2008), and the disintegration of ice shelves
on the Antarctic Peninsula (Cook et al., 2005). For obvious reasons, more and more
attention is turning to the state of the Greenlandic Ice Sheet (GrlS) with its potential to
contribute to global sea level rise by about seven meters.

Changes in ice dynamics are governing mass balance changes of the GrlS. Recent
studies revealed a speed-up of major outlet glaciers (Stearns and Hamilton, 2007),
and a northward progression of this acceleration (Rignot and Kanagaratnam, 2006).
Surface melt water run-off has been proven to have a considerable impact on ice dy-
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namics through basal lubrication (Parizek and Alley, 2004), the effect of which is largest
on day-to-day timescales (Van de Wal et al., 2008). With run-off both directly and indi-
rectly influencing the GrlS mass budget it is vital to quantify surface melt.

Satellite observations are ideal to detect surface melt over large areas. For instance,
Wang et al. (2007) showed that most of the GrlS surface can experience melt, and
Mote (2007) showed that the surface area of the GrIS affected by melt was larger in
2007 than it has been since 1973. The best way to obtain surface melt amounts and
spatial variability therein is to run a regional climate model over Greenland, resolving
the narrow ablation zone and the thin atmospheric boundary layer, and incorporating
the full surface energy balance (SEB), a sub-surface snow model, and ideally a snow
drift parameterization (Box et al., 2006; Fettweis et al., 2006; Bougamont et al., 2007).
As a rule all surface mass balance calculations, ranging from complex atmospheric
model output to positive degree-day estimates, need validation or tuning by in-situ
measurement where possible (e.g. Box and Rinke, 2003).

AWSs have provided a wealth of in-situ climatological information across Green-
land. Twelve years (1987 to 1999) of observations at Summit provided an accurate
series of temperatures, even resolving the aftermath of the Mount Pinatubo eruption
in 1991 (Shuman et al., 2001). Box and Steffen (2001) determined surface mass loss
through sublimation in the interior of the GrlS. Hanna et al. (2008) used weather sta-
tion records to show that South Greenland temperatures in recent years have not been
higher in decades, positively impacting the melt water run-off.

A better coverage of AWSs on the GrIS therefore implies higher accuracy in sur-
face mass balance estimates. Current AWS coverage on the ice sheet is fair. In 1995
the Cooperative Institute for Research in Environmental Sciences (CIRES) started the
Greenland Climate Network (GC-Net), currently consisting of ~15 stations, the major-
ity of which are in the accumulation zone. The Institute for Marine and Atmospheric
Research in Utrecht (IMAU) maintains an AWS transect in the ablation zone in the
Kangerlussuaq region initiated in 1996 (Van de Wal et al., 2005). From 2007 onwards,
the Geological Survey of Denmark and Greenland (GEUS) has started to add seven

119

TCD
3, 117-158, 2009

South Greenland
climatology and
ablation

D. van As et al.

: “““ “““


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/3/117/2009/tcd-3-117-2009-print.pdf
http://www.the-cryosphere-discuss.net/3/117/2009/tcd-3-117-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

transects in the ablation zone around the GrlS (http://www.promice.org). In addition,
the Danish Meteorological Institute (DMI) has 40+ land stations around the ice sheet
with climate records dating back to 1873 (Box, 2002).

Between 2001 and 2007 GEUS made a successful attempt to monitor the climatol-
ogy and melt at the ice sheet margin in South Greenland, where the ice sheet has
been known to be dynamically thinning for some time (Krabill et al., 1999). Six AWSs
were placed within the Ice Monitoring (IceMon) project, distributed over the Qaqortoq,
Nuuk, and Tasiilaq regions (Fig. 1). Podlech et al. (2004) used the Qaqgortoq data in an
analysis of the recent retreat and thinning of Sermilik Brae, a South Greenland outlet
glacier.

This paper aims to contribute to the knowledge of melt in the GrIS margin, where very
few in-situ observations have been performed. We present the climatology of the south
GrlS using AWS data, both focusing on atmospheric conditions and melt, supported
by data from CIRES and DMI. In the next section we will discuss the observations,
the corrections that are needed for AWS measurements on the ice, and the method
for calculating the surface energy balance. Thereafter we will present observational
records of meteorological parameters, the summertime surface energy fluxes, and net
ablation estimates and inaccuracies therein for the three southerly regions. At the end,
a short summary is given.

2 Methods
2.1 Observations

This paper deals with AWS observations on the southern part of the GrIS (Fig. 1). The
three stations central in this study are named “St71”, located on the southern tip of the
ice sheet near a settlement named Qassimiut, “Nuuk2”, located in the higher regions
of the Narsap Sermia glacier in the southwest, and “Tas1”, placed on a southward pro-
truding lobe of the inland ice almost 60 km west of Tasiilaq (Fig. 1). Metadata on the
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AWSs are listed in Table 1. In each region a second station was placed to be able to
determine along-slope gradients. St71 is the lower of the two AWSs on the Qassim-
iut Lobe; Nuuk2 and Tas1 are the upper AWSs in the two-station transects, but still
well below the equilibrium line altitude. In spite of making use of well-recognized and
reliable sensors, the harsh circumstances in the GrlS margin cause great difficulties
in obtaining continuous data sets. For instance, the second AWS in the southwest
(Nuuk1) was placed in a crevassed area of the fast-flowing Narsap Sermia glacier and
was not found upon return. Wind damage to the second south-eastern AWS (Tas3)
reduced the amount of useful data from this station. Its predecessor (Tas2) presum-
ably collapsed during a piteraq event (powerful, cold katabatic winds occurring on the
southeast coast). Other problems involve sensors and loggers to be submerged in wet
snow in spring, high station tilt due to irregular surface melt in summer, and freezing
and thawing cycles for temperatures around the freezing point.

The skeleton of the IceMon AWSs consisted of an aluminium tripod with a lower
and upper horizontal boom attached. The stations were not drilled into the ice, but
were sinking with the ablating ice surface, allowing a fixed sensor height during the
ice melt season. Small wooden boards with long bolts running through were mounted
underneath the feet of the tripods to keep them fixed, without melting into the ice by
solar heating. The AWSs measured air temperature (T), relative humidity (RH), wind
speed (WS) and direction, incoming and reflected shortwave radiation (SR, g out), and
incoming longwave radiation (LR;,) by the sensors listed in Table 2. Measurements
were taken every full hour; data were transmitted four times per day in summer only.
Temperature, humidity, and wind sensors were mounted on the upper boom at 2.5-3m
above the feet of the tripod; the radiation instruments were mounted on the lower boom
at 1-1.5m. The Eppley longwave radiation instrument at Tas1 did not record sensor
housing temperature, needed for LR;, calculation. Instead we used air temperature,
by which we may underestimate LR,, for situations with high solar radiation and wind
speeds below about 3ms ™.

Ice ablation was measured using an experimental set-up in which a pressure trans-
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ducer was placed at the bottom of a liquid-filled hose drilled 30-40m into the ice
(Baggild et al., 2004). Ablation can be deduced from the changes in the vertical liquid
column pressing on the transducer. The major advantage of this system is that it can be
left to measure for years on end, whereas a stake set-up with sonic rangers needs to be
redrilled regularly in high-melt regions. In combination with a sonic ranger mounted on
the AWS measuring snow accumulation/instrument height this provides a year-round
record of surface height variability. Although GEUS has successfully deployed the ab-
lation system for instance on the ice in the Melville Bay area, the observations at St71,
Nuuk2, and Tas1 were hampered by developmental problems. Due to the uncertain-
ties that exist in the output of the ablation systems obtained at St71, Nuuk2, and Tas1
we consider these data unsuitable for validation of the mass balance calculations pre-
sented in the results section. In addition to this, most sonic rangers did not survive the
winter or gave questionable results due to damage by rapid succession of thawing and
freezing of moisture on the sensor membrane, leaving us with few direct mass-balance
measurements.

Finally, the AWSs were equipped with sensors tracking tilt and rotation, which is a
necessary addition when irregular melt provides a constantly changing surface for the
stations to rest on. These data give insight into the state of the AWS, and are crucial in
correcting SR;, under clear-sky conditions.

Unfortunately, data gaps are common for measurements in the ablation zone of the
GrlS, even for a robust measurement as temperature (Fig. 2), which is illustrative of the
tough environment the AWSs are placed in.

2.2 Data corrections

We performed several data corrections/recalculations, such as calculating wind direc-
tion relative to the true north (magnetic declinations for locations and time periods
discussed here vary between 27-32° W), and removing the temperature-dependence
of the sonic ranger output. Relative humidity (measured with respect to water) was
corrected at sub-freezing temperatures by recalculating it to values with respect to ice,
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and scaling it to fit a 0-100% range, as proposed by Anderson (1994).

Most important is the correction of the shortwave radiation input, as this is the domi-
nant parameter when it comes to ablation in Greenland (Van de Wal et al., 2005). For
the type of sensors used in this study, the double-domed Kipp & Zonen CM?7, it is cru-
cial that it is placed horizontally due to its sensitivity to beam direction (Van den Broeke
et al., 2004). In the regions and years described in this paper on occasion very high tilt
values were recorded (max. 11° for St71, 16° for Nuuk2, and 3° for Tas1), which calls
for a thorough correction procedure.

SR, is corrected assuming that the radiation is composed of a diffuse and direct
beam part, of which only the direct component requires adjustment for sensor tilt. Thus
for a horizontal sensor, the direct component equals SR;, reduced by its diffuse fraction
(DF). For a tilted sensor, SRy, is determined from the measured value (SR, measured)
following

SR, = DF x SR, + C x (SRin,measured - DF x SRy), (1)

where C is the direct beam correction factor using a complex but straightforward alge-
braic transformation. From this we get:

C
1-DF +C x DF’

DF is estimated to range from 0.2 for clear-skies to 1 for overcast conditions (Harri-
son et al., 2008), assuming a linear dependency on the cloud fraction. Cloud fraction
is approximated from the dependence of near-surface temperature on LR,,. After de-
termining the relationships between LR;, and near-surface T for both clear and cloudy
conditions at each site (Van As et al., 2005), linear interpolation gives an estimate of
the cloud fraction for certain pairs of LR,, and 7 measurements.

Finally, both SR;, and SR, values were hand-checked for spikes. After applying
this correction method to SR for tilt, large errors may still occur. The sensitivity of our
calculations to SR inaccuracy will be investigated below.
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2.3 Surface energy balance calculations

In this paper we present net ablation estimates, calculated by running a surface energy
balance model over an ice surface. The SEB model shows great resemblance to the
model elaborately described by Van As et al. (2005), who calculated the surface energy
fluxes over snow for the interior of Antarctica.

The surface energy balance is defined as:

SRyt + LR+ SH + LH + SSH = M, (3)

where SR, and LR, are the net short- and longwave radiative fluxes, and SH, LH
and SSH are the sensible, latent and sub-surface heat fluxes, respectively. The fluxes
are defined positive when adding energy to the surface. Using measurements from
our AWSs, we are able to calculate the full energy budget, providing we iterate to find
the surface temperature (T,) for which all left-hand side terms are balanced. M is the
energy used for surface melt when the left-hand side fluxes cannot be balanced, i.e.
when the calculated surface temperature is limited by the melting point.

The radiative fluxes are the sum of their (positive) incoming and (negative) outgoing
components. SR,,, SR, and LR;, were measured, and the longwave radiation emit-
ted by the surface (LR,,;) is determined assuming black-body radiative properties using
surface temperature. Although we calculate the surface energy balance over ice, which
potentially allows for considerable shortwave radiation penetration, we do not take sub-
surface SR absorption into account, thereby overestimating surface heating/ablation
and ignoring sub-surface heating/melt. We argue here that the consequences for net
ablation at the end of the summer will be minor, since total ablation is in the order of
meters, while most of the SR is absorbed in the upper few centimetres of ice. Van den
Broeke et al. (2008b) demonstrate for AWS observations in Southwest Greenland that
SR penetration is capable of producing considerable amount of sub-surface melt, but
that the total ice ablation at the end of the summer is not heavily affected.
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SH and LH are calculated using the bulk method, assuming Monin-Obukhov similar-
ity. Doing so allows the turbulent heat fluxes to be approximated by:

SH - 5 ws (T -Tg) , (@)
" () - ve) (m () - wr)

and

LH = pL g, k? ws 9 -9,) (5)

Zm z '
(n () we) (n () -
Here p is air density, ¢,=1005J K™ kg_1 is the specific heat of dry air at constant

pressure, L ;=2.83x10° Jkg™" is the latent heat of sublimation, L,=2.50x10° Jkg™" is
the latent heat of vaporization, k=0.4 is Von Karman’s constant, q(s) is specific hu-
midity (at the surface), Zm/T/q is the measurement height of WS, T, and q, Z0m/T/q is
the surface roughness length for momentum/heat/moisture, and v, 7/, is the stability
correction function for momentum/heat/moisture. These equations use near-surface
gradients in wind speed, temperature, and specific humidity, which can be deduced
from the AWS records, using the surface as the lower level. Air at the surface is sat-
urated, thus g can be calculated from T,. We utilize stability-correction functions by
Holtslag and De Bruin (1988) for stable stratification and by Paulson (1970) for un-
stable stratification. The surface roughness length for momentum is chosen to have
a constant value of 1x1072 m, which is a common value for ice surfaces shown in a
listing by Brock et al. (2006). The surface roughnesses for heat and moisture were
calculated in accordance with Smeets and Van den Broeke (2008a), and have identical
magnitudes. Air density was determined from air pressure, assuming constant values
of 980, 920, and 950 hPa for St71, Nuuk2, and Tas1, respectively. These pressures
were chosen based on mean summertime values obtained by PROMICE AWSs on the
same locations in 2007 and 2008.
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The latent heat flux also contributes to the mass balance of a freezing surface
through sublimation and deposition. However, for a wet, melting surface latent heat
is used for evaporation and condensation, therewith only affecting the amount of run-
off, not the ice mass. Since less energy is needed for evaporation than for sublimation
(a 13% difference) the role of the latent heat flux is reduced over a melting surface.

The sub-surface heat flux is calculated up to 20m depth using a grid spacing
of 5x1072m. Ice temperature evolution depends on the ice temperature gradient,
the density-dependent effective conductivity of snow and ice, and the temperature-
dependent specific heat of snow and ice. Here, ice density is assumed constant at
900 kg m~2 with an effective conductivity of 2.2 WK 'm™". The initial temperature pro-
file was set to 0°C.

Sensitivity of the model results to input inaccuracies or false assumptions will be
tested after presenting the results.

3 Results
3.1 Temperature, humidity, and wind

Figure 2 shows monthly-mean T data with standard deviations at all six AWSs for the
full operational periods. A clear yearly cycle is recorded for all locations. Near-surface
temperatures are strongly regulated by surface temperatures, causing values at most
a few degrees above melting point and low variability in summer when the ice surface
is melting. For the low-lying St71 site (~300 m above sea level) positive temperatures
occur for five to six months. At the other two locations this period is shorter (three
to four months) due to higher latitude and elevation, and at the farther inland Nuuk2
station also due to lower exposure to heat advection by the large-scale atmospheric
circulation over the ocean.

In wintertime surface temperatures are well below freezing and thus free to follow
atmospheric changes, explaining the larger near-surface T variability. Lowest tempera-
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tures are recorded at Nuuk2, with monthly-mean values between —10 and —20°C. Here
temperatures are comparable to St72, the upper and farther inland station in the south-
ern transect, which was placed at a 350 m higher elevation (Table 1). The T differences
within the transects are largest in wintertime, when the vertical T gradient more closely
reflects the free-atmospheric lapse rate. Interestingly, Tas1 measured higher 7 than
the lower-lying Tas3 station in summer. PROMICE observations of 2008 confirm the
increase of near-surface temperature with elevation in summer. We speculate that the
temperature at Tas3, and possibly in all low-lying regions of the south-eastern coastal
zone, is constrained by to the cold East Greenland Ocean current. We do not see such
a summertime temperature inversion at other AWSs on ice around Greenland, partially
because these stations are not placed close enough to the ocean, but chiefly because
of the large cold content of the East Greenland current.

Land station data as measured by the DMI at Qagortoq, Nuuk, and Tasiilaq, at re-
spectively 58/73, 97/123, and 59/58 km from the lower/upper IceMon AWSs in the re-
gion are also shown in Fig. 2. Land and ice-sheet temperatures are correlated very
well, with the exception of the summertime, when near-surface temperature over the
ice is restricted by the melting surface.

The land stations recorded both the highest yearly-mean (2.6, 0.5, and 1.2°C, resp.)
and summer-mean (8.9, 7.4, and 7.9°C, resp.) temperatures in 2003 since the be-
ginning of the data series in 1895. Figure 2 confirms that 2003 temperatures were
relatively high on the ice as well, but a clear identification of this record-year to date
(Hanna et al., 2008) is impeded by the short record and data gaps therein. However, we
can identify from the St71 and Nuuk2 data that temperatures remained relatively high
in the autumn, up to October, and that even November and December were relatively
warm.

Also the data from the land stations show larger variability in 7 in winter than in
summer. Whereas conditions in wintertime are characterized by cold and stable air
over the snow-covered surface, these situations may be disrupted by weather systems
bringing heat to the near-surface atmosphere through a combination of factors such
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as horizontal advection of heat, increased longwave radiation from clouds, and en-
hanced vertical mixing due to strong winds. Such occasions can raise near-surface T
by tens of degrees, thus causing a large standard deviation in the measurements. In
summer, differences are smaller as higher amounts of solar radiation and a lower bare
land surface albedo do not allow intensely cold and stable near-surface air. Also data
from the GrlS interior show that winter temperatures are more variable (Shuman et al.,
2001); even over a highly reflective surface solar radiation reduces the temperature
deficit of the near-surface inversion layer, thereby reducing the potential impact of the
inversion-layer removal during large-scale atmospheric disturbances.

In literature, 2007 has proven to be a record year in some respects, such as the
year with the smallest sea ice extent in the northern hemisphere to date (Comiso et al.,
2008), the largest surface melt extent in South Greenland (Tedesco et al., 2008), and
the largest ablation on the western ice margin (Van de Wal et al., 2008). From temper-
atures both on the ice and on the land in South Greenland, 2007 cannot be considered
an exceptional year since 2000. The fact that temperatures are more variable during
low-insolation periods causes yearly-mean temperature variability to be chiefly deter-
mined by conditions outside the summer season. For instance, even though the year
2007 experienced above-average summer temperatures for these three locations (8.4,
6.9, and 7.0°C, resp.), the yearly means were just below the 2001 to 2007 average (2.0,
-0.3, and 0.2°C, resp.). Similarly, the below-average temperatures in 2002 (1.4, -1.1,
and 0.2°C, resp.) are caused by low temperatures early in the year. Evidently, yearly-
mean temperatures are not a good indicator of summer temperatures, and therefore
certainly not of melt. Since the radiative properties of the surface are an important
factor in atmospheric boundary layer development, a snow cover (on land or ice) will
impact near-surface temperatures significantly. This implies that a near-surface tem-
perature change does not only respond to free-atmospheric forcings such as rising
temperatures or more frequent passages of weather systems destroying the inversion
layer, but also depends on the endurance of the wintertime snow cover, aiding inver-
sion layer intensification. Rising and record yearly-mean temperatures at land stations
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can thus have various origins.

For a view on spatial variability we have plotted the mean yearly cycles in T, RH, and
WS in Fig. 3. No standard deviations are given due to the variable amount of values
available from month to month (e.g. springtime WS measurements at Nuuk2 are few,
and missing at Tas1). Instead, all monthly-mean values are given and the mean yearly
cycle is drawn. The highest year-round temperatures are found at St71 for reasons of
latitude and elevation. The June and July values at Tas1 are the exception, even though
this AWSs was not yet up and running in the record-warm year of 2003. Temperature-
wise, St71 has the longest summer, where above-freezing temperatures persist one to
two months longer than at the other sites. Nuuk2 is the coldest location, especially in
winter. January is the coldest month at all three AWSs.

The RH plot in Fig. 3 shows less clear yearly cycles. In general RH is high with
mean-monthly values between 70 and 90%, caused by the high availability of moisture
at the surface. RH at St71 is somewhat lower than at the other two locations in winter.
During the melt season the readings at all locations are similar, less variable, and
slightly increasing (possibly an artefact of the low amount of monthly means available).

Wind speed does have a distinct yearly cycle. As with T and RH, WS is similar at the
three locations in summer, with mean values between 2 and 4 ms~'. Tas1 experiences
slightly higher summer wind speeds. Winds at all locations are predominantly down-
slope (not shown): south for St71 and Tas1, and west for Nuuk2. This implies that these
winds are likely to be katabatic in nature. Katabatic winds are dominantly present in
the Greenland ablation zone (Duynkerke and Van den Broeke, 1994). In winter, mean
WS at St71 and Nuuk2 increases by a factor two to three — in spite of accumulated
snow effectively reducing sensor height — due to a better developed katabatic flow.
Wintertime WS at Tas1 is about twice as large as at the other two sites with mean
values over 8ms™'. Winds can be particularly strong in Southeast Greenland because
of so-called piteraq events, which will be discussed further below.

Figure 4 zooms in on summer conditions in the ablation area. We show the daily
cycles in 2-m temperature, relative humidity, and wind speed, along with surface tem-
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perature at the three sites, averaged over July and August when the presence of a bare
ice surface at all three sites is most likely. The surface temperatures were calculated
using the SEB model described in the Methods section. The 2-m values were inferred
from their measurement heights using the known stability-dependent curvature with
height of these parameters. Mean near-surface temperature is highest at St71 (3.9°C)
and lowest at Nuuk2 (2.9°C), which seems logical given their differences in latitude and
elevation (Table 1). Remarkably, both highest and lowest temperatures are measured
at Tas1, where a larger — but still small — daily cycle of about 2°C is recorded.

The mean surface temperatures are at the melting point between about 7 and 19h
local time. At Tas1 this period is shifted to earlier hours, as it has the most easterly
position and differs 43 min from Nuuk2 in solar time. The mean daily cycles show small
amplitudes. At Nuuk2 the lowest mean surface temperatures are calculated (-1.4°C),
due to stronger radiative cooling as we will see below. During clear nights surface
temperatures drop to —4.8°C here. At all stations surface melt persists during cloudy
nights caused by higher LR;, values. At Tas1 even mean surface temperature is always
close to melting (min. —0.5°C), due to higher cloud amounts, and stronger winds that
transport more heat towards the surface by vertical mixing.

Relative humidity is similar at the three sites, showing values around 80%. At Nuuk2
the values are a few percent lower than at the other sites. The small daily cycle is due
to the small cycle in temperature, on which relative humidity is strongly dependent. The
highest relative humidity is recorded when the temperature is lowest at night, and the
air can hold less moisture.

Wind speed is largest at Tas1 (3—4 ms_1), and lowest at St71 (about 2 ms_1), where
katabatic flow is divergent. The daily cycles are small, with amplitudes of about
0.5ms™" for Nuuk2 and Tas1, and no significant cycle at St71. The largest wind speeds
are experienced at night.
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3.2 Piteraqg winds in Southeast Greenland

Taking a closer look at the near-surface winds at Tas1 (Fig. 5) we observe that most
often winds originate from the approximate north, between 300 and 60 degrees, which
agrees with the local north-to-south slope direction. What is not seen in the other two
regions is that the strongest winds originate from a very specific (and more westerly)
direction of about 320°. For increasing wind speeds the directions becomes even more
westerly. Furthermore, the wind maxima at Tas1, with a largest recorded value of
32.9ms™" at about 3m, are roughly 40% larger than at St71 and Nuuk2 (22.0 and
24.7 ms'1, respectively). These high wind speeds occur several times per year, chiefly
in wintertime, explaining the enhanced yearly cycle for Tas1 in Fig. 3.

These storms are known as piterags, which are exceptional and destructive strong-
wind events originating from the inland ice. Indicative of their strength is that data
early in the year are often missing due to repeated wind damage to Tas1’s wind-speed
sensor (Fig. 3). A historic piteraq event on 6 February 1970 (Rasmussen, 1989) even
caused severe damage to the town of Tasiilaq in spite of being situated a few tens of
kilometres from the inland ice.

Figure 6 shows near-surface T and WS data for Tas1 in December 2004. This month
experienced at least five strong-wind events (the last one destroying the wind sensor),
and is the windiest month in our records. Generally, the strongest winds over an ice
sheet are produced by synoptic-scale weather systems and tend to be relatively warm
(Van As et al., 2007) due to the removal of the cold near-surface inversion layer, the
presence of clouds increasing net radiation over snow surfaces (Ambach, 1974), and
horizontal advection of heat. Striking is the anti-correlation between T and WS in Fig. 6.
Where T drops by 10°C or more, WS rises by 25 ms™" within hours. Irrespective of the
cause of the sudden drop in T, the high potential energy of the relatively cold and
dense layer of air over the ice sheet is released by a large acceleration in down-slope
direction. The directional preference of the measured strong winds (Fig. 5) indeed
implies a strong link to the orography of the Greenland Ice Sheet, i.e. that piterags are
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intense katabatic winds.

The katabatic nature of piterags was already established by Kaas and Isak-
sen (1989), who presented two scenarios for their development. Firstly, katabatic
flow over the ice sheet can be enhanced by synoptic-scale flow when a low-pressure
system is present off the southeast coast of Greenland, aligning the katabatic and
free-atmospheric forcings. Secondly, they claim that katabatic winds will be intense
when there are cold and dense air masses present on top of the ice sheet. The anti-
correlation between temperature and wind speed in Fig. 6 certainly supports the sec-
ond scenario. An inspection of MODIS imagery confirms this to be a dominant mech-
anism: Figure 7 shows the cloud structures during three significant piteraq events, re-
vealing that air originates from the western or northern regions of the ice sheet, where
it is presumably pushed onto the high ice by the large-scale circulation. During the
transport over the ice the air cools by interaction with the surface and orographic lift-
ing, and moisture condensates to form cloud bands. As the airflow is forced in a more
southerly direction by the central dome of the ice sheet, it reaches the relatively steep
down-sloping surface of Southeast Greenland. Here it accelerates down in clear-sky
conditions, with largest wind speeds occurring when the temperature contrast between
the near-surface air and free atmosphere is largest. Clear skies prevail tens or hun-
dreds of kilometres over the ocean after reaching the coast. On occasion the piterags
are visualised over the ocean by blowing snow (such as on 5 November 2006, see
Fig. 7). The band of blowing snow/strong winds strikes at the same ~200 km of coast-
line every time, ranging from about 63° 50" N to 65° 40" N, where we had our AWSs.

Klein and Heinemann (2002) state that katabatic flow can also be intensified when
warm air is advected over the ice by a synoptic low over the Atlantic ocean, increasing
the katabatic pressure gradient resulting from the temperature contrast between the
cold near-surface atmospheric layer and the warm free atmosphere. Also, they argue
that piteraq events can contribute to or trigger the development of mesocyclones, which
are occasionally observed at the Southeast Greenland coast.
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3.3 Summer surface energy budget

In calculating the surface energy fluxes from the IceMon dataset we can only make use
of four ablation seasons during which we have the full set of necessary observations.
Available SEB years are 2001 and 2003 at St71, 2003 at Nuuk2, and 2004 at Tas1. The
data coverage is insufficient for a year-to-year mass-balance variability study, but does
allow us to investigate the different contributions to summer melt, and how these vary
between the three locations. We define “summer” as July and August here (during
which a bare ice surface is likely to be found at the three sites) to use comparable
periods. Full snow ablation season calculations are hampered by incomplete data sets.
We focus on net ablation by taking only periods with a bare ice surface into account.

Summer-mean incoming shortwave radiation is highest at Nuuk2 (max. ~600 Wm™2,
not shown), as it is located farther inland than the other stations, shielded from clouds
by mountainous terrain. Tas1 and St71, positioned in South(east) Greenland where
clouds and precipitation occur frequently, have no significant barriers against low-
pressure systems over the Atlantic, and receive a lower amount of solar radiation
(~500 Wm’z). Broadband surface albedo at St71 is 0.22 for the ice melt season (26%
in 2001 and 19% in 2003), indicative of wet glacier ice with a high dirt content. At
Nuuk2 and Tas1 we find bright glacier ice, with mean albedo values of 0.46 and 0.44,
respectively. These values are lower than those of bare ice at the Kangerlussuaq tran-
sect (~0.55, Van den Broeke et al., 2008a), but within the range of values measured
in Northeast Greenland (0.42—0.56, Konzelmann and Braithwaite, 1995). As a result
of differences in SR;, and albedo, summer-mean net shortwave radiation is largest at
St71 (max. ~385 Wm_z), and smallest at Tas1 (max. ~305 Wm‘2) (Fig. 8). The phase
shift in the net shortwave radiative signals is partly due to the longitudinal differences
between the stations, and partly due to characteristic of the ice (such as hummocks)
the shortwave radiation sensors were mounted over.

Summer-mean LR, is negative at all three sites, and most negative at Nuuk2 (mean
of —35.2Wm™2, see Table 3). St71 and Tas1 on average lose less than half as much
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through LR. St71 and Nuuk2 show similar variability with a maximum around noon.
This peak is not necessarily realistic as outgoing longwave radiation is constant over
a melting surface, and we expect incoming longwave radiation to be correlated to air
temperature (Fig. 4). Since the observation of longwave radiation requires the body
temperature of the sensors it is likely that the measurement of body temperature was
overestimated in the instruments. An argument in favour of this is that the midday peak
is not seen at Tas1, where the station did not record sensor casing temperature, which
is why we used air temperature for LR;, calculation instead.

The sensible heat fluxes at St71, Nuuk2, and Tas1 have summer-mean values of
34.4, 37.5, and 48.9Wm 2, respectively (Table 3), and are fairly constant throughout
the mean day (Fig. 8). Values at St71 are lowest due to low wind speeds, in spite of hav-
ing the highest mean temperature. SH at Nuuk2/Tas1 peaks during the night/morning
following the cycle in wind speed (Fig. 4).

The mean latent heat fluxes at the three sites are small; absolute summer values
are at most 4 Wm ™2 (Table 3), and hourly values between —13 and +8 Wm™2 (Fig. 8).
The daily cycles are surprisingly different between locations: LH at Tas1 is negative
at night and positive during the day, at Nuuk2 it shows an opposite cycle, albeit with
mostly negative values, and at St71 it is constant at about 4Wm~2 all day. The dif-
ferences between these records originate from the near-surface gradients in specific
humidity (not shown). Figure 4 shows that near-surface RH is reasonably constant. We
therefore argue that the changes in T gradients are a fair indicator for changes in LH.
Figure 4 shows that where Nuuk2 has the largest 0—2 m temperature gradients at night
due to a more distinct cycle in surface T than in air T, the opposite is true at Tas1 where
air temperature shows the largest daily variability and gradients are largest during the
day, thus explaining the opposite cycles.

At Tas1 the sub-surface heat flux has the smallest daily cycle in response to the
small cycle in surface temperatures. Absolute fluxes during the day are smaller than
at St71 and Nuuk2, since at these locations more cold content is built up due to lower
surface temperatures at night. On average the sub-surface heat flux is small for melting
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ice surfaces; 0.5 Wm™2 at St71, 0.7 Wm™2 at Nuuk2, and 0.4 Wm ™2 at Tas1.

Adding the surface energy components leaves the energy available for melt, Eq.(3).
Figure 8 shows that midday melt energy at St71 is 20-25% larger than at the other sta-
tions. The daily cycle is very similar to that of net shortwave radiation, both in amplitude
as in phase, illustrating the dominance of the latter on the surface energy balance over
bare ice. A difference is that due to the contribution of LR and SH, melt energy at Tas1
is larger than at Nuuk2, though at the latter site more shortwave radiation is absorbed.
On average melt energy values are also positive at night resulting from considerable
nocturnal melt during overcast conditions. The mean M values in Table 3 translate into
surface melt rates of 4.9cm (St71), 3.8 cm (Nuuk2), and 4.4 cm (Tas1) of ice per day.

Table 3 confirms that SR, provides most of the energy available for ice melt, es-
pecially at Nuuk2 (101%) where LR, and SH cancel each other out. SH is a large
energy supplier at all sites with average contributions to melt ranging from 20-32%.
Even though instantaneous values of LH and SSH can contribute significantly to the
surface energy budget, their mean values constitute a small portion of M.

3.4 Surface mass budget

We address the net surface mass budget at the three sites by calculating the surface
energy balance over the full bare-ice season. We used measured albedo values to
determine the surfacing of the ice horizon in summer, and the onset of the accumulation
season in autumn (Fig. 9). We assume the surface to be snow-free for the periods with
relatively low albedo values. Figure 9 shows that for the two years at St71 and one year
at Nuuk2 and Tas1, the ice horizon was reached in June (day 152/153-181/182). For
Nuuk2 we have to assume for the moment that the net-ablation season started at the
beginning of the data series. The first significant snowfall event ending the ice ablation
season occurs in September or October. However, it is not necessarily true that these
snow layers survive the winter, judging from the drop in albedo at St71 in 2001, or at
Nuuk2 in 2003.

135

TCD
3, 117-158, 2009

South Greenland
climatology and
ablation

D. van As et al.

: “““ “““


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/3/117/2009/tcd-3-117-2009-print.pdf
http://www.the-cryosphere-discuss.net/3/117/2009/tcd-3-117-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Mass loss/gain by sublimation/deposition is added to ice melt to obtain ablation val-
ues. We will not discuss these processes separately; in our calculations ice melt is
typically 50—100 times larger than mass loss or gain by sublimation and deposition.

The lower panel of Fig. 9 shows the calculated ice ablation at the three stations for
the ablation years that they were fully operational. In mid-summer (day 182-227: July
and first half of August), ice-ablation rates are fairly constant; variations in ablation
rate are chiefly due to cloud amounts. The largest ablation rate is calculated at St71 in
2003, where ~6 cm of ice were ablated during the average July day. Contributing to this
were the very low surface albedo and high summer temperatures (Table 3). The lowest
ablation rates are found at Nuuk2 for the same year (~4 cm per day). In comparison,
mid-summer ablation rates of 3—6 cm per day were found in Northeast Greenland by
Braithwaite et al. (1998). Where the mean daytime melt energy in Northeast Greenland
is smaller than in South Greenland (max. ~270 Wm’z), the nighttime melt energy is
larger and compensates (min. ~50 Wm'z).

Even though at St71 the snow was ablated about two weeks earlier in 2001 than in
2003, the total ablation was larger in 2003 (4.55m versus 4.21 m in 2001, see Table 4)
due to the larger ablation rate, but also because of the warm 2003 autumn (Fig. 2),
allowing ablation to continue longer. Tas1 experienced more ablation in 2004 (3.59 m)
than Nuuk2 in 2003 (3.36 m); the higher ablation rate at Tas1 compensated for the
shorter ablation season. In comparing these two results we must take into account the
high 2003 temperatures in support of high melt values. On the other hand, ablation
was possibly larger at Nuuk2 as we missed the start of the ice-ablation season.

This can also be concluded from Braithwaite and Olesen (1993), who reported a
mean ablation value of more than five metres of ice per year for 1979 to 1986. Their
measurements were taken on a glacier 25 km south of Nuuk2, at 790 m above sea
level. The large difference with Nuuk2 can partly be attributed to differences in surface
albedo (Braithwaite et al., 1998), and to some extent to the differences in surroundings
(mountainous terrain versus an exposed ice field). However, Braithwaite and Olesen
(1989) mention “little or no winter snow cover” below about 900 m surface elevation,
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implying that we indeed may not have captured all of the ice ablation at Nuuk2. More
recent PROMICE AWS data on the location of the stake transect confirms lacking win-
tertime accumulation for early 2008, causing ice ablation to start late April. In 2008,
25% of all ablation occurred prior to the date Nuuk2 was installed in 2003 (11 June).
Adjusting our calculated value for this, we arrive at 4.48 m of net ice ablation, which
must be considered an upper estimate, as a snow layer in spring 2003 may have been
present and delaying the surfacing of bare ice.

Net ablation values are also presented by Van de Wal et al. (2005) for a stake tran-
sect on the ice margin near Kangerlussuaq, 260 km north of Nuuk2. A linear inter-
/extrapolation of their 1990 to 2003 mean values gives 5.05m of ice ablation at 300 m
(St71), 3.57 m at 590 m (Tas1), and 2.35m at 900 m above sea level (Nuuk2). The first
value is higher than our calculations at St71, as the lower ice margin near Kangerlus-
suaq also receives little wintertime precipitation (Van den Broeke et al., 2008b). The
second value agrees very well with our 2004 estimate at Tas1. The last value is lower
than for 2003 at Nuuk2, since the 900-m elevation line at Kangerlussuaq is located
much farther onto the ice sheet than in the Nuuk region due to a gentler surface slope.
Comparison is biased since in the early nineties a few years with a less negative mass
balance in the ablation zone occurred. Van de Wal et al. (2008) show that 2003 was
indeed a year with high ablation, only surpassed by 2007 to date.

We know from visits to the IceMon stations and pressure transducer measurements
that net ablation can be larger than the values shown in Fig. 9. For instance, from
pressure transducer data we estimate six meters ice ablation at St71 in 2005, starting
around 4 June (day 155), and ending late October (~ day 300). In 2006 roughly 5.5m
of ice ablation was measured between day 170 and 300 (mid June—late October). Even
though we do not have ablation calculations at St71 in 2005 and 2006, these measure-
ments suggest that we potentially underestimate ablation at St71. On the other hand,
the melt seasons were longer in 2005 and 2006 than in 2001 and 2003, which, as we
will see below, can easily explain the differences.

Since the calculated ablation values could be imprecise due to reasons of sensor
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inaccuracy or wrong assumptions in energy flux calculations, we investigate the impact
of such factors on the total ablation. Table 4 shows how a large change in one of the
measured or modelled parameters would change the total ablation as shown in Fig. 9.
We see that a 10% measurement inaccuracy in net shortwave radiation results in a
change in ice ablation of 0.28 to 0.39 m, with the lowest change found at Tas1, where
SR dominance is smallest (Table 3). The sensitivity to a similar change in LR, would
be small due to the fact that LR, is small as the incoming and outgoing fluxes largely
cancel each other out. A measurement inaccuracy in LR;,, however, would impact the
mass budget severely: a 5% increase adds ~0.45 m of ablation at St71, and ~0.34 m at
Nuuk2 and Tas1. A continuous 0.5°C temperature overestimation or a 5% inaccuracy
in relative humidity yields a smaller, but still substantial impact on the mass budget
of 0.12t0 0.17m. A 0.5ms™" increase in wind speed affects ablation significantly at
St71 (~0.3m), but is comparable to temperature and humidity changes at Nuuk2 and
Tas1. Sensitivity to air pressure — more recent measurements show that variability is
generally within 20 hPa of the values chosen in this study — is very small, justifying
our choice to keep it at a fixed value. The same can be concluded to some extent for
our choice of the initial sub-surface temperature profile: lowering initial temperatures
from 0°C to —5°C decreases ablation by 2 to 3%. Of high importance is the choice of
surface roughness for momentum, and therewith those of heat and moisture (Smeets
and Van den Broeke, 2008). A not unrealistic multiplication of z,, by 5 results in an
ice ablation increase of 0.22 to 0.46 m. But most striking is the impact of the timing of
the ice ablation season. Depending on the location, a ten-day shift adds/removes 0.34
to 0.70 m of ice to/from the mass budget. The year-to-year impact differs judging from
the St71 results, but the absolute size is considerable nonetheless. Missing wintertime
accumulation, such as in the lower regions of the ice margin in the Nuuk area, will
therefore allow for relatively large net ablation values. Our adjusted value of 4.48 m at
Nuuk2 proves that even though the melt rate is the smallest of our three locations, the
total ice ablation can be (almost) largest due to (lack of) wintertime accumulation.

The discrepancy between the lower calculated and higher measured ice ablation

138

TCD
3, 117-158, 2009

South Greenland
climatology and
ablation

D. van As et al.

: “““ “““


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/3/117/2009/tcd-3-117-2009-print.pdf
http://www.the-cryosphere-discuss.net/3/117/2009/tcd-3-117-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

amount discussed above can thus be explained by differences in ice ablation season
length. The importance of the timing of the ice surfacing merits a short assessment of
wintertime accumulation variability. For this we use all available surface height change
observations at the two southernmost GC-Net stations, named after their locations:
Saddle and South Dome (Fig. 1). Figure 10 shows the surface height increase of
each November to April period since the erection of the stations in 1997, scaled by
the mean value. The scatter is large, but we can identify that the winters of 2000/2001
and 2003/2004 had below-average accumulation, whereas 2002/2003 was a winter
with high precipitation in the region. It is highly uncertain how these values translate
into wintertime accumulation at lower elevation, and even more so how we can draw
conclusions about the start of the ice ablation season from this, but at least both Fig. 9
and 10 suggest a thicker wintertime snow cover in 2003 than in 2001. The fact that
wintertime accumulation is significant at St71 has been experienced during station
visits, such as an observed 2.5m snow cover at St71 in April 2006. The southeast
coast is known for high precipitation, but it is likely that most accumulation here is
eroded during piteraq events, transporting the snow to the ocean. The contrast is large
with the low-precipitation areas in the southwest of Greenland. Since the surface mass
budget in the lower southwest GrlS margin is not complicated by large variability in
wintertime accumulation, the mass balance is expected to be less variable on inter-
annual time scales.

4 Summary

This paper discusses atmospheric variability, and the surface energy and mass budgets
in three low-elevation regions of the Southern Greenland ice sheet. The bulk of the
data was collected by means of automatic weather stations placed in the ablation zone
of the ice sheet. We made use of a surface energy balance model to calculate net
ablation, and compared to observations where possible.

The southern tip of the ice sheet, near the village of Qassimiut, receives the largest
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amounts of solar radiation in clear-sky conditions and is reasonably exposed to advec-
tion of heat from over the ocean. This, combined to a low surface albedo (~0.2) at low
elevation, causes relatively high summer temperatures and ablation up to six metres
per year. A few metres of accumulation occur in wintertime.

The south-western ice sheet margin in the Nuuk region is more shielded from large-
scale atmospheric disturbances over the ocean by 100+ km of mountainous terrain,
causing relatively high mean solar radiation amounts and low precipitation. Especially
the lack of precipitation at low elevation on the ice favours considerable net ablation;
without a snow layer to melt away in spring, ice ablation starts as early as late April. In
spite of a higher ice albedo (0.46), ablation can be higher here than in the south.

The south-eastern ice margin near Tasiilag resembles our southern location, as it
is exposed to the oceanic air masses, and receives significant amounts of precipita-
tion. Since mean albedo is not particularly low (0.44) and summer temperatures not
extraordinarily high, net ablation is smaller than at the southern location. But the region
sets itself apart in other ways. For instance, near-surface temperatures increase with
elevation in summer, causing the upper weather station to record higher temperatures
than the lower, in contrast to most other Greenlandic observations. This is believed
to be related to the cold East Greenland Ocean current, reducing air temperature at
low elevation and close to the coast. Also, the region is known for the occurrence of
strong-wind events named piterags. These are strong katabatic winds originating from
the Greenland inland that can have a significant impact on the surface mass budget in
the region through blowing snow.

The three regions in South Greenland discussed in this paper have in common that
variability in atmospheric parameters is largest in winter, from which we conclude that
year-to-year variability is chiefly established by changes in wintertime values. Also,
shortwave radiation (and thus albedo) is the dominant factor when it comes to surface
melt. However, we found that wintertime accumulation is of crucial importance for the
amount of net ablation each year. Year-to-year changes in the surface mass budget in
the Greenland ablation zone will reflect these changes in wintertime accumulation.
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Table 1. Initial location and operational period of the AWSs
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Name Latitude Longitude Elevation asl. Operational period
St71 61°01.52'N* 46° 52.27' W? ~300m May 2001 to Aug 2007
St72 61°18.91'N  46° 35.14'W ~1250m May 2001 to May 2003
Nuuk1 64°38.20'N  50° 00.76' W ~100m  Jun 2003 to Oct 2003°
Nuuk2 64°44.17'N  49°29.55'W ~900m Jun 2003 to Jun 2006
Tas1 65°42.21'N  38°51.92' W ~590m May 2004 to Aug 2007
Tas3 65° 38.50'N  38°53.89' W ~280m Jun 2006 to Aug 2007

a — Moved to these coordinates from a position 2.7 km further west in May 2004.
b — AWS was lost in 2004. All data were obtained from summertime transmissions.
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Table 2. List of sensors and their accuracies as reported in the sensor manuals on St71,
Nuuk?2, and Tas1.

Parameter Sensor Accuracy D. van As et al.
Air temperature Vector T302 aspirated 0.1°C
Relative humidity Vaisala HMP45C/D 2% for RH<90% at 20°C
3% for RH>90% at 20°C
Wind speed Aanderaa 2740 2% or0.2ms™’
Young 05103 (Tas1) 0.3ms™’
Wind direction Aanderaa 2053 <5°
Young 05103 (Tas1) 3
Shortwave radiation (in&out)  Kipp & Zonen CM7 2 <8% for hourly totals
<5% for daily totals
Longwave radiation (in) Eppley PIR Not specifiedb
Surface height Campbell Sci. SR50 0.01m or 0.4%
Ice ablation @rum & Jensen NT1400 Unknown in this application
AWS inclination HL-Planar NS-25/E2 0.6%
AWS orientation Aanderaa 2053 <5°
Pewatron 6100 (Tas1) unknown

a — “First class” classification
b — Larger uncertainty at Tas1 due to lacking sensor housing temperatures.
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Table 3. Mean surface energy fluxes in Wm™2 at St71, Nuuk2, and Tas1 in mid-summer (July

and August).
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St71 % of M Nuuk2 % ofM Tas1 % of M
SR... 147.5 86 132.0 101 1194 78
LR, -14.9 -9 -35.2 -27 -16.7 -11
SH 34.4 20 37.5 29 48.9 32
LH 3.9 2 -41 -3 1.1 0.7
SSH 0.5 0.3 0.7 0.5 0.4 0.2
M 171.4 130.9 153.1
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Table 4. Calculated ablation and sensitivity to inaccuracies in observed and chosen parameters

(in meters of ice).
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Parameter Change  St712001 St712003 Nuuk2 2003 Tas1 2004
Main run 4.21 4.55 3.36° 3.59
Net shortwave radiation +10% +0.34 +0.39 +0.35 +0.28
Incoming longwave radiation +5% +0.46 +0.44 +0.34 +0.33
Air temperature +0.5°C +0.12 +0.14 +0.16 +0.20
Relative humidity -5%P -0.14 -0.14 -0.14 -0.17
Wind speed +0.5ms™ +0.35 +0.28 +0.14 +0.20
Air pressure +20hPa +0.02 +0.02 +0.02 +0.02
Surface roughness length for momentum x5 +0.46 +0.40 +0.22 +0.35
Initial ice temperature -5°C -0.11 -0.11 -0.09 -0.09
Start date ice melt +10 days -0.40 -0.70 -0.34 -0.54

a — Max. 4.48 m after adjustment for missing the start of the melt season.

b — Negative change to avoid super-saturation values.
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Fig. 1. Map of South Greenland, showing the positions of the automatic weather stations St71,
Small squares give the locations of GC-Net stations. Elevation lines give
surface height above sea level in meters (Bamber et al., 2001). Distance in kilometres is given
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Temperature (°C)

Fig. 3. Monthly-mean values of near-surface temperature (left), relative humidity (middle), and
wind speed (right) for St71 (black), Nuuk2 (blue), and Tas1 (red). Solid lines give multi-year

averages.
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Fig. 4. Mean summer daily cycles of temperature, relative humidity, and wind speed calculated
at two meters (solid lines) and at the surface (dashed lines) for St71 (black), Nuuk2 (blue), and

Tas1 (red).
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Fig. 5. Wind speed versus direction at Tas1.

153

South Greenland
climatology and
ablation

D. van As et al.

40


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/3/117/2009/tcd-3-117-2009-print.pdf
http://www.the-cryosphere-discuss.net/3/117/2009/tcd-3-117-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

40

30

20

-20

Temperature (°C) / Wind speed (ms™)

-30

Fig. 6. Hourly values of temperature (negative values) and wind speed (positive values) at Tas1

for December 2004.
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Fig. 7. MODIS images of South Greenland taken around midday on 30 October 2004 (left), 27
December 2004 (middle), and 5 November 2006 (right). The arrow gives the position of AWS

Tas1.
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Fig. 8. Mean summer daily cycles of net short-/longwave radiation, sensible/latent/sub-surface
heat fluxes, and energy used for ice melt at St71 (black), Nuuk2 (blue), and Tas1 (red).
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