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Abstract

The energy balance and ablation of Glaciar Lengua were investigated during the austral summer of 1999/2000. Glaciar Lengua
is located in Patagonia, in the southernmost Andes of Chile (53°S), within an extremely maritime climate. The aim of this study
was to gain insight into current energy fluxes at this location and to evaluate how the energy fluxes depend on meteorological
variables. From February to April 2000 an automated weather station was operated on Glaciar Lengua. Ablation was measured
repeatedly at stakes during the same period. The point energy balance was calculated using the bulk approach formulation. The
effective roughness length was adjusted in order to calibrate the model to the measured ablation. It was revealed that sensible heat
transfer is the major contribution to the energy balance adding 54% of the energy available for melt. Net radiation contributes only
35% to the overall energy balance. Minor contributors are the latent heat flux (7%) and the heat flux by precipitation (4%). The net
radiation shows little variance from day to day. Cross-correlations of the daily mean values of the energy fluxes derived from the
energy balance model and meteorological variables reveal that air temperature and wind speed are the key factors controlling the
summer energy balance in the ablation area. Melt derived from a multiple regression model based on these two variables correlates
with computed melt with a correlation coefficient of 0.92. From the measured ablation, a summer-time degree-day factor of
7.6 mm-°C~ ' was derived for the ablation area.
© 2006 Published by Elsevier B.V.
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1. Introduction

The Gran Campo Nevado Ice Cap (GCN) is located
in Patagonia.at-53°S on the southern part of Peninsula
Mufioz Gamero, Chile (Fig. 1). With a surface area of
199.5 km?, GCN forms the only major ice body between
the Southern Patagonia Icefield (SPI) and the Strait of
Magellan (Schneider et al., 2004;this issue). As part of

* Corresponding author. Tel.: +49 241 80 96048; fax: +49 241 80 92157.
E-mail address: christoph.schneider@geo.rwth-aachen.de
(C. Schneider).

0921-8181/$ - see front matter © 2006 Published by Elsevier B.V.
doi:10.1016/j.gloplacha.2006.11.033

the GCN, Glaciar Lengua was selected as a site for an
energy balance study for several reasons: The GCN is
located in the west wind zone of the Southern
Hemisphere, which is a region of pronounced climate
variability also influenced by the El Nifio Southern
Oscillation phenomena (Turner, 2004; Schneider and
Gies, 2004). The GCN is much smaller than the SPI and
therefore has a much shorter response time to climate
changes. The GCN has shown pronounced glacier
recession during the last decades (Schneider et al., 2664
this issue). Furthermore, there are only few energy
balance studies from glaciers of the southernmost
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Fig. 1. Satellite image map of Gran Campo Nevado Ice Cap based ona Landsat TM 5 scene from 1986. The rectangle indicates the area covered in Fig. 2.

Andes, and these mostly cover only periods of a few
days (Takeuchi et al., 1999). To our knowledge, this
study is the first investigation of the energy balance of a
glacier in South America south of the SPI.

Generally, climate conditions can be described as
extremely windy, moderately cool and very humid (Miller,
1976; Zamora and Santana, 1979). Annual air temperature
at the GCN at sea level is +5.7 °C and the mean total
annual precipitation at the automated weather station
(AWS) at GCN Puerto Bahamondes (for location see
Fig. 1).in the east of the ice cap amounts to 6500 mm
(Schneider et al., 2003). Daily and seasonal temperature
amplitudes are very low due to the vicinity of the Pacific
with an amplitude between the warmest and coldest
months at AWS GCN Puerto Bahamondes (Fig. 1) of only
7.4 °C (Schneider et al., 2003). Based on the mean lapse
rate of 0.65 K-(100 m) ' (Schneider et al., 2003) we
estimate a mean annual air temperature of +2.9 °C at the
site where an AWS was run at 450 m asl on the glacier in

the summer of 1999/2000. At this location the air
temperature is almost always above the freezing point
throughout the summer season. High precipitation occurs
during the whole year with a maximum falling during the
austral summer. The increase in precipitation with altitude
is considerable. At higher altitudes of the GCN precipi-
tation exceeds 10,000 mm water equivalent (weq) of
annual solid precipitation (Schneider et al., 2003).
Glaciar Lengua is the unofficial name of an outlet
glacier of the GCN (Fig. 2). The accumulation area of
Glaciar Lengua is located on the plateau of the GCN at
between 900 and 1700 m asl (Fig. 2). The ablation area ef
Glaetar Lengaa ranges from about 650 to 100 m asl and is
connected with the accumulation area by a narrow ice
ramp at about 850 m asl. Glaciar Lengua can be
characterised as a reconstituted glacier because the ice
input to the glacier tongue mainly comes from ice falls.
The glacier tongue flows into a proglacial lake that formed
during the 20th century (Schneider et al., 2004 this issue).
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Fig. 2. Prthe-phete-map of Glaciar Lengua and location of AWS on Glaciar Lengua based on aerial photos from 1998. The relationship to the Gran

Campo Nevado is shown in Fig. 1.

This paper reports energy balance estimates and the
partitioning of the terms of the energy balance measured
at an AWS operated in the ablation zone of Glaciar
Lengua late in the austral summer of 1999/2000. The
equipment was on the glacier for 52 days butablation
measurements, measured at ablatien—stakes were only
avatlable for 45 days. The hypothesis is that the ratio
between individual energy balance terms on the glacier
tongue reflects the extremely maritime climate condi-
tions. The data 1§, also used for an analysis of cross-
correlations between meteorological variables and the
terms of the energy balance and the determination of a
degree-day factor on Glaciar Lengua for the melt season.
The purpose of the approach in this study is to identify
the key variables that influence ablation on Glaciar
Lengua and ‘to evaluate whether a degree-day model
could be run successfully with data from Glaciar Lengua.

Most energy balance studies from different localities
indicate that the net radiation generally contributes
between 50% and 90% of the energy available for ice
melt (Male and Granger, 1981; Hock and Holmgren,
1996; Oerlemans and Klok, 2002; Willis et al., 2002). In
maritime climates, as is the case at the GCN, turbulent
heat fluxes tend to contribute a larger part of the energy
available for melt and sometimes exceed the value of the
net radiation (see e.g. Poggi, 1977 and Tab. III in Willis

et al., 2002). Takeuchi et al. (1999) compare the
partitioning of the terms of the energy balance from
the ablation area of 4 outlet glaciers of the Patagonia
Icefields. On Soler Glacier sensible heat flux is larger
than net radiation and turbulent heat fluxes together
make up approximately 70% of the energy balance. On
Moreno Glacier, Tyndall Glacier and San Rafael Glacier
the net radiation and the turbulent heat fluxes are about
equal and sensible heat flux contributes more than 45%
in these cases. However, measurements reported by
Takeuchi et al. (1999) are derived from short time
periods of 15 days (Soler Glacier), 4 days (San Rafael
Glacier), 16 days (Moreno Glacier) and 9 days (Tyndall
Glacier). Climate conditions similar to those in
Patagonia may be found in southern Norway and on
the west coast of New Zealand’s South Island. In
February 1990 Ishikawa et al. (1992) obtained on Franz
Josef Glacier (New Zealand) values of 21% for the
energy balance from the net radiation, while 80% of the
energy available for ice melt came from the turbulent
heat fluxes. For Ivory Glacier, New Zealand, Hay and
Fitzharris (1988) present values of 52% for the net
radiation and 46% for the turbulent heat fluxes during
the summer season of 1972/73.

Reviews on the degree-day method are presented e.g.
by Braithwaite (1995b), Braithwaite and Zhang (2000),
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Fig. 3. AWS Glaciar Lengua which was operated from 22 February
2000 until 13 April 2000.

Ohmura (2001) and Hock (2003). Although in most
climates the energy for melt is mainly derived from net
radiation, many studies show that degree-day models
return satisfactory estimates of the ablation. Braithwaite
(1981) shows that this is due to the fact that on the basis
of daily averages there is much more variance in the
course of the sensible heat flux than in the net radiation.
Furthermore, the air temperature reflects in a complex
manner many processes in the boundary layer. Ohmura
(2001), for example, shows that air temperature
measured at screen level can be used in many cases as
a proxy for atmospheric long-wave radiation. For these
reasons, the air temperature is often an appropriate
proxy for the energy balance.

2. Data
2.1. Automatic weather station data

The AWS used to acquire meteorological data for the
energy balance estimates on Glaciar Lengua was
operated from 22 February until 13 April 2000. The
AWS carried instrumentation and a data logger supplied
by Campbell Scientific Ltd. (UK). Instruments measur-
ing air temperature and air humidity at two levels,

precipitation, incoming short-wave radiation, reflected
short-wave radiation, net radiation, wind speed and
wind direction. All instruments were mounted on a light
aluminium tripod resting freely on the ice surface
(Fig. 3). The extension arms were fixed by ice screws
and piles of loose boulders. The standard measuring
height was 2 m above the ground. The air temperature
and relative humidity were additionally measured at
0.25 m. Precipitation was measured using an unshielded
tipping gauge bucket mounted about 1 m above the
surface. Details of all instruments are given in Table 1.
Measurements were taken every 10 s and stored as
means of 10 min to a storage module. In the case of the
precipitation measurement totals of 10 min intervals
were stored. Power was supplied by a 10 W solar panel
and an internal rechargeable battery.

Maintenance intervals for the AWS ranged from 2 to
5 days depending on weather conditions. On two
occasions it was observed that the tripod suffered from
an inclination of between 5 and 15° due to surface
melting.. This can lead to large additional errors
especially in short-wave radiation and in precipitation
measurements. These errors are discussed in Section 4.2.

Air temperature was measured using unventilated
radiation shields which leads to too high air temperature
readings during periods with low wind speed and high
short-wave radiation because of poor ventilation (Fig. 3)
(Hock, 1999; Richardson et al., 1999). The error
introduced may be as large as several degrees. Therefore,

Table 1
Instrumentation of automatic weather station
Variable Instrument Precision
Air Combined air humidity <+0.1 °C
temperature  temperature probe —
‘HMP-35AC°
(Manufacturer: Vaisala)
Relative Combined air humidity +2% (RH<90%)
humidity temperature probe — +3% (RH>90%)
‘HMP-35AC°
(Manufacturer: Vaisala)
Precipitation ~ Tipping gauge — Up to —20%
‘AGR100’
(Campbell Sci.)
Wind Wind vane “W200P’ +2°
direction (Campbell Sci.)
Wind speed Cup anemometer 1% (u<10ms ")
‘A100R’ £0.1ms ' u>10ms ")
(Campbell Sci.)
Short-wave Silicon photo +5%
radiation cell ‘SP1110”
(Campbell Sci.)
Net radiation ~ Net radiometer ‘Q-6’ <15%

(Campbell Sci.)
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Fig. 4. Hourly and daily means of incoming short-wave radiation, albedo, air temperature, water vapour pressure and wind speed at AWS Glaciar
Lengua, 28.02.2000—-12.04.2000.
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measurements of air temperature were corrected
according to

AT = a-KW - b v+e (1)

with

AT calculated difference between measured and
real air temperature [°C]

a 0.0118, constant, [°C m*> W~ ?]

KW incoming short-wave radiation, [W-m ™ ?]

b —1.02, constant, [s-m ']
wind speed at screen level, [m-s™']

c 0.33, constant.

This formulation is in good agreement with correc-
tion factors provided by Young Company (U.S.) for
radiation shields of this type (Young, 1987). Over snow
surfaces with high albedo and during periods with high
levels of incoming short-wave radiation, the radiation
error may be much higher than the mean deviations
provided by the manufacturers (Arck and Scherer,
2001). However, since the mean albedo of the glacier
surface was only 24% (Fig. 4) the applied correction is
considered to be sufficient. At a wind speed of 3.5ms "
and an incoming short-wave radiation of 600 W-m * a
correction value of 0.28 °C is calculated. Therefore, the
correction was not made for wind speeds exceeding
3.5 m—s '. The remaining error due to short-wave
radiation is discussed in Section 4.2.

Data records of main climate variables are shown in
Fig. 4. The descriptive statistics are presented in Table 2.
The air temperature was positive throughout the
measurement period with a mean value of +5.9 °C.
Mean daily precipitation was 24 mm.

2.2. Measurement of ablation

Ablation was measured at 9 ablation stakes which
were drilled in along a profile perpendicular to the flow
line at the position of the AWS with a distance of about
50 m between single stakes (Fig. 2). Close to the AWS 4
additional stakes were drilled in forming a square with
sides about 9 m long with the AWS sitting in its centre.
Plastic tubes with a diameter of 1 cm and 2.5 m of length
were used as ablation stakes. Whereas most stakes sat
loosely in the drilled holes a few stakes refroze in their
holes or were wedged in the holes due to debris in the
bore hole. A piece of metal at the lower end of each stake
prevented stakes from eventually coming afloat in the
borehole. Ablation was measured each time during
maintenance of the AWS resulting in periods ranging

Table 2

Mean, minimum and maximum of measured variables and computed
energy balance terms at AWS Glaciar Lengua during 28.02.2000—
12.04.2000 based on hourly data

Variable Min Mean Max
Air temperature [°C] 0.5 5.9 12.8
Relative humidity [%] 49 77 98
Water vapour pressure [hPa] 34 6.9 11.9
Wind speed [m s '] 0.6 4.1 14.9
Daily precipitation [mm] 0 24 195
Incoming short-wave radiation [W m 2] 0 85 942
Net radiation [W m 2] —60 57 650
Sensible heat flux [W m ] 0 8%, 478
Latent heat flux [W m™?] -186 12 222

Energy balance [W m 2] —134 162 881
Melt water equivalent per hour [mm] 0 1.8 9.5

from 2 to 5 days. Loose stakes were re-drilled twice so
that stakes never sat in the ice with less than 1.5 m of
remaining tube length. The mean of the readings from all
stakes was taken as the ablation during the time interval.
All readings of ice ablation were converted to water
equivalent (weq) using a value of the density of ice of
0.9 gem . It is assumed that the different readings at the
stakes appropriately cover the variability of ablation in
the vicinity of the AWS resulting from locally varying
surface slope, exposition and debris cover.

Ablation ranged from 23 to 6810 m weq day '
during the 8 measurement intervals between 27 February
and 12 April 2000. The mean ablation was42 - 107° mweq
day'. Over the entire measurement period the ablation
totals 1.88 m weq or 2.09 m of'ice. The standard deviations
in the measurements of the different time intervals range
from 7% to 37% of the measured ablation with a mean of
17% (35 mm). The standard deviation in ablation from all
stakes during the complete period is only 4% (82 mm).
This reflects similar conditions at the different stakes and it
indicates that the ablation measurements can be trusted
given that only mean values over all stakes are used.

3. Method
3.1. Energy balance model

The energy balance at the ice surface at any time is
given by Paterson (1994)

M+S=R+H+E+P (2)
with
M melting of ice S change of heat storage in the ice

sensible heat flux
heat input by precipitation.

R net radiation H
E latent heat flux P
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No temperature gradient in the ice and no change in
heat storage were observed because the upper layer of
ice was almost always at its melting point. Net radiation
was directly measured at the AWS. P was calculated
from the temperature difference between the precipita-
tion droplets — assumed to be equal to the air
temperature (7(z)) — and the ice surface (0 °C) and the
amount of precipitation per square metre and unit time
(Ny,) according to

with the heat capacity of water being (k=4.182-10°J-
(kg °C) ).

Turbulent heat fluxes were estimated based on the bulk
approach (Anderson, 1968; Kuhn, 1979; Braithwaite,
1995a). Based on the temperature and water vapour
difference between screen level (z) and the ice surface, the
heat transfer can be calculated depending on surface
roughness and wind speed. The complete mathematical
and physical reasoning of the bulk approach is presented
e.g. in Brutsaert (1982), Morris (1991) and Oerlemans
(2001). The effect of stable stratification of the boundary
layer was included using the bulk Richardson number
(Rb) according to Munro (1989) and Braithwaite (1995a).
H and E are then given by:

H = Cpe,u(z)(0(z)-00)(1-5Rb)*

4
for 0<RbH<0.2 and H = 0 for RH>0.2 “)

L, -0.622-
E:CEp v+ 0.622 - u(z)
p

for 0<Rb<0.2 and £ = 0 forRb >0.2

(e(z)-6.11)(1-5Rb)*

with
p density of air
cp specific heat of air at constant air pressure

(1005 T kg™ K™ h
K van Karman constant (0.4)
wind speed at screen level (z)
potential air temperature at screen level (z)
(O potential air temperature at the ice surface

Zou roughness length of momentum

Zo.1 roughness length of heat

20,4 roughness length of water vapour

L, heat of vaporisation (2.514-10° T kg~ '); phase

change from water to water vapour and vice
versa due to the availability of melt water at the
surface when the ice surface has a surface
temperature of 0 °C

p air pressure
e(z) water vapour pressure at screen level (z).

Rb can be calculated using:

Rb — g(@(Z)@_u?ZO))Z(Z_ZO) (6)
with
6 = M. (7)

The bulk heat exchange: coefficients (Cy, Cg) for
neutral conditions are defined as (e.g. Sharan et al,
2003)

12

Co =T zem/ 00T (8)

()N

12

()] 7

Egs. (4) and (5) make use of measurements of
humidity, air temperature and wind speed at the surface
(z0) and at height z. At the melting surface the wind
speed is zero and the air temperature is 0 °C. The water
vapour pressure at the melting surface is 6.11 hPa. The
case of unstable stratification of the boundary layer is
rarely observed over melting ice surfaces. Therefore,
correction for stability is only incorporated for stable
situations. All necessary variables in Egs. (4) and (5)
besides the surface roughness lengths are obtained
directly from the measurements at the AWS.

In accordance with Braithwaite (1995a) an effective
roughness length (zo=z,=z,=z,) was chosen to tune the
model to observations such that a linear regression
between the measured and modelled melts yielded an
optimum fit (least root mean square error) and that the
difference between total measured ablation and total
calculated ablation was minimised. Effective roughness
length, obtained by tuning the model in this way, must
not be confused with theoretically derived or individ-
ually measured surface roughness lengths for momen-
tum (zo,,) and scaling lengths for temperature (2, 7) and
humidity (zo,) because theoretically the latter need not
be equal (e.g. Moore, 1983; Hock and Holmgren, 1996).
Values of effective roughness lengths over snow and ice
vary over a wide range from 10 ®to 10! m (Holmgren,
1971; Kuhn, 1979; Moore, 1983; Morris, 1989;
Wieringa, 1993; Braun and Schneider, 2000; Oerlemans

Ch=
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and Klok, 2002) not only reflecting difficulties in
calibrating this parameter but also indicating large
differences in observed snow and ice surfaces.

The energy available for melt according to Eq. (2)
was transformed into melt water equivalent using the
heat of fusion of water of 3.35-10° J kg '. The
calculation was performed based on hourly data.

3.2. Cross-correlations, multiple linear regression
model and degree-day factor

Cross-correlations between daily means of the terms
of the energy balance and meteorological variables were
computed using the standard correlation procedure ac-
cording to Pearson in order to evaluate how ablation
depends on the variables. The significance of the correla-
tions was tested employing a two-tailed Student’s #-test.

Based on the findings of the cross-correlations a
multiple linear regression model (MLRM, Eq. (10)) was
calculated using daily (7) means of temperature 7; and
wind speed u; to predict daily means of the ablation (4;):

A= A= (co+er T+ cam). (10)

The coefficients of the MLRM (cy, ¢ c,) were
determined using a two dimensional least root mean
square fit of 7; and u; against 4;.

As melfusually occurs only during time periods with
positive air temperatures the simplification of the linear
regression model to 7; as the only predicting variable
with ¢g=0 yields a degree-day model given by (e.g.
Hock, 2003)

A:ZA,-:cZTiif 7>0.°C and (11)

A; = 0 if T,<0.

In this case the degree-day factor (c) can be obtained
by dividing the total measured ablation (4) by the
temperature sum of all days with 7;>0 and the total
number of days. This procedure was applied to the data
in this study.

4. Results and discussion
4.1. Energy balance modelling

Optimum agreement between modelled and mea-
sured ablation rates was achieved using a value for the
effective roughness length of z=3.3-10"° m. This
value is rather large compared with the range of values

reported in earlier studies (e.g. Kuhn, 1979; Morris,
1989; Wieringa, 1993). The bulk heat exchange
coefficient (Cy) then is calculated to Cy=3.9-10"°
using a measurement height (z) of 2.0 m. Consequently,
this value is large in comparison to values obtained by,
for example, Hogg et al. (1982, C,;=1.3-103), Oerle-
mans (2000, C,;=1.2-10">) and Oerlemans and Klok
(2002, C;;=1.55-10"%). However, the values seem to
be reasonable in view of the rugged glacier surface of
the ablation area of Glaciar Lengua. Values for Cy; and
zo also depend on the applied parameterisation scheme
of atmospheric stability and on assumptions regarding
the similarity of the roughness lengths of momentum,
energy and moisture. Cy; also depends on the measuring
height. Therefore, the wvalues obtained by different
authors cannot easily be compared with each other.
Modelled and measured ablation rates are compared
with each other in Fig. 5. The correlation coefficient of
r=0.98 is very high. However, it is based only on eight
measurement intervals ranging from 98 to 196 h. De-
scriptive statistics of the computed terms of the energy
balance are presented in Table 2. The mean energy
available formelt is + 162 W m™ 2. The partitioning of the
terms of the energy balance at Glaciar Lengua is similar
to the results obtained in other highly maritime envi-
ronments reported in the Introduction. Accordingly, the
cool, windy and humid regional climate of south-west
Patagonia is considered to be responsible for the high
contribution (54%) of the sensible heat flux to the ab-
lation at Glaciar Lengua. High overall cloud cover ham-
pers radiative cooling of the boundary layer air mass
keeping sensible heat flux high even during night-time.
During the investigation period the mean air temperature

100

80

60

40

20

Modelled ablation [mm weq/day]

1 L L 1 1 1

0 20 40 60 80 100
Measured ablation [mm weg/day]

Fig. 5. Measured and modelled ablation in the ablation area of Glaciar
Lengua at 450 m asl during eight periods between 28.02.2000 and
12.04.2000. The stippled line denotes the perfect one-to-one fit. The
solid line shows the fitted linear regression line.
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Fig. 6. Hourly and daily means of the terms of the energy balance at AWS Glaciar Lengua, 28.02.2000—12.04.2000. The energy balance (top) is
equivalent to the energy available for melt.
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at the AWS was always positive with a mean of +5.9 °C
(Table 2). This constantly produced a strong temperature
gradient towards the ice surface even at night-time. In
combination with the high mean wind speed (4.1 mrs™ ')
and the rugged ice surface this led to the high mean value
of the sensible heat flux of +86 W-m ™ 2. In most studies
the net radiation is the largest contributing factor to the
summer time energy balance over melting glacier sur-
faces (see Introduction). In the case of Glaciar Lengua
it is only the second important contributing factor
with +57 W—m 2 (35%). The mean water vapour
pressure during the period of investigation (6.9 hPa,
Table 2) is larger than the saturation water vapour
pressure at the melting point (6.11 hPa) indicating a
small gradient of humidity towards the ice surface.
Therefore, latent heat flux contributes a small portion to
the energy balance with +12 W m™  (7%) which implies
that on average condensation on the surface can be
observed. The surplus of energy resulting from rainfall
adds +6 W-m % (4%) to the total energy balance.

In Fig. 6 hourly data and daily means of the different
terms of the energy balance are presented. The balance
of long-wave radiation fluxes does not significantly vary
in time due to constant ice surface temperature and the
rather small variation of atmospheric long-wave radia-
tion. Therefore, the daily course of the net radiation and
its variability over a longer term are mainly determined
by incoming short-wave radiation. In consequence,
hourly values of the radiation budget and the energy
balance reflect the daily cycle of the short-wave
radiation. The mean albedo measured at the AWS
during the measurement period was 24%, which 4s in
agreement with published values for partially debris
covered glacier ice (Cutler and'Munro, 1996; Gao and
Liu, 2001). The largest values of the energy balance
coincide with the maximum values of incoming solar
radiation around noon. However, the daily means
presented in Fig. 6 _show that the variability of the
radiation budget on a daily basis is small compared with
the variance of the turbulent heat fluxes. Due to the
small or even negative net radiation during the night the
net radiation ison average smaller than the average of
the sensible heat flux.

Glaciar Lengua reaches down to low altitudes and is
situated in.a very maritime climate. Both facts generally
indicate that the relative contribution of the sensible heat
flux to the energy balance is comparatively large
(Braithwaite, 1981). Since the sensible heat flux
depends directly on the air temperature, it can be
hypothesised that simple methods based on air temper-
ature records can be applied to estimate ablation on
Glaciar Lengua.

During some periods, especially during the night,
small negative values of the energy balance were
obtained. This indicates some change in internal heat
storage, especially re-freezing of water at the surface.
Consequently, positive energy balance during the follow-
ing time intervals must compensate for the negative heat
storage before any further melt can occur. However, since
there are only short intervals with negative energy balance
and the absolute negative values are small, the error
introduced from this is assumed- to be negligible.

4.2. Error analysis of the energy balance model

Since the energy balance is closed by tuning the
effective roughness length such that the turbulent heat
fluxes, the precipitation heat flux and the net radiation
match the measured melt it is reasonable to discuss
possible sources of error in the three measurements and
to calculate the possible error of the turbulent heat fluxes
by the law of error propagation of Gauss on the basis of
the mean values found in this study.

In addition to the standard error of the net radiation
instrument of +15% provided by the manufacturer, large
errors may occur when the tripod of the AWS was tilted
due to surface melting. This occurred during two
intervals (see Section 2.1). However, it is unclear how
many hours were affected within these two periods.
There are different possibilities how this error may
affect the measurements. For example, if the upper side
of the instrument receives less short-wave radiation and
the side facing downwards receives more short-wave
radiation, this mostly leads to an underestimation of the
short-wave net radiation. This effect can only occur
during the day and leads to large errors mainly under
clear sky conditions. In part, this error is compensated
by the long-wave radiation, which in most cases will be
slightly overestimated when the instrument is not
levelled correctly. For a conservative estimate of the
possible error we assume that a very large error due to
the tilt of the mast of 50% occurred twice for periods of
two days within the complete period of 45 days. This
translates into an additional mean error of 4.5% over the
complete period. Given that smaller tilt angles might
have been present during longer intervals (additional
5%) we assume that, overall, the additional error from
this source does not exceed +10%. However, the error of
some single measurements could have been much larger
than this value. In consequence, we finally have g total
mean error for the net radiation measurement (AR)
of £25% or +£14.2 W-m °.

Precipitation measurements are very prone to error
due to wind-induced drift of droplets and evaporation
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543 from the collecting bucket (Sevruk, 1982; Yang et al., error of +0.5 K was assumed for further analysis. This 580
544 1999). Tilt of the tripod would increase these errors that value by far exceeds the standard error provided by the 581
545 are primarily due to wind drift. Therefore, an error of manufacturer (Table 1). The mean error of the wind 582
546 50% of the precipitation measurement (AN) must be speed was taken as £0.2 m-s_ ' and a value of +5% was 583
547 taken into account. The heat flux by precipitation itself chosen as the mean error for relative humidity. Under 584
548 is of minor importance (see Section 4.1). Therefore, the assumption of a fixed value for C;=Cz=3.9- 1073 585
549 even the large overall error of 50% would alter the (see Section 4.1) a mean error of the latent heat flux 586
550 energy balance only by less than 3.5 W-m ™ ? including (AE) of £11.4 W-m * (£95%) was obtained. The 587
551 an uncertainty of £0.5 K of the temperature of the maximum error of the sensible heat flux (AH) derived 588
552 precipitation water. by error propagation of the other terms of the energy 589
553 The mean standard deviation of the readings from balance (AHE) and AE is then caleculated to be 590
554 the ablation stakes (£17%, see Section 2.2) was +33.1 W-m™ 2 or 38% of the mean sensible heat flux. 591
555 taken as an estimate of the error of measured ablation Based on this calculation we obtain a probable interval 592
556 (AM=£27.5 W-m ?). for C;;0f3.9-10 *+£1.5-10 *. The combined error of 593
557 Based on the mean values of the terms of the energy all terms of the energy balance derived from error 594
558 balance according to Eq. (2) and the error propagation propagation results in an error estimate for the mean 595
559 derived from Eq. (2), the mean error of the turbulent heat calculated melt of 162438 W-m 2. 596
560 fluxes (AHE) can be calculated by
4.3. Cross-correlation, multiple linear regression and 597
AHE = \/(AR?) + (AM?) + (AN?) (12) degree-day factor 598
562 to +31.1 W-m ? or 31.4% of the mean sum of the The correlation coefficients presented in Table 3 599
563 turbulent heat fluxes. show the quality of the linear relationships between the 600
564 The error of the turbulent heat exchange coefficient daily means of the terms of the energy balance and 601
565 Cp must be larger than AHE because of possible errors different meteorological variables. Correlations that are 602
566 of the measurements of wind speed, relative humidity significant above the 99% level are typed in bold 603
567 and air temperature. numbers. Surprisingly, there are no significant correla- 604
568 The error of the temperature measuremeny, due to tions between ablation and net radiation or incoming 605
569 radiative heating of the sensor within the unventilated short-wave radiation. The main reason for this is that 606
570 radiation shieldihas been corrected according to Eq. (1). both radiation variables show a strong daily cycle, but 607
571 Overall, the high mean wind speed (4.1 m-s™')and the exhibit low variability from day to day as can be seen in 608
572 rather low mean incoming short-wave radiation’ of Fig. 6 (see also Braithwaite, 1981). Furthermore, both 609
573 85 W m Z and the low albedo of only 24% suggest that radiation variables have no strong correlation with any 610
574 radiative heating of the temperature and humidity probe other variable besides with each other and with relative 611
575 was of minor importance. Furthermore, the combina- humidity. Short-wave radiation and relative humidity 612
576 tion of short-wave radiationexceeding 200 W-m™ * and are negatively correlated reflecting the fact that high 613
577 a wind speed of less than 3.5 m-s' only occurred relative humidity is linked to enhanced cloud cover. This 614
578 during 8% of the time. In order to account for any in turn is the reason why the short-wave radiation and 615
579 residual radiative error and calibration error a large the latent heat flux are also negatively correlated. 616

t3. Table 3

x Cross-correlation of daily averages of ablation and the terms of the energy balance and selected meteorological variables derived from AWS on
t3.2"  Glaciar Lengua run from 28.02.2000 to 12.04.2000. Correlations significant at the 99% level are given in bold numbers
t3%3 Calc. melt Net rad. Sens. hf. Lat. hf. Air temp. S.-w. rad. Wind sp. Rel. hum.
t3.4  Calculated melt 0.14 0.94 0.74 0.64 —0.08 0.78 —-0.25
t3.5  Net radiation 0.14 —0.08 —-0.19 0.07 0.88 —0.06 -0.47
t3.6  Sens. heat flux 0.94 —0.08 0.61 0.47 -0.24 0.92 -0.25
t3.7  Latent heat flux 0.74 —-0.19 0.61 0.78 —0.42 0.28 0.24
t3.8  Temperature 0.64 0.07 0.47 0.78 -0.23 0.22 0.00
t3.9  Short-wave rad. —0.08 0.88 -0.24 -0.42 -0.23 —0.15 —0.60
t3.10  Wind speed 0.78 —0.06 0.92 0.28 0.22 —-0.15 —-0.37
t3.11 Rel. humidity -0.25 —0.47 -0.25 0.24 0.00 —0.60 -0.37
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calc. melt netrad. sens. hf. lat. hf airtemp. s.-w. rad. wind sp. rel. hum.

calculated melt 0.14 094 0.74 0.64 -0.08 0.78 -0.25
net radiation 0.14 -0.08 -0.19 0.07 0.88 -0.06 -0.47
sens. Heat flux 0.94 -0.08 0.61 0.47 -0.24 0.92 -0.25
latent heat flux 0.74 -0.19 0.61 0.78 -0.42 0.28 0.24
temperature 0.64 0.07 0.47 0.78 -0.23 0.22 0.00
short-wave rad. -0.08 0.88 -0.24 -0.42 -0.23 -0.15 -0.60
wind speed 078 -006 (092 0.28 0.22 -0.15 -0.37
rel. humidity -0.25 -0.47 -025 0.24 0.00 -060 -0.37

Table 3 Cross-correlation of daily averages of ablation and the terms of the energy
balance and selected meteorological variables derived from AWS on Glaciar
Lengua run from 28.02.2000 - 12.04.2000. Correlations significant at the 99%
level are given in bold numbers.
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Fig. 7. Daily means of ablation on Glaciar Lengua at 450 m asl for the period 24.02.2000—12.04.2000 according to the energy balance model, the
degree-day model and a multiple linear regression model, using air temperature and wind speed as predicting variables.

Ablation depends strongly on wind speed (»=+0.78)
and air temperature (r=+0.64). The highest correlation
between ablation and any other variable is found with the
sensible heat flux (=+0.94). Additionally, ablation and
latent heat flux (r=+0.74) are highly correlated. Both
turbulent fluxes show high correlations with wind speed.
This is due to the fact that they directly depend on u(z) as
can be seen from Egs. (4) and (5). Air temperature does
show considerable correlation with both turbulent heat
fluxes (r;;=0.47, r;=0.78) but only moderate correlation
with wind speed (#=0.22). The high correlation between
wind speed and the energy balance is probably based on a
constantly large positive temperature gradient towards the
ice surface during the measurement period. During colder
periods (e.g. other seasons of the year) the temperature
gradient may be small and frequently alternate between
positive and negative values. It is very likely that during
such periods there is no good correlation between the
wind speed and the energy balance.

Daily data shown in Fig. 6 and the cross-correlations
presented in Table 3 indicate that the MLRM with air
temperature and wind speed as predictors can be used to
obtain statistically derived estimates of ablation in the
ablation zone of Glaciar Lengua in summer. The
multiple correlation. coefficient between these two
predictors: and the physically based energy balance
record is 7,=0.92, which implies that the statistical
model can explain 85% of the variance that is observed
in the energy balance model. According to Table 3 the
degree-day model solely based on air temperature
correlates with the energy balance model with r=0.64.
Consequently, 41% of the variance which appears in the
daily means of the energy balance model is picked up by

the degree-day model. Fig. 7 illustrates the good
agreement between the energy balance model and the
MLRM. It can be seen that the record of daily ablation
derived from the degree-day model differs significantly
from the values based on the energy balance model.
However, it can be deduced that the general pattern is
similarly depicted in both records.

The average degree-day factor over the period from
27 February until 12 April 2000 is 7.6 mm (°C-day) .
The surface was mostly bare ice although a summer
snowfall covered the area for 2 to 3 days from 26 March
until 28 March. Degree-day factors observed by other
authors from different locations around the world range
from 5.4 to 20.0 mm (°C day) ' (Braithwaite and
Olesen, 1989; Laumann and Reeh, 1993; Boggild et al.,
1994; Braithwaite, 1995b; Johannesson et al., 1995;
Konzelmann and Braithwaite, 1995; Hock, 1999, 2003).
The median of all presented values is 7.0 mm
(°C-day) '. From all values 80% range between 6.0
and 8.5 mm (°C-day)'. The degree-day factor for bare
glacier ice in the ablation zone of Glaciar Lengua falls
within the given range of values.

5. Conclusion

The maritime climate at the GCN and the fact that
glacier tongues reach down almost to sea level lead to a
large percentage of the sensible heat flux relative to the
total energy being available for melt in the ablation zone
during summer. At Glaciar Lengua the sensible heat flux
contributed 54+£20% or 8648 W-m 2 to the energy
balance in the ablation area of Glaciar Lengua in the
summer of 1999/2000. Because of the large sensible heat
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flux it is probably possible to run a degree-day model for
longer periods, using air temperature data from an AWS
operating in the vicinity of the glacier at Puerto
Bahamondes (Schneider et al., 2003 and Fig. 1). The
degree-day factor obtained for ice melt is 7.6 mm
(day °C)”'. With an MLRM based on air temperature
and wind speed a much better correlation with the energy
balance model based on daily means can be achieved than
with the degree-day model. However, the MLRM is not
suitable for a long-term estimation of ablation because
there is no evidence that the linear relation between
ablation and wind speed would be valid for other seasons
with mean air temperature around or below the melting
point. However, at Glaciar Lengua wind speed is a key
variable during the summer, which explains much of the
observed variance in ablation on a day-to-day time scale.
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