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ABSTRACT. The influence of meteorological variables on snow/ice melting has been analyzed for two
very contrasting months, in summer 2006, on Glacier de Saint-Sorlin, French Alps. July 2006 was the
warmest July since 1950, and August 2006 was the coldest August since 1979. The total energy available
for melting was just over half as much in August as in July, due to a sharp decrease in net shortwave
radiation and in turbulent flux. This decrease of net shortwave radiation was mainly controlled by a
strong increase in albedo responsible for an increase of reflected shortwave radiation, as well as by a
reduction in incident shortwave radiation. During the two months, net longwave radiation remained
almost unchanged. The mass balance computed from energy-balance modelling or with a degree-day
approach was in good agreement with measured mass balance. Differences were attributed to space and
time surface aspect variations which mainly controlled the observed mass balance.

INTRODUCTION

Mass balance of temperate glaciers is very sensitive to vari-
ations in local meteorology. To assess the physical processes
governing the melt of such glaciers, a better understanding of
the relations between the prevailing local meteorological
conditions and glacier mass balance is necessary (e.g. Kuhn,
1981; Oerlemans, 2001). A number of energy-balance
studies have already been performed on mountain glaciers
over several months and in a few cases over several years. A
review of these surface energy-balance experiments and
processes was presented, for example, by Hock (2005).

The topic of this work is the relationship between
meteorological variables and the snow/ice ablation on
Glacier de Saint-Sorlin, French Alps, during two very
contrasting months in 2006 (July and August). For this
purpose, radiative surface energy fluxes have been measured
and turbulent fluxes calculated with a high temporal reso-
lution (half-hourly means). Atmospheric and surface controls
on mass balance were established with this complete set of
measurements, especially the role of local surface albedo.
Energy-balance modelling and temperature-index methods
were used to simulate mass balance during these two
months. This paper aims to compare the performance of
the two methods and explains the importance of space and
time surface aspect variations in both calculations.

LOCATION AND EXPERIMENTAL SET-UP

Glacier de Saint-Sorlin is located in the western part of the
French Alps (Grandes Rousses massif; 45° N, 6°E), covering
a 3 km? area (Fig. 1). The annual mass balance of the glacier
has been monitored since 1957. All data are available in
Haeberli and others (2005) and at http://www-lgge.obs.ujf-
grenoble.fr/ServiceObs/index.htm.

Meteorological experiments were carried out in the
ablation zone from 9 July to 28 August 2006. A portable
automatic weather station, fixed in the ice, was set up at an

elevation of 2760 m in the middle of the zone near ablation
stake number 10 (Fig. 1). The station (named AWSg in this
paper) recorded wind speed u, air temperature T, relative
humidity RH, incident (SW;,,) and reflected (SW/¢f) shortwave
radiation, and incoming (LW;,,) and outgoing (LW, long-
wave radiation at half-hourly steps. Surface height variations
were recorded using a sonic ranger (ice density fixed at
900kgm™ and mean snow density fixed at 400kgm™
according to measurements in the field). This sonic ranger
was set up ~10 m away from AWSg. Table 1 lists the sensors
and their characteristics. In addition to this meteorological
experiment, pictures of the glacier were taken with a digital
camera from AWSg (Fig. 1) three times a day, in order to
assess the evolution of the surface (snow or ice), the days of
snow precipitation and the degree of cloud cover.

ATMOSPHERIC CONDITIONS DURING THE
SUMMER 2006 MEASUREMENT PERIOD

The mean daily cycles of July (JO6 hereafter) and August
2006 (A06 hereafter), from midnight to midnight local time,
of each meteorological parameter are presented in Figure 2.
Mean values and standard deviations over the entire
measurement period and over the two months are summar-
ized in Table 2. As can be seen, the weather characteristics
showed strong differences between J06 and A06.

The mean JO6 temperature was higher than A06 (8.2 vs
3°C). Indeed, July 2006 was the warmest July since 1950,
and August 2006 the coldest August since 1979 (Météo
France measurements). Though daily variability was small in
J06 (1.1°C), mean daily temperatures in A06 varied signifi-
cantly, with, for example, a difference of 9°C between 14
and 24 August.

The mean wind speed was similar for both months (2.9
and 3ms™' in J06 and AO06, respectively), although the
standard deviation was three times higher in A06 than JO6.
This higher variability can be explained by the variations in
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Fig. 1. Map of Glacier Saint-Sorlin (45°N, 6°E), established from aerial pictures taken in 2003. The positions of the station AWSg, ablation

stake number 10, Col des Quirlies and Etendard peak are indicated.

wind direction. On Saint-Sorlin, winds clearly tended to
blow in two directions, which differed in July and August:
mainly south-southwest in July (the wind came down the
glacier’s slope from Col des Quirlies and Etendard peak 55%
of the time, only 15% from the north) and less clearly
defined in August (from the north, coming up from the
valley, and from the south (Fig. 1)). No daily wind cycle is
visible in Figure 2.

July was mostly sunny and the mean SW;, was high
(249 W m™). In August the mean value was only 207 Wm™.

Our data showed that the difference in SW;, between J06
and A06 was higher in the morning (mean of 120Wm™2)
than in the afternoon (70Wm™), indicating that clouds
preferentially appeared in the afternoon in JO6.

SW,f increased by 33 Wm™ between J06 and A06, due
to the presence of occasional fresh snow on the glacier
surface. Digital pictures showed that no snowfall was
observed from 9 to 31 July (relatively clean ice at the
beginning of the month, moving to dirty ice). In August the
glacier was snow-covered during 11 days. Mean albedo

Table 1. List of the sensors and their characteristics at AWSg. The heights were registered each time instruments were visited and adjusted to

the heights given in the table

Variable Sensor type Height Accuracy
cm

Air temperature (°C) Vaisala HMP45C, fan aspirated 200 +0.1°C
Relative humidity (%) Vaisala HMP45C, fan aspirated 200 +1.5%
Wind speed (ms™) Young 05103 200 +0.3ms™
Incident and reflected shortwave radiation (W m™) Kipp & Zonen, CM3, 0.305<A<2.8um 100 +3%
Incoming and outgoing longwave radiation (Wm) Kipp & Zonen, CG3, 5<A<50 um 100 +£3%
Variations of the surface altitude (cm) Campbell SR50 200 +1cm
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Fig. 2. Mean daily cycle from midnight to midnight (local time) at AWSg, from 9 to 31 July and from 1 to 28 August, for (a) air temperature
(T (°Q)); (b) relative humidity (RH (%)); (c) wind speed (u (m s™); (d) incident shortwave radiation (SW;, (W m™)); (e) reflected shortwave
radiation (SW,¢f (W m~2)); () incoming longwave radiation (LW;, (W m~2)); and (g) outgoing longwave radiation (LW, (W m™2)).

values were 0.20 in J06 and 0.41 in A06 (mean daily
albedo was calculated as the mean daily value of SW,
divided by the mean daily value of SW;, from 0900 to
1800 h).

Mean LW;, was similar in J06 and A06, with respective
values of 278 and 283 W m™: July was warmer (increasing
LW;,) and August more cloudy (also increasing LW;,,). Due to
more variable weather, standard deviation was twice as high
in AO6 as in J06: variations close to 80 W m™ were observed
from day to day over A06 (not shown). In JO6, LW;, was
lower during clear nights and increased with air tempera-
ture, humidity and cloudiness during the daytime.

The diurnal cycle of LW, showed that in A06, negative
surface temperatures were observed in the morning and
early in the evening (melt started around 1200 and ceased

around 1800h), while in J06, melt started around 0900 h
and continued throughout the day.

CALCULATING SNOW AND ICE ABLATION

Two different approaches were used to calculate ablation at
AWSg: one using a simple temperature-index method, the
other involving a more physically based method using the
energy-balance model.

Temperature-index method

As air temperature is generally the most widely available
variable over a large area, temperature-index methods have
often been used for estimating snow- and ice melt, even
though they do not describe all the physical processes
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involved in melting (e.g. Braithwaite, 1995; Hock, 2003).
This method assumes a linear relation between melt and
positive air temperature (Hock, 1999):

M= {;DDanow/iceT T>0

0 T <0. ()

DDFqpowface is the degree-day factor (mmd™"°C™"), which
differs for snow and ice, T is the air temperature on the
glacier and n is the number of steps per day (n = 48; half-
hourly values). A review of DDF for snow and ice at different
locations is given by Braithwaite and Zhang (2000, table 4)
and Hock (2003). We adjusted DDF;c, to the observed melt
for 21-31 July, which were sunny days, with no new
snowfall occurring on the glacier and the surface always
in ice. The best DDFi.. was thus found to be equal to
6.4mmd™" °C™". Validation was carried out between 9 and
20 July, and the total calculated melt was 64cmw.e.
compared to 57 cmw.e. measured by the sonic height
ranger. Vincent and Vallon (1997) found DDF;.. equal to
6.2mmd™'°C”" on Glacier de Sarennes, 5km from Saint-
Sorlin. For snow conditions, DDFq,,, was calibrated on the
first period with snow cover (4-9 August) and gave a value of
4mmd™"°C™". Vincent and Vallon found 3.8 mmd~" °C™" on
Sarennes. Hock (1999) and De Quervain (1979) used
4.4mmd"'°C" on Storglaciaren, Sweden, and at Weiss-
fluhjoch, Switzerland, respectively.

Energy-balance calculation

The surface energy-balance equation for a temperate glacier
is written as (Oke, 1987)

R+ H+LE=Q[Wm™]. (2)

Energy fluxes directed towards the surface are defined as
positive. R is the net all-wave radiation, and H and LE are the
turbulent sensible and latent heat fluxes, respectively. The
heat advected by precipitation P can be neglected (Paterson,
1994). The total energy available in the volume is Q. The
variation of Q is used in the melting process. In steady
melting conditions, Q can thus be converted into the melting
rate M (mmw.e.s™' or kgm=s'). Occasional snowfalls on
the glacier were taken into account in our calculations
(Météo France data, snow density fixed at 400 kgm™).

Net all-wave radiation R at the surface is the sum of
incident (SW;,) and reflected (SW,) shortwave radiation and
incoming (LW;,) and outgoing (LW, longwave radiation:

R = SWin — SWiet + LWin — LWt
= SWin(1 — @) + LWiy — LWy [Wm™2] (3)

where « is the albedo of the snow or ice surface. An
uncertainty was found in the effects of slope and orientation
of the surface on solar radiation income on the sensor.
Corrections on shortwave radiation were then made using the
complete formulation detailed in Favier (2004), based on
Barry (1992) and adapted by Grenfell and others (1994) for
small slope angles. Even if the slope was low around AWSg
(~5°), our calculations showed that in August (for which
corrections on the southwest were higher due to the lower
position of the sun), the corrected mass balance calculated
with the energy balance was reduced by 10% (<2% in July).

The turbulent fluxes H and LE were calculated using the
bulk aerodynamic approach, including stability correction
(e.g. Brutsaert, 1982; Wagnon and others, 2001). This
method is commonly used for practical reasons because it

69

Table 2. Means and standard deviations for meteorological
variables recorded at AWSg for 9-31 July and 1-28 August, and
the mean over both months. Cloudiness values (in tenths) were
given by the climatic model SAFRAN (Météo France, personal
communication from Y. Durand). Daily albedo is SW;, mean daily
value divided by SW,s mean daily value from 0900 to 1800 h

July August Season
Wind speed (m sh 34+0.6 29+1.9 3+1.4
RH (%) 65+10 75+15 70+ 14
T (°C) 8.2+1.1 3425 54+3.2
SWin Wm™) 249+ 67 207 £ 71 226+ 71
SW,ef (Wm™) —55426 —88440 —734+40
LW, (Wm™) 278414 283428 280423
Wou (Wm2) 31540 31243 31342
Cloudiness (tenths) 0.4 0.55
Albedo 0.20 0.41

allows the turbulent heat fluxes to be estimated from only
one level of measurement (Arck and Scherer, 2002).

RESULTS

Measured and computed summer mass balance

Computed mass balance with the temperature-index method
and the energy-balance calculation was compared to the
measurements of the sonic ranger and of the stake number 10
(Fig. 3). Mass balance in J06 was more than twice that in A06.

In JO6, degree-day and energy-balance calculations were
in very good agreement with measurements: a total of
1.16 mw.e. was measured with the sonic ranger, 1.23 mw.e.
was calculated with the degree-day model and 1.17 mw.e.
was calculated with the surface energy balance (+6% and
<+1%, respectively). The contribution of the turbulent fluxes
of J06 was 21%, explaining 0.24 m w.e. of the mass balance,
and consequently cannot be neglected (calculation only
based on radiation).

In A0O6,mass-balance calculations were less reliable. The
total mass balance measured was 0.45 mw.e.; 0.52 mw.e.
was calculated with the degree-day model and 0.61 mw.e.
with the surface energy balance (+15% and +36%, respect-
ively). Without corrections on radiation, the mass balance
should have been 0.67 mw.e. with the energy-balance
method. These values and Figure 3 show that if total mass
balance calculated with the degree-day method was close to
the observed value at the end of August, day after day
calculated mass balance differed from that observed,
especially after 15 August. There were also quite large
discrepancies between the energy-balance method and
observations, especially after 20 August. The sonic ranger
did not record melt after this date (and recorded negative
mass balance after 25 August, meaning accumulation),
whereas the degree-day and energy-balance methods
continued to calculate melt. Globally, the contribution of
the turbulent fluxes of AO6 was 16%, explaining 0.07 mw.e.
of the mass balance.

The contribution of turbulent fluxes to the melt was thus
high for the two months. The mass-balance difference
observed between July and August can be attributed not
only to a different ratio of the radiative and turbulent fluxes
in the energy budget but to a variation in these fluxes.
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Fig. 3. Total mass balance from 9 July to 28 August 2006 at AWSg calculated with a degree-day method, with a complete energy balance
(SEB in the legend), with an energy balance without turbulent fluxes, and compared to the measured value at the sonic ranger and at stake
number 10. Uncertainties affecting the overall energy-balance calculation are shown at the end of July and at the end of the period. Mean

daily albedo (0900-1800 h) is reported on the right axis.

Meteorological controls on snow and ice ablation on
Saint-Sorlin

Table 3 summarizes monthly means for each energy-budget
term. Differences between JO6 and A06 are given in the last
column of the table. The mass-balance difference observed
between the two periods can be attributed to the computed
energy available for melting (R+ H+ LE) divided by almost 2
between J06 and A06: +198 Wm™ in July compared with
only +107Wm™ in August (<91 Wm™, —46%), explained

Table 3. Mean monthly values of the four radiative fluxes (SWiy,
SWiet, LWin, LW and their sums (SWer, LWher and R) and the two
turbulent fluxes (H and LE) at AWSg during 9-31 July and during 1—
28 August (Wm™). The percentage of net radiation and turbulent
fluxes in the global energy available for melting is given in
parentheses. The last column gives the variations of each flux from
July to August

July August Variations
SWi, (Wm™) 249 207 -42
SW,ef (Wm™) -55 -88 -33
Wi, (Wm™) 278 283 +5
[Woue (Wm™) -315 -312 +3
SWpet (Wm™) 194 119 -75
[Wpet (Wm™) -37 -29 +8
R (Wm™) 157 (79%) 90 (84%) —67 (74%)
H(Wm™) 32 21 -11
LE (wm™) 9 -4 -13
H+LE Wm™) 41 (21%) 17 (16%) —24 (26%)
R+ H+LE (Wm™) 198 (100%) 107 (100%) =91 (100%)

by the decrease of R (-67Wm™, meaning 74% of the
decrease of R+ H+LE) and by the decrease of turbulent
fluxes (<24 Wm™2, 26%).

The decrease of R was mostly due to a decrease of SW .
=75Wm™). The longwave radiation changes, LW, are
negligible. The decrease of SW,e was firstly due to
the decrease in SW;, from 249Wm™ to 207 Wm™
(-42Wm™, 17%). This decrease is partly explained by
the lower position of the sun in August: according to our
calculation based on Levallois and Kovalevsky (1969) and
using a digital elevation model of the glacier from 2003,
the potential insulation at noon at the top of the atmos-
phere is reduced by 12% (=30Wm™) between 9 July and
28 August. This decrease of SW;, was also due to greater
cloud cover in A06, 0.4 (in tenths) in JO6 against 0.55 in
A06. Data are from Météo France (personal communication
from Y. Durand), representing —12Wm™ (-5%). Thus 56%
of the change of SW ¢ was due to lower position of the sun
and cloud cover. Secondly, the mean albedo has been
multiplied by two in August due to snowfalls (0.20-0.41):
44% of the change of SW, e was thus controlled by surface
albedo changes.

The turbulent fluxes decreased by 24Wm™, and H
decreased by 11Wm™. In July, the air coming down the
glacier slope and the temperature gradient resulted in a
significant energy contribution at the surface (higher H
values). LE varied from +9Wm™ in J06 (0.30mmd™" of
water condensation) to -4 W m™ in A06 (<0.12 mmw.e. d™
of sublimation). H and LE values on Saint-Sorlin were similar
to those of other studies, especially that by Greuell and
Smeets (2001) carried out in the Austrian Alps, more or less
at the same altitude as on Saint-Sorlin (Table 4).
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Table 4. Turbulent fluxes H and LE compared to different studies. Tis the mean air temperature (°C), RH the relative humidity (%), q the
specific humidity (gkg™), u the mean wind speed (ms™") and z, the roughness parameter (cm)

Saint-Sorlin (Alps) Saint-Sorlin (Alps)

Storglaciaren (Scandinavia)

Pasterze (Alps) McCall (Alaska)

Study This study Martin (1975) Hock and Holmgreen Greuell and Smeets Klok and others
(1996) (2001) (2005)

Altitude 2760m 2800m 1350m 2945 m 1715m

Period 8 July-28 Aug 2006 30 Aug-15 Sept 1969 40 days in summer 1994 22 June-7 Aug 1994 27 May-20 Aug 2004

Mean T (°C) 5.6 5.4 3.5 53

RH (%) 70 72

Q (gkg™ 5.3 5.5

u(ms™) 3 2.5 4.3 3.1

Method Bulk, zy = 0.1cm Profile, zy<0.6cm Profile, zy = 0.27 cm Bulk, zp = 0.13cm Bulk, zo = 0.24cm

H (Wm™) 28 24 49 23 27

LE (Wm™) 2 -3 3 5 5

DISCUSSION which played an important part in the melt (e.g. between 15

Accuracy of field measurements and calculations

In the overall energy budget (Equations (2) and (3)), four
fluxes were directly measured (SWi,, SWiet, LWin, LWy
and two fluxes were calculated (H and LE). Due to the
sensor’s accuracy, uncertainty in mass balance without
turbulent fluxes was estimated at £0.04 mw.e. for J06 and
+0.02 mw.e for AO6.

H and LE were calculated using a bulk aerodynamic
method. In addition to uncertainties affecting temperature,
relative humidity and wind-speed sensors, their calculation
itself could be a source of uncertainty. In particular, the
choice of the roughness lengths zo was critical. A summary of
different z, values was reported by Braithwaite (1995), and
values were highly dependent on local conditions. In our
study, zo was not based on observations but various tests were
realized and we finally kept zy = 0.1cm for the best
adjustment of calculated and observed monthly mass
balance. zy was taken constant for July and August. With
Zp=0.5cm, H increased by 62% in July and by 64% in
August. As mentioned by Sicart and others (2005), the
uncertainty in surface roughness and the inappropriate level
of measurements relative to the maximum glacier wind
speed were a major source of error when calculating H and
LE. In this study, the accuracy on H and LE was not better
than £20%.

Adding up all the uncertainties (20% on H and LE and the
sensors’ accuracy on the radiative budget), mass-balance
uncertainty for J06 was £10cmw.e., and for A06 was
+12cmw.e. Overall mass balance calculated with the
energy-balance method at the end of the season was
1.78£0.22 mw.e., whereas 1.61mw.e. was observed.
Calculations and observations were in the same range.
Uncertainties in the degree-day method were calculated
using the sensors’ accuracy on temperature. At the end of
August, a total of £0.06 m w.e. can be attributed to the error
on temperature.

Role of turbulent fluxes and surface aspect

This study showed that the two methods (degree-day and
energy-balance) were in agreement with the observed mass
balance until approximately 15 and 20 August, respectively.
The difference between observations and degree-day calcu-
lations can be attributed to the role of the turbulent fluxes

and 20 August). Although the sensible heat flux, H, was
mainly controlled by air temperature, specific humidity and
wind also played an important part in the distribution of
temperature and the humidity profile, and consequently in
H. This was not included in the simple formulation of the
degree-day method. The question is ,why was the degree-day
method in agreement until 15 August, whereas radiative and
turbulent fluxes controlled the melt? The variation of the total
energy budget R+ H+LE between J06 and A06
(<91 Wm™) is mostly explained by a 42 Wm™ change of
SWi,, due to cloud-cover difference and lower position of the
sun, a—24 W m~ change in turbulent fluxes and a-33 W m~
change in SW,. Indeed, if the shortwave radiation SW;,, had
been equal in July and August, then the surface albedo
change would have explained 50Wm™ of the R+ H+LE
variations. This value was attenuated by summer variations of
SWi, and then reduced to =33 Wm™. The melt was thus
mainly controlled by variations in radiative factors, but
correlation between temperature and radiation was still poor:
R? = 0.32 in J06 and 0.12 in A06 between air temperature
and SW;,. The reconstructed melting from the degree-day
method is thus strongly related to the ablation measurements
only because the temperature-index model includes the air-
temperature and the albedo changes via the DDFs.

The difference of 17 cmw.e. between observations and
energy-balance results at the end of August cannot be
attributed solely to condensation because the latent heat flux
should rise 400 W m™ for 1 cm of condensation on the daily
mean. The difference between the energy-balance method
and observations can be explained by the sonic ranger and
the radiometer, >10 m apart, not being focused exactly on the
same area of ground. Considering the height of both
instruments, the radiometer received 90% of the energy in
a 3 m diameter circle, whereas the surface seen by the sonic
ranger was only a 40cm diameter circle. When the fresh
snow disappeared, the surface exhibited a mosaic of snow-
and ice patches (this was observed during field visits). This
could explain the differences occurring around 11 August
and after 20 August. In such conditions, SW, could
consequently be low for the surface under the radiometer
sensor (SWpe, Which was a source for the melt, would
consequently be high), whereas the melt could be low under
the sonic ranger due to a whiter snow surface. After
25 August, the total melt given by the sonic ranger decreased,
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probably due to small snowfalls not being taken sufficiently
into account in our calculation. The total precipitation given
by Météo France was very small (5 mm of water from 25 to
28 August) and probably not in agreement with the field
reality. Snow could be accumulated in holes under the sonic
ranger and not under the radiation sensor. This observation
highlights the crucial role of local albedo regarding ablation.

CONCLUSION

On Glacier de Saint-Sorlin, two very contrasting months in
summer 2006 have been analyzed in terms of surface energy
balance and mass balance. J06, the warmest July month in
the French Alps since 1950, exhibited strong ablation.
However, in A06, the coldest August month since 1979, the
melt was just over half that in J06. This difference in mass
balance can be partly explained by a decrease in the
turbulent fluxes but mainly by a sharp increase in albedo,
which was responsible for an efficient decrease of net
shortwave radiation (already lower in A06 than in J06 due to
lower position of the sun and an increase in cloud cover).
This comparison between the two months showed that
albedo was the main parameter governing summer melt in
the Saint-Sorlin ablation zone. Since albedo was mainly
controlled by snowfall, occasional solid precipitation played
a key role in the ablation of alpine glaciers in summer. At
daily scale, a temperature-index model including two
different degree-day factors for snow and ice was as reliable
as an energy-balance model for simulating melting at the
glacier surface, especially when meteorological conditions
varied little from day to day, such as in J06. The good
performance of the degree-day model is explained by the
fact that this approach included not only the effects of
temperature (mainly on sensible heat flux and little on
incident longwave radiation) but also of albedo through the
DDFs. Consequently, in order to correctly estimate the
melting and the mass balance of alpine glaciers, special care
must be taken with albedo parameterization at local scale
and at the glacier scale. On Saint-Sorlin, a special device
using daily terrestrial pictures of the glacier has been
developed to accurately reproduce the spatial albedo
variations. Moreover, although less important than radiation
fluxes, the turbulent fluxes cannot be neglected in mass-
balance simulations and they have to be assessed with a
better accuracy using eddy correlation measurements.
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