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Abstract. We compare 5 years of meteorological recordslatitudes. Furthermore, a comparison is made with meteo-
from automatic weather stations (AWSs) on Storbreen andological variables measured at two nearby weather stations,
Midtdalsbreen, two glaciers in southern Norway, located ap-showing that on-site measurements are essential for an accu-
proximately 120 km apart. The records are obtained fromrate calculation of the surface energy balance and melt rate.
identical AWSs with an altitude difference of 120m and
cover the period September 2001 to September 2006. Air
temperature at the AWS locations is found to be highly corre-
lated, even with the seasonal cycle removed. The most strik!

ing difference between the two sites is the difference in Wind_l_h i _ hermn N h L
climate. Midtdalsbreen is much more under influence of the' '€ C imate In southern orway shows q_strong_prempltanon
radient from west to east, with a maritime climate at the

large-scale circulation with wind speeds on average a factoP . . .
western coast and a more continental climate east of the main

1.75 higher. On Storbreen, weaker katabatic winds are dom- .
inant. The main melt season is from May to September ae/vatershed, Ioca’Fed less than 150.km from the coast (Fig.
both locations. During the melt season, incoming and net so-Green and_ HardlngLQSQ._The glaciers of southern Norway
lar radiation are larger on Midtdalsbreen, whereas incomin re found in the_areas with the Iz_irge_st annual snow amount,
and net longwave radiation are larger on Storbreen, primarily'alreas characterized by a .cpmblnatlpr_] Of. low fcemperatures
caused by thicker clouds on the latter. The turbulent fluxesdue to topography and sufficient precipitation (Fiband2).
are a factor 1.7 larger on Midtdalsbreen, mainly due to theThe annual mass balance “%mo"er (the summed absolu.te_ val-
ues of the area-averaged winter and summer balance divided

higher wind speeds. Inter-daily fluctuations in the surfaceb ; laciers i thern N flocts th .
energy fluxes are very similar at the AWS sites. On average, y two) on glaciers in southern Norway reflects the precip-

melt energy is a factor 1.3 larger on Midtdalsbreen, a resulfta%\?fn %rad|ent, ranglng from 3.grgzwater eqU|\!zg(IaQt (w.e.)
of both larger net radiation and larger turbulent fluxes. Thet Alfotbreen near the coast to 0.92mw.e. oralroreen

relative contribution of net radiation to surface melt is larger

Introduction

in eastern Jotunheimen, further inland. Affotbreen, in-

on Storbreen (76%) than on Midtdalsbreen (66%). As Win_FerannuaI 'fluctuations'in' the net mass balance are primar-
ter snow depth at the two locations is comparable in mosfIy determined by vgrlqtlons in Fhe w_mter balance, Wh'.'.e
years, the larger amount of melt energy results in an earlielsummer-balance_ variations _domlnate interannual variability
disappearance of the snowpack on Midtdalsbreen and 704! th? more continental glacierdr{dreassen et _al2005. i
more ice melt than on Storbreen. We compare the relative Climate maps reveal large-scale patterns in meteorologi-
and absolute values of the energy fluxes on Storbreen ang@! variables, giving a first indication where conditions are

Midtdalsbreen with reported values for glaciers at similar favourable for glaciers. At smaller spatial scales, large devi-
ations from these numbers occur due to differences in the

_ altitude and terrain exposure. Accumulation and ablation
Correspondence tdR. H. Giesen on glaciers are not only related to the local air temperature
BY (rh.giesen@uu.nl) and winter precipitation, but are also influenced by other
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Fig. 1. Annual mean air temperature, precipitation and maximum snow amount in southern Norway over the normal period 1971-2000.
Note the non-linear scale. The maps are downloaded from seNorge.no, an initiative of the Norwegian Meteorological Institute, the Norwe-
gian Water Resources and Energy Directorate and the Norwegian Mapping Authority. The locations of Storbreen (S), Midtdalsbreen (M),
Alfotbreen (A) and Gasubreen (G) are indicated on each map.
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variables and factors, for example wind speed, cloudiness
and surface properties. Therefore, detailed knowledge of the
relation between meteorological quantities and the mass and
energy exchange at the glacier surface can only be obtained
from meteorological studies on glaciers. Between 1954 and
1981, glacio-meteorological experiments have been carried
out on a number of glaciers in southern Norway (eLd.,
estg] 1967 Klemsdal 197Q Messe) 1971). The combined
results from these studies reveal that the relative importance
of radiative fluxes compared to turbulent fluxes for surface
melt increases from glaciers near the coast to the glaciers fur-
ther inland Messe] 1985. However, a detailed comparison
could not be made as the studies were conducted in different
years and for different periods during the summer season.

In this paper, we compare meteorological records from
two identical AWSs on Midtdalsbreen and Storbreen, two
glaciers in southern Norway, 120 km apart (F&). Both
glaciers are located in the transitional zone between the mar-
itime climate at the coast and the more continental inland
climate. We use meteorological data collected over 5 years,
from September 2001 until September 2006. The AWS data
sets comprise all quantities needed to determine the atmo-
spheric energy fluxes, including the four radiation fluxes.
Apart from a 19-day data gap in the summer of 2004 for Stor-
breen and a 39-day gap in the Midtdalsbreen record for the

Fig. 2. Glaciers in southern Norway (in blue) and the location of summer of 2005, the records are continuous. Analyses of
Storbreen and Midtdalsbreen. The source for this map is the Staterthe time series have shed light on the local meteorology and
Kartverk 1:250 000 map series and includes perennial snow fields.the surface energy and mass balance at the AWS gires (
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dreassen et al2008 Giesen et a).2008. Here, we analyse
similarities and differences between meteorological variables
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Table 1. The main characteristics of Storbreen and Midtdalsbreenthe pe“o‘?' 1982-2006, when length change was megsured at
and the AWS sites on the two glaciers. Values are derived from &20th glaciers, was 80 m at Storbreen and 25m at Midtdals-
digital terrain model (DTM) for Storbreen from 199&r(dreassen ~ breen.

1999 and a DTM for Hardangerjgkulen from 1995 derived from  The AWSs on Midtdalsbreen and Storbreen (Rpare

the 25 m resolution digital terrain model (DTM25) of Norway by operated by the Institute of Marine and Atmospheric research
the Norwegian mapping authorities (Statens Kartvati://www. Utrecht (IMAU). The AWS on Midtdalsbreen was placed in
statkart.ng. October 2000, the AWS on Storbreen in September 2001.
The stations are of identical design and are both located in

Storbreen  Midtdalsbreen the ablation zones of the respective glaciers. The mast rests
General characteristics on the ice surface. Air temperature and humidity, wind speed
Latitude € N) 61.60 60.57 and wind direction are measured at two levels. Temperature
Longitude ¢ E) 8.13 7.47 and humidity sensors (Vaisala HMP45C) are mounted on the
Area (knf) 5.4 6.7 arms at approximately 2.4 and 5.7 m above the ice surface,
Lowest altitude (ma.s.l.) 1390 1380 the measurement level of the wind speed and wind direction
Highest altitude (ma.s.l.) 2090 1865 sensors (Young 05103) is 0.35 m higher. In addition, the up-
AWS location per arm carries a radiation sensor (Kipp & Zonen CNR1),
Altitude (ma.s.l.) 1570 1450 measuring the four components of the radiation balance (in-
Distance from the snout (m) 900 400 coming and reflected solar radiation, incoming and outgoing

longwave radiation), and a sonic ranger (Campbell SR50),
measuring the distance to the surface. A second sonic ranger
is mounted on a tripod, which is drilled into the ice (F&).

This sonic ranger registers both ice melt and snow accumu-
measured on the two glaciers and discuss their influence omtion. The sonic ranger in the mast ensures a continuous
the surface energy balance. In line with previous studies weecord when the other sensor is buried by snow. Readings
compare the relative contribution of the surface energy fluxest one to four ablation stakes around the AWS are used as
to melt. The absolute and relative values of the surface eng reference for the sonic ranger measurements and enable
ergy fluxes are compared with values found for glaciers atcontinuation of the surface height record when data from the
similar latitudes, for which we provide a summary which sonic rangers is missing. Air pressure (Vaisala PTB101B)
complements earlier overviews (e.@hmurg 2003 Willis s recorded inside the box containing the electronics. Sam-
et al, 2002 Hock, 2003. To investigate whether similar- ple time varies per sensor, every 30 min (average) values are
ities and differences found for meteorological variables onstored on a data logger (Campbell CR10X). Power is sup-
Storbreen and Midtdalsbreen are also observed outside thglied by lithium batteries, the solar panel generates energy to
glacier boundary-layer, we compare our data with recordsyentilate the temperature sensors.

from two nearby weather stations.

Surface slope®) 6 7
Surface aspect NE NE

3 Methods

2 tti d AWS d ipti
Setting an S description 3.1 Data treatment

Storbreen and Midtdalsbreen are located in southern Norway,. 1his section we give an overview of the necessary correc-
120 km apart (Figs2 and3). Storbreen is a valley glacier in tions to the data. More detailed descriptions are givelrin

the western part of the Jotunheimen mountain massif. Midt'dreassen et a(2008 andGiesen et al(2008.

dalsbreen is an outlet glacier of Hardangerjgkulen, an ice cap

situated at the north-western border of the Hardangervidda _ aj, temperature was corrected for radiation errors at

plateau. Both glaciers are facing north-east, cover a similar
altitudinal range and are of comparable size (TdbleStor-

breen has had a mass deficit since annual mass balance mea-
surements started in 1948r{dreassen et aR005. No long-

term mass balance series are available for Midtdalsbreen,

but annual measurements were initiated in 1963 on Rem- —

besdalsskka, another outlet glacier from Hardangerjgkulen.
They show an approximate equilibrium until the late 1980s
and a subsequent mass surplus. After 2000, net mass bal-
ances were mainly negative; the net balance of the year 2006
was the lowest ever measured on both Storbreen and Rem-
besdalsskka Kjgllmoen et al, 2007). The net retreat over

www.the-cryosphere.net/3/57/2009/

times when the sensor was not aspirated using expres-
sions that give the excess temperature as a function of
wind speed and the sum of incoming and reflected solar
radiation.

Relative humidity measured at temperatures below the
melting point was corrected by multiplying with the ra-
tio of the saturated water vapour pressures over water
and over ice, using an expression®yrry and Webster
(1999. Specific humidity has been calculated from the
measurements of relative humidity, air temperature and
air pressure.
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September 2006 Midtdalsbreen

Fig. 3. The location of the AWSsx) on Storbreen (left) and Midtdalsbreen (right) and a close-up of the AWS sites. The tripod with a sonic
ranger is seen to the left of the mast.

— The sonic ranger uses the speed of sound@to deter- the daily cycle of incoming solar radiation. As we only

mine the distance to the surface. As the speed of sound
is a function of air density and hence temperature, the
record was corrected by multiplying with the ratio of the
actual speed of sound and the speed of sounéiGit 0

The tilt of the masts was estimated from tilt angles mea-
sured during maintenance visits, combined with data
from a tilt sensor in the mast, which did not function
properly. On Midtdalsbreen the estimated tilt of the
mast is often large enough to significantly affect the ab-
solute value of the incoming solar radiation. The tilt
only affects the direct solar beam, hence we applied a
tilt correction dependent on cloudiness. A tilted mast
also influences the reflected solar radiation measure-
ments, but the correction was found to be smaller than
uncertainties associated with the poor tilt estimates and
was therefore not applied. Tilt values recorded on Stor-
breen are smaller and do not seem to influence daily
mean values of incoming solar radiation significantly.
Hence, no tilt correction was applied to the incoming
solar radiation on Storbreen.

Half-hourly values of net shortwave radiation were cal-
culated using the accumulated albedo methéh(den
Broeke et al.2004) to remove the effects of a poor co-
sine response of the radiation sensor at low sun angles
and a possible phase shift due to tilting of the sensor on

The Cryosphere, 3, 574, 2009

use daily averaged values in this analysis, the effect of
this correction on net shortwave radiation is negligible.

Due to the opening of a crevasse, the mast on Storbreen
fell down in the summer of 2004. The same happened
on Midtdalsbreen in 2005. As the data measured dur-
ing these periods cannot be used in the analysis, the se-
ries from Storbreen contains a 19-day gap from 30 July
to 17 August 2004. The series from Midtdalsbreen has
39 days without useful data from 18 July to 25 August
2005. Motivated by the observation that the records of
all variables on Storbreen and Midtdalsbreen generally
display similar and simultaneous fluctuations, we used
measurements from Midtdalsbreen to create a data set
to fill the gap on Storbreen. For the data gap on Midt-
dalsbreen, we used measurements from an AWS at the
summit of Hardangerjgkulen, except for relative humid-
ity and incoming longwave radiation where data from
Storbreen were used.

The sonic rangers on the tripods were buried by the
snowpack during several winter seasons and melted out
at the end of several summer periods. In addition to this,
sonic ranger data are missing for shorter periods dur-
ing the rest of the year, for various reasons. Small gaps
in the surface height record were filled by linear inter-
polation between surrounding values, for larger gaps in

www.the-cryosphere.net/3/57/2009/
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the melt season we used melt values calculated from theéhe other fluxes are written as functions of the surface tem-
surface energy balance, combined with stake readingsperaturels. The model time-step is 10 min, to obtain model
For Storbreen, measurements from both sonic rangersput for every time-step, the AWS data are linearly inter-
are lacking during the accumulation season of 2002—polated between half-hourly values. Using an iterative pro-
2003. For this period, precipitation data from the nearbycedure, the surface energy balance is solved for the surface
Norwegian Meteorological Institute (NMI) weather sta- temperaturdls. If 75 found by the model is higher than the
tion Brath (664 ma.s.l.) were used to create a continu-melting point temperaturdy is set back to @C and the ex-

ous record. cess energy is used for melting. The amount of Mélin
meters water equivalent (mw.e.) is calculated by dividihg
3.2 Cloud fraction and effective cloud optical depth by the latent heat of fusion (34x 10° J kg~1) and the density
of water (1000 kg m®).

Information about clouds can be obtained from both incom-  The turbulent fluxes are computed with the bulk method,

ing shortwave and incoming longwave radiation. Fractionalpased on differences in temperature, humidity and wind
cloud cover was estimated from incoming longwave radia-speed between the measurement level and the surface. We
tion (Van den Broeke et 3120083. Cloud optical thickness  yse measurements from the upper level, the records from the
was determined from incoming solar radiation using an eX-jower level sensors contain several data gaps. FolloWarg
pression byFitzpatrick et al.(2004, resulting in effective  den Broeke et al(2009, stability correction functions by
cloud optical depth values representative for a uniform cIoudHO|ts|ag and De Bruir(1989 andDyer (1974 are applied
cover Consisting of cloud dI’OpletS with a standard effectivefor stable and unstable Conditions’ respective'y_ A compar-
radius of 8.6 um. However, this expression can only be apison of turbulent fluxes calculated with data from either the
plied to daytime measurements without shading by the toypper or the lower measurement level revealed that when us-
pography. For all days with more than 20 half-hourly valuesing wind speed measurements from the upper level, turbulent
for the cloud optical thickness, we calculated daily averagesjyxes are underestimated, mainly on days with low wind
and regressed these values against the cloud fraction. F@peeds. At both AWS sites, the ratio of wind speeds mea-
both locations, an exponential function fitted the data well g red at the upper and lower level is always larger than unity
(linear Correlatiow of 081) a.nd was Used to Obtain year' forwind Speeds above 6 mk for |ower W|nd Speeds th|s ra-

round daily values for cloud optical depth. tio is smaller than unity about 20% of the time. On days with
a wind speed maximum below the upper level, the wind is
3.3 Surface energy balance always directed down-slope. Moreover, the temperature dif-

The enerav balance at the alacier surface can be described ference between the air and the surface is mostly larger than
9y 9 @/K, suggesting the presence of katabatically driven flow. Al-

0 = Sin + Sout+ Lin + Lout + Hsen+ Hiat + G (1)  thoughwind speeds are relatively low in these circumstances,

turbulent fluxes are underestimated considerably by using the

= Snett Lnet+ Hsen+ Hiat + G, 2) upper level measurements, because the temperature differ-
where 0 is melt energy Q=0 if the surface temperature is €Nnce between the air and the surface is large. To obtain good
below the melting point)Si» and Sout are incoming and re-  agreement between turbulent fluxes calculated with the up-
flected solar radiationLin and Loyt are incoming and out-  Per or lower level measurements, we limited the turbulent
going longwave radiationfsenand Hix: are the sensible and  flux reduction by the stability correction to one third when
latent heat fluxes and is the subsurface heat flux. Net solar USing the upper level data. For the surface roughness length

radiation and net longwave radiation are writtenSag and ~ for momentum £o,) we use constant values of 0.13 mm for
Lnet All fluxes are defined positive when directed towards Show surfaces and 0.75mm for ice surfaces at both AWS

the surface. Heat supplied by rain is neglected, which is jusSites. Whether the surface is ice or snow is determined from
tified on glaciers with a considerable mass turno@erfe- & SNow depth record constructed from the sonic ranger mea-
mans 2001). Penetration of shortwave radiation is not in- Surements. The roughness length values are median values,
cluded either. Compared to the other fluxes its contributionderived from wind speed differences between the AWS upper
to the energy balance is expected to be small and it has beeid lower measurement levels at near-neutral atmospheric

shown not to affect total melwan den Broeke et 312008H. conditions. We used the derived roughness lengths for Midt-
dalsbreen, as only few datapoints remained for near-neutral

conditions at Storbreen and these were mainly found in mid-
3.3.1 Model description winter, biasingzg, towards low values. Using roughness

lengths from Midtdalsbreen on Storbreen will not likely in-
We have used an energy balance model that solveslq. ( troduce a large error, because derived values are similar dur-
for a skin layer without heat capacity, which is described ing the periods they could be calculated for both glaciers and
in more detail byVan den Broeke et a{2005 2009. Sin, the surface characteristics at the AWS sites are comparable.
Sout and Lij, are taken from the (corrected) measurements,Sensitivity tests with the energy balance model using data

www.the-cryosphere.net/3/57/2009/ The Cryosphere, 37572009
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Fig. 4. Modelled versus observed surface temperature (daily mean valuga) &torbreen an¢) Midtdalsbreen.

from Midtdalsbreen, have shown that an order-of-magnitudetemperatures for Storbreen and Midtdalsbreen. The overall
change iz, roughly affects the sum of the turbulent fluxes agreement is good, although surface temperatures are some-
by 15%, while removing the stability correction increases thewhat overestimated on clear-sky winter days. This cannot
summed turbulent fluxes by 20%, on avera@Géeéen et aJ.  be attributed to the limited stability correction, removing
2008. The roughness lengths for heat and moisture are calthe limit only slightly reduces the temperature difference on
culated from expressions ®ndreag(1987). these days. Riming of the sky-facing longwave radiation
Subsurface heat conduction is computed from the onesensor is a plausible cause. For Storbreen, the mean differ-
dimensional heat-transfer equation for 0.04m thick layerseénce between modelled and observed surface temperature is
down to a depth of 20 m. The temperature at the lowest level+0.07°C, with a root-mean-square error (RMSE) of C3
is assumed to remain stable. The initial temperature profile i$-or Midtdalsbreen, the mean difference§.14°C with a
generated by continuously running the model over the meaRMSE of 1.EC. Given the uncertainties in both the mea-
surement period until the 20 m temperature is stable withinsurements and the energy balance model, this is a good re-
0.01°C. The number of snow layers is determined by divid- sult. For both locations, the match between modelled and
ing the observed snow depth by the model layer thicknessmeasured surface melt is generally godaidreassen et al.
Snow density has a constant value of 500 kggn‘based on 2008 Giesen et a).2008, which indicates that all relevant
measurements in snow pits around the AWSs. Meltwater perprocesses are included in the model and the calculated energy
colates vertically through the snowpack and refreezes wher@alance is robust.
snow temperatures are below the melting point. When the
snowpack is saturated with melt water, the remaining melt
water is assumed to run off. Note that in our approach, the* Results
changing snow depth is prescribed from th? SONIC TangeL, - +he main atmospheric quantities and the surface energy
record and not calculated by the model. This ensures th .
) ; uxes, mean values over the five years (7 September 2001 to
the snow cover appears and disappears at the right momeﬁé September 2006) were computed, as well as averages over
When the snow has disappeared, input from the height sensar '

. all 30-min intervals when the surface was meltin@=0).
Is not needed anymore and model and measurements are 'We used measurements made at the upper level for the anal-
dependent. For this snow-free period, the méltomputed bp

by the model can be compared with the surface lowering regysis, since the records from the lower level sensors have sev-
istered by the sonic ranger and the ablation stakes by divid® ral data gaps. Correlation coefficientg between vari-

. : : " ._ables on Storbreen and Midtdalsbreen were computed for
ing M by 0.9, the ratio of the ice and water densities used Nooth half-hourly and daily mean values. The periods with

this study. data missing for one of the locations were excluded from the
calculation ofr. The mean values and linear correlations are
3.3.2 Model performance listed in Table2.

A comparison of the modelled and observed surface tempera4.1  Air temperature and humidity

ture (from measurefloyt, assuming a surface with unit emis-

sivity) gives an indication of the model performance. Fig- Annual mean air temperature is 0F higher on Midt-
ure4 shows modelled versus observed daily average surfacdalsbreen (Table2), reflecting the lower altitude of the

The Cryosphere, 3, 574, 2009 www.the-cryosphere.net/3/57/2009/
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15 ; g g ; At both glaciers the air is humid, with an average relative

’ humidity around 80% (Tabl@). Relative and specific hu-
midity are generally slightly lower on Storbreen. This could
indicate a more continental climate than at Midtdalsbreen,
but can also be the result of a different boundary-layer struc-
ture at the two sites. As the local free-atmosphere humidity
is not measured, we cannot distinguish whether the lower hu-
midity values on Storbreen are a local or a regional feature.
At both AWS sites, specific humidity averaged over the melt
season is higher than the annual average, as warmer air can
contain more water vapour. The mean relative humidity is
also slightly higher in summer than in winter, because the
free atmosphere air is cooled near the cold glacier surface,
increasing the relative humidity.

Air temperature (°C)
(¢}

Air temperature (°C)

4.2 Wind speed and wind direction
-20 | Mi

S

Air temperature anomaly (°C)
n
==
—]
—
—=
D

[dalsbreen The most striking difference between the two glaciers is that
4F P wind speeds are on average 1.75 times larger on Midtdals-
sl /\ f‘ breen (Table2). This ratio is almost constant through the

. M‘ \\ J\‘ year, from October to December values are slightly higher.
0 A | A A similar ratio is found for wind speeds at the lower level,
using all available simultaneous wind speed measurements
. \ from both locations. The linear correlation between wind
al | Storbreen speeds at Storbreen and Midtdalsbreen is nonetheless rela-
—— Midtdalsbreen tively high (-=0.74 for daily means).
o o e 1amn P The dominant wind directions on the two glaciers (Fdp.
2002 2003 2004 2005 2006 are related to the local topography. Two wind directions
Fig. 5. Daily mean air temperature on Storbreen and Midtdalsbreer@® imposed by the orientation of the valleys in which the
and 31-day moving average of daily air temperature anomalies orglaciers are situated. Midtdalsbreen flows into the valley
Storbreen and Midtdalsbreen. The temperature anomalies were caFinsedalen, which has an approximate west-east orientation,
culated by subtracting the monthly mean temperature at both locaseen as winds from directions 13@nd 280. Northerly
tions. winds seldomly occur on Midtdalsbreen. Storbreen is situ-
ated in the almost north-south oriented Leirdalen, resulting
AWS location. The mean and most frequent temperaturén winds from 358 and 163. Winds with the directions
lapse rate calculated from the two temperature records i225° on Midtdalsbreen and 200on Storbreen are down-
6.0°Ckm~1. The temperature difference is smaller during slope winds along the glacier length axis, commonly known
melt (4.2C km~1), when the air above the glaciers is cooled as katabatic or glacier winds. Although the glacier slopes
by the melting surface. Daily mean air temperatures for theare similar (Tablel), katabatic winds occur more frequently
AWS sites on Storbreen and Midtdalsbreen have an almosdn Storbreen and impose the dominant wind direction, while
perfect resemblance, in both inter-daily fluctuations and anwesterly winds are dominant on Midtdalsbreen. Westerly
nual amplitude (Fig5). The correlation coefficient of daily winds are also common on Storbreen and are likely large-
mean air temperatures on the two glaciers is 0.98 (TAble scale winds, as they generally occur simultaneously with
To eliminate the correlation due to the seasonal cycle, we calwesterly winds on Midtdalsbreen. While the highest wind
culated daily mean temperature anomalies by subtracting thepeeds on Midtdalsbreen are recorded during westerly flow,
monthly mean temperature, including all months with mea-westerly winds on Storbreen are much weaker. Storbreen is
surements available from both AWSs. After the removal of surrounded by higher mountains than Midtdalsbreen, which
the seasonal cycle the linear correlation is still 0.95. Com-shelter the glacier from the large-scale circulation. The large
puted daily temperature anomalies with a moving average oflifferences in wind regimes suggest that on Midtdalsbreen
31 days, show that the winters 2000—2001, 2002-2003 anthe development of a katabatic flow is often suppressed by
2005-2006 were relatively cold, while the major part of the the strong large-scale circulation and is thereby limited to
summer of 2002 was warmer than the other summers in thealm days, while on Storbreen katabatic winds can develop
record (Fig.5, third panel). In 2003, temperatures in spring more frequently.
were relatively high and 2005 had a very warm autumn.

www.the-cryosphere.net/3/57/2009/ The Cryosphere, 37572009
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Table 2. Mean values of meteorological quantities and energy fluxes for Storbreen (S) and Midtdalsbreen (M) over the period 7 September
2001-6 September 2006, for the entire period and periods when the surface was melting. The absolute accuracy is given for daily and annua
mean values. Linear correlationdbetween variables on Storbreen and Midtdalsbreen are shown for half-hourly and daily mean values.

Annual mean Melt period mean Accuracy Correlation
S M S M day vyear 30min day
Meteorological quantities
Air temperature {C) -1.9 -1.2 4.9 53 0.3 0.1 0.97 0.98
Relative humidity (%) 77.9 81.9 78.2 80.8 3 1.0 0.72 0.83
Specific humidity (g kgl) 3.4 3.6 5.1 5.3 0.2 0.1 0.95 0.98
Wind speed (ms1) 3.8 6.6 3.3 6.0 0.4 0.1 0.53 0.74
Air pressure (hPa) 834.0 848.5 838.3 8524 04 01 1.00 1.00
Cloud fraction 0.62 0.60 0.69 0.64 0.05 0.02 0.67 0.83
Effective cloud optical depth 16.0 11.9 - - 10 3 - 0.72
Surface albedo 0.73 0.68 0.52 0.47 0.05 0.02 - 0.91
Surface energy fluxdsv m—2)
Shortwave in 108 126 220 242 20 5 0.92 0.96
Shortwave out -70 —76 —125 -126 10 2 0.93 0.96
Longwave in 272 270 311 304 10 2 0.79 0.91
Longwave out —292 295 —-316 —316 5 2 0.95 0.97
Sensible heat flux 15 24 20 39 10 5 0.66 0.81
Latent heat flux 1 4 9 16 10 5 0.75 0.88
Subsurface heat flux 3 3 -2 -2 5 2 0.61 0.81
(a) 25 Storbreen down-glacier (b) 25 Midtdalsbreen d:own-‘c‘;lacie:r_-l
20 f l 20 f l
T o f
E 15} E 15}
? 8
a a
é 10§ é 107
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Wind direction (°) Wind direction (°)
Fig. 6. Half-hourly wind speed versus wind direction @) Storbreen an¢b) Midtdalsbreen. Measurements are shown at hourly intervals
for the period September 2005 to September 2006.

more frequent shading of the AWS site or differences in
cloud characteristics. In winter, shading by the surrounding
Incoming shortwave radiation is significantly larger on Midt- topography reduces the amountSyf considerably, an effect
dalsbreen, both in the annual mean value as in periodsvhich is larger on Storbreen. In summer, the solar zenith
with surface melt (Table2). The annual mean top-of- angle is much smaller and the influence of shadingsgn
the-atmosphere incoming solar radiation is only 5\W?m s small. For this period, the cloud fraction (Taltgp and
higher at Midtdalsbreen, hence the lower latitude of Midt- the effective cloud optical depth (Figb) are larger for Stor-
dalsbreen cannot explain this difference. Figdeeshows breen, hence the smallsf, in summer is mainly resulting
that monthly mean atmospheric transmissivity at the AWSfrom thicker clouds. We investigated possible relations be-
site on Midtdalsbreen is always higher than on Storbreen. Onween the difference in cloudiness and other measured vari-
both glaciers, the atmospheric transmissivity is maximum inables or differences in variables between the two locations,
spring and gradually decreases during summer. The loweput no dependencies were found. Since most meteorological
atmospheric transmissivity at Storbreen could be caused by

4.3 Incoming solar radiation and cloudiness
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Fig. 7. Monthly mean values dfa) atmospheric transmissivity arfd) effective cloud optical depth on Storbreen and Midtdalsbreen.

variables on Storbreen and Midtdalsbreen, includipgare 1
highly correlated, the larger cloud fractions found for Stor-
breen are likely associated with local factors affecting cloud 8
properties and not with different synoptic situations at the
two glaciers.

Surface albe
o
»

4.4 Reflected shortwave radiation and surface albedo

Storbreen
——— Midtdalsbreen

Figure 8 presents the daily mean surface albedo for Stor- D o T TAor 1da 10f 1dan 1pr 1da 0%t
breen and Midtdalsbreen for two winter and summer seasons. 2002 2003

These years were selected because the data are continuous

and cover two complete seasons. Snow generally starts tGig- 8. Daily mean surface albedo on Storbreen and Midtdalsbreen
accumulate at the AWS sites between the end of Septembdfo™ October 2001 to October 2003.

and the end of October. The albedo fluctuations in winter are

very similar on the two glaciers. In summer, most precip- 4 5 Longwave radiation

itation falls as rain at the AWS sites, but occasional snow-

fall events can be recognised by a simultaneous increase iAnnual mean incoming longwave radiation is comparable

albedo at both locations. In all years, the snow disappeargt the two AWS locations (Tablg). However, in summer
earlier in summer at the AWS site on Midtdalsbreen than onmonthly averaged.i, is 4 to 6 W nT2 larger on Storbreen,

Storbreen. The time difference in ice reappearance at the twvhile during the winter seasohi, is often larger on Midt-
locations varies between 11 days (2003) and 35 days (2002jalsbreen. In summer, thicker clouds on Storbreen result in
and is weakly related to the maximum snow depth and thearger L;, than on Midtdalsbreen (Figlb), as was already
difference in total snow accumulation at the two locations. Indiscussed in Sect.3 The largerLi, for Midtdalsbreen dur-
the winter 2001-2002, Midtdalsbreen received considerablying the winter months is a result of occasional multi-day peri-
less snow than Storbreen, leading to the largest differenceds with substantially more humid and cloudier weather than
in ice reappearance dates. Ice albedo on Midtdalsbreen reyn Storbreen.
mained rather high during the summer of 2002 for unknown  Qutgoing longwave radiation is similar at the two loca-
reasons. In general, ice albedo has a value around 0.3 at botlbns, values are slightly higher on Midtdalsbreen, as surface
locations, but can get as low as 0.22. temperatures are higher due to more positive energy fluxes
Annual mean reflected shortwave radiation is slightly towards the surface. During the melt season, the surface
larger on Midtdalsbreent6 W m~2), due to more incoming s almost continuously at the melting point afgy is ap-
solar radiation (Tabl®). For the period with surface melt, proximately equal at the AWS sites. The combination of
the difference between the two glaciers becomes very smakigher Li, and lowerLqy: on Storbreen compared to Midt-

(+1Wm~2), mainly a result of the earlier disappearance of dalsbreen, results in less negatig on Storbreen (Figd).
the snowpack on Midtdalsbreen. As the difference between

absoluteSyy; at the two locations is smallyet is larger on
Midtdalsbreen (Fig9).
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Fig. 11. Monthly values of(a) the fraction of time with melt an¢b) the contribution of the energy fluxes to surface melt on Storbreen (S)
and Midtdalsbreen (M).

4.6 Turbulent fluxes than on Storbreen, the turbulent fluxes are almost twice as
large (factor 1.9). On both Storbreen and Midtdalsbreen, the
On both glaciers, the daily mean sensible heat flux is almoskurface is melting almost continuously during July and Au-
permanently positive (Fig9), as the daily average surface gust (Fig.11a). The main melt season is between May and
temperature is seldom higher than the air temperature. Th@ctober, wherspe; dominates over.ne and the sum ofsen
sensible heat flux is generally larger on Midtdalsbreen, espeand Hy,; is positive (Fig.9). In the winter months, melt oc-
cially in summer, which is a result of the higher air tempera- curs sporadically. During the five years considered in this
tures and higher wind speeds. study, the glacier surface at the AWS site on Storbreen was
The latent heat flux is mainly negative and partly balancesmelting 32% of the time, on Midtdalsbreen this percentage
the sensible heat flux (Fig). Again, the absolute values s 35%. The relative contribution of the energy fluxes to the
of Hiat are generally larger on Midtdalsbreen, because ofsyrface melt for the months between April to October is il-
the more humid and windier conditions. During summer, |ustrated in Fig.11b. Note that only periods with melt are
both Hsenand Hiat are positive and contribute substantially included in this calculation. In early spring, the contribu-
to the energy available for melting (Fig0). tion of Rnet to surface melt is larger than unity, to balance
the negativeH|y. In fact, Spet Needs to compensatdia;
and Lpet Which are both negative (Fidl.0), implying that

arge Sin is required for melt in spring. The relative impor-

The subsurface heat flux warms or cools the surface depencaance of R decreases during the melt season. when ton-
ing on the sign of the sum of the atmospheric energy fluxes. net 9 ' P

Daiy mesn vluesony ccasionaly exceed z0Virana e AMOSPIEe ol radiarce becomes st coutk
are small compared to the other energy fluxes (8jg.The ; ) 9

L . . wind speeds. In Octobe$et and Hsep contribute equally to
subsurface heat fluxes are similar in magnitude and |nter-the elt enerav and the turbulent fluxes toaether dominate
daily fluctuations at the two AWS sites. In the early melt gy 9

season, when the surface consists of snGws generally the surface energy balance (Figfland11b). The largest

zero or positive as the entire snowpack is at the melting poin{ne't fluxes occur on Midtdalsbreen in July, on Storbreen the

temperature. As soon as the snow has disappeérduk- amount of melt in July is S|gn|_f|cantly lower _and_ compara-
. : S ble to melt in August. The main cause for this difference is
comes slightly negative. The glacier ice is still cold because

it was isolated by the snowpack during spring; all throughthe. earlier disap!oearance of the snowpack on Mid_tdalsbreen,
the melt season a small amount of energy is used to warm th\é\/hr']Ch happﬁns in June for early July. I_nge Iow'\(lar |cedz?1lbedo
ice. The model does not include penetration of shortwave ras! che;t € arr?ountfo energy Slép? ledSiy b e; fwg' .
diation, but in reality the near-surface ice is likely heated bytlon. omlnqtest € surlace energy balance atbot sites,
penetrating shortwave radiation during the day. This processl? ut its re"'f‘“"e qontrlbutl_on IS Ia_rger on Storbreen. Over the
creates an isothermal layer causi@ido vanish. entire period with melt its fraction of the total melt energy

is 0.76 on Storbreen and 0.66 on Midtdalsbreen.

4.7 Subsurface heat flux

4.8 Melting energy
4.9 Accumulation and ablation

The energy available for melting is, on average, a factor 1.3
larger on Midtdalsbreen. Net radiatidtye, the sum of the  Snow accumulation is highly variable from year to year,
shortwave and longwave radiative fluxes, is 1.2 times largebut generally similar in timing and magnitude at the two
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C ] tween 10 June (in 2002) and 17 July (in 2005) on Midtdals-
- breen, while on Storbreen the ice reappeared between 4 July
. (in 2006) and 12 August (in 2005). Over the entire period,
- the cumulative ice melt is 1.7 times larger on Midtdalsbreen
M 1 (Fig. 12b). To quantify the effect of the earlier disappear-
T ance of the snowpack on Midtdalsbreen on the total ice melt,
] we compared the amount of ice melted in the periods with
a snow-free surface at both locations. For these periods, cu-
mulative ice melt on Midtdalsbreen is 30% larger than on
Storbreen, entirely the result of the larger energy fluxes on
Midtdalsbreen. Hence the effect of the earlier reappearance
. of the ice surface on Midtdalsbreen in the five summers con-

N,
sidered, is as large as 40%.

Snow depth (m)

)

10 F r-/"

<
J

5 Discussion

Surface height (m)

er N

- Storbreen :
20 Midtdalsbreen

5.1 Uncertainties in measurements and calculations

C i Meteorological quantities measured on Storbreen and Midt-
1-Jan 1-Jan 1-Jan 1-Jan 1-Jan dalsbreen were found to be generally highly correlated, while
2002 2003 2004 2005 2006 absolute differences can be considerable. The identical de-
. . . ign of the AWSs minimiz ncertainti ifferen
Fig. 12. Daily values of(a) snow depth an¢b) cumulative surface §g of the SS . es uncertainties due to .d erent

instruments, sample intervals or measurement heights. Be-

height at the AWS sites on Storbreen and Midtdalsbreen for the en- id tainties due t i s It
tire period. Direct measurements from the sonic ranger are showrp!U€S uncertainties due to measurement errors, the results

as solid lines, accumulation estimated from precipitation data and"0M the energy balance model depend on the values chosen

ablation computed with the energy balance model are drawn withfor the model parameters. By applying the same model to
dashed lines. both data sets, we exclude uncertainties introduced by differ-

ent model equations or computation methods. We estimated

the accuracy of the measured and modelled variables, con-
AWS sites (Fig.12a). The similarity between the snow sidering random and systematic measurement errors as well
depth records indicates that the two glaciers are situated ims uncertainties arising from processing steps and the model
a similar precipitation regime, even though Figsuggests design (Table2). In this section, we discuss the largest error
a slightly more maritime climate on Midtdalsbreen. The sources and implications for the energy balance calculations.
largest differences between the two records occur when a Incoming solar radiation has the largest uncertainty of the
heavy snowfall event takes place at only one of the two lo-measured variables. The instrument accuracy given by the
cations. To determine whether these occasional events ai@anufacturers ist10% for daily totals Andreassen et al.
related to local or large-scale wind directions, we selected2008, suggesting large potential errors in daily values when
the periods with large differences in snow accumulation. Forsolar irradiance is large. However, these random errors are
these periods, we examined both the wind direction meaconsiderably reduced when averaging over longer periods.
sured at the AWS sites as well as the wind direction at theTilting of the mast is a possible source for systematic errors.
850 hPa level from (re-)analyses by the European Centre foyve were able to reduce the systematic errosiinwith a
Medium-Range Weather Forecasts (ECMWF), but no rela+ilt correction, but because only the approximate tilt angle
tion was found. On several days with more snowfall on Stor-is known, large uncertainties remain. Daily mean values for
breen, wind speeds were higher than 10then Midtdals-  the tilt corrections applied to the solar radiation data from
breen, pointing towards fresh snow removal by snowdrift andMidtdalsbreen rarely exceett1l0 W m 2. We investigated
sublimation. However, during other windy periods on Midt- the effect of the tilt correction on the energy balance by recal-
dalsbreen snow accumulation was similar or higher than orculating theS;, values reported in Tabfor Midtdalsbreen
Storbreen, hence no common cause for the snowfall differwith uncorrected solar radiation measurements. The result-
ences could be established. ing annual and melt period mean values are 1 and 8\&/'m

The larger energy fluxes on Midtdalsbreen lead to a highemigher, respectively; the contribution of net radiation to melt

ablation rate than on Storbreen. The snowpack on Midt-slightly increases from 66% to 68%. We assume that the ap-
dalsbreen melts away more quickly in spring, resulting inplied tilt correction has reduced the errorsSip, hence the
a longer period with ice at the surface. For the five yearsremaining uncertainty is expected to be smaller than the val-
considered in this study, the surface became snow-free baies presented above.
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The effective cloud optical depth calculated from the AWS midity is not included because it is less often reported and
measurements also has a large uncertainty (TableThe  cannot be compared directly as some studies report relative
parameterization requires solar incoming radiation measureand others absolute humidity values.
ments for an unshaded site and can therefore only be deter- The mean absolute and relative values for the energy fluxes
mined during daytime when the solar zenith angle is largeon Storbreen found in this study are higher than those re-
enough. An exponential relation with daily mean cloud frac- ported for Storbreen for the summer of 195%e6tal 1967),
tion values was used to obtain the effective cloud opticalbut the numbers reported for 1955 are within the range of
depth for all days (Sec8.2), including winter days with all-  the annual values reported for the period 2001-208%- (
day shading of the AWS site. Although the fitted function dreassen et al2008. Energy fluxes at the AWS site on Stor-
describes the relation between cloud fraction and cloud opbreen compare both in absolute and relative numbers to Mc-
tical depth well, large uncertainties are associated with theCall Glacier Klok et al, 2005. The total melt energy is also
computed values for individual days. comparable to values reported for Storgéen Hock and

The largest model uncertainties result from the calcula-Holmgren 1996, Nordbogletscherraithwaite and Olesen
tion of the turbulent fluxes, as the available data only provide1990 and OmnsbreenMesse] 1971), but at those loca-
estimates for the stability correction and the surface roughtions turbulent fluxes are more important. In fact, Storbreen
ness length, due to the limited number of usable data andhas the highest contribution by net radiation of all the se-
the highly variable nature of the surface and the boundarylected studies. A probable explanation is that many of the
layer. Giesen et al(2008 investigated the sensitivity of glaciers in this latitude range are situated in more maritime
the turbulent fluxes and modelled melt to changes in theclimates than Storbreen, but the surface albedo on Storbreen
roughness length for momentum and the stability correctionmay also be lower. In relative numbers, the values found
When zg, on Midtdalsbreen is increased to 5mm, the sumfor Midtdalsbreen in this study compare well to those re-
of the mean turbulent fluxes during melt becomes 9W¢m ported for Storglaéren, Qamadrssip sermia Braithwaite
higher, while the contribution of the turbulent fluxes to melt and Olesen1990, Ecology Glacier Bintanja 1995 and
increases by 4%. Omitting the stability correction has a sim-the measurements at 2300 ma.s.l. on Peyto Glaklan(o,
ilar effect on the results; applying the full stability correction 1990, which were obtained above an ice surface. The abso-
reduces the absolute and relative contributions to melt by thdute values for net radiation and total melt energy on Midt-
turbulent fluxes by a comparable magnitude. As the valueslalsbreen are similar to those measured on Qansdip ser-
for zo, and the stability correction used in this study have mia and Peyto Glacier as well, although the values for the
been derived from local observations, we expect that thesseparate turbulent fluxes are different. The melting energy
sensitivity tests give the upper limit of uncertainties associ-on Midtdalsbreen is considerably larger than on Omnsbreen,
ated with the turbulent fluxes on Midtdalsbreen. Uncertain-a small glacier located approximately 11 km north of Midt-
ties in the turbulent fluxes will have a smaller effect on the dalsbreen. The values for the turbulent fluxes measured on
energy balance at Storbreen, where the turbulent fluxes arthe two glaciers are comparable, but net radiation is much
less important than on Midtdalsbreen. smaller on Omnsbreen. During the investigation period in

Although the uncertainties in the results introduced by 1968, Omnsbreen remained snow-covered, in 1969 the ice
measurement errors and model uncertainties are considerabléas not exposed before 21 JuMésse) 1971). The higher
(Table 2), they are mostly smaller than the observed differ- surface albedo on Omnsbreen resulted in smaller net radia-
ences in meteorological quantities between the two locationstion than during melt periods on Midtdalsbreen.

Hence, it is unlikely that these differences result from mea- The magnitude of the energy fluxes on Storbreen and

surement or model uncertainties. Midtdalsbreen lies in between numbers reported for other
glaciers at comparable latitudes. However, no simple depen-
5.2 Comparison to other glaciers dencies of the absolute or relative energy fluxes on latitude,

altitude, air temperature or wind speed could be found for
To compare the surface energy fluxes on Storbreen and Midtthe studies listed in Tabl@ There are several reasons why a
dalsbreen with values on other glaciers, we selected a nunthorough comparison between these studies cannot be made.
ber of energy balance studies conducted on glaciers at contirst, the measurements were obtained in different years and
parable latitudes, betweens@nd 70 on both hemispheres. interannual variability can be large. Second, at the latitudes
Table3 lists the absolute values for the energy fluxes foundconsidered here, the absolute values and relative contribu-
in these studies and their contribution to the energy balancetions of the energy fluxes change significantly during the melt
The reported values are mostly averages over the measurseason (Figs9 and 11b), hence the period of measurement
ment period and not specifically for a melting surface. How- largely influences the results. Furthermore, measurements
ever, most studies are conducted during the main melt seasare made over different surface types (snow and/or ice) and
and the surface is often assumed or found to be melting conthe range in altitudes is large, influencing the absolute val-
tinuously. The mean air temperatufgand wind speed at ues of the energy fluxes and their relative contribution to the
the study sites are also listed in TaBlevhen reported. Hu- energy balance. Moreover, in the selected studies various
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Table 3. Mean values of the energy fluxes (W) and relative contribution to the surface energy balance (%, boldface numbers) from
several energy balance studies. Values are rounded to the nearest ifteigdreat supplied by rain. The total melt enei@yis the sum of

the individual energy fluxes, not measured ablation as these are not always equal. When reported, the surface type (snow/firn/ice), altitude
(ma.s.l.), mean air temperatufg (°C) and wind speed (ms~1) at the study site are also listed.

Location Latitude Period Surface Ta Rnet Hsen Hjat Hr G 0
Reference Altitude v
McCall Glacier, Alaska 69N 15Jun-20 Aug snhowl/ice 5.3 93 31 6 —5 125
(Klok et al,, 2005 2004 1715 31 74 25 5 -4
Storglacéren, Sweden 6aN 19 Jul-27 Aug snowl/ice 5.4 73 33 5 --3 110
(Hock and Holmgren1996 1994 1370 25 66 30 5 -3
Qamairarsdip sermia, Greenland B8N 1 Jun-31 Aug ice - 103 62 -6 - - 161
(Braithwaite and Oleser1990 1980-1986 790 - 64 39 -4
West Gulkana Glacier, Alaska B8l 21 Jun-19 Jul snow/ice - 79 49 11 1 - 139
(Brazel et al.1992 1986 1520 - 57 35 8 0
Ecology Glacier, King George Island 63 17 Dec-16 Jan  snow/ice 1.9 61 27 7 - - 96
(Bintanjg 1995 1990-1991 100 5.7 64 29 7
Storbreen, Norway 62N 6 Jul-8 Sep snowl/ice  — 73 40 17 - - 130
(Liestal 1967) 1955 1600 - 56 31 13
Storbreen, Norway 6N 7 Sep—6 Sep snow/ice 4.9 89 20 9 —2 117
(this study) 2001-2006 1570 33 76 17 8 -2
Nordbogletscher, Greenland ol 1 Jun-31 Aug ice - 79 32 2 - - 111
(Braithwaite and Oleseri990 1979-1983 880 - 71 29 2
Worthington Glacier, Alaska &N 16 Jul-1 Aug ice 9.6 127 68 47 - - 242
(Streten and Wendlet968 1967 +850 2.1 51 29 20
Omnsbreen, Norway 6N 3 Jun-8 Sep snow/ice  — 57 35 16 - - 108
(Messe] 1977) 1968-1969 1540 - 52 32 15
Midtdalsbreen, Norway 60N 7 Sep—6 Sep snow/ice 5.3 104 39 16 —2 157
(this study) 2001-2006 1450 6.0 66 25 11 -2
Lemon Creek Glacier, Alaska 58| 5 Aug—20 Aug firn 7.6 41 36 8 - - 84
(Wendler and Streteri969 1968 1200 15 48 43 9
Koryto Glacier, Russia 55N 7 Aug-12 Sep snow 7.6 43 59 31 - - 133
(Konya et al, 20049 2000 810 24 33 44 23
Hodges Glacier, South Georgia 4 1 Nov-4 Apr snow/ice  — a7 41 -2 - - 86
(Hogg et al, 1982 1973-1974 375 3.8 55 48 -3
Glaciar Lengua, Chile 535 28 Feb—-12 Apr ice 5.9 57 86 12 7 - 162
(Schneider et al2007) 2000 450 41 35 54 7 4
Peyto Glacier, Canada SRl 17 Jun—6 Jul ice - 108 57 2 — - 166
(Munro, 1990 1988 2300 - 65 34 1
21 Jun-5 Jul snow - 39 32 5 - - 76
1988 2500 - 51 42 7
Tyndall Glacier, Chile 51S 9 Dec-17 Dec ice 51 137 111 19 - - 266
(Takeuchi et a].1995ab) 1993 700 6.6 51 42 7
Moreno Glacier, Chile 50S 12 Nov—-27 Nov ice 7.9 139 126 -9 - - 256
(Takeuchi et a].19953b) 1993 330 49 54 49 -4

methods are applied to calculate the turbulent fluxes and théreen was always melting during the day in July and August,

contribution of the fluxes to surface melt, which should asthe surface temperature dropped below the melting point on
well be considered when comparing results. The values reelear-sky nights. If we had included the periods without melt

ported in Table3 for Storbreen and Midtdalsbreen are av- in our calculation, the average values for net radiation in July

erages over half-hourly periods with surface melt, as givenand August had been 13% (Midtdalsbreen) and 18% (Stor-
by the energy balance model. Changing to hourly instead obreen) lower. The turbulent fluxes and the subsurface heat
half-hourly intervals reduced the reported fluxes by 1 to 2%,flux at the two AWS locations were found to be less sensi-

whereas the relative contributions to melt did not changetive to including periods without melt, as they have a smaller

notably. Although the surface on Storbreen and Midtdals-daily cycle. The contribution to melt by the different fluxes
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Table 4. Mean values and linear correlations of daily mean values of meteorological quantities for Storbreen (S), Sognefjellhytta (So),
Midtdalsbreen (M) and Finsevatn (F) over the period 7 September 2001-6 September 2006, for all days with data available for all stations.

Variable Number Coverage Mean Correlation

of days (%) S M So F S-So S-F M-So M-F So-F
Air temperature {C) 1518 83 —-24 -17 -21 -14 098 092 098 094 0.97
Relative humidity (%) 927 51 76.4 80.6 836 883 0.80 052 078 0.66 0.76
Specific humidity (g kg?1) 805 44 3.0 3.2 33 3.6 099 098 098 099 0.99
Wind speed (ms?) 1549 85 3.8 6.6 3.9 5.2 070 071 072 090 0.75
Air pressure (hPa) 1305 71 834.0 8485 8505 8729 1.00 099 1.00 1.00 1.00

changed by only 1-3% when periods without melt in July andstronger at Sognefjellhytta and Finsevatn than at the glacier
August were included. We conclude that a thorough com-sites (Fig.13). On such days, low wind speeds are recorded
parison between energy fluxes at two different locations caroutside the glaciers, promoting heating of the near-surface
only be made when the period of measurement and the methair during the day and strong cooling at night. On the sloping
ods applied to determine the turbulent fluxes and the contriglacier surface, wind speeds are higher and the air is better
bution to melt are identical, as they are in the present study. mixed. Since especially the clear-sky nights are colder out-
side the glaciers, mean air temperatures for Sognefjellhytta
5.3 Comparison to nearby weather stations and Finsevatn are lower than expected from an extrapolation
of the mean air temperatures at the glacier sites.
As glacio-meteorological records are only available for a The highest wind speeds are measured on Midtdalsbreen
limited number of glaciers, mass and energy balance modeland are well correlated with wind speeds at Finsevatn, while
are mostly driven by meteorological data measured at a disthe correlation of wind speeds at other locations is signif-
tance from the glacier of interest. Although air temperatureicantly lower. Wind directions at Sognefjellhytta and Fin-
and air pressure are generally correlated over relatively largasevatn have two very pronounced directions (Hid), on
distances, variables like wind speed and cloudiness depenillidtdalsbreen and Storbreen wind directions are more vari-
on small-scale topography and other local conditions. In thisable. Although the dominant wind directions at Sognefijell-
section we compare the records from Storbreen and Midthytta and Finsevatn differ, westerly or south-easterly winds
dalsbreen with measurements from two NMI weather sta-occur at the same time, hence the measured wind direction is
tions located close to the respective glaciers. Sognefjellhyttdikely a large-scale wind direction modified by local topogra-
(1413 ma.s.l.) is situated 8 km south-west from Storbreenphy. These large-scale winds are often recorded on Midtdals-
Finsevatn (1210 ma.s.l.) is located 4 km north-east from thebreen, while on Storbreen down-glacier winds are dominant
AWS on Midtdalsbreen. Both stations are automatic weatheand large-scale wind directions only occur occasionally. The
stations with hourly measurements of air temperature, relacomparison with Sognefjellhytta and Finsevatn supports the
tive humidity, air pressure, wind speed and wind direction. supposition (Sec#.2) that wind characteristics at Midtdals-
Precipitation is measured at Finsevatn, but is excluded fronbreen are generally determined by the large-scale circulation
the comparison as these measurements are very uncertainand that wind speeds on Storbreen are often of a local nature.
automatic weather stations and only snow accumulation is To investigate how a change in meteorological input data
recorded at the AWSs on Storbreen and Midtdalsbreen. Relaaffects the calculated energy balance for Storbreen and Midt-
tive humidity measurements were corrected for temperaturegalsbreen, we performed additional model runs with air tem-
below 0C (Sect3.1). Specific humidity has been calculated perature, relative humidity or wind speed taken from a differ-
from air temperature, relative humidity and air pressure whenent location. The only melt season with these three variables
these three variables were available. Mean values and lineatvailable for all four AWSs, is the summer of 2006. To cap-
correlations £) have been computed for all days with mea- ture the entire melt season, the model was run from 1 March
surements from all four stations (Tabkleand are not annual to 8 September 2006, the end of the records from Storbreen
mean values. The relative humidity record from Finsevatnand Midtdalsbreen. We applied a lapse rate of .kom=1
contains large data gaps, hence the number of days include@d extrapolate air temperatures to the glacier AWS altitudes.
for relative and specific humidity is much smaller than for We estimated the change in incoming longwave radiation
the other variables. from the new air temperature and cloud cover by inverting
Daily mean air temperatures at Storbreen, Midtdalsbreerthe method bywan den Broeke et a(2006, which is nor-
and Sognefjellhytta are highly correlated, while correlationsmally used to estimate fractional cloud cover from incoming
with air temperatures at Finsevatn are considerably lowerlongwave radiation and air temperature. Relative humidity
On clear-sky days, the diurnal temperature cycle is muchand wind speed data were used without alterations. Snow
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glacier boundary-layer need to be calibrated with measure-
ments made on the glacier. Alternatively, an energy balance
5t . model including glacier boundary-layer processes could be
applied (e.gDenby, 1999.

/6&\ “ :g i\ Ev V?lb 6 Conclusions
= We compared measurements made with two identical AWSs
| on Storbreen and Midtdalsbreen, two glaciers in southern
10 Storbreen i Especially daily mean air temperature is highly correlated

Norway, 120km apart. Except for wind speed and wind
direction, daily mean values of all recorded variables ex-
hibit simultaneous fluctuations of comparable magnitude.

Air temperature (°C)
&
&

— Midtdalsbreen (r=0.98); the good correlation persists when the seasonal
Sognefiellhytta cycle is removed=0.95). The average wind speed is a
— Finsevatn factor 1.75 higher on Midtdalsbreen than on Storbreen. The
15— = = = i = i = wind climate on Midtdalsbreen is mainly dominated by the

large-scale circulation. On Storbreen, a katabatic wind de-
velops regularly and determines the dominant wind direction.
Katabatic winds are also observed on Midtdalsbreen, but less

'frequently, as wind speeds associated with the large-scale cir-
culation are much higher. On Midtdalsbreen, westerly winds
are dominant.

Incoming and net solar radiation are larger on Midtdals-
depth and surface albedo are taken from the measurementsgeen, due to a higher atmospheric transmissivity and an ear-
hence the positive feedback process of a possible change ifer disappearance of the snowpack than on Storbreen. In
ice reappearance date on net solar radiation is not includedpring and summer, thicker clouds on Storbreen result in
The model has been run for Storbreen with data from Midt'more positive incoming and net |Ongwave radiation than on
dalsbreen and Sognefjellhytta, for Midtdalsbreen we usedviidtdalsbreen. The turbulent fluxes are a factor 1.9 larger
data from Storbreen and Finsevatn. on Midtdalsbreen, mainly due to the larger wind speeds, but

Using relative humidity data from another location affects secondly because the air is slightly warmer and more humid.
the modelled melt by less than 2%. Applying air temper- On both glaciers net radiation is the largest contributor to
atures from the other glacier AWS also has a small effectsurface melt, its relative contribution is larger on Storbreen
However, air temperatures extrapolated from Sognefjellhytta(76%) than on Midtdalsbreen (66%). The importance of net
result in 11% more melt on Storbreen and using air temper+adiation decreases over the melt season, while the turbulent
atures from Finsevatn lead to an 8% increase in modelledluxes become more important. Recorded snow depth at the
melt on Midtdalsbreen. In spring, applying a different tem- two AWS sites generally shows simultaneous snowfall events
perature record does not notably affect modelled melt, de-of comparable magnitude. The larger surface energy fluxes
spite the large differences in the daily cycle. In summer, airon Midtdalsbreen result in a larger ablation rate and an ear-
temperatures on the glaciers are almost continuously overedier reappearance of the ice surface. The consequent drop in
timated using air temperatures from Sognefjellhytta and Fin-albedo further enhances the difference in ablation at the two
sevatn. The air above the glaciers is cooled by the relativelyglaciers; annual ice melt is 70% larger on Midtdalsbreen.
cold glacier surface and variable lapse rates should be ap- The absolute values and relative contributions of the sur-
plied. Using wind speeds measured on Midtdalsbreen in théace energy fluxes to surface melt found for Storbreen and
energy balance calculations for Storbreen and vice versa inMidtdalsbreen lie within the range of values reported from
duces the largest changes in modelled melt: a 17% increasenergy balance studies performed on glaciers at comparable
on Storbreen and a 13% decrease on Midtdalsbreen. Winthatitudes, although the contribution of net radiation for Stor-
speeds from Sognefjellhytta affect the melt on Storbreen bybreen is relatively large.
less than 1%, while wind speeds from Finsevatn reduce melt Recalculating the energy balance with meteorological
on Midtdalsbreen by 9%. Hence, on glaciers where the turvariables measured outside the glacier boundary-layer shows
bulent fluxes contribute significantly to the total melt, local that large errors originate when differences in variables
wind speed and air temperature measurements are requirezhused by the glacier environment are not accounted for.
for an accurate calculation of the surface energy balanceHence, an energy model driven with meteorological data
Energy balance models driven with data from outside themeasured outside the glacier needs to be calibrated with

Date (April 2005)

Fig. 13. Hourly air temperatures at Storbreen, Midtdalsbreen
Sognefjellhytta and Finsevatn on six days in April 2005.
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Fig. 14. Wind direction frequency distributions for Storbreen, Midtdalsbreen, Sognefjellhytta and Finsevatn, where all hourly intervals with
measurements at all four stations are included (63% of all hourly intervals).
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