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Abstract. Global applications of surface mass balance mod-flux or the air temperature. The mass balance sensitivity to
els have large uncertainties, as a result of poor climate inchanges in temperature is particularly sensitive to the cho-
put data and limited availability of mass balance measuresen calibration method. We additionally calculate the mass
ments. This study addresses several possible consequendaslance sensitivity to changes in incoming solar radiation,
of these limitations for the modelled mass balance. This isrevealing that widely observed variations in irradiance can
done by applying a simple surface mass balance model thaffect the mass balance by a magnitude comparable t€a 1
only requires air temperature and precipitation as input datachange in temperature or a 10 % change in precipitation.

to glaciers in different regions. In contrast to other models
used in global applications, this model separately calculates

the contributions of net solar radiation and the temperature-

dependent fluxes to the energy balance. We derive a relal Introduction

tion for these temperature-dependent fluxes using automatic

weather station (AWS) measurements from glaciers in differ-The application of a glacier mass balance model on a global
ent climates. With local, hourly input data, the model is well Scale is a challenging exercise. Glaciers are situated in a va-
able to simulate the observed seasonal variations in the sufiety of climates, from warm and wet to cold and dry and
face energy and mass balance at the AWS sites. Replacing thiith seasonal cycles in temperature and/or humidity. Since
hourly local data by monthly gridded climate data removesthe dominant processes in the surface energy and mass bal-
summer snowfall and winter melt events and, hence, influ-2nce differ amongst these climates, a model should resolve
ences the modelled mass balance most on locations with all these processes for an accurate simulation of all glaciers.
small seasonal temperature cycle. Modelled winter mass balOn the other hand, the detailed input data required for such
ance profiles are fitted to observations on 82 glaciers in dif-simulations are simply not available. Meteorological mea-
ferent regions to determine representative values for the muisurements in mountainous terrain are scarce and suffer from
tiplication factor and vertical gradient of precipitation. For 75 local effects, whereas the spatial resolution of global and re-
of the 82 glaciers, the precipitation provided by the climategional climate models is too coarse to resolve the specific
dataset has to be multiplied with a factor above unity; the meWeather conditions on glaciers. Furthermore, surface mass
dian factor is 2.5. The vertical precipitation gradient rangesPalance models can only be calibrated and validated on a lim-
from negative to positive values, with more positive valuesited sample of the world'’s glaciers, where meteorological and
for maritime glaciers and a median value of 1.5 mm 1. mass balance measurements have been done.

With calibrated precipitation, the modelled annual mass bal- Despite these limitations, globally applied mass balance
ance gradient closely resembles the observations on the 8podels are needed for producing estimates of the glacier
glaciers, the absolute values are matched by adjusting eicontribution to sea-level rise in the next centuries. Due to

ther the incoming solar radiation, the temperature-dependerifie large uncertainty in meteorological data for mountainous
regions, changes in the surface mass balance are generally
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computed with simple models, only requiring air temperatureTable 1. Values for the fixed model parameters. The values for the
and precipitation as climatic input datRdper and Braith- parameters calibrated at the AWS sites are listed in Table
waite, 2006 Radit and Hock 2011, Slangen et al.2012).

Climate data is often used at a low temporal (e.g., monthly) Parameter Symbol  Value Unit
resolution, either limited by the temporal resolution of the Latent heat of fusion Ly 3.34x10° Jkg!
input data or to keep the modelling time within feasible lim-  Water density ow 1000 kg3
its. Model calibration commonly relies on the available mass Ice density o Pice 900 kg ®
balance measurements. These have only been acquired alﬁpe‘:'f'C heat capacity ofice  cice 2090 JkgTK
. . . resh snow albedo Afrsnow 0.69-0.90 -
a small number of glaciers, with the longest series for the iy aibedo afim 0.55 -
European Alps and Scandinavia and limited data for heavily Albedo time-scale 1y 21.9 days
glacierised regions like the Himalaya or Alaskzmp et al. Albedo depth-scale dy 0.001 mw.e.
2008 Depth of subsurface layer 8z 2.0 m
- . - Threshold temperature for snow Tsnow 1.5 °C
In this paper, we explore the applicability of a surface mass Temperature lapse rate r 0.0065 Kl

balance model in different climatic regions. The model only
requires air temperature and precipitation as input data. The

surface energy balance is separated into a contribution by NeLith mass gain resulting from solid precipitatidinoy and

splar radiation and a contribution by the fluxes depend_ent ONhass loss determined from the surface energy balance
air temperafure. In contrast to models that only use air temp o initation falls as snow when the air temperature is be-
perature data to calculate ablation, thg model gsed hgre iNow a threshold temperatunow Melt is assumed to occur
cludes the effect of the seasonal cycle in insolation (which is o hever the surface energy balance is positive and part of
generally asynchronous to the annual temperature cycle) Ofyo meirwater is allowed to refreeze within the snowpack.

surface melt. The model parameters are derived from autorpo constant; is the latent heat of fusiom, is the water
matic weather station records from different climatic regions. density (Tablel)

We address several ISSUes enc.oun.ter.ed whep a,Pp'y'”g The energy available for melt at the surface is determined
a mass balgnce model to regions with limited availability Of,from a simplified representation of the surface energy bal-
mete_zorolo?]lcaéll meazuremer}tshand mallss balz;nce data. VI\/e 'Bhce, calculated at hourly time-steps. Because accurate hu-
ves'qgate the dependence o the resu ts on the tempora _reﬁiidity, cloudiness and wind speed data are rarely available
olution of the input data by comparing results 0_btamed With o, glacierised areas, the model is set up in such a way that it
hOILl'rly and mo(rjlthly tergperagturel.data. gy sufbstltut;]ng the 10-4) requires air temperature and precipitation data as input.
cally measured Input data by climate data from the nearesk;, .o net solar radiation is not an explicit function of air tem-

g”d pomt, we delmo_nstlrzte tr;e potenh_e;l errzorsIlnt_roducgdperature, it is treated separately from the other fluxes in the
y using meteorological data from outside the glacier envl'energy balance, which are directly dependent on air temper-

Lorllment. Next, Zva"abl? altltu?]lnal pr.of|lles of_vymtgr masz_ature. Hence, the surface energy balance is divided into two
alance are used to estimate the vertical precipitation gradiz, .\« Oerlemans201Q p. 100):

ent and a precipitation multiplication factor for 82 glaciers
in different regions. The measured annual mass balance prag — (1 — a) S, Toa + ¥ 2)
file is matched by calibrating three different model param-
eter sets. Finally, the mass balance sensitivity to changes iwhere the first term describes the net solar radiative flux and
air temperature, precipitation and atmospheric transmissivitythe second term represents all other atmospheric fluxes, de-
is assessed for the sample of 82 glaciers. Special attention jgendent on air temperatufg.
given to the effect of the parameter calibration on the calcu- Net solar radiation is computed by multiplying the incom-
lated sensitivities. ing solar radiation at the top of the atmosphefg foa) by
the atmospheric transmissivityand subtracting the part of
the incoming solar radiation reflected by the surface with
albedox. The atmospheric transmissivity represents all pro-
cesses that affect solar radiation from the top of the atmo-
sphere to the glacier surface, including attenuation by scat-
tering and absorption in the clear-sky atmosphere, the trans-
mnission of radiation through clouds and shading by the to-
pography.Sin Toa is computed from standard astronomical
relations (e.glgbal, 1983, for T we use one value without
seasonal variation. For studies of individual glaciergan
0 be calculated in a more sophisticated way, but for global ap-
B = / {Psnoer (1 —r)ymin (0; - —)} dr, (1) plications, the required input data (e.g., cloud observations,
car pw Lt topography) are generally not available. When no snow is

2 Mass balance model
Model description
The mass balance model is an adapted version of the si

plified mass balance model describedOerlemang2001,
p. 48). The annual surface mass balamggi$ given by

The Cryosphere, 6, 14633481, 2012 www.the-cryosphere.net/6/1463/2012/



R. H. Giesen and J. Oerlemans: Calibration of a surface mass balance model 1465

Table 2. Values for the model parameterseice, ¢ (Wm—2K 1), %0 R S — L

Ymin (Wm~2) and Tiip (°C), calibrated for the individual AWS
sites. The standard values used in the global application of the
model are also listed. The values for the other model parameters 30

are listed in Tabld.
0

Data set Short ¢ Qice ¢ Vmin Ttip 30
name

AWS site —60
Vadret da Morteratsch  Mort  0.47 0.25 12.0-26 +4.1 -90 ! ! ! ! ! L ! ! ! L w
Glaciar Lengua Leng 032 020 280 _ _ -180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180
Midtdalsbreen Midt 054 0.35 87 -25 -15 . . .
Storbreen Stor 048 035 84-19 402 Fig. _1. Loc_atlon_s of the AWS sites (red stars, Taﬁbegnd the 82
Breidamerkurpkull Brei 044 015 226 —-23 409 glaciers with winter and annual mass balance profiles (blue dots,
S5 Greenland GrS5 055 055 37.4-26 +2.3 Supplement).
S6 Greenland GrS6 0.63 055 405-31 +1.1
Belcher Glacier Belch 0.62 0.45 19.1-42 +4.1
Kongsvegen Kong 055 035 108-33 -08 wherepice is ice densityrice the specific heat capacity of ice

Standard andsz the subsurface layer depth (Talile At the end of the
Smallc setl 050 035 100 —25 +1.0 summer season (here defined as calendar day 21 (1 May) in
Largec set2 050 0.35 300 -25 +1.0 the Southern and 305 (1 November) in the Northern Hemi-

sphere),Tsyp is reset to the annual mean air temperature. If
this temperature is higher than the melting poffi,, is set
present, a constant ice albedo is used. After a snowfall eventp the melting point and refreezing will not occur at this loca-
o decreases exponentially from the fresh snow alkedeow  tion. This simplification of the refreezing process was shown
to the firn albedaxsin, controlled by the time-scalg (Oer-  to provide a good approximation of superimposed ice forma-
lemans and Kngd.998. For small snow depthg, is a func-  tion calculated with a sophisticated snowpack mouéifight

tion of both snow and ice albedo, according to the depth-scalet al, 2007).

d,. The fresh snow albedo is lowered for snowfall events at

temperatures around the melting point by makitghow de-

pendent on the air temperature during snowfaliiesen and 3 Meteorological input data

Oerlemans2010.

The temperature-dependent energy fluxes are representéd this section, the three different meteorological input
by a functiony derived from measurements at weather datasets are described. The first two datasets are used to de-

stations on 11 glaciers in different climates (Fid, termine values for the model parameters and to examine the

AppendixA): m(_)del performgnce at the AWS s_ites_. The gridded data is ad-
ditionally used in the global application of the mass balance
v = Ymin + ¢ Ta for Ty > Tip; 3) model.
Ymin for Ta < Thip.

: .1 Hourly AW
Hence, for air temperatures below a threshold temperaturg ourly AWS data

Tiip, ¥ has a constant valugmin. For higher temperatures,  the applicability of the albedo routine and the relationgor

Y increases linearly witl,, the rate of increase given by ¢ the different AWS locations was examined using incoming
Representative values f@in, c andTiip for the non-tropical  go|ar radiation and air temperature measured by the AWS as
AWS sites are given in Tab . . model input. By using the most accurate input data available,

~ When the right-hand side of EcR)(is positive, meltwater  j\yas possible to validate the parameterisations by a compar-
is formed. In case the surface consists of ice, the water rungqp, of the measured and simulated seasonal cycles of net so-

off immediately. If snow is present, a fractierof the melt-  |5¢ radiation andy. The meteorological records from Glaciar
water refreezes and heats the snowpack, while the remainingengua and Belcher Glacier are too short to be included in

meltwater runs off. Following)erleman.s{lggj?, r depends  ihe analysis. For each of the other sites, a representative value
on the subsurface layer temperatifeg, (in °C): for aice Was determined from measured ice albedo (Tahle
r=1—exp{Tsu)-. (4)  These values corresppnd to the local s_urface character|§t|cs
. . _ and are partly determined by the location of the AWS with
The change iffsyp resulting from refrozen meltwater is cal- respect to the equilibrium line and the glacier tongue. An-

culated as nual precipitationPann aws (Table3) was distributed equally
dTsupb rQ over the year and chosen such that the modelled snow depth
df  picecicedz’ ®) at the beginning of the ablation season (1 May) matched the
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Table 3. Annual mean air temperatur&nn), diurnal temperature rangégnge awg and annual precipitationPann) calculated from the
AWS and CRU data. The annual precipitation at the AWS ditg{ aw9 is derived as described in the text. The CRU values are given for
the gridpoint elevationzicry), before applying the temperature lapse rate or the precipitation multiplication factor

AWS site Tann,aws  Trange,AWS  Pann,aws  Tann,cRU  Trange,CRU Pann,CRU P ZCRU
(°C) (°C) (m) 0 (°C) (m) - (mas.l)
Vadret da Morteratsch +1.6 6.5 2.4 -1.8 5.1 1.5 1.8 2676
Midtdalsbreen -1.4 4.2 3.1 —-2.6 5.2 1.2 2.1 1514
Storbreen -1.9 4.3 2.6 -2.9 55 1.0 2.1 1466
Breidamerkurjkull +2.0 4.1 1.7 +1.6 53 1.8 0.0 294
S5 Greenland -5.5 4.9 0.5 —-6.5 9.1 0.3 0.2 333
S6 Greenland -10.7 6.6 0.4 -9.1 8.9 0.4 0.7 825
Kongsvegen -9.0 4.2 1.0 —8.8 4.9 0.5 1.9 563

measured accumulation. This allowed us to compare mod+561 m (Vadret da Morteratsch) from the AWS site altitudes.

elled and measured ablation in the main melt season. Air temperature was extrapolated to the AWS elevation with
a constant temperature lapse rBtéTablel). To obtain real-
3.2 Monthly AWS data istic accumulation at the beginning of the ablation season, we

multiplied the CRU precipitation with a facter (Table3).
The effect of the temporal variability in the input data on  For the simulations on the global grid, the same temper-
the modelled mass balance was investigated by using meaature lapse rat€ was used. Precipitation was extrapolated
seasonal cycles for air temperature and diurnal temperaturesing two parameters; subsequent to multiplying the CRU
range. These are based on monthly mean values computgetecipitation by a factop, we applied a linear increase in
from the AWS data, averaged over all years in each recordprecipitation with altitudey:
The daily temperature cycle was prescribed as a sine func-
tion, with the amplitude determined by the monthly mean Fann(2) = P Panncru+ ¥ (2 — zcrU) - ®6)
daily temperature range. Incoming solar radiation was calcu-
lated from Sin,Toa and a constant value af, computed as 4 Seasonal cycles at the AWS sites
the ratio of the annual sums of measured incoming solar ra-
diation andSin Toa (Table2). For precipitation, we used the The seven AWS sites cover a considerable range in climates,

same annual value as for the hourly AWS data. from an alpine climate with ablation dominated by solar ra-
diation to a maritime climate with ablation all year round
3.3 Monthly gridded global climate data and an arctic climate with numerous snowfall events during

summer. Since differences between the input datasets may af-

To calculate surface mass balances on a global scale, wiect the modelled mass balance, we shortly discuss the mean
used a high-resolution (10dataset of air temperature, di- seasonal cycles of air temperature, diurnal temperature range
urnal temperature range and precipitation from the Climateand precipitation from the AWS and CRU data (F&). As
Research Unit, University of East Anglia (CRU CL 2New the climatic conditions at Midtdalsbreen and S6 are simi-
et al, 2002, hereafter referred to as CRU data. This datasetar to Storbreen and S5, respectively, these are not shown
is based on measurements at a large number of weather staeparately.
tions, interpolated to a regular grid with a spline-fitting tech-  For Vadret da Morteratsch, Storbreen and Kongsvegen, the
nique. This method takes into account the latitude, longitudeCRU temperatures correspond reasonably well with the AWS
and elevation of the weather stations and grid cells. Howevertemperatures. Winter temperatures for Storbreen are lower in
surface properties are not considered, which could lead tdhe CRU dataset, probably because weather stations are gen-
large air temperature deviations where land station data arerally located in valleys where the air is less well mixed than
interpolated over ice caps and ice sheets. Data is availablen the glacier. Summer air temperatures for Kongsvegen are
for all land areas outside Antarctica. We used the averagdigher in the CRU data set, this could be due to local effects
monthly values for the period 1961-1990. Incoming solaror the different measurement periods of the two datasets. For
radiation was computed in the same way as for the monthlyBreidamerkujkull and S5 on Greenland, the seasonal tem-
AWS data. perature cycle is considerably larger in the CRU dataset. Like

For the simulations at the AWS locations, we extractedon Storbreen, the air on the glacier is probably better mixed
the CRU seasonal cycles of air temperature, daily temperain winter, while it is katabatically cooled in summer. The
ture range and precipitation from the nearest gridpoint. Thediurnal temperature range in the CRU dataset corresponds
gridpoint elevations differ by—157m (S5 Greenland) to reasonably well with the AWS measurements on Vadret da
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Fig. 2. Seasonal cycles of air temperature and diurnal temperature range from the AWS measurements and CRU data and precipitation from
the original CRU dataset. To facilitate comparison, the temperature data from CRU have been extrapolated to the elevation of the AWS site
using a lapse rate of 0.0065 KTh.

Morteratsch and Kongsvegen, while it is considerably higherwas computed by averaging over all years for each calendar
on the other three glaciers, especially in summer. Some oflay, where the number of years varies for the different loca-
the small differences between the seasonal cycles are prob&ens (Table5). With these realistic input data, the model is
bly due to the different periods covered by the AWS recordsgenerally well able to capture the measured seasonal cycles
and the CRU dataset, while the large discrepancies are moria the energy fluxes.
likely caused by the local setting of the measurement sites.  Although we used measured incoming shortwave radia-
We performed model simulations for each of the AWS tion for these simulations, net solar radiation depends on the
sites, using the three meteorological input datasets describealbedo generated by the model. At all locations, modelled
in the previous section: AWS hour, AWS month and CRU. net solar radiation closely follows the measurements, demon-
The calculations with AWS input data were carried out with strating that the transition from snow to ice albedo is well
values forr, aice, ¢, ¥min andTip calibrated for the particu-  represented in the model. Net solar radiation is too small in
lar sites (Tabl&). With the CRU input data, three simulations May for Vadret da Morteratsch, which is a direct result of
were performed to examine the effect of the parameter valuethe later disappearance of the snow cover in the model. On
on the energy and mass balance. One simulation was doni€ongsvegen, the variability in surface albedo and, hence, net
with the same parameter values as the runs with the AWS insolar radiation is difficult to model correctly. The AWS is sit-
put data. The second and third runs were performed with twauated approximately at the equilibrium-line altitude, where
sets of standard values also used in the global simulationfterannual variations in winter precipitation lead to net ac-
(setl and set2, Tabl®, with different values for represent-  cumulation in some years and net ablation in others. Further-
ing the range of values found for the AWS sites (10.0 andmore, frequent summer snowfalls cause large variability in
30.0WnT2K~1, respectively). Measured and modelled sea-the albedo. As we use the same amount of precipitation in
sonal cycles of net solar radiation, temperature-dependergach year, distributed equally over all days, the model cannot
flux and cumulative mass balance are shown in BigNote reproduce this variability.
that net solar radiation provides the majority of the melt en- Differences between the modelled and measured
ergy at all locations and that the maximum contributions bytemperature-dependent fluxes are largest in spring. Although
net solar radiation and the temperature-dependent fluxes dair temperatures are similar in spring and autumn, weather
not coincide at most of the AWS sites. conditions are generally less humid, cloudy and windy in
The simulations with hourly AWS data were carried out spring than in autumn. Both situations cannot be captured
over all complete mass balance years (starting 1 Octobenyith a parameterisation that depends on air temperature
with available data. Subsequently, the mean seasonal cyclalone. Still, a significant part of the variations in measured
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Fig. 3. Measured and modelled net solar radiation, temperature-dependent flux and mass balance at five AWS sites, using the three inpu
datasets and calibrated model parameters. For the CRU input data, two simulations with standard valugg fimdc are also shown.

Y are reproduced with the model, indicating that usingthe summer months, temperatures are overestimated by 2 to
only temperature does not result in a large reduction of the4°C, which together with the large values folead to much
variability. larger temperature-dependent fluxes than measured. Too low
Since we use a constant precipitation function, the build-winter temperatures at Breidamerkakyll inhibit melting in
up of the winter snowpack deviates from the observations atvinter, resulting in a best match with observed winter mass
most locations. Despite these deviations, the onset of melbalance forp =0.0 (Table3). For Kongsvegen, the large in-
and the melt rate in summer correspond very well with theterannual variations in the summer albedo cannot be simu-
measurements. In general, we can conclude that the modéhted with the CRU data, resulting in an overestimation of
parameterisations for surface albedo gndre applicable in  net solar radiation and melt. Although the seasonal cycle of
this variety of climates. the temperature-dependent fluxes also differs from the mea-
When the input data is simplified to monthly AWS temper- surements at Vadret da Morteratsch and Storbreen, the annual
ature data and calculated incoming solar radiation, the intermass balance does not deteriorate considerably when CRU
daily variations disappear, but the overall shape of the seainput data is used.
sonal cycles remains. At Breidamerkakjll, S5 on Green- The change from calibrated to standardis relatively
land and Kongsvegen, ablation events on warm days in winsmall at all AWS sites and hardly affects net solar radiation
ter and spring are not captured with the monthly data andand the surface mass balance. For Breidameskulj and
the mass balance is less negative than observed. The summ®b on Greenland, the change to standagglis large and has
melt rate is less sensitive to interdaily variations in tempera-a considerable effect on net solar radiation and the surface
ture and is similar to the results obtained with hourly AWS mass balance. Replacing calibrated temperature-dependent
input data at all sites. flux parameters by setl gives the smallest changes on Stor-
Deviations from the measured seasonal cycles becombreen, where all parameters are rather close to the standard
larger when CRU data is used, especially for Brei- values. The change in the temperature-dependent flux on
damerkurpkull and S5 on Greenland. Since solar radiation VVadret da Morteratsch and Kongsvegen is mainly attributable
is treated the same as with monthly AWS data, this is en-to the different value foffyp, notc. For Breidamerkugkull
tirely the effect of the temperature input data. For these locaand S5, the substantially lower value focompensates for
tions, the annual temperature cycle at the nearest CRU gridthe overestimated air temperatures in the CRU data, im-
point is larger than measured at the AWS site (Eig.In proving the match with measured temperature-dependent
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Fig. 4.Modelled and measured winter and annual mass balance profiles for glaciers in different region$) (Tdielscales on the horizontal

and vertical axes are chosen such that agiépe corresponds to a mass balance gradient of 1 mw.e. (100imjll panels. The error bars

on the measured profiles represent the standard deviation over the period of measurements. Model results with precipitation parameter:
calibrated with the winter balance profil®{cal.) are shown with model parameters from the most similar AWS site (AWS) and standard
values (setl). A simulation with standard precipitation paramefeistd., p = 2.5 andy =1.5 mma® m~1) and setl is also included.

fluxes and ablation. With set2, the temperature-dependerprofile for all glaciers with profiles available. Winter and
flux barely changes for S5. For Breidamerkikll, the in-  annual mass balance profiles are available from the World
crease iny is balanced by a decreaseSgtdue to the higher  Glacier Monitoring Service (WGMSaeberli et al. 2009
albedo and the mass balance for set2 is almost unchangezhd earlier issues) for 82 glaciers, with a strong bias to Scan-
with regard to CRU data with calibrated parameters. Thedinavia and Canada (see Supplement for a table listing the
summer temperatures at the different sites clearly determin&2 glaciers). For each glacier, the mean observed winter and
the sensitivity of the mass balance to changes imhile the ~ annual balance profiles were calculated by averaging over all
ablation increases by almost 6 mw.e. between setl and setzars with available mass balance measurements. Since the
on Vadret da Morteratsch, the mass balance on Kongsvegemeasurement date is seldomly reported for the winter bal-
only changes by 0.5 mw.e. However, at both locations, thisance, the mass balance calculated for 1 May (1 November on
corresponds to a doubling of the surface lowering. the Southern Hemisphere) is used in the fitting procedure.
Figure4 shows the observed mass balance profiles for nine
o ] glaciers in different regions (Tab®, together with profiles
5 Altitudinal mass balance profiles simulated with calibrated-cal.) and standardA-std.) pre-
cipitation parameters. The standard set of precipitation pa-
rameters was chosen in the midrange of the calibrated values:
=2.5andy =1.5mma’m~L. For the other model param-
ters, we used the calibrated parameter set of the AWS site in

The precipitation multiplication factgs and the vertical gra-

dienty are expected to vary over the globe. Values for the
two precipitation parameters were derived by a least-square
fit of the modelled to the observed winter mass balance
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Table 4. Location (latitude, longitude), number of profiles (#), AWS parameter set, equilibrium-line altitude (ELA) and elevation of the
nearest CRU grid pointzcry) for nine glaciers in different regions. Calibrated model parameters and mass balance sensitivities for all
82 glaciers can be found in the Supplement.

Glacier Region Latitude Longitude # Set ELA  zcru

°N °E AWS (mas.l) (mas.l.)
Djankuat Glacier Caucasus 43.20 42.77 38 Mort 3213 2777
Brewster Glacier New Zealand —44.07 169.43 4  Stor 1923 1058
Jamtalferner Central Europe 46.87 10.17 13 Mort 2965 2368
Maliy Aktru Central Asia 50.08 87.75 12 Mort 3177 2747
Peyto Glacier Coast/Rocky Mountains 51.67 —116.53 27 Mort 2720 2267
Koryto Glacier Kamchatka 54.83 161.73 2 Stor 646 511
Storbreen Scandinavia 61.57 8.13 16 Stor 1773 1466
Devon Ice Cap Arctic 75.42  —-83.25 3 Kong 1125 1489
Kongsvegen Arctic 78.80 12.98 8 Kong 591 540

Table 5. Location of the AWS sites and characteristics of the records used for model calibration and validation.

Location Latitude Longitude Altitude Period Interval Reference

CN) (°E) (mas.l) (h)
Kersten Glacier, Tanzania —3.08 37.35 5873 09.02.05-23.01.08 1.0 Molg et al.(2009
Zongo Glacier, Bolivia -16.25 —68.17 5060 28.01.05-27.01.06 0.5 Sicart et al(2005
Vadret da Morteratsch, Switzerland 46.42 9.93 2115 08.07.98-14.05.07 0.6erlemans et a(2009
Glaciar Lengua, Gran Campo Nevado, Chile—52.81 —73.00 450 23.02.00-12.04.00 1.0 Schneider et al2007)
Midtdalsbreen, Norway 60.57 7.47 1450 01.10.00-08.09.06 0.5Giesen et al(2008
Storbreen, Norway 61.60 8.13 1570 06.09.01-11.09.06 0.5Andreassen et af2008
Breidamerkurjkull, Iceland 64.09 —-16.32 190 06.05.02-06.05.06 0.5 unpublished
S5, K-transect, Greenland 67.10 -50.12 490 28.08.03-27.08.07 1.0 Van den Broeke et a(2008
S6, K-transect, Greenland 67.08 —49.38 1020 01.09.03-31.08.07 1.0 Van den Broeke et a(2008
Belcher Glacier, Devon Ice Cap, Canada 75.58 —-81.43 500 02.06.08-31.07.08 1.0 unpublished
Kongsvegen, Svalbard 78.78 13.16 540 13.04.00-12.04.04 1.&Krismer (2009

the most similar climatic setting (Tab#. Similar to the pre-  produces no solid precipitation at elevations below 850 and
vious section, we also show results obtained with a standar@600 m a.s.l., respectively, resulting in a sudden change in the
parameter set, to illustrate the effect of using different param-annual mass balance gradient.
eter values and to allow for a comparison between glaciers. With calibrated values fop andy, the measured annual
A value of c=10.0WnT2K~1 (setl) was used, since this mass balance gradient is captured by the model, although
value generally gave good results for the AWS locations.  the absolute mass balance values often deviate from the ob-
At most glaciers, the winter mass balance increases apservations (Fig4). This could be due to non-representative
proximately linearly with altitude and can be fitted quite well model parameters, but also to the extrapolation of the tem-
by varying the two parameters. Repeating the fitting proce{perature data or the different periods represented by the cli-
dure with model parameters from setl hardly affected themate data (1961-1990) and the measured profiles. For Stor-
values found forp and y, demonstrating the robustness of breen, one of the two glaciers with both an AWS site and
the fitting method and the small influence of melting on thea mass balance profile, the modelled mass balance is up to
winter balance profile. 1 mw.e. lower than the observations. This is likely due to the
The winter profiles modelled with standard parameters il-different periods represented by the CRU data (1961-1990),
lustrate the necessity of calibrating the precipitation paramethe AWS data (2002-2006) and the mass balance profiles
ters. Reasonable agreement with the measured profiles is stiflvailable from WGMS (1990-2005). For Kongsvegen, the
obtained for Brewster Glacier, Storbreen and Kongsvegenannual mass balance is simulated well above the equilibrium-
where the calibrated precipitation parameters are similar tdine altitude, but overestimated in the ablation area, probably
the standard values. For the other glaciers, the modelled mashie to overestimated net solar radiation in summer (3&ct.
balance gradient and/or the absolute values of the winter balFor most glaciers, locally measured meteorological data are
ance are incorrect, resulting in large errors in the modellechot available and the cause for these discrepancies cannot be
annual mass balance. In the dry climates at Devon Ice Cajdentified.
and Maliy Aktru, the overestimated precipitation gradient
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Fig. 5.Modelled and measured winter and annual mass balance profiles for glaciers in different region$) (Tdielscales on the horizontal

and vertical axes are chosen such thatagiépe corresponds to a mass balance gradient of 1 mw.e. (100imjll panels. The error bars

on the measured profiles represent the standard deviation over the period of measurements. Modelled profiles are shown for the three case
t-cal.,y¥-cal. andT-cal.

We did not perform a multiple regression of a set of modelthe altitudinal profiles modelled with setl were very similar
parameters on the measured profiles, because this might rés the profiles modelled with parameter values from the most
sult in an erroneous combination of parameter values withsimilar AWS climate, we only used the latter parameter set
possible consequences for the mass balance sensitivity. Ite perform the tuning to the measured annual balance. The
stead, we consider three cases: optimised profiles are very similar for the three cases and

) . ~generally in good correspondence with the measured altitu-

1. The discrepancy is due to the modelled solar radiation gina profile (Fig.5). Since the adjusted parameters in some

which can be calibrated by adjusting the valuefor cases slightly affected the winter balance, we iteratively fitted
2. The temperature-dependent flux is not correct and tg"® Winter and annual mass balance unti the best parameter
parameters/min, ¢ andTyp need to be modified. combination was found. For the' majonty of glaciers, the fi-
nal values forp andy were very similar to the values already

3. Air temperaturesT, on the glacier are not correctly obtained.
modelled, affectingy, the fresh snow albedo and the The differences between the optimal precipitation param-

fraction of the precipitation falling as snow. eter values for the three cases are generally small @ig.
except for a few glaciers in Central Asia where large ad-
The real cause is likely a combination of these cases. By conjustments of the parameters were needed to match the ob-
sidering these three extreme cases separately, we can explaserved mass balance profiles. For the majority of the glaciers,
the calibration effect on the mass balance sensitivities. the amount of precipitation at the nearest CRU grid point
For each of the 82 glaciers, the model was run with eitheris not sufficient to simulate the measured winter balance;
varying r (z-cal.), the set offmin, c andTyp (¥-cal.) orTa  p typically has a value of 2 or higher and a median value
(T'-cal.) and the best match was obtained from a least-squaresf 2.5. Values larger than 5 are rare and generally occur in
fit to the mean measured annual mass balance profile. Since
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Fig. 6. Comparison of the vertical precipitation gradientand the precipitation multiplication factgr for the 82 glaciers for the three
calibrated cases-cal., ¥ -cal. andT-cal.

combination with a zero or negative precipitation gradient.emerges if the annual mass balance is matched with a cor-
The median value of the calibrated precipitation gradient isrection on the air temperatui@,;. When the parameters de-
1.5mmalm=1, with larger gradients on part of the Scan- terminingy are adjusted to match the observed mass bal-
dinavian glaciers and small or negative gradients on severahnce profiles, the values are not as well constrained as for the
glaciers in Central Asia and Central Europe. An example isother two cases. For some glaciers, unrealistically high val-
Jamtalferner (Fig5), where the accumulation maximum oc- ues forc are found, always in combination with high values
curs below the highest glacier elevation. of Tijp and often low values ofmin (See Supplement). The

In Fig. 7, the optimal precipitation parameters foical. model initially underestimated the measured mass balance at
are shown versus the annual precipitation and the absolutthese glaciers, which is compensated by increagjpgand
latitude of the 82 glaciers. The annual precipitation is theloweringymin. As a result, air temperatures at these glaciers
area-averaged precipitation over the glacier, the absolute latiseldom exceedtp andc is not well constrained. Still, for
tude represents the potential amount of solar radiation reactroughly 80 % of the glaciers; lies within the range found
ing the glacier surface. Although the calibrated values showfor the AWS sites.
some clustering per region, there is no apparent relationship The calibrated values af, T;orr and to some extentmin
with any of the climate variables. increase with increasing annual precipitation and decrease

The optimal values for all fall within the theoretically  with increasing continentality. This relation is contrary to the
possible range [0, 1] (Fig) and can, therefore, solely ex- expected lower values farfor humid climates with frequent
plain the discrepancies in the modelled mass balance procloud cover. The calibration results do not imply that such
files. High values forr are found for the glaciers in Central a physical relation exists, they merely indicate that positive
Europe and Kamchatka, indicating that the mass balance wa@egative) parameter corrections are needed for glaciers in
initially overestimated. The opposite occurs for the glaciersa wet (dry) climate to match the observed annual mass bal-
in Central Asia, where the modelled mass balance was to@nce. In other words, after calibration of the precipitation pa-
negative. For the glaciers in Scandinavia and the Coast anthmeters, the model overestimates (underestimates) the an-
Rocky Mountainsg remains close to 0.5. A similar picture nual mass balance on glaciers with large (small) amounts of
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Fig. 7. Calibrated values for the precipitation parametei@nd p (caser-cal.) versus annual precipitatidtynn and absolute latitude of the
82 glaciers.

precipitation. Since the calibration efresults in unrealis- separately from the other surface energy fluxes. Changes in
tic physical relations, the cause for this behaviour should ber of this magnitude for example correspond to observed in-
sought elsewhere. There could be a systematic issue with thierannual variability in incoming solar radiation caused by
modelled precipitation, the non-realistic continuous precipi-varying cloud conditions (e.gsiesen et a).2008, but also
tation events might prevent melt in wet climates, while in dry to decadal variations in irradiance related to global dimming
climates the albedo change may be too small to sufficientlyand brightening@hmura 2009 Wild, 2009.

reduce the melt rate. The parameters in the temperature- We first discuss the changes in the altitudinal mass balance
dependent flux might not be applicable on glaciers in cli- profiles, illustrated in Fig9 for the nine selected glaciers.
mates not represented by the AWS locations. There mighfThe winter mass balance naturally changes at all glaciers
also be systematic issues with the CRU data, for example therhen precipitation is increased or decreased. At maritime
seasonal precipitation cycle may not be representative for thglaciers like Brewster and Koryto Glacier, the winter bal-
glaciers, especially affecting the glaciers with little precipi- ance is also affected by changesZinand r. The relative
tation. More observations and more detailed input data arémportance of changes i, P andt for the annual mass
needed to resolve this issue. balance varies for the nine glaciers and with altitude. Gener-
ally, the largest changes occur for &l temperature change,
while a 10 % change in precipitation has the smallest effect.
The sensitivity to a 0.05 change tnis often comparable to
the sensitivity to a 10 % precipitation change, but is at some
The calibrated mass balance profiles can be used to deteflaciers (Maliy Aktru, Peyto Glacier, Devon Ice Cap) as large
mine the sensitivity of the mass balance to changes in cli-2S for a I'C temperature change. At all glaciers except Ko-
matic variables. Of particular interest is the question whethef Y0 Glacier, the mass balance in the ablation area is more
the mass balance sensitivity depends on the variable caliSensitive to changes in the climatic variables, because_of the
brated to match the observed mass balance. Inciseal- change from snow to ice albedo that does not occur in the
ibrated, the contribution of net solar radiation to the surface@ccumulation area. _
energy balance changes, while the temperature-dependent 1€ change in area-averaged annual mass balance induced
flux remains unchanged. On the other hand, when air tembPY changes in temperature, precipitation and other climatic
perature ory are adjusted, changes in the net solar radia_\/.a.rlables'ls often calculated to determine a glac!er’s sensi-
tion will be small. Supplementary to the commonly reported tVity to climatic changes (e.gderlemans and Fortuid992
mass balance sensitivities to 4Cl temperature change and 9 Woul and Hock2005 Braithwaite and Rapee007). The

a 10% precipitation change, we compute the mass chang@@Ss balance sensitivities to changes in temperéiprere-
induced by a 0.05 change in the atmospheric transmissivitfFiPitation Cp and atmospheric transmissivity, are com-

t. This is possible because net solar radiation is calculate?Uted as (e.goerlemans2001 p. 50):

6 Mass balance sensitivity
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We calculated mass balance sensitivities for

(7)
(8)
(9)

calculated for the three calibration cases, the median values
are listed in the Supplement. To put the variability in the
mass balance sensitivities between the calibrated cases into
perspective, we additionally calculatég, Cp andC; with
uncalibrated model parameters (setl with either standard or
calibrated precipitation).

There is generally good correspondence between the sen-
sitivities for the three calibrated cases (F1§). The largest

thedifferences are found fof7 calculated withy/-cal., for the

82 glaciers, combining the modelled profiles with each glaciers with rather extreme values for the parameters deter-
glacier's mean area-elevation distribution computed frommining . For the case -cal., unrealistically large values
the WGMS data. The mass balance sensitivities wereare obtained fo€» andC; on three glaciers in Central Asia.

The Cryosphere, 6, 14633481, 2012
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This is caused by a large negative anomaly in the mass bakith the climate. We, therefore, imposed an additional tem-
ance, occurring when increased melt energy or reduced preperature perturbation to obtain a zero area-averaged mass
cipitation lets all solid precipitation disappear within a day, balanceB for all glaciers, after which the mass balance sen-
preventing the build-up of a snowpack. As already observedsitivities for the caser-cal were recalculated using thg
for the nine selected glaciers; has a value betweefy and  configuration as the reference case. Except for the glaciers
Cp for most glaciers. in Central Europe, where glaciers are far out of balance, the
The variability in the mass balance sensitivities calculatedchange in the mass balance sensitivities forRhease is less
with the same model parameters for all glaciers (st$td.)  than 0.1.
is solely due to the different climates in which the glaciers The sensitivity to temperature changes increases with in-
are situated. Except for glaciers with precipitation parame-creasing annual precipitation and is, therefore, highest for
ters close to the standard values, the variability between thenaritime glaciers in Scandinavia, New Zealand and Kam-
three calibrated cases is smaller than the effect of the precipehatka (Fig.11). There is no apparent relation betwe€n
itation calibration on the mass balance sensitivities (E@). and latitude.
The subsequent calibration to match the annual mass balance Similar to Cy, Cp for the caser-cal. is lowest for con-
profile has the largest impact @fy, the values folCp and  tinental glaciers and high for maritime glaciers, with val-
C; are not very different when setl is used. For many glacieraues generally being about half the valuetif. The relation
in Central Asia, the mass balance sensitivity is highly depenwith annual precipitation is inherent to using a percentual
dent on the set of model parameters used. change in precipitation: the higher the amount of precipita-
As for the calibrated model parameters, we examine thetion a glacier receives, the larger the absolute change in pre-
dependence of the mass balance sensitivities on the argipitation. The anomalously high values fér found for
nual precipitation and the absolute latitude. For most of thethree glaciers in Central Asia for the ca%ecal. are still
82 glaciers, the glacier mass balance is not in equilibriumpresent when calculating the mass balance sensitivities from

www.the-cryosphere.net/6/1463/2012/ The Cryosphere, 6, 146381, 2012
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casest-cal.,y-cal. andT-cal.), shown as median, maximum and minimum values.

the Bg reference situation (not shown). Like f6%, there is  radiation computed from incoming solar radiation and a sur-
no clear dependence 6% on latitude. face albedo parameterisation. AWS records from glaciers in

The range ofC; values is small compared ©r andCp, different regions were employed to calibrate the model pa-
but shows a minor dependence on latitude, caused by the deameters in the surface energy balance. Measured winter bal-
crease in incoming solar radiation with increasing absoluteance profiles for 82 glaciers were used to determine suitable
latitude. values for the precipitation multiplication factor and vertical
gradient. Further adjustments of the model parameters were
necessary to match the observed annual mass balance pro-
files. For all 82 glaciers, we calculated the mass balance sen-
Isitivities to changes in temperature, precipitation and insola-
tion and examined the effect of the model calibration on the
obtained values.

7 Conclusions and discussion

We calibrated a simple surface mass balance model fo
glaciers in different climates to explore its global ap-
plicability. The model uses a single expression for all
temperature-dependent fluxes, combined with net solar
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with area-averaged zero annual mass balance versus annual precigtiati@md absolute latitude for the 82 glaciers.

The model used in this study contains a simplified compu-be taken into account when applying a mass balance model
tation of the surface energy fluxes, in order to be applicableto low-latitude glaciers with a dry season.
when only air temperature and precipitation are available. By The model performance relies for a large part on the cli-
separating the contributions of solar radiation and all othermmate data used as model input. Our results show that the
fluxes to the energy balance, the effects of seasonal varieeffect of replacing hourly or daily meteorological data by
tions in both incoming solar radiation and temperature on themonthly data is small when the accumulation and ablation
surface melt are included. This is especially important in re-seasons only slightly overlap. However, when significant
gions where these seasonal cycles are asynchronous or whereelting takes place in winter or snowfall events frequently
the annual amplitude in either insolation or air temperature isoccur in summer, interdaily variations in temperature and
small. preferably also precipitation should be included. Using cli-

In the mass balance model, melting occurs whenever thenatic data that are not measured on the glacier itself in-
surface energy balance is positive. In low-latitude regionscreases the uncertainty in the modelled mass balance. Some
where net solar radiation is large, this condition may alsotypical features observed in the CRU dataset used here are
be met for air temperatures below the melting point. As longan overestimation of the annual and daily temperature range
as the surface temperature is at the melting point, melt takesompared to the AWS data, but not for all locations. It is,
place in reality under these circumstances. For lower surfacéherefore, impossible to identify a common cause or suggest
temperatures, ablation does not occur by melting but by suba general correction method. This is not a specific feature
limation of ice, which can be an important contributor to the of the CRU dataset; the low-resolution climate data used for
total ablation #16lg and Hardy2004 Wagnon et a].1999. global glacier modelling will seldomly represent the glacier
We do not distinguish between ablation by melting and sub-climate well. The detailed information needed to downscale
limation, since the surface temperature is not calculated exelimate data properly is rarely available and tuning of mod-
plicitly and information about humidity is not included. Sub- elled towards measured mass balance by varying one or more
limation is small on the majority of the glaciers, but should model parameters is the only applicable method. This can re-

sult in erroneous seasonal cycles of the energy fluxes and
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their contributions to melt, with possible consequences forbalance profiles and sensitivities on the set of model param-
the sensitivity of the mass balance to climate change. eters will also be present in other mass balance models, al-
The values found for the multiplication factprand verti-  though the magnitude of the effect may vary among models.
cal gradienty of precipitation vary largely, both within and All models need to tune the input precipitation data to ob-
between regions. At most glaciers, CRU precipitation needdain realistic accumulation and one or more model parame-
to be increased by at least a factor of two to match the meaters are usually calibrated to match the measured ablation.
sured winter balance. The precipitation gradient takes bothThe required model calibration for each individual glacier
positive and negative values, with generally high values incomplicates the application of surface mass balance mod-
maritime regions (Scandinavia, Kamchatka) and lower val-els to glaciers without measurements. This study shows that
ues for continental glaciers (e.g., Central Europe, Centrathe modelled mass balances are not only determined by the
Asia). While p depends on the climate data set chogen, values chosen for the model parameters, but also by the cli-
should be more universally valid. The calibrated values formatic information contained in the input data. Application of
p and y do not show a dependence on annual precipita-a mass balance model with a reference parameter set will,
tion or latitude, which complicates the extrapolation of the therefore, provide a first estimate of the mass balance sen-
precipitation parameters to glaciers without mass balancsitivity of a glacier. The model of intermediate complexity
measurements. employed in this study is particularly suited for situations
Measured annual mass balance profiles could easily bavith limited data availability, because it separates the most
matched by reasonable adjustments of the atmospheric trangnportant contributors to the energy balance, but the number
missivity or the air temperature. A calibration performed of model parameters to be specified is limited.
by varying the parameters determining the temperature-
dependent flux did not result in well-constrained model pa-
rameters. The simulations point out that calibration of the Appendix A
winter precipitation is a prerequisite for obtaining realistic
annual mass balance profiles and mass balance sensitivitiea.relation for ¢ from measurements
Furthermore, the choice of parameters to be tuned to match
the annual mass balance affects the mass balance sensitivie obtain a simple relation betwedr, and v/, we exam-
ties as well. Especially for the glaciers in Central Asia, largeined multi-annual records from automatic weather stations
variability in the mass balance sensitivities is found, probably(AWSs). The Institute for Marine and Atmospheric research
related to the large changes in the model parameters needédtrecht (IMAU) operates AWSs on glaciers in a variety of
to match the mass balance measurements. This implies thatimates, measuring all quantities needed for this analysis.
it is important to not only reproduce the measured mass balWe used data from IMAU AWSs in Switzerland, Norway,
ances, but to obtain representative model parameters as welceland and Greenland; details of the AWSs and records are
When no additional information is available, it is advisable given in Table5 and references therein. All records were
to use values derived for a glacier in a similar climate andanalysed with the same energy balance model (e.gVaee
to make small adjustments to multiple parameters instead oflen Broeke et gl.2005 Giesen et a).2008, solving the
choosing an extreme value for one of the parameters. To imsurface temperature from the surface energy balance with
prove the performance of the mass balance model in regionan iterative procedure. As the Arctic contains a large part
that are not yet represented by the AWS locations includedf the total glacier area, we added a record from an AWS
here, like Central Asia, the temperature-dependent flux relaen Svalbard, analysed with the surface energy and mass bal-
tion should be calibrated and validated for glaciers in theseance model SOMARSKrismer, 2009 Greuell and Konzel-
climates. mann 1994. In the tropics, the variability in the surface en-
In addition to the mass balance sensitivities to tempera-ergy balance is determined by humidity instead of temper-
ture and precipitation changes, we calculated the sensitivityature changes. To verify whether a function fpronly de-
to perturbations of the atmospheric transmissivity that arependent on temperature is appropriate in these regions, AWS
comparable to observed interannual variability (due to differ-records from two tropical glaciers, Kersten Glacier in Tanza-
ent cloud conditions) and decadal variations (global dimmingnia and Zongo Glacier in Bolivia, were included in the anal-
and brightening) in insolation. The resulting changes in theysis. Additionally, two short records from Arctic Canada en-
mass balance are of the same order of magnitude as causedgy fluxes on Kersten Glacier were calculatedvilg et al.
by changes in precipitation and can be as large as the effe¢R009, the other three datasets were analysed with the same
of temperature perturbations. This result illustrates the valueenergy balance model as used for the IMAU AWS records.
of separately treating the contribution of net solar radiation Since the temperature-dependent flux represents all en-
to the surface energy balance from the other fluxes. ergy fluxes other than net solar radiation, it was calculated
We can conclude that the calibration of model parame-as the sum of net longwave radiation and the turbulent fluxes
ters is of major importance when applying a mass balancef sensible and latent heat. As these fluxes also depend on
model on a global scale. A dependence of the modelled massloudiness, humidity and wind speed, there is generally large
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(@)
100

100

Temperature-dependent flux (W m'z)
Temperature-dependent flux (W m™®)

-300 -
8 6 -4 -2 0 2 4 6 8 3000 20 40 60 80 100

Air temperature (°C) Relative humidity (%)
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values for the period 28 January 2005 to 27 January 2006.

scatter when plottind, versusy (Fig. Ala). Still, a pat- needs to balance the much larger net solar radiative flux at
tern can be discerned, with values close to zero for freez- low latitudes. Although for these glaciers the mean value of
ing temperatures and an approximately linear increas&sfor 1 also increases witfl,;, such a relation does not emerge
above the melting point. To obtain representative curves foffrom the scatter plots and, therefore, has no solid physical
each AWS site, we computed the mean valueyah each  basis.

1°C temperature interval. Although the shapes of the curves Based on the relation generally found betweeand 7y,
vary due to the different local climates, some general featuresve adopt a linearly increasing function with slopdor air

are found for all locations outside the tropics (FALb). temperatures above a threshold temperéifiyeFor temper-
For temperatures below the melting poititjs negative and  atures belowfip, we impose a constant valugnin:

varies only little with7,. A continuous increase it is seen

for T, above the melting point, with slopes varying for the v — { VYmin + ¢ Ta for Ta > Tiip; (A1)
different glaciers. The temperature-dependent flux increases WYmin for Ta < Tiip.

more slowly with temperature for the smaller, more sheltered  For every AWS location outside the tropics, we fitted a lin-
glaciers in the sample (Vadret da Morteratsch, Midtdalsbreerear function to the increasing part of tiecurve, determined
and Storbreen). The spread between the curves mainly resul{fe minimum valueymin and calculated the corresponding
from general differences in wind speed, humidity and cloudi-ygJye for Tip (Table 2). The values obtained for Belcher
ness between the sites. For example, average wind speedsiacier and Glaciar Lengua only represent a short period in
on Midtdalsbreen are significantly higher than on Storbreenthe ablation season and, therefore, only give a first estimate
(Giesen eta) 2009 and Vadret da Morteratscls{esenetal.  of typical values. Furthermorgjmin and T, could not be de-
2008, resulting in higher values fop. The curves for the  termined for Glaciar Lengua, since there is no tipping point
two tropical glaciers have more negative values, sifice in y for the available temperature range. The sloparies
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largely between regions, but is similar for AWSs within a re- Giesen, R. H. and Oerlemans, J.: Response of the ice cap Hardan-

gion (Storbreen and Midtdalsbreen in southern Norway and gerjgkulen in southern Norway to the 20th and 21st century cli-

S5 and S6 in Southwestern Greenland). The calibrated values mates, The Cryosphere, 4, 191-2d8i:10.5194/tc-4-191-2010

for Ymin andTyjp vary considerably between different sites as 2010

well and do not show any relation to other variables. Giesen, R. H., van den Broeke, M. R., Oerlemans, J., and An-
At low latitudes, humidity changes play an important role dreassen, L. M.: The surface energy balance in the ablation zone

in the surface ene’rgy exchange (&gser 2001 Molg et al of Midtdalsbreen, a glacier in southern Norway: Interannual vari-

7 D ability and the effect of clouds, J. Geophys. Res., 113, D21111,
2008. For example, on Zongo Glacier in Bolivia, our formu- doi:1)(/).1029/20083D010399008. Py

lation of the temperature-dependent flux seems applicable igsiesen R. H., Andreassen, L. M., van den Broeke, M. R., and Oer-

the humid season, while considerably lower values are at- |emans, J.: Comparison of the meteorology and surface energy

tained in the dry season (Fi§2). In such climates an energy balance at Storbreen and Midtdalsbreen, two glaciers in southern

flux relation dependent on both air temperature and relative Norway, The Cryosphere, 3, 57—7di:10.5194/tc-3-57-20Q9

humidity would be more appropriate, provided that humidity  2009.

data are available. Greuell, W. and Konzelmann, T.: Numerical modelling of the en-
ergy balance and the englacial temperature of the Greenland Ice
Sheet, Calculations for the ETH-Camp location (West Green-

available online at: http://www.the-cryosphere.net/6/ Haeberli, W., Grtner-Roer, I., Hoelzle, M., Paul, F., and Zemp,

A _ ) M. (Eds.): Glacier Mass Balance Bulletin No. 10 (2006—
1463/2012/tc-6-1463-2012-supplement.pdf 2007), ICSU (WDS)IUGG (IACS)/UNEP/UNESCO/MWMO,

World Glacier Monitoring Service, Zurich, Switzerland, 2009.
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