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Abstract. The ice cap Vestfonna is located in northeast-1 Introduction
ern Svalbard and forms one of the largest ice bodies of the

Eurasian Arctic. Its surface albedo plays a key role in the un-gjaciers and ice caps (GIC) outside Greenland and Antarc-
derstanding and modeliing of its energy and mass balanc&ica contributed 0.028 m~(16 %) to 20th century sea-level
The principle governing factors for albedo evolution, i.e. rise Raper and Braithwait€008. In the period 1961-1990
precipitation and air temperature and therewith snow depthne share of Arctic GIC in this sum was about one fourth
and melt duration, were found to vary almost exclusively (kaser et al.2006. Moreover, the Arctic ice masses are lo-
with terrain elevation throughout the ice cap. Hence, surfaceated in the region of highest predicted air temperature in-
albedo can be expected to develop a comparable pattern. fyease during the coming decadRinke and Dethloff2008

new statistical model is presented that estimates this meagng can thus be expected to further increase their contribu-
altitudinal albedo profile of the ice cap on the basis of a min-tjon in the future. The Arctic can therefore be considered as a
imal set of meteorological variables on a monthly resolution. major source region for present and future GIC induced sea-
Model calculations are based on a sigmoid function of thejeve| rise and knowledge on Arctic glacier mass balance thus

artificial quantity rain-snow ratio and a linear function of cu- emerges as a key factor in understanding current sea level-
mulative snowfall and cumulative positive degree days. Suryjse dynamics.

from the period March to October in the years 2001-2008et shortwave radiation (e.drendt 1999 Winther et al,
serve as a basis for both calibration and cross-validation 0@003’ and thus robust albedo parameterizations play a key
the model. The meteorological model input covers the peygle in calculations of their energy and mass balance. Most
riod September 2000 until October 2008 and is based orza|culation schemes for the surface albedo of glaciers are run
ERA-Interim data of a grid point located close to the ice cap.gp high temporal resolution considering age, depth, density
The albedo model shows a good performance. The root meagnq temperature of the snow layer or accumulated melt on
square error between observed and modelled albedo valugge glacier surface as input variables (&gpck et al, 200Q
along the altitudinal profile is.057+ 0.028 (meant- one Essery et a).2005. To apply these kinds of albedo models
standard deviation). The area weighted mean even reduces, large Arctic ice caps it would be necessary to addition-
to a value of 0054. Distinctly higher deviations (0.07-0.09) gajly account for snowdrift influences on a highly resolved
are only present throughout the very lowest and uppermosgcale, as snowdrift frequently disturbs the in-situ developed
parts of the ice cap that are either small in area or hardlysyrface-albedo pattern in these environments. For Vestfonna
affected by surface melt. Thus, the new, minimal, statisticaljce cap, the important role of snowdrift was already noted
albedo model presented in this study is found to reproducguring early expeditions in the first half of the 20th century
the albedo evolution on Vestfonna ice cap on a high level of(Animann 1933 Moss 1938. The frequent occurrence of
accuracy and is thus suggested to be fully suitable for furthegnowdrift on the ice cap is based on the prevalence of high
gpplication in broader energy or mass-balance studies of thging speedsClaremar et al(2012 report a predominant
ICe cap. range of 5-15 m's! from in-situ measurements which is well
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1050 M. Moller: An albedo model for Vestfonna ice cap

in the region of threshold wind speeds for snowdrift initiali- model followed by the results of the cross-validation proce-
sation (e.gMahesh et a).2003. dure used for model calibration and a comprehensive discus-

However, implementing a snowdrift-modelling scheme sion of model sensitivity and performance.
into an albedo-model architecture would increase computa-
tional costs many times over. This in turn would probably
prohibit any application of such a complex albedo model in
Iong—te_rm. _studles. As, moreover, small scale Spat'Otempo_\/estfonna ice cap is located on the island Nordaustlandet
ral variability of most meteorological parameters are poorly . .

. ) ; N in the northeastern Svalbard archipelago (Ejglts surface

known in Arctic environments, the spatial distribution of sur-

g . area of~2340kn? in 2005 @raun et al, 2011) that covers
face albedo on Arctic ice caps can anyway only be re“ablyelevations between sea level ar®30 m a.s.l. makes it one

treated on a less highly resolved scale. Hence, under thef the largest ice masses of the Eurasian Arctic. The relief of

conditions present in the study region, a statistically base . . .
albedo model without a discrete, daily-resolution, tempo- he.ge.nerally flat surface of the Ice cap 1S dominated by two
' ' main ridges, one of them stretching W-E and the other N—

ral parameter is needed that, in addition, also accounts fog_ Its highest point is located close to the conjunction of the

snowdrift-related influences, two ridges in the eastern central part of the ice cap (Eidn

Th_e surface albedo on Vestfonna ice cap shows a Chara%etween these ridges, Vestfonna is dominated by large outlet
teristic pattern and evolution throughout a mass-balance year.Iacier basins and land-terminating ice lobes

Remote sgnsmg-base_d obs.ervanor.\s emplqyed in this articid The climate of the Svalbard region is governed by the
show that it varies mainly with terrain elevation and thus re- L . .
contrasting influences of different air masses, cold and dry

flects the combined influences of air temperature and bOﬂ}Arctic air coming from the north and warm and humid air

liquid and solid precipitation on the glacier surface. This fa_lct coming from the northern Atlantic OceaByendsen et al.

scheme that uses altitudinal profiles of the most easily accenz—ooa' The dominating ocean currents in the region also re-

) . . : . .~~~ Tlect this contrast. The warm West Spitsbergen Current in-
sible meteorological variables as input. Due to its empirical

basis it thus avoids the drawbacks of more physically ori_fluence_s the V\{estern coastal regions of Spitsberydai-(
. czowski and Piechur&011) while the eastern parts of the
ented modelling approaches. . ) : .
archipelago are mainly under the influence of cold Arctic

The aim of this study is to describe a new parametenza-Ocean currents_peng 1991,

tion scheme for the surface albedo of large Arctic ice caps. On Nordaustlandet the climatic setting is governed by

The presented albedo model has a monthly temporal resolu- S
: S . SR o .~ “easterly weather systems originating in the Barents Sea re-
tion, while its spatial resolution is limited to altitudinal vari-

ability only. It is thus especially designed for application in gion (Taurisano et &l:2007). They provide the major mois-

long-term mass-balance studies like future projections Wheréure source for precipitationFgriand et al. 1997. This

. o . . - means that Vestfonna is mostly located in the lee of the
calculations with high spatiotemporal resolution are difficult . .

. . NS larger and higher ice cap Austfonna that covers the eastern
or even impossible due to data limitations.

The model is based on a minimal number of meteorolog-part of Nordaustlandet. Precipitation sums are thus generally

ical input variables that reflect both, present weather con-smaller on Vest- than on Austionnbiggen et al. 1993 and

ditions within each month and a long-term memory Sincethey show considerable variability between different years

the start of the corresponding mass-balance year. Monthl??BeauOIon et a].201]), while the spatial distribution over

weather conditions are represented by altitudinal profiles o he ice cap is almost entirely determined by terrain elevation

i : LN . . (Moller et al, 2011H. Air temperatures in the study region
rain-snow ratio and thus implicitly include information about 4
show pronounced annual cycles. The mean summer air tem-

both air temperature and precipitation. The long-term mem- erature at 370 ma.s.l. on Vestfonnad©°C with most of

oryis repre;ented by cumulatlve_posmve degree days as weﬁ1e days showing values betwee°C and +3C (Moller
as cumulative snowfall sums since the start of the mass-

. et al, 20111. Hence, melt conditions frequently extent over
balance year in September. the entire ice capRotschky et al.2011). Melting generall
The study employs Terra MODIS (Moderate Resolution P : : 99 y

. g . starts in late June, reaches its maximum during mid and late
Imaging Spectroradiometer) derived surface albedo data aj’uly and then declines until end of Augustglier et al

well as ERA-Interim based air temperature and precipitation . - )
data covering the period 2000—2008 for model setup. Thesezmle)' Due to the highly maritime setting of the study area,

data were provided bioller et al.(20113. Calibration and ar t_empe_rature_s show .d'Sthtly hlghe_r mtra-monthlzl vart-
o . . S ability during winter. Daily means vary in the rang4°C
validation of the model is done using cross-validation tech- o >
. . i to —4°C (Moller et al, 2011h.
nigues followingKohavi (1995.
After introducing the study area (Sect. 2), the article de-
scribes the data basis used for model calibration with special
emphasis on the preparation of the input datasets (Sect. 3).
Section 4 then outlines the methodology of the new albedo

2 Study area
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3.2 Albedo profiles

ZE ﬁlsg ul"E 500|000

The monthly mean albedo profiles are based on the MODIS
snow product MOD10A1 version 3H@ll et al, 2002 Hall

and Riggs 2007 of the period 2001-2008. This product is
regularly generated from acquisitions of the polar orbiting
satellite Terra that cover the study area ten times each day.
The albedo information contained in the snow product is de-
rived from the scene acquired closest to nadir. From the orig-
inal, daily albedo fields with a spatial resolution of 500 m,
monthly mean albedo fields are calculated. Pixels not holding
any albedo information due to cloud cover or non-classifiable
characteristics are left out during the averaging procedure.
This results in a mean update frequency of albedo informa-
tion of 2.9 days over the ice capéller et al, 20113. No
MOD210A1 datasets are available for the study area during
the period of polar night. Accordingly, albedo fields are only
created for the eight-months period March to October. Fi-
nally, a total of 64 mean altitudinal profiles of monthly sur-

+ face albedo along a set of 31 individual 20 m elevation bins
450000 475000 500000 are calculated over the ice-cap DEM.

The accuracy of the daily MODIS albedo data is assessed
Fig. 1. Overview map of the study area. Coordinates refer to UTM by comparison with in-situ measurements at an automatic
(Universal Transverse Mercator) zone 34N. Contour spacing on thaveather station (AWS) located on the northwestern slope of
ice cap is 100 m starting at sea level. The circle (AWS) marks theVestfonna (Figl). For the period May 2008 to July 2009 a
location of the automatic weather station. The inset on the up-root mean square error (RMSE) of 0.12 is obtaingdl{er
per left shows the location of Vestfonna ice cap in the Svalbardet g, 20113. As considerable parts of this error can be at-
Archipelago. The circle (ERA) marks the location of the ERA- yripyted to the fact that the observations at the AWS only
Interim grid point. cover a very limited part of the corresponding, much larger
MOD10A1 grid cell Stroeve et a).2006, the MODIS data
are assumed to adequately reproduce the surface conditions
on the ice cap. However, it has to be borne in mind that the

This study requires surface-elevation data and monthly meaf!ODIS albedo observations are biased towards days with
albedo fields of Vestfonna ice cap. Meteorological data of¢/€ar-sky conditions. This implies slightly lower albedo val-
air temperature and precipitation as well as local lapse rate4€S @s snow albedo generally increases with cloud coverage
are also needed. All data preparation in this study is done in &Viscombe and Warreri989. o
model domain with a regular 500 m grid that serves as a basis Wang and Zende2010l) describe a systematic bias in

for deriving the altitudinal gradients of the input variables. MODIS albedo data depending on solar zenith angle and
present a related correction algorithm/gng and Zender

3.1 Terrain data 20103. However, their studies refer to the MCDA43 instead of
the MOD10 dataset family and thus to a dataset that is based
The outline of Vestfonna ice cap is digitized from a on substantially different processing algorithms and that con-
Terra ASTER (Advanced Spaceborne Thermal Emissionsists of different final productsSgroeve et a).2006. While
and Reflection Radiometer) scene dating from 17 AugustMCD43 datasets provide black sky albedo (BSA) and white
2000 (EOS Data Gateway Granule ID: SC:ASTL1B 00- sky albedo (WSA) separately, the MOD10 datasets only con-
08-12:36:0010269001). Surface elevations are based on thain a linear combination of botltroeve et al(2006 evalu-
ASTER Global Digital Elevation Model (GDEM). Limited ate the performance of both albedo products and show the
areas of data voids and isolated elevation outliers in the cenexistence of a mean bias of +0.04/+0.08 when comparing
tral parts of the ice cap are interpolated on the basis of surMOD10 albedo values to MCD43 BSA/WSA values. They
rounding grid cells. Glacier outlines and the surface elevatiorfurther show that the MOD10 albedos exhibit better con-
grid are co-registered with the 500 m grid of the model do- sistency with in-situ AWS measurements. The considerable
main using standard resampling techniques. Finally, a digitahegative bias of the MCD43 albedos is also documented for
elevation model (DEM) of the ice-cap surface is created bya site in northern Greenland with a similar latitude as Vest-
masking the resampled GDEM to the glacier area using thdonna ice cap $chaaf et a).2011). It is, however, only evi-
digitized outlines. dentin periods with a local noon zenith angle of abevel’.

T
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3 Data preparation
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This means that in periods with a lower zenith angle even theTable 1. Mean standard deviations of daily air temperaturg, )
more error-prone MCD43 albedos form a reliable represenwithin the specific months: of the annual cycle. Values are long-
tation of in-situ conditions and hence the MOD10 data canterm means that are calculated from the downscaled daily ERA-
be expected to do so all the more. Interim air temperatures of the period 2000-2008. UrfiGs

Taken together, the MOD10A1 albedos can be assumed

to be fully eligible for usage as calibration and validation Month  m o7 p
datasets in the here-presented modelling study. The noon Jan 1 7.39
zenith angle at Vestfonna is below °7€@tom mid April to Feb 2 588
end of August, i.e. during the entire ablation season where Mar 3 544
accurate albedo information is crucial for mass balance mod- Apr 4 596
elling. Besides that, no characteristic annual evolution of the May 5 4.21
bias between MOD10A1 and AWS albedo as described by Jun 6 275
Wang and Zende2010a 20108 is identifiable in the study Jul 7 203
area. Hence, no corrections of the MODIS albedo data are Aug 8 3l

. . . Sep 9 3.94
carried out. It has, nevertheless, to be borne in mind that the oct 10 470
existence of a minor seasonal bias could still not be ruled Nov 11 474
out completely. This has to be accounted for when applying Dec 12 6.20

the albedo-modelling scheme during mass balance studies by
considering appropriate error assumptions.

3.3 Meteorological data calculated according to

o
All meteorological data used in this study are based on daily —
ERA-Interim reanalysis data of the grid point located at Ppddi(2) = Ni Ti;/pf(TZ) dr; @
79.5 N 19.5 E (Fig. 1); data cover the period September 0
2000 to October 2008. The original air temperature and pre- -
cipitation data are statistically downscaled to fit local condi- With N; being the number of days of monthand 7. the

tions on the ice capMoller et al, 20113. From these data, mean over the positive daily air temperatures of mant
altitudinal profiles of monthly means of positive degree days,elevationz that is calculated by solving the following equa-
snowfall and rain-snow ratio are created using lapse ratesion for Tlt

given byMoller et al.(20113.

P
Ti,z o0

[ paodr.~ [ proar <o
The original, daily ERA-Interim air temperatures are down- {
scaled according t¥oller et al.(20113 by using variance-
inflation techniques Huth, 1999 Karl et al, 1990 Von
Storch 1999. From the downscaled daily data monthly
means are calculated. The distribution over altitude is don
using a constant linear lapse rate of 7.0 K#niMoller et al,
20113.

Positive degree days were calculated accordingrtoth-
waite (1984 andMoller and Schneidef2010 based on the
probability density function of air temperature of month
that is defined as

525)

with o7, being the standard deviation of air temperature thatThe original, daily ERA-Interim precipitation amounts are

3.3.1 Positive degree days @)
3

P
T

Finally, the profile of cumulative positive degree days
(Pcpddi) in monthi is calculated as the sum over the monthly
eprofiles of positive degree days since the beginning of the
corresponding mass-balance year according to

Depddi (z2) = Z Dpdd k().
k

(4)

In this equationk is the set of individual months between
September of the previous year and monthf the present

1 year.

2

I.-T.:

OT.m

1
((T,) = ———— ex 1
p( Z) O_T)nl\/g p ()

3.3.2 Snowfall and rain-snow ratio

is characteristic for a specific month(1, 2, ..., 12) of the
annual cycle (Tablg), 7 the air temperature at elevatien
andT; ; the mean air temperature of monitlat elevatior.

summed up to monthly values. The precipitation sum in
monthi is then distributed over altitude using quadratic scal-
ing according to an index function of elevatia).(This func-

Based on the integral over the positive interval of Equationtion was derived by oller et al.(20118 on the basis of ex-

1, the profile of positive degree days in moritfdpqq;) is

The Cryosphere, 6, 10492061, 2012
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the ice cap that cover four consecutive accumulation seasorsnow-grain metamorphism results in a continuous decrease
(Mbller et al, 20118. It thus already accounts for the effects of snow albedoJordan et a).2008. This process is ampli-
of snowdrift-related mass transfer across the ice cap and ifed by melt conditions and positive air temperatures as well

given as as rainfall can thus be considered to have a major impact on
snow albedo. Fresh snowfall on the other hand results in a
Pi(z)=Po (9.9 x 107624+ 7.9x 10737 + 1) . (5) sudden albedo increase.

To combine the counteracting influences of air tempera-
In this equationp; o is the original ERA-Interim precipitation  ture, rain- and snowfall into one parameter, an artificial me-
of monthi. Itis set to represent sea-level conditions by forc- teorological variable called rain-snow ratio is introduced. Air
ing the intercept of Eq5) to one. The resultk;) isthe scaled  temperature is assumed to decrease with terrain elevation ac-
precipitation profile. The corresponding profile of the propor- cording to a constant gradient. Hence, the proportion of rain-
tion of snowfall @s¢ ;) in monthi depends on the probability  fall in the total precipitation sum shows a decrease with ter-
of negative air temperatures that can be derived fromBq. ( rain elevation while the proportion of snowfall increases cor-
Itis calculated as respondingly. However, precipitation sums in total increase
with terrain elevation according to an increasing gradient,
Eqg. (), and the transition between rain and snow proportions
is also non-linear, Eq.6]. Taken together, these character-
istics thus result in a non-linear relation between rain-snow

The profile of cumulative snowfall sundgs;;) in monthi i~ ratio and snow albedo (Fig).

0
st i(2) = Pi(2) / pi(T,) dT;. (6)

calculated analogue to Edf)(as ~ The temporal evolution of glacier-surface albedo is largely
influenced by snow depth, i.e. by the amounts of snowfall

Desti(2) = Zd)sf,k(z). (7 during the winter season, as well as by cumulative length
k and intensity of melt conditions that have already been effec-

tive since the beginning of the melt season. These variables
mainly control the timing of bare ice exposure.

However, the response of surface albedo to the given vari-
ables is not uniform. It differs along the elevation profile of

The profile of rain-snow ratio%,s ;) in monthi is calculated
on the basis of the overall precipitation-sum profile E5). (
and the profile of the proportion of snowfall E) @ccording

to . . e -
the ice cap due to the complexity of snowdrift influences.
Bre(2) = Pi(z) — Pst,i(2) ) These influences affect snow depth and surface albedo in dif-
st Deri(z) ferent ways and are thus represented on different time scales

in both the climate data used for driving the model and the
albedo data used for model calibration and validation. More-
over, they constantly vary in intensity due to curvature vari-

The presented model calculates mean monthly profiles of th&liOns over the ice cap. Regions with a convex terrain foster
erosion while deposition mainly occurs throughout regions

surface albedo of Vestfonna ice cap on the basis of differ-=" i
ent meteorological input variables using multiple, non-linear With & concave terrain.
regression techniques implemented in a two-step procedure. 'N€ total of all snowdrift-related mass transfers over the
Meteorological variables are given as altitudinal profiles andiC® ¢aP Within each accumulation season is captured in
the fitting parameters of the model as functions of terrain ele-1® Snow pit-derived precipitation profile and thus in the
vation. They therewith represent the specific altitudinal vari-Profiles of the variables rain-snow r.atlo and cumulatl\{e
ability that characterises the surface-albedo pattern on the ic&"owfall (long-term scale). When looking at each snowdrift
cap. event separately, this means th_at the ou_tcome of all mass
Calibration and implicit validation of the model is done us- transfer-related influences of this event is covered by the

ing cross-validation techniques. Uncertainty considerationd’r€ciPitation-based input datasets. In contrast to that, the
that serve as a basis for a quality assessment regarding t ODIS-derived albedo profiles capture the transient surface

modelled surface albedo are also derived from the cross‘:jllbedo change at a specific instant during each snowdrift
validation. event (short-term scale). However, before being included in

the calibration procedure these short-term albedo variations

4.1 Fundamentals are averaged over one month to fit model resolution.
Hence, the effects of snowdrift on rain-snow ratio and cu-

The albedo of a glacier surface is influenced by a variety ofmulative snowfall are indeed implicitly accounted for dur-
factors that show a complex interaction with each other. Pri-ing model calibration, but deviations between modelled and
marily, it depends on the type of the surface, i.e. snow covelbserved surface albedo might nevertheless occur as a re-
or bare glacier ice. In general, snow albedo is more vari-sult of snowdrift-related, short-term albedo changes that
able than ice albedo. Ageing of the snow cover that involvesare induced by the temporal discrepancies between model

4 Model description
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Table 2. Description of the parameter functiofis_4(z) andy1_3(z) of the albedo model (Fig3) that are employed in Eqsl1@) and
(112). The parameters of the parameter functiang( ¢, d) are given for the FAM (meat: one standard deviation) and the IAM (value in
parenthesis). The parameter functions are fitted to the respective individual parameter values that are obtained for the 31 elevation bins. The

coefficients of determinationk?) of the parameter functions are also given for the FAM and for the IAM (value in parenthesis).

Parameter function a b ¢ d R?
—343+111x10™° 9.07+£0.05x 101 0.76
01(z) = b n.a. n.a.
we)=az+ (—353x 10°5) (9.07x 10~1) (0.60)
bo(2) = a bt 302+£079x 1072  436+038x10°1 177+£015x10°t 0.99
2j=az (3.00x 1072 (4.32x 1071 (178x 1071 (0.99)
ba(5)—atbzte? 298+001x10°1  300+085x10° —6.63+120x10°8 0.69
e et (2.99x 1071 (2.66x 1075) (—6.07x 10°8) (0.89)
0a(2) = atb 2 bc 2d 23 422+018x 1071  190+0.35x 1073 —6.23+111x10% 595+1.19x10"9 081
AR =aTbrremd s 4 26% 107Y) (1.83x 10°9) (—5.94% 10°6) (5.62x 10°9) (0.74)
Vi) =az+b ~118+010x 1074 568+063x1072 na. 0.91
! (—1.16x 1074 (5.62 x 1072) (0.92)
Vo) —a b e 334+043x1073  979+0.69x 1072 -6.06+£059x10° 0.98
2y=az (3.44% 1073) (9.52x 1072) (—6.17x 1073) - (0.96)
3374+0.13x 104  931+217x10°7 —3.16+0.36x 1072 0.97
Y3(z) =a+bz+cz? n.a.
(3.33x107%) (9.62x 10°7) (—=3.21x 1079) (0.98)

Taken together, this means that the model is conditioned
to present ice cap geometry. Therefore, the assumption of
stationarity of present conditions has to be made for any past
or future application of the model.

4.2 Initial setup

o
e
§ Model setup and initial calibration are done based on
monthly albedo profiles of the period 2001-2008 with the
04 +- 1|, 3]82::;:: —————————————————— months March to October represented in each year. In to-
4 —— 610masl. tal, this makes a data basis of 64 individual months. Pro-
i files of meteorological data cover a slightly longer period
02 b mm e and show no wintertime data gaps. Coverage comprises the
B AN n————— period September 2000 to October 2008. This is done in or-
1E-007  1E-005  0.001 01 10 1000 der to facilitate the calculation of cumulative meteorological

Rain-snow ratio data for the entire calibration period.

Fig. 2. Rain-snow ratio versus MODIS-derived surface albedo for For model calibration the profiles are represented by a se-

three selected 20 m elevation bins. Bins are centred at the elevatior{éeS of static 2_0 m elevation blnsh. T.O cover the e?“;]e setb(_)f
given in the legend. Given data pairs refer to the period March—surface elevations present on the ice cap, 31 of these bins

October of the years 2001-2008. Lines represent the fitted sigmoi@'® mployed. For each bin a mean terrain elevation is cal-
functions according to Eq1(). culated on the basis of the DEM. The meteorological data
for each bin are then calculated according to these mean el-
evations. The albedo data for each bin are averaged over the
resolution and MODIS observations. These temporal dis-corresponding grid cells of the model domain.
crepancies are, however, likewise influenced by the differ- According to the described fundaments, the model initially
ent intensities of snowdrift processes at different elevationscalculates the albedo profile as a sigmoid function of the
of the ice cap, i.e. highest accumulation along its fringe andmean monthly profile of rain-snow rati®{(z)). The pro-
most intensive erosion throughout its uppermost parts. To acfile of remaining residuals is then approximated by a linear
count for this fact, the model architecture does not featurefunction (¥;(z)) of profiles of cumulative snowfall and cu-
space-constant parameters but parameters that are calibrateulilative positive degree days since the beginning of the cor-
as a function of elevation (Fig). Accordingly, the model responding mass-balance year, i.e. the previous September.
shows different responses of surface albedo to similar cli-The albedo profiled; (z)) of monthi is thus calculated as
mate forcing at different elevations of the ice cap.

@i (z) = 0;(z) — Vi (2). )

The Cryosphere, 6, 10492061, 2012 www.the-cryosphere.net/6/1049/2012/
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rain-snow ratio, Eq.X0), for three selected bins and there-
with illustrates their altitudinal variability. The residuals that
remain after the sigmoid approximation are then fitted using
multiple linear regression based on the independent variables
120 ‘ ; . cumulative snowfall and cumulative positive degree days

! i ' since the beginning of the corresponding mass-balance year,
i.e. the previous September. The linear function of cumula-
tive snowfall and cumulative positive degree days(¢)) for

317 ! : ; any 20 m bin with mean terrain elevatieris given as

Wi (2) = ¥1(2) + ¥2(2) Pest i (2) + ¥3(2) Pepadi (). (11)

It is likewise fitted to the whole set of 64 months of input
data and continuous parameter functignss(z) are derived
(Fig. 3, Table2). The albedo-profile model calibrated in this
manner is termed the initial albedo model (IAM).

For assessment of the accuracy of the IAM, modelled
albedo profiles of all 64 months are compared to the ones de-
rived from the MOD10AL1 data. For each profile the RMSE
and the mean difference is calculated over the set of all 31 in-
dividual albedo values that correspond to the respective 20 m
elevation bins. Figurd presents an overview of the tempo-

; . ral distribution of the individual RMSE and mean differences
PV 1107 . over the calibration period. Overall, the accuracy assessment
100 1 | : yields a mean RMSE of.055+ 0.026 with a slightly lower
] median of 0052. The majority of all RMSE lies in the range
| , 0.03-0.07. The mean difference amounts-th004+ 0.047
so W07 L ONT with a median of—0.005. Neither the RMSE nor the mean
: e e (m“g_g_l_) o0 differences show any considerable, systematic temporal evo-
lution. Indeed the mean monthly RMSE increase towards the
Fig. 3. Parameter function8;_4(z) and y1_3(z) of the albedo  end of the mass balance year (Hybut the corresponding
model according to Tabl2. The broken yellow lines represent the mean differences are still close to zero and only show a larger
functions of the IAM. The solid black lines and the grey uncertainty spread. An elevation-dependent bias between modelled and
ranges represent th.e function; of the FAM. For better ComparabilitYObserved albedo values does only exist at terrain elevations
?IldparTa}:neter func_tlon;s atre ?'Smayeq n tre Tame_ order of mta?_n'above 500 ma.s.l. (Fig). This documents a generally good
ude. The conversion factor to the original values is given in italic :
brackets behind the parameter symbol of each graph. tmhgdeegtﬁgr;%rﬁ:\?gsc?ger most parts of the ice cap and over

However, the calibration of the parameter functions

The sigmoid function of rain-snow rati@ (z)) for any of ~ 01-4(z) and ¥13(z) of the IAM employs data of all 64
the 31 elevation bins characterized by its mean terrain elevaonths available, i.e. calibration and application period of

Lo, 07 |

T

NN

L e, 07 |

L w07 |

tion z is given as the model are identical. It can thus only serve as an optim'um
reference of model performance as no independent valida-
01(2) — 62(2) tion is possible. In order to present an albedo model that is

0;(2) = +02(2). (10) ? ¢

applicable not only in the reference period, calibration and
implicit validation of the final model is done using a cross

- , validation-based procedure.
It is fitted to the whole set of the 64 monthly data pairs of

rain-snow ratio and surface albedo that represent terrain ele4.3 Calibration and cross-validation

vationz. Thus, the parametefis_, are obtained individually

for each of the 31 elevation bins. As they show systematicThe final albedo model (FAM) is calibrated using k-folds
variability with terrain elevation, continuous parameter func- cross-validation techniquekKdhavi, 1995. This means that
tions01_4(z) can be derived by fitting either linear, polyno- the sample of the 64 different monthly albedo profiles is di-
mial or exponential functions of terrain elevatigrio these  vided intok =8 annual subsets. The described calibration
individual values. Figur® and Table? give an overview of  procedure ob;_4(z) andy1_3(z) is then repeated times.

the fitted parameter functions and their coefficients of deterEach time, all data of a specific yelarare left out and the
mination. Figure2 presents the fitted sigmoid functions of parameter functions are fitted to the reduced set of input data

. 04(2)
L+ (%)
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a - representing 56 instead of 64 months. By doing so, a model
{am I ::j;j*“"” is build that provides the possibility for an independent vali-
o1z 47 B = . dation of its one-year application period. This is because the
{rau == mesnlaener model is capable of calculating the albedo profile of yeear
0.08 @ without using any input data of this very year for calibra-

tion. From the resulting eight individual model calibrations
(Fig. 6), the means of each of the 20 individual parameters of
the seven parameter functions (TaBjeare calculated. They

L B serve as the final parameters of the FAM. The ranges of un-

Albedo RMSE

0.04 —

o

0.00

T T T T T T T T
EEEEEE8E8E ° ¢+ 7 8% 9  cerainty of the parameter functions (FR).that result from
the associated standard deviations of the means (Zable
—— meant 15 ermor discussed as part of the sensitivity studies.
1w 8 1M < median In recent years this special kind of model calibration was
] | ram .  — . . h .
g 010 = mean £ 1o eror introduced to glaciological studies (elgofer et al, 201Q
% : . meden Marzeion et al. 2012. However, distinctly larger sample
g 000 -1 M- A sizes and different cross-validation methods, i.e. moving-
£ D H blocks and leave-one-out cross-validation, set these studies
= oo 1 apart from the here presented application. The specific type
of autocorrelation that is present in glacier-surface albedo

T é 7' f's ; 1'0 time series prohibits the usage of these methods. The albedo
Months evolution within each mass balance year can be considered to
be decorrelated from the previous mass balance year. Surface
Fig. 4. Mean deviations between MODIS-observed albedo andglpedo returns to similar initial condtions during the winter
albedo modelled using the IAM (bluish) and the FAM (reddish). gpowfall. Afterwards, the albedo evolution is then only gov-
Deviations are expressed @ root mean square error (RMSE) and o0 by contemporaneous weather influences until bare-ice
(b) mean difference. The box plots (left) present the annual subdi- xposure occurs. These characteristics suggest the usage of
vision according to the k-folds cross-validation. The boxes spreade k-folds cross-vélidation as the albedo-profile sample has to

between lower and upper quartiles of the sample with the media o ) .
shown as the line in between, the whiskers extend the boxes by 1.8€ divided into annual subsets (the folds) to create indepen-

times the inter quartile range. Values outside this range (cross symdent training and validation datasets. _ _
bols) are considered as outliers. The line graphs (right) present the The accuracy assessment of the FAM is again based on the

temporal evolution of the deviations on the monthly time scale. ~ mean RMSE values and mean differences between modelled
and observed albedo profiles along the 31 elevations bins of
each profile. In general, the resulting RMSE values for all 64
02 ‘e different months are very similar to the ones resulting from

] calculations using the IAM (Figd). Small differences with
slightly higher mean monthly RMSE indeed occur but never
exceed values of 0.01, i.e. one albedo percent. Accordingly,
the calibration and cross-validation of the FAM results in a

2001 —
2002 —
2003 —
2004 —
2005 —
2006 —
2007 —
2008 —

w

EN

o

0.1

Albedo bias
S}
|

014 ! mean RMSE of ®57+0.028 with a slightly lower median of
i R L 0.054. The mean difference is0.0034-0.053 with a median
02 o of —0.004, which is even slightly closer to zero than in case
T o o P I I of the IAM. Also the temporal evolution of the albedo devi-
Terrain elevation (m 2.5..) ations of the FAM is similar to that one of the IAM (Fig).

The influence of the albedo error on net shortwave radi-

Fig. 5. Profile of biases between MODIS-derived albedo values andation and thus on available melt energy at the glacier sur-
albedo values modelled using the IAM (blueish) and the FAM (red- face is, however, predominantly controlled by the annual
dish). Data are based on the monthly values of the period MarCh_solar-re,ldiation c;}cle (Tabl@). As a consequence, the in-
October of the years 2001-2008. A positive bias signifies an over- ) !
estimation of albedo by the model and a negative bias an underes'€8S€ of model RMSE towards the end of a mass balance

timation. The grey shading represents the overall median RMSE oyear does not imprint on melt energy. The largest albedo-
the FAM (0.054). Box plots are designed as in Fig. error induced RMSE in net shortwave radiation flux occur
in the summer months but never exceed 17.0 WnDur-
ing the ablation season at Vestfonna, i.e. June to August
(Mboller et al, 20113, the albedos modelled using the FAM
underestimate the MODIS-derived albedos b§35 at the
maximum (Table3). This leads to an overestimation of the
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Table 3. Mean monthly deviations between MODIS-observed albedo and albedo modelled using the FAM and the resulting deviations in net
shortwave radiation flux at the glacier surface. Deviations are expressed as both root mean square error (RMSE) and mean difference. Thq
monthly mean potential solar radiation fluxes are calculated using standard solar geometry algttibhierset al, 20118 and refer to a

latitude of 80 N. The mean values are given withtaone standard deviation range.

Month  Potential solar radiation (W) Albedo Net sw radiation (W m?)
RMSE Mean difference RMSE Mean difference

Mar 251 0.053 Q020 13 -0.5
Apr 1273 0.054 —-0.021 69 2.7
May 2648 0.046 Q024 122 —-6.4
Jun 3391 0.050 —0.035 170 119
Jul 3017 0.046 —-0.027 139 81
Aug 1758 0.063 Q020 111 -35
Sep 517 0.062 Q004 32 -0.2
Oct 22 0.084 —0.010 Q2 0.0

Mean 1610+1305 0.057+0.013 —-0.003+0.023 82+6.2 15+6.0

mean melt-energy flux during the ablation season of justof the seven parameter functions shown in BigThe FAM
5.5 W nm 2 when averaged over the ice cap. Considering theis run two times for each parameter function (mean plus one
frequent cloud covemoller et al, 20113, this value is even  standard deviation and mean minus one standard deviation).
more reduced in reality. For each of the 31 20 m elevation bins, the resulting maxi-
The profiles of the remaining biases of IAM and FAM are mum deviation from the albedo values modelled by the un-
likewise similar (Fig.5). The FAM profile indeed shows a changed FAM is then taken as model sensitivity. Figare
slightly wider spread for the values of all individual elevation presents an overview of the individual model sensitivities re-
bins, but the overall bias pattern appears to be the same fagarding all seven parameter functions.
both IAM and FAM. No systematic elevation-dependency is Results indicate a minor model sensitivity regarding most
obvious except for an increasing underestimation in the upparameter functions. The vast majority of albedo deviations
permost parts of the ice cap above 500 ma.s.l. (Big. lies below 0.01, i.e. one albedo percent, for individual eleva-
As the presented albedo model is intended for application bins. Moreover, for the albedo deviations of most param-
tion in glacier melt models the above outlined deviations caneter functions, no interannual variability or variability over
be regarded as acceptable drawbacks. The induced errors the range of albedo values is evident.
available melt energy (Tabl®) are mainly based on the neg-  The albedo deviations of three parameter functiahs (
ative albedo bias in the upper parts of the ice cap. Hence, thé; and ) differ significantly from this overall patterrs,
potentially resulting errors in melt modelling are mainly lim- shows mean sensitivities of up to 0.08 without any consid-
ited to regions where only very little ablation occurs and can,erable variation. Sensitivities @f, exceed 0.20 during the
moreover, anyway be considered to be of minor magnitudespring and autumn months at high albedo values. However,
(Mboller et al, 20113. Taken together, this reveals a good during the ablation season, i.e. June to August, they are still
and reliable performance of the FAM in view of its intended in line with the overall pattern and show only minor values

application. of less than 0.01 over the entire range of albedo values.
The most extreme sensitivity of the FAM towards its
4.4 Sensitivity studies model parameters results from a variationyaf (Fig. 7).

Introduced albedo deviations show a partly comparable pat-

Calibration and cross-validation of the FAM revealed a (€' as for6z but with distinctly amplified values. In sum-
spread of possible model parameters (Figthat suggests Men at low albedo values they reach more than 0.05, while
considerable sensitivity towards the choice of which param-8t high albedo values they even exceed 0.55. Moreover, the
eter calibration is used. Differences of more than one ordef!P€dO deviations experience a clear increase with time be-
of magnitude are evident in the relative variability within the WWeen September and the following August. This is because
8-samples sets of different calibrations of each model param®f the fact thaty; is the regression coefficient associated
eter. This means that the cross-validation procedure resulteyith the input variable cumulative snowfall sum, EQIX.
in very stable calibrations of some of the model parameter™S the values of this input variable constantly increase until
(e.g.61b, O3a or y3a) while others show distinctly weaker August of each year, a variation of its regression coefficient
calibrations (e.gf1a, 6ac Of 6ad). results in likewise increased albedo deviations. However, the
The influence of the parameter spreads on modelled albed§Xtrémely high sensitivity of the FAM towards, can partly
is assessed within the range of one standard deviation of eadlf €XPlained as a model artefact. The parameter function
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Fig. 6. Parameters of the parameter functionss(z) andvyr1_3(z) Fig. 7. Sensitivity of modelled albedo values towards variations

of the albedo model as resulting from the cross-validation (lowerof the individual parameter functior§ _4(z) andv;_3(z) of the
graph). Box plots are created on the basis of the 8 individual modeFAM (given in the lower right corner of each graph) shown as scat-
calibrations and are designed as in FgFor better comparabil- ter plots between observed and modelled albedo values. The size of

|ty’ all parameters are d|sp|ayed in the same order of magnitudet.he circles indicate the magnitude of Sensitivity, i.e. of albedo devi-

The conversion factors to the original values are shown in the uppe@tion (Ax). The colour of the circles indicate the associated month.
graph. Given albedo deviations reflect the model sensitivity within the

one standard deviation uncertainty ranges of the parameter func-
tions (Fig.3).
develops very close to zero above200 ma.s.l. (Fig3). As
a result, small perturbations of the parametersb(andc)
of ¢, (Table2) already result in large relative variations of albedo values, and show a superimposed increase over the
Yo itself. This, in turn, blows up the variability of modelled year until summer followed by a sudden drop to significantly
albedo after a winter season due to multiplicationygfwith lower values in September.
a high value ofbcst;, Eq. @L1).
The profile of overall model sensitivity, i.e. the summed 4.5 Discussion and error assessment
up albedo deviatiom\aa)(z), is calculated from the seven o o o
individual sets of albedo deviationag , (z)) as presented in The altitudinal variability of the model parameters as it is

Fig. 7 using error propagation rules according to represented in the seven parameter functions ®igndi-
cates that the surface-albedo pattern of Vestfonna is not only

_ 2 _ governed by the set of meteorological variables employed in
Acan(z) = \ ZP:A% (@)% with p =614 andy1-s. (12) this study. If these were the exclusive predictors of surface
albedo, the parameters should be fairly constant over terrain
Results (Fig8) reflect the predominant influence of albedo elevation. Hence, additional driving forces for surface-albedo
deviations introduced by sensitivity towards variationg/ef  variations must exist.
and thus show a similar spatiotemporal pattern. Albedo de- It is suggested that the altitudinal variability of the model
viations increase with terrain elevation, i.e. towards higherparameters represents a superimposition of in-situ conditions
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Table 4. Parameters of the error function of the FAM, E&3).

08 —
. Parameter Value
06 —
b i’ €1 7.52x 10712
i p € —829x 1079
g 04 E €3 3.01x 1078
- N e —435% 104
- i i e 7.89% 102
ML A elevation-dependent setup of the minimal albedo model pre-
] sented in this study.
0.4 — = Accordingly, these upper parts of the ice cap where high
. ] g albedo values prevail throughout the entire year are also the
<02 8 regions where critical model sensitivities are reached. How-
. % ever, the final calibration of the FAM shows no considerable
] * ; o differences to that one of the IAM in terms of parameter func-
O ——T—T—T T T T T 1 tions (Fig.3, Table2) and the IAM is assumed to be the op-
_ A timum reference of model performance (cf. Sect. 4.2 Initial
65 | i setup). Thus, the albedo profiles modelled by the FAM are
g - i é % % E considered as reliable despite the high model sensitivities at
__i ; ; = § high albedo values.
T T T T T T 1

The accuracy of the albedo values modelled by the FAM
Mar Apr May Jun Jul Aug Sep Oct shows strong variability with terrain elevation (Fig). This
is also reflected in the associated RMSE profile (B)ghat
Fig. 8. Overall sensitivity of modelled albedo values towards mu- s calculated on the basis of the bias profile of the FAM
tual variations of all parameter functions of the FAM according to (Fig. 5). In comparison with the area-altitude distribution of
Eq. (12). Given albedo deviations\w) reflect the model sensitiv-  \jsgifonna (Fig9) this pattern of altitudinal variability of the
ity within the & one standard deviation uncertainty ranges of the RMSE reveals that an area-weighting slightly reduces the

parameter functions (Fid). Box plots are created from data of a L )
specific subset of terrain elevations given at the right of each graphrnean RMSE to @54. This is because lowest RMSE val

They are designed as in Fidy.the colour code corresponds to Fig. ~ U€S along the profile are associated with the interval of most

Data are based on the period March-October of the years 2001{réquentterrain elevations (400-550 ma.s.l.). Highest RMSE
2008. values, in contrast, are limited to terrain elevations covering

distinctly smaller areas. Terrain elevations below 50 ma.s.l.
are only reached at the lowermost parts of the outlet-glacier
(as they are created by the considered meteorological varitongues while elevations higher than 550 ma.s.I. only exist
ables) by snowdrift influences (cf. Sect. 4.1 Fundamentals)along the main ridges of the ice cap.
According to Sauter (personal communication) radial snow- For any further usage of the FAM, e.g. in mass balance-
drift trajectories are a common pattern on Vestfonna due tonodelling studies, an exactly quantifiable error range needs
katabatic winds. Hence, it is reasonable to assume that tht® be defined. Owing to the facts discussed before, this error
disturbance of in situ-developed surface-albedo conditiongange €(z)) is expressed as a function of terrain elevation
due to snowdrift also shows a strong altitude dependency. according to the RMSE profile of the models (F&j.rather
The fact that the remaining bias of modelled albedo val-than as a constant value. Therefore, RMSE values for each
ues is largest throughout the uppermost parts of the pro€levation bin are calculated on the basis of the bias profile of
file (Fig. 5) is also based on snowdrift influences even if the FAM (Fig.5). Afterwards they are fitted by a fourth-order
these are already accounted for during model calibrationpolynomial according to
This apparent contradiction can be explained by wind in-
fluences of different origin. Whereas radially directed kata- E(z) = €1+ €2 x 2+ €3 x 22+ €4 x 23+ €5 x 7%, (13)
batic winds dominate throughout the slopes of the ice cap
(Claremar et a).2012), the uppermost parts of the ice cap The parameter values_s are given in Tablel. The fitted
can be expected to be predominantly influenced by synoptidunction allows for an almost perfect reproduction of the
winds. Hence, snowdrift trajectories along the exposed ridgeRMSE profile R? = 0.98) and is thus regarded as a reliable
show a distinctly higher variability as they do throughout the expression of model error. Accordingly, the overall formula-
slopes. This characteristic cannot be captured entirely by théion of the FAM that is suitable for further usage in broader
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0 done for the years 2001-2008 excluding the winter months,
i.e. in the period March to October, due to missing MODIS
data during polar night. The model architecture is based on
a calculation scheme that combines a sigmoid function of
rain-snow ratio with a linear function of cumulative snowfall
and cumulative positive degree days. The artificial quantity
rain-snow ratio was developed in order to combine the vary-
ing influences of air temperature, rainfall and snowfall on the
— 150 actual snow cover into one meaningful variable. Snowdrift
influences on surface albedo are implicitly accounted for by
0 200 400 600 the model.
Terrain elevation (m a.s.l.) Validation of the final albedo model reveals a good model
performance over large parts of the altitudinal profile of the

Fig. 9. Error range of the FAM expressed as 4th-order polynomialjce cap. Modelled and observed albedo values along the pro-
functlon_ of terrain elevation (grey line). The function is fitted to file differ with an RMSE of 0057+ 0.028 (meant one stan-
the profile of RMSE between observed and modelled albedo val- - .
ues (black symbols). Given data pairs refer to the period March—da_rd deV|a_t|on) and an are?‘ weighted mean of 0.054. Ter-
October of the years 2001-2008. The bar chart shows the ared@in glgvanons that show higher RMSE values (0'07,_0'09)
altitude distribution of Vestfonna ice cap. are limited to the lower- and uppermost parts of the ice cap
and thus to regions that either cover very limited areas or
are hardly affected by surface melt. Throughout terrain ele-

I
)
o

T
N
o
S

Area (km?)

modelling applications is given as vations that are most frequent on Vestfonna, the RMSE even
drops to values well below 0.05. In the period of peak melt-
@i (2) = (0 (2) = ¥i(2)) £ E(2). (14)  ing, i.e. in July Moller et al, 20113, the RMSE is also be-

- . low 0.05. Hence, the calculated albedo profiles are regarded
This final error range, however, still does not account for : . L o X

L X o as reliable reproduction of in-situ conditions in the context of
the limitations of th_e_model regaro_llng an appl|cat|_on u.nderfurther model application in broader, ice cap-wide energy or
past or f?’t“re condmong that are induced by the mev.'tablemass-balance studies. The presented albedo model is there-
assumption of stationarity of present boundary condmons.fore suggested to be fully suitable for this purpose
Indeed the general pattern of curvature and wind exposure '
can be expected to be similar on a larger or smaller ice cap as
the dome-like shape of Vestfonna would be remained until itAcknowledgementsThis study was funded by grants No.
starts to disintegrate due to bedrock influences. And indeed3CHN680/2-2 of the German Research Foundation (DFG) and
the pattern of snowdrift influences that is assumed to largely?3F0623B of the German Federal Ministry of Education and
determine the variability of model error with elevation would Research (BMBF). All ERA-Interim data used are provided by the
thus not change considerably over a shrinking or extending?umpean Centre for Medium-Range Weather Forecasts (ECMWF).
ice cap. However. it has to be born in mind that this implicitl obias Sauter is acknowledged for annotations on an earlier version

P- ! . . . P y_ of the manuscript. Two anonymous reviewers provided important

made assumption of stationarity might nevertheless result N omments that helped to improve the manuscript
non-quantifiable errors. This has to be accounted for when
applying the albedo-modelling scheme in mass balance studzgited by: M. Van den Broeke
ies with non-present boundary conditions by discussing the

potentially induced uncertainties.
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