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Abstract. Gridded snow water equivalent (SWE) data setsmap203 could be removed for the entire snow season. The
are valuable for estimating the snow water resources anédded value of the calibrated SWE climatology is illustrated
verify different model systems, e.g. hydrological, land sur- with practical examples: the verification of a hydrological
face or atmospheric models. However, changing data availmodel, the estimation of snow resource anomalies and the
ability represents a considerable challenge when trying tgredictability of runoff through SWE.

derive consistent time series for SWE products. In an at-
tempt to improve the product consistency, we first evaluated
the differences between two climatologies of SWE grids that
were calculated on the basis of data from 110 and 203 sta-
tions, respectively. The “shorter” climatology (2001-2009) 1
was produced using 203 stations (map203) and the “longer”
one (1971-2009) 110 stations (map110). Relative to map2035NOW plays a crucial role in the hydrological cycle of moun-
map110 underestimated SWE, especially at higher elevation@inous catchmentsThayyen and Gergar201Q Barnett
and at the end of the winter season. We tested the potert al, 2005 Schar et al.2004. During winter and at high el-
tial of quantile mapping to compensate for mapping errors€vations, snow is a temporary buffer for precipitatisogpa

in map110 relative to map203. During a 9 yr calibration pe-and Seiz2012 Foppa et aJ.2005 Vivirali et al., 2003. It re-

riod from 2001 to 2009, for which both map203 and maplloduces runoff during winter, but contributes to the total runoff
were available, the method could successfully refine the spaduring spring snowmelt. In Switzerland, for example, snow
tial and temporal SWE representation in map110 by makingS €specially relevant as 30 % of the country’s annual precipi-
seasonal, regional and altitude-related distinctions. Expandtation falls as snowgevruk 1989, and snowmelt contributes
ing the calibration to the full 39yr showed that the general {0 about 40 % of the total annual runogrnhard and Zappa
underestimation of map110 with respect to map203 could be2012. This is why finding a good way to represent the state
removed for the whole winter. The calibrated SWE maps fit-Of Snow storage is so relevant for hydrological modelling.

ted the reference (map203) well when averaged over regions Anomalies in the available snow water resources can im-
and time periods, where the mean error is approximatelypact the hydrological properties of a catchment even sev-
zero. However, deviations between the calibrated maps angral months after the snowfall. Significant changes in runoff
map203 were observed at single grid cells and years. Whefuring spring and summer may be due to anomalies in the
we looked at three different regions in more detail, we foundWinter snow cover Cayan et al.1993. Including an accu-
that the calibration had the largest effect in the region with"ate specification of the snowpack for the months preced-
the highest proportion of catchment areas above 2000 m a.s g model initialisation in seasonal forecasts of hydrolog-

and that the general underestimation of map110 compared t§@l models has been shown to improve the forecBsty(
1985 Laternser and SchneehelD03 Clark and Hay2004
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Schar et a].2004 Hock et al, 2006 Bierkens and van Beegk A similar concept is used in this study to produce base cli-
2009 Pagano et 12009 Koster et al.2010. matologies in the form of daily SWE maps (see Sé&ct).

Long series of high-quality snow storage data (snow cli- However, varying station densities over the past decades
matologies) are desirable for many applications. Some exmean that the mapping accuracies also vary greatly over time.
amples include the risk assessment of droughts and flood§,o investigate and mitigate this problem, two climatologies
for example, to estimate the return periods of critical eventswith daily SWE maps were analysed: a long-term data set
(Beniston 2012); the classification of winters according to (39yr, 1971-2009) based on a small number (110) of sta-
their snow availability; the parameter calibration, validation tions, i.e. a sparse network, and a short-term data set (9yr,
and development of hydrological mode(3gren and Marks ~ 2001-2009) based on considerably more stations (203), i.e. a
2005 Liston and Elder2006 Parajka and Bloschi2008 dense network. Data from sites above 2000 ma.s.l. are only
Warscher et al.2013; the validation of snow cover simula- contained in the second data set. As about 23 % of Switzer-
tions from regional climate modelS${eger et a).2012 and land is above 2000 ma.s.l., accurate information about the
land-surface modelsDytra et al, 2011); and the study of = snow mass at higher altitudes is crucial. These two data sets
changes in the water balance of large-scale basins such @se used to demonstrate the homogenisation procedure.
the Rhine river, where snow significantly contributes to the The aim of this study was to identify a calibration method-
total runoff (Mauser et al.2007, Poulin et al, 2011). ology that can refine the gridded SWE maps based on the

Snow information is usually obtained for hydrological sparse station network, so that they can be homogenised with
models via remotely sensed snow cover products or in sitthe maps based on the dense station network. The statistical
observationsAndreadis and Lettenmaie2005 Clark et al, calibration method “quantile mapping” is applied, where a
2008 Slater and Clark2006. To provide accurate snow stor- quantile according to the non-exceedance probability in the
age information for catchments and larger regions, spatially'sparse” climatology is modified to meet the quantile of the
distributed snow water equivalent (SWE) information is de- same non-exceedance probability in the “dense” climatology
sirable. (Panofsky and Brigerl968. The improvement of the cali-

Estimating the spatial snow depth distribution in Switzer- brated maps is evaluated and their added value for selected
land has been the focus of several studtmer et al.  practical applications is tested. Possible applications of the
(1986 considered the regional and topographical dependendata set are demonstrated with three examples: (1) SWE cli-
cies in seven climatological regions in Switzerland to cal- matologies are compared with SWE estimated with a hy-
culate gridded maps of climatological monthly snow depthsdrological model, (2) snow resource anomalies are estimated
(mean, median and 80th percentile) based on data from 16Based on the SWE climatologies, and (3) predicting low flow
snow stations. They found that the linear dependency of snovat the main river gauge of the Alpine Rhine catchment in
depth and elevation cannot account for the local variability inNeuhausen is evaluated.
the snow depth. In a different approakher et al.(2004 de-
scribe the correlation between snow depth and altitude using
an area-wide base value. This value is adjusted with a com2  Study regions and data
pensation value based on the regional residuals between the
base value and the measured values. At the Swiss Federall Test catchments
Institute for Snow and Avalanche Research, Davos (SLF),
such a snow depth map is produced on a weekly basis durGridded SWE maps were created, calibrated and evaluated
ing the winter months. Generating gridded snow maps typ-for the whole of Switzerland. A detailed evaluation is pre-
ically involves tackling various obstacles. The correct plac-sented here for three sub-areas, namely the Alpine Rhine,
ing of the seasonal snow line is challenging if the estimationValais and the region including the rivers Thur, Tdss and
is based on station measurements. Another difficulty is thaGlatt (Fig. 1). The regions were selected to take into ac-
snow observations at lower altitudes are often not conductedount different elevation ranges and assess the importance of
in early winter and spring. Snow information from real-time snow as a controlling element of the runoff regime. The main
snow cover maps based on satellite data can significantly imeharacteristics of the three regions are given in TablEhe
prove the gridded snow information, and have thus been inteAlpine Rhine and the Valais are Alpine catchments where the
grated into SLF’s operational production of snow depth mapsseasonal shape of runoff generation is strongly influenced by
(Foppa et al.2005 2007). snow and glacier melting with a distinct summer maximum.

In Switzerland daily snow depth readings are recorded afThe annual mean runoff is 1200 mm in the Alpine Rhine and
hundreds of stations, but SWE measurements are rarely madel00 mm in the Valais. The highest runoff is observed dur-
and only about 40 locations provide biweekly data. How- ing spring in the region of the rivers Thur, Toss and Glatt,
ever, with snow density models (eJpnas et al2009 Sturm  with an annual mean runoff of 850 mm. Catchment average
et al, 2010 it is possible to convert operational snow depth yearly precipitation sum and mean temperature are calcu-
maps into SWE maps. lated from the meteorological forcing used Bgippa et al.

(2012 for a hydrological simulation for all of Switzerland
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Table 1. Characteristics of the three regions Alpine Rhine (AR), 1989 to 2009 (d23, orange dots), was used to validate the cal-
Valais (VS) and Thur/Toss/Glatt (TTG) and the distribution of SWE ibration procedure before 2001. The measurement accuracy

stations within these catchments. depends on the equipment and accounts for atx@am.
The stations available in d203 in the Alpine Rhine (43 sta-
AR TTG VS tions) and the Valais (43 stations) are well distributed. In the
Size [kn?] 6342 2586 5382 region of the rivers Thur, Toss and Glatt the eight available
Mean elevation [m a.s.I] 1742 696 2078 stations (d203) are located close to its border. The mean el-
Min elevation [m a.s.|] 409 345 372 evation of the station sets is equal to the mean elevation of
Max elevation [m a.s.l] 3361 2324 4403 the respective regions (Tallg However the stations are not
% above 2000 39.25  0.04 56.02 well representative for the highest part of the target areas.
Number of SWE stations 43 8 43 Based on daily HS measurements (d110 and d203), grid-

Mean elevation of SWE stations 1706 925 1996

’ ’ ded SWE climatology maps (map110 and map203) were pro-
Max elevation of SWE stations 2725 1610 2950

duced for Switzerland with the model described in S8ct.

All data sets and gridded maps used in this study are sum-
marised in Table.

during the period 1980-2009. Precipitation is high in the ]

region of the rivers Thur, Téss and Glatt (1400mmyr 2.3 Runoff observations

and in the Alpine Rhine (1300 mmy#t), and slightly lower o . .
in the Valais (1000 mmyrt). The annual average tempera- For the appllcatlon gxample in Sebtl, daily rgnoff rgcords
from the river gauge in Neuhausen (yellow triangle in Big.

rg\:\?i:t?]ze\i:gi s )(llthg,ec?llgtxg?r? t?]f; rX‘; pﬁg’;crl;ngﬁ]rg.(g lec':)ratheroperated by the Swiss Federal Office for the Environment,

and higher in the region of the rivers Thur, Téss and Glatt"'¢™® used. The river gauge Neurr:?usen IS quated down-
(8.1°C). stream of Lake Constance-600knt), at an altitude of

383ma.s.l., with a drainage area of 11 887kifihe catch-
ment of the Alpine Rhine is affected by lake regulation, river
corrections and hydropower.

2.2 Snow observations

A common measure in monitoring snow resources is the

height of the snow cover (HS). To estimate the available wa-3  Methods

ter resources in specific areas, however, the SWE is a more

relevant variable as it represents the water content of snowd.1 Snow water equivalent mapping

In Switzerland, more HS measurements are available than

SWE measurements simply due to the fact that measuring H&1aps of SWE are produced using a two-step procedure. The

requires less effort than measuring SWE. However, HS andvailable HS station data are first converted to SWE, and then

SWE are strongly correlated with each oth8tufm et al, ~ mapped onto grid using a snow-specific detrended distance

2010. weighting approach. To calculate SWE from the observed
The gridded SWE maps used in this study were derivedHS, an estimation of the snow bulk densjy is required:

from HS measurements from several station networks. Au-

tomatgd measurements are available"from the ANEAZ ( gqywE— ob -HS. 1)

tomatisches MessNETZnd ENET ErgdnzungsNETZnet-

works of the Federal Office of Meteorology and Climatology Snow bulk density can be predicted from the HS, day of the

MeteoSwiss and from IMISIiiterkantonales Mess- und In- Year, altitude and snow region in Switzerland using a para-

formationsystedn run by SLF. Moreover, the SLF observers metric model Jonas et a].2009. The model was calibrated

for the avalanche forecast service record manual HS reading@n @ data set of 11 000 SWE-HS measurements from 48 win-

daily. ters (1960—2008) and 37 stations throughout the Swiss Alps,
Over the past decades the number and extent of measur@nd is thus particularly suitable for this StUdy. For this data

ment sites in Switzerland has increased steadily. The IMISset the root-mean-squared error of the estimated SWE com-

network was founded in the late 1990s and extended the expared to SWE measurements is about 50 ongs et al.

isting networks to elevations above 2000 ma.s.l. For the cre2009. We used an enhanced version of the model to mitigate

ation of the gridded SWE maps, stations were selected aca Problem noticeable when the model is applied to convert

cording to data availability and representativeness. Two setd time series of daily data, as notedJanas et al(2009.

of HS measurements, based on a different number of stationgontrary to the original version of the model, the enhanced

and spanning different periods were built for the calibration version is now capable of distinguishing snowpack settling

(Fig. 1): 110 stations from 1971 to 2009 (d110, purple dots) from snowmelt by assimilating daily HS data instead of a

and 203 stations from 2001 to 2009 (d203; purple, orangeSingular HS reading only. The approach is similar to con-

and green dots). A third data set, based on 23 stations frorgepts presented iMartinec and Rang(1991).
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Thur/Toss/Glatt
+ 1971 - 2009 (d110)
+ 2001 - 2009 (d203)
+ 1989 - 2009 (d23)

Fig. 1. Stations available during the different time periods: 110 stations from 1971 to 2009 (d110, purple dots), 203 stations from 2001 to
2009 (d203, purple, orange and green dots) and 23 stations from 1989 to 2009 (d23, orange dots). The three sub-areas — Alpine Rhine, Valai
and the region including the rivers Thur, Téss and Glatt — are considered in this study. Areas shaded grey are higher than 2000 ma.s.l. The
four labelled stations with black outlines are used for validation. The yellow triangle is the river gauge in Neuhausen. The black star is a grid
cell chosen for illustration in Sect.3.

Daily SWE data estimated for each of the stations used fofTable 2. Grid, number of stations used to produce grid, available
the climatologies were mapped onto a digital elevation modeldata period and role in the study (c: used for calibration; v: used for
with a horizontal resolution of 1km. A non-linear trend of validation.

SWE over elevation was first calculated for each day using

median values calculated for overlapping elevation windows. ©'d Stations Period  Role in the study
Detrended SWE values, i.e. the offset of each reading from map110  110(d110) 1971-2009 c
the trend, are then interpolated to the grid using a distance- map203 203 (d203) 2001-2009 clv
weighting approach based on a Gaussian filter for each grid map.cal - 1971-2009 -
celli. As the SWE distribution is strongly correlated with el- 23 (d23) 1989-2009 v
evation, we used a linear combination of two separate Gaus- Map203 203-4 2001-2009 chv
sian filters, one for horizontal distances (distaj)@nd one map.cal’ - 2001-2009 v

for vertical distances (distange

distancg distance 2
filterwidthy, = filterwidth,

(2) daily SCA data and showed high consistency between both
data series in terms of absolute SCA values as well as for
Optimised filter widths for snow mapping in Switzerland temporal dynamics.
were identified by a leave-one-out cross-validation and are The above procedure was applied to calculate the three
roughly around 25 km horizontally and 500 m vertically, de- SWE climatologies outlined in Sect. 2.2. The longest clima-
pending on the station density and season. Finally, the detology based on 110 stations only allowed for a detrending
trended and mapped SWE data were reprojected onto thepto 2100 ma.s.l. The Thur/Téss/Glatt region is not affected,
digital elevation model. because only 2% of the region is above 2100 ma.s.l. How-
Gridded SWE time series, that have been produced withever a large part is above this level in the Alpine Rhine (33 %)
the procedure described above were compared to several daéad the Valais (52 %). Above this elevation, the SWE maps
sets. Obviously, there exists no experimental data set thawill probably underestimate the true SWE, as beyond that,
would allow for the 1 km SWE product to be validated at the trend continues horizontally by considering the closest
the given spatial and temporal scales. However, as an indistations for estimating the offset from the trend. In contrast,
rect validation snow-covered area (SCA) derived from ourd203 allowed for a detrending up to 2700 m a.s.l. This addi-
SWE maps were compared to equivalent satellite observational information for higher elevations reduces the fraction
tions Husler et al, 2014). This comparison covered 20yr of that is considered from the “horizontal” trend in the Alpine

Weight = exp(—O.S« (
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Rhine (4 %) and the Valais (24 %). Consider that grid cells e —
higher than 2700 m a.s.l. are not validated in this study. More-
over, the increased number of stations enabled a regional de- @
trending using only the nearest 40 stations around each loca- °
tion, resulting in an enhanced resolution of regional patterns. "é o |
[
3.2 Quantile mapping Ié < |
E o©
L
Quantile mapping was used to calibrate map110 based on o
map203 Panofsky and Brierl968. The method has been S . 110 2001-2009
applied in other studies for daily precipitation and tempera- o nglm 1971-2000
ture correctionsltes and Hanse2006 Fundel et al.201Q s g ‘ ‘ ‘ :

Bardossy and PegrarB01% Themell et a).2011; Thrasher 0 500 1000 1500 2000
et al, 2012, the correction of climate scenarioki et al.,
201Q Veijalainen et al.2012 and hydrological applications
(Wood et al, 2004 Boe et al, 2007). In this study the em-  Fig. 2. Comparison of the SWE distribution in map110 during the
pirical cumulative distribution function (ECDF) was used. It training period (black) and the calibration period (green).

makes the application very flexible as no assumptions about

the distribution are neededjemell et a).2017).

The exceedance probability of an SWE value in map110Grects the shape of the distribution function and can therefore
was assumed to correspond to the quantile of the same exgso reduce errors in variabilitfhemeR| et a).2011).

SWE

ceedance probability in map203. The ECDFs #fefor For the statistical calibration method, quantile mapping, it
map110 andF" for map203 in the overlapping period. The s important to investigate possible changes in the distribu-
calibrated SWE was then obtained by tion of SWE during the periods 1971-2000 and 2001-2009.

Figure?2 illustrates the CDFs of these two periods. The two
SWE.a = F'"1(F/(SWE)). (3)  distributions can be considered similar, which means it is not

necessary to perform a double quantile—quantile transforma-
To account for different distributions of SWE in different tion or other transfer functions such as those used by, for ex-
altitudes, regions and snow amounts we performed gquanample,Bardossy and Pegra(@011) andLi et al. (2010.
tile mapping separately for subsets of the data predefined in
Sect.4.2 The main advantages of quantile mapping are its3.3 Validation methods
simplicity and the applicability to all variables, independent
of the underlying distribution. A disadvantage is the han-In this study, map203 is assumed to contain more accurate
dling of “new extremes”, which exceed the values within the gridded snow information because it is based on more snow
training period. The maximum for map110 during the period measurements that also cover higher elevations. Therefore
1971-2000 (1949 mm) is larger than the maximum duringmap203 is considered as the reference data set.
the training period 2001-2009 (1353 mm). Extremes larger In a first step SWE estimates are compared to measured
than those observed during the training period could be dealsnow depth that is converted into SWE over the period 2001—
with, for example, performing a double quantile—quantile 2009. At each measurement station, SWE was estimated with
transformation Bardossy and Pegrari011), extrapolation  the associated station (S\W) and without (SWiho-cv).
to values exceeding the observatioBs¢ et al, 2007, com-  The altitude was adjusted to the station altitude by subtract-
bining extreme value analysis and non-parametric regressioing the day-specific SWE gradient from the modelled SWE

methods to fit the tails of the distributionBggner et al.  values. “Orig” and “loo-cv” were compared to identify the
2012 and applying a transfer function based on model out-uncertainty of the model and the impact of individual sta-
put and observations to future or past observatibnst(al., tions on the mapping results.

2010. Although there are several ways to deal with such Estimated SWE is validated taking into consideration
“new extremes”, we decided to change the “new extremes'the mean error (ME), the mean absolute error (MAE),
of map110 to the maximum of map110 during the training the squared correlation coefficier®q) and the root-mean-

period. This maximum is exceeded only is 80~* % of the squared error (RMSE). In order to ensure that small fluc-

sample considered. tuations in SWE are preserve#? is calculated with the
Another drawback of quantile mapping is that for individ- seasonal trend removed. Therefore the first-order differences
ual cases a correction may go in the wrong directidartill with a lag of 1yr are usedAilks, 2006 Foppa et al.2007,

and Whitaker 2006. While bias and variability can be re- Saloranta2012).
duced with quantile mapping, errors in the higher-order mo- After implementing the quantile mapping (See.3),
ments can probably not be removed. Quantile mapping corwhich is performed according to the results from comparing
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map203 with mapll10 (Sect.2), map.cal was validated. ]
First the calibration was tested for the nine overlapping years : O SWEqg ’
with a cross-calibration approach. By dividing the data set ¢ & SWEwoo ° °
into a training period (8 yr) and a calibration period (one in- g | .
dependent year), each year can be calibrated independentlﬁ“"’ . ) o o
with the remaining 8yr. The relation obtained between the £ & 8 . ’ g . * PR
guantiles of the two data sets was then applied to the 39 avail-~ g | =T ° °g 27 T i P
able years of map110. - ? £& 3 L : :
For the validation of the spatial and temporal consistence <+ EE E? %E EE EE EB
“independent” stations are used (TaB)e The temporal val- winter Dec Jan Feb Mar Apr

idation outside the calibration period is done by comparlngFig. 3. The effects of season on the root-mean-squared error

fjhe Cal.' brat%d mapshwnh Inde.p((ejndent measuren;err]]ts frolmtRMSE) over the period 2001-2009. White boxes contain the scores
. 23 _(F'g'l) ) uring the test period (1989-2000) an t € Caltor all stations calculated with SWg and the grey boxes those
ibration period (2001-2009). Most of these 23 stations arg,55eq on SWio.cv.

located between 1500 and 2000 m a.s.l. and three stations are

located around 2200 m a.s.l. For the validation of the spatial

consistence a new grid (map20based on d203 with four  small, do not necessarily indicate better performance of the
stations removed (stations with the black outline in Ri.  estimations for these regions.

is produced. These four stations are then used to validate g2 js generally very high and seems to be independent

map203" and the therewith calibrated grid map:cal of elevation and the related snow amount. In regions with a
higher station densityR? is higher. The lowesR? values
are observed in regions (and months) where the ablation and
4 Results accumulation of snow are difficult to separate clearly.

4.1 Quality of the SWE maps at measuring sites 4.2 Differences between SWE climatologies

The spatial variability of the snow cover led to uncertainty The differences between map110 and map203\WE ) was
in the error statistics, which are based on station data. To puanalysed for all of Switzerland during the overlapping pe-
this into perspective, consider the following illustration: if riod to identify systematic errors and to find a meaningful
the whole modelling domain was covered by 2m of snow, way to subdivide the data in different subsets for the calibra-
but with a realistic small-scale variability af 15% Jonas tion procedure. The RMSfgy for the 110 stations appear-
et al, 2009, a perfect coarser-scale SWE product would ar-ing in both data sets is slightly smaller for map203 (34 mm)
rive at a homogeneous distribution of 2m. However, giventhan for map110 (36 mm). Different aspects such as altitude,
that station data represent single point measurements witenow depth, seasonality and regionally specific characteris-
natural deviations from the mean, the resulting RMSE oftics were analysed. Compared to map203, map110 underes-
the real snow depth in the model domain and the modelledimates SWE, especially at high elevations (Baj). At lower
snow depth would amount to 33 cm, even though the map-altitudes, howeverASWE is negligible. This finding comes
ping model is otherwise perfect. as no surprise since the 110 available stations for map110
The impact of each individual station on the mapping re-only allowed for a detrending up to 2100 m a.s.l., but stations
sults and its regional representativeness were investigateflom map203 also cover altitudes above 2100 ma.s.l. It is
with a “leave-one-out cross-validation” approach (LOO- therefore of no advantage to use, for example, grid cells at an
CV). The uncertainty of the estimated SWE increases fromaltitude of 2000 m a.s.l. to calibrate a grid cell at 1000 ma.s.l.
December to April at many stations (FR).because the melt- The error characteristics depend on altitude and thus a clas-
ing process causes large SWE differences between high arslfication into elevation ranges is justified. The numbers at
low altitudes. Generally SWsg outperforms SWho-cv. It the bottom of Fig5a show the distribution of d203 into the
should be considered that a representative value for the reslevation bins used. Most of the stations are located between
gion (1 kmx 1 km grid) was compared to a single measure- 1000 and 2500 ma.s.l. and 18 stations are located at eleva-
ment that is unlikely to represent the spatial distribution of tions higher than 2500 m a.s.l. The mea8WE is indepen-
snow depth Bloschl 1999. However, the small differences dent of snow depth (Fidpb). It is close to zero for both snow-
between “orig” and “loo-cv” indicate that the uncertainty be- rich and snow-poor days, but the variance is higher for snow-
tween the stations is only slightly larger than at the stationrich days. The distinction between snow-rich days (SWE ex-
locations. In Fig4 spatial distribution of the RMSE an&i ceeds the average) and snow-poor days (SWE smaller than
is illustrated. RMSE increases with altitude due to the higherthe average) is based on the median in map110. The same
proportion of snow with respect to total precipitation. The days are considered as having correspondingly rich or poor
small RMSEs at lower elevations, where SWE is generallysnow resources in map203. The classification into snow-rich
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orig loo—cv

a 0-30
RMSE = 36 0 30 - 60 RMSE = 45
4 60 - 90
« >90

RMSE [mm]

+ 0-05
05-0.7
0.7-0.9
09-1

Fig. 4. Statistics for the SWE maps at station grid cells averaged over the period 2001-2009. The scores averaged over all stations are listec

in the upper left of each figure. The left columagndc) contains the scores calculated with S¥Mkand the rightlf andd) those based on
SWHqo-cy- Areas shaded grey are higher than 2000ma.s.l.

2001-2009 December January Februar
o g
2 12 - 8 —b T g
1 f 1
' ' g
8 - T &9+ ! i
] fl ] - 1 h 15
I ' | | |
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% ~ 0 |ged g
P<li=] | ' ! < 5 ! | -600
o ] ' | | | \
T‘ h : . o : .
1 — . . .
3 b o o Fig. 6. The mean differences (map110-map203) per grid cell for the
— 1 . - .
7 - I : five winter months December, January, February, March and April
1
o ! ' (2001-2009).
Q- 21 20 46 54 44 18 -~
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<500 750 1250 1750 2250 2750 SP SR ) o i
altitude snow amount tion has a small gradient in December. Therefore, the benefits

of having stations at higher elevations are smaller in Decem-
grid cell for (a) different altitude ranges an@@) snow-rich (SR) Bher;han I’?t the end-of thel\lﬂ{mter Seaion' T:IS IS Cr??]f.lr?:eq by
and snow-poor (SP) days in the whole of Switzerland during thet e .actt at_ASWE IS sma m De_cem erand much higherin

overlapping period. The numbers at the bottom of péagare the  APril. The highest underestimations of map110 are observed

numbers of stations per elevation bin. The boxes display the mediafl the the Valais and part of the the Alpine Rhine catchment.
and the interquartile range. The whiskers extend to the maximunfOverestimations are observed only in the eastern part of the

Fig. 5. The mean differences between mapl110 and map203 pe

ASWE , but are limited by twice of the interquartile range. Valais (Gotthard region). The region with the largaSWE
is similar to the region above 2000 ma.s.l. (area shaded in
grey in Fig.1).

and snow-poor days is justified as the spatial distribution of
snow depends on the snow depEygli and Jonas2009.

ASWE varies spatially between the regions and alti-
tudes, and temporally between December, January, Febru-
ary, March and April (Fig6). From December to April, the
ASWE for a large area increases. The SWE trend with eleva-
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1 Dec (+ 15 days) o Winter December February April
map110 i~ . 400
SWE maps 2 Dec (+ 15 days) ; -
110 stations /' o > 200
_ ) 3 Dec ( 15 days) b= f
1971 - 2009 Quantile map.cal 5 =
: 1 E
mapping SWE maps JE
map203 1971 - 2009 g
29 Apr (£ 15 days) 2 =
S N e .
. @©
203 stations 30 Apr (£ 15 days) £ -200
2001 - 2009 T‘u
- g
g -400

Fig. 7. Calibration procedure. SR refers to snow-rich and SP to

snow-poor days. The distinction between snow-rich and snow-pooiFig. 8. Mean differences between map110-map203 (top) and
days is based on the median of map110 during the overlapping pemap.cal-map203 (bottom) for the whole winter, and for December,
riod. February, and April (2001-2009) for the Alpine Rhine.

4.3 Implementing the quantile mapping cell the difference is small. The threshold of 285 mm classi-

The outcome of the comparison of map110 and map203 irﬁiérﬁ SWE of 223 ?ﬂn on 16 ta;r;us;;llylggjwﬁcshnggx—/rslch.

the previous section I_e d tp the def'”'?'on pf the C""“bratlonto calib}%thrJ[lF\aeWSXWE ofl iéaﬂgﬁﬁgry 1979 to a refined value of
procedure illustrated in Figi. The calibration of map110 302 mm

is implemented separately for each grid cell to account for '

spatial and altitude-dependent differences, and for each da)(.4 validation of the quantile mapping

with a moving window oft15 days to account for seasonal

effects. Because maps are only available from 1 Decembefyq cajibrated SWE maps were first validated with map203.
until 30 April, reduced classes were used for dates beforéyg 4 gimple cross-validation for every station is very time
15 December and after 15 April. Additionally snow-rich and consuming, we opted for two different approaches in order to

snow-poor days were distinguished by means of the mediaggjigate our maps during both the calibration period (2001~
SWE in map110. The ECDF of each sub-data set were usegoog) and the test period (1989-2000).

for the calibration with quantile mapping. Finally a calibrated
gata jet of gridded SWE maps for 39yr (map.cal) was pro-4 4.1  validation of the calibration period
uced.

During the nine overlapping years, the calibration of a spe-n order to validate the calibration period, map203 was con-
cific grid cell “x” (star in Fig. 1) on 11 March 2003 uses sjdered as reference. The statistical scores are calculated for
all days of this grid cell from 24 February to 26 March ex- map110 and map.cal using map203 as a reference. The ME,
cept those from the year 2003 to produce the ECDFs. Estig2 and RMSE were calculated for each grid cell separately
mated SWE from map203 is used to produ&® yirch «@Nd  and averaged over the Alpine Rhine; the region of the rivers
estimated SWE from map110 is used to prodEé:FMarch « Thur, Téss and Glatt; and the Valais (Tal3e The perfor-

The median ofFil March x 1S 493 mm, which we now define mance of the SWE simulation differs between map110 and
as the threshold to discriminate snow-rich from snow-poormap.cal, as well as between the regions. Map.cal outper-
days. The same days are also considered as snow-rich aridrms the uncalibrated map110 in all regions. As expected,
show-poor in map203. For 11 March 2003 a SWE of 539 mmatfter calibration the ME is negligible and RMSE is smaller.
is altered to 588 mm by using only the snow-rich days from R? of the trend-corrected SWE grid cell by grid cell is rel-
map110 and the same days from map203 for the calibrationatively high, with values above 0.7. Thus small fluctuations

For the entire period (39 yr), quantile mapping is, as be-in the snow depth are still reproduced after calibration. At
fore, completed for each grid cell and day separately by distegions above 2000 ma.s.R? is higher after calibration.
tinguishing snow-rich and snow-poor days based on the me©Otherwise, however, it is generally smaller, because some
dian of map110 during the overlapping period. The reallo-values in map110 are shifted to the maximum or minimum
cation of SWE values follows a simple procedure, which isin map203, while the SWE in map203 remains variable. As
illustrated here for the grid cellx” on 16 January 1979. quantile mapping can sometimes correct in the wrong di-
Flhe January XandFiﬁ January ,Lcontain all January days of grid rection, a reduction in the bia; is at the expense _ofRﬁe
cell “x” from 2001 to 2009 and 1971 to 2009, respectively. Even though the performance is good after calibration, the re-
The threshold to separate snow-rich and snow-poor days igional differences persist, especiallyRd and RMSE. Some
chosen during the overlapping period to ensure that both dataf these differences are related to differences in the altitude
sets are separated on the basis of the same conditions. Foanges and station densities in the three regions investigated.
grid cell “x”, the median SWE on 16 January is 285 mm from  In the example of the Alpine Rhine region it is shown that
2001 to 2009 and 297 mm from 1971 to 2009. For this grid systematic over- or underestimationsABWE , which differ
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Table 3. Mean error (ME), coefficient of determinatio®?) and ~ Table 4 RMSEs [mm] at the stations Anniviers Orzival (AN), Binn
root-mean-squared error (RMSE) of map110 and map.cal for theBl), Obersaxen (OB) and Parsenn Kreuzweg (PA). Map203 and
three regions: Alpine Rhine (AR), Thur/Toss/Glatt (TTG) and mMap.cal are the original versions. MapZ0and map.cal are the
Valais (VS). Stars mark significant differences between map110 andnaps with the four stations removed.

map.cal (at a 95 % confidence level).

map203 map203 map.cal map.cal

AR TTG 'S
mapl10 map.cal mapl1l0 map.cal mapll0 map.cal AN 56 72 101 108
BI 101 140 96 132
ME -18.21 0.0% —4.33 0.47 -22.89 -0.76 oB 33 39 37 40
R? 0.86 0.8t 0.84 0.79 0.75 0.70*
RMSE 53.88  48.32 1391 9.26 78.43  60.78 PA 20 30 63 59
o
8
@ | — mapl10 - map203
N —— map.cal - map203
s
§ _ =
= —
E E
@ 8 - =
=< wo
g z | L
5, <
0O -
g 8
g <
o |
o _]
Te)
S |
¢ 1 w
© 94 = CcP TP
T T T T T
0 25 50 75 100 Fig. 10.Mean differences in the calibrated and observed SWE at 23
Percentile stations for the calibration period (CP) and the test period (TP). Box

. . . . and whiskers are shown as in Fig.
Fig. 9. Differences in percentiles between map203 and map110

(black line) and map203 and map.cal (red line) for the Alpine Rhine

during the calibration period. ever, greater in the the Alpine Rhine region. For the cali-

brated maps, the RMSE is only slightly smaller in map.cal
. than in map.cal, except for Binn. The omission of the se-
between months and grid cells (upper row of Y. could lected stations has only a small influence on the uncertainty
be generally removed through the calibration (lower row of of the calibrated maps at the station locations. Thus we con-

_||:_|g 8). Tguéllsttalso mljle fo:hthevrfzg_lon O.f theTrr:ve_rstThur, clude that the calibration works equally well at grid cells with
0ss, an att as wefl as the valais region. the Interquary, e yations as in between such grid cells.

tile range of the differences betwe&rBWE and map.cal- For the temporal validation the measured and simulated

mapZQS Is unchanged (not shpwn). Geperally, the correctio%WE values of 23 “independent” stations are compared dur-
valust’aols more p_rlonOL;nced f;g'gh quantllltlas (.Ehbg.'l'he;%v:\;— Th ing the calibration and the test period. The median of the
est 30 percentiles of map agree well with map203. Theiterences between the calibrated and observed SWE at the

calibration is effective for the remaining two-thirds of all 23 stations (Figl10) is similar during the calibration period
values. However the 100th percentile is changed to the max(_1 3mm) and the test period-2.1 mm), but the interquar-

imum of map110 in the calibration period. This is clearly a ;¢ range and total variance are slightly larger during the

limitation when adopting quantile mapping. test period. The mean differences vary between the stations.
However, the mean and variance of the differences at most
stations are similar between the calibration period and the
test period. This similarity indicates that the calibration pro-
cedure is temporally consistent.

4.4.2 Spatial and temporal consistence

The spatial evaluation is based on map.c@dee Table2).
Generally the interpolation performed without the four se-
lected stations (map203 results in a higher RMSE (Ta-
ble 4). In the Valais (Anniviers Orzival and Binn), the RMSE
is larger than in the Alpine Rhine (Obersaxen and Parsenn
Kreuzweg). The relative effect of removing stations is, how-
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<1000m ture Bastiaanssen et all998. SWE simulated with hydro-
logical models is typically calculated with precipitation and
e - temperature4appa et al.2003. In this case the simulated
; ; ; ; ; ; ; SWE is completely independent of the calibrated SWE maps,
e e as the SWE maps are based on measured HS and calibrated
bulk density. An example is given of the fully distributed
version of the hydrological model PREVAH (Precipitation
Runoff EVApotranspiration Hydrotope) with a spatial res-
1500 - 2000m olution of 200 m Wiviroli et al., 2009a Kobierska et al.
1 2013. SeeGurtz et al (1999 andViviroli et al. (2007) for in-
N formation on the physics, parameterisation and downscaling
method. The regionalised parameters used are fidim- (
1075 1080 e85 a0 108 2000 2008 roli et al,, 2009a b). With the example of a PREVAH sim-
2000=2500m ulation from 1 January 1980 to 31 December 2009 (initial-
isation period from 1 October 1975 to 31 December 1979),
SWE was verified for two winters. The meteorological in-
1075 1080 1085 1000 1005 2000 2005 put consists of spatially interpolated meteorological observa-
o tions calculated according ¥iviroli et al. (20093. Map203
Fig. 11. Anomalies in the median winter SWE [mm] in map110 and map110 provide a database to verify such hydrological
(black line) and map.cal (dashed line) for different altitude classes.models as PREVAH. We have seen that map110 typically un-
derestimates the likely SWE, especially at the end of season,
and map203 is not available before 2001. Map.cal provides a
4.5 Trend consistent SWE data set with more realistic SWE values.
] o ) Figure12 shows the seasonal evolution of the mean SWE
SWE anomalies of map110 are maintained in the maps caly, the regions Valais (left), Alpine Rhine (middle) and the
ibrated with map203 (Figll). The linear regression for ,r/Tass/Glatt catchment for the winters 2007/2008 (top)
mean winter SWE resulted in insignificant regression coef-,q 1990/1991 (bottom) for the PREVAH simulation (black).
ficients. However, the coefficients apdvalues of the lin- g simulation is available throughout the year but the grid-

ear regression from mapllo and map.cal_ are very similaryeq SWE maps (blue, red and green) are only supplied from 1
Therefore SWE anomalies from the median winter SWE pgcemper until 31 April. The seasonal evolution of the daily

were compared for different altitude ranges. The Correla'regional SWE is similar between the versions of the same

tion coefficients of map110 and map.cal are typically Veryyear and region. However the divergence increases towards
high (> 0.85). Based on the station, background anomalieshe end of the winter season. The validation of the PRE-
of median winter SWE are expected to be similar up t0\zy simulation yields different conclusions depending on
2000 ma.s.l. We expef:ted that. there are SWE anomalies tha{pich gridded SWE map is taken as a reference. In the year
are only present at higher altitudes and thus only coverednn7/08. map203 is available and is considered the best ref-
by map.cal. Such anomalies have, however, not been found once |n this case, the snow resources simulated with PRE-
in these data sets. The anomalies in SWE are preserved jay are generally underestimated in the Alpine Rhine re-
the 39 yr calibration period. This makes us confident that thegion (MAE: 30 mm), and partly over- and underestimated in
method, as we applied it, can be used for different periods i, e \a4lais region (MAE: 16 mm). In the region of the rivers
the past and the future. Thur, Téss and Glatt, SWE is underestimated in this exam-
ple (MAE: 48 mm). These errors are in the range of the nat-
ural variability. If we take mapl110 as the reference, PRE-
VAH only estimates SWE accurately for a few weeks at the
5.1 Verification of a hydrological model end of winter season in the the Alpine Rhine region (MAE:
24 mm) and overestimates SWE in the Valais region (MAE:
A homogenised and gridded SWE climatology of 39yr is 24 mm). In both cases, the wrong conclusions are drawn
a valuable data set to verify and calibrate SWE simulatedwvhen map110 serves as the reference. As the calibration of
with hydrological models. Hydrological models can be ver- map110 changes the SWE values towards those of map203
ified against runoff observations. A lot of work is going on estimates, the model verification would be more realistic if
in verifying hydrological models against spatial data as re-map.cal instead of map110 were taken as reference. For the
motely sensed data of, for example, snadigler et al, year 1990/1991, for which map203 is not available, map.cal
2014 2012 Bellinger et al, 2012 van Dijk and Ren- is a very valuable database for verification, especially at the
zullo, 2011 Zappa 2008, evapotranspirationlfimerzeel  end of winter season, where the snow resources are under-
and Droogers2008 Kite and Droogers2000 and soil mois-  estimated by map110. To calibrate and verify hydrological
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5 Three examples of applications
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Fig. 12.Daily mean SWE in the Alpine Rhine catchment (left) and the Valais (right) for the hydrological years 2008 (top) and 1991 (bottom).
SWE is illustrated as PREVAH simulations (black), map203 (blue), map110 (red) and map110 cal (green).

Alpine Rhine Alpine Rhine term climatology may help operators of hydropower dams in
| & Qasmeno | Qussmenca seasongl planning of production _and in the _coo_rdination of
= Zoaoe — Soas” " production from different reservoirs located in different re-

gions. Here calibrated long-term SWE climatology is help-
ful. According to the underlying climatology (map110 or
map.cal), various conclusions about the anomalies of a cer-
tain winter can be drawn (Fid.3). The aim is not to decide

on how good the two climatologies are. The seasonal pattern
- - and snow amount of the two climatologies agree quite well
Dec  dan  Feb  Mar  Apr Dec  dn  Feb  Mar  Ar until March. At the end of the season, the median is lower and

Fig. 13. SWE range (Q1-99) and interquartile range (Q25-75) for the vari_ability is 'Iarge.r in the climatology based on map110.
the period 1971-2009 in the Alpine Rhine catchment from map110B0th climatologies yield negative SWE anomalies for the
(left) and map.cal (right). The climatologies are calculated for daily Winter 2004/2005 (red line in Fidl3). However, at the end
mean SWE with a window of:10 days around the day of interest. Of the winter season in April, if the map110 climatology is
The red line is SWE for the year 2004/2005, based on map203. used, the anomaly is still in the interquartile range, whereas
in the climatology of map.cal the negative anomaly is larger.
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models against SWE for periods covering the calibration pe-5.3  Predictability of runoff in Neuhausen with SWE in
riod and the period before, map.cal should be used as the the Alpine Rhine catchment
reference to ensure a consistent data set in the best available

quality. The aim of the third application is to illustrate the value of
distributed SWE for estimating low-flow events in the fol-
5.2 Estimation of snow resources anomalies lowing summer using the example of the runoff observed in

Neuhausen (yellow triangle in Fig). The minimum daily
For research on the water resources in Switzerland or omunoff of each year (1971-2009) was determined for the
lake and reservoir management, calculating spatially explicitmonths of May, June and July. The snow volume used to de-
SWE anomalies is becoming increasingly important, as istermine the range of the minimum runoff is the calibrated
comparing current with past situations. Knowledge of the SWE on 15 April of each year averaged over the catchment
snow water resources and their anomaly as compared to longf the Alpine Rhine. The scatter plot of 15 April SWE and
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the minimum runoff in May (left), June (middle) and July depths of these non-exceedance probabilities in map110 are
(right) are shown in Figl4. A linear regression is carried likely to be changed to “no snow”. The absolute error is,
out for the log-transformed variables, SWE and runoff. This however, small. (2) Grid cells at altitudes above the highest
linear regression is transformed to the non-logarithmic spaceneasurement stations (in our cas2700 m a.s.l.) should not
(black curve). The 95 % predictive interval (dotted lines) is be taken at face value in any of the three SWE climatologies.
calculated to specify the range where minimal runoff can be Comparing map203 with the 203 available station mea-
expected (Veisberg 2005. The predictive interval is larger surements resulted in a RMSE of 50 mm. As the station mea-
than the confidence interval because, in addition to the essurements do not represent the spatial variability, the RMSE
timated uncertainty, the uncertainty of the predictor is alsois therefore not considered as the true “error”. Map203 is, to
taken into account. our knowledge, the best available database for the time pe-
Generally, the minimum runoff is positively related to riod considered. We have demonstrated that quantile map-
15 April SWE. In May the regression curve is rather flat, ping can successfully adjust map110 to map203 averaged
whereas the relation is more pronounced in July, and evemver a region and a period. Nevertheless, some of the out-
more in June. The variability increases from May to July comes suggest that, for single years and grid cells, the
due to the smaller base values of the snowmelt. For pracmethod and its underlying assumptions might not be free of
titioners, the lower curve of the prediction interval should errors. Therefore using or evaluating single grid cells is not
be of interest. This line predicts the worst-case scenarios ofecommended. The evaluation with independent stations and
minimum discharge for the following May, June and July stations outside the calibration period showed that the cali-
given the 15 April SWE. The minimum expected runoff is bration still could reduce the uncertainty spatially and tem-
about 40 % lower if 15 April SWE is 200 mm than if 15 April porally compared to map110. It is therefore very useful for
SWE is 500 mm (Fig14). As illustrated here with 15 April  obtaining information on the water storage in a snowpack on
SWE in the Alpine Rhine region, this strategy can be useda catchment scale and for investigating SWE anomalies dur-
to create look-up tables for different dates in the winter sea4ing the recent past.
son and select simple early indicators for low flow in Alpine A closer look at Table shows that the calibration could
rivers. These indicators only contain SWE, and thus displayreduce the RMSE in all regions. For the three study regions,
the minimum that must be expected for cold conditions withwe can conclude that in the region of the rivers Thur, Toéss
little precipitation. and Glatt, the RMSE could be reduced from 14 to 9 mm. The
differences between map203 and mapl110 are mainly due to
changes in the global height trend calculation, as no addi-
6 Conclusions tional stations have been established in the catchment since
1971. Map110 calculates the global height trend for all of
The research described here aimed to find a methodology t8witzerland, whereas in map203 it is computed separately
provide a consistent and homogenised climatology of grid-for seven predefined snow regions. In Valais, the discrepancy
ded SWE for Switzerland. A shorter climatology (2001- between map203 and map110 is larger than in the other two
2009), consisting of 203 stations (map203), and a longesstudy areas. We assume that this is due to it having a large
climatology (1971-2009), based on 110 stations (mapll0)area above 2000 ma.s.l. In map110 the non-linear trend of
were used to produce a homogenised SWE data set foBWE over elevation is flat above 2000 m a.s.l., while this el-
Switzerland, namely map.cal, which was calibrated with theevation trend is drawn further up to 2700 ma.s.l. in map203.
quantile mapping method. As far as we are aware, this is thédere the RMSE is diminished from 78 to 61 mm. The de-
first refinement of a 39yr long gridded SWE data set. Thetailed analysis of the Alpine Rhine indicate that the largest
calibration was implemented for Switzerland during the pe-deviations of the two climatologies are at the end of winter
riod 1971-2009 with a resolution of 1 ksl km. The analy-  and at higher elevations, when the RMSE is reduced from 54
sis of the calibrated SWE maps focused on three regions: theo 48 mm.
Alpine Rhine, the region including the rivers Thur, Téss and From these findings, we can conclude that the general un-
Glatt, and finally the Valais. derestimation of map110 compared to map203 could be re-
The procedure used to generate mapl110 and map203 imoved over the entire snow period. We have seen that the
potentially less accurate than locally applied physical mod-benefit of including additional stations is smaller at the be-
els, but it is much easier to use in large basins and globaginning of the snow season in December due to a small height
applications, and for studies of very different regioBtufm gradient in SWE, which increases toward April, at the end
et al, 2010. The calibration methodology is independent of of the snow season. The calibration has therefore little po-
region, elevation range and horizontal resolution as it is pertential at the beginning of snow season to refine SWE val-
formed individually for each grid cell. Problems can be ex- ues and more potential at the end of the winter season. Be-
pected in two domains: (1) in grid cells that are snow-free cause of the large variability of SWE in Switzerland, the cal-
on most days in map203, the non-exceedance probability ofbrated SWE climatology presented, provides probably the
the lowest snow depths is already very high. Thus the snovbest overview of Swiss snow resources for the recent past.
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Fig. 14. The minimum runoff of the Rhine River gauge in Neuhausen in May (left), June (middle) and July (right) explained by the SWE
on 15 April. The linear regression is computed based on the log-transformed runoff and SWE variables and is then back-transformed to the
non-logarithmic space. SWE (black circles) are based on map.cal. The black line is the linear regression line. The dotted line marks the
prediction band.

The mean difference between map203 and map110 could bealue of assimilating SWE information within a hydrological

reduced from—18 mm to 7x 10-3mm after quantile map- model for extended range forecasts of stream-flow droughts.
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