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Abstract

Gridded snow water equivalent (SWE) are valuable to estimate the snow water re-
sources and verify hydrological models and other models that consider snow as a com-
ponent of the natural system. However, changing data availability represents a consid-
erable challenge when trying to derive consistent time series for SWE products. In an
attempt 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 stations, respectively. The “shorter” climatology (2001-2009) was produced using
203 stations (map203) and the “longer” one (1971-2009) 110 stations (map110). Rel-
ative to map203, map110 underestimated SWE, especially at higher elevations and
at the end of the winter season. We tested the potential of quantile mapping to com-
pensate for mapping errors in map110 relative to map203. During a nine-year cali-
bration period from 2001-2009, for which both map203 and map110 were available,
the method could successfully refine the spatial and temporal SWE representation in
map110 by making seasonal, regional and altitude-related distinctions. Expanding the
calibration to the full 39 yr showed that the general underestimation of map110 could be
removed for the whole winter. The calibrated SWE maps were accurate when averaged
over regions and time periods, where the mean error is approximately zero. However,
deviations were observed at single grid cells and years. When we looked at three dif-
ferent regions in more detail, we found that the calibration had the largest effect in the
region with the highest proportion of catchment areas above 2000 ma.s.l. and that the
general underestimation of map110 could be removed for the entire snow season. The
added value of the calibrated SWE climatology is illustrated with practical examples:
the verification of a hydrological model, the estimation of snow resource anomalies and
the predictability of runoff through SWE.
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1 Introduction

Snow plays a crucial role in the hydrological cycle of mountainous catchments (FOEN,
2010; Thayyen and Gergan, 2010; Barnett et al., 2005; Schar et al., 2004). During win-
ter and at high elevations, snow is a temporary buffer for precipitation (Foppa and Seiz,
2012; Foppa et al., 2005; Viviroli et al., 2003). It reduces runoff during winter, but con-
tributes to the total runoff during spring snow melt. In Switzerland, for example, snow is
especially relevant as 30 % of the country’s annual precipitation falls as snow (Sevruk,
1986), and snowmelt contributes to about 40 % of the total annual runoff (Bernhard and
Zappa, 2012). This is why finding a good way to represent the state of snow storage is
so relevant for hydrological modelling.

Anomalies in the available snow water resources can impact the hydrological prop-
erties of a catchment even several months after the snowfall. Significant changes in
runoff during spring and summer may be due to anomalies in the winter snow cover
(Cayan et al., 1993). Including an accurate specification of the snowpack for the months
preceding model initialisation in long-range model forecasts have been shown to im-
prove the forecast (Day, 1985; Laternser and Schneebeli, 2003; Clark and Hay, 2004;
Schér et al., 2004; Hock et al., 2006; Bierkens and van Beek, 2009; Pagano et al.,
2009; Koster et al., 2010).

Long series of high quality snow storage data (snow climatologies) are desirable
for many applications. Some examples include the risk assessment of droughts and
floods, e.g., to estimate the return periods of critical events (Beniston, 2012); the clas-
sification of winters according to their snow availability; the parameter calibration of
hydrological models (Parajka and Bloschl, 2008); the validation of snow cover simula-
tions from regional climate models (Steger et al., 2012) and land-surface models (Dutra
et al., 2011); the study of changes in the water balance of large-scale basins such as
the Rhine river, where snow significantly contributes to the total runoff (Mauser et al.,
2007; Poulin et al., 2011).
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Snow information is usually obtained for hydrological models via remotely sensed
snow cover products or in-situ observations (Andreadis and Lettenmaier, 2005; Clark
et al., 2006; Slater and Clark, 2006). To provide accurate snow storage information
for catchments and larger regions, spatially distributed snow water equivalent (SWE)
information is desirable.

Estimating the spatial snow depth distribution in Switzerland has been the focus of
several studies. Witmer et al. (1986) considered the regional and topographical de-
pendencies in seven climatological regions in Switzerland to calculate gridded maps of
climatological monthly snow depths (mean, median and 80 percentile) based on data
from 160 snow stations. They found that the linear dependency of snow depth and ele-
vation cannot account for the local variability in the snow depth. In a different approach
Auer et al. (2004) describe the correlation between snow depth and altitude using an
area-wide base value. This value is adjusted with a compensation value based on the
regional residuals between the base value and the measured values. At the Swiss
Federal Institute for Snow and Avalanche Research, Davos (SLF), such a snow depth
map is produced on a weekly basis during the winter months. The spatial patterns of
the snow depth calculated with this model agree well with the precipitation maps of
the Alps contained in FOEN (2010), which are based on a different approach. Gen-
erating gridded snow maps typically involves tackling various obstacles. The correct
placing of the seasonal snow line is challenging if the estimation is based on station
measurements. Another difficulty is that snow observations at lower altitudes are often
not conducted in early winter and spring. Snow information from real-time snow cover
maps based on satellite data can significantly improve the gridded snow information,
and have thus been integrated into SLF’s operational production of snow depth maps
(Foppa et al., 2005, 2007).

In Switzerland daily snow depth readings are recorded at hundreds of stations, but
SWE measurements are rarely made and only about 40 locations provide bi-weekly
data. However, with snow density models (e.g., Jonas et al., 2009; Sturm et al., 2010)
it is possible to convert operational snow depth maps into SWE maps.
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A similar concept is used in this study to produce base climatologies in the form
of daily SWE maps (see Sect. 3.1). However, varying station densities over the past
decades mean that the mapping accuracies also vary greatly over time. To investi-
gate and mitigate this problem, two climatologies with daily SWE maps were analysed:
a long-term data set (39yr, 1971-2009) based on a small number (110) of stations,
i.e. a sparse network, and a short-term data set (9 yr, 2001-2009) based on consid-
erably considerably more stations (203), i.e. a dense network. Data from sites above
2000 ma.s.l. are only contained in the second data set. As about 23 % of Switzerland
is above 2000 ma.s.l., accurate information about the snow mass at higher altitudes is
crucial.

The aim of this study was to identify a calibration methodology that can refine the
gridded SWE maps based on the sparse station network, so that they can be ho-
mogenized with the maps based on the dense station network. The statistical cali-
bration method “quantile mapping” is applied, where a quantile according to the non-
exceedance probability in the “sparse” climatology is modified to meet the quantile of
the same non-exceedance probability in the “dense” climatology (Panofsky and Brier,
1968). The quality of the calibrated SWE maps is evaluated and their added value
for selected practical applications is tested. Possible applications of the data set are
demonstrated with three examples: (1) SWE climatologies are compared with SWE es-
timated with a hydrological model; (2) snow resource anomalies are estimated based
on the SWE climatologies; and (3) predicting low flow at the main river gauge of the
Alpine Rhine catchment in Neuhausen is evaluated.

2 Study regions and data

2.1 Test catchments

Gridded SWE maps were created, calibrated and evaluated for the whole of Switzer-
land. A detailed evaluation is presented here for three sub-areas, namely the Alpine
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Rhine (AR), Valais (VS) and the region including the rivers Thur, Toess and Glatt (TGG)
(Fig. 1). The regions were selected to take into account different elevation ranges and
assess the importance of snow as a controlling element of the runoff regime. The
main characteristics of the three regions are given in Table 1. AR and VS are alpine
catchments where the seasonal shape of runoff generation is strongly influenced by
snow and glacier melting with a distinct summer maximum. The annual mean runoff
is 1200mm in AR and 1100 mm in VS. The highest runoff is observed during spring
in the TTG catchment, with an annual mean runoff of 850 mm. Precipitation is high in
TTG (1400 mmyr‘1) and AR (1300 mmyr‘1), and slightly lower in VS (1000 mmyr‘1).
The annual average temperature is affected by the altitudes of the catchment. It is
rather low in VS (1.8°C) and AR (3.1°C), and higher in TTG (8.1 °C). Temperature and
precipitation are taken from the meteorological forcing used by Zappa et al. (2012) for
a hydrological simulation for all of Switzerland.

2.2 Snow observations

A common measure in monitoring snow resources is the height of the snow cover (HS).
To estimate the available water resources in specific areas, however, the snow water
equivalent (SWE) is a more relevant variable as it represents the water content of snow.
In Switzerland, more HS measurements are available than SWE measurements simply
due to the fact that measuring HS requires less effort than measuring SWE. However,
HS and SWE are strongly correlated with each other (Sturm et al., 2010).

The gridded SWE maps used in this study were derived from HS measurements from
several station networks. Automated measurements are available from the ANETZ (Au-
tomatisches MessNETZ) and ENET (ErganzungsNETZ) network of the Federal Office
of Meteorology and Climatology MeteoSwiss and from IMIS (Interkantonales Mess-
und Informationsystem), run by SLF. Moreover, the SLF observers for the avalanche
forecast service record manual HS readings daily.

Over the past decades the number and extent of measurement sites in Switzerland
has increased steadily. The IMIS network was founded in the late 1990s and extended
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the existing networks to elevations above 2000 ma.s.l. For the creation of the gridded
SWE maps, stations were selected according to data availability and representative-
ness. Two sets of HS measurements, based on a different number of stations and
spanning different periods were built for the calibration (Fig. 1): 110 stations from 1971
to 2009 (d110; purple dots) and 203 stations from 2001 to 2009 (d203; purple, orange
and green dots). A third data set, based on 133 stations from 1989 to 2009 (d133;
purple and orange dots), was used to select 23 independent stations to validate the
calibration procedure before 2001. The measurement accuracy depends on the equip-
ment and accounts for about £2 cm.

Based on d110 and d203 daily, gridded SWE maps, map110 and map203, were
produced for Switzerland with the model described in Sect. 3.1. Map133is the gridded
SWE climatology based on d133.

2.3 Runoff observations

For the application example in Sect. 5.1, daily runoff records from the river gauge in
Neuhausen (yellow triangle in Fig. 1), operated by the Swiss Federal Office for the Envi-
ronment, were used. The river gauge Neuhausen is located downstream of Lake Con-
stance (> 500 kmz), at an altitude of 383 ma.s.l., with a drainage area of 11887 km?.
This station on the river Rhine is particularly interesting as Lake Constance decreases
the anthropogenic runoff fluctuations. The catchment of the Alpine Rhine is affected by
lake regulation, river corrections and hydropower.

3 Methods

3.1 Snow water equivalent mapping

Maps of SWE are produced using a two-step procedure. The available HS station data

is first converted to SWE, and then mapped onto grid using a snow-specific detrended

distance weighting approach. To calculate SWE from the observed HS, an estimation
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of the snow bulk density pb is required:
SWE = pb-HS. (1)

Snow bulk density can be predicted from the HS, day of the year, altitude and snow
region in Switzerland using a parametric model (Jonas et al., 2009). The model was
calibrated on a data set of 11000 SWE-HS measurements from 48 winters (1960—
2008) and 37 stations throughout the Swiss Alps, and is thus particularly suitable for
this study. We used an enhanced version of the model to mitigate a problem noticeable
when the model is applied to convert a time series of daily data, as noted in Jonas
et al. (2009). Contrary to the original version of the model, the enhanced version is
now capable of distinguishing snowpack settling from snow melt by assimilating daily
HS data instead of a singular HS reading only.

Daily SWE data estimated for each of the stations used for the climatologies were
mapped onto a digital elevation model (DEM) with a horizontal resolution of 1km.
A non-linear trend of SWE over elevation was first calculated for each day using median
values calculated for overlapping elevation windows. Detrended SWE values, i.e. the
offset of each reading from the trend, are then interpolated to the grid using a distance-
weighting approach based on a Gaussian filter for each grid cell i. As the SWE distribu-
tion is strongly correlated with elevation, we used a linear combination of two separate
Gaussian filters, one for horizontal distances (distance,,) and one for vertical distances
(distance,)).

()

Weight, = exp [ —-0.5-
gty p( (filterwidthh+filterwidthv

distance,  distance, )2>
Optimized filter widths for snow mapping in Switzerland are roughly around 25 km hori-
zontally and 500 m vertically, depending on the station density and season. Finally, the
detrended and mapped SWE data was reprojected onto the DEM.

The above procedure was applied to calculate the three SWE climatologies outlined
in Sect. 2.2. The longest climatology based on 110 stations only allowed for a detrend-
4248

| J1adeq uoissnosiq | Jaded uoissnosiq

Jaded uoissnosiqg

Jaded uoissnosiq

uI
| IM I|

TCD
7, 4241-4286, 2013

Refining SWE
climatologies in
Alpine terrain

S. Jorg-Hess et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/7/4241/2013/tcd-7-4241-2013-print.pdf
http://www.the-cryosphere-discuss.net/7/4241/2013/tcd-7-4241-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

ing up to 2100 ma.s.l. Above this elevation, the SWE maps will probably underestimate
the true SWE. In contrast, the shortest climatology based on 203 stations allowed for
a detrending up to 2700 ma.s.l. Moreover, the increased number of stations enabled
a regional detrending using only the nearest 40 stations around each location, resulting
in an enhanced resolution of regional patterns.

3.2 Quantile mapping

Quantile mapping was used to calibrate map110 based on map203 (Panofsky and
Brier, 1968) and applied for the daily precipitation and temperature corrections (Ines
and Hansen, 2006; Fundel et al., 2010; Bardossy and Pegram, 2011; Themef| et al.,
2011; Thrasher et al., 2012), the calibration of climate scenarios (Li et al., 2010; Vei-
jalainen et al., 2012) and hydrological applications (Wood et al., 2004; Boe et al., 2007).
In this study the empirical cumulative distribution function (ECDF) was used. It makes
the application very flexible as no assumptions about the distribution are needed (The-
meBl et al., 2011).

The exceedance probability of an SWE value in map110was assumed to correspond
to the quantile of the same exceedance probability in map203 (Fig. 2). The ECDFs are
F' for map110 and F" for map203 in the overlapping period. The calibrated SWE was
then obtained by:

SWE, = F™' (F/(SWE))) 3)

The data used was stratified according to altitude, region and amount of snow to ad-
dress different error characteristics as described in Sect. 4.2. The main advantages of
quantile mapping are its simplicity and the applicability to all variables, independent of
the underlying distribution. A disadvantage is the handling of “new extremes”, which ex-
ceed the values within the training period. Extremes larger than those observed could
be dealt with by e.g.: performing a double quantile-quantile transformation (Bardossy
and Pegram, 2011), extrapolating to values exceeding the observations (Boe et al.,
2007), combining extreme value analysis and non-parametric regression methods to fit
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the tails of the distributions (Bogner et al., 2012) and applying a transfer function based
on model output and observations to future or past observations (Li et al., 2010). In this
study, values of the calibration period exceeding the largest value of the training period
are set equal to the largest value of the training period.

Another drawback of quantile mapping is that for individual cases a correction may
go in the wrong direction (Hamill and Whitaker, 2006). Quantile mapping corrects the
shape of the distribution function and can therefore also reduce errors in variability
(ThemeBl et al., 2011). While bias and variability can be reduced with quantile mapping,
errors in the higher-order moments can probably not to be removed.

3.3 Validation methods

The gridded SWE maps are validated taking into consideration the mean error (ME),
the squared correlation coefficient (Rz) and the root mean squared error (RMSE). In
order to ensure that small fluctuations in SWE are preserved, R? is calculated with the
seasonal trend removed. Therefore the first-order differences with a lag of one year are
used (Wilks, 2006; Foppa et al., 2007; Saloranta, 2012).

4 Results

In this study, map203 is assumed to contain more accurate gridded snow information
and is therefore considered as the reference data set.

4.1 Quality of the SWE maps

The spatial variability of the snow cover led to uncertainty in the error statistics, which

are based on station data. To put this into perspective, consider the following illus-

tration: If the whole modelling domain was covered by 2 m of snow, but with a realistic

small-scale variability of £15 % (Jonas et al., 2009), a perfect coarser-scale SWE prod-

uct would arrive at a homogeneous distribution of 2 m. However, given that station data
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represent single point measurements with natural deviations from the mean, the re-
sulting RMSE would amount to 330 mm, eventhough the mapping model is otherwise
perfect.

The impact of each individual station on the mapping results and its regional rep-
resentativeness were investigated with a “leave one out cross-validation” approach
(LOO-CV). At each measurement station, SWE was estimated first with the associ-
ated station (SWE;) and then without (SWEy_,). The altitude was adjusted to the
station altitude by subtracting the day-specific SWE gradient from the modelled SWE
values. “Orig” and “loo-cv” were compared to identify the uncertainty of the model and
the impact of individual stations on the mapping results.

Averaged over all stations, SWE;, outperforms SWE,, ¢, (Fig. 3). It should be con-
sidered that a representative value for the region (1 x 1 grid) was compared to a sin-
gle measurement that is unlikely to represent the spatial distribution of snow depth
(Bloschl, 1999). However, the small differences between “orig” and “loo-cv” indicate
that the uncertainty between the stations is only slightly larger than at the station loca-
tions. From December to April, the uncertainty increases at many stations (not shown)
because the melting process causes large SWE differences between high and low alti-
tudes. RMSE increases with altitude due to the higher proportion of snow with respect
to total precipitation. The small RMSEs at lower elevations, where SWE is generally
small, do not necessarily indicate better performance of the estimations for these re-
gions. R? is generally very high and seems to be independent of elevation and the
related snow amount. In regions with a higher station density, R?is higher. The lowest
R? values are observed in regions (and months) where the ablation and accumulation
of snow are difficult to separate clearly.

4.2 Differences between SWE climatologies

To reveal systematic errors and to find a meaningful way to stratify the data
for the -calibration procedure, the difference between map110 and map203
(ASWE = map110- map203) was analysed for all of Switzerland during the overlap-
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ping period (2001-2009). The RMSE,;, for the 110 stations appearing in both data
sets is slightly smaller for map203 (34 mm) than for map110 (36 mm). Different aspects
such as altitude, snow depth, seasonality and regionally specific characteristics were
analysed.

Compared to map203, map110 underestimates SWE, especially at high elevations
(Fig. 4). At lower altitudes however, the differences are negligible. This finding comes
as no surprise since the 110 available stations for map 110 only allowed for a detrending
up to 2100 ma.s.l., but stations from map203 also cover altitudes above 2100 ma.s.l.
It is therefore of no advantage to use e.g. grid cells at an altitude of 2000 ma.s.|. to
calibrate a grid cell at 1000 ma.s.l. The error characteristics depend on altitude and
thus a classification into elevation ranges is justified. The mean ASWE is independent
of snow amount (Fig. 4). It is close to zero for both snow-rich and snow-poor days,
but the variance is higher for snow-rich days. The distinction between snow-rich days
(SR, SWE exceeds the average) and snow-poor days (SP, SWE smaller than the av-
erage) is based on the median in map110. The same days are considered as having
correspondingly rich or poor snow resources in map203.

ASWE varies spatially between the regions and altitudes, and temporally between
December, January, February, March and April (Fig. 5). From December to April, the
ASWE for a large area increases. The SWE height trend has a small gradient in De-
cember. Therefore, the benefits of having stations at higher elevations are smaller in
December than at the end of the winter season. This is confirmed by the fact that the
differences in December are small and those in April are much higher. The highest
underestimations of map110 are observed in the VS and part of the AR catchment.
Overestimations are observed only in the eastern part of VS (Gotthard region). The
region with the largest differences is similar to the region above 2000 ma.s.l. (area
shaded in grey in Fig. 1).
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4.3 Implementing the quantile mapping

The outcome of the comparison in the previous section led to the definition of the cal-
ibration procedure illustrated in Fig. 6. Starting with map110 and map203, the calibra-
tion of map110 is implemented separately for each grid cell to account for spatial and
altitude-dependent differences, and for each day with a moving window of £15 days
to account for seasonal effects. For dates before 15 December and after 15 April re-
duced classes were used as the maps are available only from 1 December till 30 April.
Additionally snow-rich (SR) and snow-poor (SP) days were distinguished by means of
the median SWE in map110. This procedure results in a calibrated data set of gridded
SWE maps for 39 yr (map.cal).

4.3.1 Application during the overlapping period

The calibration was first tested for the 9 overlapping years (2001-2009) and the relation
obtained between the quantiles of the two data sets was then applied to the 39 avail-
able years (1971-2009) of map110. The nine overlapping years were cross-calibrated.
By dividing the data set into a training period (eight years) and a calibration period
(one independent year), each year can be calibrated independently with the remaining
eight years. For instance, for a specific grid cell “x” (star in Fig. 1), the calibration for
11 March 2003 uses all days of this grid cell from 24 February to 26 March except
those from the year 2003 to produce F1h1 Mar, x @nd F1’1 Mar, x- 1€ median of F1'1 Mar, x 1S
493 mm, which we now define as the threshold to discriminate snow-rich from snow-
poor days. The same days are also considered as snow-rich and snow-poor in map203.
On this day a SWE of 539 mm is altered to 588 mm by using only the snow-rich days
from map110 and the same days from map203 for the calibration.
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4.3.2 Application before the overlapping period

For the entire period (39 yr), quantile mapping is, as before, completed for each grid cell
and day separately by distinguishing snow-rich and snow-poor days based on the me-
dian of map110 during the overlapping period. The reallocation of SWE values follows
a simple procedure, which is illustrated here for the grid cell “x” on 16 January 1979.
Fls san. x @nd Fg jan x contain all January days of grid cell “x” from 2001-2009 and
1971-2009, respectively. The threshold to separate snow-rich and snow-poor days is
chosen during the overlapping period to ensure that both data sets are separated on
the basis of the same conditions. For grid cell “x”, the median SWE on 16 January is
285 mm from 2001-2009 and 297 mm from 1971-2009. For this grid cell the difference
is small. The threshold of 285 mm classifies the SWE of 299 mm on 16 January 1979
as snow-rich. Thus F1’6 Jan, x @nd F1h6 Jan, x Use only snow-rich days to calibrate the SWE
of 16 January 1979 to a refined value of 302 mm.

4.4 Validation of the quantile mapping

The calibrated SWE maps were first validated with map203. As a simple cross-
validation for every station is very time consuming, we opted for two different ap-
proaches in order to validate our maps during both the calibration period (CP, 2001—
2009) and the test period (TP, 1989-2000).

4.41 Cross-calibration

In order to validate the cross-calibration during the calibration period (CP, 2001-2009),
map203 was considered as reference. The ME, R? and RMSE were calculated for
each grid cell separately and averaged over the regions AR, TTG and VS (Table 2).
The performance of the SWE simulation differs between map110 and map.cal, as well
as between the regions. Map.cal outperforms the uncalibrated map110 in all regions.
As expected, after calibration the ME is negligible and RMSE is smaller. R? of the trend-
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corrected SWE grid cell by grid cell is relatively high, with values above 0.7. Thus small
fluctuations in the snow depth are still reproduced after calibration. At regions above
2000ma.s.l. R® is higher after calibration. Otherwise, however it is generally smaller,
because some values in map110 are shifted to the maximum or minimum in map203,
while the SWE in map203 remains variable. As quantile mapping can sometimes cor-
rect in the wrong direction, a reduction in the bias is at the expense of the R?. Even
though the performance is good after calibration, the regional differences, especially
in R® and RMSE persist. Some of these differences are related to differences in the
altitude ranges and station densities in the three regions investigated.

The daily regional SWE of map.cal accord good with those of map203 (Fig. 7). Un-
til March map110 agrees quite well with map203. The divergence increases towards
the end of April. These underestimations of map110 compared to map203 could be
removed with calibration (map.cal) over the entire winter in all three catchments. As in
the TTG region no additional stations are available, the differences between map110
and map203 in the TTG catchment are caused by the regional detrending applied
to map203 and the detrending reaching up to 2700 ma.s.l. Systematic over- or un-
derestimations in ASWE, which differ between months and grid cells (upper row of
Fig. 8), could be generally removed through the calibration (lower row of Fig. 8). The
interquartile range (IQR) of the differences between ASWE and map.cal-map203 is
unchanged (not shown). Generally, the correction value is more pronounced at high
quantiles (Fig. 9). The lowest 30 percentiles of map110 agree well with map203. The
calibration is effective for the remaining two-thirds of all values. However the 100 per-
centile is changed to the maximum of map110 in the CP. This is clearly a limitation
when adopting quantile mapping. We will elaborate on this later.

4.4.2 Spatial and temporal consistence

For the spatial evaluation, map203 was “re-modelled” during the CP by removing four
stations in the subareas VS and AR (map203~). The stations removed are: Ober-
saxen (OB, 1420 ma.s.l.), Parsenn Kreuzweg (PA, 2290 ma.s.l.), Anniviers Orzival (AN,
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2630 ma.s.l.) and Binn (Bl, 1410 ma.s.l.). They are labelled and marked with a black
outline in Fig. 1. Thus in both regions a station above 2000m a.s.| and a station at
about 1500 m a.s.l. were removed. The resulting calibrated SWE maps are denoted
map.cal~. Generally the interpolation performed without the four selected stations
(map203™) results in a higher RMSE (Table 3). In VS (AN and BN), the RMSE is larger
than in AR (OB and PA). The relative effect of removing stations is, however, greater
in the AR region. For the calibrated maps, the RMSE is only slightly smaller in map.cal
than in map.cal™, except for BN. The omission of the selected stations has only a small
influence on the uncertainty of the calibrated maps at the station locations. Thus we
conclude that the calibration works equally well at grid cells with observations as in
between such grid cells.

The temporal validation outside the calibration period is done by comparing the test
period (TP) and the calibration period (CP). The calibrated maps are compared with
measurements of the 23 “independent” stations from map133 (Fig. 1). The median of
the differences is similar during CP (-1.3) and TP (-2.1) (Fig. 10), but the interquartile
range and total variance are slightly larger during TP. The mean differences vary be-
tween the stations. However, the mean and variance of the differences at most stations
are similar between CP and TP. This similarity indicates that the calibration procedure
is temporally consistent.

4.5 Trend

SWE anomalies of map110 are maintained in the maps calibrated with map203
(Fig. 11). The linear regression for mean winter SWE resulted in insignificant regres-
sion coefficients. However, the coefficients and p values of the linear regression from
map110 and map.cal are very similar. Therefore SWE anomalies from the median win-
ter SWE were compared for different altitude ranges. The correlation coefficients of
map110 and map.cal are typically very high (> 0.85). Based on the station background
anomalies of median winter SWE are expected to be similar up to 2000 ma.s.l. We ex-
pected however that there are SWE anomalies that are only present at higher altitudes
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and thus only covered by map.cal. Such anomalies have, however, not been found in
this data sets.

5 Three examples of applications
5.1 Verification of a hydrological model

With a high quality, gridded SWE climatology of 39yr, a tool was developped to ver-
ify and calibrate SWE simulated with hydrological models, which can generally only
be verified against runoff observations. SWE simulated with hydrological models are
therefore completely independent of the calibrated SWE maps, as the SWE maps are
based on measured HS and calibrated bulk density, whereas the snow output of hydro-
logical models is typically calculated with precipitation and temperature (Zappa et al.,
2003). An example is given of the fully distributed version of the hydrological model
PREVAH (Precipitation Runoff EVApotranspiration Hydrotope) with a spatial resolution
of 200m (Viviroli et al., 2009b; Kobierska et al., 2013). See Gurtz et al. (1999) and
Viviroli et al. (2007) for information on the physics, parameterization and downscaling
method. The regionalised parameters used are from Viviroli et al. (2009b) and Viviroli
et al. (2009a). With the example of a PREVAH simulation from 1 January 1980-31
December 2009 (initialisation period from 1 October 1975-31 December 1979), SWE
was verified for two winters. The meteorological input consists of spatially interpolated
meteorological observations calculated according to Viviroli et al. (2009b). Map203 and
map110 provide a data base to verify such hydrological models as PREVAH. We have
seen that map110typically underestimates the true SWE, especially at the end of sea-
son, and map203is not available before 2001. Map.cal provides a consistent SWE data
set with more realistic SWE values.

Figure 12 shows the seasonal evolution of the mean SWE in the regions VS (left)
and AR (right) catchment for the winters 2007/2008 (top) and 1990/1991 (bottom) for
the PREVAH simulation (black). The simulation is available throughout the year but
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the gridded SWE maps (blue, red and green) are only supplied from 1 December
until 31 April. The seasonal evolution of SWE is similar between the versions of the
same year and region. The validation of the PREVAH simulation yields different con-
clusions depending on which gridded SWE map is taken as a reference. In the year
2007/08, map203 is available and is considered the best reference. In this case, the
snow resources simulated with PREVAH are generally underestimated in the AR region
(ME: =29 mm), and partly over- and underestimated in the VS region (ME: —1 mm). If
we take map110 as the reference, PREVAH only estimates SWE accurately for a few
weeks at the end of winter season in the AR region (ME: —19 mm) and overestimates
SWE in the VS region (ME: 21 mm). In both cases, the wrong conclusions are drawn
when map110 serves as the reference. As the calibration of map110 changes the SWE
values towards the map203 estimates, the model verification would be more realistic if
map.cal instead of map 110 were taken as reference. For the year 1990/1991, for which
map203 is not available, map.cal is a very valuable data base for verification, espe-
cially at the end of winter season, where the snow resources are underestimated by
map110. To calibrate and verify hydrological models against SWE for periods covering
the calibration period (2001-2009) and the period before, map.cal should be used as
the reference to ensure a consistent, high quality data set.

5.2 Estimation of snow resources anomalies

For research on the water resources in Switzerland or on lake and reservoir manage-
ment, calculating spatially explicit SWE anomalies is becoming increasingly important,
as is comparing current with past situations. Here calibrated long-term SWE climatol-
ogy is helpful. According to the underlying climatology (map110 or map.cal), various
conclusions about the anomalies of a certain winter can be drawn (Fig. 13). 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 until March. At the end of the season,
the median is lower and the variability is larger in the climatology based on map110.
Both climatologies yield negative SWE anomalies for the winter 2004/2005 (red line in
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Fig. 13). However, at the end of the winter season in April, if the map110 climatology
is used, the anomaly is still in the interquartile range, whereas in the climatology of
map.cal the negative anomaly is larger.

5.3 Predictability of runoff in Neuhausen with SWE in the Alpine Rhine Catch-
ment

The aim of the third application is to illustrate the value of distributed SWE for estimating
low-water events in the following summer using the example of the runoff observed in
Neuhausen (yellow triangle in Fig. 1). The minimum daily runoff of each year (1971—
2009) was determined for the months of May, June and July. The snow volume used to
determine the range of the minimum runoff is the calibrated SWE on 15 April of each
year averaged over the catchment of the Alpine Rhine. The scatter plot of 15 April SWE
and the minimum runoff in May (left), June (middle) and July (right) are shown in Fig. 14.
A linear regression is carried out for the log-transformed variables, SWE and runoff
(black curve). The 95 % predictive interval is calculated to specify the range where
minimal runoff can be expected (Weisberg, 2005) (dotted lines). The predictive interval
is larger than the confidence interval because in addition to the estimates uncertainty,
the uncertainty of the predictor is also taken into account.

Generally, the minimum runoff is positively related to 15 April SWE. In May the re-
gression curve is rather flat, whereas the relation is more pronounced in July, and even
more in June. The variability increases from May to July due to the smaller base val-
ues of the snow melt. We are interested in the lower curve of the prediction interval to
predict worse case scenarios. The minimum expected runoff is about 40 % lower if 15
April SWE is 200 mm than if 15 April SWE is 500 mm (Fig. 14). As illustrated here with
15 April SWE in the Alpine Rhine region, this strategy can be used to create look-up
tables for different dates in the winter season and select simple early indicators for low
flow in alpine rivers. These indicators only contain SWE, and thus display the minimum
that must be expected for cold conditions with little precipitation.
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6 Conclusions

The research described here aimed to find a methodology to provide a consistent,
high-quality climatology of gridded SWE for Switzerland. A shorter climatology (2001—
2009), consisting of 203 stations (map203), and a longer climatology (1971-2009),
based on 110 stations (map110), were used to produce a high-quality SWE data set for
Switzerland during the period 1971-2009, namely map.cal, which was calibrated with
the quantile mapping method. As far as we know, this is the first quantitative evaluation
and refining of a 39yr-long gridded snow water equivalent data set. The calibration
was implemented for Switzerland during the period 1971-2009 with a resolution of
1km x 1km. The analysis of the calibrated SWE maps focused on three regions: the
Alpine Rhine, the region including the rivers Thur, Tdss and Glatt, and finally Valais.

The procedure used to generate map110 and map203 is potentially less accurate
than locally applied physical models, but it is much easier to use in large basins and
global applications, and for studies of very different regions (Sturm et al., 2010). The
calibration methodology is independent of region, elevation range and horizontal res-
olution as it is performed individually for each grid cell. Problems can be expected in
two domains: (1) in grid cells that are snow free on most days in map203, the non-
exceedance probability of the lowest snow depths is already very high. Thus the snow
depths of these non-exceedance probabilities in map110 are likely to be changed to
“no snow”. The absolute error is, however, small. (2) Grid cells at altitudes above the
highest measurement stations (in our case > 2700 ma.s.l.) should not be taken at face
value in any of the three SWE climatologies.

Comparing map203 with the 203 available station measurements in the period 2001—
2009 resulted in a RMSE of 50 mm. As the station measurements do not represent the
spatial variability, the RMSE is therefor not considered as the true “error”. Map203 is,
to our knowledge, the best available data base for the time period considered. We
have demonstrated that quantile mapping can successfully adjust map110 to map203
averaged over a region and a period. Nevertheless, some of the outcomes suggest that,
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for single years and grid cells, the method and its underlying assumptions might not be
free of errors. Therefore using or evaluating single grid cells is not recommended. The
evaluation with independent stations and stations outside the calibration period showed
that the calibration still could reduce the uncertainty spatially and temporally compared
to map110. It is therefore very useful for obtaining information on the water storage
in a snowpack on a catchment scale and for investigating SWE anomalies during the
recent past.

For the statistical calibration method, quantile mapping, it is important to investigate
possible changes in the distribution of SWE during the periods 1971-2000 and 2001—
2009. Figure 15 illustrates the CDFs of these two periods. The two distributions can
be considered similar, which means it is not necessary to perform a double quantile-
quantile transformation or other transfer functions such as those used by Bardossy and
Pegram (2011) and Li et al. (2010). The maximum for map110 (1949 mm), however,
is larger than the maximum for map203 (1353 mm). Although there are several ways
to handling such “new” extremes, we decided to change the values of map110 that
exceeded the maximum of map203 to the maximum of map203, as the maximum of
the training period is exceeded only in 6.4 x 10™* % of the sample considered. As we
showed in Fig. 11, the anomalies in SWE are preserved in the 39 yr calibration period.
This makes us confident that the method, as we applied it, can be used for different
periods in the past and the future.

A closer look at Table 2 shows that the calibration could reduce the RMSE in all re-
gions. For the three study regions, we can conclude: in the region of the rivers Thur,
Toss and Glatt, the RMSE could be reduced from 14 to 9 mm. The differences between
map203 and map110 are mainly due to changes in the global height trend calcula-
tion, as no additional stations have been established in the catchment since 1971.
Map110 calculates the global height trend for all of Switzerland, whereas in map203 it
is computed separately for seven predefined snow regions. In Valais, the discrepancy
between map203 and map110is larger than in the other two study areas. We assume
that this is due to it having a large area above 2000 ma.s.l. In map110 the global snow
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depth trend is flat above 2000 ma.s.l., while this height trend is drawn further up to
2700 ma.s.l. in map203. Here the RMSE is diminished from 78 to 61 mm. The detailed
analysis of the Alpine Rhine indicate, that the largest deviations of the two climatolo-
gies are at the end of winter and at higher elevations, when the RMSE is reduced from
54 to 48 mm.

From these findings, we can conclude that the general underestimation of map110
could be removed over the entire snow period. We have seen that the benefit of in-
cluding additional stations is smaller at the beginning of the snow season in December
due to a small height gradient in SWE, which increases toward April, at the end of
the snow season. The calibration has therefore little potential at the beginning of snow
season to refine SWE values and more potential at the end of the winter season. Be-
cause of the large variability of SWE in Switzerland, the calibrated SWE climatology
presented, provides probably the best overview of Swiss snow resources for the re-
cent past. The mean difference between map203 and map 110 could be reduced from
—18mmto 7-10~> mm after quantile mapping.

The gridded SWE climatologies presented are an important contribution to water re-
source research and applications. Three possible applications have been discussed.
Map.cal provides a consistent basis for verifying and parameterising the snow module
of fully distributed or semi-distributed hydrological models within the period 1971-2009.
The second application showed the importance of a long SWE climatology, approximat-
ing current SWE maps, for estimating SWE anomalies. The third application illustrated
the potential for forecasting minimum expected runoff in May, June or July using the
SWE on 15 April as sole predictor. We found that in the region of the Alpine Rhine
snow anomalies correlated with the streamflow anomalies of the following season, as
did Cayan et al. (1993).

Research with gridded SWE climatologies will always need an update to take into
account the latest developments in snow modelling to ensure that it has the best avail-
able data. The SWE maps used in this study exhibit, for example, weaknesses in the
correct placement of the snow-no snow borderline and the effect of sub-grid variabil-
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ity. The methodology developed here to refine SWE information can always be used
for any future development of available high-end SWE data. Future work with gridded
SWE will involve the extension of the work by Fundel et al. (2013), with probabilistic
evaluation of both SWE and discharge predictions. Furthermore, we aim to investigate
soon the added value of assimilating SWE information within a hydrological model for
extended range forecasts of stream-flow droughts.
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Table 1. Characteristics of the three regions Alpenrhein (AR), Valais (VS) and Thur/Toess/Glatt

(TTG).

AR TTG VS
Size [km2] 6342 2586 5382
Mean elevation [ma.s.l.] 1742 696 2078
Min elevation [ma.s.l.] 409 345 372
Max elevation [ma.s.l.] 3361 2324 4403
% above 2000 39 0.4 56
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* 1971 - 2009 (d110) )
* 1989 - 2009 (d133) Thur/Toss/Glatt
* 2001 - 2009 (d203)

Fig. 1. Stations available during the different time periods: 110 stations from 1971-2009 (purple
dots), 133 stations from 1989-2009 (purple and orange dots) and 203 stations from 2001-2009
(purple, orange and green dots). The three sub-areas, Alpine Rhein (AR), Valais (VS) and the
region including the rivers Thur, Toess and Glatt (TTG) are considered in this study. Areas
shaded grey are higher than 2000 ma.s.l. The four labeled stations with black outlines are used
for validation. The yellow triangle is the river gauge in Neuhausen. The black star is a randomly
chosen grid cell for the example in Sect. 4.3.
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Fig. 2. lllustration of quantile mapping. X is the value to calibrate. The red diamond corresponds
to the non-exceedance probability of x with respect to map110. Xc is the calibrated value, which

is the value of the same non-exceedance probability with respect to map203.
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Fig. 3. Statistics for the SWE maps at station grid cells averaged over the period 2001-2009.
The left column (a and c) contains the scores calculated with SWE,;; and the right (b and d)
those based on SWE,, . Areas shaded grey are higher than 2000 ma.s..
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Fig. 4. The mean differences between map110-map203 per grid cell for: (a) different altitude
ranges and (b) snow-rich and snow-poor days in the whole of Switzerland during the overlap-
ping period (2001—2009). The boxes display the median and the interquartile range (IQR). The
whiskers extend to the maximum ASWE, but are limited by twice of the interquartile range.
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Fig. 6. Calibration procedure. SR refers to snow-rich and SP to snow-poor days. The distinction
between SR and SP is based on the median of map110 during the overlapping period.
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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).
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Fig. 14. The minimum runoff in May (left), June (middle) and July (right) explained by the SWE
on 15 April through linear regression. SWE (black circles) are based on map.cal. The black line
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Fig. 15. Comparison of the SWE distribution in map1710 during the training period (black) and
the calibration period (green).
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