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Abstract

Measuring precipitation in mountain areas is a demanding task, but essential for hy-
drological and environmental themes. Especially in small Alpine catchments with short
hydrological response, precipitation data with high temporal resolution are required for
a better understanding of the hydrological cycle. Since most climate/meteorological
stations are situated at the easily accessible bottom of valleys, and the few heated rain
gauges installed at higher elevation sites are problematic in winter conditions, an ac-
curate quantification of winter (snow) precipitation at high elevations remains difficult.
However, there are an increasing number of micro-meteorological stations and snow
height sensors at high elevation locations in Alpine catchments. To benefit from data of
such stations, an improved approach to estimate solid and liquid precipitation (ESOLIP)
is proposed. ESOLIP allows gathering hourly precipitation data throughout the year by
using unheated rain gauge data, careful filtering of snow height sensors as well as
standard meteorological data (air temperature, relative humidity, global shortwave radi-
ation, wind speed). ESOLIP was validated at a well-equipped test site in Stubai Valley
(Tyrol, Austria), comparing results to winter precipitation measured with a snow pillow
and a heated rain gauge. The snow height filtering routine and indicators for possible
precipitation were tested at a field site in Matsch Valley (South Tyrol, Italy). Results
show a good match with measured data because variable snow density is taken into
account, which is important when working with freshly fallen snow. Furthermore, the
results show the need for accurate filtering of the noise of the snow height signal and
they confirm the unreliability of heated rain gauges for estimating winter precipitation.
The described improved precipitation estimate ESOLIP at sub-daily time resolution is
helpful for precipitation analysis and for several hydrological applications like monitor-
ing systems and rainfall-runoff models.
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1 Introduction

Quantification of precipitation is still a major source of uncertainty within the water bud-
get of Alpine catchments (see e.g. Egli et al., 2009; Gottardi et al., 2012; Sevruk et al.,
2009). Most of the climate/meteorological stations are located at the valley bottom,
while, at higher elevations, the number of measurement devices and their accuracy is
limited by accessibility, energy supply, financial costs and wind influence.

At higher elevations, where a significant part of annual precipitation falls as snow,
various methods are known to measure or estimate precipitation. For accumulated
precipitation measurement totalisators work well (Scherrer, 2010). Advanced instru-
ments, such as snow pillows, snowpowers, parsivels or heated weighing rain gauges
are used for a reliable measurement at short timescales (Egli et al., 2009). However,
their number and use is limited by maintenance and monetary constraints. The influ-
ence of wind (e.g. snow wind drift, surrounding wind fields, etc.) causes problems in
getting correct precipitation information, especially for measurements with rain gauges
(Jordan et al., 1999; Sevruk et al., 2009; Sevruk, 1986) usually installed at a height of
2m, where wind speed is higher than closer to the ground (Hackel, 2005). This makes
it necessary to correct winter precipitation with empirical factors, often of more than
40 % (Carturan et al., 2012). Hence, wind influence is more critical for relatively simple
heated rain gauges than for near-surface measurements (i.e. snow pillow).

In recent years automatically measured snow height and meteorological data (e.g.
air temperature, relative humidity, global shortwave radiation, wind speed...) have in-
creasingly become available. While snow height as a single parameter does not pro-
vide useful information on snow amount/volume (Armstrong and Brun, 2008), it allows
an estimate of snow water equivalent (SWE) when combined with snow density. Con-
sidering the undercatch problem of heated rain gauges during snowfall (Judson and
Doesken, 2000; Sevruk, 1986), the time required for manual measurements (and the
related less detailed temporal resolution) and the financial and logistical effort to set up
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equipment such as snow pillows, alternative approaches to obtaining reliable precipi-
tation data at high temporal resolution are needed.

In small catchments with a correspondingly short hydrological response (Symader,
2004) datasets with sub-daily or hourly time resolution are necessary to get a more
detailed understanding of runoff production and critical flood conditions. Especially in
high elevation catchments, response times have a dimension of hours or less, and the
elevation of the snow line controls flood magnitudes (Allamano et al., 2009). Moreover,
especially for catchments with dry climatic conditions, it is important (especially in win-
ter and spring) to consider every single precipitation event in order to quantify the wa-
ter budget. While several methods are mentioned in literature to calculate snow water
equivalent (SWE) and therefore derive precipitation from snow height measurements
at seasonal (Jonas et al., 2009) or daily (Egli et al., 2010; Sevruk, 1986; Sturm et al.,
2010) time resolution, these approaches are not validated for hourly data of freshly
fallen snow and across the whole hydrological year yet. In fact, most of the existing
methods to get SWE from snow height measurements aim at total sums for the winter
period instead of identifying single precipitation events.

In order to calculate SWE from snow depth measurements, an accurate estimate of
snow density is necessary. The average density of freshly fallen snow is assumed to
be 100kg m~3 (Goodison et al., 1998; Sevruk, 1986). However, several studies (Egli
et al., 2009; Hedstrom and Pomeroy, 1998; Jordan et al., 1999; Sevruk, 1986) have
shown that the density of new snow may vary from 30 kg m~2 to more than 450 kg m=3
in different meteorological conditions. The most important meteorological factors influ-
encing snow density are air temperature and wind speed. Both factors are included
in the calculation of snow density proposed by Jordan et al. (1999), while Brazenec
(2005) tested four methods to determine snow density from temperature only and got
the best results using the method developed by Hedstrom and Pomeroy (1998).

When identifying precipitation events, a differentiating factor between rainfall and
snowfall is needed. An air temperature of 0 °C is no sharp trigger point between snow or
rain (Hackel, 2005). As described by US Army Corps of Engineers (1956) and Rohreg-
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ger (2008), there is a transition zone from rainfall to sleet and finally snow. Two better
possibilities to estimate the snow line are wet bulb and dew point temperature, where
relative humidity is integrated in the calculation (Steinacker, 1983). Because of chang-
ing meteorological conditions in the course of the day the differentiation between rainfall
and snowfall is easier at sub-daily time resolution. This is important because the ele-
vation of the snowline can significantly change during one day/precipitation event in
Alpine areas (Armstrong and Brun, 2008) with dramatic consequences for runoff pro-
duction. Additionally, the frequency of snow depth measurements is important since
sub-daily data allow a better consideration of melting, settling and redistribution pro-
cesses (Brazenec, 2005). This is especially relevant for snow depth measurements
at wind exposed sites, for small events, and in spring, when snow accumulation and
snowmelt might occur during the same day.

The most common approach to measuring snow depth automatically is using an
ultrasonic snow depth sensor. The fluctuations of the ultrasonic snow height sensor
due to temperature are known as a source of error (Terzago et al., 2012). Manufacturer
calibration does not fully remove the fluctuation errors (Ryan et al., 2008), thus, when
working at high temporal resolution, these can also be misinterpreted as small snowfall
events or vice versa. Therefore the help of filtering procedures is needed to minimize
this source of error in order to calculate real snow height increments. A moving average
is an easy and effective way of handling this problem (Brazenec, 2005; Terzago et al.,
2012).

We hypothesize that the combined use of unheated rain gauge data for rainfall events
and carefully filtered snow height data, in combination with temperature- and wind-
dependent density of freshly fallen snow, to calculate SWE of snowfall events is a sim-
ple and cost-effective solution to estimate sub-daily precipitation data throughout the
year. In order to test this hypothesis, we validated a procedure to Estimate SOlid and
LIquid Precipitation (ESOLIP), not only for seasonal totals but also for single precipita-
tion events at sub-daily timescales. Precipitation possibility was estimated with mete-
orological data and meteorological information. The signal of the snow height sensor
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was filtered with moving averages to identify single snow height increments caused by
snowfall events. To investigate the importance of variable snow density, different meth-
ods to calculate the density of freshly fallen snow were tested. We applied ESOLIP at
one study site and the tested snow height filtering routine and indicators for possible
precipitation at another test site in the Alps. Finally we discuss major limitations and
advantages of the method.

2 Data and test sites

ESOLIP was validated at the study area Kaserstattalm (47°7'44” N, 11°18'20" E, LTER
site Stubai) at an elevation of 1830 ma.s.l., situated in the Stubai Valley, Austria. In ad-
dition to a meteorological station, including an ultrasonic snow height sensor, a heated
and an unheated rain gauge, air temperature, global shortwave radiation, wind and
humidity sensors (Campbell Scientific, Logan, UT, USA), a snow pillow (Snow Pillow
3m x 3m, Sommer GmbH & Co KG, Austria) is installed at the site, which has pro-
vided data for three winter periods (November 2009—May 2012). The snow height fil-
tering routine and the indicators for possible precipitation were tested at the study site
Matsch Valley (46°41'10” N, 10°34'46" E), ltaly, at 1500 ma.s.l. This site is equipped
with a meteorological station, including a snow height sensor, unheated rain gauges,
air temperature, global shortwave radiation, wind and humidity sensors (Campbell Sci-
entific, Logan, UT, USA) providing hourly data series since installation in 2009. At
the same elevation, in a distance of 3km (46°41'40” N, 10°37'3" E), manual obser-
vations are available. Every day at 9a.m. precipitation records (heated rain gauge,
snow height) are collected. Additionally, metadata from a daily meteorological bulletin
called “climareport” (Hydrographic Office of the Autonomous Province Bozen, 2013)
were considered. Both stations use the same sensor type, mounted at the same height
above the soil surface.

8688

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

HESSD
10, 8683-8714, 2013

ESOLIP — estimate of
solid and liquid
precipitation

E. Mair et al.

' II“ III


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/8683/2013/hessd-10-8683-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/8683/2013/hessd-10-8683-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

3 Method

ESOLIP aims at estimating snow and rainfall precipitation at hourly time-scale using
a snow height sensor in combination with an unheated rain gauge and auxiliary mi-
crometeorological data illustrated in the scheme of Fig. 1. The method can be divided
into three basic steps:

1. Pre-processing and a quality check of rain gauge and snow height sensor data
is required to ensure data reliability. This includes a careful filtering of the noise
in the snow height signal to identify snow height increments related to snowfall
events.

2. In a second step the possibility of precipitation is controlled with the help of mea-
sured meteorological data and, where available, verified with metadata (such as
meteorological reports and observer statements). Precipitation recorded in the
unheated rain gauge, but highly improbable according to additional data, is identi-
fied as melting snow and not considered for the resulting precipitation data series.

3. The third step distinguishes between snowfall and rainfall using a threshold on
wet bulb temperature. For rainfall events, rain gauge data is used directly. In case
of a snowfall, snow density and SWE are calculated using meteorological data.

3.1 Data pre-processing and filtering (see 1. in Fig. 1)

Data quality control is essential when dealing with meteorological records (Zahumen-
sky, 2004). First, data from unheated rain gauges were checked for outliers and incor-
rect measurements (e.g. negative values) were removed from the data series.

In addition, the noise in the signal of the ultrasonic snow height sensor was accu-
rately removed to identify snow height increments at an hourly time-scale, which might
be related to snowfall events. The signal of ultrasonic snow sensors is affected by
changing air temperature. In particular during sunny days with high global shortwave
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radiation, snow height measurements tend to decrease by a couple of centimetres and
rise back to the initial value with decreasing temperature and global shortwave radi-
ation (Terzago et al., 2012). Manufacturer calibration compensates ultrasonic sensor
readings with respect to air temperature, but does not account for the described de-
crease and rise in snow height measurement, thus further filtering is needed. The filter
should be an optimal compromise between the need to remove oscillations caused by
temperature fluctuations and to preserve snow height increments related to snowfall.
For the datasets from Matsch and Stubai, a moving average of 5h delivered the best
results, since it smoothed small oscillations but did not falsify peaks (Figs. 2, 3). A more
detailed analysis on the choice of the moving average interval for smoothing is shown
in the results section.

3.2 Possibility of precipitation

The next step to estimate the correct precipitation amount is to distinguish between
real precipitation events (either solid or liquid) and erroneous sensor readings (see
2. in Fig. 1) which could i.e. be caused by melting snow (which was accumulated in
an unheated rain gauge). This can be done with the help of additional, automatically
recorded, meteorological data. If available, metadata (such as meteorological or syn-
optic reports, human observations) can help to exclude periods with no precipitation
from further analysis. For the test site in Matsch, checking metadata allowed exclud-
ing half of the dataset from further analysis. Additional meteorological data at hourly
basis describe the general weather conditions and allow further reduction of periods
to investigate. Especially relative humidity and global shortwave radiation can indicate
precipitation events. The objective was not to lose more than 2.5 % of precipitation
when filtering data only by relative humidity or global shortwave radiation alone. If both
relative humidity and global shortwave radiation are used as filters, not more than 1%
of precipitation should be lost.

Relative humidity (RH) measured at the weather station increases with precipitation
(Hackel, 2005). At the Matsch test site, the average RH during precipitation events
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was 93 %, but some very low RH values were also measured (Table 1). Such low
values can be found also in the literature. Rohregger (2008) and Lehning et al. (2002)
used a threshold of RH > 70 % to separate between snowfall or no snowfall. Based
on our analysis (Table 1), a threshold of RH > 50 % which misses only 1.4 % of real
precipitation is suggested.

Global shortwave radiation (R,) reflects cloudiness and is therefore an indicator for
precipitation during daytime. High A indicates sunny weather, while precipitation is
far more likely at low A values. The model snowpack (Lehning et al., 2002) includes
a threshold of 250 Wm ™2 global shortwave radiation for snowfall events. At the Matsch
test site (Table 1) the average A measured during precipitation was 124Wm™2, while
the following maximum R were measured during precipitation events: 909 Wm™ dur-
ing rainfall and 808 Wm™ during snowfall. The higher maxima for rainfall occur es-
pecially at the beginning of thunderstorms, when the sky is only partially covered by
clouds. Based on the analysis of the dataset (Table 1), a threshold of 400Wm~2 is
suggested as it misses only 2.2 % of precipitation.

Besides the relation to cloudiness, with increasing A air temperature also rises,
which influences the signal of the ultrasonic snow height sensor. Excluding time periods
with high A4 can thus help to reduce the problem of the oscillations of the ultrasonic
snow height sensor at least during daytime.

If precipitation is recorded but highly improbable according to the applied meteoro-
logical filtering with RH and A, it is assumed to be melting snow in the rain gauge. An
additional condition to identify such spurious snowmelt is an air temperature around the
freezing point and high solar radiation to enable the melting process. These spurious
precipitation data were excluded from the final data series.

3.3 Separation of snowfall and rainfall

At test sites with only snow height sensors and unheated rain gauges, liquid precipita-
tion is measured by the rain gauge, while the SWE can be calculated from snow height
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increments and snow density (see 3. in Fig. 1). Rapidly changing meteorological condi-
tions and fluctuations of the snow line can be taken into account by using sub-daily data
to distinguish between time periods with possible rainfall or snowfall. Wet bulb temper-
ature (T,,) was used as an indicator for the snow line, as Steinacker (1983) found it to
work better than air temperature (7,) and other possible methods. Dew point temper-
ature (T4) was considered less suitable than T, by Feiccabrino et al. (2007). Following
Steinacker (1983), a threshold of T, = 1°C was chosen. For periods with 7, < 1°C, the
snow height sensor was checked for possible snowfall. If snow height increased by at
least 0.1 cm per period, snow density was estimated to calculate the SWE.

T, if not measured directly, can be calculated by solving the psychrometric formula
(Eqg. 1) implicitly (Wittenberg, 2011)

e=E(Ty)-v(Ta—Ty) (1)

where e is the vapour pressure in the air, E is the saturation vapour pressure and y is
the psychrometer constant depending on air pressure (Kaspar, 2004). £ and e can be
derived from relative humidity, air temperature and pressure (Murray, 1967).

For periods with T,, > 1°C, data records from the unheated rain gauge were clas-
sified as true precipitation. For practical reasons and to keep the presented method
simple, a fixed threshold temperature with no transition interval was chosen. There-
fore a mixture of rainfall and snowfall in the same period cannot be represented. Such
events may be underestimated, since only one record — either snow height increment
or rain was considered. A sensitivity analysis of method performance with respect to
the choice of the T,, threshold showed no significant variation, thus the literature value
of T,, < 1°C (Steinacker, 1983) was used.

Snow density was calculated for all snow height increments that were identified as
“true” snowfall events (Sects. 3.2, 3.3). Different methods to calculate snow density
were considered, e.g. the simple assumption of constant freshly fallen snow density
equal to 100 kg m~3 (Judson and Doesken, 2000), four methods presented by Brazenec
(2005) based on air temperature only and the method of Jordan et al. (1999) based on
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air temperature and wind speed. The influences of these different methods to calculate
snow density on the final result and a comparison with measured snow density at the
Stubai site are given in the results section.

4 Results and discussion

Below we present an evaluation of ESOLIP, using data from the field sites in Stubai
and Matsch.

First, a sensitivity analysis of the method’s most important parameters: (a) the choice
of the averaging interval for filtering the snow height sensor measurements, both at the
event- and seasonal time-scale; (b) the calculation of snow density and its impact on
seasonal SWE totals. Second, results from ESOLIP are compared to SWE measured
with the snow pillow and a heated rain gauge for single events and at seasonal time
scale for the Stubai field site. Moreover, at the Matsch test site, the reliability of snow
height filtering was checked, as well as the impact of metadata availability on the ap-
proach.

For the validation (winter 2009-2010, 2010-2011 and 2011-2012) of ESOLIP at
the Stubai test site, the snow pillow was taken as reference for snowfall events. Be-
cause of a lack of metadata, the possibility of precipitation was estimated through the
thresholds of relative humidity and global shortwave radiation only. If meteorological
conditions allowed, snow precipitation (Sects. 3.2, 3.3), SWE increments measured by
the snow pillow were taken as valid observations and compared to the performance of
the calculated SWE using different freshly fallen snow densities.

As only time periods with a meteorological possibility of snowfall were taken into
account, but heated rain gauges need some time to melt snow after an event, a direct
comparison of event-based data is not possible. In fact, a comparison of heated rain
gauge measurements and the calculated SWE for longer periods reveal an under-catch
of heated rain gauges also known in literature (Goodison et al., 1998).
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4.1 Sensitivity analysis
4.1.1 Snow height filtering

In the literature different moving average intervals from 3h up to 7h were found
(Brazenec, 2005; Terzago et al., 2012). In Figs. 2 and 3 the reduction of noise by
using different moving averages compared to the original hourly data is illustrated us-
ing two typical events as examples. The first event analyzed (Fig. 2) refers to the site
in Matsch and is a typical spring snowfall event, where the snow height measured
by the ultrasonic sensor is disturbed by the daily oscillations in air temperature. The
second event (Fig. 2) in Stubai is a typical light winter snowfall event, where the ultra-
sonic signal is disturbed by random noise, followed by a sunny day showing a snow
height signal disturbed by daily oscillation in air temperature. The effects of applying
a moving average are notably on both test sites. While the 3 h moving average tends to
reproduce some noise of the original data, the 5h and 7 h moving averages are quite
similar and seem to be free of noise. However, the effect of smoothing by moving av-
erages on the sum of snow increments is clearly evident and depends on the noise
in the original signal. For the 3h moving average reduction rates up to 40 %, for the
5 h moving average up to 50 % and for the 7 h moving average up to 60 % were found
(Table 2). Due to snow crystal modifications in the snow pack, snow-compaction (set-
tlement) occurs, especially in the first hours after the snowfall (Judson and Doesken,
2000). When comparing sub-daily automatically and daily manually measured snow
height, such compaction/settlement has to be considered. A daily observation is likely
to underestimate up to about 20 % the snow height compared to the sum of increments
at sub-daily time resolution. At the test site in Matsch daily manual snow height data
is present and used for the choice of the moving average interval. To use the 5h mov-
ing average seems to be the best compromise, as the 5h moving average is closer to
reality than a 7 h moving average, smoothens peaks less and does not reproduce the
noise of the original signal (Figs. 2 and 3).
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A reduction of the sum of snow height with applied moving averages becomes
evident also when applied over the whole winter season for of all snow increments
> 0.1cm in one time step. Table 3 shows the difference in snow height between the
original readout and data corrected with precipitation possibility. Compared to the sea-
sonal sum of daily observations at the test site in Matsch the sum of all snow increments
is expected to be higher due to (a) snow compaction/settlement and (b) events where
snowmelt started immediately after snowfall and less or even no snow height was reg-
istered by the observer. At the test site in Matsch the seasonal sum of the original
hourly readout of periods where snowfall is possible has decreased by 46 % (season
2009-2010) resp. 63 % (season 2010-2011) with the use of a 5h moving average.
Differences between the two winter seasons are likely due to different meteorological
conditions causing less temperature-related oscillations of the snow height sensor. The
observer underestimated snowfall by 35 % in both years compared to the 5h moving
average. If metadata information is also considered, the original readout decreases by
44 % (season 2009-2010) and 61 % (season 2010-2011) respectively. The observer
underestimates snowfall of 18-21 % compared to the 5h moving average (Table 3).
At the test site in Stubai the use of a 5h moving average also lead to a reduction in
the same dimension (Table 3). For those reasons, the choice of a 5h moving average
seems to be the best assumption for both our case studies.

4.1.2 Snow density calculation

For the Stubai test site snow densities were calculated with four methods suggested
by Brazenec (2005), depending only on T, [°C] (Egs. 2-5), and the method of Jordan
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et al. (1999), depending on T, [K] and wind speed (U) (Egs. 6 and 7):

Ta
PHedstrom-Pomeroy (1998) = 67.92 + 51 .259(259) )
Pbiamond-Lowry (1954) = 119 + 6.48T7, (3)
PLaChapelis (1962) = 50+ 1.7(T, +15)° (4)
)

Prassnacht-Souls (2002) = 85 [ (1 — 0.03c0s (0.337,, +0.418)) + 0.150s (0.662T,, + 0.418
— 0.029c0s (0.993T, + 0.418) + 0.123sin (0.3317, + 0.418) + 0.009sin (0.662T,
+0.418) - 0.0265in (0.9937, + 0.418)] (—1.75) + 1 (5)

-1.15

Pordan et al. (1999) = 500 [1 - 0.951(14(7815-Ta) ) _ o.oosu”] 6)
for 260.15 < T, < 275.65K

~0.0080""
PJordan et al. (1999) = 500 [1 - 0.9049( )] 7)

for T, <260.15K

In contrast to assuming a constant density of freshly fallen snow of 100 kg m~3, apply-

ing these equations accounts for the dependence of snow density on temperature (and
wind) and even includes density changes during single snowfall events. The five meth-
ods for all snowfall events in three winter seasons were tested at the test site in Stubai.
Some of the density equations have intrinsic minima and maxima and some averages
differ significantly from a constant density of freshly fallen snow of 100 kg m~3 (Fig. 4).
The methods of Jordan et al. (1999) and Hedstrom and Pomeroy (1998) can reproduce
the wide range of density of freshly fallen snow, and seasonal averages are close to
the constant density of 100 kg m~2. The method of Diamond and Lowry (1954) showed
similar average values to a constant density of 100kg m~, but the range of maxima
and minima did not satisfy the requirements for SWE calculation of single events. The
methods of LaChapelle (1962) and Fassnacht and Soulis (2002) showed a higher aver-
age compared with a constant density of 100 kg m~2 and the range of possible minima
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and maxima again did not satisfy the requirements to estimate density of freshly fallen
snow for single events (Fig. 4). Methods considering only the air temperature are per-
forming similarly to the method based on wind and air temperature, indicating that
wind speed is not that relevant for the chosen test sites when calculating the density
of freshly fallen snow at such short time scales. For further analysis we focused on
the methods of Jordan et al. (1999) and Hedstrom and Pomeroy (1998), as these two
fulfilled the requirements to estimate the density of freshly fallen snow for single events.

41.3 SWE measurement and calculation methods

To validate estimations of SWE, snow pillow and heated rain gauge measurements
at the Stubai field site were compared to results of seasonal SWE based on three
different methods to calculate snow density: (1) constant snow density of 100 kg m~3,
(2) Hedstrom and Pomeroy (1998) and (3) Jordan et al. (1999). For all SWE calcula-
tions a 5h moving average filter was used for the snow height sensor. Time periods
in which no snowfall was possible according to meteorological data were excluded.
The constant density of 100 kg m~3 gives a rough estimate of SWE. However, due to
the large variability in the density of freshly fallen snow (Judson and Doesken, 2000),
using a variable density performs better than the snow pillow (Table 4). The strong
undercatch of heated rain gauge measurement is in agreement with previous studies
(Sevruk et al., 2009).

4.2 Comparison of the estimate to show pillow and heated rain gauge
4.2.1 Modeling single events

Below the performance of ESOLIP is compared to measurements with a snow pillow
and a heated rain gauge for two typical precipitation events. The first event is a winter
snowfall event with little snow (Fig. 5, T,, =5 °C), the second one is a mixed event with
both snowfall and rainfall (Fig. 6, T,, decreasing from > 1 to 0.5°C) characteristic for
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spring conditions. ESOLIP shows a good match with the snow pillow in both timing and
sum of event precipitation for both events. Especially if compared to the heated rain
gauge, the timing of modeled precipitation is significantly better for both events.

The winter snowfall event was slightly underestimated. While the snow pillow regis-
tered a total sum of 2.6 mm for the snowfall event, ESOLIP showed a total of 2.3 mm
(for both tested snow densities). The heated rain gauge registered only 1.0mm. The
earlier start and end of the events for ESOLIP is related to the use of a 5h moving
average (Fig. 5).

In the second sample precipitation event, the first two hours with T, > 1°C showed
rainfall, followed by two hours during which only the heated rain gauge reported precip-
itation (T,, decreasing from 1 to 0.5°C) and then, after 23:00 LT, six hours with snowfall
as indicated by the snow pillow signal. In terms of precipitation timing, the proposed
approach corresponds quite well with the snow pillow. However, using a 5h moving
average smoothes the precipitation at 02:00 LT. In terms of total precipitation, the ap-
proach gives similar results to both snow pillow and heated rain gauge. The snow pillow
registered a total of 8.9 mm SWE (rainfall at the start of the event was not registered
as the snow pillow was not covered by snow), ESOLIP showed a total of 8.1 mm (both
rain and snow, for both tested snow densities) and the heated rain gauge registered
8.4 mm of total precipitation (Fig. 6). In this example an under-catch of both heated rain
gauge and approach is likely, because the initial rain was not registered by the snow
pillow. However, the under-catch of the heated rain gauge was not as big as expected,
which is probably due to warmer temperatures.

4.2.2 Modeling winter season

In Fig. 7 and in Table 4 the SWE and the total precipitation estimated with ESOLIP are
compared on a seasonal timescale with heated rain gauge and snow pillow records
for the Stubai site. While the season totals estimated with ESOLIP (with both density
calculation methods) correspond very well with the snow pillow, overestimates during
some periods became evident. The use of a constant density of freshly fallen snow
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of 100kg m~° resulted in an overestimate for the whole winter period. When compar-
ing different measurement/calculation methods for snow precipitation to snow pillow
measurements for a whole winter period (event identification according to Sects. 3.2
and 3.3) a strong underestimate of heated rain gauge measurements became evident
(Fig. 7 — left, Table 4).

To improve the understanding of measurement errors of heated rain gauges during
winter periods, all registered events — including probable melting water — were taken
into account. Rainfall recordings from the unheated rain gauge were added to SWE
calculated with different snow densities (event identification according to Sects. 3.2
and 3.3) (Fig. 7 —right). Such a comparison is only possible when there is snow on the
snow pillow and no rainfall water is running off it. Results were similar to findings for
only snowfall events for the whole winter period. Although melting water of the heated
rain gauge was included in the seasonal comparison of total precipitation, the perfor-
mance of the heated rain gauge remained poor (Fig. 7, Table 4). Such results confirm
once more literature findings (Sevruk et al., 2009). Only at the start and the end of
the season can the heated rain gauge provide reliable precipitation information. This is
probably due to the fact that higher temperatures allow an immediate start of the melt-
ing process. Considering the snow pillow as reference in all seasons, ESOLIP, with the
density equations by Jordan et al. (1999) and Hedstrom and Pomeroy (1998), corre-
sponded better to the snow pillow than using a constant density of freshly fallen snow
of 100 kg m~ in each season. Especially in the seasons 2010-2011 and 2011-2012,
differences were small (Table 4). In contrast, the use of the constant density of freshly
fallen snow of 100 kg m™~° tended to overestimate seasonal precipitation in all seasons
up to 30 %.

5 Conclusions

In order to improve the estimate of winter precipitation, especially in small, under-
equipped Alpine catchments, a new approach to estimate solid and liquid precipitation
8699
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(ESOLIP) was developed. SWE was calculated at a sub-daily timescale from snow
height measurements and the density of freshly fallen snow. Differentiation of rainfall
from snowfall was easier on a sub-daily timescale, providing an improved determina-
tion of precipitation possibility and giving better information on the snow line. It was
demonstrated that original readouts from the snow height sensor need filtering to give
reasonable snow heights and a moving average of 5h delivered best performance.
However, this causes a loss of time resolution at the single event scale. Several meth-
ods to estimate snow density were tested. While a constant density (i.e. 100 kg m'3)
might produce reasonable results for a rough seasonal estimate, a variable density
calculation method (i.e. based on air temperature and wind speed) is recommended
for single events. Compared to measurement with a snow pillow, the performance of
ESOLIP, using a variable snow density, was promising and far better than the use of
a heated rain gauge to measure SWE because of the strong undercatch of the heated
rain gauge. Since both measurement devices are rather expensive and have quite high
power requirements, ESOLIP, combining a snow height sensor, micrometeorological
observations of global shortwave radiation, relative humidity and air temperature with
an unheated rain gauge is a cost-effective alternative. Thus a larger number of sites
might be installed in a catchment or region, improving the estimate of spatial variability
of precipitation.
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Table 1. Relative humidity (RH) and global radiation (A;) values during precipitation events

(Matsch test site).

During rainfall lowest RH values 35%

highest R, values 909Wm™
During snowfall lowest RH values 39 %

highest R, values 808 Wm™
Average values RH 93 %
during precipitation R, 124Wm™2
Missed yearly precipitation RH > 70 % 5.9%
amount with a threshold of:  RH > 50 % 1.4%

Ry <250 Wm™ 4.3%

R < 400Wm™ 22%

R, <250WmZ2andRH>70% 1.8%

R, <400Wm™2andRH>50% 0.5%
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Table 2. Daily sums of snow height increments [cm] during a snowfall event at the Matsch and
Stubai test sites. The original (hourly) data, data filtered by moving averages and daily manual
measurement of the observer, if available, are reported (see also Figs. 2 and 3).

Field Snow height increments [cm] Original Moving average Observer
site 3h 5h 7h

Matsch 9 Mar 2010 09:00-10 Mar 2010 09:00 20.0 17.6 16.7 15.0 14
Matsch 10 Mar 2010 09:00-11 Mar 2010 09:00 74 45 37 28 3
Stubai 5 Feb 2010 23:00-7 Feb 2010 12:00 283 165 132 11.9 -
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Table 3. Sums of seasonal snow height increment [cm] at the test sites in Matsch and
Stubai with or without meteorological filtering (snow height increments are considered only
if Rg < 400Wm~ and RH > 50 %) and with consideration of metadata (meteorological reports,
observations etc.) for the original (hourly) readout and three different moving averages, as well
as the seasonal sum of daily new snow height measured by the observer.

Test Winter Meteorological filtering Original Moving average  Observer
site season hourlydata 3h 5h 7h
Matsch 2009-2010 none 497 318 258 216 112
RH and R, thresholds 318 207 173 153
RH and R, thresholds, 252 168 142 126
metadata
2010-2011 none 845 402 274 215 81
RH and R, thresholds 336 176 125 99
RH and R, thresholds, 253 137 99 81
metadata
Stubai  2009-2010 none 959 593 481 414 -
RH and R, thresholds 758 496 411 361
2010-2011 none 1089 654 509 435
RH and R, thresholds 820 517 412 356
2011-2012 none 1170 766 646 586
RH and R, thresholds 800 572 499 459
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Table 4. Seasonal sums of only SWE [mm] and total precipitation [mm] using different mea-
surement or calculation methods at the test site in Stubai. The differences to the snow pillow
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values (%) are given in brackets. %
0 E. Mair et al.

Winter Measurement device ESOLIP with used density method to calculate SWE %.

season =)

Snow Heated Constant density  Jordan et al. Hedstrom Ry

pillow  rain gauge of freshly fallen (1999) and Pomeroy ?'2

snow (100 kgm™) (1998)

SWE .

20092010 288 176 (61%) 411 (142 %) 378 (131 %) 379 (131 %) o

20102011 354 96 (27 %) 393 (111 %) 353 (100 %) 366 (103 %) §

2011-2012 501 109 (22 %) 475 (95 %) 501 (100 %) 475 (95 %) S

Total precipitation é?

2009-2010 349 211 (60 %) 460 (132 %) 427 (123 %) 428 (122 %) e

2010-2011 471 167 (35 %) 535 (114 %) 488 (104 %) 501 (106 %) -

2011-2012 619 258 (42 %) 671 (108 %) 674 (109 %) 647 (104 %)
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Data Preprocessing
unheated rain gauge (quality check)
snow height sensor (filtering of noisy signal)

Precipitation Possibility
relative humidity >50%
global shortwave radiation < 400Wm?

metadata (synoptic reports, observations)

Precipitation possible and recorded Precipitation highly improbable
unheated rain gauge signal but recorded
increase in snow height Unheated rain gauge signal

Real event Snow melt

Included in Excluded in final
raindata series data series

(manually) (automatically)

Calculate snow real
density and SWE precipitation
with snow height

increment
Snow data series Rain data series

Fig. 1. Scheme of the proposed methodology to estimate solid and liquid precipitation (ES-
OLIP).
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Fig. 2. Comparison of different moving average (avg) intervals for snowfall events to reduce
the noise in the snow height signal for a period with snowfall at the Matsch test site (see also

Table 2).
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Fig. 4. Box plot of the tested snow density in the three winter seasons 2009-2010, 2010-2011,
2011-2012, represented in black, dark grey and light grey respectively. The numbers refer to
the methods following (1) Jordan et al. (1999) (2) Hedstrom and Pomeroy (1998) (3) Diamond
and Lowry (1954) (4) LaChapelle (1962) and (5) Fassnacht and Soulis (2002). The width of the
box plots indicates 25th and 75th percentiles, the line in the middle of each box is the sample
median, while dashed lines extend until 1.5 of the interquartile range. Single snowfall events
outside this range are represented with red crosses.
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Fig. 7. (left) Comparison of accumulated SWE measured using snow pillow and heated rain
gauge and calculated with ESOLIP considering snow height increments and different density
calculation methods for the winter period 2010-2011 (Stubai test site). Only periods with pos-
sible snowfall are considered, delayed snowmelt in heated rain gauge is left out. (right) Com-
parison of accumulated rainfall and snowfall events for the winter season 2010-2011. Only the
period with a continuous snow cover on the snow pillow is considered to avoid rainfall water
running off it. Rainfall registered at the unheated rain gauge is added to SWE estimates. For
the heated rain gauge, both rainfall and melting water are included.
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