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Abstract

Climate change is a living topic when dealing with modern natural sciences. The increase in the
average air temperature, as measured in the last decades, is considered as the most relevant effect
of climate change on the Earth system. Since the air temperature has a key role in determining the
partitioning between liquid and solid precipitation events at a site, important changes in rainfall
dynamics are expected, especially in mountainous areas. Thus, an important issue for modern hy-
drology is to determine how climate change would affect the liquid-solid partitioning of precipita-
tion and its statistical properties. The main aim here is to determine, via statistical analysis and
goodness-of-fit tests, whether the duration of precipitation events under the different forms
(namely solid, liquid and mixed) may be characterized by the same probability distribution. Simi-
lar issue is tested for the volume of precipitation. For this aim, our study pays attention to hourly
data collected along an altitude gradient identified through six automatic weather stations in
Trentino region, northeast Italy. To distinguish the different types of events from observed heated
pluviometers’ data, a partitioning procedure has been used and validated, through some disdro-
meter data. Sample data of duration and volume, relatively to solid, liquid and mixed events, are
extracted, and univariate and bivariate statistics are calculated. Then, the two-sample Kolmogo-
rov-Smirnov test is used to test if the data distinguished by different types of precipitation can be
considered extracted from the same distribution. The results showed that in most cases, durations,
as well as volumes of the different types of events, cannot be considered equally distributed. This
consideration is particularly clear at high elevations.
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1. Introduction

Many evidences are nowadays available of a globally changing climate [1] [2]. Among the effects of this change,
the most important ones are surely the increasing global mean temperature [1], the reduction of the diurnal tem-
perature range [3], the decrease of snowpack extension [4] [5], the increasing precipitation in the mid-high lati-
tudes and its decreasing in the tropics [1] [6], and the more frequent occurrence of extreme events [7].

Temperature is a key variable in determining the partitioning between solid and liquid precipitation events [8],
and in characterizing the climatology of a region [4]. As a consequence, one of the most important issues, when
dealing with modern hydrological research, is to understand how climate change would affect the properties of
precipitation events at a site [9].

Many experimental data available in the literature show that the percentage of yearly precipitation, which falls
as rain, has been changing over the past 50 years in many areas of the world, such as North America [10]. In
northern Canada, for example, the snow proportion on total precipitation has been increasing during the whole
twentieth century [11] [12], while it has been deeply decreasing in most of the United States and southern Can-
ada [8]. This element is of preeminent importance in such an environment, where 50% - 70% of water runoff is
nowadays originated from snowpack storage [4]. As a consequence, earlier timings and scarcer entities of spring
runoff are predictable, as already described, for example, by [13]-[15].

Furthermore, the magnitude of temperature variation at high elevations is more intense than at the global scale
[16], so that this topic becomes particularly relevant in mountainous areas, where most of the precipitation input
falls as snow and is stored in the snowpack till spring and summer [17].

Nevertheless, while it is well-known how the global trend is oriented to modifying the liquid-solid partition-
ing of events in favor of the first type of component, and of mixed events at temperate latitudes [8]. The possible
implications of the differences in the statistical properties of the various types of events on climatic scenarios are
still abundantly unknown [6] [7].

Here we address this issue analyzing the precipitation data series at six Automatic Weather Stations (AWS)
along an altitude gradient located in Trentino region, northeast Italy, and investigating whether in these sites
solid and liquid events may have the same statistical properties. If it is so, we could conclude that climate
change impact on precipitation regards mainly the events partitioning, rather than the correspondent statistical
properties. If it is not so, the prediction of water availability in the future would be further complicated by the
modifications in events statistics, which would determine non-stationary scenarios [9].

2. Case Study
2.1. Data

We have considered as a case study the Italian network Meteotrentino, located in Trentino region, northeast Italy.
We have chosen this network mainly because of its elevation range. The gauging stations are located between
100 and 3000 m a.m.s.l.

The network is composed by roughly 150 stations, which covers the province of Trento. The network has
been established in 1997, gathering together stations and data series coming from previously existing AWS, and
organizing them in a unique network. Data series length covers, in some cases, a period equal to ninety years.

The type and frequency of available data greatly change from station to station. Anyway, the minimal instru-
mentation in the network configuration includes a heated precipitation gauge and a thermo-hygrometer. Then,
other variables are sometimes measured, such as wind direction and velocity, solar radiation and snow depth.
Data are available at the URL http://www.meteotrentino.it/.

The heated gauge mixes the contributions of the different types of events (solid and liquid). Data are therefore
reported as mm of water equivalent. The precision is equal to £0.1 mm/h, the resolution to 0.2 mm/h, the mea-
surement range is 0 - 300 mm/h. The thermometer precision is equal to £0.4°C, resolution to 0.02°C and the
measurement range is —30°C to +50°C.

The time resolution ranges from the daily one to the sub-hourly one, depending by the site. Data are subjected
to quality control. As a consequence, each available value is flagged with a number, which indicates its quality.
As an example, data can be flagged as “good”, “estimated”, “interpolated”, “missing” or “uncertain”. We have
judged the quality of a station through the percentage of data classified as “good” on the total reported values.

We define this ratio as Quality Index, QlI.
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2.2. AWS Selection

We have selected six weather stations within the network. Choice criterions have been: 1) stations have to be
located at different heights, covering the whole range of elevations; 2) data series have to refer to a common pe-
riod of observation; 3) quality index has to be particularly high, say >75%.

For each station we have considered the data series of total precipitation p and air temperature T at the hourly
scale. We report in Table 1 the selected AWS, together with their coordinates, elevation, and QI. The consi-
dered period is 1994-2009.

The quality of data series is rather good. The minimum QI is equal to 76.7% for Passo Tonale. This value
represents anyway the best result that it is possible to obtain by considering stations at the same altitude. We re-
port in Figure 1 a map with the location of AWS, together with the indication of the city of Trento, and San
Michele all’ Adige (indicated with D), where it is located a disdrometer.

The Trentino region is mainly mountainous. Its geomorphology is characterized by a central ample alpine
valley, crossed by the Adige river along the North-South direction, and by different transverse valleys, mainly in
the West-East direction, as in Figure 1. S1 and S2 are placed in a valley environment. In particular, S1 is ex-
posed to the lift of humid currents from the Garda Lake (which represents the south-eastern border of Trentino
region) along the valley, while S2 (within the Sole Valley) faces incomes of air fluxes mainly from East (from
the Adige Valley). On the contrary, S6 is placed in a glacier environment. The remaining sites are placed at
three different alpine passes, and are therefore exposed to currents coming from both East and West.

3. Methods
3.1. Definitions

Here, we have represented the precipitation event with a rectangular shape, of duration D in hours, and volume
of precipitation H in mm [18]. Volumes are hereafter considered as variables for unit area.

The precipitation event is distinguished in three different types: solid, liquid or mixed event.

As a consequence, six random variables are here considered: the duration of a solid event Ds, of a liquid event
D,, of a mixed event Dy, and similarly, the volume of a solid event, Hs, of a liquid event H, and of a mixed
event, Hy.

3.2. Selection of the Events

As a first step, the data of each AWS have been used to select the precipitation events and to obtain an observed
data set for each random variable.

We have identified the precipitation events using a minimum inter-event time (MIT) equal to six hours (fol-
lowing, e.g., [18]-[20]). The beginning of an event is individuated by a not-null registration of p. If two not-null
values are at least six hours distant, then they are considered as two different events. If they are not, they belong
to the same event.

Then, for each event we have calculated the volume H, by summing the hourly registered values of volume
belonging to the same event, and the duration D.

Table 1. Automatic weather stations considered in the study.

1D Coordinate E Coordinate N Elevation Ql

Station
[WGS84] [WGS84] [m] [%]
Santa Massenza S1 10°58'51.74" 46°3'56.82" 245 96.7
Male S2 10°54'58.16" 46°21'18.67" 735 97.8
Passo Mendola S3 11°11'21.67" 46°25'9.41" 1360 91.0
Passo Tonale S4 10°35'48.48" 46°15'45.31" 1875 76.7
Passo Valles S5 11°47'59.56" 46°20'18.50" 2032 92.4
Careser S6 10°41'56.71" 46°25'21.58" 2600 88.4
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Figure 1. Location of the AWS considered within the Trento Province, with
the position of the disdrometer.

Because of the time resolution of the data, the samples are characterized by the repetition of multiples of the
elementary resolution, i.e. 1 hour for duration, and 0.2 mm for volume

These repetitions (also known as ties) are a source of noise in the data: if we have collected an event of dura-
tion D, its real duration is in the range D = 0.5 h. If we have evaluated a volume equal to H, its real value is in
the range H £ 0.1 mm.

To separate events between the solid, the liquid and the mixed ones, at least three different approaches are
available in the literature basing on air temperature [21]. The simplest one is represented by a static threshold
temperature method, which considers as snowfall any event, which occurs with a temperature lower than a thre-
shold, and as liquid any event which occurs with a temperature greater than the threshold itself. The method can
be refined by providing two thresholds, to include mixed events in the classification [22].

Despite of its simplicity, no definitive indication is available in the literature as for the value of the threshold
[21]. As an example, [23] tested this method dividing some half-hourly precipitation data series measured in the
Andes and classifying as snowfall any event contemporaneous to an air temperature equal to, or minor, of —1°C,
and as rainfall any event contemporaneous to a temperature equal to, or greater, than +3°C.

As for the events occurred between —1°C and +3°C, [23] adopted a more complex method based on 11 me-
teorological variables. As further examples, [24] used a static threshold equal to —1.5°C to separate between
solid and liquid contributions, while [25] adopted the physically based threshold of 0°C. In [26] the upper limit
of snowfall in a continental area has been determined, and found to be variable during the year between +1.4°C
and +2.6°C.

As an alternative and more exhaustive approach, a gradual increase with the temperature in the proportion of
liquid contribution on the total precipitation volume can be imposed, as done by [27]. As a third chance, a more
complex method can be established which predicts the snow and rain proportions basing on the comparison be-
tween maximum and minimum daily temperatures and a threshold [21].

Other methods are available in literature, which account for different climatic and topographic factors in de-
termining the form and the intensity of precipitation. Reference [28], for example, proposes seasonal correla-
tions between the intensity of precipitation and many topographic variables, such as the elevation, the versant
exposure and the distance to the sea. The correlations have been calibrated using 44 AWS in the southeastern
United States. Similar considerations are reported for the United Kingdom [29] and Sweden [30]. Nevertheless,
these correlations are strongly site dependent, so that their application in other environments needs a general
climatic characterization of the area. As for the case study area, an ample analysis of Alps climatology is availa-
ble in [31]. From this, it is evident how the mean seasonal precipitation over the Trentino region is rather uni-
form, except for the primary flanks in the southeastern part of the Region, which has not been considered. In
general, the Trentino region turns out to be a relatively uniform and dry area in spite of its topography, if com-
pared to, for example, the northwestern Italy. Besides, [31] reports particularly dry conditions for many Alpine
valleys in the East-West direction, which is the topographical condition of four out of six AWS considered. In
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addition, five out of six AWSs are placed on the same versant respect to the Adige valley.

For all these reasons, we have adopted here a simple static threshold method, based only on air temperature. It
has been adapted in order to include in the classification also the mixed typology. According to [25], a 0°C
threshold has been used because of its physical base. Therefore, we have classified as “solid” each event which
has occurred with a stably negative air temperature, as “liquid” each event which has been characterized by a
stably positive air temperature, and as “mixed” those events which have experienced both positive and negative
values of air temperature. We have checked this assumption by considering data measured during 2008 by a la-
ser-optic disdrometer (Thies) placed at San Michele all’Adige. The instrument is placed in the Adige valley, at
an elevation of roughly 200 m a.m.s.l. (Figure 1). It is able to discriminate the different types of precipitation,
with a 1 minute time resolution. It registers also air temperature. To validate our assumption, only few liquid
events must be found in correspondence of negative values of air temperature. Conversely, few solid events
should be collected with a positive air temperature. We have counted the number of samples, for each typology,
occurred with a positive, and a negative temperature, obtaining six different sets of data, which have been used
to check our assumption.

3.3. Data Analysis

As a second stage, to get a general description of the climatology of the sites, and its variation with the altitude,
we have calculated for each random variable the sample mean and variance. Then, for each type of event, we
have evaluated the sample value of Pearson’s correlation coefficient p, and Kendall’s 7 [32] between duration
and volume. These coefficients give a measure of dependence between the two variables. In particular, Ken-
dall’s z is less influenced than p by anomalous data. The positive dependence is represented by positive values of
coefficients (in the range 0 - 1), the negative dependence by negative values (in the range —1 - 0), while 0 de-
notes independence.
We have restricted the analysis only to values of volume greater than 0.2 mm.

3.4. Goodness-of-Fit Tests

As a third step, we have performed goodness-of-fit tests on data to check if the datasets of duration (volume),
distinguished by type of precipitation, may be characterized by the same probability distribution, whatever this
distribution is. To this aim, we have used the two-sample Kolmogorov-Smirnov test (in the next indicated also
as KS2 test), [32]. The null hypothesis of the test is that the two samples are extracted by the same probability
distribution.

For each site, we have run the test for the data of the following couples of variables: Ds and D, Ds and Dy,
D, and Dw, Hs and H, Hs and Hwm, HL and H.

Here, we have randomized the values of duration and volume in the data, when ties are present. In particular,
we have used a Uniform distribution in the d + 0.5 h for duration, and h + 0.1 mm for volume, where d and h in-
dicate the ties. Tests have been performed with a 5% significance level.

4. Results and Discussions
4.1. Events Partitioning

We report in Figure 2 the analysis of disdrometer data for 2008 at San Michele all’Adige. For each typology of
precipitation event, we have evaluated the percentage of data, which occurred with a negative (positive) temper-
ature on the total amount of data of that type. Figure 2 reports the six sets of data.

Almost no liquid event occurred with a negative temperature. This is true also for mixed events. If we consid-
er solid events, it is evident how the majority of them occurred with a negative temperature. Nonetheless, a great
amount of solid events did occur with a positive air temperature (roughly 46%). From this, we conclude that on-
ly solid events are reasonably expectable below 0°C, while a number of solid events are possible even with a
positive temperature. These results are in agreement with, [22] [33] [34].

A crucial element in this analysis is the different time resolution of disdrometer respect to AWS. Thanks to its
1 minute time resolution, the disdrometer samples sixty times within the time resolution of. In any of these 1
minute sampling intervals, the instrument classifies the precipitation as “mixed” only if both the two phases are
contemporaneously present, while a mixed event could be also characterized by the alternation of phases on the
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whole duration of the event. Then, it follows that the high percentage of solid events, which occurred with a
positive temperature, could be ascribable to mixed events.

The main conclusion we can draw from this analysis concerns the scarcity of liquid events, which occur with
a negative temperature. It partly confirms our choice of a 0°C threshold. Besides, this value has a physical basis,
which in the absence of more precise indications represents a justification for its choice.

We report in Table 2, for each site, the total amount of events, in the three forms, together with the evaluation
of the mean value of the nivometric coefficient. This coefficient is defined as the ratio between the yearly preci-
pitation fallen as snow and its total. While solid events are very rare at low elevations (e.g., at S1), liquid events
are still abundant at high elevations. As an example, the nivometric coefficient at S6 is equal to roughly 30%,
even if 46% of events fall under solid form.

4.2. Statistics

In Table 3 the sample values of mean and variance are reported for the two classes of random variables and the
three types of events, as function of the site.

From Table 3, it is possible to see that the form “mixed” is characterized by the longest average durations,
and by the greatest values of variance, except for S1. This is partly justified by considering that the longer the
event is, the higher the chance of fluctuation of air temperature. Then, the chance of classifying a long event as
mixed is rather probable.

In addition, the mean duration of solid events is greater than the one of liquid events in four cases out of six.
This is systematically verified for S4, S5 and S6, which represent the sites at high elevations. At lower eleva-
tions, the situation is a bit more irregular. If we consider the volume, we can observe that solid events have a
mean value of H greater than that of liquid events in 50% of the sites. Concerning the variance, solid events
show a value greater than the one of liquid events in four cases out of six for H and in three cases out of six for
D.

Hliquid ®Solid Mixed

100

80

60

40

Percentages [%]

20

T<0°C T>0°C
Temperature ['C]

Figure 2. Percentages of precipitation under the three forms, distin-
guished for positive and negative air temperature, at San Michele
all’Adige.

Table 2. Number of events, for each type, and each site, in the period 1994-2009.

ID Liquid Solid Mixed Total Nivometric Coefficient

Station
[%]
Santa Massenza S1 1620 15 13 1648 0.22
Malé S2 1479 117 45 1641 6.93
Passo Mendola S3 1391 168 76 1635 4.67
Passo Tonale S4 1143 419 92 1654 12.81
Passo Valles S5 1701 639 150 2490 21.25
Careser S6 1033 1042 186 2261 29.29
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Table 3. Sample means and variances as function of the site and type of event.

Mean of D [hours] Variance of D [hours?]
Station
Solid Liquid Mixed Solid Liquid Mixed
Santa Massenza 55 8.1 9.5 11.8 108.4 75.9
Malé 10.3 8.7 16.6 12.6 121.2 157.7
Passo Mendola 7.4 7.6 179 68.7 96.6 141.3
Passo Tonale 13.2 7.9 274 384.7 99.0 400.5
Passo Valles 10.1 6.6 21.0 182.4 69.9 509.2
Careser 10.2 6.9 21.8 205.2 65.0 316.0
Mean of H [mm] Variance of H [mm?]
Station
Solid Liquid Mixed Solid Liquid Mixed
Santa Massenza 1.9 8.3 3.8 3.0 198.7 38.8
Male 8.0 7.2 18.5 240.8 163.9 327.4
Passo Mendola 43 7.6 15.1 62.8 201.4 239.0
Passo Tonale 7.8 7.6 37.3 266.5 186.4 2079.8
Passo Valles 7.5 6.6 24.7 3734 144.6 1496.7
Careser 51 5.6 13.4 1355 89.2 246.6

As a consequence, we can conclude that solid events are generally longer than the liquid ones at high eleva-
tions, although they present also a great variation. Nonetheless, as for H, no clear altitude gradient is evident.

Figures 3-5 report the empirical cumulative distribution functions F,(x) of duration (left panel) and volume
(right panel) for the different forms, respectively for S1, S3, and S6. We have selected these because of their
significance in illustrating the behavior of F,(x) for the different forms at low, medium and high elevations.

These figures confirm the comments reported previously. Mixed events are systematically characterized by
longer durations, and greater volumes than the other forms of precipitation.

The shape of the empirical CDF is affected by the size of the data samples. This confirms how solid and
mixed events occurrence increases with the altitude of the site.

Table 4 reports the sample values of Pearson’s p and Kendall’s z. From Table 4, it is evident how durations
and volumes of precipitation are strongly positively dependent in all the three forms, i.e. an increase in duration
corresponds to an increase in volume.

This dependence does not show any altitude trend. In general, the dependence measured by the Kendall’s 7 is
fainter than that one measured by p. The only irregular situation is represented by S1, at which the size of solid
and mixed samples does not allow for reliable inferences.

In Figure 6, for S6, we report the couple (duration, volume) for the events distinguished by solid, liquid and
mixed. The dependence between the two variables is quite evident. In particular, no couple of values in the areas
characterized by, respectively, short durations and great volumes, or long durations and small volumes is present.
Besides, it is evident how long durations are typical of solid events, as discussed before, while liquid events
present shorter durations.

4.3. Two-Sample Kolmogorov-Smirnov Tests

Table 5 reports the p-value of KS2 tests. From Table 5 it is possible to see that the results are strongly depen-
dent by the elevation.

In fact, at S1, the null hypothesis of same distribution between the durations has been never rejected. Similar-
ly, for the volume, two out of three combinations have exhibited the same result.

On the contrary, if we consider the highest elevations (S5 and S6), the null hypothesis is always rejected. In
these cases, the very small p-value gives certain reliability in rejecting the null hypothesis.

At intermediate elevation sites (i.e., S2, S3, S4), in ~83% of the cases the null hypothesis is rejected. The re-
sults of KS2 tests are strongly influenced by the size of the two samples. As a consequence, the non-negative
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Figure 3. Empirical cumulative distribution function of the duration (left) and volume (right)
for solid, liquid and mixed events at S1.
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Table 4. Sample value of the Pearson’s correlation coefficient p, and the Kendall’s 7 of duration and volumes
of solid, liquid and mixed events at the different sites.

Pearson’s p Kendall’s =

Station
Solid Liquid Mixed Solid Liquid Mixed
Santa Massenza 0.33 0.750 0.720 0 0.426 0.667
Malé 0.824 0.778 0.785 0.517 0.496 0.564
Passo Mendola 0.708 0.699 0.726 0.417 0.394 0.485
Passo Tonale 0.921 0.700 0.842 0.635 0.454 0.712
Passo Valles 0.818 0.663 0.880 0.605 0.427 0.625
Careser 0.786 0.742 0.796 0.541 0.436 0.551

Table 5. p-value of the KS2 tests, with indication of not-rejection (NR), or rejection (R), of the null hypothe-
sis (i.e. the two samples come from the same distribution) at a significance level equal to 0.05.

Duration Height
Station
Ds and D, Dsand Dy D, and Dy Hsand H. Hsand Hy H. and Hy
Santa Massenza 0.48 (NR) 0.66 (NR) 0.053 (NR) 0.03 (R) 0.63 (NR) 0.24 (NR)
Male 37x10°%(R) 5x10*(R) 9x10°(R) 0.33 (NR) 7x107(R) 4x10°(R)

Passo Mendola 0.19 (NR) 5x10™(R) 8x10®(R) 6x10*(R) 3x10™[R) 6x10%(R)
Passo Tonale 5x10°%(R) 2x10Y(R) 1x10%(R) 0.19 (NR) 1x10Y(R) 2x107%(R)
Passo Valles 1x10°(R) 4x10™((R) 3x10*(R) 16x10°(R) 2x10¥R) 9x10®(R)

Careser 2x10°(R) 2x10%7((R) 2x10%¥(R) 1x10°(R) 6x10%7(R) 1x10(R)
160
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N . #Solid
120 sMixed
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Figure 6. Duration and volume of the
events, solid, liquid and mixed, at S6.

outcomes at the lower elevations are probably not very significant.

At a global glance, if we focus on durations, it is evident how, apart from the results at S1, in the 93% of the
other cases the null hypothesis has been rejected, while the percentage decreases to the 86% if we consider the
volumes.

The overall results show how it is unacceptable to assume that the durations, and volumes, of solid, liquid and
mixed events have the same probability distribution.

5. Conclusions

Here statistical properties of solid, liquid and mixed events along an altitude gradient have been discussed, in

terms of both duration and volume.
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The characterization of these events is important in hydrological modeling [35].

For this aim, an Italian case study has been considered. Hourly data series of precipitation and air temperature
at six AWS within Meteotrentino network, located in Trentino region, northeast Italy, have been used to obtain
data samples of duration and volume for the different forms of events.

A partitioning criterion has been used to select the events and has been validated by using one year long dis-
drometer data series, at 1 minute time resolution. A temperature-based partitioning procedure has been estab-
lished, which does not account for some important climatologic factors, such as seasonality or versant aspect.
More attention will be paid in future developments to this issue.

Univariate and bivariate statistics are calculated by using sample data of duration and volume. Means and va-
riances of the different variables have been evaluated.

They show that the durations of the different types of events change with elevation. Sample values of Pear-
son’s p and Kendall’s zindicate 1) a positive dependence between the two variables for solid, liquid and mixed
events; 2) no evident trend with the altitude gradient.

Two sample Kolmogorov-Smirnov tests applied to each couple of durations Ds, D, Dy, and similarly to each
couple of volumes Hs, H;, Hy indicate that both durations and volumes of different types of events can be rarely
considered extracted by the same probability distribution. The results show that the KS2 test is not passed at
high elevations, while in some cases, at lower elevations, the test is passed, probably due to the limited size of
one of the samples.
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