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Seasonal and regional variability in scaling properties and
correlation structure of high resolution precipitation data in a
highly heterogeneous mountain environment (Switzerland)

Peter Molnar' and Paolo Burlando
Institute of Environmental Engineering, ETH Zurich, Switzerland

Abstract. A large dataset of high resolution 10-min precipitation data from 62 sta-
tions across Switzerland with an average of 21 years of observations are studied to
explore the generality in the scaling relationships and correlation structure of precipi-
tation. The focus is on the seasonal and regional variability in scaling and correlation
parameters and their interdependency. It is shown that seasonal effects are generally
stronger than regional ones. The summer season shows more structure in precipitation,
a shorter autocorrelation range due to convective activity, high growth of intermit-
tency and variability, and a resulting multiscaling behaviour in moments. Winter
events are longer, with smoother, less variable, and strongly autocorrelated high reso-
lution precipitation, and with a simple scaling behaviour caused by larger scale frontal
events. Some coherent regional differences are also apparent. The high Alpine region
shows less variability and a stronger autocorrelation than other regions, and a ten-
dency towards simple scaling. It appears that orographic effects in the Alps lead to
better behaved and more predictable precipitation fields. This paper shows that high
resolution precipitation scaling and correlation parameters are considerably variable
and interdependent. This has an important practical significance for the extrapolation
of parameters of scaling-based models to ungauged sites.

1. Introduction

The characterization of the scaling properties of precipitation is an impor-
tant theoretical and practical issue in precipitation analysis and modelling (e.g.,
Rodriguez-Iturbe et al. 1998). Stochastic models of precipitation can be
broadly generalized into models based on point process theory and those based
on scale invariance. The latter take advantage of the fact that distribution prop-
erties of precipitation observed at different (space and time) resolutions appear
to scale with the resolution and so the prediction of precipitation properties can
be made across resolutions. Perhaps the most studied model in this group is the
multiplicative random cascade which has evolved from the description of dis-
sipation in turbulent flow (e.g., Kolmogorov 1962, Mandelbrot, 1974) and has
led to many applications in multifractal rainfall analysis and modelling (e.g.,
Schertzer and Lovejoy 1987, Tessier et al. 1993, Harris et al. 1996, Svensson et
al. 1996, Molnar and Burlando 2005, and others).
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The attractive feature of the multifractal approach to precipitation analysis
is that it allows to describe the rather complex precipitation process over a
wide range of scales with very few parameters. It is often implied that these pa-
rameters are fundamental descriptors of the physics of the precipitation process
and a level of generality is attached to them. However, some case studies have
shown that the parameters of the scaling behaviour and correlation structure
may be substantially influenced by the nature of the climatic forcing (e.g.,
Svensson et al. 1996, Giintner et al. 2001, Kuzuha et al. 2004) and orography
(e.g., Harris et al.1996, Nykanen and Harris 2003). The generality of the scal-
ing behaviour has also been questioned on theoretical grounds by Marani
(2003) who showed that a single power law scaling in the variance cannot hold
over all scales.

In this paper we address the generality of precipitation scaling and correla-
tion parameters estimated from a large dataset of good quality time series of
high resolution (10-min) precipitation data in Switzerland. We explore and il-
lustrate the factors that influence the scaling relationships and correlation
structure in precipitation. We focus in particular on the seasonal (win-
ter/summer) and regional variability in the parameters and their interdepen-
dency. The Alpine mountain environment of Switzerland allows us to demon-
strate some interesting effects of local climatology and orography, which may
not be obvious in less heterogeneous environments.

2. Data

The data used in this study are 10-min precipitation records at selected 62
stations of the SMA MeteoSwiss network with an average of 21 years of ob-
servations (Figure 1). The data were verified with corrected hourly precipita-
tion and inconsistencies were removed. The stations were divided into four
climatologically meaningful regions.

The seasonal differences in precipitation in Switzerland are not large, ex-
cept for the southern part of Switzerland where summer convective activity
and autumn Mediterranean influence lead to more precipitation in these sea-
sons than the rest of the year. Although the data presented in Figure 1 are not
corrected for wind and exposure, it is obvious that altitude by itself is not a re-
liable predictor of mean annual (or seasonal) precipitation.

3. Methods

For all stations coarse-graining of 10-min precipitation data up to a scale of
approximately 1-day was conducted, the moment scaling relationships were es-
timated on annual and seasonal bases, and intermittency, breakdown and corre-
lation functions were parameterized at all scales.

3.1.  Variability and correlation structure

The 10-min precipitation data r(t) were used to estimate several basics sta-
tistics, among them the conditional variance (Var(r), r > 0) and the mean event
duration m, which was determined with an arbitrarily chosen separation inter-
val of 3 hours between rainy periods.
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Assuming that the data are second-order stationary on a seasonal basis, the
correlation structure in the data was examined by fitting a correlation function
(e.g., Menabde et al. 1997),

{r(or(r—t))oct™ (1)
to the 10-min data, where t is the lag-time and p is the correlation scaling ex-
ponent (1 > 0). The correlation scaling exponent is uniquely related to the Fou-
rier transform of the power law spectrum. Values of the exponent p = 0 indi-
cate long-range correlation in the field. The power-law form of the correlation
structure has been shown to be fundamental for reproducing the scaling struc-
ture in precipitation (e.g., Rodriguez-Iturbe et al. 1998, Marani 2003).
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Figure 1. Location of 62 MeteoSwiss SMA/ANETZ stations with the division into the
four studied climatological regions (top left). Uncorrected mean annual precipitation R
as a function of station altitude (top right). Seasonal mean precipitation R by regions,
together with bars denoting +1 standard deviation (bottom).

3.2.  Scaling characteristics

The scaling analysis was conducted on non-overlapping doubling intervals
from 10-min to 1280-min (21.3 hrs), to be compatible with the discrete random
cascade model with branching number b = 2. The scaling range, from 10-min
to approximately 1 day, is chosen in order to capture the most essential sub-
daily scaling structure. In the cascade notation, the scale is defined as A =27,
where n is the level of the cascade development. For the 10-min datan =7 (A
=0.0078) for 1280-min datan=0 (A= 1).

The statistical moment M as a function of scale A is defined as (e.g., Over
and Gupta 1994, 1996),
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M) = r(hi 2)

where the integral is over i intervals of aggregated rainfall r(A, i) at scale A, and
g is the moment order. For a scaling field M behaves as,

M (%, Q) oc 275 3)
where the () describes the nature of the scaling. If 1(Q) is a linear function of
g then the field is simple scaling, if 1(q) is a convex function of  then we call
the field multiscaling (multifractal).

The 1(q) function is related to the distribution of the cascade generator W
(e.g., Tessier et al. 1993, Over and Gupta 1994). Because of its wide applica-
tion, we illustrate here the parameters of the scaling behaviour in Eq. (3) as-
suming an intermittent lognormal model for the cascade generator (e.g., Over
and Gupta 1994, 1996, Molnar and Burlando 2005),

u)=@-Da-D+ (@*-q) (4)

where [ is a parameter that determines the growth of intermittency in the field
(0<B <1), and o determines the variance of the cascade generator (¢ > 0).
These two parameters are fundamental to the description of the scaling field.
High B indicates high intermittency, the cascade generator may be zero with
probability P(W=0) = 1 - 2", High o indicates spikiness in the field and in-
creased level of multiscaling (if 6 = 0 the field is simple scaling).

c’In2

3.3.  Breakdown distributions

The breakdown (or partition) distribution is the data-derived distribution of
the cascade generator W, i.e. the ratio between the rainfall depth at two succes-
sive scales nand N+ 1 in a single subdivision. By definition, f(W) is bounded
between 0 and 1, and may vary between scales.

We estimate f(W) by a symmetric Beta distribution B(a) with the parameter
a inversely related to the variance Gw2 ,

a=1/(8c,°)-0.5 (5)
For a= 1, Wis uniformly distributed between 0 and 1, for a>> 1 Wis centered
around the mean W= 0.5 which leads to a less variable smoother field.

Data studies have shown that a depends on the scale A (with decreasing
resolution the field becomes smoother), and that bounded random cascades are
needed to reproduce this behaviour (e.g., Menabde et al. 1997, Menabde and
Sivapalan 2000, Molnar and Burlando 2005). Here we use the value of a esti-
mated from the division between 10 and 20-min data, to illustrate the smooth-
ness of the precipitation field at high resolutions.

4. Results

We investigate relationships between the parameters that describe the sea-
sonal high resolution precipitation scaling (B, o, @) and correlation structure ()
and measurement station characteristics such as location, altitude, mean annual
precipitation, climatological region, etc. The focus in this paper is to contrast
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the summer and winter seasons, to show the regional differences across Swit-
zerland, and to illustrate the degree of dependence between the parameters.

4.1.  Seasonal variability

Seasonal variability is a strong component of the variability in all precipita-
tion characteristics.

A comparison of the mean event duration, variance and the correlation
scaling exponent for winter and summer seasons shows that in the winter,
mean event duration is longer, the variability is substantially smaller, and the
autocorrelation is stronger (Figure 2). This is mostly due to frontal storms that
are prevalent in the winter as opposed to summer convective activity. Short du-
ration summer storms lead on the average to a higher variability in rainfall and
also a decrease in the temporal correlation range.
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Figure 2. Mean event duration m (left), conditional variance of 10-min data (center),
and the correlation scaling exponent p (right) for the winter (top row) and summer (bot-
tom row) seasons for the four climatological regions. Data are plotted as a function of
seasonal mean precipitation at each station R.

The scaling structure of precipitation also shows large differences between
winter and summer seasons (Figure 3). In winter, intermittency () and spiki-
ness (the variance of the cascade generator ¢) are significantly lower than in
the summer. The structure of the precipitation fields in winter is close to sim-
ple scaling (o = 0), while in summer it is multiscaling in all cases (¢ > 0). The
negative relation between B and mean seasonal precipitation R is a large scale
forcing dependency that has been used in simulation (e.g., Over and Gupta
1996, Molnar and Burlando 2005).

The differences between the winter and summer breakdown distribution
parameters a are statistically most significant (Figure 3). Winter events are
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smoother at the high resolution, that is the distribution of the breakdown coef-

ficients W estimated for the 10-20-min partition has a much lower variance Gw2

(therefore larger a) than for summer events. The parameter a converges to a
uniform distribution at scales above 640-min for both seasons. This indicates

that bounded multiplicative random cascades should be a better descriptor of
the precipitation process in the scaling range studied here.
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Figure 3. Precipitation scaling parameters: intermittency f (left), variance of the gen-
erator o> (center), breakdown distribution parameter a for the 10-20 min partition (right)
for the winter (top row) and summer (bottom row) seasons for the four climatological

regions. Data are plotted as a function of seasonal mean precipitation at each station R,.

Regional variability

Although seasonal variability in parameters is the strongest signal we

found, there are also indications of important regional variability. Two regions
in particular exhibit some interesting deviations: the high Alps and southern

Swi

For example, winter events are generally longer in southern Switzerland
than in other regions with the same seasonal precipitation total, while summer

tzerland (Tessin).

convective rainfall events are generally shorter but highly variable (Figure 2).
The high Alpine region generally shows less variability and a stronger autocor-
relation than other regions with the same seasonal precipitation total, even

though mean event duration is approximately the same.

structure compared to other regions with the same seasonal precipitation total.

The scaling parameters support this picture (Figure 3). Southern Switzer-
land shows low intermittency and high smoothness in winter, while the oppo-
site is true for summer. The interesting deviation in the high Alps is in the
summer, when low intermittency combined with a strong auto-correlation
leads to precipitation events that have a lower variability and a simple scaling
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One could conclude that orographic effects in the Alps lead to better behaved
and more predictable precipitation fields than in the prealpine regions.

4.3. Dependence between parameters

It is evident from the above results, that some of the precipitation parame-
ters studied here cannot be independent. Although intuitively obvious, the rela-
tionships between scaling parameters in precipitation are not commonly re-
ported in the literature.

The strongest positive correlation was found between the correlation scal-
ing exponent p and the intermittency parameter B (Figure 4). This is because
with high growth of intermittency the correlation structure in the precipitation
field is destroyed. The correlation is better in the winter than in the summer
season. When multiscaling appears, there is a positive correlation between the
variance of the cascade generator ¢ and the intermittency parameter .

The smoothness of the high resolution precipitation field signified by the
breakdown distribution parameter a is related to the exponent p and to the
variance of precipitation. With increasing smoothness (high a), the correlation
range increases (low p), while the variance decreases. This is true in both sea-
sons, but especially in the summer. This (and other) dependencies between
scaling parameters should be accounted for when stochastic precipitation mod-
els are being calibrated.
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Figure 4. The relative frequency of snow psas a function of station altitude (left). Scat-
terplots of the correlation parameter p and scaling parameter o” as a function of inter-
mittency [ (center), and of p and the conditional variance of 10-min data as a function
of the breakdown distribution parameter a for the 10-20 min partition (right) for the
winter season (top row) and summer (bottom row) seasons.
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None of the parameters examined here had statistically significant relation-
ships with station altitude. However, we think that one of the main reasons for
the variability in the winter season parameters between regions is due to the
presence of snowfall. To illustrate the possible importance of snowfall, we es-
timated the relative frequency of snowfall ps as,

ps=n;/n, (6)
where Ny is the number of hourly intervals with measured precipitation with
mean air temperature T < 1°C and Ny is the number of hourly precipitation in-
tervals with r, > 0.3 mm. Figure 4 shows that psis strongly dependent on alti-
tude and less on the region. Notably ps> 0 for the winter season at all stations,
and for altitudes H > 2000 m, almost all precipitation falls as snow. We believe
the question whether the scaling structure of snowfall events is different from
rainfall is an important one, and we are not aware of research efforts that have
examined this in sufficient detail so far.

5. Conclusions

A large dataset of high resolution (10-min) precipitation data at 62 stations
across Switzerland with an average of 21 years of observations is used to ex-
plore the generality of the scaling relationships and correlation structure of
precipitation. We focused in particular on the seasonal and regional variability
in parameters and their interdependency.

Seasonal effects on scaling and correlation parameters are generally
stronger than regional ones. The summer season generally shows more struc-
ture in precipitation, a shorter autocorrelation range due to convective activity,
high growth of intermittency and variability, and a resulting multiscaling be-
haviour in moments. Winter events are longer, with smoother, less variable,
and strongly autocorrelated high resolution precipitation, and with a simple
scaling behaviour caused by larger scale frontal events. These results are in
general agreement with previous work (e.g., Kuzuha et al. 2004)

Although smaller than the seasonal effects, coherent and sometime strong
regional differences are apparent. Most obvious and evident are the differences
in the high Alpine and southern Switzerland regions. In southern Switzerland,
winter events are generally longer, smoother and less intermittent than in other
regions with the same seasonal precipitation total, while the opposite is true in
summer. The high Alpine region exhibits less variability and a stronger auto-
correlation than other regions, even though mean event duration is approxi-
mately the same. In summer, low intermittency combined with a strong auto-
correlation leads to precipitation events that have a lower variability and sim-
ple scaling structure compared to other regions. It appears that orographic ef-
fects in the Alps lead to better behaved and more predictable precipitation
fields.

Results show that some of the parameters are strongly dependent. For ex-
ample, strong correlations were found between the correlation scaling expo-
nent, the variance of the cascade generator, and intermittency. The smoothness
of the high resolution precipitation field signified by the breakdown distribu-
tion parameter is related to the correlation range and variance. Such dependen-
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cies between scaling parameters should be accounted for when stochastic pre-
cipitation models are being calibrated.

The analysis of precipitation scaling and correlation parameters in this pa-
per shows that parameter variability may be large and depend to a substantial
degree on season and local climatology. This has an important practical sig-
nificance for the extrapolation of parameters of scaling-based models to un-
gauged sites.
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