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ing the hierarchical clustering algorithm used for spatial grouping of climatological stations.

1 Introduction

Climatology often makes use of the spatial grouping of observation stations. Mostly the aim is to divide
a major area into different climate regions which serve as a basis for addressing various issues. The
description of the different climates of a region is a frequent topic. When grouping stations, several pa-
rameters such as temperature, precipitation and sunshine duration are included in the analysis. Re-
cent examples include the climate typology of the People’s Republic of China (Strauch, 2004) or of
Turkey (Unal et al., 2003). Variability studies of different climate elements are another application field
in climatology where spatial grouping can be useful (e.g. Baeriswyl et al., 1997; Matulla et al., 2003;
Auer et al., 2007). In such studies, regions are established on the basis of individual parameters and
the development of climate elements is analysed and described over a specific period of time. A fur-
ther important application area is the planning of observing networks. There the question is quite often
to what extent a network can be reduced without having to renounce a sufficiently detailed coverage of
spatial variability. DeGaetano (2001) for instance uses a cluster analysis technique to determine the
number of stations of an existing network necessary to adequately observe the US climate. The statis-
tical method for most studies consists of various types of cluster analysis or the principal component
analysis with rotation of the principal components.

MeteoSwiss divides Switzerland into several different sets of subregions, depending on different appli-
cation purposes. The three most important groups are: firstly, the regions used by the forecasting ser-
vice to issue regionally focused warnings of severe weather phenomena, secondly, the so-called
“OPKQ” regions which are used for the monitoring of forecasting quality, and thirdly, the climate re-
gions according to Schiiepp et al (1981) used mostly in climatology. The Schiiepp regions divide Swit-
zerland up into 12 large and 53 small climate regions; they have been used for the most diverse scien-
tific issues, among them the re-definition of the basic Swiss observation network for climate monitoring
(Begert et al., 2007). However, there it became obvious that a grouping according to specific parame-
ters would make sense, since the different variables have different requirements as to network densi-
ty. In addition, the methodology of the division according to Schiiepp can no longer be retraced and
the grouping is based on an out-dated station network. The aim of the present study is to develop a
largely objective methodology to group the MeteoSwiss stations according to parameters, based on
the data series of the recent past. Stations with a similar monthly variability should be grouped togeth-
er independently of their altitude above sea level. This categorization should provide the basis for de-
fining the climate monitoring network and for supporting other network concepts in the future. Since
climatological variables such as temperature and precipitation present mostly gradual variations and
no abrupt changes in their spatial distribution, the division should not create fixed groups with strict
boundaries. The aim is to determine an “adequate” number of station groups or climate regions which
can be adapted depending on the current issue. Thus the methodology has to be flexible enough to
take different degrees of specification into account.
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The following paper presents the data set used in this study; the selection of stations and data quality
is discussed. Using the examples of temperature and precipitation, the methodology of creating
groups is developed. The results for temperature are presented in more detail, since the smaller num-
ber of stations allows for a more detailed presentation. The last chapter contains a short discussion of
the results and the application of the method at MeteoSwiss.

2 Data

Currently, MeteoSwiss operates a network of several hundred ground based stations with different ob-
servation programmes. The climate division has a total of 90 stations with long-term measurements at
its disposal where various climate-relevant parameters are collected simultaneously. In addition, pre-
cipitation is recorded at about 320 stations. Some of the stations have been operative since 1864
when the Swiss Academy of Sciences created the first official observation network. However, this
network has been subject to more or less constant change: new stations were added, stations had to
be relocated or were closed down. This resulted in long data series being rare and in existing data se-
ries containing artificial shifts and trends. These are due to changes in observing conditions such as
station relocation, changes in the types of instruments used or in the environment. Within the frame-
work of the project NORM90 (Begert et al., 2003) the data series of the most important variables of all
current stations from 1961 were examined with respect to such inhomogeneities, which were then cor-
rected. The homogenized monthly temperature and precipitation series derived from this project form
the data basis for the present study.

The data set of NORM90 contains 93 temperature and 439 precipitation series. A number of stations,
however, became operative only after 1961, some of them presenting only short observation periods.
Since the analysis of the similarity of stations requires a sufficiently long time period to avoid any influ-
ence of short-term, random variability on the result, only complete date series are taken into account.
Consequently, 55 temperature stations and 297 precipitation stations are used in the analysis. These
stations are distributed more or less equally over Switzerland and cover altitudes between 203 m and
2690 m (precipitation) or 3580 m (temperature).

3 Statistical methods and results
3.1 Processing data for measuring distances

The statistical method of cluster analysis — along with the principal component analysis — is best suited
for assigning climate stations to similar groups. In an nxp data matrix with n observations (measuring
time) and p variables (stations), X1, X,,..., Xp, the variables with similar observations should be grouped.
In the present case, correlation is suitable as a distance measure between the variables. Data series
with a high correlation should be subsumed in groups. For greater distances to present greater values

the distance between two stations i and k is defined as follows: d(gi,gk):1—|corr(gi,gk)|. We do

not use the following definition which is also suggested in literature: d(gi ,xk)= \/1— corrz(gi ,xk) ,

since its outcome is identical as demonstrated in sample analyses. To determine correlation, the rank
correlation coefficient according to Spearman is calculated in order to minimize the influence of possi-
ble outliers. In principle, the grouping technique presented here can also be carried out using the
product-moment correlation coefficient according to Pearson or other methods for measuring distance.

The selection of input data has a decisive impact on the results when employing methods of explorato-
ry data analysis such as cluster analysis. In the present case, the exact formulation of the inquiry is
essential when processing input data, before correlations are calculated. The results vary according to
whether and how initial data have been normalized and/or standardized. In the present case, cluster
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analysis should produce groups of stations whose variability is identical from one month to the next,
independent of their altitude above sea level. Therefore, the monthly values for temperature and pre-
cipitation have to be standardized separately for each month before calculating correlations. Subtract-
ing the mean value for each month eliminates the altitude factor of the measurement and evens out
differing amplitudes in the course of the year. The monthly standardization of data ensures that sea-
sonal differences in variability are removed which could lead to individual seasons dominating the cor-
relation. The data retain spatial and temporal differences from a mean state whose similarities define
their inclusion in a group.

3.2 Clustering method

Scientific literature describes a multitude of clustering methods: most approaches can be assigned to
certain main categories. As opposed to partitioning methods, the group of hierarchical methods tries to
find a flexible answer to the question of classification without requiring a fixed number of groups at the
beginning. In the case of p variables a distribution in k groups is suggested for each number
ke {1,..., p}. This method is therefore suitable for the present inquiry where it is not clear initially how

many regions should be formed. To maintain control on correlations within the group for all k groups,
an agglomerative method with “complete linkage” is used. The "complete linkage" method uses the
greatest of all distances between two points of two clusters to decide which clusters are joined next in
an agglomerative process. Thus the weakest correlation of the newly created group can be recognized
immediately from the distance indicated. A graphical representation of all distances indicates how
many clusters must be formed to maintain a specific correlation within the groups. Furthermore, this
method is referred to as AGNES (agglomerative nesting) according to the function implemented in the
statistics package R (www.r-project.org), implying the use of "complete linkage" to join the clusters.
The method proposed is based on the work of DeGaetano (2001) and was similarly used in Switzer-
land for the spatial grouping of snow stations (Laternser, 2002).

4 Results
4.1 Clustering according to temperature

The result of a hierarchical clustering can be displayed as a so-called dendrogram. This display
demonstrates the progressive formation of groups in response to the growing distance between the
groups created. Figure 1 shows the dendrogram for the temperature series. Observation stations are
represented here and subsequently by their codes consisting of three letters. Instead of the usual dis-
tances, the y axis displays the relevant correlation coefficients. The figure therefore exemplifies for
every joining of subgroups the lowest correlation within the group. On the other hand it is possible —
although at some expense — to indicate for each correlation within any group the number of required
clusters. This can be done more comfortably using the display in figure 2 which shows correlations di-
rectly in relation to the number of clusters. This figure demonstrates that the correlation within groups
shows a marked increase at first as the number of clusters grows, however it increases only slowly
when the total of 11 clusters is reached. The last significant correlation leap occurs between 10 and 11
clusters. This leads to the conclusion that it would make sense - according to the hierarchical cluster
analysis - to form 11 station groups. The lowest correlation within any group is still very high at 0.93,
the maximum correlation between existing stations amounting to 0.99. Figure 3 shows the spatial dis-
play of the 11 groups created. The individual stations are placed on the map according to their coordi-
nates and coloured to identify their association with a group.
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Figure 1: Dendrogram of hierarchical clustering for 55 stations with temperature measurement
between 1961 and 2006. Station names are given as national abbreviations.
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Figure 2: Dendrogram heights and lowest corrlation within the groups, respectively, against the
number of clusters in the hierarchical clustering of temperature series. Dashed lines indicate the
~optimal“ number of clusters and the according correlation.
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Figure 3: 11 groups of staions with temperature measurements according to the proposed
heararchical clustering with complete linkage.

Where temperature is concerned, figure 1 reveals that altitude above sea level on the one hand and
position relative to the Alps on the other are central factors for the formation of groups. High-altitude
stations such as Col du Grand St-Bernard (GSB), Weissfluhjoch (WFJ) or Santis (SAE) form a group
which takes shape early on in the course of the clustering process and which is united with the rest of
the stations only at the very end. The same is true for the low and high altitude stations of the South
Side and of the North Side of the Alps. From a climatological point of view these groups are plausible,
particularly the formation of 11 groups as shown in figure 3. This sustains confidence in the method
selected. Some interesting observations should be briefly discussed here: The fact that Magadino
(MAG) forms a group of its own can be attributed to the influence of the cold air pool in the region of
Magadino. However, Magadino is basically part of the low-altitude stations of the South Side of the
Alps, a fact that is confirmed by the dendrogram. The grouping of Adelboden (ABO) with the Jura sta-
tions La Chaux-de-Fonds (CDF) and Chaumont (CHM) seems interesting, since Adelboden could be
associated at first sight with the stations of the north slope of the Alps such as Chateau-d’Oex (CHD)
or ElIm (ELM). The present result, however, emerges also when using other methods, and experience
has proved that Adelboden is more exposed to influences from the south-west than the rest of the sta-
tions from the north slope of the Alps. The separation of Davos (DAV) and Arosa (ARO) also comes
as a surprise, although the data series show a strong correlation at 0.97. The reason for this is that
Davos is first joined with Disentis (DIS), Arosa with the cluster formed by Weissfluhjoch and Santis. By
this process, Arosa is subsequently teamed with the high-alpine, Davos with the lower alpine stations
of the Eastern Alps, a correlation difference of 4-10™ being decisive. As a matter of fact, Arosa is lo-
cated at a noticeably higher altitude than Davos, which makes the separation acceptable from a clima-
tological point of view.
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4.2 Clustering according to precipitation

Where precipitation is concerned, the display of the clustering process by dendrogram is slightly con-
fusing due to the much greater number of 305 available stations. Nevertheless, as with temperature, it
is possible to infer the adequate number of groups by looking at the lowest correlations within the
groups against the number of clusters. Any decision based on this figure, however, is less unequivo-
cal. There are several possibilities, the last significant correlation leap occurring between 31 and 32
clusters. With a reliable correlation of at least 0.79 within any group, this is lower than for temperature.
Initially, this comes as a surprise since the choice of stations is much greater and a higher number of
clusters is selected. The explanation lies with the significantly higher spatial variability of precipitation.
Figure 4 displays the resulting 32 clusters. As with temperature, the precipitation study also presents
very plausible groups, while in this case the geographical position, not altitude above sea level, is the
central factor for association with a group. The analysis reveals some remarkable details about Swiss
precipitation climatology. For example the group of western stations in the rain shadow of the Jura
chain, reaching from Geneve (GVE) to Payerne (PAV), the groups with substantial rainfall, located in
and around the Alpstein region or the division of the Engadine stations into those more subject to
north side barrier effects such as Scuol (SCU) or Martina (MAT) and those which receive most precipi-
tation from the south such as Samedan (SAM) or Segl-Maria (SIA). Small details enhance confidence
in the method employed: e.g. the fact that the station Grimsel Hospiz (GRH), situated north of the
Grimsel pass, is grouped with Guttannen (GTT) on the north side, or that the stations Binn (BIN), Sim-
plon-Dorf (SIM) and Saas Fee (SAF), frequently receiving their precipitation from the south-east, are
separated from the rest of the Valais stations.
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Figure 4: Grouping of 305 stations with precipitation measurements according to the proposed
heararchical clustering with complete linkage.
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5 Conclusions

A cluster analysis is proposed to divide up the network of climatological stations into similar groups.
The process was conducted separately for temperature and precipitation. It could be demonstrated
that a hierarchical, agglomerative method with "complete linkage" resulted in plausible station groups
for both observation parameters. The groups define regions where variables demonstrate a similar
temporal development since 1961. Those regions can therefore be regarded as parameter-specific
climate regions with a focus on climate monitoring.

The clustering method leads to plausible station groups, however due to input variables which present
only gradual spatial variations, they are not very stable. A modification of the time period examined or
of the number of stations included can easily result in groups which are slightly different, especially in
larger areas with a high correlation, as on the Swiss plateau. Marginal stations can easily be assigned
to another group or individual groups are divided up and joined with others. This fact has to be taken
into account when interpreting and using the results.

At MeteoSwiss the results of this study were used to analyse the station distribution of the Swiss cli-
matological reference network (Swiss NBCN; Begert et al., 2007). The results differed depending on
the parameter. The network of the climatological stations clearly meets the requirements for observing
temperature development. The 11 regions established are in their majority well covered by two or
more stations. Within the groups, different altitude levels are represented. Where precipitation is con-
cerned, however, 11 out of the 32 regions established were not covered. The larger spatial variability
of this parameter required the stations to be complemented by stations from the precipitation observ-
ing network (Begert, 2008).
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