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Presentation

The collection Booklets of Research, Development & Innovation of Canal de Isabel II Gestión S.A. are a part
of the company’s knowledge management strategy and of its R & D & I Plan.
These Booklets represent an element for diffusion of projects and initiatives developed and promoted by
the company, and aim at innovation in areas related to the water services in an urban environment.
They deal with the problems tackled by each project as well as the results obtained. The aim of publishing
these Booklets is to share experience and knowledge with the entire water industry sector, with the
scientific community and with all those who work in the fields of research and innovation. With these
publications what it is hoped is contribute the improvement and efficiency in water management and, as a
result, make it possible to offer a better service to the citizens.
The titles published in the series to date are shown in the following table.
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Executive Summary

Precipitation patterns in the basins of the Lozoya and adjacent rivers
Executive Summary

Project title

Description of the precipitation patterns in the basins of the Lozoya and adjacent rivers

Research line

Securing the balance of availability and demand

Areas at
Canal de Isabel II
Gestión involved

Subdirección I+D+i

External participation

Aim and justification
of the Project

MeteoLógica S.A.
Canal de Isabel II Gestión is doing research on the possibilities of stimulating clouds in
order to increase precipitation in the form of snow in the river basins that feed the
water reservoirs of the Lozoya system.
In order to test this kind of system it is necessary to carry out a detailed description of
the precipitation patterns in the potentially affected areas. This description must be
suitable for evaluating the possible effects of cloud stimulation activities.
This study applies several multivariate statistical analysis techniques to series of hourly
precipitation data, and their efficiency in identifying spatial patterns has been
confirmed.

Contribution to
the state of the art

The canonical correlation analysis has been used to obtain a mathematical description
of the relationship between the observed precipitations and the precipitation fields
generated by Hirlam, the numerical forecast model of the Spanish meteorological
service AEMET. This mathematical description has been used to design a measure to
evaluate the match between each observation field and its corresponding field
generated by the model.
Precipitation data series with a high temporal resolution from three sources have been
gathered, unified and checked: Canal de Isabel II Gestión, SAIH Tajo (Tagus Automatic
Hydrologic Information System) and AEMET.

Summary of the
Project development
and outstanding
milestones

The precipitation event in each pluviometer has been described. The frequency of
situations that favor snow precipitation has been evaluated, as well as its seasonal
distribution. The characteristics of the spatial distribution within the scope of this study
have been examined by means of cluster analysis and principal component analysis.
The canonical correlation analysis has made it possible to individualize the
mathematical relationships between the hourly precipitation fields and the fields
generated by Hirlam. On the basis of these relationships different methods have been
examined for evaluating the degree of matching between each observed precipitation
field and the corresponding Hirlam field. These methods have been checked during the
window of opportunity for cloud stimulation that had been identified in a previous
study.
A detailed description of the precipitation event patterns for each pluviometer chosen
for this study is available.

Summary of
the results obtained

Relevant spatial patterns could be identified, which make it possible to describe the
precipitations within the scope of this study.
A measure for matching the observed precipitation fields was designed, which can
potentially be applied to evaluate the possible effects of cloud stimulation activities.

Research Lines open
for continuing the
work

The project on actions to be taken during the atmospheric phase of the hydrological
cycle in order to increase snow precipitation in the basin of the Lozoya River will
continue with an experimental phase of cloud seeding by means of nucleating agent, as
soon as the conditions identified as appropriate for stimulating such precipitation occur.
This study provides the methodology for evaluating the possible effects of such
activities.
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Executive Summary

INTRODUCTION

Canal de Isabel II Gestión is developing a research project to evaluate the possibilities of stimulating clouds
in order to increase precipitation in the form of snow in the river basins that feed the water reservoirs of
the Lozoya system. This project has made it possible to identify the weather conditions that are most ideal
for carrying out the stimulation “windows of opportunity” as well as the appropriate techniques in each
case.
The next phase of the project, which still has to be authorized by the Basin’s authorities, will consist of
carrying out tests under real conditions. A necessary prerequisite for these tests is a detailed description of
the precipitations in the areas that could be affected by the experiment. Such a description is the object of
this study. Thus the necessary knowledge will be generated in order to evaluate the possible effects of the
cloud stimulation tests, which could influence both the amount of precipitation and its spatial distribution.
The area examined in this study is the basin of the Lozoya River. If authorization is obtained, the actual
cloud stimulation tests will take place there as well as in the following adjacent areas: the Jarama River
headwaters, the basins of the Rivers Sorbe and Bornova, the opposite slope of the Guadarrama Mountains,
and the upper part of the basins of the Rivers Manzanares, and Guadarrama.
As regards the seasonal aspect, this study focuses on the months when it is most likely to snow, and
especially on the “windows of opportunity” identified by previous studies.
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DATA
A. Precipitation data
The kind of description carried out here required pluviometer data with a high temporal resolution and a
wide spatial coverage. Three possible pluviometer networks were identified, which provide data with at
least, hourly resolution:



Pluviometers owned by Canal de Isabel II Gestión (Canal Gestión), located at the dams.



Stations of the Tagus Hydrographical Confederation’s SAIH (Automatic Hydrologic Information
System), placed at the disposal of this study by the organization.



The Spanish meteorological service AEMET’s automatic meteorological stations network, offering
data from 6 pluviometers.

In total, the number of pluviometers from which hourly precipitation data series were collected was 44, all
st
st
located within this study’s area during the period from October 1 , 2010 to July 31 , 2014.
The pluviometer data series were then converted to UTC time, regrouped by hours (in those cases where
the time resolution was higher) and checked to detect gaps and anomalies.
On a few occasions (less than 0.05% of all cases), anomalous data were replaced by estimates, supported by
the data from other pluviometers nearby.
Finally, those data series were selected that offered a sufficient spatial coverage without duplicates or
larger gaps. Figure 1 shows the definite data series selection that included data from 37 pluviometers.
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FIGURE 1. SPATIAL DISTRIBUTION OF SELECTED PLUVIOMETERS
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For the application of certain statistical techniques (cluster analysis, principal component analysis,
canonical correlation analysis), the hourly precipitation data was transformed according to the formula:

z= log (1+ x )

Additionally, for several analyses only those cases were selected that showed at least a certain number of
pluviometers with a precipitation > 0. This transformation and selection are meant to reduce the positive
skew, which is quite normal within precipitation data and could have a negative influence on the results of
the statistical techniques based on variance.
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B. Other data
The hourly precipitation data from the fields generated by AEMET’s Hirlam model were collected in a
window made up of 17 by 25 cells, covering the scope of the study (see Figure 2). Hirlam is a numerical
weather forecast model for a limited area, promoted by a consortium of European countries, in which Spain
is participating through
ough its meteorological service AEMET.
AEMET is running 3 Hirlam instances. The one used for this study covers the Iberian Peninsula with a spatial
resolution of 0.05 geographical degrees, an output temporal resolution of 1 hour, a time range of 36 hours,
and 4 updates each day (at 0, 6, 12 and 18 UTC).
Historical data were collected for the Hirlam precipitation fields for the ranges H+0 to H+11 of the 0 and 12
UTC updates.

FIGURE 2. EXAMPLE OF A HIRLAM PRECIPITATION FIELD IN THE WINDOW SELECTED
ED FOR THE STUDY
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In addition, a historical series of snow level fields was used in order to classify the precipitation periods in
either rain, or snow.
The snow levels used here are based on an empirical formula using the thickness between 1,000,
1,000 and 850
hectopascals (hPa):

zN = a + b·(z850 – z1000)
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ZN stands for the snow level (m), Z850 and Z1000 refer to the pressure levels of 850 hPa and 1,000 hPa,
respectively (m), and a (m) and b (dimensionless) are two parameters that were determined empirically at
the time.
The level values 850 and 1,000 hPa used here come from the forecasts of the ECMWF’s HRES model. The
snow levels cut across the topography of the fields generated by the Hirlam digital model, allowing to
classify the precipitation of each Hirlam cell into rain or snow.
And finally, the list of “windows of opportunity” identified during seasons 2010/11 and 2011/12 was used.
These “windows” define the time intervals in which the conditions for cloud stimulation are favourable,
according to the criteria based on observations and weather forecasts. Out of the initial group of 21
windows of opportunity, only 16 were used, while the other 5 were ruled out either because they were too
short, or their pluviometers data were incomplete.

ANALYSIS, RESULTS AND DISCUSSION

1. Potential snow situations and snow season
In view of the reason for this study, the analysis has been basically focussed on the precipitations in the
form of snow, or at least, on those situations where precipitations in the form of snow could occur. With
this in mind, and in terms of the analysis within this study, the concept of "situation with a potential
precipitation in the form of snow" or "potential snow situation" was defined as a situation in which the
following two criteria are matched at the same time:
a) Precipitations are registered in, at least, one of the selected pluviometers, and
b) The snow level runs below the Hirlam DEM (digital elevation model) at one point at least in the selected
window.
The general frequency of potential snow situations in the historical data is 20.6%.
The general frequency of potential snow per month is shown in the graph of Figure 3.
91.4% of the potential snow situations occur during the months from November to April. During each one
of these months, the frequency of potential snow situations is higher than 30%, while during the rest of the
year it varies between 0 and 12.5%.
Throughout this study, the period from November to April will be called “extended winter”, referring to the
regular snow season.
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FIGURE 3. MONTHLY FREQUENCY OF POTENTIAL SNOW HOURS
Monthly frequency potential snow hours

January

February

March

April

May

June

July

August September October November December

2. General description of the precipitations in the pluviometers
During the first phase of the analysis, a general characterization of the hourly precipitation series in the
pluviometers was carried out, examining them individually.
By analysing the mean annual precipitation it was possible to put the data period into the climatological
context of the study area, as well as to confirm the relationship between the overall precipitation and the
altitude and geographical position. The precipitation is higher in areas of higher altitude, generally close to
the crest of the Guadarrama Mountains. The lowest precipitations of all the selected pluviometers were
registered on the leeward side of the Ayllón Massif.
On a more detailed level, the precipitation event characteristics of each precipitation series were examined.
For the purposes of this analysis, “precipitation event” should be understood as a sequence of hourly
precipitation values that are consecutive, above zero and separated by zero values at both extremes. The
precipitation events of each series were used to draw up some initial statistics that offer a basic description
of the precipitation pattern shown by the data.
The results have been presented in graphs like the ones included in figures 4 and 5.
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p101 Pinilla (annual: 492.0 mm)
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FIGURE 4. BASIC STATISTICS OF PRECIPITATION EVENTS PER MONTH AT THE PINILLA PLUVIOMETER
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FIGURE 5. RELATIONSHIP BETWEEN DURATION AND MAXIMUM INTENSITY DURING THREE-MONTH
PERIODS FOR THE PRECIPITATION EVENTS REGISTERED AT THE PINILLA PLUVIOMETER

P101, precipitation events: duration vs. maximum intensity
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3. Spatial description of the precipitations
The cluster analysis of the hourly precipitation series offers a classification of the pluviometers by groups
that are consistent with a certain geographical meaning (see Figure 6).

FIGURE 6. SPATIAL DISTRIBUTION OF FOUR CLUSTERS OF PLUVIOMETERS AS A RESULT OF THE CLUSTER
ANALYSIS FOR THE PRECIPITATION DATA OF THE EXTENDED WINTER
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The principal component analysis (PCA) offers a more sophisticated vision of the spatial relationships
among the precipitation series.
The first six principal components (PC) capture 75% of the total variability and each one of them presents a
consistent spatial pattern with room for interpretation.
Figure 7 shows these spatial patterns, and the following list offers a plausible interpretation for them:
PC 1.

General precipitation magnitude in the overall area.

PC 2.

SW-NE precipitation gradient, or balance between Rivers Guadarrama/Manzanares and Rivers
Jarama/Sorbe/Bornova.

PC 3.

NW-SE precipitation gradient, or balance between mountains and the Douro slope on one side,
and the Tagus slope on the other.

PC 4.

Balance between the Lozoya Basin and the remaining area.

PC 5.

Balance between the Ayllón Massif and the remaining area.

PC 6.

Balance between a strip around the Lozoya Basin (positive) and the remaining area (negative).
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FIGURE 7. REPRESENTATIVE MAPS OF THE WEIGHT OF EACH PLUVIOMETER IN EACH ONE OF THE FIRST
SIX PRINCIPAL COMPONENTS, HOURLY PRECIPITATION FROM NOVEMBER TO APRIL
Eigenvector

explained variance

Eigenvector

explained variance

Eigenvector

explained variance

Eigenvector

explained variance

Eigenvector

explained variance

Eigenvector

explained variance

Contour lines have been added in order to define the spatial configuration of each component.
For each component, the explained variance fraction has been indicated.
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In order to try to attain a structure that is simpler and easier to interpret in a geographical sense, the
VARIMAX rotation was tried out on these first six principal components.

The resulting rotated components (RC) can be described as follows:

RC 1.

Upper mountain areas

RC 2.

Headwaters of Rivers Guadarrama and Manzanares

RC 3.

Jarama River below El Vado

RC 4.

Lozoya Basin

RC 5.

Ayllón Massif

RC 6.

Headwaters of Rivers Sorbe and Bornova

4. Relationship between observed precipitation and Hirlam forecast
The canonical correlation analysis (CCA) provides a detailed mathematical description of the relationship
between the observed precipitations and the Hirlam forecast fields. This serves as a starting point for
creating a strategy of diagnosis of the effects of the cloud stimulation actions. The idea is that on one hand
there must be a fairly close relationship between the observed precipitations and the Hirlam forecasts,
while on the other, it is possible for the cloud stimulation actions to affect only one part of that
relationship: the precipitation, but not the forecasts. To the extent that the observed precipitations after a
cloud stimulation action draw away from the regular relationship to the Hirlam field, one could deduce that
the action has had a certain effect on the precipitation.
The CCA’s results are 37 pairs of canonical variables, one for each pluviometer, sorted by correlation from
higher to lower. The first canonical correlation reaches a value of 0.72, and the value of four more pairs is
above 0.5. Figure 8 shows the spatial configuration of the variables that correspond to the first four
canonical pairs by means of the so-called homogeneous correlations that indicate in which way each
canonical variable correlates with the original variables they proceed from. Within each pair, the similarity
between the configuration of the canonical variable that corresponds to the pluviometers (left map) and
the respective Hirlam variable (right map) indicates that the two groups match each other.

5. Identification of the effect caused by the cloud stimulation action
This study is based on the hypothesis that it is possible to identify artificial alterations in the observed
precipitation fields by evaluating the residuals of the canonical correlations between an observed
precipitation field and the respective Hirlam field: unusually large residuals could indicate a deviation
between the observed field and the Hirlam field, which could be considered to be due to the alteration in
the precipitation field, caused by, for example, a cloud stimulation action.
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FIGURE 8. HOMOGENEOUS CORRELATIONS OF THE FIRST FOUR PAIRS OF CANONICAL VARIABLES
(EXTENDED WINTER, CASES OF POTENTIAL SNOW)
Homogenous Correlations
explained variance

explained variance

Homogenous Correlations
explained variance

explained variance

Homogenous Correlations
explained variance

Homogenous Correlations
explained variance

explained variance
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The graphs also indicate the value of the Pearson’s correlation coefficient between the pair variables and the explained variance of
each one in the respective group
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Each canonical pair (U, V), with U being the canonical variable from the Hirlam field and V the canonical
variable from the pluviometers, has an associated regression of V on U. This regression provides a group of
V* values for the cases analysed that estimate the group of V values with the residuals V*-V. Taking into
account the subgroup of k canonical correlations, a k-dimensional set of residuals is obtained. This set is a
sample of the distribution of k residuals that can be employed as a basis on which to make statistical
inference about the degree of alteration of the observed precipitation field, as explained below.
Figure 9 shows the residuals space of the first four canonical correlations and the path of the hours that
correspond to a window of opportunity within this space. The grey dots represent each one of the analysed
cases, and the red lines connect the dots that correspond to the 6 hours of the window of opportunity. The
distance from the origin within the residual space (normalized along each axis by the respective standard
deviation) is used as a measure of the precipitation field’s “eccentricity”, i.e. of how much it differs from the
respective Hirlam forecast field.

FIGURE 9. PATH WITHIN THE RESIDUALS SPACE OF CC1 TO CC4 FOR THE WINDOW OF OPPORTUNITY #18
(05/02/2012)

Residual

Window of opportunity

Residual

Residual

Residual
The four canonical residuals that correspond to a precipitation field are represented by two dots, one in the upper graph
(residuals of CC1 and CC2), and one in the lower graph (residuals of CC3 and CC4). The grey dots represent the 3,169
analysed cases, and the red lines connect the dots that correspond to the window of opportunity, sorted chronologically.
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The set of distances from the origin, calculated for all the test cases (all the grey dots in Figure 9) makes it
possible to form an empirical distribution for this variable. For a specific synchronous pair of pluviometer
precipitation and Hirlam field, the position of the respective distance in this empirical distribution makes it
possible to attribute a “p- value” to the null hypothesis: “the precipitation field has not been altered”.
The distances from the origin in the residual space were calculated for all the hours within the 16 windows
of opportunity used for this analysis, taking them as references for the examination of the performance of
the proposed statistic. Figure 10 shows these distances with regard to the levels that correspond to
percentiles 95 and 99 of the empirical distribution. It turns out that none of the hourly values within the
th
window of opportunity exceeds the 95 percentile of the empirical distribution. In other words, in no case
can the null hypothesis be rejected with a significance level of 0.05.

distance

FIGURE 10. DISTANCES IN THE RESIDUAL SPACE FOR THE WINDOWS OF OPPORTUNITY, HOUR BY HOUR

hours
st

Each window of opportunity is represented by a dotted line that starts at the 1 hour and proceeds towards the right for
the duration of this window.
The x coordinate of each dot represents the respective hour in time, and the y coordinate stands for the distance from
th
th
the origin in the residual space. The horizontal lines indicate the 95 and the 99 percentile of the empirical distance
distribution.

Finally, a test was undertaken to check the sensitivity of the proposed matching statistic. The window of
opportunity # 14 (27/01/2014, hours 4 to 10) was chosen as a reference, a period that shows little
precipitation, basically distributed among the upper mountain areas. The test consisted of altering
arbitrarily the observed precipitation fields and recalculating the distances in the residual space, in order to
check to what degree the alteration can be noted in the value of the statistic. In theory, the cloud
stimulation action would produce an increase in precipitation in the upper Lozoya Basin that could be
observed in the pluviometers p101, p102, p313, p314 and p321. For reasons of simplicity, this increase is
distributed equally in time and space. The results, included in Figure 11, show that the proposed statistical
method really is able to detect alterations of a certain level in the observed precipitation fields.
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distance

FIGURE 11. RESULTS OF THE SENSITIVITY TEST WITH REGARD TO THE ALTERATION OF THE PRECIPITATION
FIELD DURING THE WINDOW OF OPPORTUNITY # 14

hours

The green line represents the sequence of distances in the residual space for the observed precipitation fields.
The red lines represent the same sequence for the altered precipitation fields (increase of 6, 12, 18 and 24 millimetres in
th
th
6 hours). The horizontal lines indicate the 95 and 99 percentile of distance.

The test carried out with the window of opportunity # 14 can be used as a guideline to establish a
methodology of diagnosis for the cloud stimulation action. The following steps would be taken:
1. Collect the data from the Hirlam fields that correspond to the hours of the window of opportunity that
was used for the action (or in general the set of hours during which it seems the cloud stimulation could
be effective).
2. Collect the observation data of the hourly precipitations at the 37 pluviometers analysed, for these
hours.
3. Calculate the first four canonical variables for the first hour with the precipitation values from the
Hirlam fields, on the “x” side: U1, …, U4.
4. Calculate the estimated value of the first four canonical variables with the first four canonical
regressions for the “y” side: V1*, …, V4*.
5. Calculate the observed value of the first four canonical variables with the observed precipitation data on
the “y” side: V1, …, V4.
6. Calculate the four residuals: V1-V1*, …, V4-V4*. Calculate the distance of the corresponding point from
the origin in the residual space: d1 (normalized by standard deviation for each dimension).
7. Repeat steps 3 to 6 for the second hour and the following ones. In this way, calculate all the distances in
the residual space: d2, …, dN.
8. Compare the distance values d1, …, dN with their significance thresholds of 5% and 1%. To the extent
that one or more of these distances d1, …, dN exceed their thresholds, it could be inferred that the cloud
stimulation action has affected the precipitations.
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CONCLUSIONS
The study has provided a general description of the Precipitation patterns in the pluviometers of the area
examined, both in terms of the frequency of the precipitation events, their duration and intensity and also
the seasonal nature of these characteristics. Taking the snow level into account has made it possible to
establish a period from November to April as the “snow season” for the purpose of this study as well as to
identify the situations of potential snowfall in the historical data.
The spatial relationships between the pluviometers were explored by means of cluster analysis, as well as
the spatial characteristics of the precipitation fields by means of principal component analysis.
A canonical correlation analysis has provided a detailed mathematical description of the relationship
between the observed precipitation fields at the pluviometers and the Hirlam forecast fields. In this
respect, the magnitude of the residuals of the canonical correlation indicates in each case how closely the
observed precipitation field matches the respective Hirlam field. Starting out with this idea, a statistic was
proposed to check the null hypothesis, i.e.., the lack of alteration in the precipitation field, and this statistic
led to developing a methodology that makes it possible to diagnose the effect of the cloud stimulation
action.
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2.1. APPROACH
Canal de Isabel II Gestión is developing a research project to evaluate the possibilities of stimulating clouds in
order to increase precipitation in the form of snow in the river basins that feed the water reservoirs of the
Lozoya system. This project has made it possible to identify the weather conditions that are most suitable for
conducting the stimulation as well as the appropriate stimulation techniques in each case.
The next phase of the project, which still has to be authorized by the Basin authorities, will consist of carrying
out real tests in practice. A necessary condition for these tests is a detailed description of the precipitation
patterns in the areas that could be affected by the experiment. Such a description is the object of this study.

2.2. OBJECTIVES
This objective of this study is to provide a description of the Precipitation patterns in the Lozoya Basin so that,
assuming the necessary authorization is obtained, the actual cloud stimulation tests can be carried out there
and in the adjacent areas. The description of the precipitations is meant to generate the knowledge necessary
to examine the possible effects, if there are any, of the actual cloud stimulation tests. These effects could show
up in the amount of snowfall as well as in its spatial distribution.

The spatial scope of the study includes the direct area of cloud stimulation, i.e., the Lozoya Basin, as well as the
surrounding areas whose precipitations could also be altered by the cloud stimulation. Thus the study’s spatial
scope will include the following areas:

a)

The basin of the Lozoya River.

b)

To the east, the Jarama River headwaters and the river basins of the Sorbe and the Bornova.

c)

To the north, the other slope of the Guadarrama Mountains, at least including the headwaters of Eresma,
Pirón, Cega and Duratón.

d)

To the southeast, the upper part of the river basins of the Manzanares and the Guadarrama.

The study should focus on the situations that are appropriate for precipitations in the form of snow, and in
which cloud stimulation is feasible. Earlier studies have identified these kinds of situations, called “windows of
opportunity”, in recent times (hydrological years 2010 to 2012). In the seasonal aspect, this study focuses on
the months when precipitations in the form of snow are possible, and especially on the aforementioned
windows of opportunity.
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3.1. PLUVIOMETER DATA

3.1.1. Original selection

This study focuses on relatively short precipitation periods on a relatively narrow spatial scope. Therefore the
data necessary to describe this kind of precipitation must be of a high temporal resolution (at least hourly) and
provide a dense spatial coverage.
Three possible meteorological networks were identified within the spatial scope of this study, which could
provide data with a temporal resolution of one hour or higher:

• Pluviometers owned by Canal de Isabel II Gestión, located at the dams.
• Stations of the Tagus Hydrographical Confederation’s SAIH (Automatic Hydrologic Information System),
placed at the disposal of this study by that organization.
• The Spanish meteorological service AEMET’s automatic meteorological station network, offering data from
6 pluviometers.

Figure 12 shows the spatial distribution of the three networks and the 44 pluviometers selected at the
beginning (Canal Gestión 13, SAIH 25, and AEMET 6).
The Tagus SAIH network helps to improve the coverage of the Lozoya Basin and, above all, covers the eastern
part of the study’s area.
1

The AEMET network is the only one among these three that provides data from the Douro side of the
mountains, even though the density is quite low. It also improves the coverage in the upper part of the
mountains.
Data have been collected from all the months of each year, starting with the hydrological year 2010/2011 and
continuing until the beginning of this study, i.e., from October 1st, 2010 to July 31st, 2014. The total amount of
days is 1,400, covering almost four hydrological years. This time includes four entire winters.

1

The Douro slope is well covered by the Douro SAIH pluviometer network, but the installations are very new, and the
available data series are still too short.
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FIGURE 12. SPATIAL DISTRIBUTION OF THE THREE SELECTED METEOROLOGICAL NETWORKS
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3.1.2. Data preparation

Accumulation of hours
The data of Canal Gestión and AEMET consist of hourly values, while those of SAIH’s provide values for every
15 minutes (one value every quarter of an hour). In order to unify the temporal resolution of all three series,
the SAIH data were added up to achieve hourly values.
This adding up was permitted only if data existed for every period of 15 minutes for a given hour. If any of the
four values was missing, the hourly value was considered missing, too.
The criterion of the Canal Gestión data was applied in order to designate the hours: the timestamp hh:59
indicates the accumulated precipitation during the hour that started at hh:00.
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Change to UTC time
The AEMET data are given in UTC time, but the other two sources use local time. However, local time has the
problem that each year has one day with 23 hours (at the beginning of daylight saving time (DST)) and one day
with 25 hours (at the end of DST). For this reason, it was preferable to change all data to UTC time.
Both the Canal Gestión and the SAIH data include days at the beginning of DST with 23 hours, but the days that
correspond to the end of DST are incomplete, with only 24 instead of 25 hours. On those days, the data
registered by Canal Gestión correspond to the first time the clock strikes 3, while those registered by the SAIH
correspond to the second time it is 3 o’clock. Thus, for this study the values for the missing hour were filled in
by interpolating the previous and the later values. With the exception of the year 2010, these gaps of one hour
occurred during periods without any precipitation, so the interpolation was trivial in any case.

Checking and processing of anomalous data
All data series were checked systematically in order to detect possible anomalies that would have to be
considered invalid. The following aspects were checked:

a. Individual values that were too high.
b. Sequences of hours with precipitations that last too long.
c. Sequences of hours with a repeated value that last too long.

In category (a) no case at all could be found, while in category (b) there was one sequence, and fourteen in (c).
In each one of these cases, the original data were replaced by estimates based on simultaneous data from
other pluviometers nearby. In order to arrive at these estimates the following general criteria were applied:

1. If the nearby pluviometers do not register any precipitation during those hours, the estimated values will
also be 0 (this occurred in 6 cases out of 15).

2. If the nearby pluviometers do register precipitations, values from one or several of these will be used as
reference to estimate a mean hourly distribution that can be applied to the total accumulated precipitation
during the anomalous sequence.

This strategy # 2 is based on the fact that in all the cases found, the total accumulated precipitation of the
sequence turned out to be a reasonable value, generally consistent with those of nearby pluviometers, and
that the hourly distribution in nearby pluviometers were usually similar among each other.

Figures 13, and 14, show an example of an anomalous sequence replaced by estimates.
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FIGURE 13. ANOMALOUS PRECIPITATION EVENT IN PINILLA (CANAL GESTIÓN)
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The sequence with the 0.04 mm values does not appear to be natural. The hours with a concentration of precipitations do
not match those of nearby pluviometers.

FIGURE 14. MODIFIED DATA OF THE ANOMALOUS PRECIPITATION EVENT IN PINILLA
Pinilla
2013-02-19
Proposed
change)
Pinillaprecipitation
downpourevent
2013-02-19
(proposed
change)

Hourly
Accumulated

The grey line shows the original accumulated precipitation. The proposed hyetograph accumulates the same total
precipitation as the original, distributed according to the mean distribution of the hyetographs in Riosequillo and Puentes
Viejas.
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The changes carried out are shown in Table 1. The total amount of data replaced by estimates like these is an
extremely small fraction (less than 0.05%).

TABLE 1. DATA REPLACED BY ESTIMATES IN ANOMALOUS SEQUENCES DETECTED IN THE DATA SERIES
Point

Range of dates

Problem

Accion

Villar
(Canal Gestión)

2010-12-20 21:59 to
2010-12-24 4:59

80 consecutive hours with P>0 and
an artificial appearence

The mean hourly distribution of
Puentes Viejas and Atazar is used

Pinilla
(Canal Gestión)

2011-03-10 5:59 to
2011-03-11 5:59

25 consecutive value with P=0.22

Replaced by P=0 (no rain in nearby
pluviometers)

Pinilla
(Canal Gestión)

2013-02-19 6:59 to
2013-02-20 5:59

24 hour precipitation event with
artificial
appearence
and
20
repetitions of P=0.04

The mean hourly distribution of
Puentes Viejas and Riosequillo is
used

Valmayor
(Canal Gestión)

2013-10-03 6:59 to
2013-10-04 4:59

23 consecutive hours with P=2

The mean hourly distribution of La
Jarosa and Navalmedio is used

La Aceña
(Canal Gestión)

2013-03-04 19:59 to
2013-03-05 5:59

11 consecutive hours with P=3

The hourly distribution of La Jarosa
is used

La Aceña
(Canal Gestión)

2013-03-17 11:59 to
2013-03-18 2:59

14 repetitions of P=0.2 with one
value of P=0.4 and one P=0 in
between

The hourly distribution of La Jarosa
is used

AC08
(SAIH)

2013-10-04 05:59 to
2013-10-07 04:59

72 consecutive repetitions of P=1.6

From the 5 value of this series
onwards, the data is replaced by
P = 0 (matches P = 0 at AR16)

AC10
(SAIH)

2013-02-11 10:59 to
2013-02-11 21:59

12 consecutive repetitions of P=2.4

Replaced by P=0 (no rain in nearby
pluviometers)

E_10
(SAIH)

2012-07-25 20:59 to
2012-07-26 06:59

11 consecutive repetitions of P=3.2

Partly replaced by P=0 (reference in
nearby pluviometers)

PN20
(SAIH)

2014-03-01 09:59 to
2014-03-03 05:59

57 consecutive repetitions of P=0.8

The precipitation event distribution
at P_19 is used

PN22
(SAIH)

2013-03-17 00:59 to
2013-03-19 04:59

51 consecutive repetitions of P=0.8

Reference 3111D of AEMET is used

PN28
(SAIH)

2013-07-21 15:59 to
2013-07-23 08:59

41 consecutive repetitions of P=8.8

Replaced by mean value of P_27 y
Navalmedio

P_14
(SAIH)

2013-05-17 21:59 to
2013-05-20 03:59

55 consecutive repetitions of P=1.6

Replaced by mean value of AC09,
PN15 y P_18

P_27
(SAIH)

2013-02-11 10:59 to
2013-02-11 21:59

12 consecutive repetitions of P=2.4

Replaced by P=0 (no rain in nearby
pluviometers

P_31
(SAIH)

2013-02-11 10:59 to
2013-02-11 21:59

12 consecutive repetitions of P=3.2

Replaced by P=0 (no rain in nearby
pluviometers)

th
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3.1.3. Final selection

During the second phase of data processing, the pluviometer series were examined from an overall point of
view. This led to ruling out some of the pluviometers chosen at the start, due to the following criteria:

Comparison of nearby pluviometers
In several cases, the pluviometers used turned out to be very close to each other, so that it seemed to be
advisable to rule out some of them. In each case, it had to be confirmed first that the correlation between the
two points was reasonably close, and then the one with less complete data was discarded. If possible, gaps
existing within the data of the chosen pluviometer were filled in with data from the other unused one.
Figures 15 and 16 show examples of the comparisons among several data series.

FIGURE 15. RELATIONSHIP BETWEEN HOURLY DATA OF CANAL GESTIÓN, EL VADO (P106) AND
SAIH E_13 (P307)
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Note the different colours used for the four months from December to March (blue) and the rest of the year (red).
Both pluviometers are located at the reservoir El Vado. As it offered less complete data, the SAIH pluviometer was ruled out
in the end.
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FIGURE 16. COMPARISON OF THE MONTHLY PRECIPITATIONS AT THE PLUVIOMETERS OF CANAL GESTIÓN,
EL VADO (P106) AND SAIH E_13 (P307)
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Both pluviometers are located at the reservoir El Vado. As it offered less complete data, the SAIH pluviometer was ruled out
in the end.

The following list includes all the pluviometers that were ruled out because they were too close to other ones.
• SAIH E_09 (Alcorlo), for being close to SAIH AC09 (Riegos Bornova) and presenting less complete data. (In
addition, 7 missing values at AC09 were filled in with data from E_09.)
• SAIH E_13 (El Vado), for being close to Canal Gestión El Vado and presenting less complete data.
• SAIH AC10 (Sorbe-Jarama), for being close to Canal Gestión El Vado and presenting less complete data.
• SAIH AC08 (Canal de El Atazar), for being close to SAIH AR16 (Jarama at Valdepeñas) and presenting less
complete data.
• AEMET 3111D (Somosierra), for presenting very incomplete data and being relatively close to SAIH PN22
(Robregordo).
• AEMET 3104Y (Rascafría, El Paular), for being close to SAIH PN23 (Depósitos La Dehesa) and presenting
incomplete data.
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Very incomplete series
With the exception of the data that are missing on the days when DST starts or ends, the Canal Gestión data
are complete, and the SAIH data almost complete (less than 0.1% missing).
The AEMET data come in daily records of 24 values each, and all supplied records are complete. However, none
of the pluviometers provide a complete set of 1,400 daily records to cover the entire period. Table 2 shows the
number of records supplied by each pluviometer and the respective percentage of the total amount.

TABLE 2. PERCENTAGE OF COMPLETE DATA IN THE AEMET PLUVIOMETERS
Indicative

Name

Number of records

%

2135A

FRESNO DE CANTESPINO

1,234

88.1%

2150H

LA PINILLA, SKI RESORT

1,166

83.3%

2462

NAVACERRADA,PUERTO

1,223

87.4%

2465

SEGOVIA

1,397

99.8%

3104Y

RASCAFRÍA, EL PAULAR

1,240

88.6%

3111D

SOMOSIERRA

1,062

75.9%

Percentage of complete data in the AEMET pluviometers. The complete series would consist of 1,400 daily records.

Two of the AEMET data series, 3104Y and 3111D, had already been ruled out due to other pluviometers being
nearby.
Figure 17 shows the availability of the remaining four AEMET pluviometers. The following can be observed:

• 2135A (Fresno de Cantiespino) shows large periods with no data in July, August, September and November
2012, as well as significant gaps in October 2012 and April 2013. The remaining data also show scattered
gaps. This means that most of the winter data is complete. This pluviometer was kept for the analysis.
• 2150H (La Pinilla, ski resort) shows large periods with no data in October and November 2010, May and
June 2011, and from March 2014 onwards. During the winter seasons there are occasional gaps. This
pluviometer was kept for the analysis.
• 2462 (Navacerrada, mountain pass) shows large gaps during the winter seasons, which is precisely the
period most useful for this study. Moreover, its location is not very far from other pluviometers (even
though these are on the opposite mountain slope towards the Tagus). This pluviometer was therefore ruled
out for the analysis.
• 2465 (Segovia), as already mentioned, is practically complete and thus kept for the analysis.
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FIGURE 17. DATA AVAILABILITY IN THE PLUVIOMETERS AEMET 2135A (P201), 2150H (P202), 2462 (P203)
AND 2465 (P204)

Except for pluviometer 2465 (p204), these pluviometers show frequent and large gaps

Subsequent manual screening
The subsequent processing of the data has made it possible to identify some additional anomalies that need a
specific treatment in each case:
• SAIH P_27 Cruz Roja, 16 hours starting at 2014-05-19, 16:59: high precipitations, especially 8 consecutive
hours with a value of 36 mm/h, and a total value of 454.6 mm in 16 hours.
Such a precipitation event is totally unlikely. Thus these data were replaced by relatively well correlated
average values from nearby Canal Gestión Santillana and SAIH P_13.
• SAIH PN23, several precipitation events in December 2010, February 2011 and March 2011 showed data
that seemed to be delayed in comparison to other nearby pluviometers (see Figure 18). However, these
data were not modified.
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FIGURE 18. PARTIAL SERIES OF HOURLY PRECIPITATIONS AT SAIH-PN23 AND NEARBY STATIONS

Partial series of hourly precipitations at SAIH PN23 (p313, red line) and three nearby pluviometers, AEMET 3104Y RascafríaEl Paular (p205, blue line), SAIH PN24 (p314, yellow line) and Canal Gestión Pinilla (p101, green line).
Several days in December 2010. The data of PN23 seem to show a 3 hour delay.

Final selection
After ruling out some pluviometers due to incomplete data series or due to closeness to other stations, a final
set of 37 pluviometers was established.

 Canal Gestión 13,
 AEMET 3, and
 Tagus SAIH 21.
In order to simplify this study, a unified code was assigned to each pluviometer:
p + three-digit number

The pluviometers of Canal Gestión are numbered from 101 on, the AEMET ones from 201 on, and the SAIH
pluviometers start with 301.
Table 3 includes the entire final selection of pluviometers with the respective data gaps and data replaced by
estimates.
Figure 19 shows the pluviometer locations on a map.
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TABLE 3. LIST OF PLUVIOMETERS FINALLY SELECTED
Code

Source

Description

External Code

UTM30 X

UTM30 Y

Z

Gaps

Estimaste

p101

Canal Gestión

Pinilla

E001CPL042

434945

4533163

1089

0

53

p102

Canal Gestión

Riosequillo

E002CPL090

445585

4537456

1010

0

4

p103

Canal Gestión

Puentes Viejas

E003CPL052

452051

4538356

956

0

4

p104

Canal Gestión

Villar

E004CPL031

452718

4533297

904

0

86

p105

Canal Gestión

Atazar

E005CPL030

460232

4529291

870

0

4

p106

Canal Gestión

Vado

E006CPL050

475185

4539154

923

0

4

p107

Canal Gestión

Pedrezuela

E007CPL050

447348

4512130

828

0

4

p108

Canal Gestión

Navacerrada

E034CPL022

415202

4507792

1156

0

4

p109

Canal Gestión

Santillana

E008CPL020

431085

4506683

894

0

4

p110

Canal Gestión

Navalmedio

E035CPL030

412355

4511641

1289

0

4

p111

Canal Gestión

Jarosa

E036CPL021

405643

4502372

1087

0

4

p112

Canal Gestión

Valmayor

E031CPL010

411447

4487967

831

0

27

p113

Canal Gestión

Aceña

E037CPL020

396781

4496675

1316

0

15

p201

AEMET

2135A

457583

4580264

993

3984

0

p202

AEMET

2150H

460145

4560174

1860

5614

0

p204

AEMET

Segovia

2465

405190

4533293

1005

72

0

p302

SAIH Tajo

Riegos Bornova

AC09

498150

4539775

913

24

11

p304

SAIH Tajo

Jarama en Valdepeñas

AR16

460450

4524175

694

24

4

p306

SAIH Tajo

Pozo de los Ramos

E_10

483246

4540625

902

45

15

p308

SAIH Tajo

Condemios de Arriba

PN15

489750

4563700

1363

24

4

p309

SAIH Tajo

Campisábalos

PN16

488200

4569300

1366

29

4

p310

SAIH Tajo

Cantalojas

PN17

478400

4565350

1320

24

4

p311

SAIH Tajo

Cabida

PN20

467050

4551200

1352

24

50

p312

SAIH Tajo

Robregordo

PN22

451450

4550850

1428

24

22

p313

SAIH Tajo

Depósitos la Dehesa

PN23

425100

4529200

1218

24

4

p314

SAIH Tajo

Albergue

PN24

429000

4526300

1372

24

4

p315

SAIH Tajo

La Barranca

PN28

416150

4512050

1396

24

49

p316

SAIH Tajo

Miedes de Atienza

P_13

502600

4568700

1166

24

4

p317

SAIH Tajo

Gascueña de Bornova

P_14

498000

4554900

1244

24

60

p318

SAIH Tajo

Umbralejo

P_18

485000

4552850

1251

24

4

p319

SAIH Tajo

Majaelrayo

P_19

475000

4552200

1224

24
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FIGURE 19. SPATIAL DISTRIBUTION OF THE PLUVIOMETERS FINALLY SELECTED
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3.2. OTHER DATA

3.2.1. Hirlam precipitation, AEMET
Hirlam (High Resolution Limited Area Model) is a numerical prediction model for limited areas, developed over
several years by an international consortium of meteorological services, in which the Spanish service AEMET
2
takes part .
AEMET is running three of the system's instances in its A version in different regions: one Euro-Atlantic system
0
with a 0.16 horizontal resolution and two other ones, focused on the Iberian Peninsula and the Canary Islands,
0
both with a 0.05 resolution.

2

The Hirlam consortium is made up of the national meteorological services from Denmark, Estonia, Finland, Iceland
Ireland, Lithuania, the Netherlands, Norway, Spain and Sweden. Méteo-France has a scientific cooperation agreement
with the consortium.
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3

The outputs of these models are included in the catalogue of forecast products distributed by AEMET .
For the purpose of this study, the hourly precipitation forecast fields of the AEMET Hirlam model 0.05 for the
Iberian Peninsula were used. The operating characteristics of this model, which determine the data
characteristics, are the following:

 Spatial scope: Iberian Peninsula and Balearic Islands.
 Spatial resolution: 0.05 geographical degrees (approx. 5km of grid resolution).
 Temporal resolution: hourly.
 Time range: 36 hours.
 Update frequency: 4 times per day (00UTC, 06UTC, 12UTC y 18UTC).

The Hirlam 0.05 precipitation forecast fields on the Iberian Peninsula were collected during the first 12 hourly
measurements from 00UTC to 12UTC, i.e. from 2010-10-01 00UTC to 2014-07-31 12UTC. These fields were
0
0
0
0
reduced to the window within 4.225 W and 2.975 W longitude, and 40.525 N and 41.375 N latitude (17 rows
and 25 columns), which includes the geographic area of the study, as shown in Figure 20.
Thus this group forms a complete series of hourly precipitation fields during the entire temporal scope of this
study. However, the precipitation values are predicted, not observed, within a temporal horizon that does not
exceed 12 hours. In short periods like this, models like Hirlam show a pretty high precision. Moreover, due to
its nature the Hirlam precipitation field includes the general meteorological configuration regarding the
precipitation, as seen by the model.
AEMET distributes the Hirlam model data in the GRIB format. In order to facilitate the processing, they were
transformed into the GeoTIFF format.

3

The following two internet addresses offer information on the general characteristics of the Hirlam system as well as
on the other installations run by AEMET:
http://www.hirlam.org/index.php/hirlam-programme-53/general-model-description/synoptic-scale-hirlam
http://www.aemet.es/es/idi/prediccion/prediccion_numerica
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FIGURE 20. EXAMPLE OF A HIRLAM 0.05 HOURLY PRECIPITATION FIELD, IBERIAN PENINSULA
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(b)
Example of a Hirlam 0.05 hourly precipitation field, Iberian Peninsula: 2014-12-13
2014
13 21UTC (updated at 2014-12-13
2014
00UTC).
Complete window (a). Selected window for this study (b)
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3.2.2. Snow level
In order to distinguish between rain and snow precipitation, the concept snow level was used to define the
minimum altitude above which precipitations will be in the form of snow.
If at a certain time in a certain place the snow level is lower than the altitude of the terrain, the precipitations
will be in the form of snow. The snow level varies in time and place, depending on the atmospheric conditions.
One traditional way of distinguishing between snow and rain precipitation in forecasts is to resort to the
thickness of certain isobaric levels (Esteban et al. 2011, Svoma 2011, Hepner 1992). In this respect, the Spanish
company MeteoLógica is offering a method of their own to determine the snow level by means of a basic
relationship with the thickness between 1,000 and 850 hPa:

zN = a + b·(z850 – z1000)
zN stands for the snow level (m), z850 and z1000

refer to the pressure levels of 850 hPa and 1,000 hPa,

respectively (m), and a (m) and b (undimensional) are two parameters that were determined empirically at the
time.
Through this empirical relationship, the company produces hourly maps every day that forecast the snow level
with a resolution that matches Hirlam 0.05 for a time frame of 36 hours, based on the pressure level fields of
1,000 and 850 hPa employed by the ECMWF’s HRES model.
The HRES pressure level fields are transformed into the necessary spatial and temporal resolution by means of
bilinear and linear interpolation, respectively. Figure 21 shows an example of the kind of snow level map
produced by means of this method.
The snow level fields and the digital model of the terrain used by Hirlam intersect so that for each cell the form
of precipitation is determined. This information, in turn, is placed on top of Hirlam’s synchronous precipitation
data in order to classify the predicted precipitation as either rain or snow. Figure 22 shows an example of the
kind of snow forecast map achieved in this way.
For this study, those snow level fields produced by MeteoLógica were collected that match the Hirlam
precipitation fields described in chapter 3.2.1. above, as far as scope, update and period are concerned, as well
as the Hirlam DEM.
The combination of a snow level field with the DEM makes it possible to distinguish between rain and snow in
the same way as in the operating forecast by MeteoLógica.
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FIGURE 21. MAP OF SNOW LEVEL FORECAST FOR 2014-12-13 21UTC

The snow level lies around 1,650 m altitude in the Guadarrama Mountains and around 1,580 m in the Ayllón Massif,
indicating a possibility of snow in the upper areas

FIGURE 22. MAP OF HIRLAM SNOW LEVEL FORECAST FOR 2014-12-13 21UTC

The map shows the Hirlam snow forecast for 2014-12-13 21UTC, i.e. for the same moment as in Figures 20 and 21.
Snow is predicted in those cells that match the conditions of precipitation > 0 and snow level below the Hirlam DEM altitude
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3.2.3. Windows of opportunity
The research carried out by Canal de Isabel II Gestión has determined the criteria that make it possible to
identify a priori the atmospheric situations in which it can be expected that cloud seeding will provide an
appropriate increase in snow precipitation. The time intervals that meet these criteria are called “windows of
opportunity”.
The complete system of identifying and detecting these windows of opportunity is made up of two blocks:
prediction and real time measurement.
The forecast is integrated into the real time monitoring of the atmospheric conditions by means of a
radiometer installed in the Lozoya Valley.
The requirements considered to be favourable for precipitation increase by means of cloud stimulation include
the following:
• Predicted snow precipitation with winds from northwest or west during at least three consecutive hours at
an altitude of 1,500 metres (4,900 feet) or higher.
2

• A quantity of liquid water in the liquid water path (LWP) of at least 0.1 kg/m (mm) during at least 80% of
2
the previous hour, and at least 0.5 kg/m (mm) during at least 20% of the hour previous to that.
• A cloud thickness of between 2,000 and 6,000 metres (6,500 to 19,500 feet) during at least 80% of the
previous hour.
• The cloud base located below an altitude of 2,000 m (6,500 feet) during at least 80% of the previous hour,
so that it gets close enough to the mountain peaks to liberate the seeding material from inside the cloud.
In previous research, Canal de Isabel II Gestión has identified the windows of opportunity during the campaigns
2010/11 and 2011/12, as shown in Table 4.
TABLE 4. WINDOWS OF OPPORTUNITY DURING THE CAMPAIGNS 2010/2011 AND 2011/2012
Windows of opportunity 2010-2011

Windows of opportunity 2011-2012

Date

Opportunities for seeding
(Interval)

Date

Opportunities for seeding
(Interval)

30/11/2010

16:00 - 18:00

16/01/2012

00:00 - 07:00

01/12/2010

04:00 - 14:00

27/01/2012

04:00 - 10:00

02/12/2010

11:00 - 14:00 y 22:00 - 23:00

01/02/2012

16:00 - 19:00

05/12/2010

06:00 - 12:00 y 22:00 - 24:00

02/02/2012

17:00 - 22:00

20/12/2010

21:00 - 24:00

04/02/2012

14:00 - 19:00

23/12/2010

18:00 - 24:00

05/02/2012

12:00 - 18:00

27/01/2011

19:00 - 24:00

07/02/2012

00:00 - 03:00

28/01/2011

09:00 - 10:00

13/02/2011

15:00 - 18:00

15/02/2011

00:00 - 00:03

16/02/2011

15:00 - 18:00

04/03/2011

06:00 - 22:00

05/03/2011

00:00 - 00:04
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Several graphic and statistical tools have been used during this analysis, especially multivariate statistics.
The following paragraphs explain each one of these methods, indicating its specific purpose within this study,
and describe the methodological criteria for their application as well as the software tools employed in each
case.

4.1. PRECIPITATION EVENT DEFINITION WITHIN THE DATA SERIES OF AN INDIVIDUAL
PLUVIOMETER
In the pluviometer data series, it was decided to distinguish the episodes of precipitation as a sequence of
consecutive hourly data with P > 0, preceded and followed by at least one value P = 0, in order to simplify the
general description of precipitations.
Naturally, the criterion for the separation of precipitation event is arbitrary and always depends on the
minimum time interval, without detriment to the fact that precipitations within the same hour can be
intermittent.
A set of characteristics for these precipitation event were defined according to the following criteria:
a)

Month: in order to facilitate the seasonal characterization of the precipitation pattern, each precipitation
event is assigned to a month. Arbitrarily, the month corresponding to the first hour of the precipitation
event is used.

b)

Duration (h): the amount of hours the precipitation event lasts. The duration recording is provided by the
hourly data, even though it is not exactly the duration of the interval during which the precipitation fell,
because the precipitation’s beginning and end do not necessarily match the beginning and end of the
precipitation event’s first and last hour, respectively, and disregarding the fact that the precipitation could
be discontinuous within each hour.

c)

Mean intensity (mm/h): intensity rate corresponding to the precipitation event’s accumulated total
precipitation in relation to its duration.

d)

Maximum intensity (mm/h): maximum value during the precipitation event’s hourly precipitation
sequence. Again, this value does not describe the exact maximum instant intensity, nor the one that could
be recorded with data with a higher temporal resolution.

Canal de Isabel II Gestión · 48

Precipitation patterns in the basins of the Lozoya and adjacent rivers
Methodology

4.2. VISUALIZATION OF THE PRECIPITATION FIELDS
Besides applying the statistical analyses to the data, it was considered useful to have a tool that could make it
easy to visualize the fields of the relevant variables. Thus a web application was developed that is based on
RStudio’s Shiny (version 0.8.0, shiny.rstudio.com).
This application makes it possible to visualize, hour by hour, the precipitations at the pluviometers and the
Hirlam precipitation fields on a map. This tool is complementary to the analysis, and was used as a visual
support during the study of the spatial distribution of the precipitations, both those observed and those
predicted by Hirlam, and their temporal evolution during the precipitation episodes.
The application opens a viewfinder window in which the following information is given on a map, for a certain
time:
• Observed precipitation, and
• Hirlam precipitation forecast, indicating whether the precipitation will be rain or snow (depending on the
snow level and the altitude in each case).

Moreover, two controls make it possible to navigate through different days and hours of the records. Figure 23
shows one of the application’s screens.

The compound maps shown by the application include the following features:
a)

"Leaflet” dynamic cartographic basis (leaflet.com).

b)

Hirlam precipitation field with specific colours to distinguish snow precipitation.
GDAL functions were used to generate images in the png format, based on Hirlam fields, snow level
fields and Hirlam DEMs.

c)

Point layers corresponding to the pluviometers, coloured according to the observed precipitation values.
The RCharts package from R was used to plot them.

d)

A bookmark was used to indicate the maps’ date and time, as well as to access the legend.
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FIGURE 23. SCREENSHOT OF THE VISUALIZATION APPLICATION FOR THE PRECIPITATION FIELDS
Precipitation event viewfinder

Precipitation event visualization display: screen of the visualization application for the precipitation fields (both observed,
and Hirlam fields). The example shows 2010-11-20 06UTC

Precipitation fields viewer

In this figure, the circles represent the pluviometers and are
coloured according to the precipitation value for each hour,
following the colour legend (white means precipitation = 0, and
black means no data available).
The grid represents the Hirlam precipitation field, coloured
according to the same legend. In the cells in which the snow level is
below the altitude of the terrain, the colours are clear and bright
(indicating precipitation in the form of snow), and in the remaining
cells the colours are dimmed (indicating rain).
Below the image, the controls included can be used to select a
certain date and to move backwards and forwards, hour by hour.
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4.3. TRANSFORMATION OF THE PRECIPITATION DATA
The distribution of the precipitation data for a specific place suffers a natural positive skew. The smaller the
temporal resolution of the data, the higher is this skew. Likewise, it is frequently increased by the presence of
data values = 0.
Under these conditions, the concept of variance is limited, and the validity of the statistical analysis techniques
based on variance, such as the principal component analysis, becomes less clear.
One way to compensate for this inconvenience is to apply a transformation designed to reduce the positive
skew of the original distribution. This kind of transformation not only adjusts the data’s statistical
characteristics, but also fulfils a more general objective, i.e., in many applications the relationship between the
precipitation magnitude and the relevance of its effect is convex (the difference between a precipitation of
20mm and another one of 25 mm can mean less than the difference between a precipitation of 1 mm and
another one of 6 mm, even though the numerical value of the difference in both cases is 5 mm). In any case,
the massive presence of data values = 0 cannot be compensated for by this kind of transformation and must be
treated in a different way.
Several kinds of transformation have been considered as possible:
a.

Normalization

b.

Logaritmic transformation

c.

Box-Cox transformation

z = FN −1 �FE (x)�
z = log (1 + x)
(1+x)λ −1

for λ ≠ 0
λ
z=�
log(1 + x) for λ = 0

X stands for the original value, and z represents the transformed value, FN is the standard normal distribution
function, FE is the empirical distribution function, 𝜆 is a parameter, and log is the natural logarithm.

The logarithmic (b) and Box-Cox (c) transformations are adapted versions that admit the value 0 and transform
it into 0; the original transformation is applied to x+1 instead of x.
As can be seen immediately, the Box-Cox transformation is a generalization of the logarithmic transformation
and needs the determination of a parameter. It has been confirmed that the logarithmic transformation
provides results that are quite “normal” (see Figure 25), which is why the Box-Cox transformation has finally
been ruled out.
Normalization (a) does not transform x

= 0 into z = 0. This could be compensated by adding the following

shift:

−FN −1 �FE (0)�
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In any case, the logarithmic transformation is much simpler, does not depend on the specific empirical
distribution of each pluviometer, and it has been confirmed that the results produced are satisfactory. For
these reasons, the logarithmic transformation is preferred to the normalization.
Figure 24 shows the chosen logarithmic transformation.
One example of its results can be seen in the quantile-quantile graphs of Figure 25, in reference to pluviometer
p101 (Canal Gestión Pinilla): the transformed data are very similar to a truncated normal distribution for z = 0.
It has been confirmed that the effect in the other pluviometers is similar.

Transformed variable

FIGURE 24. LOG TRANSFORMATION (1+X)

Precipitation (mm)

FIGURE 25. EXAMPLE OF THE CONFIRMATION OF LOG TRANSFORMATION (1+X)

Sample

Sample (mm)

transformation

theoretical quantile

theoretical quantile

Regular quantile-quantile graphs of hourly precipitation data from p101 (Canal Gestión Pinilla), without (left) and with
(right) log transformation (1+x). In this representation normal distributions are straight. It is confirmed that the
transformation makes the data approach a truncated normal distribution for 0.
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Formally, the logarithmic transformation would need a scale parameter to eliminate the dimension of the
logarithmic argument. Adding this parameter, the transformation will be like this:

b

𝑥
𝑧 = log �1 + �
𝑏

is the scale parameter and uses the same units as the data. Several values were tested for

b

in this

“enhanced” logarithmic transformation, and in general neither one of them provides a better result than the
original transformation, which implicitly supposed that b = 1 mm.
The application of logarithmic transformations to precipitation data with a high temporal resolution (days,
hours) is quite usual. In the literature, many examples were found that use different criteria regarding the
treatment of 0 values and regarding the determination of the scale parameter value (Benzi et al. 1997, Romero
et al. 1999, Hyndman and Grundwald 2000). In this study, the proposed transformation is as follows:

𝑧 = log(1 + 𝑥)
4.4. CLUSTER ANALYSIS

The cluster analysis (CA) covers a series of multivariate statistical techniques that are used to separate the
individuals of a given set into groups, trying to maximize both the homogeneity within each group and the
heterogeneity among groups. Unlike other classification techniques such as the discrimination analysis, in this
case the classes are not previously defined.
The stratification, that results from the application of CA, is an empirical classification that manages to show
grouping patterns that otherwise could go unnoticed, and to suggest a physical foundation for the structures
observed in the data.
In this study, CA was used to set up homogeneous groups of pluviometers that help to describe sporadic
precipitations.
A hierarchical grouping method was used, according to the minimum variance criterion proposed by Ward, one
of the most widespread CA techniques (Ward 1963).
The hierarchical CA techniques start out from a set of N elements, considering it is divided into N groups with
one element each. Then the elements that are most similar to each other are sought and grouped together. At
that stage there are N-1 groups, one having 2 elements and the remaining groups only 1.
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During the following stages, the procedure is the same, i.e., each time the most similar pair of groups is
identified, and they are joined together in one single group. The process ends after N-1 steps, with one single
group that contains all the elements. Each step defines a possible grouping with N, N-1, …, 1 groups.
In Ward’s minimum variance method, the following criterion is used in each step to choose the pair of groups
to be joined: starting out with a set of k+1 groups, out of all k possible groups that could be formed by joining
two of them, the one to be chosen is the one that minimizes the sum of the squared Euclidean distances
between each element and the group’s centroid.
The group’s centroid is the average of all group members.
Figure 26 shows a dendrogram that represents an example of a hierarchical cluster analysis, applied to the
study’s 37 pluviometers. Each of the set’s elements is the hourly precipitation series of a pluviometer. The
height of each junction represents the sequence in which the matching took place: the first match is the
lowest, and the last match the highest one. Afterwards, it was decided to divide the set into 4 groups, indicated
by the red boxes.
For this CA, the “hclust” function in R’s “stats” package (version 3.1.2) was used with the option “method =
‘ward.D2’”, employing the distance matrix suggested by the “dist” function (“stats” package). The hourly
precipitation data was transformed according to the logarithmic transformation described in paragraph 4.3.
and then the resulting series of each pluviometer was scaled by the standard deviation in order to homogenize
them, regarding the general magnitude of the precipitations.

FIGURE 26. DENDROGRAM OF A CLUSTER ANALYSIS OF THE COMPLETE SET OF PLUVIOMETERS

Example of a dendrogram of a cluster analysis of the complete set of pluviometers, including a subsequent division into
4 groups (red boxes). The height of each junction indicates the matching hierarchy, i.e., for example, the division into 5
groups would mean dividing group 2 into two subgroups of {p316, p309, p308 y p310} and {p317, p320, p318, p319,
p106, p302 y p306}.
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4.5. ANALYSIS OF MAIN COMPONENTS
The principal component analysis (PCA) is one of the most commonly used multivariate statistical techniques
for the analysis of meteorological variables 4.
The basic idea of this technique is to reduce the dimension of a data set composed of many interrelated
variables, while at the same time retaining the highest possible degree of the original data set’s variability, so
that the fraction of variability retained in the reduced data can represent the relevant characteristics of the
data’s behaviour in a simpler way. The reduction is achieved by a linear transformation of the original variables
into others, the so-called “principal components”.
The principal components are in short the eigenvectors of the data’s variance-covariance matrix.
Each principal component represents one direction in the N-dimensional space of the original variables, which
is orthogonal to the others.
Thus the principal components establish a change of coordinates in this N-dimensional space, with the original
variables being replaced by the data projections in each one of these principal components. The point is in the
fact that these new variables show the following properties:
a.

They are uncorrelated with each other.

They are sorted from higher to lower explained variance. The first principal component accumulates the
maximum of original variance that can be projected in one single direction, the second one accumulates the
maximum of the remaining variance that can be projected in a perpendicular direction to the previous one, etc.
Typically, a subgroup of the first k < N principal components (PC) is selected to represent the essence of the
data behaviour (in a way, the fraction of variance that is not held within the first k PC is ruled out as “noise”).
Obviously, the possibility of explaining the interesting part of the data’s variability by means of a set of PCs,
significantly smaller than that of the variables, exists only if those variables are correlated with each other, i.e.,
if they share part of their variability. Several criteria exist to guide the selection of k, but this is always a specific
problem and depends on subjective interpretation.
Reducing the problem to a smaller group of variables that are not correlated among each other not only helps
to tackle the problem. The setting up of principal components takes advantage of the internal relationships
among the variables, so that the PCA makes it possible to explore these relationships among the problem’s
variables.
In the case of this study, the data are temporal series of precipitation in pluviometers or grid points, and the
PCA can be used to try to identify and describe spatial-temporal precipitation patterns. For example, the spatial
patterns can be displayed by representing the eigenvectors of the first principal components on a map, as
shown in Figure 27.

4

Wilks 2011, p. 519.
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FIGURE 27. SPATIAL REPRESENTACION OF THE PRINCIPAL COMPONENTS. PCA CARRIED OUT WITH THE
PLUVIOMETER DATA FROM NOVEMBER TO APRIL
Eigenvector

explained variance

Eigenvector

explained variance

Example of the spatial representation of the principal components. The PCA was carried out with the pluviometer data
from November to April. The colour scale indicates the value of the eigenvector coordinate in each pluviometer or the
coefficient of the linear combination that transforms the pluviometer data into the principal component’s value.

Occasionally, when the physical interpretation is considered more relevant than just reducing the dimension of
the problem, it may be a good idea to rotate the set of k selected PCs.
The general idea is that after selecting the subspace of k < N dimensions, in which the relevant variability of the
data is located, the criteria that define the PC can be relaxed and become more similar to a so-called “simple
5
structure” , i.e., each one of the original variables is explained by as small as possible a number of components,
and each component explains the variability of a set of original variables, also as small as possible. In this study,
the rotation of the PCs was carried out by means of the VARIMAX strategy, one of the most widely used
methods for this purpose.
6

The use of PCA for the description of daily and hourly precipitations is fairly widespread .
In order to apply the PCA to the data of this study, the prcomp() function in R’s “stats” package (version 3.1.2)
was used with the options scale=FALSE and center=FALSE.
The option center=FALSE implies that the data will not be centred with regard to its average before the
principal components are calculated, as is usually done when this technique is applied.
In effect, property a above is matched perfectly only if the variables are centred to 0. However, this option was
not chosen for reasons of interpretability; thus all cases of P = 0 in all pluviometers are transformed into the
value 0 for all the principal components.

5
6

Wilks 2011, p. 548
Benzi et al. 1997; K. Windmann & Schaär 1997; Romero et al. 1999; ACA y CRAHI-UPC 2010;
Raziei et al. 2012
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Moreover, even though the lack of correlation among the principal components (see property a above) is not
crucial for the objectives of the analysis, it could be confirmed that this feature is matched almost completely
for the calculated, uncentred PCs of the pluviometers.
The VARIMAX rotation was carried out by means of the VARIMAX() function in R’s “stats” package, applied to
the object that had been returned by the PRCOMP() function.
Several individually adjusted functions have been implemented in R, which make use of PRCOMP() and
VARIMAX(), applied to the data of this study, in order to evaluate different selection suppositions in a flexible
manner, before the data subgroups are set up (for example, only hourly data with precipitations, data from a
specific period of the year, etc.).
The frequent presence of 0 data can produce anomalous results of the PCA. During a study of daily
precipitations in a broad region of the eastern and southern Iberian Peninsula, Romero et al. 1999 included
only days during which at least 5% of the stations registered rainfall of more than 5 mm.
For a study of daily precipitations in Sardinia (Benzi et al. 1997), only those days were selected during which at
least 70% of the stations gathered records of more than 1 mm.
In this study, only those hours have been selected during which at least 4 pluviometers ( >10% ) showed
records > 0.
Even though the three cited studies are not directly comparable, due to the temporal resolution of the data,
the extension of the scope and the length of the period, the criterion applied in this one seems to be less strict
than the other two. This criterion is partly determined by the necessity to include a sufficient number of cases
in the analysis (the criterion is in fact met by 3,442 hours of the used data from the period from November to
April).

4.6. CANONICAL CORRELATION ANALYSIS
The canonical correlation analysis (CCA) is used to explore the relationships between two sets of multivariate
data, identifying pairs of new variables that maximize the correlations between the two data sets. Just like the
PCA, the CCA tries to find new variables by combining the original variables in a linear way, but here the
objective is to maximize the correlation.

If X = {X1, …, Xn} and Y = {Y1, …, Ym} are two sets of variables and p = min {n,m},

Then the CCA provides p pairs of canonical variables (Uk, Vk), of which Uk are linear combinations of X and Vk
linear combinations of Y, showing the following properties:
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1.

Corr(U1,V1) ≥ Corr(U2,V2) ≥ … ≥ Corr(Up,Vp) ≥ 0

2.

If j≠k, then Corr(Uj,Vk)=0

3.

If j≠k, then Corr(Uj,Uk)=0

4.

If j≠k, then Corr(Vj,Vk)=0

5.

Var(Uk)=Var(Vk)=1 for all k in 1..p

Corr and Var stand for correlation and variance, respectively. In the pair (U1, V1), Corr(U1, V1) is the maximum
possible correlation between one linear combination of X and one of Y. In turn, the pair (U2, V2) provides the
maximum possible correlation, each one of the two canonical variables imposing a zero correlation with the
two previous variables, U1 y V1.
In general, Corr(Uk,Vk) is the maximum possible correlation between one linear combination of X and one of Y,
while both are uncorrelated with all previous canonical variables, U1,.., Uk-1, V1,…, Vk-1.
Just like the PCA, the canonical correlation analysis has also been widely used with geophysical data in the form
7
of spatial fields . In this study, the CCA has been employed to examine the relationships between the observed
precipitation fields, represented by the pluviometer data, and the Hirlam precipitation fields. The same
selection criterion that was used with the PCA has been used here, too (see paragraph 4.5).
For the calculation of the canonical correlations, the Canocor() function in R's “Calibrate” package (version
1.7.2) was used. The only factors taken into consideration by this function are the two sets of data, X and Y,
which in this case are the 37 series of hourly precipitation (Y) and the respective Hirlam fields, made up of 425
cells (X).
The CCA results with the observed precipitations and the Hirlam fields were used to describe the degree of
coherence between observed precipitation event and synchronous Hirlam fields. By selecting the subgroup of
the first k canonical correlations, each compound precipitation field observations-Hirlam can be described by
the group of k residuals of such correlations, i.e., the k values Vi*-Vi for the specific case, in which Vi* is the
expected value for Vi in the regression on Ui corresponding to the canonical correlation number i with i ≤ k. (As
we are interested in the way the precipitation in the pluviometers can be estimated on the basis of the Hirlam
fields, we will use the regressions of V on U: U are the canonical variables generated from X (the Hirlam data),
and V the canonical variables generated from Y (the pluviometer data).)
The position of the points that correspond to a precipitation event in the k-dimensional space of residuals,
related to the general distribution of points for the set of all cases, can indicate to what degree that
precipitation event is “canonical”, i.e., how consistent it is with the relationships observation/Hirlam that could
be extracted from the data.

7

Wilks 2011, p. 563
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5.1.

REPRESENTATIVITY OF THE DATA
st

st

The data period available for this study lasts from October 1 , 2010 to July 31 , 2014. As the data show an
hourly resolution, the data series is a long one with a total of 33,598 items for the complete series.
This amount is reduced significantly by considering exclusively the actual cases of precipitation, bringing down
the amount of hours with P > 0 to between 1,207 (p102, Riosequillo) and 4,202 (p202, ski resort La Pinilla). The
reduction is even greater if we cut down the examination period to the season from November to April,
considered by this study to be the period of possible snow, as pointed out in the previous chapter, but even so
the number of valid hourly precipitation fields is still several thousand.
Even though the series are relatively long as far as individual cases are concerned, the historical length of the
study amounts to only a little under four hydrological years, i.e., in terms of snow seasons, only four winters.
This period could be too short to permit a reliable determination of certain characteristics of the precipitation
pattern, such as the mean annual precipitation or the mean monthly precipitations.
However, the aspects that are relevant to the effects of this study, such as precipitation event duration,
precipitation intensity and – especially – the spatial and temporal distribution of the precipitation events, can
only be evaluated through data with a high temporal resolution, which is why the existing set of hourly data
gathered is considered to be sufficient.
The number of hours with complete data from the 37 pluviometers that had been previously selected and
showed precipitation in at least one of them, reaches 7,608; for the months from November to April it is still
5,858 hours. This number can be considered sufficient for capturing the most relevant features of the spatial
and temporal relationships between the pluviometers during the precipitation events.

5.2.

POTENTIAL SNOW SITUATIONS AND SNOW SEASON

In view of the reason for this study, the analysis must be focussed basically on the precipitations in the form of
snow, or at least on those situations where such precipitations could occur. There are no historical records of
the form of precipitation, and even if they existed, they would only be partial, because the pluviometer
network does not cover sufficiently the upper parts of the mountains with high snowfall. On the other hand,
snow level estimates do exist for the Hirlam grid with an hourly resolution. Taking into account this
information, the concept of “situation with a potential precipitation in the form of snow” (from here on, for
reasons of space, “potential snow situations”) was defined exclusively for the purpose of the analysis as a
situation in which the following two criteria are fulfilled:
a.

Precipitations are registered in at least one of the pluviometers.

b.

The snow level runs below the Hirlam DEM in at least one of the cells within the selected Hirlam
window.
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The concept of “potential snow” is not local (it does not refer to a specific pluviometer or geographical point),
but refers to the geographical scope of this study. The purpose is not to identify situations in which snow
precipitations did occur, but simply define the situations in which it is realistic to expect this kind of
precipitations at some point within the area of this study.
There may be situations in which the criteria for potential snow are met while no actual snow is recorded in
any pluviometer:

 It may rain in one part of the scope of this study, below the snow level, but there are no precipitations in
the area above the snow level.

 It may snow in some parts, but none of the pluviometers register any precipitation.
 The snow level has been imprecisely estimated.
During the time of analysis, there are Hirlam points that do meet the snow level criterion in 45.6% of the
hours, distributed across months, as shown in the graph of Figure 28.

FIGURE 28. MONTHLY FREQUENCY OF HOURS THAT MEET THE SNOW LEVEL CRITERION
Monthly frequency of hours with snow level < MDT level somewhere
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Monthly frequency of hours that meet the snow level criterion (regardless of whether precipitation is recorded, or not).

If only the hours during which the pluviometers recorded some P > 0 are considered, the number of hours that
meet the snow level criterion increases to 69.0%. This means that 69.0% of the hours during which
precipitation was recorded at some point, are hours of potential snow.
Naturally, this last percentage is higher than the previous one, generally because during the cold months
precipitations are more frequent.
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The monthly distribution of the hourly fraction with precipitation, or potential snow hours, is shown by the
graph in Figure 29.

FIGURE 29. MONTHLY FREQUENCY OF POTENTIAL SNOW HOURS RELATIVE TO THE HOURS WITH ACTUAL
PRECIPITATION
Monthly frequency of hours with precipitation which are "snow precipitation“ potentially
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Monthly frequency of potential snow hours relative to the hours with actual precipitation (with at least one pluviometer
recording P > 0)

The monthly frequencies in the graphs of Figure 29 are almost always higher than the ones shown in Figure 28,
indicating that the snow level tends to be lower in precipitation situations than in dry periods.
The general frequency of potential snow situations in the historical data is 20.6%. Figure 30 shows the general
frequency of potential snow, month by month. 91.4% of the potential snow situations occur during the months
between November and April.
All of the graphs in Figures 28, 29 and 30 confirm that for the area examined by this study the period from
November to April is a good representation of a snow period.
In addition, Figure 30 confirms that in those months the incidence of potential snow situations is above 30%,
while during the remaining months it varies between 0 and 12.5%.
In other parts of this study, the period from November to April has been called extended winter, in reference
to the regular snow season.
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FIGURE 30. MONTHLY FREQUENCY OF POTENTIAL SNOW HOURS
Monthly frequency of hours of "potential snow"

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Monthly frequency of potential snow hours (hours that meet the snow level criterion in, at least, one Hirlam point with P > 0
in at least pluviometer).

5.3.

GENERAL DESCRIPTION OF PRECIPITATIONS IN THE PLUVIOMETERS

5.3.1.

Aggregate annual data

The graphs and aggregated data in this paragraph provide a reference of the rainfall characteristics of the
period examined in this analysis with regard to the total precipitation and its spatial distribution in the area of
study.
Figure 31 shows the mean annual precipitation values during this period for each one of the pluviometers,
classified by colours according to the data source. The one pluviometer that clearly stands out is p202 (AEMET
2150H, ski resort La Pinilla). This is the same one that is located at, by far, the highest altitude (1,860
meters/6,102 feet above sea level), which is part of the reason for this difference.
The remaining pluviometers show more or less concordant values, apparently below the climatological values:
this indicates that the analysed period (hydrological years 2010/11 to 2013/14) seems to have been a relatively
dry one.
The relationship between mean annual precipitation and altitude is shown by Figure 32. There is a slight
positive correlation between the two, even though some of the pluviometers show values that are quite apart
from the norm. The pluviometers on the leeward side of the Ayllón Massif (p308, p309 and p310) recorded
lower precipitations in comparison to the expected values according to their altitude. The aforementioned
pluviometer p202 as well as p313 in the upper part of the Lozoya Valley also show some deviation.
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FIGURE 31. MEAN ANNUAL PRECIPITATION BY PLUVIOMETER, PERIOD OF ANALYSIS (2010/11-2013/14)

Mean annual precipitation (mm)

Mean annual precipitation by pluviometer during the period of analysis (2010/11 to 2013/14). The colours represent the
source of the pluviometer data.

FIGURE 32. RELATIONSHIP BETWEEN MEAN ANNUAL PRECIPITATION (2010/11 TO 2013/14) AND ALTITUDE
FOR THE ENTIRE SET OF PLUVIOMETERS

Mean annual precipitation (mm)

Relationship between mean annual precipitation and altitude

Source:

Altitude (m)
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Figure 33 shows the spatial distribution of the pluviometers, the mean annual precipitation being indicated by
the size of each dot. Thus it can be confirmed that the highest precipitations are associated with the crest of
the Guadarrama Mountains: p202, p313, p322, p323, p320, p110, p325, etc.

FIGURE 33. SPATIAL DISTRIBUTION OF THE PLUVIOMETERS INDICATING THE MEAN ANNUAL PRECIPITATION
(2010/11 TO 2013/14)

Latitude

Relationship between
rainfall P(P,
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Annualannual
precipitation
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P annual (mm)

Source:

Longitude

The precipitation fraction that occurs in potential snow situations is quite stable across pluviometers, varying
between 51% and 76% (see Figure 34). It should be pointed out that in this ratio the values do not represent
the precipitation in the form of snow of each pluviometer (those data not being available), but any kind of
precipitation that occurs during potential snow periods, according to the criterion described in chapter 5.2.
(situations in which precipitation is recorded and, at the same time, there are areas in the scope of the study
presenting conditions that favour snow precipitation).
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FIGURE 34. PRECIPITATION FRACTION IN POTENTIAL SNOW SITUATIONS
Precipitation fraction in situations of potential snow (%)

Source:

5.3.2.

Basic precipitation event statistics

Some basic statistics were produced to analyse the precipitation and precipitation event characteristics, based
on the pluviometer data gathered. The statistics refer to individually treated pluviometers. The definition of
precipitation event and its characteristics (duration, mean intensity, maximum intensity) is made according to
the criteria described in chapter 4.1.
The results are presented in graphic form and are included in Annex 1. The following graphs are shown for each
pluviometer:
a) Mean accumulated monthly precipitation, in millimetres with indication of mean annual precipitation
during that period.
b) Monthly frequency of precipitation events: mean number of precipitations events recorded each month.
c) Monthly mean duration of precipitation events (h): mean duration of precipitations events recorded each
month.
d) Monthly mean intensity of precipitation events (mm/h): the mean intensity of each precipitation event is
the rate of the accumulated precipitation in relation to its duration.
e) Monthly mean maximum intensity of precipitation events (mm/h): the maximum value of the hourly
precipitation data is used as each precipitation event’s maximum intensity.
f) Scatter plots for intensity and maximum duration by three-month periods (OND, JFM, AMJ, JAS),
approximately matching the seasons of autumn, winter, spring and summer.
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The general objective of these graphs is to provide an overview of the spatial pattern of the behaviour of the
precipitations in the pluviometers of this study. The features that were found are not really unexpected:
• There is obviously a seasonal nature to the precipitation quantity and the precipitation event frequency,
with a conspicuous minimum during summer (June to September).
• There is a certain trend of precipitation events, not very strong, to higher intensities during the summer
months and early autumn.
• Likewise there is a certain trend of precipitation events, not very strong, to shorter durations during the
summer months and early autumn.
However, there are no significant differences between the pluviometers that could subjectively help to classify
the entire set or to individualize any of its members, with the single exception of p202 (ski resort La Pinilla) that
shows a much higher level of precipitation.

5.4. SPATIAL DESCRIPTION OF THE PRECIPITATIONS
5.4.1.

Regionalization through cluster analysis

The cluster analysis (CA) described in chapter 4.4. was used to identify groups of pluviometers that behaved in
a similar way.
The CA was applied to the data of the entire year, and the result was the dendrogram shown in Figure 35,
which suggests four groups (or clusters) with a pretty evenly distributed number of members.

FIGURE 35. DENDROGRAM OF THE CLUSTER ANALYSIS (CA) OF THE COMPLETE SET OF PLUVIOMETERS

Red boxes have been used to indicate the four groups on the third level of division.
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Figure 36 shows the distribution across the map of the pluviometers that make up each one of the four groups.
A strong spatial consistency can be observed.
The first group includes the pluviometers from the upper river basins of the Manzanares and the Guadarrama
(with the exception of p322 close to the Canencia mountain pass to the west).
The second group is located in the opposite area of the region of study, including the upper river basins of the
Jarama, the Sorbe and the Bornova (with the exception of p320, Puebla de la Sierra, to the east).
The third group includes the pluviometers of the central Lozoya Basin and its continuation along the Jarama
River.
And finally, the fourth group covers the crest of the mountain range to the northwest of the Navacerrada
mountain pass, including the upper valley of the Lozoya River as well as the two pluviometers on the Douro
slope of the mountains. It is interesting to observe that the dendrogram’s next junction divides group 2 by
separating the four pluviometers that are located more to the north (p308, p309, p310, and p316), i.e., even
this division is spatially very consistent.
FIGURE 36. SPATIAL DISTRIBUTION OF THE FOUR GROUPS OF PLUVIOMETERS INDICATED IN THE
DENDROGRAM OF FIGURE 35
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If we carry out the same kind of analysis with the limited data of the extended winter (months from November
to April), the results are very similar. This is not surprising if we consider that the greater part of the
precipitations occur between November and April anyway.
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The corresponding dendrogram can be seen in Figure 37, and the spatial distribution of its groups in Figure 38.
The only difference to the previous subdivision is that pluviometer p311 (Cabida) changes from group 2 to
group 4.
As can be seen, the cluster analysis makes it possible to classify the pluviometers of the scope of this study in a
geographical sense.
FIGURE 37. DENDROGRAM OF THE CLUSTER ANALYSIS (CA) OF THE COMPLETE SET OF PLUVIOMETERS,
LIMITED TO THE EXTENDED WINTER (MONTHS FROM NOVEMBER TO APRIL)

Red boxes have been used to indicate the four groups on the third level of division.

FIGURE 38. SPATIAL DISTRIBUTION OF THE FOUR GROUPS OF PLUVIOMETERS INDICATED IN THE
DENDROGRAM OF FIGURE 37
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5.4.2.

Principal component analysis (PCA) with pluviometer data

The principal component analysis (PCA) was used to examine the spatial relationships between the
precipitation series of the pluviometers during the extended winter (November to April). In order to apply
the PCA, the data were transformed as previously described, and the sample was limited to the hours from
November to April with data in all pluviometers and with at least 10% of the stations with records > 0 (3,436
cases). Figure 39 shows the explained variance according to the number of principal components. The first
principal component accumulates 56% of the total variance. With six of the principal components, the value
of 75% of retained variance is exceeded.
In spite of having chosen not to centre the transformed precipitations, the first six principal components are
practically uncorrelated among each other, as can be seen in the correlation matrix of Figure 40.
The capacity of the six principal components for reproducing the original data is limited, because they only
explain 75% of the variance of the transformed variables. However, they provide a quite reasonable
approximation as is shown in the graphs of figures 41 and 42.

Explained variance

FIGURE 39. EXPLAINED VARIANCE ACCORDING TO THE NUMBER OF PRINCIPAL COMPONENTS, CALCULATED
WITH THE OBSERVED PRECIPITATION, LIMITED TO THE MONTHS OF NOVEMBER TO APRIL AND TO THE CASES
WITH AT LEAST 10% OF THE PLUVIOMETER REGISTRING RECORDS OF P > 0

number of principal components

The first six principal components explain 76% of the total variance of the original set of data.
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FIGURE 40. CORRELATION MATRIX OF THE TIME SERIES CORRESPONDING TO THE FIRST SIX PRINCIPAL
COMPONENTS

It is confirmed that the correlations between the principal components are practically zero.

FIGURE 41. TIME SERIES OF THE OBSERVED AND RECONSTRUCTED HOURLY PRECIPITATIONS WITH SIX
PRINCIPAL COMPONENTS FOR JANUARY 2014 IN P101 (PINILLA)

The blue line stands for the observations and the red line for the estimates by means of principal components.
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FIGURE 42. TIME SERIES OF THE OBSERVED AND RECONSTRUCTED HOURLY PRECIPITATIONS WITH SIX
PRINCIPAL COMPONENTS FOR NOVEMBER 2011 IN P103 (PUENTES VIEJAS)

The blue line stands for the observations and the red line for the estimates by means of principal components.

Figure 43 shows the spatial configuration of the first six principal components. As is to be expected, the less
explanatory capacity of a principal component, the less consistent is the spatial pattern it shows. Nonetheless,
the six chosen principal components maintain an acceptable level of spatial consistency that makes it possible
to arrive at the following descriptions for each component:

PC1.

General magnitude of precipitation in the entire data set of the area (all weights show the same sign).

PC2.

SW-NE precipitation gradient, or balance between the Rivers Guadarrama/Manzanares (negative
direction) and the Rivers Jarama/Sorbe/Bornova (positive).

PC3.

NW-SE precipitation gradient, or balance between mountains and slope (negative on the Douro slope,
and positive on the Tagus slope).

PC4.

Balance between the Lozoya Basin (positive) and the remaining area (negative).

PC5.

Balance between the Ayllón Massif (positive) and the remaining area (negative).

PC 6.

Balance between a strip around the Lozoya Basin (positive) and the remaining area (negative).

Canal de Isabel II Gestión · 72

Precipitation patterns in the basins of the Lozoya and adjacent rivers
Results and discussion

FIGURE 43. REPRESENTATIVE MAPS OF THE WEIGHT OF EACH PLUVIOMETER IN EACH ONE OF THE FIRST SIX
PRINCIPAL COMPONENTS OF THE HOURLY PRECIPITATION FROM NOVEMBER TO APRIL
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Contour lines have been added in order to define the spatial configuration of each component. Also, the explained variance
fraction has been indicated for each component.

As is to be expected of the VARIMAX criterion, the explained variance is shared more evenly among the
rotated components (even though the first one is still by far the most important one) and each of the rotated
components tends to accumulate in a subgroup of pluviometers, which all receive weights with the same sign.
Moreover, the rotation does not retain the feature of (almost) no correlation among the series that correspond
to each component.
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FIGURE 44. REPRESENTATIVE MAPS OF THE WEIGHT OF EACH PLUVIOMETER IN EACH ONE OF THE SIX
COMPONENTS AFTER APPLICATION OF THE VARIMAX ROTATION TO THE SIX PRINCIPAL COMPONENTS IN
FIGURE 43
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Contour lines have been added in order to define the spatial configuration of each component. Also, the explained variance
fraction has been indicated for each component.
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The pluviometers of the subgroup in which each rotated component (RC) is accumulated tend to form a
compact group, making the spatial interpretation of the components easier:

RC1.

Upper mountain areas

RC2.

Headwaters of the rivers Guadarrama and Manzanares

RC3.

Jarama river below El Vado

RC4.

Lozoya Basin

RC5.

Ayllón Massif

RC6.

Headwaters of the rivers Sorbe and Bornova

The principal components make it possible to represent accurately enough the historical values of the
precipitations in the 37 selected pluviometers (76% explained variance), based on six time series, the selected
six principal components or the respective rotated ones.

th

Figures 45 and 46 show the representation of a series of three precipitation events between February 11 and
th
15 , 2014.

FIGURE 45. REPRESENTATION OF PRECIPITATION EVENTS BETWEEN FEBRUARY 11TH AND 15TH, 2014,
THROUGH A TIME SERIES OF THE FIRST SIX PRINCIPAL COMPONENTS
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FIGURE 46. REPRESENTATION OF PRECIPITATION EVENTS BETWEEN FEBRUARY 11TH AND 15TH, 2014,
THROUGH A TIME SERIES OF THE FIRST SIX ROTATED COMPONENTS

5.4.3.

Principal component analysis with Hirlam fields

The same method of principal component analysis was carried out with the Hirlam precipitation fields,
simply to confirm that there is a consistency between the spatial configuration derived from these and
that of the pluviometers.
The analysis was made with the same cases as the PCA of the pluviometer data, i.e., hours from
November to April with data from all stations, and at least 10% of the pluviometers with recording P > 0.
In this case, the number of original variables is determined by the number of cells of the examined
model window (17 x 25 = 425 cells).
The graphs in Figure 47 and 48 show the relationship between the explained variance and the number
of principal components. It can be confirmed that the accumulation of variance in the first components
is higher than in the PCA based on the observation series. This is consistent with the fact that the Hirlam
precipitations proceed from a model and thus include closer consistency relationships than the
empirical observations.
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Explained variance

FIGURE 47. EXPLAINED VARIANCE ACCORDING TO THE NUMBER OF PRINCIPAL COMPONENTS BASED ON THE
LIMITED SERIES OF HIRLAM PRECIPITATION FIELDS

Number of principal components

Explained variance according to the number of calculated principal components based on the limited series of Hirlam
precipitation fields with the same cases as for the PCA of observation data (months from November to April and hours in
which at least 10% of the pluviometers registered a record of P > 0).
The first six principal components explain 89% of the total variance.

Explained variance

FIGURE 48. DETAIL OF GRAPH IN FIGURE 47

Number of principal components

Canal de Isabel II Gestión · 77

Precipitation patterns in the basins of the Lozoya and adjacent rivers
Results and discussion

The group of the first six principal components was selected in order to compare them with the PCA of the
observed pluviometer data. In this case, the first six components explain 89% of the total variance.
Figure 49 shows the spatial configurations of each component. These can be described as follows:

PC 1. General precipitation magnitude in the entire set.
PC 2. Difference between the mountains and the Douro slope on the one hand, and the Tagus slope on the
other.
PC 3. Difference between the mountains and the northern plateau.
PC 4. SW-NE gradient.
PC 5. Upper river basins of the Jarama and tributaries.
PC 6. Difference between northern and southern end on the one hand, and eastern and western end on
the other.

The first and fourth principal components of the Hirlam analysis are basically equivalent to the first and
second ones of the observation analysis.

For the remaining components, no evident correspondence exists. The differences may be ascribed to the
fact that the data come from diverse sources (observation and numerical model, respectively) and refer to
different geographic areas (the Hirlam window corresponds to a complete rectangle, while the selected
pluviometers do not cover that entire area).

0

Moreover, the spatial resolution of the Hirlam model (grid resolution 0.05 or approximately 5 kilometres)
may be insufficient to show the details of certain terrain features such as, for example, the Lozoya Valley,
which seems to be much less influential for the principal components in the Hirlam model than for those of
the observation data.
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FIGURE 49. SPATIAL CONFIGURATION OF THE FIRST SIX PRINCIPAL COMPONENTS OF THE ANALYSIS FOR
HIRLAM HOURLY PRECIPITATION FIELDS FROM NOVEMBER TO-APRIL

The explained variance fraction has been indicated for each principal component.

5.5.

RELATIONSHIP BETWEEN OBSERVED PRECIPITATION AND PRECIPITATION HIRLAM

5.5.1.

Canonical correlation analysis comparing pluviometers and Hirlam

Canonical correlation analysis (CCA) has been used to examine the relationship between the observed
precipitation and the precipitation on the Hirlam fields. This is based on the idea that on the one hand
there must be a pretty close relationship between both variables, while on the other it is possible for the
cloud stimulation actions to affect only one part of that relationship, the precipitation, but not the
forecasts.
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To the extent that the observed precipitations after a cloud stimulation action differ from the regular
relationship to the Hirlam field, one could deduce that the action has had an effect on the precipitation.
Thus the canonical correlation analysis considers on the one hand the 37 series of observed hourly
precipitations in the pluviometers, and on the other the 425 synchronous series of the Hirlam forecast
fields, corresponding to each of the cells of the selected model window.
All data have been transformed according to the description included above and, just as in the PCA, the
analysis was limited to the cases from November to April, with data in all pluviometers and at least 10% of
the stations with a record of P > 0 (3,436 cases).
This analysis provides 37 pairs of canonical variables, according to the amount of pluviometer series (there
are fewer pluviometers than Hirlam cells).
Figure 50 shows the Pearson’s correlation coefficients that correspond to each pair of canonical variables.
The first canonical correlation reaches a value of 0.72, and there are four more rates that exceed 0.5.
Figure 51 shows the scatter plot of the first four pairs of canonical variables.

Correlation

FIGURE 50. CORRELATION COEFFICIENTS OF THE 37 PAIRS OF CANONICAL VARIABLES

Variable
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FIGURE 51. SCATTER PLOTS OF THE VARIABLES OF THE FIRST FOUR PAIRS OF CANONICAL VARIABLES OF
THE CCA AND PLUVIOMETERS, AND HIRLAM PRECIPITATION FROM NOVEMBER TO APRIL, WITH HOURLY
PRECIPITATION

Each graph corresponds to a pair of canonical variables with the x coordinate representing the canonical variable that
corresponds to the Hirlam field, and the
pluviometer precipitation.

y coordinate representing the one that corresponds to the set of observed

One way to represent the spatial configurations of the canonical variables is a homogeneous correlation
map. The homogeneous correlations of a canonical variable are the correlation coefficients between itself
and each one of the original variables of the field to which they refer.
Through these correlation coefficients, the homogeneous correlation map represents the relationship
existing between the canonical variable and each one of the original variables on which it is based.
Figure 52 shows the homogeneous correlation map for the first four pairs of canonical variables. Each
canonical pair shows a general correspondence between the spatial patterns of the pluviometer variable
(left map) and the Hirlam variable (right map), indicating that both sets (observed precipitations and Hirlam
precipitations) feature a certain similarity.
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FIGURE 52. HOMOGENEOUS CORRELATION BETWEEN THE FIRST FOUR PAIRS OF CANONICAL VARIABLES OF
THE CCA BETWEEN PLUVIOMETERS AND HIRLAM PRECIPITATION FROM NOVEMBER TO APRIL WITH HOURLY
PRECIPITATION
Homogenous Correlations
explained variance

Homogenous Correlations
explained variance

Homogenous Correlations
explained variance

Homogenous Correlations
explained variance

explained variance

explained variance

explained variance

explained variance

Each row contains the two maps that correspond to the same canonical pair. The map on the left shows the correlation
between each pluviometer and the respective canonical variable; and the map on the right shows the correlation between
each Hirlam cell and the respective canonical variable. Also, the value of the correlation coefficient between the variables of
the pair and the explained variance of each one in the respective group is indicated.
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Just as before, the CCA was also limited to the cases of potential snow. These cases belong to a subgroup of
the set used for the general CCA (November to April, data of all pluviometers, and at least 10% of them with
precipitation records of P > 0).
In addition, the subgroup cases have to meet the snow level criterion: at least one point within the Hirlam
window must have the snow level below the model’s DEM altitude (see chapter 5.2).
For the CCA, the number of cases with situations of potential snow was 3,169, only 8% less than the
previous general CCA. The size of the difference seems to be quite normal, taking into account that during
the months from November to April there are almost always areas in the mountains that lie above the snow
level.
Figure 53 shows the correlation coefficients that correspond to the pairs of canonical variables for the CCA
in situations of possible snow. The values are similar to those in the general analysis, only slightly higher.
The first canonical correlation reaches a value of 0.73, and there are four more rates that exceed 0.5.
Figure 54 shows the dispersion graphs of the first four pairs of canonical variables, and Figure 55 shows the
spatial configurations through the homogeneous correlations. They confirm that the spatial patterns of the
canonical variables that were limited to potential snow situations, and the previous ones, are practically
identical (only the sign of direction is inverted, but this is irrelevant in the CCA).
This similarity between the general CCA and the potential snow one is quite natural, taking into account
that both sets of cases are the same but for hardly an 8% of cases which lack in the potential snow one. As
this study focuses on the precipitations in the form of snow, from now on only the result of the CCA for
potential snow will be used.

Correlation

FIGURE 53. CORRELATION COEFFICIENTS OF THE 37 PAIRS OF CANONICAL VARIABLES OF THE CCA THAT
WAS LIMITED TO CASES OF POTENTIAL SNOW ONLY

Variable

Canal de Isabel II Gestión · 83

Precipitation patterns in the basins of the Lozoya and adjacent rivers
Results and discussion

FIGURE 54. SCATTER PLOT OF THE VARIABLES OF THE FIRST FOUR PAIRS OF CANONICAL VARIABLES OF THE
CCA THAT WAS LIMITED TO CASES OF POTENTIAL SNOW ONLY

Each graph corresponds to a pair of canonical variables with the x coordinate representing the canonical variable that
corresponds to the Hirlam field, and the

y coordinate representing the one that corresponds to the set of observed

pluviometer precipitation.
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FIGURE 55. HOMOGENEOUS CORRELATIONS OF THE FIRST FOUR PAIRS OF CANONICAL VARIABLES OF THE
CCA THAT WAS LIMITED TO ONLY CASES OF POTENTIAL SNOW

Homogenous Correlations
explained variance

explained variance

Homogenous Correlations
explained variance

explained variance

Homogenous Correlations
explained variance

explained variance

Homogenous Correlations
explained variance

explained variance
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5.5.2.

Analysis of residuals

The hypothesis was created that it is possible to identify artificial alterations in the observed precipitation
fields by evaluating the residuals of the canonical correlations between the observed precipitations and the
respective Hirlam fields: unusually large residuals could indicate a deviation between the observed field and
the Hirlam field, which could be considered to be due to the alteration in the precipitation field, caused by,
for example, a cloud stimulation action.

There are several reasons why this kind of analysis should be taken with caution. Firstly, the correlations
between observed precipitations and the respective Hirlam fields are not that strong (the maximum
canonical correlation is 0,73, meaning a little over 50% of explained variance in this canonical variable). And
secondly, a deviation between the observed precipitation and the respective Hirlam field could simply be
due to a model’s poor forecast, which actually is one of the causes for possible confusion. All in all, though,
the hypothesis created can still be considered of interest, and it is worth exploring it further.

The carried out CCA considered the Hirlam precipitations as “X” variables, i.e., explanatory variables, and
the pluviometer precipitations as “Y” variables, i.e., variables that have to be explained on the basis of the x
variables.

Next, each pair of canonical variables has a U variable that comes from the Hirlam model, and a V variable
that comes from the observations; also, it has a regression of V on U that provides a series of V* values
estimating the series of V values.

The fitted straight lines (see graph of Figure 54 above) represent these regressions for the first four
canonical correlations. In the graphs, the residuals V*- V are the vertical distances between each point and
the respective fitted straight line. Using the first two canonical correlations, the residuals for the 3,169 test
cases can be represented in a scatter plot, as seen in Figure 56. This graph confirms that the residuals follow
a distribution that is centred around the origin, and that the longer the distance from it, the lower the
residuals' density. However, the residuals in each canonical correlation are independent of those of the
others.

An ellipse has been drawn that contains 95% of the cases and whose diameters are proportional to the
dispersion along each axis. The part inside the ellipse can be considered the region with “non-significant 5%
residuals”. In general, a larger distance from the origin on the “residual plane”, corrected by the standard
deviation along the axis in each dimension, indicates a smaller degree of matching between the observed
precipitation and the corresponding Hirlam field.
Naturally, any other amount of canonical correlations could be taken into account, instead of two, to make
up the “residual space”, in which the distance from the origin is evaluated. However, if more than two
canonical correlations are used, the graphic representation will turn out to be more complicated.

Canal de Isabel II Gestión · 86

Precipitation patterns in the basins of the Lozoya and adjacent rivers
Results and discussion

Residue CC2

FIGURE 56. SCATTER PLOT OF RESIDUALS V*– V IN THE FIRST TWO CANONICAL CORRELATIONS

Residue CC1

Each dot stands for one case (one hour) of the data. The ellipse contains 95% of all dots, and each diameter is proportionate
to the standard deviation of the entire set of residuals on the respective axis.

It was decided to consider the first four canonical correlations without any special criteria apart from the fact
that they should exceed the threshold of 0.5. These were then used to calculate the distances from the origin
for all of the 3,169 test cases used in the histogram of Figure 57.
th

th

The 95 and 99 percentile of the calculated set of distances are 4.306 and 7.107, respectively. These values
can be considered significance thresholds of 5% and 1%, respectively, for the matching test between the
observed precipitation field and the respective Hirlam field.
The test null hypothesis is “the precipitation field has not been altered,” and the test statistic is the distance
from the origin in the residual space as described above. The empirical distribution, represented in a simplified
way in the Figure 57 histogram, was used as the distribution of the statistic in the null hypothesis.
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Number of hours

FIGURE 57. FREQUENCY HISTOGRAM OF THE DISTANCES IN THE RESIDUAL SPACE OF THE FIRST FOUR
CANONICAL CORRELATIONS

Distance

5.5.3.

Particularization for the windows of opportunity

For any precipitation episode, the distance values in the residual space can be calculated for each one of the
hourly precipitation fields, in order to evaluate, at least visually, if these values match the Hirlam
precipitation fields. This was done with the opportunity windows for cloud stimulation gathered previously
and described in chapter 3.2.3.
The total amount of windows of opportunity is 21, of which two were ruled out immediately because they
were too short: 12/02/2011 (3 minutes) and 05/03/2011 (4 minutes). The remaining number is 19.
1

30/11/2010 hours: 16 to 18

11

13/02/2011 hours: 15 a 18

2

01/12/2010 hours: 4 to 14

12

16/02/2011 hours: 15 to 18

3

02/12/2010 hours: 11 to 14

13

04/03/2011 hours: 6 to 22

4

02/12/2010 hours: 22 to 23

14

27/01/2012 hours: 4 to 10

5

05/12/2010 hours: 6 to 12

15

01/02/2012 hours: 16 to 19

6

05/12/2010 hours: 22 to 24

16

02/02/2012 hours: 17 to 22

7

20/12/2010 hours: 21 to 24

17

04/02/2012 hours: 14 to 19

8

23/12/2010 hours: 21 to 24

18

05/02/2012 hours: 12 to 18

9

27/01/2011 hours: 19 to 24

19

07/02/2012 hours: 0 to 3

10

28/01/2011 hours: 9 to 10
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Of these 19, #15, #16 and #17 were ruled out, too, because the pluviometer data were lacking the records for
some of the hours. Thus the final number of opportunity windows for the analysis is 16.
The following figures show some examples of the paths of some of the windows of opportunity in the residual
space of the series of the hourly precipitation fields. Since the amount of canonical correlation pairs is four, the
residual space has to be four-dimensional, so its representation had to be split into two dispersion graphs.
On each one of these graphs an ellipse of 95% has been drawn, even though the interpretation in this case is
not direct, and the distance is formed through the four dimensions, so that the 95% site is a four-dimensional
hyperellipsoid. It is possible for any point to lie outside one of the ellipses, but to be inside the hyperellipsoid,
or to lie inside both ellipses, but to be outside the ellipsoid.
FIGURE 58. PATH WITHIN THE RESIDUAL SPACE OF CC1 TO CC4 FOR THE WINDOW OF OPPORTUNITY
PERIOD # 1

Residuals CC2

Window of opportunity

Residuals CC4

Residuals CC1

Residuals CC3

The four canonical residuals that correspond to a precipitation field are represented by two points, one in the upper
graph (residuals of CC1 and CC2), and one in the lower graph (residuals of CC3 and CC4). The grey dots represent the
3,169 analysed cases, and the red lines connect the dots that correspond to the window of opportunity, sorted
chronologically.
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FIGURE 59. PATH WITHIN THE RESIDUAL SPACE OF CC1 TO CC4 FOR THE WINDOW OF OPPORTUNITY
PERIOD # 5

Residuals CC2

Window of opportunity

Residuals CC4

Residuals CC1

Residuals CC3

The four canonical residuals that correspond to a precipitation field are represented by two points, one in the upper
graph (residuals of CC1 and CC2), and one in the lower graph (residuals of CC3 and CC4). The grey dots represent the
3,169 analysed cases, and the red lines connect the dots that correspond to the window of opportunity, sorted
chronologically.
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FIGURE 60. PATH WITHIN THE RESIDUAL SPACE OF CC1 TO CC4 FOR THE WINDOW OF OPPORTUNITY
PERIOD # 13

Residuals CC2

Window of opportunity

Residuals CC4

Residuals CC1

Residuals CC3

The four canonical residuals that correspond to a precipitation field are represented by two points, one in the upper
graph (residuals of CC1 and CC2), and one in the lower graph (residuals of CC3 and CC4). The grey dots represent the
3,169 analysed cases, and the red lines connect the dots that correspond to the window of opportunity, sorted
chronologically.
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FIGURE 61. PATH WITHIN THE RESIDUAL SPACE OF CC1 TO CC4 FOR THE WINDOW OF OPPORTUNITY
PERIOD # 18

Residuals CC2

Window of opportunity

Residuals CC4

Residuals CC1

Residuals CC3

The four canonical residuals that correspond to a precipitation field are represented by two points, one in the upper
graph (residuals of CC1 and CC2), and one in the lower graph (residuals of CC3 and CC4). The grey dots represent the
3,169 analysed cases, and the red lines connect the dots that correspond to the window of opportunity, sorted
chronologically.

The distances in the residual space of four canonical correlations, for each one of its hours, were calculated
for the set of windows of opportunity and are shown in the graph of Figure 62.
Thus it is confirmed that all the windows of opportunity are made up of precipitation fields which match the
corresponding Hirlam fields at a 95% level of confidence. In other words, in none of these cases the null
hypothesis “the precipitation field has not been altered” with a significance level of
out.
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distance

FIGURE 62. DISTANCES IN THE RESIDUAL SPACE FOR THE WINDOW OF OPPORTUNITY, HOUR BY HOUR

hours
st

Each window of opportunity is represented by a dotted line that starts at the 1 hour and proceeds towards the right for
as long as it lasts. The x coordinate of each dot represents the respective hour in time, and the y coordinate stands for
th
th
the distance in the residual space. The two horizontal lines indicate the 95 and the 99 percentile of the empirical
distance distribution.

Finally, a test was undertaken to check the sensitivity of the proposed matching statistic. The window of
opportunity 14 (27/01/2012, hours 4 to 10) was chosen as reference. Figure 63 shows the observed
precipitations and the Hirlam precipitations of the period's six hours according to the precipitation event
viewfinder (see chapter 4.2, “Visualization of the precipitation fields”). This shows that this window of
opportunity falls within an episode with relatively little precipitation, distributed predominantly across the
upper altitudes of the mountains.
The test consisted of arbitrarily changing the observed precipitation fields, and then recalculating the
distances in the residual space to verify to what degree the alteration would show in the calculated
distances. In theory, a possible cloud stimulation action would lead to an increase in precipitation in the
upper Lozoya Basin, without altering the precipitation in the rest of the study area (no significant
precipitations are observed in any pluviometer, so that no decline in precipitation outside the area of action
can be deduced). The precipitation in the upper Lozoya Basin can be observed through pluviometers p101,
p102, p313, p314 and p321.
These pluviometers are indicated in the final panel of Figure 63. To simplify matters, it is assumed that the
precipitation increase will be distributed equally in time and space, i.e., an identical increase will be
assumed in each one of the 5 pluviometers as well as during each one of the 6 hours of the window of
opportunity.
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FIGURE 63. OBSERVED PRECIPITATION FIELDS AND HIRLAM FIELDS DURING THE 6 HOURS OF THE
WINDOW OF OPPORTUNITY # 14

In this figure, the circles represent the pluviometers
and are coloured according to the precipitation
value for each hour.
The grid represents the Hirlam precipitation field.
In the last image, the yellow line limits the
pluviometers area target.
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4 precipitation alterations were tested, corresponding to increases of 6, 12, 18 and 24 millimetres
distributed across the windows of opportunity period’s total length of 6 hours (1, 2, 3 and 4 mm/h,
respectively).
Figure 67 shows the sequence of distances in the residual space for the observed fields corresponding to
the 4 sequences of precipitation field alterations. The result confirms that the distances show a high
sensitivity to moderate alterations of the precipitations.
With an increase of 12 mm, one hour exceeds the 95% threshold, and with 24 mm, that same hour exceeds
even the 99% threshold, while two more hour values are just about to reach 95%. This shows that an
alteration of the precipitations of a certain magnitude and located in the upper Lozoya Basin does become
apparent in the distances of the residual space.

distance

FIGURE 64. RESULTS OF THE SENSITIVITY TEST WITH REGARD TO THE ALTERATION OF THE PRECIPITATION
FIELD DURING THE WINDOW OF OPPORTUNITY # 14

hours

The green line represents the sequence of distances in the residual space for the observed precipitation fields. The red
lines represent the same sequence for the altered precipitation fields (increase of 6, 12, 18 and 24 mm in 6 hours). The
th
th
horizontal lines indicate the 95 and 99 percentile of distance.
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5.5.4.

Application for evaluation

The test carried out with window of opportunity # 14 can be used as a guideline to establish a methodology
of diagnosis for the cloud stimulation action.
The following steps should be taken:
1.

Collect the data from the Hirlam fields that correspond to the hours of the window of opportunity
that was used for the action (or in general the set of hours at which presumably cloud stimulation
could be effective).

2.

Collect the observation data of the hourly precipitations for these hours at the 37 pluviometers
analysed.

3.

Calculate the first four canonical variables for the first hour with the precipitation values from the
Hirlam fields, on the x side: U1, …, U4.

4.

Calculate the estimated value of the first four canonical variables with the first four canonical
regressions for the y side: V1*, …, V4*.

5.

Calculate the observed value of the first four canonical variables with the observed precipitation
data on the y side: V1, …, V4.

6.

Calculate the four residuals: V1-V1*, …, V4-V4*. Calculate the distance of the respective dot from
the origin in the residual space: d1 (normalized by standard deviation for each dimension).

7.

Repeat steps 3 to 6 for the second hour and the following ones. In this way, calculate all the
distances in the residual space: d2, …, dN.

8.

d1, …, dN with their significance thresholds of 5% and 1%. To the
extent that one or more of these distances d1, …, dN exceed the thresholds, it could be deduced that

Compare the distance values

the cloud stimulation action has affected the precipitations.
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 With regard to the data
There are pluviometer data with a high temporal resolution (hourly or higher) that provide a sufficient
spatial coverage in the area of this study, with the exception of the Douro slope. The quality of these data is
high enough to carry out studies on the description of precipitations like this one, even though it is
necessary to check the data series in order to detect and correct possible anomalies. Quite frequently, there
are data sequences that repeat each other. In the case of the data from AEMET, data gaps appear very
frequently, with the result that some series could not be used at all.

 With regard to the general description of the precipitations
The precipitations show the patterns of seasonable behaviour that can be expected as far as quantity is
concerned, and also, even though less pronouncedly, with regard to the duration and intensity of the
precipitation events.
No significant differences could be observed across the pluviometers, with the exception of p202 (ski resort
La Pinilla), which shows a much higher quantity of precipitation.
The months from November to April (labelled “extended winter” within this study) show a concentration of
91.4% of the situations that are appropriate for precipitations in the form of snow (with a snow level low
enough at some point of the area of the study, and with precipitation recorded in, at least, one of the
pluviometers).
Each of these six months, the incidence of hours with potential snow exceeds 30%, while in May it goes
down to 12.5%, in October to 6.5%, and during the remaining months it is practically insignificant.
Based on data previously gathered, the period from November to April was defined as snow season for the
purposes of this study.
The cluster analysis makes it possible to classify the pluviometers in the scope of the study into four groups
that show a spatial consistency and a certain physical significance:
a)

Upper river basins of the Guadarrama and the Manzanares.

b)

Upper river basins of the Jarama, Sorbe and Bornova.

c)

Central river basin of the Lozoya and its continuation along the Jarama.

d)

Mountains to the NW of the Navacerrada mountain pass, upper Lozoya Valley and Douro slope.

The principal component analysis provides a more sophisticated spatial description than the cluster analysis
and, in addition, makes it possible to notably reduce the dimensionality of the problem. With a set of six
principal components, it is possible to represent reasonably well (with 76% of explained variance) the
observed precipitation fields of the 37 pluviometers selected, with the additional advantage of (almost) no
correlation among those principal components.
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The subsequent VARIMAX rotation of the first six principal components provides a description of the
spatial-temporal variability of the precipitation fields with the same explanatory capacity as the original
principal components, but with a set of variables with a stronger meaning in a physical sense:
a)

Upper altitudes of the Guadarrama Mountains

b)

Headwaters of the Rivers Guadarrama and Manzanares

c)

Jarama River below El Vado

d)

Lozoya Basin

e)

Ayllón Massif

f)

Headwaters of the Rivers Sorbe and Bornova

 With regard to the possibility of evaluating the possible effects of cloud stimulation actions
The observed precipitation fields of the pluviometers and the synchronous Hirlam forecast precipitation
fields are related to each other, and this relationship can be described mathematically through a canonical
correlation analysis.
The canonical correlations can be used to explain the observed precipitations on the basis of the Hirlam
forecast precipitations. In this respect, the magnitude of the correlation residuals indicates to what degree
an observed precipitation field matches the synchronous Hirlam field (in other words, to what degree the
former can be explained through the information offered by the latter).
In principle, a precipitation field altered by possible cloud stimulation will match a synchronous Hirlam field
to a smaller degree than the expected in natural conditions. The canonical correlations obtained make it
possible to evaluate the degree of matching between the two kinds of fields, and therefore the degree to
which the altered fields deviate from the values that would be expected in unaltered conditions.
Starting off with this idea, a methodology was developed, based on the distance from the origin in the
residual space of the first four canonical correlations. This methodology, described in paragraph 5.5.4, of
the previous chapter, can be used to evaluate the possible effect of cloud stimulation actions.
The methodology was tested in the specific case of the windows of opportunity for cloud stimulation
identified previously by Canal de Isabel II Gestión during the campaigns 2010/11 and 2011/12, and seems to
yield positive results.
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ANNEX 7.1.

BASIC PRECIPITATION EVENT STATISTICS BY PLUVIOMETER

The graphs from Figure 65 to Figure 102 show the following features for the set of selected pluviometers,
organized by one page per pluviometer:
a)

Mean accumulated monthly precipitation, in millimetres (mm) with indication of mean annual
precipitation during that period.

b)

Monthly frequency of precipitation events: mean number of precipitation events recorded each
month.

c)

Monthly mean duration of precipitation events (h): mean duration of precipitation events recorded
each month.

d)

Monthly mean intensity of precipitation events (mm/h): the mean intensity of each precipitation
event is the rate of the accumulated precipitation in relation to its duration.

e)

Monthly mean maximum intensity of precipitation events (mm/h): the maximum value of the hourly
precipitation data is used as each precipitation event’s maximum intensity.

f)

Scatter plots for intensity and maximum duration by three-month periods (OND, JFM, AMJ, JAS),
approximately matching the seasons of autumn, winter, spring and summer. As to the duration, a
jitter option of 0.3 hour amplitude has been applied to the graph in order to reduce the
superimposition of the dots and to show the density of cases more clearly.

The graphs have been drawn up using the data of the study period from 2010-10-01 to 2014-07-31.
The following concept has been defined as precipitation event: a sequence of consecutive hourly data with
P > 0, preceded by at least one value P = 0, and followed by, at least, one value P = 0. The precipitation
events were assigned to the respective months according to the hour at which they started.
The precipitation event duration is the length of the sequence of hourly data it is made up of, i.e., the
duration reference provided by the hourly data (which does not necessarily match the actual interval during
which the precipitation occurred).
Also, the graphs corresponding to a pluviometer that had not been selected for being too far away from the
area of study have been included: Los Morales (code number p114). With this addition the set of
pluviometers that belong to the network of Canal de Isabel II Gestión is complete.
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p101 Pinilla (annual: 492.0 mm)
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FIGURE 65. PLUVIOMETER PINILLA, P101
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FIGURE 66. PLUVIOMETER RIOSEQUILLO, P102
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FIGURA 67. PLUVIOMETER PUENTES VIEJAS, P103
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p104 Villar (annual: 554.0 mm)
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FIGURE 68. PLUVIOMETER VILLAR, P104
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p105 Atazar (annual: 576.1 mm)
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FIGURE 69. PLUVIOMETER EL ATAZAR, P105
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p106 Vado (annual: 452.3 mm)
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FIGURE 70. PLUVIOMETER EL VADO, P106
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p107 Pedrezuela (annual: 499.6 mm)
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FIGURA 71. PLUVIOMETER PEDREZUELA, P107
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p108 Navacerrada (annual: 572.8 mm)
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FIGURA 72. PLUVIOMETER NAVACERRADA, P108
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p109 Santillana (annual: 590.7 mm)
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FIGURE 73. PLUVIOMETER SANTILLANA, P109
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p110 Navalmedio (annual: 821.3 mm)
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FIGURE 74. PLUVIOMETER NAVALMEDIO, P110
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p111 Jarosa (annual: 527.8 mm)
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FIGURE 75. PLUVIOMETER LA JAROSA, P111
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p112 Valmayor (annual: 486.6 mm)
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FIGURE 76. PLUVIOMETER VALMAYOR, P112
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FIGURE 77. PLUVIOMETER LA ACEÑA, P113
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p114 Morales (annual: 738.1 mm)
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FIGURE 78. PLUVIOMETER MORALES, P114
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p201 Fresno de Cantiespino (annual: 447.0 mm)
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FIGURE 79. PLUVIOMETER FRESNO DE CANTIESPINO, P201
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p202 La Pinilla, Ski Resort (annual: 1246.5 mm)
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FIGURE 80. PLUVIOMETER LA PINILLA, SKI RESORT, P202
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p204 Segovia (annual: 424.9 mm)
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FIGURE 81. PLUVIOMETER SEGOVIA, P204
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p302 Riegos de Bornova (annual: 403.3 mm)
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FIGURE 82. PLUVIOMETER RIEGOS DE BORNOVA, P302
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p304 Jarama en Valdepeñas (annual: 414.4 mm)
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FIGURE 83. PLUVIOMETER JARAMA EN VALDEPEÑAS, P304

Monthly mean maximum intensity

mm / h

mm / h

Monthly mean intensity of precipitation events

P304, Precipitation events: duration vs. maximum intensity

Maximum intensity (mm / h)

JFM

Duration (h)

Canal de Isabel II Gestión · 120

Precipitation patterns in the basins of the Lozoya and adjacent rivers
Annexes

p306 Pozo de los Ramos (annual: 574.3 mm)
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FIGURE 84. PLUVIOMETER POZO DE LOS RAMOS, P306
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p308 Condemios de Arriba (annual: 381.1 mm)
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FIGURE 85. PLUVIOMETER CONDEMIOS DE ARRIBA, P308
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p309 Campisábalos (annual: 368.2 mm)
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FIGURE 86. PLUVIOMETER CAMPISÁBALOS, P309
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p310 Cantalojas (annual: 390.0 mm)
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FIGURE 87. PLUVIOMETER CANTALOJAS, P310
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p311 Cabida (annual: 627.5 mm)
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FIGURE 88. PLUVIOMETER CABIDA, P311
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p312 Robregordo (annual: 646.1 mm)
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FIGURE 89. PLUVIOMETER ROBREGORDO, P312
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p313 Depósitos de la Dehesa (annual: 971.2 mm)
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FIGURE 90. PLUVIOMETER DEPÓSITOS LA DEHESA, P313
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p314 Albergue (annual: 552.4 mm)
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FIGURE 91. PLUVIOMETER ALBERGUE, P314
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p315 La Barranca (annual: 715.3 mm)
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FIGURE 92. PLUVIOMETER LA BARRANCA, P315
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P315, Precipitation events: duration vs. maximum intensity
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p316 Miedes de Atienza (annual: 434.4 mm)
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FIGURE 93. PLUVIOMETER MIEDES DE ATIENZA, P316
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P316, Precipitation events: duration vs. maximum intensity
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p317 Gascueña de Bornova (annual: 497.3 mm)
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FIGURE 94. PLUVIOMETER GASCUEÑA DE BORNOVA, P317
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P317, Precipitation events: duration vs. maximum intensity
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p318 Umbralejo (annual: 592.9 mm)
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FIGURE 95. PLUVIOMETER UMBRALEJO, P318
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p319 Majaelrayo (annual: 651.6 mm)
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FIGURE 96. PLUVIOMETER MAJAELRAYO, P319
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P319, Precipitation events: duration vs. maximum intensity
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p320 Puebla de la Sierra (annual: 741.3 mm)
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FIGURE 97. PLUVIOMETER PUEBLA DE LA SIERRA, P320

P320, Precipitation events: duration vs. maximum intensity
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p321 Navamojada (annual: 788.2 mm)
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FIGURE 98. PLUVIOMETER NAVAMOJADA, P321
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P321, Precipitation events: duration vs. maximum intensity
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p322 Olla del Quiñón (annual: 873.1 mm)
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FIGURE 99. PLUVIOMETER OLLA DEL QUIÑÓN, P322
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P322, Precipitation events: duration vs. maximum intensity
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p323 Cruz Roja (annual: 614.4 mm)
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FIGURE 100. PLUVIOMETER CRUZ ROJA, P323

P323, Precipitation events: duration vs. maximum intensity
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p324 Cercedilla (annual: 728.7 mm)
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FIGURE 101. PLUVIOMETER CERCEDILLA, P324
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P324, Precipitation events: duration vs. maximum intensity
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p325 Prado Doctor (annual: 711.5 mm)

Monthly frequency of precipitation events

Mean duration recorded, by month

hours

Precipitation events per month

Mean accumulated monthly precipitation (mm)

FIGURE 102. PLUVIOMETER PRADO DOCTOR, P325
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P325, Precipitation events: duration vs. maximum intensity
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ANNEX 7.3.

GLOSSARY OF TERMS AND ACRONYMS

AEMET
Agencia Estatal de Meteorología (Spanish meteorological service).
CA
Cluster Analysis. In this study, it refers specifically to the methodology of hierarchical cluster analysis according
to the minimum variance criterion proposed by Ward.
CCA
Canonical Correlation Analysis.
DEM
Digital Elevation Model.
ECMWF
European Centre for Medium-Range Weather Forecasts, an intergovernmental organization for research and
operating services, supported by 34 European countries and dedicated to providing numerical weather
forecasts. It runs and maintains global numerical weather prediction models that are considered to be among
the best in the world.
GDAL
Geospatial Data Abstraction Library, a translation library for raster or vector geospatial data formats, released
under free software license by the Open Source Geospatial Foundation.
GeoTIFF
Extension of the image format TIFF (Tagged Image File Format, a standard format for image files) that allows
georeferencing information to be embedded in image files. It is often used to manage orthophotos or grid data
in geographic information systems.
GRIB
Acronym of GRIdded Binary or General Regularly-distributed Information in Binary form. It is the most widely
used binary grid data format for the output of data from numerical weather forecast models. It is part of the
official World Meteorological Organization standards.
Hirlam
Acronym of the numerical forecast model in mesoscale meteorology, High Resolution Limited Area Model,
developed by a consortium of European meteorology services, in which AEMET takes part. In this study, it is
mostly used to refer to one of the three instances run by AEMET, the one that covers the Iberian Peninsula
0
with a 0.05 resolution.
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HRES
Global numerical weather forecast model run by the ECMWF. Its name is a reference to its use of High spatial
0
RESolution in comparison to other global models. Its spatial resolution is 0.125 , its output temporal resolution
is 3 hours, the update frequency is 6-hourly, and the forecast range is 240 hours.
PCA
Principal component analysis.
PNG
Portable Network Graphics, an image format based on a lossless compression algorithm.
R
Programming language and software environment for statistical computing and graphics.
It is available as free software (http://www.r-project.org/).
SAIH
Automatic Hydrologic Information System (in Spain).
VARIMAX
Rotation of the orthogonal basis in a vector subspace with the aim of concentrating the correlation with each
original variable within a minimum number of factors (new axes).
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