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Abstract: Snow precipitation in mountains surrounded by semi-arid regions represents an important
reservoir of fresh water during the melting season. The snow cover helps to compensate for the
scarce precipitation that occurs during their long summer droughts. Knowing the phenomenology
that leads to winter precipitation and snow at these areas becomes even more relevant in a context
of climate change. Precipitation in Sierra de Guadarrama, a medium size mountain range in the
middle of the Iberian Plateau, is the main source of fresh water for millions of inhabitants living
under its area of influence, for an active industry and for agriculture and farming. In addition, scarce
but heavy snow events affect logistics, transport and security in an area with abundant ground and
air traffic. This work analyses the links between large scale atmospheric patterns and the complex
winter precipitation and snow cover dynamics observed at local scale. Applying principal component
analysis and K-means clustering on geopotential height field, a set of circulation weather types are
obtained. The contribution of each circulation weather type to precipitation, snow and heavy snow
events is analysed, and favouring conditions leading to snowfalls are identified. Results from this
work can be useful as a framework for future modelling exercises, statistical downscaling of climate
change scenarios, or even for the development of early warning systems.

Keywords: snow; circulation; climate change; mountain climatology

1. Introduction

Snow is a fundamental element of the mountain cryosphere. Due to its high albedo
and its low thermal conductivity, it plays a major role in regulating the global climate [1].
Moreover, due to the snowmelt runoff in spring, snow is a key element of the hydrological
cycle, becoming the major component of the global movement of water [2]. Accumulated
snow in mountains represents an important source of freshwater both in these areas and
in adjacent lowlands and has a large impact on their economy since it affects tourism,
communications, logistics and risks associated with its recreational use.

According to the Sixth Assessment Report (AR6) of the Intergovernmental Panel on
Climate Change [3], spring snow cover has been reduced significantly across the Northern
Hemisphere since the 1950s. High mountain regions have experienced significant warming
since the early 20th century, resulting in a reduced snowpack on average [4]. The increase
in the fraction of precipitation falling as rain versus snow seems to lead to a decline in both
streamflow and groundwater storage in regions where snowmelt is the primary source
of recharge [5,6]. A greater reduction of snow water equivalent (SWE) has been found at
lower elevations associated, precisely, with this shift from solid to liquid precipitation. A
recent synthesis of snow observations in the European Alps [7] shows a 1971–2019 seasonal
(November to May) snow depth trend of −8.4% per decade, along with downward trends
in the maximum snow depth and the seasonal snow cover duration. The trends are stronger
and more significant during transitional seasons and at transitional (from no snow to snow)
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altitudes and exhibit strong regional variations, consistent with earlier reports for the Swiss
and Austrian Alps [8] and the Pyrenees [9]. The amount and timing of seasonal snowmelt
are not only driven by the temperature. Recent studies have shown the shortening of the
snow cover duration due to dust deposition events in different mountain regions such as
the Rocky Mountains [10], the European Alps [11] or the Russian Caucasus mountains [12].
Changes in the duration of snow cover in mountain areas have a significant impact on their
hydrology and vegetation’s phenology.

This work aims to deepen the understanding of the synoptic circulation patterns
that are related to winter precipitation, especially to snow falling and snow cover settling.
Linking local snowfall observations with synoptic-scale weather patterns provided by large
area models with available reanalyses for the last century and future climate scenarios will
help to design correct methodologies for regional downscaling at different time horizons.

This work is structured as follows: Section 2 describes the study area. Section 3
specifies the data used and the method implemented for obtaining the circulation weather
types related to winter precipitation and snow. Section 4 discusses the results obtained,
with an emphasis on the big snowfalls and, finally, Section 5 shows the main conclusions
and perspectives of future work.

2. Study Area

In this work, we focus our attention on winter precipitation and snowfalls in Sierra de
Guadarrama (SdG hereafter), which is part of the Iberian Central System (Figure 1). This is
a north-east to south-west range that divides the extensive and high plateau in the centre
of the Iberian Peninsula (IP hereafter) into two parts: northern and southern sub-plateaus.
Its average altitude is about 1600 m.a.s.l. and its maximum peak, called Pico de Peñalara,
reaches a height of 2428 m.a.s.l.

Atmosphere 2022, 13, x FOR PEER REVIEW 3 of 32 
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Figure 1. Location of Sierra de Guadarrama (SdG) and elevations in a 90 × 90 km2 domain with marks
on the observatories used in the study (Data source: Instituto Geografico Nacional, Madrid, Spain).

SdG, a highly environmentally protected area, became a National Park in 2013, hosts
some wetlands considered to be of international importance under the Ramsar Convention
and its main river basin, the Lozoya River Basin, was recently declared as a Special Area
of Conservation within Natura 2000 Network. In addition, these mountains are crucial as
sources of fresh water for the population, industry and agriculture of the region of Madrid
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(with around 6.7 million inhabitants) and other regions under its influence. Around 50% of
water resources come from the river Lozoya basin [13], whose headwaters are in the study
area of this work and where snowpack runoff during the melting season is key.

Despite the importance of precipitation and snowpack dynamics on these mountains,
not much specific research on these issues is found in the literature. One of the first works
with a time series analysis approach was done by [14]. This work, based on observations
for a period of 22 years, established the main features of precipitation at this mountain
range which shows features of an alpine climate immersed in a continental Mediterranean
climate but with high inter-annual variability, a high contribution of snow precipitation to
total precipitation, marked summer drought and a clear connection between precipitation
and advection of air masses from the Atlantic. This last feature was deeply analysed
by [15] using the same set of observations but with model reanalysis for the synoptic fields.
This work presented a deeper explanation of the role played by the synoptic patterns
and precipitation in this area. This and previous works gave a good description of the
temporal variability of precipitation but lacked information about the spatial variability of
the precipitation, which was expected to be high due to complex orography but was not
able to capture due to the lack of enough observatories. This issue was partly solved by [16],
who performed a high-resolution modelization of precipitation at SdG for a 20 years period.
Here, the complexity of the spatial patterns was confirmed, differences between basins
were found, and the leading role of orographic precipitation processes was determined.
Regarding snow precipitation and snowpack simulation in SdG, even less research is found
in the literature except for [17]. Here the authors show results for snow modelling of several
mountains in the Iberian Peninsula, including SdG, with very interesting results that leave
the door open for future work in the area, probably with higher resolution and better
field observations.

3. Material and Methods
3.1. Observations

High mountain areas present adverse weather conditions and remoteness hampering the
meteorological measurements, especially precipitation. Despite these difficulties, the Spanish
Meteorological Agency (AEMET, http://www.aemet.es, accessed on 13 September 2022) has
been conducting high quality observations of precipitation since 1941 at ‘Puerto de Navacerrada’
observatory, located at 1888 m.a.s.l in the heart of SdG (Figure 1). Daily precipitation is measured
following World Meteorological Organisation recommendations and its historical time series
are the main source of information used in this work.

In addition, the Sierra de Guadarrama National Park has been carrying out meteoro-
logical observations on a regular basis since 1998 [18]. This continued effort is nowadays
known as ‘Red Meteorológica del Parque Nacional Sierra de Guadarrama’ (RMPNSG
hereafter). What was first considered as a pioneer observing system of a small number
of automatic weather stations for studying mountain weather and climate, has become
nowadays a network that promotes and encourages collaboration among different research
centres interested in mountain weather and climate research (for more information about
the observation network visit https://www.parquenacionalsierraguadarrama.es, accessed
on 13 September 2022). This network has several rain gauges, snow height sensors, and
more recently, has been equipped with several laser disdrometers that provide valuable
data about the phase and amount of precipitation. Along with these automatic measuring
techniques, manual observations of total daily precipitation and snow height are also
performed on a daily basis in the Cotos observatory. Information from this site has been
intensively used in this study. Manual observations taken by the Park staff have been
crucial for the validation of data and separation of precipitation between rain and snow.
Other manual measurements (e.g., maximum and minimum temperature, relative humidity,
water equivalent of snow precipitation, and snow height) have been used to validate the
automatic measurements.

http://www.aemet.es
https://www.parquenacionalsierraguadarrama.es
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3.2. Model Data

This work also uses reanalysis data from ECMWF ERA5 [19] with 0.25◦ spatial reso-
lution and 1 h temporal resolution. This kind of data is widely used nowadays for many
purposes such as the monitoring of climate change [20,21] and the analysis of certain
weather regimes [22–25].

Here, we use geopotential height (GpH hereafter) at 925 hPa data for a principal
component analysis and GpH at 500 hPa, relative humidity and temperature at 850 hPa,
and total column water vapour flux (TCWVF hereafter) data for calculating composite
maps. Daily mean data have been employed to find a compromise between capturing
intraday variability and computational cost.

3.3. Statistical Analysis of Precipitation

This work aims to identify the large-scale conditions that lead to snow precipitation
at SdG using snow precipitation observations and data from models. This work uses
methods similar to other analyses performed at other mountain areas such as the Alpine
subregion [26], Pyrenees [27] and mountain ranges of the western USA [28] and it is a
natural continuation of the methods used by [15] but with relevant improvements on
calculation efficiency and statistical hypothesis contrast for the composite maps.

The analysis is conducted for the period January 2000 to April 2021. This period has
been considered long enough to find the main relationships between synoptic and local
scales considering the climate variability of precipitation in this area [14].

First, days at the ‘Puerto de Navacerrada’ observatory are classified as days with
liquid, mixed and solid precipitation based on available SYNOP and BUFR messages issued
by AEMET and other observations from RMPNSG. Then, we calculate the annual basic
statistics of precipitation, and we evaluate its distribution over the year. The precipitation
corresponding to mixed days is halved between rainy and snowy days.

The heaviest snowfalls are identified by choosing a threshold of 30 mm of snow water
equivalent (SWE thereafter), which is very close to percentile 95 at this site. Note that in this
case we only consider days with solid precipitation. To handle situations in which a heavy
snow event occurs within a 24-h period that straddles midnight, we first identify all the
consecutive snow days belonging to the same CWT, in which the sum of the precipitation
during these days is >30 mm. Since heavy snow precipitation is related to difficulties
in logistics and operation of observation networks leading to errors, an extra validation
process is applied to these events using both automatic and manual observations from
RMPNSG (mostly from Cotos’s station), fieldwork and other sources [29]. Particularly,
snow cover measurements are used to exclude events showing large fluctuations. The
reason is that a day classified as ‘snowy’ has a higher proportion of snow than rain, but
if in the middle of a possible 24-h snowfall event spread over 2 days there is rain, the
snow depth shows fluctuations due to melting. These situations are then classified as two
separate snowfall events. If the snow depth does not show fluctuations, but a monotonic
increase, the event is labelled as a possible snowfall spread over two days, and additional
screening of the available hourly SYNOP reports is performed in order to make sure that
the sum of the precipitation of both days is representative of the 24-h accumulation of
these events.

3.4. Principal Component Analysis

Principal component analysis (PCA) is a multivariate statistical technique that explores
the structure and variability of data, looking for dependency patterns between them. Its
objective is to generate an orthogonal basis of vectors in the space domain that represent the
main directions of variability [30]. This technique along with k-means clustering (described
in the next section) is widely used to characterise synoptic circulation patterns and their
relationships with local phenomena [23,31,32].

For the IP area, this methodology has also been applied for different purposes such
as the study of rainfalls [22,33], snowfalls [27] and extreme temperatures [34]. In addition,



Atmosphere 2022, 13, 1600 5 of 26

this method has been successfully used to find the relationships between water vapor flux
patterns over IP as predictor field, and precipitation in SdG [15].

Following this approach, this work tries to clarify the relationship between snow
precipitation in SdG and the different atmospheric circulation patterns that affect the region.
In this case, 925 hPa GpH is used as a predictor field.

Several spatial domains were tested and finally, a domain 30◦ N to 60◦ N in latitude
and 40◦ W to 10◦ E in longitude, covering the IP and the surrounding oceanic areas,
was found to be able to explain more than 96% variance with the three first eigenvalues,
following the criteria established by [35]. The great advantage of using PCA is that it
simplifies the original data by a reduction in the number of dimensions. This way, it is
possible to analyse the evolution of the fields from the first three PC reconstructed data,
increasing the computational efficiency. The lost information is minimal and is not expected
to be significant, due to the high resolution of ERA5 and the large scale of the studied
phenomena. In this study, we assume that 925 hPa GpH patterns with similar values of
the main PCs, correspond to similar weather regimes over the IP and therefore, snow
precipitation is similarly forced on SdG.

3.5. K-Means Clustering and Circulation Weather Types

Cluster analysis is a procedure that allows data to be separated into groups whose
properties and even the optimum number of them are unknown. Groups are defined based
on the similarities and differences between observations. There are hierarchical and non-
hierarchical clustering methods. Non-hierarchical methods, e.g., the K-means algorithm, allow
the reassignment of observations in groups in contrast to hierarchical methods [30].

After applying PCA analysis, we perform a two-stage clustering with the k-means
algorithm using the first three PCs as input variables [36]. The centroids of the clusters
are then used to build the circulation weather types (CWTs). These CWTs represent the
dynamical structures that force a weather response at a regional level, which in this case,
has been chosen to be the precipitation at SdG. An extended winter season, ranging from
November to April, is considered for this analysis.

For selecting the optimum number of CWTs, we use an information criterion (IC) or
cost function, like those applied in previous studies [15,22,37]. This criterion, formulated
as Equation (1), is based on any local precipitation at SdG, for which daily precipitation
data of Navacerrada observatory are used. This function calculates, for a certain number
of CWTs, the difference between the number of wet days for each CWT and the expected
number considering the probability of wet days for all the population and the number
of days of each cluster. It compares how far each CWT is from average behaviour. Since,
this difference is computed no matter the sign, drier and wetter days compute in the same
direction. If for a certain number of CWTs we have a high score, this means that days are
separated into groups that are drier or wetter than average. If the score is low, it means
that the method is clustering using distances that are not related to the variable used in
the calculation of the score function. Higher values of this score, in our case, would mean
that there is a connection between large-scale synoptic configuration (distances) and local
precipitation at SdG.

IC(thr) = ∑k
i=1

∣∣∣npi
(thr)− ppni

∣∣∣ (1)

where k is the number of clusters, npi
(thr) is the number of precipitation (snowy or rainy)

days within the ith CWT with a precipitation amount above the threshold, pp is the
probability of total precipitation above the threshold and ni the number of days within the
same ith cluster. This function is evaluated from 1 to 30 CWTs.

All days are assigned to a CWT based on their minimum Euclidean distance to the
cluster centroids, we do not consider ‘no regime’ days. The frequency of occurrence of
each CWT is calculated for every month within the extended winter season as the ratio
of the number of days of a month in each regime to the total number of days in that
month. In addition, we evaluate for each CWT: (1) its frequency of occurrence (given by
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the ratio of the number of days in a given regime to the total number of days used in this
study), (2) its contribution to total precipitation (calculated as the ratio between the sum
of all the precipitation of the days in a given regime and the sum of the total precipitation
taking into account all the days in this study, expressed in percentage), (3) its probability of
precipitation (derived as the ratio of the number of wet days in a given regime, including
liquid, mixed and solid precipitation, to the total number of days in that regime), (4) the
probability that this precipitation falls as snow (calculated as the ratio between snowy
days and wet days in a given regime), (5) its probability of heavy snowfall (calculated
as the ratio between snowy days exceeding the 30 mm and total snowy days in a given
regime), (6) its mean water precipitation rate (as total precipitation under each flux pattern
divided by the number of wet days of the pattern evaluated), (7) its mean snow rate (same
as before but taking into account just snow precipitation) and (8) the median of the daily
mean temperature. Note that in these calculations we consider wet days as those with solid,
mixed, or liquid precipitation ≥ 0.5 mm. In addition, for counting the number of snowy
days we consider the days with solid precipitation ≥ 0.5 mm and we add half of the mixed
days with precipitation ≥ 0.5 mm.

We also analyse for the period of study the frequency of snowy days according to their CWT
and their daily intensity, grouped in three intervals: [0.5–5] mm day−1, (5–30] mm day−1 and
>30 mm day−1. The choice of these intervals is inspired by the three colour-coded levels of
warning defined by AEMET for Sierra de Madrid (in which SdG is included) that consider the
adversity of the weather conditions related to snow, both for its weirdness in terms of climatology
and for its potential danger to population and its activities. The snow accumulations in 24 h
established for these warnings are, respectively, >5 cm (yellow), >20 cm (orange) and >40 cm (red).
The yellow warning indicates there is no weather risk to the population even though some specific
activities could become hazardous. The orange warning points out there is a significant weather
risk due to uncommon meteorological phenomena with a certain degree of danger for usual
activities. The red warning expresses an extreme weather risk due to meteorological phenomena
of exceptional intensity with a very high level of danger for people.

We tried to use the same thresholds of snow daily intensity as those defined in the AEMET
warnings although it is true that in that case it is expressed in terms of cm of snow and here,
we are working with SWE, and not always 1 mm is equal to 1 cm. In any case, the number
of events with SWE > 40 mm day−1 was not statistically significant, so, finally we decided to
reduce the threshold to 30 mm, which is halfway between orange and red warnings.

3.6. Composite Maps

To have a more comprehensive view of the dynamical structure of each circulation CWT,
composite maps of 925 hPa GpH, 500 hPa GpH anomalies, TCWVF, temperature and relative
humidity at 850 hPa are performed. The three first variables are computed considering all
days corresponding to each CWT. In the case of TCWVF, temperature and relative humidity
five composites are performed for each CWT: (1) for all dry days, (2) for days with rain
precipitation but no snow, (3) for all days with snow precipitation, (4) for days with heavy
snowfalls (SWE > 30 mm), and (5) for 24 h prior to the days of heavy snowfalls.

All the composite maps are calculated over the spatial domain ‘30◦ N to 60◦ N’ in
latitude and ‘40◦ W to 10◦ E’ in longitude, except for the 500 hPa GpH anomalies map that
is computed over a larger domain, ‘20◦ N to 80◦ N’ and ‘60◦ W to 20◦ E’. The statistical
significance of the variables represented in TCWVF, temperature and relative humidity
at 850 hPa composite maps of each CWT is evaluated at each point by applying the
bootstrapping technique. This method has been widely used in the analysis of climate
in the last decades [38–41] and in the analysis of extraordinary weather events [42]. The
bootstrap technique is a non-parametric approach that consists in the construction of data
samples of the same size and the subsequent application of a statistical test. The use of this
kind of method presents certain advantages over a parametric approach because in this case
it is not necessary to assume a theoretical distribution for the data and there is no restriction
on the statistics of the test. In this work, 100 samples of daily maps of each CWT (TCWVF,
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temperature and relative humidity at 850 hPa) are chosen randomly without replacement.
The difference between the mean of each CWT and the mean of the whole period at that
point is also calculated (this quantity will be called A). Then, the differences between the
mean of each sample and the mean considering all days of that CWT are determined (this
quantity will be called B). Finally, the 1st and 99th percentiles of B are compared to A and
those grid points where the 1st percentile is below A and the 99th percentile is above A are
statistically significant.

4. Results and Discussion
4.1. Winter Precipitation and Snow Events in Sierra de Guadarrama

The annual statistics of total precipitation at ‘Puerto de Navacerrada’ observatory
from 1 October 2000 to 30 September 2020 are shown in Table 1, in terms of hydrological
years. Mean total precipitation is 1315 mm year −1 where more than 37% falls as snow
(488 mm year−1). The annual maximum of total precipitation during this period was
reached in the hydrological year 2003–2004, while the maximum of snow took place in
2017–2018 with 725 mm year−1. On the contrary, the annual minimum of total precipitation
was 948 mm year−1 in the hydrological year 2004–2005, considered to date as the driest
year in Spain since records began in 1947. The year with less snow precipitation occurred
in 2007–2008, with 320 mm year−1.

Table 1. Annual basic statistics of precipitation in Navacerrada observatory in terms of hydrological
years from 2000 to 2020.

Statistics Total Precipitation
(mm/Year)

Snow
(mm/Year)

Mean 1315 488
Median 1373 488

Standard deviation 199 116
Maximum 1579→ Year 2003–2004 725→ Year 2017–2018
Minimum 948→ Year 2004–2005 320→ Year 2007–2008

Figure 2 shows the marked seasonal precipitation cycle at SdG, including the data
from 1 January 2000 to 30 April 2021. The contributions of rain and snow to the total
monthly precipitation of the period of study are depicted in dark and light grey, respectively.
Marked summer drought can be easily identified as found by other authors [14]. In
addition, November (182.8 mm month−1) and October (177.3 mm month−1) are the largest
contributors to the annual total precipitation, as well as, the months with the largest amount
of rain. In terms of snow, we observe that from November to April the ratio of snow is
above 30%, reaching its maximum in February (74.6%) and January (57.3%).

It is also well-known how total annual precipitation at SdG presents a strong inter-
annual variability [14]. Figure 3a shows the total accumulated rain and snow per hydro-
logical year, defined from 1 October to 30 September. Average rain precipitation is around
800 mm per year, with some years over 1000 mm year−1 such as 2007, 2016 and 2020.
Regarding snow precipitation, the average is around 500 mm per year and the highest
values were reached in 2004, 2013 and 2018. It is remarkable that the variability in the time
series of rain and snow is not always coupled and there are no discernible trends during
the period of study. Nevertheless, if we focus on the number of days with snowpack higher
than 5 cm Figure 3b), using a Theil-Sen regression in combination with a Mann–Kendall
test for the statistical significance, a downward trend of 0.5 days per year with a confidence
level of 84% is found. This reduction of seasonal snow cover is quite relevant for the region,
as snow acts as a natural reservoir to store water. The main hypothesis is that this trend
could be related to an elevation of the zero degrees Celsius isotherm due to climate change,
as pointed out by other studies for this region using different bioindicators [43–46].
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Figure 3. Time series at Puerto de Navacerrada observatory in terms of hydrological years from
1 January 2000 to 30 April 2021 of (a) total accumulated rain and snow precipitation, (b) days
with snowpack above 3 cm and (c) days of heavy snowfall, defined as those with SWE above
30 mm day−1, and highlighting with white markers those in which an increase above 20 cm in the
snowpack was simultaneously observed. The vertical dashed lines represent the beginning of the
hydrological years.
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Figure 3c represents the days with SWE above 30 mm day−1 in Puerto de Navacerrada
highlighting with white markers those events that also led to an increase in the snow height
of more than 20 cm. No evident trend or pattern can be derived from these results.

Table 2 reports the specific information about the heaviest snowfalls, already mentioned
above and plotted in Figure 3c. The three heaviest snowfalls in Puerto de Navacerrada
over this period took place on 12 February 2017 (137.4 mm day−1), on 22 December 2000
(85 mm day−1) and on 2 April 2000 (74 mm day−1). Available information about SWE from the
Cotos observatory is also included in the second column. Finally, the last column includes the
associated CWT, fully analysed in the next section, for each day between November and April.

Table 2. Heaviest snowfalls (>30 mm day−1) recorded in Puerto de Navacerrada and Cotos observa-
tories from 1st January 2000 to 30th April 2021 along with their associated circulation weather type.
The precipitation of the heavy snow events occurring within a 24 h period that straddles midnight is
the sum of the two days.

Date

Snow
Precipitation (Water Equivalent,

(mm/Day))
Circulation

Weather Type Date

Snow
Precipitation

(Water Equivalent, (mm/Day))
Circulation

Weather Type

Navacerrada Cotos Navacerrada Cotos

13–14 January 2000 30.1 AR 4 November 2011 31 37.2 W
02 April 2000 74 NAO- 13–14 April 2012 41.2 44.3 NAO-

22 December 2000 * 85 C 18 April 2012 34.5 49.3 W
28 January 2001 * 32.2 NAO+ 16 January 2013 40 55.3 A
7 February 2001 42.5 W 19 January 2013 37.2 50.5 C
13 March 2002 * 40 NAO- 27–28 February 2013 32.8 31.2 AR
11 April 2002 * 35.5 NAO- 4 March 2013 37.6 36.1 C

9 October 2002 * 39.3 24 December 2013 30.6 25.3 W
13 November 2002 30.3 W 17 January 2014 * 40.7 29.1 W
29 November 2002 39.3 A 29 March 2014 39.2 28.7 NAO-
10 December 2002 36.1 AR 13 December 2014 42.9 28.5 NAO+
24 February 2003 58.8 C 21–22 January 2015 31.2 44.1 NAO+

25 February 2003 * 65.8 C 02 February 2015 * 41.3 42.8 NAO-
6 May 2003 * 40.7 3 February 2015 41.7 41.3 NAO-

5 December 2003 * 70.7 55 AR 14 February 2015 39.7 49.5 A
9 December 2003 * 34.1 28.6 NAO- 26 February 2016 * 38.1 37.5 NAO-
21 February 2004 31.5 24.2 NAO- 27 February 2016 35 41.6 NAO-

1 December 2004 * 50.2 38 NAO- 28 February 2016 * 36.6 16.1 AR
26 December 2004 * 31.5 34.7 NAO+ 11–12 April 2016 * 44 20.6 NAO-
6 February 2005 * 32.8 22.8 AR 26 November 2016 59.8 39.2 SB
7 February 2005 * 44.2 33.6 NAO+ 26–27 January 2017 * 41 29 C
22 February 2005 * 31.7 27.6 NAO- 11 February 2017 * 35.2 24.5 AR

12 November 2005 * 38.5 34.8 AR 12 February 2017 * 137.4 139.4 NAO-
26–27 December 2005 46.6 68 NAO- 26–27 December 2017 37 49.8 W
20–21 February 2006 * 41.8 AR 06 January 2018 * 52.3 NAO-

25 February 2006 * 46.2 NAO- 4–5 February 2018 * 52.2 36.8 AR
22 January 2007 * 36 48.1 AR 3–4 March 2018 * 38.8 23.7 C

17–18 February 2008 * 34.7 59.9 A 19 March 2018 33.3 37.8 NAO-
20 December 2007 33.7 28.8 SB 10 April 2018 43.8 53.3 NAO-

17 April 2008 33.2 26 C 30 October 2018 33.3 24.2
13 December 2008 * 35 34.6 W 19 January 2019 33 45.4 NAO+
25–26 January 2009 * 33.3 38 W 22 January 2019 41.4 65.3 NAO+

4 February 2009 35.9 NAO- 56 April 2019 35.5 31 NAO-
4 March 2009 * 52 45.5 W 20 January 2020 * 34 31.3 AR

30–31 December 2009 41.6 38.4 NAO- 16 March 2020 * 48.6 42.2 NAO+
16 February 2010 36 22.8 C 31 March 2020 39 AR
22 February 2010 33.4 21.3 NAO- 8–9 January 2021 * 32.8 38.2 AR

16–17 February 2011 * 47.4 56.5 C 8 February 2021 * 30.5 30 C
4 March 2011 43.2 37 AR 9 February 2021 31.8 32.5 C
23 March 2011 30.4 26.4 SB

* Snow precipitation that led to a significant increase in the snowpack (>20 cm) in Puerto de Navacerrada.

4.2. Circulation Weather Types and Winter Precipitation

The three empirical orthogonal functions (EOF) that account for more than 96% of the
variance and their corresponding principal components have been calculated (not shown)
for the extended winter season from 2000 to 2021.

Figure 4 shows the value of the information criterion as defined in Equation (1) used
for the selection of the optimum number of CWTs. As expected, it shows an increase in
the information criterion as it grows the number of CWTs. A good compromise between
a high score of the information criterion value and a small number of CWTs has been
found for five, seven, and ten circulation weather types. Seven circulation weather types
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have been considered as a reasonable compromise and termed as: (1) Cyclonic regime (C),
(2) Western regime (W), (3) NAO- regime, (4) Atlantic Ridge regime (AR), (5) NAO+ regime,
(6) Scandinavian Blocking regime (SB) and (7) Anticyclonic regime (A). These results are
coherent with those obtained by other authors [15,22].
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Figure 4. Information criterion formula for CWT selection for days with precipitation above 0.5 mm.

Figure 5 represents the frequency of occurrence of each CWT for each month of the
extended winter season. CWTs are shown in decreasing order of their total probability of
precipitation, being cyclonic regime the one with the highest probability and anticyclonic
the one with the lowest. As can be seen, the frequency of occurrence of each CWT shows a
modulation throughout the months. Certain CWTs are more frequent during the central
months of the winter (A, C) whereas others are more dominant at the beginning and at the
end (NAO-, AR). Moreover, some CWTs are less frequent at the end (W) or at the beginning
of the winter (SB), and others do not fluctuate as much in frequency (NAO+).
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Table 3 contains information about the main characteristics of each CWT. As can be
seen, W, NAO- and C show the highest probability of precipitation but only W and NAO-
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account significantly for total winter precipitation. The high precipitation rate associated
with these two CWTs seems consistent given their low frequency. At the same time, NAO-
shows the highest snow precipitation rate, the lowest median air temperature and the
second highest probability of heavy snowfall among all the CWT, only surpassed by C.

Table 3. Frequency of occurrence (Freq), contribution to total precipitation (CTP), probability of pre-
cipitation higher than 0.5 mm day−1 (PoP), probability of precipitation as snow (PoS), probability of
heavy snowfall higher than 30 mm day−1 (PoHS), mean water precipitation rate (MPR), mean snow
rate (MSR) and median of air temperature (MAT) for each CWT. Relevant values are marked in bold.

CWT Freq (%) CTP (%) PoP
(%) PoS (%) PoHS

(%)
MPR

(mm/Day)
MSR

(mm/Day)
MAT
(◦C)

SB 16.9 8.3 29.3 47.7 4.3 8.1 13.1 2.6
W 11.8 20.6 71.2 38.1 7.2 12.0 17.2 1.2

NAO- 13.7 26.2 70.1 61.0 9.3 13.3 22.9 0.0
C 8.1 16.0 72.2 42.4 11.3 13.4 21.8 1.3

AR 17.0 12.0 38.3 67.2 5.8 8.9 13.9 0.6
NAO+ 17.9 10.6 34.5 52.5 5.9 8.3 13.5 1.6

A 14.6 6.2 26.9 31.5 8.2 7.7 15.5 3.5

Most of the information provided in Table 3 is also displayed graphically in Figure 6,
helping the reader to assess the results. This figure clearly reflects how good the K-means
method is separating wet from dry days. The frequency of occurrence of each CWT is
represented on the x-axis while the probability of precipitation is depicted on the y-axis.
Thus, the upper left corner (C) represents the least frequent CWT but with the highest
probability of precipitation while the lower right corner contains the most frequent but the
driest CWTs (A, SB and NAO+). The contribution of each CWT to the total precipitation
is also shown by the size of each circle, being the NAO- the largest contributor. Blue and
red colours are used to represent the ‘humid’ and ‘dry’ CWTs, as their PoP is above 70%
and below 39%, respectively. The unfilled circles (AR, NAO- and NAO+) represent the
CWTs with a probability of precipitation as snow higher than 50%. As pointed out before,
a minimum of 0.5 mm day−1 has been considered for defining a day with precipitation
either snow or rain, so, the different probabilities have been calculated accordingly.

Snow is the major player during the extended winter season in SdG (as previously
seen in Figure 2) and what controls its short-term impact on the area is its daily intensity.
Figure 7 shows that during our period of study, NAO- is the most frequent CWT respon-
sible for snowfalls (25.7%), followed by AR (19.3%). For these two CWTs, light snowfalls
([0.5–5] mm day−1) are equally probable while for moderate ((5–30] mm day−1) and extreme
snowfalls (>30 mm day−1), NAO- is by far the most likely CWT. In contrast, A and SB are the
less common CWTs for extreme snowfalls. In relative terms, C shows the highest proportion
of heavy snowfalls (11.3% of the total snowfalls under this CWT), followed by NAO- (9.3% of
the total snowfalls under this CWT).

4.2.1. Cyclonic

Figure 8 shows the spatial structure of the CWT called cyclonic (C). Under this pattern,
south-westerly fluxes are identified in the western part of the Iberian Peninsula. In addition,
this CWT is characterised by an isolated centre of negative 500 hPa GpH anomalies (Figure 8b)
over the North Atlantic Ocean, vertically consistent with the low values of GpH observed at
925 hPa (Figure 8a), which are signs of a high density of extratropical cyclonic systems.
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Figure 8. For the cyclonic CWT: (a) Centroid map of the GpH at 925 hPa. (b) Composite map of
796 GpH anomalies at 500 hPa. (c) Composite map of the TCWVF. From the second row onwards,
left column represents the composite map of temperature at 850 hPa, central column the relative
humidity at 850 hPa and right column the TCWVF for different situations: in (d–f) days with less
than 0.5 mm of precipitation, in (g–i) days with >0.5 mm of rain, in (j–l) days with >0.5 mm of snow,
in (m–o) heavy snow days (>30mm) and in (p–r) the previous day to the heavy snow days. In (d–r)
the areas containing values statistically significant below 1st percentile (above 99th percentile) are
delineated with purple (orange) coloured contour markers. Colours inside these areas represent the
values of each variable, increasing from blue to red.
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This pattern has also been documented by other authors [15,22] and has been associated
with the passage of consecutive fronts over the IP, involving an efficient humidity transport
from the North Atlantic Ocean. This extra flux of humidity can be seen in Figure 8c and makes
this CWT the most probable for precipitation (72.2%, Table 3). However, this pattern does not
show the highest contribution to total precipitation due to its low frequency (8.1%, Table 3).
This frequency is particularly low in November, January and April (Figure 5).

More than half of the precipitation during the extended winter season from this CWT
takes place as rain (54.4%) because fronts (normally coming from the SW of the IP) bring
air masses not excessively cold and with significant humid content from the central part
of the Atlantic Ocean. As a result, rainy days show statistically significant high values of
temperature in the eastern half of the IP (Figure 8g) and high values of TCWVT and relative
humidity over the entire IP (Figure 8h,i). At a local scale, this pattern might turn south
direction as it interacts with the orography, leading to intense precipitation (C shows the
highest value of the mean precipitation rate in Table 3).

However, in 22.7% of the C days, the fronts travel further north of the IP eluding the
SdG and causing no precipitation (Figure 8d–f).

In terms of snow, this CWT does not stand out for a remarkably high probability
(42.4%, Table 3) except when there is a more northern flux, due to an eastern location of the
centre of low pressures, that leads to statistically significant low temperatures over the IP
(Figure 8j). Under this situation, snowfalls are heavier than the other patterns (Table 3).

The heaviest snowfall events associated with this CWT seem to be predictable since
significant signals of low temperature in the northwest of the IP (Figure 8p) and high
relative humidity over the IP and the eastern North Atlantic (Figure 8) are observed 24 h
prior to the heavy snowfall event. As shown in Table 2 the heaviest snowfall under this
CWT during our period of study took place on 22 December 2000, reaching the 85 mm of
snow water equivalent in Puerto de Navacerrada.

4.2.2. Western

This CWT shares many similarities with the so-called Westerly regime or West flux,
obtained by [15,22]. Under this pattern there is a prevailing zonal flow that advects cold
and humid air from the Atlantic Ocean. In addition, the Azores anticyclone is anomalously
moved southward, and a depression is over the British Isles (Figure 9a). This config-
uration, also observed at higher levels (Figure 9b), generates a corridor that makes an
efficient transport of humidity through the IP, reaching SdG from the West and Northwest
(Figure 9c).

As for C regime, W is also linked to the passage of frontal systems, but it is slightly
more frequent than the former CWT (11.8%, Table 3), particularly during the central winter
months (Figure 5).

This CWT is one of the wettest patterns as it shows the second highest probability of
precipitation (71.2%, Table 3), as well as the second major contribution to total precipitation
(around 20.6%, Table 3). Most of the precipitation falls as rain (63.68%), when TCWVF is
significantly high over the whole IP (Figure 9i). In contrast, for dry days (24.89% of W
days) humidity is advected further to the north and TCWVF is only significantly high in
the northern half of IP.

Under this CWT, snowfalls are unlikely, but occur occasionally when the corridor is
curved in the central North Atlantic, bringing cooler and humid air from further north than
the usual situation (Figure 9l). Around 60% of snowfalls under this CWT have a daily intensity
between 5 mm and 30 mm day−1 (Figure 6). However, heavy snowfalls (>30 mm day−1) can
exceptionally take place, as well. In these cases, we observe extraordinarily high values of
TCWVF in the western part of the IP and off the Portuguese coast (Figure 9o). The heavy
snowfall events, although rare, seem predictable as in the preceding 24 h it can be observed
statistically significant low temperatures off the west coast of the IP (Figure 9p) and high
relative humidity values over the western half of the IP and large parts of the British Islands
(Figure 9q).



Atmosphere 2022, 13, 1600 15 of 26Atmosphere 2022, 13, x FOR PEER REVIEW 18 of 32 
 

 

 
Figure 9. Western CWT: same panels as Figure 8. 

  

Figure 9. Western CWT: same panels as Figure 8.

As shown in Table 2 the heaviest snowfall under this CWT during our period of study
took place on 4 March 2009, reaching the 52 mm of snow water equivalent in Puerto de
Navacerrada and 45.5 mm in Cotos.
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4.2.3. NAO-

As seen in Figure 10b the most distinctive feature of this CWT is a north–south dipole
on the 500 hPa geopotential height anomalies, with significant positive values over the
southern part of Greenland and negative values over the Cantabrian and Celtic seas.
This pattern has been documented previously by other authors [15,22] and shows a high
correlation with the negative phase of the NAO (not shown).
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Despite not being one of the most frequent CWT (13.7%, Table 3), the role of NAO- for
winter precipitation at SdG is key as: (1) it is the first contributor to total precipitation, (2) it
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not only shows one of the highest probabilities of precipitation, but also a high probability
that this precipitation falls as snow and in particular, heavy snow (3) it exhibits the second
highest daily mean precipitation rate and the highest mean snow rate and (4) it presents
the lowest median air temperature (Table 3).

As per months, April and January are the months when NAO- is the most and the least
frequent, respectively (Figure 5). During precipitation days, NAO- shows statistically signif-
icant high values of TCWVT (Figure 10i,l,o) and relative humidity over IP (Figure 10h,k,n)
while during dry days these values are statistically significantly low (Figure 10e,f), as
moisture advection takes place over northern latitudes.

When the geopotential ripple at 925 hPa moves a little bit downward, there is an
enhancement of cold air advection coming from the north of Europe, resulting in a south-
ward displacement of the two-degree isotherm and therefore, bringing snow to SdG
(Figure 10j,m). This further southward displacement of the isotherms over IP is pre-
cisely what distinguishes rainy (Figure 10g) and snowy days (Figure 10j,m). In contrast,
relative humidity over the IP remains above 80% in both cases (Figure 10h,k,n). Lastly,
heavy snowfalls seem to be associated with a deeper trough in phase at different heights,
leading to a south-western flux when reaching the SdG. These extreme events appear to be
predictable as statistically significant low temperatures and high relative humidity over the
IP are appreciated in the preceding 24 h (Figure 10p,q). Heavy snowfalls represent close to
10% of all snowfalls under this CWT (Figure 6).

As shown in Table 2, the heaviest snowfall under this CWT represents also the heaviest
one among all the CWTs during our period of study, and took place on 12 February 2017,
reaching 137.4 mm of snow water equivalent in Puerto de Navacerrada and 139.4 mm
in Cotos.

4.2.4. Atlantic Ridge

This CWT is characterised by an isolated centre of positive 500 hPa GpH anomalies
(Figure 11b) over the North Atlantic Ocean, vertically consistent with the high values of
GpH observed at 925 hPa (Figure 11a), with opposite sign than the cyclonic regime. This
pattern often appears in the previous literature as one of the four recurrent patterns identi-
fied by [47] and is reminiscent of the so-called East Atlantic pattern (negative phase, [48])
viewed as a Euro-Atlantic wave train.

This regime is one of the most frequent CWT (17%, Table 3), especially at the end of
autumn and at the beginning of spring (Figure 5). As opposed to the CWTs previously
described, AR is one of the driest CWT as its contribution to total precipitation is not very
significant (12%, Table 3) and its probability of precipitation is quite low (38.3%, Table 3).
During dry days (56% of AR days), temperatures are statistically significantly high over
the western half of the IP (Figure 11d) and relative humidity and TCWVF values are
significantly low over the whole IP (Figure 11e,f).

Despite being one of the driest CWT, AR shows curiously the highest probability of
the precipitation falling in the form of snow (67.2%, Table 3). The percentage of snowfalls
with daily intensities between 0.5 mm and 5 mm day−1 is almost the same as for NAO-
(Figure 6). The ridge brings hot and dry air over the North Atlantic, but the northern
flow over the IP brings cold air to SdG, and significantly increases the probability of cold
extremes [49]. As reported in Table 2 the heaviest snowfall under this CWT during our
period of study took place on 5 December 2003, reaching 70.7 mm of snow water equivalent
in Puerto de Navacerrada and 55 mm in Cotos. It is worth mentioning that the historical
and recent blizzard called ‘Filomena’ that wreaked havoc across many inland areas of
Spain, with exceptional amounts of snow on 8 and 9 January 2021, is also included in our
Table 2. During these two days classified within the Atlantic Ridge CWT, 20.3 mm and
12.5 mm day−1 of SWE were recorded respectively in Puerto de Navacerrada, and 12.4 mm
and 25.8 mm day−1 in Cotos.
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4.2.5. NAO+

NAO+ regime is characterised by a dipolar structure in 500 hPa geopotential height
anomalies, with opposite sign than the NAO- regime (Figure 12b). This pattern also shows
an enhancement of the Azores high at 925 hPa facing the coast of Portugal and extending
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toward the IP (Figure 12a), which results in a blocking of the moisture advection in this area
(Figure 12c). Therefore, this CWT is associated with dry weather conditions during winter,
with a probability of precipitation below 35% and a contribution to the total precipitation
of less than 11% (Table 3).
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This CWT is very similar to those obtained by [15,22], who found a statistically
significant correlation with the positive phase of the NAO. Overall, NAO+ is the most
frequent CWT (17.9%, Table 3) during the extended winter season. If we analyse this
frequency per month, we observe that central months (DJF) show the highest values in
contrast to NAO- (Figure 5).

During dry days (around 60% of days under this CWT), NAO+ shows statistically
significant high temperatures (Figure 12d) and low values of TCWVT and relative humidity
(Figure 12e,f) over IP. Scarce precipitation days under this CWT seem to be caused mainly by
a northern intrusion of air that brings some moisture to SdG. However, these precipitation
days could be also linked to transition periods from another wet CWT. Another possibility
suggested by [22] is that these wet days are connected to mesoscale processes, such as cold
fronts, that briefly disturb the Azores anticyclone.

Despite being one of the driest CWT, NAO+ is especially relevant in winter because it
shows a probability that the precipitation falls as snow higher than 50% (Table 3). Unlike
rainy days, snowy days exhibit statistically significant low temperatures at 925 hPa at
SdG (Figure 12j). Relative humidity values are statistically significantly high in both cases
(Figure 12h,k) while the values of TCWVF are slightly lower on snowy days and are not
statistically significant at SdG (Figure 12l).

Heavy snowfalls are less common than in the previous CWTs (Table 3). During these
extreme events, the northern air intrusion seems to be more pronounced as it produces a
further southward displacement of the two-degree isotherm over the IP (Figure 12m). In
this case the statistically significant high values of relative humidity are more restricted
to the IP (Figure 12n). During the 24 h prior to the heavy snowfalls, significant signals of
low temperatures and high relative humidity values are found facing the coast of Morocco
and Portugal (Figure 12p,q) and low values of TCWVF toward the north-east of the British
Islands. As shown in Table 2 the heaviest snowfall under this CWT during our period of
study took place on 16 March 2020, reaching 48.6 mm of snow water equivalent in Puerto
de Navacerrada and 42.2 mm in Cotos.

4.2.6. Scandinavian Blocking

This CWT is characterised by a high-pressure system that extends from northern
Europe to the Iberian Peninsula as shown in Figure 13a. This pattern shows a strong
positive anomaly of 500 hPa geopotential centred over the British Isles (Figure 13b). This is
a well-known circulation weather pattern [50,51], and it plays a strong role in the climate
variability of precipitation in the Iberian Peninsula [52].

This CWT is quite frequent and dry (Table 3 and Figure 7) since the advection of
humid air masses is inhibited at continental level (Figure 13c,f). Precipitation in SdG is rare
under this CWT (65 % of days under this CWT are dry) and it contributes only around
8% of total precipitation. These events might occur during transitions to other CWT. The
probability of snowfall under the influence of this circulation weather type is below 50%,
and its probability of heavy snowfall is the lowest among all the CWTs (Table 3).

As shown in Table 2, the heaviest snowfall under this CWT during our period of study
took place on 26 November 2016, reaching 59.8 mm of snow water equivalent in Puerto de
Navacerrada and 39.2 mm in Cotos.

4.2.7. Anticyclonic

This is a well-known circulation weather type characterised by an extended region
of high pressures expanding throughout the whole Iberian Peninsula toward the south
(Figure 14a) with positive anomalies at higher levels (Figure 14b) and lower values of
TCWVF over the IP (Figure 14c).
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Figure 14. Anticyclonic CWT: same panels as Figure 8.

Normally, the air is drier under this CWT (Figure 14e) with higher temperatures
(Figure 14d). Since zonal advection of humid air under this pattern is inhibited very
efficiently, this is the driest CWT. It shows the lowest probability of precipitation (26.9%,
Table 3) and the lowest contribution to total precipitation (6.2%, Table 3). This CWT is more
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frequent during the central months of the winter (Figure 5) and is very relevant to explain
climate variability of precipitation in the Iberian Peninsula, and therefore at SdG. Although
snow probability is low, it is curious that the probability of heavy snowfall is comparable
to that of Western regime (Table 3). As reported in Table 2, the heaviest snowfall under
this CWT during our period of study took place on 26 November 2016, reaching 40 mm of
snow water equivalent in Puerto de Navacerrada and 55.3 mm in Cotos.

5. Conclusions

This work reveals some interesting features of winter precipitation and snowfalls at
two sites in Sierra de Guadarrama. Over the year, more than 37% of precipitation in this
area falls as snow. During the extended winter season (from November to April) the snow
ratio exceeds 30%, reaching its greatest values in February (74.6%) and January (57.3%).
Snow plays a crucial role as a temporary storehouse for winter precipitation at Sierra de
Guadarrama and its area of influence.

As shown by other authors there is a strong interannual variability of winter precip-
itation, but a clear trend in total winter precipitation has not been found for the period
2000–2021. In contrast, a clear tendency of −0.5 days with snow cover above 3 cm has been
observed which seem not to be attributed to lower snow precipitation. The hypothesis is
that this might be due to higher ground temperatures due to climate change and elevation
of the zero degrees Celsius isotherm. This hypothesis, which is coherent with other works
in the area, will have to be further investigated in the future.

A clear link between winter precipitation and snow height at the sites under study has
been found. Water vapor fluxes and temperature fields at large scale seem to be the main
forcing phenomena for winter precipitation and snow height increases at the sites, thus
results obtained here can be extended to Sierra de Guadarrama. Daily geopotential fields
from ERA5 reanalysis have shown to be suitable for finding the following 7 large-scale
circulation weather types: Cyclonic (C), Western (W), NAO-, Atlantic Ridge (AR), NAO+,
Scandinavian Blocking (SB) and Anticyclonic (A).

It has been found that the wettest patterns at SdG, which are at the same time the least
frequent, are C, W and NAO-. All together, they are responsible for more than 60% of total
winter precipitation, their probabilities of precipitation are above 70% and they show the
highest rates of daily total precipitation and snow.

AR, NAO+, SB and A show higher frequencies and are the driest CWTs with a low
contribution to total precipitation and probability of precipitation. In fact, two of these last
CWTs, AR and NAO+ along with NAO- exhibit the highest probabilities of the precipitation
being snow (above 50%).

An analysis of snowfalls according to their CWT and their daily intensity (grouped in
the intervals [0.5–5] mm day−1, (5–30] mm day−1 and >30 mm day−1) was also performed
and it was found that in absolute terms NAO- was the most common CWT for moderate
and extreme snowfalls while in relative terms, C was the CWT with a higher proportion of
extreme snowfalls.

Regarding heavy snowfalls, the heaviest snowfall took place on 12 February 2017
under NAO- circulation type and reached 137.4 mm of snow water equivalent in Puerto de
Navacerrada and 139.4 mm in Cotos. This event led to 115 cm of snow height increment in
a single day. This circulation type has a high probability of snow precipitation and shows
consistent prediction capabilities with an anomalous increase of the relative humidity in a
wide area over the Iberian Peninsula 24 h ahead, along with anomalous lower temperatures
at 850 hPa in a very wide area.

Another outstanding circulation weather type strongly related to snow precipitation
is AR. It normally leads to dry days except when the ridge is accompanied by advection of
humidity entering from the SW of the Iberian Peninsula that interacts with cold air coming
south along the ridge and leading to heavy snowfalls.

As shown in this work, heavy snow events at SdG follow a set of synoptic scale
patterns that could be used to develop local scale warning systems. Numerical weather
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prediction outputs from current operative global models can be used as input data for
statistical, empirical or dynamical modelling tools. Further work will be aimed towards
the development of such warning tools and in the application of physical models that will
help to understand the phenomena of snow precipitation and snowpack dynamics.

Finally, it is important to stress the importance of performing high-quality snow depth
and density measurements on a routine basis and following high-quality standards. A
combination of automatic and manual techniques has shown to be a good combination
for capturing the temporal and spatial variability of the snow height. But extra measuring
methods would be necessary to have a better picture of key features that lead the snowpack
dynamics, like snow water content, snow density or temperature. Moreover, it would be
necessary to be able to correct the intrinsic under-catching of rain gauges under windy con-
ditions and to be able to have a precise method to determine the phase of the precipitation,
for example using laser disdrometers.
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