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Abstract

In 2015, a new automatic weather station (AWS) was installed in a high elevation site in Gredos mountains (Central System,
Spain). Since then, a surprisingly high number of heavy precipitation events have been recorded (55 days with precipita-
tion over 50 mm, and a maximum daily precipitation of 446.9 mm), making this site a hotspot in Spain in terms of annual
precipitation (2177 mm year) and extreme precipitation events. The neighboring stations available in the region with longer
data series, including the closest ones, already informed of wet conditions in the area, but not comparable with such anomaly
behavior detected in the new station (51% higher). In this study, we present the temporal variability of detected heavy pre-
cipitation events in this mountain area, and its narrow relation with atmospheric patterns over the Iberian Peninsula. Results
revealed that 65% of the events occurred during advections from West, Southwest, South and cyclonic situations. A regres-
sion analysis showed that the precipitation anomaly is mostly explained by the location windward to the Atlantic wet air
masses and the elevation. However, the variance explained by the models is rather low (average R? for all events > 50 mm
is 0.21). The regression models underestimate on average a 60% intensity of rainfall events. Oppositely, the high-resolution
weather forecast model AROME at 0.025° was able to point out the extraordinary character of precipitation at this site,
and the underestimation of observed precipitation in the AWS was about 26%. This result strongly suggests the usefulness
of weather models to improve the knowledge of climatic extremes over large areas, and to improve the design of currently
available observational networks.

1 Introduction topography and the associated energy gradients and verti-

cal motion of air. Aside from the temperature lapse rate with

Mountains are known as topographically complex territories
where atmospheric conditions radically change with respect
to plain terrain principally due to the effect of elevated
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elevation, one of the most prominent effects of mountains
over atmospheric variables is the enhancement of precipita-
tion amounts as compared to lowlands. Although the under-
lying process is complex and involves interaction of multiple
atmospheric factors at different scales (from cloud micro-
physics to large-scale atmospheric circulation) (Colle et al.
2013), the general scheme involves the forced uplift of air
masses by the topographical barrier, the consequent adiaba-
tic cooling and condensation of water vapor that facilitates
snow crystal growth to form eventual falling snow flakes or
raindrops (Barry 2008). This type of convective precipita-
tion, commonly known as “orographic precipitation” (Smith
and Barstad 2004) usually involves larger values of precipi-
tation in mountains compared with plain terrain. However,
the relationship between precipitation and elevation is not
linear and larger amounts of precipitation in high moun-
tains are more likely to occur at midway up the slopes rather
than in upper reaches, and high precipitation amounts can
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be recorded as well at the leeward side of the mountains
(Frei and Schir 1998; Houze 2012; Ogrin and Kozamernik
2020). Heavy precipitation events associated to orographic
uplift together with steep topography involve potential risks
on the mountain slopes or in downstream areas where pop-
ulation often concentrates. Numerous damaging processes
have been reported in mountain areas associated with heavy
precipitation, including floods (Moran-Tejeda et al. 2019;
Ruiz-Villanueva et al. 2013; Weingartner et al. 2003), land-
slides and rockfalls (Melillo et al. 2020; Stanley et al. 2020;
Valenzuela et al. 2018), or snow avalanches (Abermann et al.
2019; Stimberis and Rubin 2011).

Despite the good theoretical knowledge about oro-
graphic precipitation, many of these intense precipitation
events remain undetected, except when they cause material
or human damages. This is due to the intrinsic stochastic
nature and high spatial variability of precipitation, which
becomes larger when dealing with extreme events. Moreo-
ver, the scarce number of meteorological observatories in
mountain regions when compared to the dense network of
observatories in the lowlands derives in a misrepresentation
of mountain meteorology, potentially causing over- or under-
estimation of real precipitation volumes. This may have con-
sequences not only on hampering sound scientific knowl-
edge, but also for practical issues such as risk prevention,
or water resources management among others (Lundquist
et al. 2019). Solutions to overcome this issue include two
sets of techniques with differing approaches, forecasting and
real-time remote sensing observation. Forecasting intense
precipitation requires downscaling techniques to adapt the
coarse spatial resolution of the latest numerical weather pre-
diction models to finer scales that enable reproducing moun-
tainous complex terrain. These include dynamical downs-
caling using non-hydrostatic limited area models of spatial
high resolution, such as AROME model (Bengtsson et al.,
2017). This model, and some variants, is operationally used
for National Weather Services in France and Spain among
other countries. While the short-term forecasting power of
weather models is not under discussion, their potential to
accurately predict the location and amounts of convective
precipitation events in complex terrain is still limited (Fer-
rari et al. 2020; Lorenzo-Lacruz et al. 2019; Moya—Alvarez
et al. 2018; Sarmadi et al. 2019). On the other hand, remote
sensing atmospheric products such as those provided by
ground-based weather radars are increasingly used by mete-
orological agencies and researchers to improve forecasting
and nowcasting, early warning, and as well for mapping and
creating thunderstorms climatologies (del Moral et al. 2018;
Ochoa-Rodriguez et al. 2019; Peter et al. 2015), and spe-
cifically for mountain areas (Germann et al. 2006). Weather
radars allow identifying convective cores and tracking their
life cycle (del Moral et al. 2020), and have been proved to
accurately reproduce precipitation volumes (Quantitative
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Precipitation Estimation, QPE) when compared with obser-
vations in precipitation gauges, although their accuracy
decreases with range from the radar (Burcea et al. 2019).
Their use in mountain terrain involves further limitations,
including the beam blockage by topography affecting areal
coverage of QPE if the radar is located at the bottom of a val-
ley or at mountain-surrounded plateau (such as the case of
Spain), the inability to detect the changes that precipitation
may undergo (e.g. phase change) in the course between radar
detection and arrival to the ground if the radar is placed
at the top of the mountain, or the attenuation of the radar
signal in heavy rain (Germann and Joss 2004; Khanal et al.
2019). An approach to overcome these limitations is the use
of blended radar—rain gauge products, as recently shown for
Switzerland by Barton et al. (2020).

Spain depicts a high spatio-temporal variability in pre-
cipitation amounts due to its location between the Atlantic
and Mediterranean seas, their contrasted climatic influ-
ences and the seasonal-varying influence of the polar jet
stream and the North Atlantic Oscillation (Capel-Molina
1995; Rodriguez-Puebla et al. 1998). Its complex topogra-
phy, with several mountain chains running longitudinally
from East to West, elevated plateaus and wide river val-
leys, increases the complexity in the distribution of precipi-
tation. Various attempts to map the spatial distribution of
precipitation in Spain or the Iberian Peninsula have been
carried out to the date, with increasing accuracy over time.
Capel-Molina (1995) pointed out that the “humid Spain”,
with annual precipitation amounts over 800 mm, encom-
passes the northwest Atlantic sector (Galicia, Asturias), as
well as the large mountain systems including the Pyrenees,
the Cantabrian mountains or the Central System. Ninyerola
et al. (2007), mapped annual amounts of precipitation rang-
ing from scarce 200-400 mm in the southeast of the Iberian
Peninsula and in the lowest sectors of the large basins of the
Ebro, Duero, Tajo and Guadiana rivers, to 1400-1600 mm in
the northwest and north fringes open to the Atlantic ocean,
and in the western sector of the Pyrenees. Besides the Pyr-
enees, only very few spots of high precipitation are detected
in mountains by Ninyerola et al. (2007), including small
locations in the Central System, and Sierra de Grazalema
(south of Spain), but with precipitation values which differ
greatly from small scale studies, which show amounts over
2000 mm per year (Garcia et al. 2017; Naranjo-Barea et al.
2017). This exemplifies the large uncertainty when mapping
precipitation amounts if mountain areas are misrepresented;
uncertainty that must be larger when dealing with daily val-
ues and extreme events of precipitation. Serrano-Notivoli
et al. (2017) acknowledged that only 2% of the precipitation
stations are located above 1500 m.asl. in Spain, whereas
4% of the Spanish territory exceeds such elevation. These
authors showed, in their daily gridded precipitation dataset,
a much better representation of mountains, and the highest
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values for daily amounts of precipitation are observed, along
with areas in the Mediterranean coast, in the Pyrenees, in
the Central System and in the Grazalema mountains. The
Central System does appear, therefore, between the hot-
spots of precipitation in Spain. Because its location and
geographical alignment (Fig. 1) this mountain range consti-
tutes the first orographic barrier that west advections asso-
ciated to deep depression systems in the Atlantic encounter
as they enter the Iberian Peninsula. These wet air masses,
frequently in the form of atmospheric rivers (Ramos et al.
2015) are forced to uplift inducing orographic convection,
or seeder-feeder precipitation enhancement (Browning and
Hill 1981), and therefore intense precipitation compared to
surrounding areas (Durén et al. 2013). Garcia et al. (2017)
showed wide areas within the 2000 mm year™! isohyet, and
pointed out to frequent events of more than 100 mm day ™"
in the Gredos massif (located at the heart of the Central Sys-
tem) by using stations of the Spanish State Meteorological
Agency (AEMET) network. However, still this data is sub-
ject to large uncertainty and rain gauges of AEMET network
located in mountain environments are likely underestimating

real precipitation volumes due to: (i) rainfall that can be
extremely variable in space and time in areas of complex
terrain; (ii) tipping bucket rain gauges might not be correctly
recording high intensities (Molini et al. 2005); (iii) snow
precipitation is underestimated or not properly recorded in
unheated rain gauges (Nitu et al. 2019; Rasmussen et al.
2012); and (iv) unshielded rain gauges in windy mountain
sites introduce large biases in precipitation measurements
(Smith et al. 2020).

In 2015, an automatic weather station (AWS) was
installed close to the fringe of the Gredos massif (sub-mas-
sif of the Central System) at 1947 m.asl (Fig. 1c). It was
equipped with a Geonor rain gauge, replaced by an OTT
Pluvio2 in 2017, both equipped with single Alter wind
shields and adapted to all types of precipitation (see more
details in methodology section). This precipitation gauge
soon revealed surprisingly high pluviometric values at both,
annual and event scales. After 5 years of continuous weather
monitoring, here we present data on the temporal evolu-
tion of precipitation, focusing on extreme or high intensity
events. Specifically, the objectives of this study are: (i) to
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Fig.1 Study area. a Iberian Peninsula, the Central System mountains
and meteorological stations used for this study. Red line represents
the divide between the Douro and Tagus basins and dashed lines
indicate the direction of the topographic profiles of b. b Topographic

profiles from North to South of the mountain system. Profile 2 corre-
sponds to the Gredos massif. ¢ Photograph of the PLP AWS in March
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characterize the temporal variability of heavy precipitation
events and the associated weather patterns triggering these
events in the Gredos massif, (ii) to quantify the spatial extent
of this precipitation hotspot and assess to which degree it
is predictable from topographic and geographic variables,
and (iii) to assess the capability of a high resolution weather
model to predict the most heavy precipitation events in this
mountain site.

2 Study area

The study area comprises the eastern sector of the Central
System, a mountain system in the Iberian Peninsula that acts
as drainage divide between the Tagus (south) and Douro
(north) river basins (Fig. 1a). This topographical barrier
includes a series of mountain ranges of diverse elevation,
aspect and thickness, with Gredos range showing the high-
est elevation (>2500 m.asl.) and most jagged terrain. Such
diversity in the relief can be seen in the topographic profiles
of Fig. 1b. The Central System also separates the north and
south Spanish plateaus, with an average difference of eleva-
tion of about 400 m. This makes the slope of the southern
fagade much steeper, which explains the more complex bio-
climatic features, as well as the highest intensity of storms,
occurring when Atlantic wet air masses enter the Iberian
Peninsula from the southwest.

Climate shows typical Mediterranean features, although
the elevation gradient and the contrasted aspect between
facades induce large climatic diversity. Precipitation ranges
from 500 mm year™! in the lowest terrain and the leeward
side of the mountain system, to more than 2000 mm year™
in the windward and more elevated terrain. Winter snow-
pack is frequently present in the summits. Average annual
temperature ranges between 6 °C at the top of the mountains
and 14 °C in the lowlands (Ninyerola et al. 2005). Vegeta-
tion shows a clear altitudinal zonation, with natural forests
of Quercus rotundifolia and Quercus pyrenaica, followed
by a Pinus sylvestris belt, and shrublands (Cytisus sp.) and
pastures in the alpine level. These natural forest formations
have been often replaced by other species of pine trees for
forestry use, or directly removed to increase the extension
of pastures for the livestock, an important industry in this
rural area.

3 Data and methods

3.1 Prado delas Pozas AWS and data
from automatic weather stations network

The reference meteorological station for this study is the
Prado de las Pozas Automatic Weather Station (PLP AWS),

@ Springer

located in the heart of the Gredos range, at 1947 m.a.sl. in
a north-face 8% slope, 2.3 km away of the ridge and main
divide of Tagus and Douro basins. It is managed by the
CSIC-USAL (Spanish Research Council and University
of Salamanca) research group and is equipped with sen-
sors to measure temperature, relative humidity, wind speed
and direction, global solar radiation, albedo, snow depth
and precipitation. Precipitation is measured with an all-
precipitation-type OTT PLuvio2 rain gauge (Fig. 1c) pro-
tected with single Alter wind shields, unheated, and with
1500-mm capacity (the effective capacity is slightly lower,
because wax paraffin to avoid evaporation, and antifreeze
fluid are needed). The temporal resolution of precipitation
measurements was 10 min. Next to the OTT, we installed
a Hobo tipping-bucket rain gauge, to check for consistency
and accuracy in the measurements. No significant deviations
in the records of the Hobo with respect to the OTT have
been reported.

The other 36 meteorological stations considered in this
study belong to different institutions or networks, includ-
ing: a private weather station included in the Meteoclimatic
network (https://www.meteoclimatic.net/perfil/ESCYL
0500000005634 A); one of Inforiego network (http://www.
inforiego.org/opencms/opencms/info_meteo/index.html); 4
belonging to AEMET (https://opendata.aemet.es/centrodede
scargas/productosAEMET); 10 belonging to the automatic
network of the Douro basin management agency SAIH-
Duero (http://www.saihduero.es/risr/datos-tiempo-real); and
lastly, 20 belonging to the automatic network of the Tagus
basin management agency SAIH-Tajo (https://saihtajo.
chtajo.es/). Summarizing, 23 are located within the Tagus
river basin, and 14 within the Douro river basin (Fig. 1a), not
far from the main basin divide. Average distance between
stations is 8.4 km, with maximum and minimum values of
19.9 km and 1.9 km, respectively, covering and elevation
range between 474 and 1960 m.asl. The study period spans
from October 2015 (when the PLP AWS became completely
operational) to December 2019.

3.2 Classification of heavy precipitation events

There is not a universal definition for heavy precipitation,
although the selection of a volumetric threshold per time
unit is the more common method. For example, Grois-
man et al. (2012) defined “moderately heavy” precipita-
tion events, as days with precipitation between 12.7 and
25.4 mm day™'; “heavy” precipitation was between the range
25.4 and 76.2 mm day~'; and “very heavy” precipitation as
daily values over 76.2 mm. In order to simplify and take just
one threshold value, we defined “heavy precipitation events”
(hereafter HPE) as the days where precipitation measured
in PLP AWS was equal or larger than 50 mm. This value
represents the percentile 82 of the precipitation data series
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(records with daily value > 0.2 mm) in PLP AWS and com-
prises a tradeoff between a high intensity of precipitation
and a fair number of events that allow robust statistics to
be done. A total 55 HPE where recorded during the study
period, and the precipitation measured during those same
days in the other 36 meteorological station was extracted
from their data series for the comparative analysis. Of these,
only 22 stations contained 100% of data during those events,
and the number of events per station without data was 13.9%
of the total (55 times 36). The maximum number of stations
without data for any event was 10.

From the precipitation recorded in each station and each
HPE event, we computed averages, frequency, monthly dis-
tribution, and the similarity with respect to PLP AWS. The
similarity analysis was based on the root square of summed
squared differences between daily standardized precipitation
amounts in each station with respect to daily standardized
precipitation in PLP AWS.

3.3 Weather types classification

For each HPE, we estimated the synoptic configuration of
the atmosphere over the Iberian Peninsula (IP) on the base
of the automated circulation-typing scheme of Jenkinson and
Collison (1977, hereafter JC method). The JC method can
be applied in any mid-latitude zone. The grid-point is based
on 16 points of daily sea level pressure (SLP) reanalysis
data at a 5° latitude by 10° longitude (Jones et al. 1993;
Linderson 2001). For this study, the area is bounded by
30.0° and 50.0°N, and 20.0°W and 10.0°E, essentially cen-
tered over the IP (see maps in Cortesi et al. 2014 or Moran-
Tejeda et al. 2019). The SLP dataset was obtained from the
National Center for Environmental Prediction (NCEP) and
the National Center for Atmospheric Research (NCAR) rea-
nalysis project (https://psl.noaa.gov/data/gridded/data.ncep.
reanalysis.html; Kalnay et al. 1996) for the 5-yr study period
(2015-2019). The missing values were sparse and linearly
interpolated from the surrounding grid-points (Chen 2000).
Computation of weather types is specified in the supplemen-
tary information.

3.4 Regression analysis

A linear regression analysis was performed to assess
the predictability of the spatial distribution of the HPE
recorded at PLP AWS. For this, elevation, longitude and
latitude from each of the 36 sites with weather station (see
Sect. 3.1), excluding the station in PLP, were considered
as independent variables and the 24-h precipitation from
each station as the dependent variable for multiple linear
regressions. We tested and discarded other geographical
variables (distance to the divide and bearing), due to co-
linearity with the abovementioned variables. A regression

model was performed for every HPE in PLP AWS, giving
a total of 55 regression models. The adjusted R? for each
model informed of the quantity of variance in the spatial dis-
tribution of precipitation during heavy precipitation events
that the aforementioned geographical variables were able to
explain; whereas the beta-coefficients informed about the
relative contribution of each variable in the predictability of
the observed precipitation in PLP from neighboring stations.
Selection of significant independent variables for the models
followed a step-wise method based on the Akaike Informa-
tion Criterium (AIC), and was performed with the stepAIC
function of MASS R package (Venables et al., 2002).

3.5 Weather forecast model

Non-hydrostatic convection-permitting limited area weather
models of high spatial resolution are used for operational
short-range forecasts at National Weather Services of differ-
ent countries (Bengtsson et al. 2017). These models allow
representation of small-scale processes leading to obtain
better simulations over complex terrain and during convec-
tion episodes than coarser resolution weather models with
an evident improvement of rainfall forecasting (Clark et al.
2016). This represents a step forward in the simulation of
atmospheric processes involved in orographic precipitation.
Therefore, better rainfall forecasts are expected in mountain
terrain prone to this type of precipitation.

To explore the performance of a high resolution weather
model to forecast HPE, outputs from the Application of
Research to Operations at Mesoscales (AROME) (Seity
et al. 2011) weather model were used. AROME is a non-
hydrostatic convection-permitting limited area model oper-
ationally used at Météo-France since December 2008 and
it also covers partially the Iberian Peninsula, including the
Central System. Five different runs are available every day
(00, 03, 06, 12, and 18UTC) with a forecast range up to
42 h. AROME outputs of the 00UTC run from 2017 to 2019
(data from earlier dates were not available) at 0.025° spatial
resolution was collected from the Météo-France Open-Data
Platform (http://donnespubliques.meteofrance.fr). Only 15
of the total of 55 HPE were thus available to be assessed
with the AROME model.

Observed precipitation sums at the different AWS used in
the study and the precipitation estimates for the correspond-
ing grid point of AROME during HPE were compared. This
allowed assessment of the ability of AROME to forecast
both, precipitation in PLP during HPE and the spatial distri-
bution of precipitation during HPE. A Taylor Diagram (Tay-
lor 2001) was used for this assessment as it allows represent-
ing in a single plot three statistics (root mean square error,
standard deviation and correlation coefficient) that summa-
rize the fit between observations and model estimates.
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4 Results

4.1 Heavy precipitation days in Prado de las Pozas
AWS: temporal variability and association
with weather types occurrence

Average annual precipitation during the study period in
PLP AWS was 2177 mm, ranging from 3004 mm in 2016
to 1474 mm in 2017. This annual values stand out from
the volumes registered at the surrounding meteorological
stations, which average 1127 mm per year, with maximum
and minimum records of 2128 and 484 mm respectively
in the study period.

number of events

On average, 52% of annual precipitation in PLP AWS
was registered during HPE, although in the wettest year,
75% of total precipitation was registered during 20 heavy
precipitation days. During the study period (51 months),
we identified 55 heavy precipitation days in PLP AWS; i.e.,
1.08 events per month. The majority of events were situ-
ated within the range 50-100 mm day~' (Fig. 2a) but a fair
number (20) registered values greater than 100 mm, with
one exceptional event of 447 mm day~' that occurred on
December 2019. Most events occurred during autumn and
spring months (Fig. 2b), with a frequency of more than 5
HPE per month. The weather types in which the majority of
HPE occurred were advections from SW (25%), W (14%), S
(10%) and pure Cyclonic (14%) weather type (Fig. 2c). Sev-
eral events also occurred, however, under anticyclonic and
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Fig.2 Frequency of heavy precipitation events by (a) precipitation
amount in 24 h (dotted line indicates the mean precipitation value for
all events), (b) month of occurrence and (c) weather type. €50 indi-
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“unclassified” weather types. Finally, no event was driven by
advections with predominant E or N components.

4.2 Spatial characteristics of HPE and regression
analysis

Figure 3 shows that HPE in PLP AWS are not spatially
isolated events, as neighboring stations also register large
precipitation amounts during the same events. The mean
precipitation during HPE in PLP AWS was 104 mm day !,
and the average of the other stations was 36 mm day~'; this

SR
PLP AWS

LEAST SIMILAR

®
o
®

is a much smaller quantity; however, these values are biased
towards PLP AWS because this is the reference station for
defining HPE and there was certain amount of missing data
in the other stations. Also, as we observe in Fig. 3a, there is
high variability in the mean amounts of precipitation among
stations. Stations showing larger values are generally located
in the south flank of the mountain system and some stations
in the north flank show very small amounts, with nearly
none of the events with precipitation > 50 mm day~'. Among
the latter, some are located very close the PLP AWS (within
a 15-km radius), but this proximity did not mean large

Fig. 3 Spatial characteristics of precipitation during HPE recorded in PLP AWS. a Mean precipitation amount during the HPE events; b Similar-
ity between precipitation recorded in each station and PLP AWS during the HPE events
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precipitation amounts as one could expect. This reinforces
the hypothesis of the orographic enhancement of precipi-
tation amounts during these events that are mostly driven
by advections of S, SW and W (see Sect. 4.1), that leave
the north flank stations in the rain shadow of the mountain
range. PLP AWS is also in the north flank, but very close
(2 km) to the ridge, and therefore under the influence of the
orographically enhanced clouds during such advective situa-
tions. This is confirmed by the similarity analysis performed
for precipitation in each station with respect to PLP AWS
(Fig. 3b). The most similar stations in terms of precipitation
are those located in the south flank of the Gredos range, indi-
cating that they register heavy precipitation during the same
days and same atmospheric conditions. The least similar are,
in contrast, those located in the north flank of the mountain
range, including those located in the proximities of PLP
AWS, and therefore in the rain shadow to south advections.

The regression analysis performed (Fig. 4) shows that
the spatial variability of precipitation during HPE can be
partially explained by the chosen geographical predictors,
and precipitation amounts during these events in PLP are
systematically underestimated by regression models. 13 out
of the 55 regression models were discarded as no significant
relationship was found between geographical drivers and
heavy precipitation variability. Of the remaining 42 mod-
els, latitude was an explanatory variable in 33, longitude in
22, and elevation in 13 (Fig. 4a), but the quantity of vari-
ance explained by the combined predictors was generally
low (mean R? of the 43 models=0.21 +0.13, Fig. 4b). Beta
coefficients of Latitude and Longitude show mostly nega-
tive values (Fig. 4a), indicating a predominant geographic
direction in the magnitude of precipitation (larger values
towards more southern and western locations), therefore
in the windward side of the mountain range to prevailing

southwest flows. Elevation shows mostly positive coef-
ficients indicating an increase of precipitation magnitude
with elevation (Fig. 4a), but only in 13 models. There is no
statistical relationship between the magnitude of the precipi-
tation event and the predictive capacity of the linear models
(Fig. 4b). Finally, the variability in observed heavy precipi-
tation values for PLP is well predicted by the regression
models (Fig. 4c) but there is a great underestimation in the
magnitude (of 60% average for each event), indicating the
difficulty to predict precipitation during intense events on
the basis of regression techniques.

4.3 Predictability of heavy precipitation by AROME
model

The weather forecast AROME model worked much better
than geographically-based regression models for predicting
precipitation values in the study area during the most recent
HPE (2018-2019) in PLP AWS. Figure 5 shows the compar-
ison between observed and forecasted precipitation during
three selected HPE, including the most intense event, with
447 mm day~! in PLP AWS. The AROME model did over-
estimate or underestimate precipitation values depending on
the event and on the weather station (see different colors
of dots with respect to pixels in Fig. 5), although at some
points, it also showed pretty similar values to that of obser-
vations in weather stations. In order to summarize the per-
formance of the AROME model, we have constructed a Tay-
lor diagram (Fig. 6a), which shows three statistics of model’s
predictions versus observations in the 37 weather stations
for the common 15 HPE. R? values were between 0.6 and
0.9 during most events (only two events showed R? < 0.4),
indicating a generalized good performance of the model for
predicting the spatial variability of precipitation. However,
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Fig.4 Summary of regression analysis for the 42 significant linear
models. a Beta coefficients for the geographical predictors: median
(thick line), interquartile range (box), 10" and 90™ percentiles
(whiskers) and outliers (dots); b Observed values for HPE in PLP vs
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observed values for PLP (mm)
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R? of the regression models; boxplot in the right shows the median
and variability of the 42 R? values; ¢) Observed values for HPE vs fit-
ted values in PLP with regression line (blue) and confidence intervals
(grey shade). Dashed line indicates the 1:1 slope
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Fig.5 Amounts of precipitation
recorded (dots) and forecasted
by the AROME model (pixels)
during three selected HPE in
PLP AWS

10/12/2017

the standard deviation of model estimates are mostly lower
than standard deviation of observations, which indicates a
slight underestimation in the predicted spatial variance of
precipitation during HPE. Model estimates for most events
show normalized root mean squared error (RMSE divided
by the standard deviation of observations) values < 1 in most
cases; this indicates that the spatial variability of errors (i.e.
variance of precipitation during HPE not explained by the
model) is lower than the variability of observations, indicat-
ing a generally good predictability; moreover, the normal-
ized RMSE is not related to the magnitude of the event.
When looking at the ability of AROME to predict precipita-
tion in PLP AWS during the HPE (Fig. 6b), we confirm a
fair performance, with a very good correlation (R*=0.87)
between observations and estimates, and an underestimation
of 26%, while for the rest of stations AROME overestimates
an average 13% (not shown).

5 Discussion

It is widely known that mountain terrain usually records
larger amounts of precipitation than lowlands or plain sur-
rounding areas through different mechanisms that enhance
formation of precipitating clouds when air flows over or
around the mountain (see review in Houze 2012). However,

accurate quantification of precipitation amounts over moun-
tainous terrain is still challenging because of the spatial
variability derived from the complexity of the terrain. Such
variability would require more dense monitoring networks
than in plain terrain, but the reality is the opposite, and nor-
mally mountainous terrain is largely underrepresented in
the National Weather Services of the countries (Derin et al.
2016; Lundquist et al. 2019) because of the difficult access
to high elevation sites and the high costs of maintenance.
Such is the case of Spain (Serrano-Notivoli et al. 2017), and
the result of this is that the different products (maps, gridded
databases) elaborated from the data of observational net-
works may underrepresent precipitation in mountains, and
this can lead to biased results in climatological, hydrologi-
cal or ecological research. A prove of this is the uncertainty
about the location of the pluviometric maximum in Spain
that has always been a matter of geographic discussion.
According to the climatic Atlas by AEMET (2011), the city
of Vigo in the northwest Atlantic fagade recorded the great-
est amounts (1919 mm year'l) in the Iberian Peninsula dur-
ing the 1971-2000 period. On the other hand, the Grazalema
mountain range in Andalusia has been always pointed out as
one of the rainiest places in Spain, with annual amounts sur-
passing 2000 mm. This is mainly explained by its location
windward to the southwest fronts entering the Iberian Pen-
insula by the Gulf of Cadiz (Pita 2003) and the orographic
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Fig.6 Performance of AROME model for predicting HPE. a Taylor
Diagram showing the R2, normalized root mean square error (i.e.
RMSE divided by the standard deviation of observations), and nor-
malized standard deviation of model’s predictions versus observa-
tions in the 37 weather stations in each of the common HPE (n=15,

effect. Capel-Molina (1995) observed a pluviometric maxi-
mum of 2660 mm year™' in the westernmost sector of the
Pyrenees — Articutza station — close to the Atlantic coast,
for the 1961-1990 period. For our study area, there is dis-
crepancy among authors. Lautensach (1967) estimated that
in the Almanzor peak (very close to the PLP AWS) the
annual rainfall was higher than 2000 mm. Garcia-Rodriguez
et al. (1984) affirmed that the maximum annual precipitation
for the entire Iberian Peninsula presumably occurs at the
nearby summit of La Ceja, at 2425 m.asl., with estimated
volumes of about 3500 mm per year; however this estimation
was a result of geostatistical extrapolations and is subject to
uncertainty. Capel-Molina (1995) only observed maximums
of about 1800 mm year™' in Gredos mountains, but more
recent studies (Garcia et al. 2017) confirmed large areas
above the 2000 isohyet. Our goal was not to contradict the
previous studies, or set a new location for the pluviometric
maximum, but, even if our study period is not long enough
to extract significant long-term statistics, we can confirm
the Gredos mountains as one of the rainiest locations in
Spain. The most relevant matter in this discussion and the
discrepancy of results is not the actual location of the raini-
est place in Spain, but the large uncertainty in the spatial
variability of precipitation in mountainous terrain, and the
aforementioned difficulty to measure actual precipitation
amounts with the conventional meteorological monitoring
networks. Our results demonstrate that a rain gauge specifi-
cally designed for mountain weather and located near the
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observed values for PLP (mm)

color dots). b Forecasted values of precipitation vs observed values in
PLP during heavy precipitation events (n=15), with regression line
(blue) and confidence intervals (gray shade). Dashed line indicates
the 1:1 slope

fringe of a mountain range can record exceptional amounts
of precipitation compared to nearby regular rain gauges of
institutional monitoring networks at less elevated locations.

In our study, we focused on the most intense precipita-
tion events for several reasons: because of their potential
to cause risks, because conventional tipping bucket rain
gauges may not measure well high intensities of precipita-
tion, and because weather models normally fail in predicting
the location and precipitation amounts during such events.
We counted more than one heavy precipitation event per
month at our study site, although most events occurred dur-
ing autumn and spring months, with a frequency of more
than five events per month. The most common weather types
in which HPE occurred were advections from SW, W, S and
pure Cyclonic. These are also the weather types in which
most autumn-to-spring precipitation occurs in the western
Iberian Peninsula, where synoptic-scale baroclinic systems
associated to the Atlantic polar front enter from the W, SW,
NW or even from the S depending on the position of the low
pressure center (Serrano et al. 1999). This reinforces the
idea that the HPE registered in Gredos mountains are not
spatially isolated events, as the similarity analysis with other
meteorological stations in the surrounding area confirm.
However, the larger magnitude of precipitation in the PLP
AWS compared to surrounding stations confirmed its excep-
tional nature. Moreover, there were also HPE that occurred
under anticyclonic and “unclassified” weather types. This
is not anomalous in mountain terrain and may be explained
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by convergence-driven convection over the mountain fringe
when upslope thermal winds from the hillsides develop dur-
ing daytime under otherwise calmed weather conditions; this
mechanism when combined with instability induced by a
cold upper atmosphere layer may induce formation of thun-
derstorms and intense precipitation (Houze 2012; Linder
et al. 1999; Schaefer 1986).

As abovementioned, the precipitation registered both
annually, and during HPE in PLP AWS was exceptional
in the regional context of the surrounding meteorological
stations. Our results suggest that its location, close to the
mountain fringe at 1947 m.asl., allowed us to record the
orographic enhancement of precipitation under the synoptic-
scale conditions above described, and underline the great
effect of orographic barrier of this mountain range forcing
uplift of wet air masses coming from the Atlantic. The lin-
ear regressions performed show that latitude, longitude, and
elevation partially explained the spatial variability of precip-
itation during HPE. Larger precipitation values were found
towards more southern and western locations, therefore in
the windward side of the mountain range to prevailing W
and SW flows. This reinforces the hypothesis that HPE are
result from orographic uplift of air masses; southern and
westernmost locations recorded the largest amounts of pre-
cipitation, and these coincide with the first mountains of
Central System that air masses encounter when they enter
the Iberian Peninsula. This makes air masses lose humidity
as they travel northeast and therefore precipitation potential
becomes lower. Elevation shows mostly positive coefficients
indicating increasing precipitation with elevation, but it was
a significant explanatory variable in linear regressions of
only 13 of the 55 events. As we previously noted, relation-
ship between precipitation and elevation is not always lin-
ear, and this is most likely due to the fact that precipitation
formation as a result of an upward motion is generally more
effective at lower elevations, because the saturation vapor
pressure of the atmosphere decreases exponentially with
temperature and hence with height (Houze 2012). There
may be as well other physical mechanisms that explain the
non-linearity (e.g. seeder-feeder clouds, or availability of
condensation nuclei), which we cannot account for with our
methodology.

In any case, the linear models always underestimated
(average of 60%) precipitation in PLP AWS, most likely
because there is not enough information at high elevations,
just our AWS. Large amounts of variability remain unex-
plained by geographical linear models, which confirm the
complexity to predict precipitation in complex topography
terrain on the basis of geographic variables and the necessity
to improve the monitoring network and the forecast tools.
In this sense, our last goal was to assess the ability of a high
resolution weather forecast model to predict the occurrence
of HPE. The precipitation estimates by AROME model

showed much better resemblance with observations during
HPE than the geographical linear models. AROME model
captured better the orographic enhancement of precipitation
and the spatial variability of precipitation. It did, however,
underestimate the volumes registered at PLP (26%), and
slightly overestimate (13%) precipitation in the rest of sta-
tions, which confirms the exceptional nature of precipitation
in PLP even for a convection-permitting weather model, but
also indicates that the spatial resolution of the model (2 km)
may still be too coarse to accurately simulate specific mete-
orological processes that occur in the complex orography
of mountainous terrain Similar results have been recently
found in different environments when predicting heavy pre-
cipitation events by AROME model. Caillaud et al. (2021)
observed that AROME was able to represent extreme pre-
cipitation in the northwestern Mediterranean, including the
southern French Alps, at daily and hourly scale; although
it did underestimate precipitation for very high intensities
(over 200 mm day_l). El Khalki et al. (2020) confirmed the
good performance of AROME model for predicting intense
precipitation amounts resulting in flash-floods in Morocco
in comparison with other forecast models. They both high-
lighted that the high-resolution, and the explicitly resolved
deep convection, represent clear improvements for intense
precipitation forecast compared to other models. These
improvements in the new generation of models will help
understand the occurrence of these HPE as well as design-
ing better monitoring networks by including areas where
precipitation anomalies are not well represented.

6 Conclusions

This research demonstrates the importance of monitoring
high mountain areas to accurately quantify spatial and tem-
poral amounts of precipitation over complex terrain, and to
locate and categorize heavy precipitation events with poten-
tial hydrological impacts.

The installation of an all-type-of-precipitation rain gauge
near the divide of Gredos range in the Central System
allowed recording exceptional volumes of precipitation at
both, annual and event scales, confirming this location as
one of the precipitation hotspots of Spain.

The weather types in which most heavy precipitation
events took place in Gredos — pure cyclonic and advec-
tions from W, SW and S — along with volumes recorded in
nearby meteorological stations, confirm that the majority of
events were not spatially isolated. The exceptional nature of
precipitation observed in the highest slopes of Gredos can
be explained by the orographic effect of the mountain range
to precipitating clouds under the aforementioned synoptic
situations.
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The predictability of heavy precipitation events was
assessed by means of linear regressions with geographical
variables as well as with the high resolution, convection-
permitting weather forecast AROME model. The geograph-
ical characteristics of meteorological stations — latitude,
longitude and elevation — partially explained the spatial
variability of precipitation during heavy precipitation
events, confirming the orographic effect on precipitation.
However, large amounts of variance remained unexplained
and precipitation volumes were largely underestimated by
linear models. AROME captured better the spatial vari-
ability of precipitation during extreme events, although it
did underestimate as well the largest volumes registered in
our rain gauge. This confirms the complexity of predicting
precipitation in complex terrain, but also the usefulness of
the last generation of weather models to improve the knowl-
edge of climatic extremes and the necessity to improve the
monitoring networks to better represent precipitation at high
elevations.
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