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Abstract. Heterogeneity in the occurrence, amount and distribution of precipitation in mountainous areas is relevant for water

resources and stresses the need for high-altitude observations and high-resolution modeling over complex terrain. This work

focuses on the analysis of precipitation in the Sierra de Guadarrama, a mountain range at the center of the Iberian Plateau

that provides water resources for several million citizens living within it and in nearby cities, mostly Madrid. The precipi-

tation climatology is assessed from available observations and high resolution climate model simulations during the period5

1991–2020 1991-2020. For this purpose, data from 37 stations located in the Sierra de Guadarrama and surrounding lowlands,

with altitudes ranging from 600 to 2200 m a.s.l have been analyzed and compared to model simulations. A regional simulation

with the WRF 4.2.2 model (version 4.2.2), driven with boundary conditions provided by the ERA5 reanalysis, was performed.

The simulation has three nested domains with increasing resolutions of 9, 3, and 1 km, with the smallest domain covering

the target region, including the Sierra de Guadarrama and surroundings. The comparison of the different data sources aims at10

characterizing the precipitation distribution over the area, assessing the performance of ERA5 and the potential added value

of the increasing resolution of the WRF simulation in reproducing the observations. Results show that the increase in WRF

resolution from 9 to 3 km produces a better representation of the overall climatology of precipitation and the altitudinal gra-

dients. The 1 km resolution simulation represents better the shape of the probability distribution of precipitation, including

extremes, but overestimates total accumulations, mostly due to an overestimation of the occurrence of wet days. Orography15

plays a very relevant role in activating precipitation and precipitation gradients with altitude are best captured at 1 km reso-

lution, as well as extreme values. However, some seasonal gradients are best matched by the 3 km resolution. Furthermore,

summer convective precipitation is slightly improved, but still poorly simulated, likely because the simulation does not allow
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for convection-permitting at any resolution. The results are discussed with the support of some sensitivity tests changing con-

vection parameterizations and allowing for convection-permitting schemes (CPS). The results are relevant to understand the20

behavior of precipitation in complex terrain, to better interpret mountain climates and also the hydrology of the center of the

Iberian Peninsula.

1 Introduction

Mountain climates are particularly sensitive to a number of specific climatological factors that produce differential or amplified

responses compared to those of the lower lands (Barry, 2008). Temperature gradients, atmospheric stability, regional circulation25

and precipitation are influenced by altitude and to the presence of snow, ice and associated albedo changes. Also land use and

land cover changes within an intricate orography have a considerable influence in the flux of energy and therefore in local

climate (Haeberli and Beniston, 1998; Yao et al., 2020; Pörtner et al., 2022).

Likewise, mountains efficiently capture moisture from transient air masses and thus play a crucial role in the water cycle.

Immediately after raining, mountains redistribute water over the surface and down to groundwater and aquifers and release it30

seasonally after winter snow accumulation and spring melting (Hartmann, 1994). These processes are sensitive to changes in

the future as the water cycle and global water partitioning are strongly related to global warming (Bindoff et al., 2013; IPCC,

2021). Decreases of precipitation over parts of the subtropics are expected (Collins et al., 2013; Fox-Kemper et al., 2021; Cos

et al., 2022), although not yet detected over certain regions such as the Mediterranean (Vicente-Serrano et al., 2025).

Nevertheless, considerable warming and drying, as well as growth in the frequency, intensity and duration of hot spells and35

drought events are expected in the Mediterranean region, which since long ago has been underscored as a climate change hot-

spot (Giorgi, 2006). Mediterranean mountain areas are already experiencing changes, which will further unfold in the coming

decades (Adler et al., 2022), and are already having an impact on habitat ranges where species can develop (Nuñez et al.,

2019). Reduced habitats lead to loss of specialized ecosystems due to unprecedented climate conditions with implications for

biodiversity and ecosystem structure and resilience (Gitay et al., 2002; Pörtner et al., 2022).40

Such changes are also affecting society through impacts on water security and livelihoods, changes in floods, landslides and

water availability, which can lead to severe consequences for people, infrastructures and economy in mountain regions, thereby

increasing risks and vulnerability (Ali et al., 2022). Nevertheless, impacts do not only reach mountain dwelling populations, but

also many distant communities that rely on water resources for consumption, agriculture, livestock farming or the generation

of hydroelectric energy, as well as other commodities and services (Caretta et al., 2022; Mejías Moreno et al., 2016).45

Understanding Mediterranean mountain climates and their responses to climate change is highly relevant (IPCC, 2021;

Viceto et al., 2019), but poses challenges related to the availability of observational information. Obtaining long-term obser-

vations of climate variables presents difficulties in mountain regions due to the complexity of terrain and harsh meteorological

conditions (Durán et al., 2015; Vegas-Cañas et al., 2020; García-Pereira et al., 2024). On the other hand, achieving realism

in climate modeling over these regions faces challenges related to the need of high spatial resolution, demanded to represent50

the spatial heterogeneity resulting from complex orography, land use, land cover changes as well as seasonal variability of
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surface physical properties, such as snow cover and vegetation variations. Increasing resolution close to the kilometer scale

over complex terrain mountain areas has been shown to be beneficial to represent temperature and surface wind climatolo-

gies (Jiménez et al., 2013b; Vegas-Cañas et al., 2020), but faces additional challenges at these spatial scales in adequately

representing convection (Prein et al., 2015).55

This work is focused on providing further understanding on precipitation variability over a specific mountain system in the

center of the Iberian Peninsula within the transition between Atlantic and Mediterranean influences. The most relevant moun-

tain range inland is the Central System, which extends from the Sierra da Estrela in the midwest of Portugal, towards the east

and northeast through the center of Spain, up to the Sierra de Ayllón. Our target domain is the Sierra de Guadarrama, located

around 400 km away from the Atlantic coast and over 300 km away from the Mediterranean coast. It covers an approximate60

area of 370 km2 and reaches its highest elevation at 2428 m a.s.l. Depending on the altitude, the climate corresponds to ei-

ther a Dsb type, i.e. a humid, cold continental climate, with a dry and temperate summer, or a Csb, Mediterranean with a dry

summer, according to the Köppen-Geiger climate classification (AEMET and IPMA, 2011). With elevation, it behaves quite

as an Alpine climate embedded in a continentalised Atlantic-Mediterranean environment, with the local climate differing from

the surrounding regions as an island situated over the Iberian plateau (Font Tullot, 2000). In fact, despite the distance from the65

coast, the Atlantic forcing has a significant influence on the area and most of the days with registered precipitation are related

to great advections of moisture from the ocean (Casado and Pastor, 2016). Convective and orographic precipitation also occurs

(Durán et al., 2013; Cano Espadas et al., 2001).

In this study, precipitation observations from 37 sites and a high-resolution simulation carried out with the Weather Research

and Forecasting model (WRF; Skamarock et al., 2005; Wang et al., 2020) have been analyzed over the climatological reference70

period 1991–2020 1991-2020. This targets a better understanding of precipitation in the area of the Sierra de Guadarrama and

its evolution during the last decades. Rather than relying on gridded information, observations from specific sites have been

selected. This avoids uncertainties related to interpolation methodologies and low density of information, typical of mountain

areas, influencing model-data comparison (Vegas-Cañas et al., 2020; Gómez-Navarro et al., 2012). Thus, the capability of the

WRF model to represent information at the site level has been evaluated and the influence of orography and complex terrain has75

been assessed by comparing the results of the model at three different spatial resolutions. This has made it possible to study the

added value of increasing resolution in the precipitation simulation with respect to the ERA5 reanalysis (ECMWF; Hersbach

et al., 2020), from which the boundary conditions to drive the WRF model were used. Also, the influence of convection

parameterizations and convection-permitting schemes on the simulation of precipitation at the highest resolution (Solano-

Farias et al., 2024) has been assessed through sensitivity tests.80

The text is structured as follows: in Section 2, all the data sets used herein, the observations and the regional model and re-

analysis simulations are described; Section 3 explains the methodology implemented and in Section 4, the results are presented

and discussed. Finally, the conclusions are included in Section 5.
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Figure 1. Design of the three WRF domains in the WRF simulation and distribution of available observational sites. Left: domains D1

through D3. Right: zoom of D3 with the GuMNet (circles) and AEMET (squares) sites (numbers are listed in Table 1), ERA5 points inside

D3 (crosses) and relevant cities (stars), shown for the purpose of geographical guidance. Grey shading depicts orographic altitude with the

resolution of ERA5 in the outer border and the increasing resolution to the inner WRF domains. Note that grey segments are used to displace

and differentiate some of the high altitude GuMNet sites.

2 Data

2.1 Observations85

Observational data (Table 1; Fig. 1) were obtained from two different sources in order to cover a wider altitudinal range.

Eight sites belong to the Guadarrama Monitoring Network (GuMNet; Vegas-Cañas et al., 2020; Garcia-Pereira et al., 2024;

Fernández-Castillo et al., 2025; Table 1; Fig.1) and 29 to the Spanish Meteorological Agency (AEMET; Table 1; Fig.1). The

GuMNet facility offers the highest altitude locations while AEMET provides an extended coverage over the area and period

of interest. The GuMNet sites (circles in Fig. 1) are situated in the mountain environment between 920 and 2225 m a.s.l. Most90

of them are located in the southeast side of the Sierra, in the province of Madrid, except for one in the northwest side, in

the province of Segovia (see stars indicating the location of nearby cities to aid geographical orientation in Fig. 1). The time

coverage of these observations is limited from 2003 to 2020 in the best case and to two years of data in the case with less data

(site 3). Despite its limited time span, this short-record station was intentionally included due to its high-altitude placement.

The AEMET sites used in this work (squares in Fig. 1) were selected to allow for a meaningful comparison with model data95

and include all the available sites with good data coverage during the period of simulation, i.e. 1991 to 2020. With the AEMET
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Table 1. Names, acronyms, geographical positions, period of observation within 1991–2020 1991-2020 interval and data source for the

observational sites, which are sorted by altitude. Identifiers in the first column are used in Fig. 1 to show the locations of the 37 sites.

Index Name Code Lon. (◦)/Lat. (◦) Alt. (m a.s.l.) Initial year Final year Source

1 Dos Hermanas DHS -3.964/40.837 2225 2015 2020 GuMNet
2 Zabala ZBL -3.958/40.837 2057 2003 2020 GuMNet
3 Hoyas HYS -3.955/40.834 2019 2018 2019 GuMNet
4 Navacerrada, Puerto NVC -4.011/40.793 1894 1991 2020 AEMET
5 Cotos CTS -3.961/40.825 1873 2007 2020 GuMNet
6 Raso del Pino I RPI -3.969/40.874 1803 2015 2020 GuMNet
7 La Pinilla PNL -3.475/41.192 1798 1991 2020 AEMET
8 Cabeza Mediana CBM -3.908/40.844 1682 2017 2020 GuMNet
9 Alto de los Leones ADL -4.142/40.706 1532 1998 2020 AEMET
10 Cerezo de Arriba CDA -3.470/41.209 1500 1991 2001 AEMET
11 Fuenfría FNF -4.075/40.760 1350 1991 2015 AEMET
12 Embalse de Navalmedio ENV -4.041/40.746 1280 1991 2000 AEMET
13 San Rafael SRF -4.212/40.719 1237 1991 2020 AEMET
14 Cercedilla CRC -4.059/40.742 1214 1997 2005 AEMET
15 Riaza RZA -3.480/41.277 1180 1991 2020 AEMET
16 Matabuena MTB -3.760/41.095 1154 1991 2020 AEMET
17 Otero de Herreros OTH -4.210/40.818 1130 1991 2020 AEMET
18 Alameda ALM -3.844/40.915 1115 2017 2020 GuMNet
19 Hoyo de Manzanares HYM -3.893/40.636 1100 1991 2020 AEMET
20 Torreiglesias TRR -4.034/41.100 1053 1991 2020 AEMET
21 Segovia SGV -4.126/40.945 1005 1991 2020 AEMET
22 Colmenar Viejo CLV -3.765/40.696 1004 1991 2020 AEMET
23 Lastras del Pozo LDP -4.347/40.877 967 1991 2020 AEMET
24 Soto del Real SDR -3.817/40.746 940 1991 2020 AEMET
25 Turégano TRG -4.010/41.154 935 1991 2020 AEMET
26 Herrería HRR -4.136/40.582 920 2017 2020 GuMNet
27 Cantimpalos CNT -4.156/41.070 912 1991 2020 AEMET
28 Pantano el Vado PEV -3.302/41.004 910 1991 2020 AEMET
29 Torrelodones TRL -3.953/40.589 900 1991 2020 AEMET
30 Presa del Vellón PDV -3.624/40.754 850 1991 2020 AEMET
31 Madrid El Goloso MEG -3.712/40.566 740 1991 2020 AEMET
32 Majadahonda MJD -3.856/40.449 725 1991 2020 AEMET
33 Madrid Retiro MRT -3.678/40.412 667 1991 2020 AEMET
34 Fuente El Saz FES -3.513/40.634 645 1991 2020 AEMET
35 Alcalá de Henares ALH -3.292/40.520 610 1991 2020 AEMET
36 Madrid Barajas MBR -3.555/40.467 609 1991 2020 AEMET
37 Madrid Torrejón MTJ -3.444/40.489 607 1991 2020 AEMET
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sites the altitudinal range is extended to a lower bound of 607 m a.s.l. The spatial distribution of the sites spreads mostly in a

northwest to southeast direction, with lower density towards the east and northeast and to the southwest of the domain of study.

2.2 Climate simulations

The simulations used herein come from two sources: the ECMWF Reanalysis v5 (ERA5) and the Weather Research and100

Forecasting Model (WRF) model. The ERA5 (Hersbach et al., 2020) reanalysis (0.3◦ × 0.3◦ resolution) was used to provide

the boundary conditions for the WRF model simulation (Fig. 1). Also, its simulated precipitation has been used for comparison

with the WRF simulation at various resolutions and with observations to determine the added value of increasing resolution.

The WRF model (Skamarock et al., 2005; Wang et al., 2020) is a fully compressible and non hydrostatic model (with a run-

time hydrostatic option) with the vertical coordinate as a terrain-following hydrostatic pressure coordinate. The grid staggering105

is the Arakawa C-grid and the model uses the Runge-Kutta second and third order time integration schemes, and second to

sixth order advection schemes in both the horizontal and vertical dimensions. Additionally, it uses a time-split small step for

acoustic and gravity-wave modes. The selected physical configuration involved parameterizations of the 4.2.2 model version,

including long-wave radiation, as represented in a new version of the Rapid Radiative Transfer Model (RRTMG; Iacono et al.,

2008). This considers the effects of the detailed absorption spectrum of water vapour, carbon dioxide and ozone. The short-110

wave radiation scheme is also based on Iacono et al. (2008). A New Tiedtke (Zhang and Wang, 2017; Tiedtke, 1993) scheme

is used for the cumulus parameterization and an improved Mellor-Yamada Nakanishi and Niino Level 2.5 scheme (Nakanishi

and Niino, 2006) was used to parameterise the planetary boundary layer (PBL) in the three domains. For the microphysics,

the Thompson et al. (2008) scheme was implemented to describe ice, snow and graupel processes suitable for high-resolution

simulations. The Noah-MP land-surface model was used to provide the heat and moisture fluxes at land points (Niu et al.,115

2011). The chosen surface layer model is based on Nakanishi and Niino PBL surface layer scheme (Nakanishi and Niino,

2006) and the land use and land-cover (LULC) data used to determine the physical properties of the surface was the CORINE

100 m (EEA, 2021). The topographic data for all domains were obtained from the Global Multi-resolution Terrain Elevation

Data 2010 at 30 arcsec grid resolution (Danielson and Gesch, 2011). Sea surface conditions are introduced with the NOAA

1/4◦ Daily Optimum Interpolation Sea Surface Temperature v2 high resolution OISST (Huang et al., 2021; Reynolds et al.,120

2007) and sea-ice (0.25◦; approx. 25 km).

The simulation was divided into three experiments, covering two of them a time interval of one decade and the last one of

eleven years: 1989–1999, 1999–2009, and 2009–2020 1989-1999, 1999-2009, and 2009-2020. The first year of each exper-

iment was spared as spin up. The complete run extends over the 1991–2020 1991-2020 time interval and resulted from the

concatenation of each single experiment after excluding the spin up year. The long period (one year) of spin up allows for125

long-term processes in the soil to reach equilibrium (González-Rouco et al., 2021; Torres-Vázquez et al., 2023), with the initial

conditions provided at the beginning of each experiment by ERA5.

All three experiments used an identical configuration with three nested domains without feedback, reaching a 1 km horizontal

grid spacing in the innermost grid and a 1:3 ratio between the contiguous inner and outer domain resolutions, leading to three

different resolutions: 9 km for the outer domain (D1) and 3 and 1 km for the inner nested domains D2 and D3, respectively.130
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Table 2. Configuration used in the WRF simulation. See text and Fig. 1 for complementary information about domains and resolutions.

WRF version 4.2.2 (Wang et al., 2020)

Domains 3 nests: D1, D2, D3.
Grid spacing 9 km (D1), 3 km (D2), 1 km (D3).
Vertical discretization 61 hybrid vertical coordinate, model top at 50 hPa.
Model levels Auto levels opt. = 2.

9 model levels below 1 km.
5 lowest level heights: approx. 0, 49, 111, 190, 290 m a.g.l.

Simulation length 3 decades spanning the period 1991–2020 1991-2020, distributed into 3 experiments
of about 1 decade each including the first year of each experiment as spin-up:
1989–1999, 1999–2009, 2009–2020.

Terrain data Global Multi-resolution Terrain Elevation Data 2010 at 30 arcsec .
(Danielson and Gesch, 2011).

Land use data CORINE 100 m (EEA, 2021).
Dynamical forcing ERA5 reanalysis (0.3◦ × 0.3◦ resolution) on pressure levels (Hersbach et al., 2020).
Sea conditions NOAA OI SST V2 High Resolution Dataset.

SST and sea-ice (0.25◦, approx. 25 km) (Reynolds et al., 2007; Huang et al., 2021).
Nudging Spectral nudging in D1 only, above PBL and level 20.
Time step Adaptive.
PBL Improved Mellor-Yamada Nakanishi and Niino Level 2.5 scheme.

(Nakanishi and Niino, 2006).
Surface layer Nakanishi and Niino (2006) PBL’s scheme.
Land surface model Noah-MP model (Niu et al., 2011).
Cloud microphysics Thompson et al. (2008) scheme.
Radiation Rapid Radiative Transfer Model (Iacono et al., 2008).
Cumulus parametrization New Tiedtke scheme (Zhang and Wang, 2017; Tiedtke, 1993).
Diffusion Full diffusion.

2D deformation.
6th-order positive definite numerical diffusion.
Rates of 0.06, 0.08, and 0.1 for D1, D2, and D3.
Vertical damping.

Advection Monotonic transport and positive definite advection of moisture and scalars.
Numerical options 72 cores, IO quilting (two cores used for output).

The innermost domain, D3, covers the Sierra de Guadarrama and a large area of the provinces of Madrid and Segovia (Fig. 1).

The three separate WRF resolutions within the D3 domain are going to be referred to as WRF1, WRF2, and WRF3 hereafter.

These three correspond to the 9 km, 3 km, and 1 km resolution outputs, respectively. The 9 km resolution WRF output inside

the D3 domain is going to be referred to as WRF1 hereafter, the 3 km resolution WRF output inside the D3 domain is going to

be identified as WRF2 and similarly WRF3 for the 1 km resolution WRF output.135
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The model top was set to 50 hPa, following the best practices recommended by the WRF developers (Wang et al., 2019, 2020)

and as in Vegas-Cañas et al. (2020) and Hahmann et al. (2020). Spectral nudging was implemented above the PBL in D1 only

and an adaptive time step was used to assure the stability of the simulation (Skamarock et al., 2005). Finally, the vertical

discretization was of 61 levels of the hybrid vertical coordinate. This setup information and more technical details are provided

in Table 2.140

One issue that is discussed herein is the convenience of using convection-permitting schemes (Lind et al., 2020; Vergara-

Temprado et al., 2020; Tomassini et al., 2023), particularly considering the focus of this work on high km-scale resolution

and the fact that it targets an area of complex terrain. The 30 year long simulation presented here included the New Tiedtke

(Zhang and Wang, 2017; Tiedtke, 1993) for the cumulus parameterization. The simulation had been completed before making

it available for this study. In order to assess the convenience of including convection-permitting schemes, several additional145

experiments were performed to simulate year 2009 data during the development of this analysis, using 6 different configura-

tions: the configuration used in the 1991–2020 1991-2020 simulation (Table 3) has been compared to 5 additional simulations

in which cumulus parameterizations have been changed or switched off to allow for the direct simulation of convection (simu-

lations 1-5; Table 3). All these test simulations start from the same restart file resulting from the last time step of 31 December

2008, thus sharing the same initial conditions.150

3 Methodology

The climatology of precipitation in the region is assessed herein by focusing on daily accumulated precipitation for annual and

seasonal timescales: annual (January to December), spring (March, April, and May; MAM), summer (June to August; JJA),

autumn (September to November; SON) and winter (December to February; DJF).

Table 3. Cumulus parameterizations for WRF1, WRF2, and WRF3 for the reference simulation and for five sensitivity experiments carried

out for the year 2009. All other features of the model configuration have been kept as in the reference simulation (Table 2). All simulations

share the same selection for the first two domains. The last three simulations allow CPS for WRF3.

D1,D2 D3

Reference New Tiedtke (Zhang and Wang, 2017) New Tiedtke
Simulation 1 Multi Scale Kain-Fritsch (Kain, 2004) Multi Scale Kain-Fritsch
Simulation 2 Grell-Freitas (Grell and Freitas, 2014) Grell-Freitas
Simulation 3 New Tiedtke -
Simulation 4 Multi Scale Kain-Fritsch -
Simulation 5 Grell-Freitas -
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The data from the simulations were evaluated by considering the three model resolution outputs over the D3 domain (WRF1-155

3; Fig. 1) and also by co-locating them to the observations locations, i.e. extracting and evaluating only those grid points closest

to each observational site. This will be referred to as spatial masking hereafter.

Similarly, to counteract the fact that the time span for certain observational sites is not as long as that of the simulations

and to account for the potential influence of missing data, some analyses only consider in the simulations those days with

available observations (temporal masking hereafter). Also, some analyses focus only on those days in the simulations in which160

precipitation occurs in the observations (wet masking hereafter). When simulations have been co-located and masked to the

observational data availability, i.e. spatial and temporal masking, the model-observation comparison is done with the same

number of data in both data sets. If masked to observational wet days, then the assessment focuses on the realism of the

simulations in representing precipitation when it rains in the reality.

The relationship between precipitation and altitude has also been assessed, with the annual and seasonal means of daily165

accumulated precipitation for the observations and simulations being regressed against altitude.

The added value of the WRF model simulation with respect to ERA5 has been assessed using the Brier Skill Score (BSS;

Von Storch and Zwiers, 1999), defined as:

BSS = 1− RMSEtest

RMSEref
(1)

where RMSE indicates the Root Mean Square Error between the simulations and the observations, calculated based on170

anomalies, i.e. after subtracting the averages of each of the involved time series. This avoids biases inflating RMSE estimations

and allows for evaluating errors in the simulation of temporal variability. RMSEtest and RMSEref are the RMSE values for

a test and a reference experiment, respectively. If the result is positive, the residuals of the test model have a smaller RMSE

than the reference, so the test model outperforms the results offered by the reference. On the other hand, if BSS is negative,

the reference model produces smaller residuals and thus remains better. BSS values close to 0 indicate that the test simulation175

performance is very similar to the performance of the reference in representing the observations.

4 Results

4.1 Climatology

Fig. 2 shows the total annual accumulated precipitation mean for the three resolutions of WRF in the D3 domain, for ERA5

data (diamonds) and for the observations (circles). At all resolutions the highest precipitation values are simulated within the180

highest altitudes of the Sierra (Fig. 1), at the central and northeastern areas. This is especially notable in the 1 km resolution

(WRF3; Fig. 2c) and also broadly consistent with ERA5 and with the observations.

It is noteworthy how the WRF simulated precipitation increases with resolution and a more realistic representation of orogra-

phy, this being in principle a result of enhanced orographic ascent. In this sense, the 9 km resolution of WRF (WRF1; Fig. 2a),

is a coarser representation of orography and consistently simulates a comparatively more homogeneous spatial distribution.185

Low altitude sites receive also the lowest observed precipitation amounts between 400-500 mm, still slightly above the values
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simulated by WRF1 and partially consistent with those of WRF2 and WRF3: as the resolution increases, the model simulates

higher precipitation for some of those sites around the Sierra to a range of 600-800 mm (Fig 2b,c).

The simulation at 3 km (WRF2) is reasonably consistent with the range of observations for a number of intermediate (e.g.

sites 8, 10-14, 16, 19; Table 1) and high altitude (e.g. sites 1, 3, 4, 8) sites, while some sites are at odds (e.g. sites 2, 5, 9,190

18), in all cases because of overestimation. This seemingly outlier behavior in the comparison with the model can be due to

model deficiencies, but also due to observational limitations in temporal sampling, site selection or other causes, as it will be

discussed later. Note that in all cases such discrepant sites are well under the values registered by nearby sites. Interestingly,

the lowest precipitation amounts are consistently depicted by WRF2 and observations to the south east of the domain (e.g. sites

36, 37).195

The simulation output at 1 km (WRF3) enhances precipitation in the whole domain, generating values that are above those

registered at most sites. It is remarkable that the model yields values above 1500 mm at the highest altitudes, reaching 1800 mm,

where no observations are available. Although those values are very likely overstated, since the simulation overestimates almost

elsewhere, it is interesting to note that in the highest areas, where the heaviest rainfall could occur, there are no observational

sites that allow comparisons with the simulation. Overall, WRF2 seems to produce a climatology at least as consistent with200

observations as WRF3. Seasonal climatology is shown in Figure 3 (rows) for the three WRF resolutions (columns), ERA5

and observations. Winter registers the highest precipitations in the Sierra de Guadarrama (Fig. 3j,k,l), but not in the piedmonts
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Figure 2. (Updated figure according to R2C5) Total annual accumulated precipitation means for the three resolutions of WRF (9 km, 3 km,

and 1 km), observations (circles) and ERA5 data (diamonds), over the D3 domain. Topographic contour lines from the 1 km resolution WRF

simulation are included to highlight the complex terrain of the study area.
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Figure 3. (Updated figure according to R2C5) Total seasonal accumulated precipitation mean for the three resolutions of WRF (9 km, 3

km, and 1 km), observations (circles) and ERA5 data (diamonds), over the D3 domain. Topographic contour lines from 1 km resolution

WRF simulation are included to reference the complex terrain of the study area. Topographic contour lines from the 1 km resolution WRF

simulation are included to highlight the complex terrain of the study area.
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and the valleys, where the maxima occurs in autumn and spring (Fig. 3a,b,c and 3g,h,i, respectively). Summer is by far the

driest season, registering precipitations below 50 mm in Madrid and nearby sites (Fig. 3d,e,f). In fact, these low levels are

consistent with WRF1 in all the southern half of the domain. WRF2 and WRF3 simulate also low values, although slightly205

above that level. Nevertheless, at the high altitude and northeastern sites, WRF2 and particularly WRF3 represent better the

slight increases of average summer precipitation above 100 mm. WRF1 tends to underestimate precipitation at all seasons,

although in spring and autumn it yields a better model-data agreement at some low altitude sites. On the other hand, WRF2

tends to be consistent with observations at low and intermediate sites and somewhat underestimate at high altitude, particularly

in winter. For the highest altitudes, WRF3 seems to produce more consistent values. The gradient of precipitation with height210

is remarkable within the top few grid points in WRF3. This is consistent with reports from Morán-Tejeda et al. (2021) and with

the high values of some sites in winter. Thus, although the realism of the sharp increase of high altitude precipitation remains

uncertain and could be a feature of the model, it is consistent with the behavior of the limited observational information. Better

observational sampling could help as well to ascertain if this behavior is realistic or if the model overstates the role of altitude.

Regarding ERA5, precipitation values are generally in better agreement to observations within the lowlands to the northwest215

and south east of the domain. In the southwest-northeast direction ERA5 values are slightly larger but strongly underestimate

site data over the area of the Sierra de Guadarrama. Interestingly, the largest ERA5 precipitation values are in the range of

200-250 mm and take place in spring and autumn, whereas for WRF the largest values are clearly attained in winter for all

resolutions. It is difficult to ascertain whether this is the case in reality from the available sites, at high altitudes.

4.2 Precipitation distribution220

To assess how the models represent the occurrence of precipitation, Figure 4 shows the percentage of days per year with

appreciable (> 0.2 mm) precipitation at each site. The occurrence of wet days has been compared in three different ways:

by considering the complete availability of observational and simulated data, which for the observations is the time during

which a site has been in operation; by considering only days with availability of observational data (temporal masking); and by

considering only days with appreciable precipitation in observations (wet masking). For the three assessments, simulation data225

has been co-located (spatially masked), to extract the closest simulation grid point to each observational site (see Section 3).

At low altitude sites, like those situated in the city of Madrid (33/MRT; Table 1) and nearby stations, the observed percentage

of days with appreciable precipitation (orange boxes; Fig. 4) precipitation is around 20 %. This percentage tends to increase

with altitude reaching maxima above 40 % at sites 3 and 8 (HYS and CBM), located above 2000 and 1500 m a.s.l., respectively.

In fact, at the highest altitudes, there are notorious differences between nearby sites, especially between sites 2 and 3 (ZBL230

and HYS), probably because of missing data (hatched and hollow boxes in Fig.4). This is most pronounced in the case of

site 2, particularly for winter (DJF; Fig. 4). This could be due to data sampling problems caused by heavy snowfall or from

accessibility and maintenance issues on sites during winter.

Summer is the season with the smallest percentages of wet days (JJA; Fig. 4) with wet days percentages at most sites between

10 and 20 %. For the other seasons, comparable values are attained and are in the range of those for the annual case (between235

30 and 40 %). For all seasons, progressive precipitation increases with altitude are apparent. The distinct behavior of some
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Figure 4. Observed and simulated precipitation occurrence described by the percentage of days with appreciable (> 0.2 mm) precipitation

for annual and seasonal data. For the annual analysis, each station in the x-axis includes 5 different bars corresponding to the observations

and the ERA5 and WRF simulations; the latter including the output for the three model resolutions (see labels and colours). The four

panels at the bottom represent the seasonal cases and include the observations and only the WRF3 simulation output. Orange solid boxes

represent the percentage of observed days per year with appreciable precipitation. Solid boxes in the simulations represent also the appreciable

precipitation, but considering only the days with appreciable rainfall in observations (masking to wet days). Hatched boxes represent the

percentage of appreciable precipitation occurrence if the days with available observation, either dry or wet, are considered (masking to data

existence). Hollow boxes indicate the occurrence of appreciable rainfall in the simulations during the time, i.e. the number of years, in which

the station is working (no temporal masking). Stations in the horizontal axis are labeled according to Table 1 and ordered by altitude.

13



higher altitude sites showing comparatively smaller percentages (e.g. 2/ZBL, 5/CTS, 9/ADL, 11/FNF) is also reproduced at all

seasons.

The wet masking in simulations explains how well the simulations describe rainfall days in reality. Filled boxes in Fig. 4

represent this analysis and show that the three resolutions of WRF simulations and the reanalysis provide similar results. When240

precipitation occurs, ERA5 and WRF also simulate wet days, with wet day occurrence being underestimated by less than 5 %.

No model or WRF resolution variant outperforms the others.

When simulations are masked to data existence (hatched boxes in Fig. 4), the reanalysis and WRF, regardless of the reso-

lution, generate days with appreciable precipitation that do not occur in reality. The number of days per year with appreciable

precipitation is overestimated (ratio of hatched and solid boxes) by a factor of about 1.5, which is higher for summer (JJA; Fig.245

4), when simulations produce more than twice as many wet days as recorded in observations. It is also worth noting that the

season with more wet days simulated by WRF3 is spring (MAM; Fig. 4), regardless of altitude, a feature that is produced by

all WRF resolutions and ERA5 (not shown). The overestimation of wet days is prone to produce precipitation totals that are

higher than those observed.

The non-masked simulations (hollow boxes in Fig. 4) show much more dependence with altitude and tend to homogenize250

differences between close sites. This reinforces the idea that the differences between nearby stations concerning observational

records and masked assessments could be because of missing data. In fact, the biggest differences between hollow and hatched

boxes occur for stations with short data series, such as sites 2/DHS and 1/ZBL (Table 1). The percentage of simulated wet days

per year during the time span of operation of the station is ca. 50 % for altitudes above site 18/ALM (1100 m a.s.l.). Below that

level, it decreases progressively down to site 32/MJD (725 m a.s.l.), below which it remains fairly constant at 30 % of rainy255

days per year. All of these lower stations are located in the southeast of the D3 domain (Fig. 1), near the city of Madrid (see

also Section 4.1).

The observed and simulated precipitation totals are compared in Figure 5 in dispersion diagrams for mean annual and

seasonal accumulated precipitation values. The closer the points are to the diagonal line, the more accurate are the simulated

precipitation totals. The simulated data have been co-located to observational sites (spatial masking) and both temporally260

masked and unmasked simulated data have been evaluated for the annual case. Seasonally, only the non-masked data have

been represented.

In terms of the total accumulated precipitation, WRF3 tends to overestimate for all seasons and the annual case, except

for some sites during autumn and winter (SON and DJF; Fig. 5) with precipitation in the range of 100-150 mm. WRF1 and

ERA5 underestimate for sites with precipitation totals above 700 mm, and to a greater extent for the higher accumulations.265

As for the lower resolutions, WRF1 outperforms ERA5 slightly in DJF, but does not improve in general the performance of

the reanalysis, with ERA5 actually producing better results in spring and autumn (MAM and SON; Fig. 5). WRF2 tends to

underestimate slightly the largest precipitation totals in the annual case, but overall it is closer to observations than WRF3 for

all seasons (solid circles). For most sites, the annual differences between the hollow and solid circles, i.e. temporal masking or

no masking, are small, but for some sites (e.g. 2/ZBL) they are noteworthy, thereby indicating the effect of missing data in the270

totals and that the observational sampling is likely not capturing well precipitation occurrence, as in Fig. 4. For the case of the
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wet masking (small circles), it becomes evident that the WRF3 estimates are much closer to observations. This occurs when

restricting the precipitation counting of the simulations to the observational wet days. Since WRF produces more wet days

than observations (Fig. 4), total precipitation is overestimated. Seasonally, wet masking WRF3 reduces this overestimation

considerably and its values are fairly close to the diagonal line. The other resolutions tend to underestimate the observations,275

except for WRF2 in winter (not shown).

As shown by the station code identifiers (Table 1) alongside the horizontal bottom axis of Fig. 5 in the annual case, typically

the higher accumulations, both observed and simulated, correspond to the highest altitudes, except for site 2/ZBL (Table 1).

This site behaves as an outlier, likely because of the high proportion of missing data as discussed earlier.

The distribution of probability of precipitation totals into ranges of daily accumulated values are discussed with Figure280

6 for the case of threes sites: histograms of relative and accumulated frequencies of daily appreciable precipitation for the

observations and for temporally masked simulations are shown for Navacerrada, Segovia, and Madrid Retiro (sites 4/NVC,

21/SGV, 33/MRT; Table 1). These three stations have been selected because they cover a long time period, a wide altitudinal

range and because of their geographical position: 21/SGV at the west side of the Sierra; 4/NVC, located at the heart of the

Sierra; and 33/MRT, at the east side, in the city of Madrid, and at a relatively lower altitude.285

These histograms of accumulated precipitation agree with Fig. 4 in showing that there is more occurrence of wet days at

the higher altitude sites and also in the model simulations than in observations. The 1 km resolution of WRF, WRF3, is the

one that overestimates these days the most, especially for sites 4/NVC and 21/SGV. For 33/MRT the frequencies of WRF3 are

comparable to ERA5 reanalysis. The total number of wet days in the simulations that did not occur in reality can be on the

order of 1000 (approximately 30 days per year) for sites 4/NVC and 21/SGV and a bit smaller for 23/MRT (see differences290

between the simulated and observed absolute accumulated frequencies at the last class interval). Notice that the overestimation

grows from the first classes and after ca. 10 mm it remains fairly constant for WRF1 and increases slightly for the other model

outputs. This can be better understood with the relative probability plots (Fig. 6; bottom row), where normalized frequencies

are depicted for observations and simulations in order to better describe the class intervals that receive most precipitation

occurrence.295

The segments included in these plots show the range of values for the first to third quartile (Q1 and Q3 in the legend; Fig 6)

in observations, WRF and ERA5. 25 % of wet days occur for very low precipitation amounts of about 1 mm, 50 % are in the

2-6 mm and 75 % below 10 mm, so about 75 % of wet days distribute over rather small daily precipitation amounts, between

0.2 and about 10 mm, this being also the range over which the simulations overestimate precipitation occurrence.

Overall, the shape of the distribution is well reproduced by the simulations. In general, WRF1 tends to overstate small300

precipitation events in the three example sites, whereas ERA5 does it at sites 33/MRT and 4/NVC and produces a more

accurate distribution at site 21/SGV. WRF3 shows a better performance than WRF1 at all sites, reducing percentages at the

lowest classes and increasing them at the highest, where the other model outputs tend to underestimate the observations,

probably as a result of orographic precipitation enhancement.

The segments indicating the positions of the quartiles show broadly very similar ranges for the observations and the simula-305

tions. For the site at the highest altitude, the WRF3 range is the closest to the observations.
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Figure 5. (Updated figure according to R1C4) Observed and simulated (ERA5 and WRF) mean of annual and seasonal accumulated precipi-

tation within the D3 domain. For the annual case, big coloured circles represent appreciable precipitation during the time of data availability

for each site; hollow circles represent data if the days with available observation, either dry or wet, are considered (temporal masking) and

little coloured circles represent data that consider only the days with appreciable rainfall in observations (wet masking). For the seasonal

panels, only the results of unmasked data are shown. The numbers labeled in the x axes of the top panel identify the corresponding stations

in Table 1. The dashed black line represents the range of equal values in observations and simulations.
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Figure 6. Accumulated absolute and relative distributions of daily precipitation. Top: histograms of daily precipitation in accumulated

absolute frequencies, for sites 4/NVC, 21/SGV, and 33/MRT. Bottom: histograms of daily precipitation relative frequencies at the same sites.

See legend for colours identifying ERA5, WRF and observations. At the bottom plots, the coloured segments depict the position of the

Q1, Q2 (median) and Q3 quartiles in ERA5, WRF and observational samples. Data have been temporally masked to produce model and

observational estimates from synchronized samples of equal size.

The previous analysis is extended to all sites in Figure 7. Box and whiskers plots are shown for observations at each site

and all model simulations for the annual case. Additionally, for all seasons, the assessment shows observations, WRF2 and

WRF3, specifically. Whiskers range between the 10th and 90th percentiles while boxes illustrate the 25-75 % range, with the

median inside marked by a white dot. Additionally, extreme data are depicted by showing the 99th percentile in the top lines310

(note the different axis for these in Fig. 7). For many sites the simulations tend to underestimate the observed annual statistics

(e.g. sites 8, 11, 12, 14, 19, 20, 23, 24, 26, 28, 30, 31, 32, 35), while for the others simulations, particularly WRF3, broadly

agree with the range of variability of observations (e.g. sites 3, 6, 9, 10, 29); for a number of sites WRF2 performs as well as

or better than WRF3 (e.g. sites 13, 17, 18). The range of variability tends to be higher for the most elevated stations and the

relative changes from site to site are also captured by the simulations. For the lower altitude sites all simulations produce very315

similar distributions, but for the higher, the ranges differ. Typically ERA5 and WRF1 underestimate the most, while WRF2

and WRF3 are closer to the observational ranges, as depicted by the box and whiskers plots. WRF1, for those sites, tends

17



 0

 5

 10

 15

 20

 25

 30

 35

 40

1
/ 

D
H

S

2
/ 

Z
B

L

3
/ 

H
Y

S

4
/ 

N
V

C

5
/ 

C
T

S

6
/ 

R
P

I

7
/ 

P
N

L

8
/ 

C
B

M

9
/A

D
L

1
0
/C

D
A

1
1
/F

N
F

1
2
/E

N
V

1
3
/S

R
F

1
4
/C

R
C

1
5
/ 

R
Z

A

1
6
/ 

M
T

B
1
7
/ 

O
T

H
1
8
/ 

A
L

M
1
9
/ 

H
Y

M
2
0
/ 

T
R

R

2
1
/ 

S
G

V

2
2
/ 

C
L

V

2
3
/ 

L
D

P
2
4
/ 

S
D

R

2
5
/ 

T
R

G

2
6
/ 

H
R

R
2
7
/ 

C
N

T
2
8
/ 

P
E

V

2
9
/ 

T
R

L

3
0
/ 

P
D

V

3
1
/ 

M
E

G
3
2
/ 

M
J
D

3
3
/ 

M
R

T
3
4
/ 

F
E

S

3
5
/ 

A
L

H
3
6
/ 

M
B

R
3
7
/ 

M
T

J

 0

 20

 40

 60

 80174.4

P
re

ci
p
it

at
io

n
 (

m
m

)

P
er

ce
n
ti

le
-9

9
 (

m
m

)

Sites

ERA5
WRF1
WRF2
WRF3

ObservationsAnnual

 0

 5

 10

 15

 20

 25

 30

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37

 0

 20

 40

 60

 80WRF2
WRF3
Obs.

MAM

 0

 5

 10

 15

 20

 25

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37

 0

 20

 40

 60

 80
WRF2
WRF3
Obs.

JJA

 0

 5

 10

 15

 20

 25

 30

 35

 40

 45

 50

 55

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37

 0

 20

 40

 60

 80
177,7 WRF2

WRF3
Obs.SON

 0

 10

 20

 30

 40

 50

 60

 70

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37

 0

 20

 40

 60

 80

 100

 120

 140206,1 WRF2
WRF3
Obs.

DJF

Figure 7. Relative distributions (boxplots) of appreciable precipitation in simulations and observations. Top: boxplots of the three resolutions

of WRF, ERA5 and the observations at each station. WRF and ERA5 data has been co-located for each observational site, as well as

temporally masked to data existence. On each boxplot: the bottom whisker represents the 10th percentile; the lowest part of the box shows

the first quartile; the highest part of the box shows the third quartile; the top whisker shows 90th percentile and the lines above show the

99th percentile (note the different axis). The median is represented with a white dot inside the box. Bottom: analogous representation for the

seasonal assessment focusing on WRF2, WRF3 and the observations. Stations in the horizontal axis are labeled according to Table 1 and

ordered by altitude.
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to show the worse results, worse than ERA5, while WRF3 tends to show the best. Therefore, for the low altitude sites there

is little improvement with the resolution enhancement, while for higher altitudes the added value of increased resolution is

higher. This is even clearer for the 99th percentile: for all altitudes ERA5 and WRF1 tend to underestimate extreme values and320

particularly for the higher altitude sites; however WRF2 and WRF3 match the range of observed values, slightly overestimating

at some low altitudes sites, while for higher altitudes, both high resolution outputs, and particularly WRF3, are the closest to

observations. The seasonal analysis shows very similar results for spring, autumn and winter (notice the different ranges in the

distribution), with winter being the season with the largest daily precipitation values and largest contrast between low and high

altitude sites.325

The summer statistics are noteworthy as they show several distinct features: the contrast between low and high altitude sites is

minor, in comparison to other seasons, in observations and absent in WRF2 and WRF3; and the WRF2 and WRF3 simulations

systematically underestimate precipitation at virtually all sites, the underestimation being notable for the third quartile and the

90th and 99th percentiles. This is suggestive of the dominant character of convection and of problems in adequately simulating

convection with the current configuration of the model.330

The comparison between the altitudinal distribution of precipitation for the different WRF configurations and for the obser-

vations is intended to characterize the importance that each resolution attaches to the influence of orography on precipitation.

Figure 8 shows that there is a positive correlation between precipitation and altitude, being more intense for the higher res-

olutions. This representation is somewhat simplistic as it does not consider subregions or orientations of orography to the

different directions of the atmospheric flows. Nevertheless, it allows for a first order comparison of precipitation rates with335

altitude in observations and simulations. Total accumulated annual precipitation means for observational data increase at a rate

of 755.3 mm/km. The coarser representation of orography at lower resolutions causes that neither ERA5 (209.8 mm/km) nor

WRF1 (305.9 mm/km) are able to simulate this dependency well. WRF2 and WRF3 reach ratios of 546.7 mm/km and 721.3

mm/km, respectively. When evaluating only the spatially masked grid points of WRF, observations and simulations yield closer

gradient values, corresponding to 339.7 mm/km, 628.2 mm/km and 782.9 mm/km for co-located WRF1, WRF2 and WRF3,340

respectively.

The bottom left panel of Fig. 8 shows the seasonal altitudinal distribution of WRF3 data and observations. WRF3 shows a

higher gradient value than observations for winter, (DJF; Fig. 8), but less for autumn (SON; Fig. 8). Spring and summer (MAM

and JJA; Fig. 8) report similar values. This indicates that winter orographic ascent is the dominant influence of altitude. The

summertime contribution of altitude to convection is more evident in this figure than in Fig. 5 and Fig 7, but relatively minor345

in comparison to other seasons.

The bottom right panel of Fig. 8 allows to effectively quantify the increasing dependence of precipitation on altitude with

resolution. The role of resolution in correctly representing the orography when simulating the precipitation is remarkable at

all seasons, and particularly in winter (DJF; bottom right panel, Fig. 8), when WRF3 simulates a gradient 6 times larger than

ERA5; even in summer, the progressively increasing resolution of the WRF outputs produces more realistic precipitation rates350

with altitude than ERA5. Co-located estimates produce, in all seasons but summer, higher values. WRF3 estimates are then

on the higher end of the observations for winter and spring, with WRF2 producing more accurate estimates, especially for
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Figure 8. (Updated figure according to R2C13) Description of precipitation changes with altitude. Top: altitudinal distribution of observed

and simulated mean of annual accumulated precipitation for WRF, ERA5 (diamonds) and observations (circles). WRF data is represented

with crosses and observations co-located WRF data with squares. The results of several linear fits of precipitation totals and altitudes are

shown for observations, ERA5 and WRF complete outputs (colours) and co-located data (black lines). Months with more than 20 % missing

data have been excluded from the analysis. Bottom left: altitudinal distribution of observed and simulated mean of seasonal accumulated

precipitation of WRF3 (crosses; including all model grid points in D3) and observations (circles): MAM (green), JJA (orange), SON (brown),

and DJF (blue). Bottom right: representation of the ratios of precipitation (mm) and altitude (km) for ERA5, WRF and observations for the

annual and seasonal cases. Grey symbols correspond to co-located WRF data and black to non co-located WRF data.

winter. In autumn, WRF3 is the closest to observations after considering only the co-located grid points. For the summer,

the differences are negligible. The 95 % confidence intervals for the regression coefficients are very small for the non co-

located simulations due to the large number of data involved in the estimation. Co-located data and observations show similar355

uncertainty ranges in their estimates of the annual and seasonal cases, except for summer (JJA; bottom right panel, Fig. 8),

when values are very close to zero, this being the result of the low spatial variability in the simulation of summer precipitation

(e.g. Fig. 7).

Finally, the added value of the WRF model simulation, in its three resolutions, with respect to ERA5 has been assessed

making use of BSS for the annual case (Figure 9) and for the seasonal cases (Figure 10). This allows to assess the relative im-360

provements of increasing physical detail not only in the properties of the simulated distribution in comparison to observations,

but also in the actual errors (RMSE) of the simulated WRF data with respect to observations and in comparison to those of the
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Figure 9. Brier Skill Score for annual accumulated co-located and masked data of appreciable precipitation for the three resolutions of WRF

(9 km, 3 km, and 1 km) in comparison with ERA5.

ERA5 simulations as a reference. The more positive the values of BSS, the better the simulation represents observations with

respect to the reanalysis; and the more negative, the lower the added value of WRF on ERA5 (Section 3).

The comparison of annual values between the output of the three resolutions and ERA5 (Fig. 9) yields positive BSS values365

for most sites, so that the performance of the WRF improves, in general, that of ERA5 in representing the observations. The

statistics obtained for WRF2 at 3 km resolution are visibly the best, improving BSS values at high altitude sites relative to

WRF1. WRF3 performs better in general than ERA5 and WRF1, but it does not improve BSS relative to WRF2, producing

values that except for some sites (e.g. site 3) are similar or lower to those of WRF2. Some of them display even negative values

(e.g. sites 6, 10 or 31), thus indicating loss of performance relative to ERA5.370

Figure 10 expands the information of Fig. 9 to all seasons. The seasons that show most improvement in the reduction of

residual variance are spring and autumn, particularly for WRF1 and WRF2, with most high altitude sites and sites at the north

and southern plains showing reductions of error relative to ERA5. However, concerning WRF3, some sites (e.g. sites 6, 7, 10,

16, 31, 34) do not show improvements. Also, interestingly, increasing resolution does not necessarily improve residual variance

in winter and at a few sites (e.g. sites 8, 13, 16, 17, 21, 26, 29, 34) performance worsens. Summer is the season rendering worse375

model results.

4.3 Discussion

From the previous analysis we learn that increasing model resolution can therefore improve model biases in the representation

of the annual and seasonal distribution of precipitation at higher altitude sites, but not necessarily error variance when assessing

model-data residuals. Model-data errors can show notable local improvements for some sites (mostly high altitude) and seasons380
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c) D3: WRF3 vs ERA5
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i) D3: WRF3 vs ERA5
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j) D3: WRF1 vs ERA5
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k) D3: WRF2 vs ERA5
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l) D3: WRF3 vs ERA5
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Figure 10. Brier Skill Score for seasonal accumulated co-located and masked data of the appreciable precipitation for the three resolutions

of WRF (9 km, 3 km, and 1 km) in comparison with ERA5.
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Figure 11. (Updated figure according to R1C4) Comparison between observed and simulated annual accumulated precipitations by WRF

and ERA5 within the D3 domain for configurations of WRF involving different concerning cumulus parameterizations and CPS approaches.

Symbol convention follows that of Fig. 5.

(mostly winter) while deteriorating at other sites and seasons, and also with increasing resolution (Fig. 9 and 10). There are

at least two factors that can contribute to this behavior. One is the sensitivity to the metrics that are used to quantify the

performance of the model-observation errors. As designed in Fig. 9 and 10, the closest grid point to the observational sites

is selected. When increasing resolution this imposes important requirements to the analysis as, particularly in the case of

23



convective precipitation, local systems can be realistically simulated and yet, not generate precipitation necessarily at the385

closest grid point to a given observational site. This can be recalled as type of representation error (e.g. Jiménez et al., 2013a;

Van der Plas et al., 2017). Therefore, more flexible approaches that allow for introducing some uncertainty in the evaluation

of the spatial skill of model in simulating convective precipitation seem advisable. The other issue that can contribute to the

performance of the model at kilometer scale resolutions is the configuration of the simulation and, specifically, the selection of

a given convection parameterization or its exclusion in convection-permitting schemes (CPS, Belušić et al., 2020; Lind et al.,390

2020; Solano-Farias et al., 2024). The long simulation included herein adopts a New Tiedtke scheme (Zhang and Wang, 2017;

Tiedtke, 1993, Table 2) as the cumulus parameterization for the three model resolutions. This may be arguably appropriate for

resolutions beyond 9 km, a range which this parameterization has been found to produce realistic results (Bello-Millán et al.,

2024; Bi-Yun and Xun-Qiang, 2019; Bopape et al., 2021; Wang, 2022), however, at higher resolutions like 3 km or 1 km other

parameterizations or CPS approaches may be more adequate (Solano-Farias et al., 2024; Prein et al., 2015; Ban et al., 2021)395

In order to better understand the sensitivity to using different convection parameterizations or adopting CPS approaches,

various sensitivity tests have been carried out changing the cumulus parameterization for year 2009. The reference simulation

(see Table 3 for any of the simulations discussed below), which corresponds to the WRF configuration used in this work, uses

the New Tiedtke parameterization (Zhang and Wang, 2017; Tiedtke, 1993). Simulation 3 has the New Tiedtke scheme activated

for WRF1 and WRF2, but lets the model resolve convection itself at the 1 km resolution, so that no cumulus parameterization is400

considered for the highest resolution (WRF3) following a CPS approach. Simulations 1 and 4 consider Multi Scale Kain-Fritsch

(MSKF; Kain, 2004) convective parameterization: simulation 1, for the three resolutions and simulation 4, only in WRF1 and

WRF2 allowing for CPS in WRF3. Finally, simulations 2 and 5 use Grell-Freitas cumulus parameterization: simulation 2 with

the cumulus scheme activated for the three resolutions and simulation 5 with cumulus parameterization activated in WRF1 and

WRF2 and no cumulus parameterization activated for WRF3. Note that this selection of configurations is somewhat arbitrary405

and accommodated to test a couple of specific changes in cumulus parameterizations. Also, CPS approaches could have been

implemented already for the 3 km resolutions. Nevertheless, it allows for briefly inspecting with a few relatively short simula-

tions of one year, the potential of changing how the simulation of convection is affected. Additional simulations were performed

changing the microphysics parameterization to National Severe Storms Laboratory double-moment parameterization (NSSL2;

Mansell et al., 2010) , but rendered non-significant results and are not reported here.410

Figure 11 shows, in the same fashion as in Fig. 5, the dispersion diagrams between observed and simulated annual accu-

mulated precipitation by WRF and ERA5 for the different schemes described in Table 3 within the D3 domain. The inclusion

in simulation 3 of a CPS approach in D3 with respect to having New Tiedtke scheme in the three domains introduces notable

differences, with clear underestimations for sites with precipitation total between 250 and 400 mm. For the few sites above this

level, WRF3 simulated precipitation is in general more in the range of observations. Simulation 1 and simulation 2, including415

the MSKF and Grell-Greitas (Table 3) parameterizations in the three domains do seem to improve results with respect to the

reference simulation, producing precipitation totals that are more in the range of observations. Differences between simulation

1 and simulation 2 are negligible and, interestingly enough, for both cases including CPS in D3 does not produce noticeable

differences, consistent with Solano-Farias et al. (2024)
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5 Conclusions420

This work has evaluated the variability of precipitation in the Sierra de Guadarrama and nearby lowlands, reaching the cities

of Madrid, Segovia and adjacent territories during the period 1991–2020 1991-2020. For this purpose, daily accumulated

precipitation data from 37 stations, with altitudes ranging from 600 to 2200 m a.s.l.; as well as a simulation with the WRF

model configured with 3 different domains at resolutions of 9, 3, and 1 km have been assessed. The ERA5 reanalysis, used as

boundary conditions for the WRF simulation, has been also used for comparison as a means of benchmark.425

Comparison of accumulated annual precipitation means of the different data sets shows that the rainiest areas of the spatial

domain are those located at higher altitudes, with a few sites collecting more than 1000 mm/year.

For the WRF simulations the maximum precipitation increases with resolution from maximum values of about 750 mm/year

for 9 km to values above 1800 mm/year over the highest grid points at 1 km resolution. Such values are likely overestimated

if we take into account the fact that the model tends to overestimate at 1 km resolution at the grid points co-located to the430

observational sites. Nevertheless, it is difficult to ascertain the level of maximum precipitation at the top of the mountain range

as those areas are not observationally sampled. From the available data, it is also hard to determine which one is the wettest

season, but the model simulations clearly suggest that the largest precipitation amounts occur in winter.

Precipitation occurrence shows the best model-data agreement when considering only observational wet days, so that the

model accurately simulates the days on which it actually rains. On the contrary, both ERA5 and WRF simulate more wet days435

than they occur in reality, regardless of the resolution. These extra wet days bring commonly very little rainfall, but they do

affect the simulated precipitation totals, annually and seasonally. In this sense, the most impacted resolution is WRF3 (1 km

resolution of WRF), which overestimates precipitation at almost all sites. However, as well as WRF2 (3 km resolution of WRF),

it adds value in comparison to the lower resolutions at the highest altitudes, where ERA5 and WRF1 (9 km resolution of WRF)

underestimate observations. Higher resolutions of WRF, which resolve orography more accurately, attach more importance to440

the influence of altitude on precipitation, so that they provide the most precise simulations of precipitation distribution for the

highest altitudes. In spite of the overestimation of daily precipitation with increasing resolution, the distribution of simulated

precipitation generally improves with increasing resolution for winter, spring, and autumn, specifically for extreme values.

This is when high resolution provides the greatest value. Regardless of this, still the width of the relatively narrow precipitation

distribution, and specifically extremes are underestimated even at the 1 km resolution for the summer season.445

Altitude influences precipitation and the observational rates of increase of annual precipitation are of 755.3 ± 121.1 mm/km

best matched, although slightly overestimated, by the 1 km resolution output (782.9 ± 117.3 mm/km). In descending order, the

largest seasonal rates occur in winter, autumn, and spring in observations and are best matched by the 3 km (spring and winter)

and the 1 km resolution output (autumn); the latter slightly overestimating in winter and spring.

Increasing model resolution improves some model biases in the representation of the annual and seasonal distribution of450

precipitation at higher altitude sites, but not necessarily the variance of model versus observation errors. Residuals show

notable local improvements at a number of sites, both at high and low altitudes; this is clear in winter, but also noticeable

in spring and autumn. Nevertheless, the analysis of model-data residuals should also be targeted with more adequate metrics
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that consider the possibility that allows for the simulation of convective precipitation in a wider spatial domain rather than the

nearest grid points.455

Several sensitivity tests have been performed by changing the cumulus parameterization and by allowing CPS at the 1 km

resolution. The results of the tests are promising and suggest that the New Tiedtke parameterization used in the reference

configuration improves if CPS is allowed in the innest domain. Using the MSKF and Grell Freitas schemes instead of the New

Tiedtke also seems to provide improvements at the km scale, although including CPS in the innest domain did not produce

visible reductions in biases. More specific tests would be advisable to develop a more thorough analysis, likely including other460

parameterization tests.
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