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Abstract

In recent years long-term precipitation trends on a regional scale have been given emphasis due
to the impacts of global warming on regional hydrology. In this study, regional precipitation
trends are simulated over the Europe continent for a 60-year period in 1950-2010 using an ad-
vanced regional model, WRF, to study extreme precipitation events over Europe. The model runs
continuously for each year during the period at a horizontal resolution of 25 km with initial/
boundary conditions derived from the National Center for Environmental Prediction (NCEP) 2.5
degree reanalysis data sets. The E-OBS 0.25 degree rainfall observation analysis is used for model
validation. Results indicate that the model could reproduce the spatial annual rainfall pattern
over Europe with low amounts (250 - 750 mm) in Iberian Peninsula, moderate to large amounts
(750 - 1500 mm) in central, eastern and northeastern parts of Europe and extremely heavy falls
(1500 - 2000 mm) in hilly areas of Alps with a slight overestimation in Alps and underestimation
in other parts of Europe. The regional model integrations showed increasing errors (mean abso-
lute errors) and decreasing correlations with increasing time scale (daily to seasonal). Rainfall is
simulated relatively better in Iberian Peninsula, northwest and central parts of Europe. A large
spatial variability with the highest number of wet days over eastern, central Europe and Alps
(~200 days/year) and less number of wet days over Iberian Peninsula (<150 days/year) is also
found in agreement with observations. The model could simulate the spatial rainfall climate vari-
ability reasonably well with low rainfall days (1 - 10 mm/days) in almost all zones, heavy rainfall
events in western, northern, southeastern hilly and coastal zones and extremely heavy rainfall
events in northern coastal zones. An increasing trend of heavy rainfall in central, southern and
southeastern parts, a decreasing trend in Iberian Peninsula and a steady trend in other zones are
found. Overall, the simulated rainfall climatology was reproduced well for the low and heavy
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rainfall followed by very heavy and extremely heavy rainfall in Europe and the simulation is better
in the Iberian west coast, central northern Europe and Alps Mountains.
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1. Introduction

Global climate change is an important environmental issue in recent times. The rising concentration of green-
house gases in the atmosphere due to manmade activities and their potential impact on climate are among the
research issues of scientific and policy interest [1]. The increasing rates of fossil fuels consumption, deforesta-
tion and other anthropogenic interventions have been attributed to increase the emission of certain greenhouse
gases (GHG) in the atmosphere [2] that cause changes in the global climate [3] [4]. The future changes in the
temperature and precipitation patterns at global, regional and local scales are important parameters for the as-
sessment of the impact at the eco-system level. Though global climate models (GCMs) provide the basis to un-
derstand the immediate consequences of increased GHGs in terms of alteration in atmospheric circulation, en-
ergy transport, shifts in temperature and rainfall patterns, and changes in hydrological cycle on a large scale, it is
now essential to relate these changes to different regions to understand their impact at regional scale for policy
making. To address this, dynamical downscaling of future climate projections by coupling the regional models
to global models (GCMs) has been identified to be a thrust area and the related studies have been recognized as
regional climate modelling. RCMs have been widely employed to assess the impact of climate change at re-
gional and local scales e.g. [5]-[7] as they can better simulate the land surface and precipitation processes using
appropriate parameterizations at high horizontal resolution. Several studies demonstrated the advantages of re-
gional models, with higher spatial and temporal resolution, in regional climate prediction by suitably integrating
them with the boundary conditions derived from GCMs [8]-[10] RCMs provide localized, high resolution in-
formation, consistent with the large scale climate simulated by GCM forcing [11]. A number of regional models
have been developed to study regional climate and to derive necessary inputs to ecosystem models. Some of the
popular RCMs include the RegCM [7] [12]-[16] Colorado State University Regional Atmospheric Modelling
System (CSU/RAMS) [17], Rossby center’s regional atmosphere land climate model [18], IPRC-RegCM [19]
the UKMO unified model and the regional model of JMA. Also several regional climate study programs have
evolved over different parts of the globe viz., PRUDENCE, CLARIS, SWECLIM, NARCCAP, ENSEMBLES
[20]-[24].

The ENSEMBLES project [24] is one of the major efforts to study the regional climate change over Europe.
This study involved thirteen different RCMs to inter-compare each individual model with the real atmosphere
[25]-[31]. The studies from this project reported the outstanding performance of RCMs and have also addressed
the uncertainties in the RCMs and the scope for further improvements [26] [32]. The earlier modelling studies
on regional precipitation indicated the need of more observational network especially in areas of complex to-
pography where the RCMs have been found to perform poor. For instance, [26] reported that the RCMs per-
formance is relatively poor over Mediterranean area in comparison to other parts of Europe. Raucher et al. [27]
have shown that the usage of high resolution RCMs improves the predictive skills for rainfall with respect to
seasons. Though most studies reported that the precipitation is with higher resolution [33], the general consensus
is that models better predict the rainfall with increase in resolution. Herrera et al. [34] while analyzing the pre-
cipitation from RCMs for Spain region with 0.2 degree gridded data rainfall data found that the model overesti-
mated the frequency of rainfall giving rise to simulated wet and dry spells and under representing the extreme
events. Soares €t al. [35] validated ENSEMBLE RCM produced rainfall at different time scales (daily to sea-
sonal) for Portugal with high resolution rainfall data sets [33] [36]. In recent times, the Weather Research and
Forecasting (WRF) model has been widely used for regional modelling studies due to its accurate numerics, im-
proved dynamics and large range of physics parameterizations [37]. Heikkila et al. [38] used WRF model over
the Norway and compared the simulated rainfall with other models. It has been found that the performance of
WREF is superior to the ENSEMBLE RCM simulations due to higher horizontal resolution. Similarly, Soares et
al. [39] reported that the precipitation simulations using WRF have shown improved skills with high resolution
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ERA-interim data as boundary forcing and it has been found that there is a high intra and inter seasonal variabil-
ity with high spatial homogeneity of rainfall over Portugal. Daniel €t al. [40] evaluated WRF performance at 10
km resolution forced by ERA-40 re-analysis fields and its sensitivity to eight different combinations of cumulus,
microphysics and planetary boundary layer (PBL) parameterization schemes over a topographically complex re-
gion in southern Spain (Andalusia), for the period 1990-99. Comparisons with observations at different time
scales indicated that WRF simulate realistically the Andalusia climate. Daniel et al. [41] [42] presented the per-
formance of WRF model over Spain, which demonstrated the model’s ability to produce increasing/decreasing
trends in present climate from 1970-1999 of mean and extreme precipitation events over the region. Hari Prasad
et al. [43] [44] studied the regional climate changes over Europe on its extreme temperatures associated with
heat and cold waves. Hari Prasad et al. [45] also studied the model predictive capability of cold over central
Europe. The above studies with WRF model are limited to few selected regions over Europe and were also lim-
ited to past few decades, mainly to understand the model ability in resolving the extreme rainfall events and their
interannual variability.

To our knowledge not many regional climate studies are reported at a continental scale over Europe. Variabil-
ity of regional precipitation over a continental scale is an important issue in climate modelling. In this context,
the present study aims to study the application of an advanced regional model WRF to simulate spatial and long-
term variability in regional rainfall over Europe a sixty-year period between 1950 and 2010. The simulated re-
gional scale precipitation and its extremities over the study period are compared with the 25-km resolution E-
OBS [46] precipitation analysis data following the methodology adopted from [43]. The paper is organized in
five sections. Section 2 deals with model configuration and data sets used in the study. In section 3 the statistical
methods used for evaluation are described. Section 4 provides the results and discussion of rainfall analysis and
finally summary and conclusions are presented in Section 5.

2. Model Design and Datasets Used for This Study

The advanced high resolution Weather Research Forecasting (WRF-ARW) model developed by NCAR, USA
[37] is used in this study. This model uses primitive equations, non-hydrostatic dynamics and terrain following
sigma coordinate system. For the present study a double nested domain configuration (domain 1: 75 km, domain
2: 25 km horizontal resolutions) is selected. The inner domain is two-way interactive with outer domain. The
domain configuration is shown in Figure 1(a) and the terrain elevation of the inner study domain is shown in
Figure 1(b). The model physics and other details are presented in Table 1. The outer domain covers the entire
Europe and parts of Atlantic Ocean and adjacent regions. The inner domain covers the European continent from
32°N to 56°N and 15°W to 25°W.

The three dimensional atmospheric fields at the initial time and the time varying boundary conditions are
taken from the National Centers for Environmental Prediction (NCEP) global analysis fields [47] available at

Table 1. Model details and configuration.

Model name NCEP/NCAR ARW
Model type Primitive equation, non-hydrostatic
Vertical resolution 30 sigma levels
Horizontal resolution 75 km 25 km
Domain of inteeration 38.5W-30.83E 13.585 W -24.8351 E
g 21.82N-59.75N 31.7935 N - 55.7455 N

CAM scheme for short wave radiation.

Radiation scheme CAM scheme for long wave radiation

Land-Surface scheme Thermal diffusion scheme
Sea Surface Temperature Real Sea Surface Temperatures
Convection scheme Grell-Devenyi ensemble scheme
PBL scheme YSU scheme
Explicit moisture scheme WSM 3-class simple ice scheme




H. P. Dasari, V. S. Challa

2.5 degree latitude/longitude resolution and at 6 hour interval. To study the precipitation trends a total of 60
yearly simulations each for one year in the period from 1950 to 2010, are performed. In each simulation the
model is integrated continuously for 13 months, starting from 00UTC of 1 May. In the present study only the
results from the inner 25 km resolution nest domain are analyzed. Model simulated daily accumulated rainfall is
used for the analysis. The first one month of each simulation is neglected from analysis due to model spin up
time. The model results for the 60-year period (1950 to 2010) are compared with E-OBS V7.0 [46] daily accu-
mulated rainfall observations, available at 0.25 degree. Spatial statistics between observations and model pro-
duced rainfall are computed at different time scales. Five different timescales (daily, 5-day, 15-day, monthly and
seasonal) are chosen to study the accumulated rainfall variation in these scales for the period of study. The do-
main of interest covering the 2™ domain is divided in to 15 zones, based on topographic variations and the area
averaged daily accumulated rainfalls are computed for both model and observations and used in the extreme
events analysis.

3. Statistical Method Used for This Study

Murphy and Winkler [48] gave a general framework for model evaluation. To assess the long term performance
several statistical indices are estimated. The statistical indices used in the present analysis are adopted from a
number of earlier model performance studies [49]-[52]. The statistical indices used in the study are Pearson cor-
relation coefficient (COR), Normalized Bias (NBIAS), Normalized Mean Absolute Error (NMAE) and Normal-
ized Standard Deviation (NSTDEV) as given below.

COR = —= - )]
\/;( f-f) >(0 o)
BIAS:lZn;(fi—o,):f_—ﬁ )
STDEV =[S} +§ -25,5,, 3)
MAE:&iZ::|fi—q| @)
RANGE = (0,1~ Oini1.n) (5)

From Equation (2) to (5), the normalized values for each statistical indices can be obtained by the following
formulas

NBIAS = [ﬂ] x100 (6)
GE

NSTDEV = (STLEQ x100 (7

NMAE = (—MAE jx 100 (8)
RANGE

where O; is an observable variable, f; is a modeled variable, over bar represents average over all the data, “n” is
the total number of locations that predicted data are compared against observations. Bias is a measure of mean
error for a continuous variable, SD is the standard deviation of the error (f-0), where § is the standard deviation
in forecasts, & is the standard deviation in observations and ry,, the correlation between the forecasts and obser-
vations. Specifically, MAE is less influenced by large errors and also does not depend on the mean error. The
normalized values of BIAS, STDEV and MAE are often expressed in percentages. The NBIAS is a measure of
over estimation (+ve values) or under estimation (—ve values) of a variable. Similarly NSTDEV and NMAE are
also expressed in percentages with smaller values indicating better agreement between observed and modelled
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values. These statistical indices are computed at different forecast periods of accumulated rainfalls (1-day, 5-day,
15-day, monthly and seasonal).

4. Results and Discussions

The potential of WRF model for simulating the regional precipitation over Europe is assessed in a retrospective
way. The anlaysis is made to understand the variations in accumulated precipitation at different time scales i.e.,
daily, 5-day, 15-day, monthly and seasonal and also rainfall episodes of heavy (1 - 10 mm/day) to extremely
heavy rainfall (>25 mm/day) events over Europe. Simulated rainfall (hereafter referred as Model) on these time
scales is compared with actual spatial rainfall estimates of Europe from E-OBS (hereafter referred as OBS). The
precipitation climate is generated as 60 years mean of yearly accumulated rainfall (Figure 2). The simulated 60-
year mean rainfall is found to match with the observed climatology over different parts of Europe. The spatial
pattern from the OBS indicates that the annual rainfall ranges from 750 - 1500 mm in central parts of the Europe
to 250 - 750 mm over Iberian Peninsula, eastern and northeastern Europe. The highest annual rainfall (1500 -
2000 mm/year) is found in few isolated areas like north of Portugal and Alps mountains. The spatial patterns of
rainfall are well simulated all over Europe except for a slight underestimation (by ~30%) over Alps Mountains.
Over central Europe and southern coastal parts of Portugal the model climatology shows nearly similar rainfall
pattern but with an underestimation of about 100 to 200 mm. Model rainfall climate over Eastern Europe is in
agreement with the observed climate. It is noted that the correlations (obtained at 95% significance level) be-
tween model and observations (Figures 3(a)-(€)) increase with increase in time scale of accumulated rainfall.
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Figure 2. 60-year mean rainfall climatology (mm/year) from (a) observations and (b) model.
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Figure 3. Grid point statistics between OBS and model for different accumulated rainfalls (left panel correlation and right
panel is for normalized BIAS).
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Also, the improvements in rainfall correlations over different timescale are predominantly seen over Iberian
Peninsula, northwest and Western Europe. The correlations for rainfall over entire Europe improved from 1-day
scale (0.2 - 0.7) to 5-day scale (0.4 - 0.8) and further improved to 15-day and seasonal scales (0.4 - 0.9) (Figures
3(a)-(e)). The correlations are appreciable at time scale of 15 days and above. The low correlations at short time
scales (<5 days) indicates the inability of regional climate model to resolve the short-time mesoscale phenomena
and the associated convection at moderate resolution (25 km) used in the study. In all the above time scales rela-
tively high correlation is found over Portugal/west Iberian region and west-central Europe and low correlations
are found over Alps region and Eastern Europe. The poor correlations over these mountainous regions could be
due to inadequate model resolution (25 km) to resolve the complex terrain and the orographic precipitation
processes. The inherent bias in gridded rainfall analysis due to insufficient observation density could be another
reason for low correlations of simulated rainfall over the hilly areas.

It is seen that the normalized bias in rainfall grows with increasing time scale (Figures 3(f)-(j)) from 1 day to
a season, for entire Europe. The errors are in the range of —2.5% to 5% for 1 day accumulated rainfall, the errors
increase to —5% - 10% for 5 days accumulated rainfall and further to —25% —25% for 15 days to seasonal accu-
mulated rainfall. The errors are negative, indicating underestimation of rainfall lover central Europe and positive
over western and eastern parts implying over estimation in these areas. On 1-day and 5-day time scales the rain-
fall is overestimated by 2.5% - 10%, over isolated areas (Figure 3(f), Figure 3(g)) especially in high altitude re-
gions located in the central Europe and western parts. For 15-day accumulated rainfall, the errors increased to
—10% —15% over hilly regions and to 25% over central European plateau. On monthly and seasonal time scale
(Figures 3(h)-(})), the rainfall errors increased to >25% with considerable overestimation over mountainous re-
gions and to <25% with underestimation in foothills of mountains. The actual errors in rainfall quantified by
NMAE vary as 5% for the daily rainfall, about 7.5% for 5-day accumulated rainfall (Figure 4(a), Figure 4(b)).
The Iberian Peninsula has low NMAE values whereas mountainous regions have relatively high NMAE. On an
average the mean absolute errors over the entire Europe are found to be 15%, though the errors increase with in-
creasing time scale. Correspondingly the NSTDEV between model and observed rainfall (Figure 4(f), Figure
4(0)) are seen to grow with increasing time scale (7.5% on 1 day, 10% on 5 days, 10% to 15% on 15 days and
20% to >25% on seasonal scale). The errors are far higher over central Europe (>25%) and 15% to 25% over
Eastern Europe for 15 days to monthly accumulated rainfall amounts (Figures 4(h)-(j)). In general the
NSTDEV is lower over Iberian Peninsula region and high over mountain regions. In central Europe a similar
error of about 10% - 15% range are found and errors increased from 7.5% to 20% from 1day accumulated rain-
fall to seasonal accumulated rainfall.

The frequency of wet days with respect to occurrence of low rainfall (>1 mm/day), heavy rainfall (>10
mm/day) and extremely heavy rainfall days (>20 mm/day) during the 60-year period from observations and
model is presented in Figure 5. As expected the frequency decreases from 1 mm/day to >20 mm/day over vari-
ous parts of Europe except the northern Portugal and Alps region where high frequency of heavy rainfall events
is simulated as in observation for both the categories of 10 mm/day and 20 mm/day. From the OBS it is noted
that the mean number of wet days (Figure 5(a)) with 1 mm/day ranges from 50 to 200 days/year with large spa-
tial variability and highest wet days over northwestern, central Europe and over Alps. Over southern parts of
Iberian Peninsula region the number of wet days is found less than 75 days/year. The number of wet days in-
creased to 125 - 150 days/year over northern Iberia. The number of wet days is simulated as 100 - 150 days/year
in northwestern, central and 175 days/year over Alps region. In the Eastern Europe the simulated rainy days are
about 75 in good agreement with observations. While the rainfall distributions are well captured by the model
over (Figure 5(b)) Iberian Peninsula, rainy days are underestimated by about 15 - 20 days/year in other parts of
Europe. The mean number of heavy rainy day distribution over Europe has large spatial variation compared to
the frequency of both wet days and extremely heavy rainy day’s distribution. By and large the model reproduced
the frequency distribution of rainy days in good agreement with the observations. Over northern Portugal and
adjacent parts of the Iberian region the frequency is about 45 days/year for heavy rainfall days, 24 days/year for
extremely heavy rainfall days. In southern part of Iberian Peninsula the frequency varies as 15 days/year for
heavy rainfall days and 4 days/year for extremely heavy rainfall days in agreement with OBS. Over central
Europe and some parts of Eastern Europe and adjoining coastal regions the heavy rainfall days are about 30 - 35
days/year and extremely heavy rainy days are about 4 days/year. These features are well represented by the
model in good agreement with OBS. The relatively high number of days for heavy rainy days (50 days/year) and
extremely heavy rainy days (30 days/year) over Alps region are also well produced by the model.
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Figure 4. Same as Figure 3 but (left panel is for NMAE and right panel is for NSTDEV).
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Figure 5. Mean number of wet days with different rainfall amounts for both observations and model values.

Next we analyze the mode of highest rainfall occurrence on daily and 5-day time scales in the 60-year period
(Figure 6). The OBS shows that in most parts of the Iberian Peninsula and central and Eastern Europe a highest
rainfall of >100 mm/day occurs and in some parts over Alps region about 125 - 150 mm/day also occurs in
agreement with observations. However, the simulated high amount of rainfalls over coastal Mediterranean re-
gion is not realistic. Similarly, the 5-day mode of highest rainfall is well produced by model as in OBS with high
rainfall amounts north of Portugal, north of Italy and adjoining regions. In other parts of Europe less probability
for high rainfall on 5-day mode is simulated as in good agreement with observations.

The model performance is examined for mean number of consecutive dry (without rain) and wet days (rain >
1 mm/day) during entire period (Figure 7). Model could reproduce the observed mean number of consecutive
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Figure 6. Highest amount of rainfall collected at every grid point in 60-year period.

a) Mean number of consecuitive dry days from OBS b) Mean number of consecuitive dry days from MODEL
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Figure 7. Mean number of consecutive dry days (no rainfall days) and consecutive wet days (>1 mm/day) in 60-year period.
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dry days (Figure 7(a), Figure 7(b)) and consecutive wet days (Figure 7(c), Figure 7(d)) reasonably well with
slight variations in few areas. Over southern Iberian Peninsula the model over estimated the number of consecu-
tive dry days (200 days) in comparison to OBS (150 days). On the contrary the mean number of consecutive wet
days is low over southern Iberian Peninsula (about 10 days/year) in OBS and about 20 days/year in simulation.
In other parts of Europe simulated mean consecutive dry and wet days are in good agreement with correspond-
ing estimates from OBS. Over other parts of the Europe the model shows relatively less number of consecutive
wet days (about 5 days/year) as compared to OBS. These results suggest that the model performed reasonably
well for the simulation of rainfall climatology in terms of high correlations and lower NBIAS, NMAE and
NSTDEV indicating good skill of the model in reproducing the rainfall on different time scales. The most sig-
nificant result is that the model produced fairly good statistics for 1-day to 5-day accumulated rainfall amounts
and relatively poor statistics for 15 days to seasonal scale rainfall amounts during 60-year period. The spatial
distribution of mean number of rainy days, heavy rainfall days and extremely heavy rainfall days are in good
agreement with observations. The model is able to capture the maximum mean number of consecutive dry days
and consecutive wet days in reasonable agreement with observations.

To examine the spatial variations associated with the number heavy rainfall events, very heavy rainfall and
extremely heavy rainfall events, we considered 15 zones based on the topography (Figure 1(b)). Zones 6 - 8, 13
- 14 are located in the northern and western Europe with moderate altitude of < 250m above mean sea level
(AMSL), zones 2 - 5 are located in Iberian Peninsula with mean altitude of 250 to 1000 m AMSL, zones 10, 11
in the high altitude (=1500 m AMSL) Alps mountain region, zone 12 with moderate altitude and located in the
Italian peninsula. The area averaged rainfall from each of the 15 zones for each day is computed from model
outputs and observations and then number of heavy rainfall, very heavy rainfall and extremely heavy rainfall
days are computed for each year from both model rainfall and observations.

The statistics for number of rainy days i.e. more than 1 mm/day averaged over each zone is computed from
simulation and observations and presented in Figure 8. Note that the correlations are obtained at minimum 80%
significance level. Good correlations between observed and modeled number of rainy days are obtained in most
of the zones except zone 15 which has a correlation of 0.3. The highest correlations (0.5 to 0.8) are obtained in
zones 1, 3,4, 7 - 10, 14 followed by relatively low correlations (~0.3 - 0.4) in the remaining zones. Correspond-
ingly the NBIAS, NMAE values are very low (—2% to +2%, 5%) in most of the zones which shows the model
performed well with a NSTDEYV of less than 10% in producing the frequency of rainy days in each year.

Next, to examine the zonal variability of rainfall under different categories during the period 1950-2010, we
computed area averaged daily rainfall events from each zone as well as the number of events per each year from
both observations and model. The number of events with respect to heavy rainfall (1 - 10 mm/day), very heavy
rainfall (10 - 20 mm/day) and extremely heavy rainfall (more than 20 mm/day) are presented in Figures 9(a)-(c)
from both observations and model. It is seen that the low rainfall days (1 - 10 mm/days) are well simulated by
the model in almost all zones, except for a slight overestimation in zones 3 - 5. The heavy rainfall events are
simulated relatively less (Figure 9(a)) in the zones 2, 4, 5, 11, 12, 14 in comparison to zones 1, 6, 7, 10, 13, 15.
In most zones model underestimates the number of extreme events though the trends are well simulated. In the
zones 13 and 15 the model shows less number of extreme rainfall events with lesser significance. In the zones 1,

10 0.7,
mmNBIAS WNMAE

BmNSTDEV ——COR

0.6]

0.5|

0.4

0.3|

Z0~"H>»rrmmIOO

Figure 8. Zone wise statistics for rainfall days (more than 1 mm/day) for the

60-year period.
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Figure 9. (a)-(c) Number of rainy days for each zone for each year with (a) 1 - 10 mm/day during 60 years; (b) 10 - 20 mm/day dur-
ing 60 years; (c) >20 mm/day during 60-year period for both model and observations.

3,6, 7,8 and 9 no specific trend is noticed. The same pattern as mentioned above is also seen in observations for
number of heavy rain fall events. The correlation between (Figure 10) simulated and observed number of heavy
rainfall events is more than 0.6 in most of the zones. The lowest correlations are found in zones 11, 15 (0.3), and
highest correlations (0.75) in zones 6 and 7. From Figure 9(a), a decreasing trend of low and moderate rainfall
(1 - 10 mm/day) events are seen in almost all zones in agreement with observation trends. Specifically the de-
creasing trend of low rainfall is found in the zones 3, 5, 7, 10 - 15.

The number of heavy rainfall events over most zones is constant (Figure 9(b)) except in zones 3, 7, 10, 12
and 15. In zone 3 a decreasing trend of heavy rainfall events is noted. In zones 7, 10, 12 and 15 an increasing
trend is noticed at a significance level of 85%. The increasing trend of heavy rainfall events in these zones is re-
sponsible for increasing amount of annual rainfall in the respective zones. In zone 3, the number of very heavy
rainfall events is significantly less and found to decrease with time. In other zones no specific increasing or de-
creasing trends with significance are noted. The correlation between the number of very heavy rainfall events
between observations and model is not high as heavy rainfall events. The lowest correlation of 0.1 is found in
zone 15 and the highest (0.59) is found in zone 9. The extremely heavy rainfall events are found to slightly in-
crease in the zones 10, 12, 14 and 15 (Figure 9(c)) where as a decreasing trend is found in zones 3, 5. In other
zones no specific trends could be identified. Though the extreme rainfall events are in increasing trend in zones
10, 12, 14, 15 the trend is not very significant. The rainfall analysis shows zone 3 receives the highest rainfall
with an annual average of 2000 mm. However, the number of extremely heavy rainfall events in this zone is
found to decrease significantly which indicates a trend of declining rainfall leading to arid/semi-arid climate.
The correlations between simulated and observed extremely heavy rainfall events over the 60-year period are
relatively low (Figure 10) for the number of heavy to very heavy rainfall events with correlations ranging from
—0.05 to 0.56 and the lowest is noticed over zone 13 and highest over zone 1. The poor correlation values for
zones 3, 4, 8,9, 10, 12, 13, 14 indicate that the model performance is relatively poor for extreme heavy rainfall
events in the respective zones. To quantify the model performance for different categories of rainfall threat
scores have been computed for heavy, very heavy and extremely heavy rainfall events and compared with cor-
responding estimates from observations. This permits us to understand the model ability to simulate each ob-
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served category of rainfall. The threat scores (Figure 11) indicate that the model is able to predict around 40%
to 60% of number of observed heavy rainfall events, 10 to 25% of observed very heavy rainfall events and about
20% of extremely heavy rainfall events. The highest threat score values for heavy rainfall are noticed in zones 3,
6,7,8,9, 10 and 11 with >50% accuracy whereas in all other zones the threat scores are below 40% accuracy.
While zone 1 and zone 3 have been found with high threat scores for very heavy rain fall and extremely heavy
rainfall categories (25% and 19% for zone 1) and (22% and 18% for zone 3), all the remaining zones are found
to have threat scores less than 20% and 10% for the above categories respectively. The threat scores clearly in-
dicate that the model is able to simulate the number of heavy rainfall events with a probability of about 50% and
fails to produce the occurrence of very heavy rainfall events (10% - 25% probability) and extremely heavy rain-
fall events (about 10% - 15% probability). Overall, the long term rainfall climatology is well simulated for the
categories of heavy rainfall followed by very heavy and extremely heavy rainfall in Europe and the simulation is
better for zones 1, 3, 7 and 10 located in the Iberian west coast, central northern Europe and Alps mountain re-
spectively.

The study is covering almost entire Europe where as other studies are highly localized and the period consid-
ered for this study is of 6 decades (1950-2010). For example Heikkila et al. [38] studies the model performance
with the WRF model is for Norway region (for the period of 1961-1990) and they reported that the model bias is
of 33.4% whereas in this study it is 15% for entire region. They also reported that the use of higher resolution
reduces the bias of 26.5% than coarser resolution. Similarly for Portugal region, Soares et al. [39] reported that
the WRF model have good skill on simulated precipitation. They also presented the statistical indices between
WRF and observations at different time scales. Even though the present study is not focused on any sensitivity
aspect, but the results are reasonable agreeing with the study of Daniel et al. [40]. Another advantage of this
study is that the boundary conditions updated at 6 hours is taken from NCEP reanalysis data where as other
studies of Heikkila et al. [38]; Soares €t al. [39]; Daniel et al. [40] used from ECMWF or ERA-Interim data sets.
This study addresses the advantages/disadvantages in using NCEP data.

5. Summary and Conclusions

The seasonal scale simulations using WRF-ARW mesoscale model over Europe for the 60-year period of 1951-
2010 in a hindcast mode demonstrate the potential of the model for reproducing the rainfall climatology on a re-
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gional scale. The model is run at a moderately high resolution of 25 km and is forced with 2.5 degree NCEP re-
analysis meteorological fields for initial and boundary conditions. Comparisons with observed daily accumu-
lated rainfall climatology (at 0.25 degree resolution) taken from E-OBS over Europe for the above period indi-
cates the model could reproduce the spatial annual rainfall pattern over Europe with low amounts (250 - 750 mm)
in Iberian peninsula, moderate to large amounts (750 - 1500 mm) in central, eastern and northeastern parts of
Europe and extremely heavy falls (1500 - 2000 mm) in Alps with a slight overestimation in Alps and underesti-
mation in other parts of Europe. Error statistics of model rainfall over different timescales indicated that errors
increased with increasing time scale (from daily to seasonal) and relatively better statistics is found for Iberian
Peninsula, northwest and western parts of Europe. Relatively high correlations, and less errors (NBIAS, NMAE,
NSTDEV) are found at short time scales (<5 days) over Portugal/west Iberian region and central Europe. On the
other hand, low correlations and high errors are found over Alps region and Eastern Europe. The simulations
could reproduce the decreasing order of frequency of low, heavy, and extremely heavy rainfall events occur-
rence (for the wet days) as in observed rainfall climate. The simulations have shown large spatial variability
with highest number of wet days over eastern, central Europe and Alps (~200 days/year) and less number of wet
days over Iberian Peninsula region (<150 days/year) in agreement with observations. An important result from
the study is that the model successfully simulated the cumulative rainfall over 1 - 5 days time scale, moderately
well for 5 - 10 days time scale and with poor correlations for 15 days and higher number of days. The maximum
mean number of consecutive dry days and consecutive wet days could also be successfully simulated in good
agreement with observations. The simulated rainfall in different zones indicated the model could simulate the
spatial rainfall climate variability with low rainfall days (1 - 10 mm/day) well simulated in almost all zones,
heavy rainfall events in zones 1, 6, 7, 10, 13, 15 and extremely heavy rainfall events in zones 6, 7 alone. In most
zones the number of extreme events is underestimated though time variation trends were found similar as with
observations indicating model deficiency for extreme rainfall category. The model could reproduce the decreas-
ing trend of low and moderate rainfall (1 - 10 mm/day) events in the zones 3, 5, 7, 10 - 15 and the increasing
trend of heavy rainfall in zones 7, 10, 12, 15 and decreasing trend in zones 3, 5 and a steady trend of the same in
other zones. The model performance for extremely heavy rainfall events is found to be poor in zones 3, 4, §, 9,
10, 12, 13, 14. Threat score analysis showed that the model could predict around 40% to 60% of number of ob-
served heavy rainfall events, 10% to 25% of observed very heavy rainfall events and only <20% of extremely
heavy rainfall events. In general, the model could simulate the rainfall climatology over the 60-year period well
especially for the low and heavy rainfall followed by very heavy and extremely heavy rainfall in Europe and the
simulation is better for Zones 1, 3, 7 and 10 located in the Iberian west coast, central northern Europe and Alps
mountain respectively.
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