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ARTICLE INFO ABSTRACT

This study presents results from the Weather Research and Forecasting (WRF) model applied for climatological
downscaling simulations over highly complex terrain along the Eastern Mediterranean. We sequentially
downscale general circulation model results, for a mild and wet year (2003) and a hot and dry year (2010), to
three local horizontal resolutions of 9, 3 and 1 km. Simulated near-surface hydrometeorological variables are
compared at different time scales against data from an observational network over the study area comprising
rain gauges, anemometers, and thermometers. The overall performance of WRF at 1 and 3 km horizontal re-
solution was satisfactory, with significant improvement over the 9 km downscaling simulation. The total yearly
precipitation from WRF's 1 km and 3 km domains exhibited < 10% bias with respect to observational data. The
errors in minimum and maximum temperatures were reduced by the downscaling, along with a high-quality
delineation of temperature variability and extremes for both the 1 and 3 km resolution runs. Wind speeds, on the
other hand, are generally overestimated for all model resolutions, in comparison with observational data, par-
ticularly on the coast (up to 50%) compared to inland stations (up to 40%). The findings therefore indicate that a
3 km resolution is sufficient for the downscaling, especially that it would allow more years and scenarios to be
investigated compared to the higher 1 km resolution at the same computational effort. In addition, the results
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provide a quantitative measure of the potential errors for various hydrometeorological variables.

1. Introduction

The climate is warming due to increased radiative forcing produced
by anthropogenic emissions of greenhouse gases (GHGs). Regardless of
the future emission scenario adopted, this warming is likely to ex-
acerbate water scarcity in many regions of the world and lead to various
other adverse impacts on human socio-economic activities and well-
being. Since preparing for these variations is the wise course of action,
an understanding of climate change impacts at small temporal and
spatial scales is imperative to guide policy and management decisions.
This motive fuelled a dramatic progress in weather forecasting and
climate modeling over the past 50 years, involving a multidisciplinary
top-down approach whereby an emission scenario is postulated to force
a Global Climate Model (GCM) simulation, also known as General
Circulation Model, which is then downscaled using dynamical (via a
Regional Climate Model (RCM)) or statistical methods (Lynch, 2008;
Quintana Segui et al., 2010). While GCMs simulate several facets of the
climate system and corresponding interactions (Murphy et al., 2004),
they are constrained by computational limitations to horizontal grid
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spacing on the order of hundreds of kilometers. This coarse resolution
produces serious truncation errors in the numerical solution of the
governing differential equations (Lynch, 2008). Other factors that
downgrade the results of GCMs include processes that are not explicitly
simulated at these resolutions, like convection, clouds and precipita-
tion, heterogeneity of surface fluxes, and planetary boundary layer
(PBL) turbulence. These subgrid-scale processes are “parameterized”
instead, using a physical understanding of the underlying physics, or
semi-empirical relations (Giorgi and Mearns, 1991). Hence, the coarse
grids of GCMs preclude the accurate representation of a range of pro-
cesses that are important to the hydrometeorological projections used
in climate-change impact studies at the regional to local levels. Ex-
amples of these projections are extreme weather events (floods,
droughts, heat waves) that have significantly influenced the global
community in the last decade. In 2015, 10 weather and climate cata-
strophic events occurred with damages exceeding $1 billion each in the
United States alone (National Climatic Data Center (NCDC), 2016).
More than 30,000 deaths were attributed to the 2003 European heat
wave (Robine et al., 2008), while nearly 55,000 deaths were caused by
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the Russian heat wave in 2010 (Katsafados et al., 2014). Since these
extremes are of utmost importance when climate change impacts are
being assessed, coarse resolution GCM results are downscaled by RCMs
to (1) add high resolution element to resolve regional scale constraints
(e.g. topography, coastal lines, and land use/land cover) that interact
with the larger-scale atmospheric circulations (Giorgi, 2006), and (2)
resolve some small scale processes that are parameterized in GCMs
(such as convection). Downscaling using RCMs, referred to as dyna-
mical downscaling, has been reported to represent regional climate
characteristics more accurately than GCM simulations (Giorgi and
Mearns, 1991; Wang et al., 2004; Argiieso et al., 2012; Berg et al., 2013;
Mohan and Sati, 2016), and therefore is more reliable to force impact
models (for example, crop and hydrological models) and develop
adaptation and mitigation strategies. However, various gaps remain in
our understanding of the forecasting skill and optimal setup of such
downscaling simulations, especially over complex terrain (Salameh
et al,, 2009; Di Luca et al.,, 2015). Two particularly critical open
questions are: What model resolution is required in climatological
downscaling over a complex terrain? And how does the downscaling
skill vary among the main hydrometeorological variables of interest:
temperature, precipitation, and wind speed?

In this study, we aim to address these questions using the Weather
Research and Forecasting (WRF) model during a hot and dry year,
which represents the most adverse conditions under future climate
change scenarios, as well as a mild and wet year. While the perfor-
mance of the WRF model as a regional climate model has been widely
tested (see Supplementary material Table S1), assessments of its skill in
hydrometeorological downscaling during extreme years and over a
complex terrain remain very limited and insufficient to answer our
motivating questions. However, establishing this skill is needed to
support downscaling simulations for future years.

2. Material and methods
2.1. Model domain: pilot study area

The country of Lebanon, which is located in the northern temperate
zone along the eastern Mediterranean (Fig. 1a), represents a compelling
example of the need for high-resolution climatology due to its geo-
morphological complexity, as well as its large climate gradients
(Fig. 1b). It was selected as the testing domain, with several observa-
tional stations (Fig. 1c) for validation. Downscaling simulations for
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future years becomes possible once the model is evaluated using his-
toric periods, and the same set-up was used as the corner stone for
future climate change downscaling simulations (El-Samra et al., 2017).

2.2. Model description

The Weather Research and Forecasting (WRF) version 3.4.1 is a
three-dimensional mesoscale meteorology model, which is suitable for
operational forecasting and atmospheric research needs (Heikkila et al.,
2011). It has a wide range of options for parameterizing physical pro-
cesses, as well as various schemes for the numerical discretization of the
governing equations (Skamarock et al., 2008). The model can directly
extract, from several databases, information and data on terrain ele-
vation, land cover and land use from the United States Geological
Survey (USGS) and the Moderate Resolution Imaging Spectro-
radiometer (MODIS) (Friedl et al., 2001) at various resolutions that
cover the entire globe. The finest resolution of these global data is 30 s
in both latitudinal and longitudinal directions, which corresponds to
about 1 km in length at mid-latitudes.

2.3. Model configuration

A regional high resolution is achieved in the current simulations by
using three one-way nested domains (Fig. 1a), with 9, 3 and 1 km
horizontal resolutions. The outer integration domain covers
1350 km x 1700 km to guarantee that synoptic-to-mesoscale systems
that affect the coast are resolved in WRF. The inner domain extends
over 154 km x 193 km (Fig. 1c), covering the entire study area. MODIS
(Friedl et al., 2001) land use data was adopted with 21 land categories
and Lambert Conformal projection, which is the most convenient for
mid-latitude regions and provides homogeneous grid spacing, unlike
latitude-longitude coordinates. A 30 second time step was used for the
smallest domain. For the base cases, all domains had 35 vertical levels
(with a vertically-stretched grid) arranged according to terrain-fol-
lowing hydrostatic pressure coordinates.

The National Center for Atmospheric Research-National Center for
Environmental Prediction Final Analysis Data (National Centers for
Environmental Prediction/National Weather Service/NOAA/U.S.
Department of Commerce, 2000), which are global atmospheric fields
with a 1-degree resolution and 26 pressure levels (1000-10 hPa), were
used for initial, and boundary conditions. The time interval of the
boundary data is 6 h, while the sea surface temperature (SST) was
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Fig. 1. (a) Eastern Mediterranean basin showing WRF's 3 domains (9:3:1 km) configuration with terrain elevation, (b) topographic features of the study area, (c) smallest WRF domain
d03 (1 km) configuration depicting the observational stations with available data for 2003 and 2010 by geo-climatic region (43 rain, 2 wind and 31 temperature stations with records of

both daily average and/or daily maximum and minimum temperatures).
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updated once monthly based on previous studies that conclude that 6-
hourly and daily SST does not vary significantly in the Eastern Medi-
terranean basin (Abudaya, 2013; Tonbol and El-Geziry, 2015). Daily
updates of the SST will result in errors < 1 °C; hence it will not impact
WREF results significantly. No nudging was adopted during the simula-
tion to avoid biasing the validation (since in future downscaling, nud-
ging data are not available) by “pulling” the model towards the ob-
served conditions (Pielke et al., 2012; Xu and Yang, 2015), and making
it difficult to assess whether WRF can describe features like air-mass
formation that build within the domain (Paimazumder et al., 2012). All
the WRF one-month-simulations were initialized on the first of each
month of years 2003 and 2010 to prevent the regional model from
drifting far from the observed weather by reinitializing it from the
driving reanalysis data on a monthly basis. This method has the addi-
tional benefit of allowing simultaneous simulations for several months,
significantly reducing the wall-clock simulation time (Pan et al., 1999;
Caldwell et al., 2009). The best practice for model spin up under such
conditions is still debated (Pan et al., 1999; Ferreira et al., 2014): spin
up could under various conditions produce surface states that have
more discrepancies compared to actual states if the modeling system
does not assimilate observed data while the initialization product does.
Longer spin up does not necessarily improve agreement with observa-
tions and in fact for specific humidity and temperature it seems that the
shortest spin up works better as shown in our previous studies (Li et al.,
2013). Moreover, for the one month simulations, initialization and spin
up will only impact the first few days and thus the monthly averaged
errors will not be affected significantly. In this study, we opted not to
include spin-up periods in the monthly simulations because (i) the
National Centers for Environmental Prediction/National Weather
Service/NOAA/U.S. Department of Commerce (2000) surface in-
itialization contains data assimilation for soil moisture and temperature
and spin up is not required to set the surface state, (ii) analyses of
various spinup periods generally show that they have a limited impact
on meteorological fields (Ryu et al., 2016), and (iii) the effect of spin up
would only affect the first few days of our monthly runs and will thus
have a limited impact on the model evaluation we present later. We
should also note that we initialize, run, and evaluate each month se-
parately. Therefore, abrupt jumps in sea surface temperature or soil
moisture and temperature from last day of a month to the first day of
the subsequent month are inconsequential for the simulations.

While the year 2010 was a relatively hot and dry year that is used
here as an example of an extreme period, we also compare the modeling
results to a mild and wet year, 2003. The years 2003 and 2010 were
selected precisely to have extreme hydrometeorological events such as
heat waves, strong storms, or drought periods that pose particular
challenges in dynamic modeling. The selection was based on con-
tinuous daily data spanning the period from 2001 till 2010. WRF si-
mulations of historically wet and dry years also allow “measuring” the
sensitivity of complex topographical regions to climate extremes, which
are good proxies for the conditions expected in the future as the climate
means shift.

The parameterization schemes adopted include the Single-Moment
6-Class Microphysics Scheme (WSM6) (Hong and Lim, 2006), Monin-
Obukhov and Mellor-Yamada Janjic (Eta) for surface layer and PBL
physics (Mellor and Yamada, 1974; Janjic, 2002) (we also evaluated the
YSU scheme, as we will detail later), Dudhia Short Wave (SW) for ra-
diative processes (Dudhia, 1989), Rapid Radiative Transfer Model
(RRTM) (Mlawer et al., 1997) for Long Wave (LW) for radiative pro-
cesses and the Noah Land Surface Model for surface processes (Chen
and Dudhia, 2001). The choices are motivated by previous WRF tests
detailed in Talbot et al. (2012) and Li et al. (2013), and various other
studies that examined the influence of the choice of parameterizations
on WRF's performance (Bukovsky and Karoly, 2009; Ikeda et al., 2010;
Ruiz et al., 2010; Argtieso et al., 2011; Liu et al., 2011, Remesan et al.,
2014).
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2.4. Observational data

The duration, quality, and exhaustiveness of several climatic data
sources (Atlas Climatique du Liban; NOAA's National Climatic Data
Center, Lebanese National Meteorological Services (LNMS), Lebanese
Agricultural Research Institute (LARI), American University of Beirut
Advancing Research Enabling Communities Center (AREC)) were as-
sessed to identify the spatial and temporal climatic data that can be
relied upon. Based on long-term trends of weather parameters including
temperature, relative humidity, precipitation, and wind, the Lebanese
National Meteorological Services (LNMS) divides the study area into
three broad climatic regions: the coastal, the mountainous and the in-
land. These are further subdivided into sub-regions making up a total of
eight geoclimatic regions (Fig. 1c):

— The coastal strip, which includes the northern (NC), central (CS) and
southern coasts (SC);

— The mountainous area, which is divided into the northern (NM) and
central mountains (CM);

— The inland region, which is divided into the northern (NI), central
(CI) and southern (SI) areas.

The analysis of climatic records from weather stations in the study
area (Fig. 1c) indicated variation in span and quality. The availability of
continuous observations was a hindrance since we could get complete
daily data for a limited number of stations for the various geoclimatic
regions. We selected only the stations from which 70% or more of the
daily and/or monthly precipitation, temperature and wind measure-
ments were available during 2003 and/or 2010 (see Supplementary
material Table S2), which required the exclusion from WRF's output
analysis of the periods with missing data for each selected station before
model evaluation statistics were carried out. Comparisons between si-
mulated and observed 2 m temperatures, precipitation, and 10 m wind,
were then performed to answer the driving question of this study.

2.5. Data handling and analysis

Model simulations from WRF in its three resolutions (9, 3 and 1 km)
were compared with observations at various stations throughout the
inner domain. While model validation is imperative, there is no
agreement on an ideal evaluation technique. Traditionally, RCMs eva-
luation procedures rely on gridded data or reanalysis (Argiieso et al.,
2011; Berg et al., 2013). However, these datasets are sometimes created
using a rather small number of stations, and the resulting interpolation
can lead to excessively smoothed precipitation and temperature values
that do not capture the extremes (Hofstra et al., 2009).

In this study, several statistics were used to evaluate model per-
formance using observational datasets such as the mean bias error
(MBE), mean absolute error (MAE), percentage bias (PBIAS), root mean
square error (RMSE), percentage RMSE, and coefficient of determina-
tion R2 (Willmott, 1982; Kobayashi and Salam, 2000). Assessment of
the contribution to the RMSE of (i) the bias of the mean (referred to as
BIAS), (ii) the variance or standard deviation (referred to as VAR) and
(iii) the covariance or dispersion error (referred to as COVAR) are also
conducted following the approaches of Murphy (1988) and Horvath
et al. (2012) as expressed in Egs. (1a) and (1b).

1 M N
MsE = L Gk = 3)?
MN Z{ g’ R (1a)
1 M
MSE = — 37 (= 507 + [ @) - 0P + 20,0)a 0)[1 = n0y)]
k=1
(1b)

where MSE is the mean square error, x and y are respectively the si-
mulated and observed data, k and i are indices denoting various points
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in space and time, M is the number of stations per geo-climatic region,
N is the number of points in the time series being compared, o is the
standard deviation, r is the correlation coefficient between simulated
and observed data, and bars indicate time-averages. In this equation,
the first term on the right hand side is the BIAS that denotes errors
related to differences in the means between observations and model
outputs, the second is the VAR that reflects errors resulting from the
differences in variability between the two, while the third is the COVAR
that is related to the synchronization errors between observation and
simulated time series.

A regional statistical analysis was performed on the limited number
of stations corresponding to every geo-climatic zone. Depiction of ex-
treme events is through the probability density functions (PDFs) of the
temperature and precipitation. Comparisons concentrated on daily
average, maximum and minimum temperatures (Tavg, Tmax and Tmin)
and accumulated total precipitation (daily, monthly and yearly). The
daily average, maximum and minimum statistics are derived from the
WREF simulations (hourly data) to assess the value of WRF downscaling.
The simulated values are taken at the center of the grid cell for tem-
perature and precipitation. Interpolation to match the exact observa-
tional location would result in minor differences in the simulated values
derived from the smallest grids (WRF 1 km and 3 km), which are the
focus of this study. For the same reason, no lapse rate correction was
applied to temperature at the fine grid resolutions. Furthermore, since
the lapse rate over complex topographical terrain does not depend only
on altitude but is also a function of other aspects such as buoyancy,
mountain width, moisture (Barstad and Smith, 2005) and wind
(Esteban and Chen, 2008), estimating an altitude correction confidently
is challenging. The use of a uniform and constant lapse rate of 6-6.5 °C/
km is reportedly not illustrative of real surface environments over
complex topographic terrains based on the use of temperature sensors
(Bolstad et al., 1998; Rolland, 2003; Tang and Fang, 2006; Blandford
et al., 2008; Gardner et al., 2009; Minder et al., 2010). Such observa-
tional studies report that the average surface lapse rate varies con-
siderably from the 6-6.5 °C/km values often used to correct for altitude
discrepancies between grid centers and observational points, displaying
noticeable seasonal changes beyond 2 °C/km, diurnal erraticism and
spatial fluctuations linked to the topography or position with respect to
valleys (Minder et al., 2010). In light of the above, we opted not to
apply a lapse rate correction to the 9 km domain either since it is highly
uncertain whether such a correction improves or degrades the results.

In the case of wind, the model evaluation is more complex since
altitude as well as small local topographic features around the station
can influence the model validation. Moreover, only 1 station recorded
hourly wind speed and direction in the central coast sub-region, while 2
stations on the northern coast and the central interior zone recorded
these data on a 3-hour interval. After testing whether the wind data at
these stations follow a Weibull probability distribution (Di Piazza et al.,
2009), which is expected if the stations are not influenced by local
obstacles or very location-specific features, the central coast station
failed the test and only the last 2 stations were retained for wind eva-
luation for 2003 and 2010. While it is possible to have wind statistics at
some locations that do not follow the Weibull probability distribution,
the fact that two stations in the study region followed it while one did
not, casts doubts on the wind data quality at that central coast station,
and thus it was excluded from the analysis.

3. Results and discussion
3.1. Temperature

3.1.1. Average temperatures

The simulated impact of topography and altitude on the spatial
patterns of yearly-averaged 2 m temperature, and the clear distinction
between Tavg in wet and cool (2003) versus dry and hot (2010) years in
all three WRF resolutions, are depicted in Fig. 2. The coast is the
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warmest region, followed by a small zone of the mid-mountain ranges,
and the majority of the area of the inland central and northern regions.
WREF reproduced the expected average temperature drop at high ele-
vations of the mountain ranges and in the southern inland regions with
higher spatial detail as the resolution is made finer from 9 to 1 km. The
average temperature of the coast varied between 18 and 22 °C, which
are consistent with reported values of 20 °C (Atlas Climatique du Liban,
1977; Lebanon SNC, 2011). Over the coast and in interior regions,
average temperatures in 2010 (18 °C) are only slightly higher than in
2003 (17 °C).

Since the study area has an extended and narrow form in addition to
its complex topographical features, local variations tend to be large.
Therefore, the model performance over individual sub-regions is more
informative than its countrywide performance. The number of weather
stations measuring Tavg in each of the eight geo-climatic regions varies
from O to 4, since most stations for 2003 have records only for Tmax
and Tmin (refer to supplementary material Table S2). In order to
compute the regional averages, the stations that report Tavg in each
climate zone were grouped and then averaged (WRF results are also
taken at the station locations only, and then averaged). The MAE and
the MBE of the daily-averaged 2 m temperature for the different geo-
climatic regions, categorized during various seasons of 2003 and 2010,
are improved as WRF's grid is refined down to 1 km (Tables 1 and 2 for
MAE and Tables 3 and 4 for MBE) (DJF: December, January, February;
MAM: March, April, May; JJA: June, July, August; SON: September,
October, December). They confirm that higher resolution leads to
higher coefficients of determination and smaller errors.

Fig. 3 illustrates that the WRF simulation with 1 km resolution also
outperformed the 9 km resolution in all regions, resulting in an average
reduction in the RMSE of 0.47 °C for 2003 and 0.41 °C for 2010. WRF
1 km errors were also smaller than those of WRF 3 km, but the differ-
ences were less significant with only 0.16 and 0.12 °C improvement in
the RMSE for 2003 and 2010, respectively. In most regions and seasons,
the largest part of the RMSE error was due to the covariance term in all
WREF resolutions, with few exceptions in the CC during MAM, CI during
MAM, JJA and SON. This indicates that weather systems in WRF are
arriving too early or too late compared to observations (note that since
these are daily values, timing errors of less than one day cannot be
detected). The BIAS was the second largest contributor to the error
overall. On the other hand, the smallest part of the error is due to the
variance (standard deviation) in all regions during all seasons, implying
that the observed time variability (variance) is reproduced well by
WREF, which is a direct representation of WRF's skill in reproducing the
annual cycle. We are showing the decomposition of RMSE errors of
WREF-1 only (Fig. 3) since the remaining resolutions follow the same
trend. Fig. S3-1 to 3-4 in the supplementary material illustrates the
results using Taylor diagrams (Taylor, 2001).

The PDFs of the daily-averaged temperatures from the observations,
and from the 9, 3 and 1 km WRF simulations, for all four seasons of
2003 and 2010, were computed for all stations combined, and for
conciseness only the best and worst seasonal performance of WRF
(based on differences between WRF-1 simulated and observed Tavg) are
presented in Fig. 4. The general trends of the distribution of WRF in its
3 resolutions match observations reasonably well, with WRF's finest
resolution in general yielding PDFs closer to observations for all sea-
sons. The satisfactory reproduction of these PDFs, particularly their
tails, is a positive indication of WRF's ability to reproduce extremes.

3.1.2. Maximum temperatures

Seasonal and regional MAE analyses for the summer season for
maximum 2 m temperatures, along with the correlation coefficients are
depicted in Table 5. MAEs for WRF 1 and 3 km are lowest in all regions,
except in CM during 2003 and NM during 2010. The coefficients of
determination are closely comparable among the 3 WRF resolutions. In
addition, the RMSEs of Tmax for years 2003 and 2010 were computed
from differences in the daily maximum values between WRF and station
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Fig. 2. Average 2 m temperature from WRF-9, 3 & 1 simulations for 2003 and 2010.

observations (Fig. 5), but we will only consider the warm summer
month since this is the critical periods for high temperatures. In both
years, WRF-1 is yielding smaller errors in all regions except the central
mountains in 2003. WRF-3 is also markedly better than WRF-9 in all
regions for both years. Interestingly, WRF-3 outperforms WRF-1 biases
in the northern mountain and northern inland regions in 2010, and the
differences between these two finest resolutions remain limited. Re-
garding the decomposition of the RMSE in time and space, the 3 model
resolutions exhibited similar trends. For clarity, we are showing only
the decomposition of RMSE related to WRF 1 in Fig. 5. Once again, the
errors related to the variance (standard deviation) are minimal in all
regions during both years. Interestingly, and unlike the mean tem-
perature, the largest contribution to the RMSE came from the bias of the
mean during 2003 and most of 2010, with the exception of the
mountainous regions (NM and CM) and northern and southern inland
regions (NI and SI) where the contribution of the covariance error is the
greatest. This implies that WRF errors in underpredicting or over-
predicting the maximum temperatures are overall more significant than
the errors in the timing of these extremes (again the minimal time error
that can be detected is 1 day). An alternative way of showing the above
results using Taylor diagrams can be found in the Supplementary ma-
terial Fig. S3-5 and S3-6.

The PDFs of daily maximum temperatures for the 2003 and 2010

Table 1
MAE (°C) and R? for seasonally Tavg in 2003, lowest errors are in bold*.

summer season, comparing WRF simulations to observations, are pre-
sented in Fig. 6. The summer season is normally defined as June, July
and August (JJA), but for the computation of these PDFs we opted to
include the month of May (M) in the summer season: early in May the
Khamsin wind blows up the Levantine coast from the Sahara Desert and
could yield high Tmax values. The temperature of the wind might ex-
ceed 40 °C, conveying a heat wave over the study area (Blanchet,
1965). The added value of finer resolutions (WRF-1 and WRF-3) can be
detected in the PDFs of MJJA of 2003 and 2010, although WRF tends to
overestimate the frequency of Tmax < 30 °C, and underestimate the
frequency of Tmax > 30 °C (particularly in 2003). A significant un-
derestimation is noted in bins between 30 °C and 35 °C. Higher WRF
resolutions can only mitigate some of this misrepresentation: WRF-1
and WRF-3 captured the observed hot season PDF of 2010 well, while
WRF-9 continued to exhibit an underestimation between 35 °C and
40 °C bins. In general, the match between the simulated and observed
PDFs of Tmax is inferior to the match for Tavg.

3.1.3. Minimum temperatures

A summary of the regional MAE analysis is shown in Table 6 for
Tmin. MAE values indicate a good representation of Tmin by the WRF-1
during both years. In most regions, the error is improved by WRF-1 by
~0.4 °C during 2003 and by 1.0 °C during 2010, when compared with

Region WRF-1 WRF-3 WRF-9

DJF MAM JJIA SON DJF MAM JIJA SON DJF MAM JJA SON
NC 1.1 1.5 1.3 1.2 1.2 1.7 1.7 1.3 1.4 1.7 1.4 1.4
CC 0.7 2.0 2.5 0.7 0.7 1.8 2.6 0.8 0.9 2.0 2.8 0.9
CI 1.4 1.4 1.3 1.4 1.8 1.7 1.5 1.8 2.0 2.3 2.7 2.5
Study area 1.1 1.6 1.7 1.1 1.2 1.7 1.9 1.3 1.4 2.0 2.3 1.6
R? 0.75 0.91 0.75 0.90 0.74 0.90 0.73 0.88 0.71 0.89 0.83 0.86

No stations recorded Tavg in SC, NM, CM, NI and SI regions.
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Table 2
MAE (°C) and R? for seasonally Tavg in 2010, lowest errors are in bold.
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Region WREF-1 WREF-3 WRF-9

DJF MAM JIA SON DJF MAM JJIA SON DJF MAM JIA SON
NC 1.7 1.4 2.0 1.6 1.7 1.6 2.3 1.6 1.9 1.5 2.2 1.7
CcC 0.8 1.5 3.1 1.0 0.8 1.6 3.1 1.1 1.2 1.8 3.4 1.4
SC 1.3 1.0 1.7 1.3 1.3 0.8 1.5 1.3 1.5 1.1 1.7 1.4
NM 0.7 0.7 0.9 0.8 1.2 0.8 1.0 1.3 1.7 1.3 1.2 1.9
CM 1.1 1.0 1.2 1.2 1.8 1.4 1.3 1.7 1.6 1.5 1.3 1.7
NI 1.4 1.3 1.2 1.2 1.4 1.4 1.2 1.3 2.4 1.6 1.4 1.7
CI 1.7 1.6 1.6 1.5 1.7 1.5 1.5 1.3 1.8 1.9 2.1 1.5
SI 0.7 0.7 1.2 0.8 0.7 0.8 1.2 0.9 1.0 1.3 1.8 1.3
Study area 1.2 1.1 1.6 1.2 1.3 1.2 1.7 1.3 1.6 1.5 1.9 1.6
R? 0.82 0.87 0.77 0.88 0.81 0.86 0.76 0.86 0.78 0.85 0.75 0.84

WRF-9; WRF-3 is also better than WRF-9 in most regions by ~0.2°C
during 2003 and by 0.7 °C during 2010. The RMSE of winter daily Tmin
at a regional and a seasonal scale are presented in Fig. 7 and as a Taylor
diagram in Fig. S3-6 in the Supplementary material. The good skill of
WREF-1 in capturing Tmin is noticeable in most regions, except in the
central mountain (CM) in 2003 and central inland (CI) in 2010 where
WREF-1 yields the largest errors of all three resolutions. WRF-3 also
yields lower errors than WRF-1 in the central coast (CC) 2003 and
southern inland (SI) in 2010. Regarding the decomposition of the
RMSE, Tmin follows the same trend as Tavg (rather than Tmax) in all of
WREF 3 resolutions (only WRF 1 km is shown in Fig. 7). The errors re-
lated to the variance (standard deviation) are minimal (except in NI
during 2003) and the highest contributions to the RMSE were from the
covariance error in most regions during both years with a few excep-
tions.

The coefficients of determination of Tmin between observations and
WREF simulations are always lower than those of Tmax (Tables 5 and 6).
A possible cause that could account for these differences is that night-
time temperature minima in the diurnal cycle are difficult to capture:
this is a limitation with atmospheric models such as WRF that has often
been reported before (Paimazumder et al., 2012; Talbot et al., 2012). It
is related to the difficulty in parameterizing PBL turbulence under
stable night-time conditions (Huang and Bou-Zeid, 2013; Huang et al.,
2013; Shah and Bou-Zeid, 2014), compared to unstable/mixed daytime
conditions. In an attempt to reduce the nighttime errors, a change from
Mellor-Yamada Janjic (Eta) to Yonsei University (YSU) PBL scheme was
tested for a 4-months simulation period (February and November 2003,
August and December 2010). The YSU scheme led to even larger errors
in nighttime temperatures as well as to an increase in precipitation bias
(Supplementary material Figs. S3-7 and S3-8). Subsequently, the ori-
ginal Mellor-Yamada Janjic (Eta) PBL parameterization scheme was
retained in the WRF model set-up.

The frequency distributions of Tmin, shown in Fig. 8, illustrate in a
different way the seasonal dependence of the model's performance in
capturing daily variability and extremes. Generally, the agreement
between WRF-1 and observed minimums is satisfactory in the winter of
2003. In the winter of 2010, WRF-1 is close to observations in more
than half of the bins. The WRF-1 simulated distribution of minimum

Table 3
MBE (°C) for seasonally Tavg in 2003, lowest errors are in bold®.

temperatures is skewed to the right in DFJ 2010, where the model is
predicting higher Tmin, and hence underpredicting the probability of
occurrence of very cold minima. Along with Tmax simulations, these
results point to the fact that WRF tends to underestimate the severity of
extreme temperatures in general (it produces milder temperatures),
although not excessive, this bias should be taken into account when
downscaling future climate scenarios.

3.2. Precipitation

The various climatic references for the study area report an average
annual rainfall along the coastal zones between 700 and 1000 mm, with
an increase from South to North due to the increase in the mountain
heights producing the orographic precipitation as shown in the sup-
plementary material Fig. S3-9 (Ministry of Agriculture (MOA)/United
Nations Development Program (UNDP)/GTZ, 2003), which depicts a
multi-year average precipitation map. The West Mountains range forms
a barrier against inland moisture movement, and the precipitation it
generates on the upwind western slopes can reach > 1400 mm per
annum (there are no snowfall measurements in the study area, hence
the term precipitation used here is indicative of rainfall only for both
observed and simulated values). This dries up the air masses flowing
east, and rainfall decreases rapidly on the eastern slopes of the west
mountain range and registers only 600 mm inland. Rainfall inland
varies between 800 mm (central inland, leeward of the lowest moun-
tains) and 200 mm (northern inland, leeward of the highest moun-
tains). As for the East Mountains chain along the eastern border of the
study area, rainfall is about 600 mm and increases up to > 1000 mm at
high elevations. Precipitation in dry years can be as low as 50% of the
average. Coastal regions receive between 50 and 80 days of precipita-
tion (Atlas Climatique du Liban, 1977; Ministry of Agriculture (MOA)/
United Nations Development Program (UNDP)/GTZ, 2003, UNDP/GEF
and MPWT/DGU, 2005; Lebanon SNC, 2011).

The cumulative annual precipitation from WRF 9, 3 and 1 km for
2003 and 2010 is illustrated in Fig. 9, depicting a coherent pattern
corresponding to the topography and matching the sub-regional divi-
sions remarkably well (Atlas Climatique du Liban, 1977, Ministry of
Agriculture (MOA)/United Nations Development Program (UNDP)/

Region WREF-1 WRE-3 WREF-9

DJF MAM JJA SON DJF MAM JJIA SON DJF MAM JJA SON
NC 1.1 1.5 1.3 1.2 1.2 1.7 1.7 1.3 1.4 1.7 1.4 1.4
CcC 0.7 2.0 2.5 0.7 0.7 1.8 2.6 0.8 0.9 2.0 2.8 0.9
CI 1.4 1.4 1.3 1.4 1.8 1.7 1.5 1.8 2.0 2.3 2.7 2.5
Study area 1.1 1.6 1.7 1.1 1.2 1.7 1.9 1.3 1.4 2.0 2.3 1.6

@ No stations recorded Tavg in SC, NM, CM, NI and SI regions.
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Table 4
MBE (°C) for seasonally Tavg in 2010, lowest errors are in bold.
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Region WREF-1 WREF-3 WRF-9
DJF MAM JIA SON DJF MAM JJIA SON DJF MAM JIA SON

NC 1.7 1.4 2.0 1.6 1.7 1.6 2.3 1.6 1.9 1.5 2.2 1.7
CcC 0.8 1.5 3.1 1.0 0.8 1.6 3.1 1.1 1.2 1.8 3.4 1.4
sC 1.3 1.0 1.7 1.3 1.3 0.8 1.5 1.3 1.5 1.1 1.7 1.4
NM 0.7 0.7 0.9 0.8 1.2 0.8 1.0 1.3 1.7 1.3 1.2 1.9
CM 1.1 1.0 1.2 1.2 1.8 1.4 1.3 1.7 1.6 1.5 1.3 1.7
NI 1.4 1.3 1.2 1.2 1.4 1.4 1.2 1.3 2.4 1.6 1.4 1.7
CI 1.7 1.6 1.6 1.5 1.7 1.5 1.5 1.3 1.8 1.9 2.1 1.5
SI 0.7 0.7 1.2 0.8 0.7 0.8 1.2 0.9 1.0 1.3 1.8 1.3
Study area 1.2 1.1 1.6 1.2 1.3 1.2 1.7 1.3 1.6 1.5 1.9 1.6

GTZ, 2003). The spatial distribution in WRF-1 clearly captures the
broad tendency towards decreased precipitation at the northern coast
(which matches observations) in comparison to the other coastal zones
(partially due to the wider coastal plains upwind of the west mountain
range as depicted in Fig. 9). Additionally, WRF-1 captures the maxima
along the west mountain range and the minima further inland, as well
as the peak in the coastal zone and the southern inland region. WRF-3
captures most of these spatial patterns and tendencies, while WRF-9
seems to blur the precipitation contours significantly. Interestingly, the
3 km resolution was adopted in similar topographies by Trapero et al.
(2013) to examine the effect of the orography on heavy precipitation
events in the Eastern Pyrenees. The difference in the rainfall between
the wet 2003 and the drier 2010 is significant, and is also captured by
WREF.

For every station, total monthly precipitation was calculated and the
process was repeated for the closest WRF grid point, then the bias was
computed as a percentage difference between the simulated and ob-
served total yearly precipitation for every station independently, and
then averaged for each region, and then over the whole study area
(Table 7). The study area bias and coefficient of determination between
WRF and the observational data were calculated by pooling all in-
dividual stations together without regionalization. This approach was
adopted because the interest is primarily in the overall water budget of
the region and due to the fact that the temporal and spatial locations of
precipitation events are exceedingly difficult to reproduce accurately
(Li et al., 2013; Ryu et al., 2016). In individual sub-regions, particularly
the Northern Mountains and Northern Inland regions, biases can reach

about 50%. However, with respect to the overall study area, which is of
most importance from a water resources management perspective, the
biases of WRF 1 km and 3 km are very acceptable, and they perform
better than WRF 9 km, especially in the dry year 2010.

Note that in an attempt to reduce the bias, a change in model
configuration from 35 to 56 vertical levels was tested for a 2-months
period (February 2003, August 2010). In parallel, the same period was
also configured based on 26 vertical levels. An increase in the pre-
cipitation bias was noticeable as the number of levels increased with a
concurrent decrease in the temperature bias (Supplementary material
Figs. S3-10 and S3-11 and Tables S3-1 and S3-2). Subsequently, the
original 35 vertical levels configuration was retained in the WRF model
set-up since precipitation is more critical for our future applications.
However, for applications where temperature is the more important
metric, a higher number of vertical levels might be useful since the
change in vertical resolution tends to cause a change in surface energy
flux and consequently in the simulated temperature field (Aligo et al.,
2009; Zeng et al., 2016).

Fig. 10 shows the RMSE for annual accumulated precipitation of
WRF 9, 3 and 1 km along with the decomposition of the RMSE of WRF
1 km. Taylor diagrams portraying the results is also included in the
supplementary material (Fig. S3-12). The performance of WRF 1 and
3 km was inferior to that of WRF 9 km during 2003, confirming the
results obtained for the MBE for that year (Table 5). Results for 2010
yield an improvement of WRF 1 over WRF 3 and 9 km. Interestingly,
the major source of error for precipitation seems to vary regionally and
between years, with no strong dominance of the BIAS, VAR, or COVAR
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Fig. 4. PDFs of the daily average 2 m temperature (a) best WRF fit (b) worst WRF fit.

Table 5
MAE (°C) and R? for the summer season Tmax in 2003 & 2010, lowest errors are in bold.

Region 2003 2010
WRF-1 WRF-3 WRF-9 WRF-1 WRF-3 WRF-9
NC 2.1 2.5 2.7 2.7 3.1 3.4
CcC 3.2 2.9 3.9 4.0 4.0 5.6
SC 5.0 5.6 5.6 2.2 2.4 2.7
NM 3.4 5.8 5.8 1.9 1.7 1.7
CM 2.8 2.9 27 2.1 2.4 2.5
NI 3.1 3.6 4.4 1.3 1.2 2.2
CI 1.9 2.9 4.4 1.6 2.6 4.0
SI 3.6 4.7 4.8 1.8 2.1 3.3
Study area 3.1 3.9 4.3 2.2 2.4 3.2
R? 0.66 0.68 0.68 0.75 0.75 0.74
terms.

One important aspect in the evaluation of a model is its competence
in reproducing the strength and occurrence of separate precipitation
events. Precipitation in the study area happens mostly as short time
rainfall events and displays a clear annual cycle with very dry summers.
The high precipitation events in the study area are often connected with
adverse hydrological consequences such as road and channel floods and
landslides. Consequently, simulating the higher ends of the precipita-
tions PDFs is a necessary skill for WRF. To account for the rainy season
extreme events, we applied a filter so that dry days from May to
September at all localities are removed, keeping only the days with
precipitation strictly > 0 mm/day. Fig. 11 shows a representative

selection of the resulting simulated PDFs of the mean daily precipitation
simulated compared with the observations for the eight regions of the
rainy season (October to May), and for both 2003 and 2010, the com-
plete PDFs for all regions are shown in supplementary material
Figs. 2-3. Given the challenges related to the simulation of precipitation
the match between observed and simulated PDFs is in fact surprisingly
good. During both years, WRF overestimates the occurrence of rainy
days with < 0.2 mm of accumulation in all regions (Fig. 11 and Fig. S3-
13 in the Supplementary material). This might be due either to light
rainfall formation in WRF (e.g. as dew) or to the low resolution of
rainfall gages (typically tipping buckets are used) that prevents them
from detecting light rainfall events. It also overestimates the prevalence
of days with rainfall accumulation between 0.2 and 1 mm along the
coast (Fig. 11a and Fig. S3-13a, b & c¢) while it underestimates the oc-
currence of days with rainfall between 5 and 10 mm in the mountains
(Fig. 11b and Fig. S3-13d & e) as well as along the northern and central
coast (Fig. 11a and Fig. S3-13a & b). The PDF is better reproduced for
the higher rainfall rates, which are more relevant. The overall dis-
tribution of rainfall is simulated particularly well in the central and
southern inland (Fig. 11c and Fig. S3-13g & h), albeit with a tendency
to overestimate the probability of moderate precipitation (days of
rainfall between 1 and 5 mm); the overestimation is reduced by WRF-1.
Likewise, WRF-1 is generally capable of simulating topographic impacts
on extremes (days of rainfall beyond 5 mm), especially over mountai-
nous regions (Fig. 11b and Fig. S3-13d & e) during the wet year 2003,
with WRF-9 overestimating the probability of intense rainfall more than
the finer resolutions. The change in the results with increasing resolu-
tion is in general smaller when going from WRF-1 to WRF-3, compared
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Fig. 6. Probability density plots of the daily maximum 2 m temperature.

Table 6
MAE (°C) and R for the winter season Tmin in 2003 & 2010, lowest errors are in bold.

Region 2003 2010
WRF-1 WREF-3 WRF-9 WRF-1 WREF-3 WRF-9

NC 1.4 1.6 2.0 3.0 3.1 4.2
CC 1.5 1.3 1.8 1.6 1.7 3.0
SC 2.0 1.4 1.0 2.3 2.8 3.1
NM 1.3 1.6 1.6 1.4 2.2 2.7
CM 3.8 3.3 3.4 1.1 1.3 1.6
NI 2.3 2.6 2.6 2.1 2.3 3.7
CI 1.7 1.9 1.9 3.5 3.6 3.4
SI 1.9 2.4 2.8 1.3 1.2 1.3
Study area 2.0 2.0 21 2.0 2.3 2.9
R? 0.61 0.60 0.59 0.64 0.63 0.57

to going from WRF-3 to WRF-9.

3.3. Wind

The wind data in the study area is not as comprehensive as the
temperature or precipitation data. Humid maritime air is gusted from
the sea during the rainy season (October to May) and produces snow at
high altitudes when mixed with continental dry and cold air from the
Caucasus and the Balkans entering the study area through the northeast
and the southern inland region. During the summer season, very humid
and warm air blows also from the littoral after passage over the sea, but
the higher temperature reduces the relative humidity, which eliminates

rainfall occurrence (UNDP/GEF and MPWT/DGU, 2005).

As stated in Section 2.5, two stations were used for the wind eva-
luation: one (TRP) located along the northern coast and the second
(HAO) situated in the central inland. The predominant wind directions
experienced during 2010 are displayed in Fig. 12 in a series of wind
roses for the observed (at 3 hour interval) and corresponding simulated
WREF-1 speeds and directions. The wind roses for 2003 follow the same
direction and hence are shown in supplementary material Fig. S3-14.
The number of periods with wind blowing from a particular direction is
indicated by the radius of the wedge extending towards that direction,
while the colors denote ranges of wind speeds. The average mean wind
direction for both stations exhibited a consistent bias during both years
of +16° for HAO and — 22° for TRP, which is also apparent in the wind
roses (the roses align better if bias correction is made). The persistence
of the bias with similar values for both years at each station is more
suggestive of errors related to the alignment of the wind vanes than
model errors. Wind vanes should be oriented to the geographic North,
which is often identified using a compass that indicates magnetic North.
Accurate correction for this discrepancy is not always performed; in
addition, potential human errors in reading the compass and aligning
the vane correctly could also lead to a consistent bias. The magnetic
declination angle in the project area is about 12° west, which would
explain most of the inland station bias, but would exacerbate the
northern coast station bias. This bias explains why at the inland station,
while most of the observed wind blows from the West and South-West
with a significantly lower frequency for the wind from the North-West
direction, the occurrence of wind blowing from the North-West direc-
tion in WRF is more common. In addition, WRF overestimates the wind
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Fig. 8. Probability density plots of the winter season daily minimum 2 m temperature.

speed consistently from all directions. The same observed wind rose
shows that the wind rarely blows from the South East direction at the
inland station, a fact mirrored by WREF-1. At the coastal station, the
dominant observed wind direction is from the West, followed by weak
winds from the South-West and South-East directions, and a minor
fraction of slightly higher speed winds blowing from the West-North-
West direction. WRF-1 intensifies the speed of winds blowing in all
directions (as in the inland station), and its bias of — 22° diminishes the
occurrence of westerly winds and increases the occurrence of south-
westerly winds.

The observed average daily wind speed at these stations varies from
0.5 to 6.6 m/s inland, while it increases in the simulations up to
12.6 m/s at the northern coast. The wind speeds are generally more
overpredicted (about 50%) on the coast than inland (around 40%) in
the three model resolutions (not shown). Concerning the statistical er-
rors, Table 8 points out an important improvement in the MAE added
by WRF 3 km, which in general performs better than the 1 km, and

20 25

Table 7

Percentage MBE and R? for yearly precipitation in 2003 and 2010, lowest errors are in

bold.
Region 2003 2010

WRF-1 WRF-3 WRF 9 WRF-1 WRF-3 WRF 9

NC —7.2% —425% 0.6% 16.1% 15.1% 38.4%
cC 19.4% 3.9% 24.3% 14.1% 6.0% 15.4%
SC -2.3% -15.7% —9.3% 14.0% —3.4% 0.2%
NM 37.8% 46.2% 49.7% 26.0% 52.9% 47.7%
CM 10.9% —3.9% -11.1% 4.7% 4.6% 6.3%
NI —49.2% —545% —43.1% —37.4% —37.8% —8.4%
CI —-183% —27.9% —6.0% 21.4% 16.4% 64.2%
SI 19.7% 37.1% 25.5% 9.3% 5.4% 40.0%
Study area  —2.01% —9.75% 2.16% 6.8% 3.8% 17.6%
R? 0.64 0.60 0.66 0.70 0.64 0.57
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Fig. 10. Regional RMSE (mm) for rainy
season precipitation, with decomposition of
RMSE for WRF-1.

Fig. 11. Probability density of averaged daily precipitation
for 2003 and 2010 in northern coast (NC), northern moun-
tainous (NM), and southern inland (SI) regions.
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Fig. 12. Wind roses for available stations for 2010.

Table 8
MAE (m/s) and R? for the yearly average wind speed in 2003 & 2010, lowest errors are in
bold.

Station 2003 2010

WREF-1 WREF-3 WRF 9 WREF-1 WRF-3 WRF 9
HAO 1.13 0.85 1.14 1.22 0.94 1.06
TRP 111 1.10 1.10 1.03 1.00 0.94
Study area 1.12 0.98 1.12 1.13 0.97 1.00
R? 0.53 0.51 0.46 0.46 0.46 0.38

some deterioration for the WRF 9 km. However, the highest coefficient
of determination achieved by WRF 1 km. Fig. 13 shows that the largest
part of the RMSE for WRF 1 km was due to covariance error at both
stations during both years. A Taylor diagram for the annual average
wind speed at both stations is included in the supplementary material
Fig. S3-15. The average statistics confirm that all resolutions have
analogous results and that increasing the grid resolution to 1 km does
not generally result in a significant improvement. These results clearly
reflect what was expected: as the terrain complexity increases, the
model struggles to simulate accurately the wind regime, especially the
wind speed, which is consistent with the work of Jiménez et al. (2010)

and Lorente-Plazas et al. (2016).

Regarding the wind speed extremes, a comparison from the seasonal
PDFs of the two stations for 2003 in Fig. 14 illustrates that WRF un-
derestimates the low winds (< 4 m/s) and overemphasizes the mod-
erate winds (5-10 m/s) during all seasons in both years. The same trend
is observed during 2010, as shown in supplementary material Fig. S3-
16. The error for the wind speed may be aggravated by measurement
errors if the cup anemometers, which have errors that are typically
higher than other anemometers, do not start registering wind speeds
until a minimum speed is reached (usually around 0.5 m/s, which are a
common shortcoming of mechanical anemometers). If that is the case,
wind speeds less than this cutoff will be registered as zero, erroneously
decreasing the observed averages.

4. Summary and conclusion

This study presents an evaluation of WRF simulations over a com-
plex topography domain along the Eastern Mediterranean for a wet
year (2003) and a dry/hot year (2010) to examine its skill as a tool for
climatological downscaling and its capability to capture the clima-
tology of extreme events. The study area covers = 30,000 km?, but is
characterized by strong spatial heterogeneity of the precipitation fields

2003 2010 Fig. 13. Regional RMSE (m/s) for annual
wind speed at the considered stations, with
&4 I O WRF-1 RMSE I I decomposition of RMSE for WRF-1.
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40 50 Fig. 14. Wind speed seasonal PDF of coastal (TRP) and
TRP 2003 DJF TRP 2003 MAM|  inland stations (HAO) for 2003.
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associated with its complex topography and coastal effects, and a large
inter-annual variability typical of the Mediterranean climate. These
attributes make it an excellent candidate for assessing the skill of WRF
over complex terrain.

Overall, WRF performance was satisfactory. It captured the complex
spatial and seasonal variability that characterizes the observed climate
of the study area and reproduced the differences between the mild, wet
year and the hot, dry year well. The reduction in errors gained from the
increase in WRF resolution was noticeable for maximum temperatures,
which are central to climate change impact studies. Accumulated yearly
rainfall, another key parameter in impact studies, was reproduced very
well by WRF. These conclusions hold for the 1 km resolution domain
but also for the 3 km resolution run, the performance of which was
overall quite similar to the finer domain. At a resolution of 9 km,
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deterioration in the simulated temperature and precipitation fields was
clear, indicating that a 3 km resolution is necessary and sufficient, at
least for the region considered here, for downscaling climate fields over
complex terrain if year-long simulations are to be performed (1 km
might be a better option for shorter periods). The wind speed and di-
rection were more challenging for the model to reproduce at all re-
solutions.

Given that omitting the 1 km domain (which has to be run with a
shorter time step) reduces the computational cost of the simulation by
about 70%, allowing the downscaling of more future years to represent
better the climatic extremes, limiting the finest resolution for down-
scaling to 3 km is advisable. In addition, the MYJ PBL scheme yielded
better precipitation than the YSU PBL schemes in our tests, but the
comparison to other schemes and over other domains would be
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required to develop better guidance regarding the role and influence of
the land and PBL schemes, as well as other key schemes such as the one
for microphysics.
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