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Highlights
. WREF simulations captured rainfall reasonably well for three of the five extreme events.
. The BMIJ and GF convection and Ferrier, WDM6 and WSM6 microphysics parameterizations are found

to outperform.
. Convection-permitting simulations add a value, especially over regions of high-elevation

. Significant discrepancies between three, gridded precipitation datasets are reported.

Abstract. Climate change is expected to substantially influence precipitation amounts and distribution. To im-
prove simulations of extreme rainfall events, we analyzed the performance of different convection and micro-
physics parameterizations of the WRF (Weather Research and Forecasting) model at very high horizontal resolu-
tions (12, 4 and 1 km). Our study focuses on the eastern Mediterranean climate change hot-spot. Five extreme
rainfall events over Cyprus were identified from observations and were dynamically downscaled from the ERA-
Interim (EI) dataset with WRF. We apply an objective ranking scheme, using a 1-km gridded observational dataset
over Cyprus and six different performance metrics, to investigate the skill of the WRF configurations. We evaluate
the rainfall timing and amounts for the different resolutions, and discuss the observational uncertainty over the
particular extreme events by comparing three gridded precipitation datasets (E-OBS, APHRODITE and CHIRPS).
Simulations with WRF capture rainfall over the eastern Mediterranean reasonably well for three of the five se-
lected extreme events. For these three cases, the WRF simulations improve the ERA-Interim data, which strongly
underestimate the rainfall extremes over Cyprus. The best model performance is obtained for the January 1989
event, simulated with an average bias of 4% and a modified Nash-Sutcliff of 0.72 for the 5S-member ensemble of
the 1-km simulations. We find overall added value for convection-permitting simulations, especially over regions
of high-elevation. Interestingly, for some cases the intermediate 4-km nest was found to outperform the 1-km
simulations for low-elevation coastal parts of Cyprus. Finally, we find significant and inconsistent discrepancies
between the three, state of the art, gridded precipitation datasets for the tested events, highlighting the observa-

tional uncertainty in the region.
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1. Introduction

While global climate projections for temperature, which indicate a general warming, appear to be reasonably
robust, this is not the case for precipitation changes (Collins et al., 2013; Lelieveld et al., 2016). Model results and
measurements can vary considerably and depend strongly on the region of interest. Discrepancies, even in the
sign and the amount of precipitation changes, can occur among climate models. Accordingly, the uncertainty for
future climate change projections is high, especially for extreme weather events (IPCC, 2012).

The broader Mediterranean region is, according to observations and future climate projections, a hot spot of
climate change (Diffenbaugh and Giorgi, 2012). This is mainly related to the fact that temperature and precipita-
tion are changing in an opposite direction, intensifying environmental stress in the region (Lelieveld et al., 2012;
Zittis et al., 2014a). In this type of arid, water-stressed environments improved knowledge and modelling of the
hydrology is needed to provide better projections of the inflow of water to dams and of flood hazards, for the
development of water allocation strategies, the sustainable exploitation of groundwater resources, and flood pro-
tection. Although a reduction in precipitation and prolonged droughts will likely be a most significant impact of
climate change in the region, changes in extremes of rainfall are also expected (Paxian et al., 2015; Kitoh and
Endo, 2016). These rare events, which can cause human casualties and significant infrastructure damage, are most
of the times difficult to reproduce by models.

The horizontal grid spacing of current global climate models (typicallyl100-200 km) is usually not sufficient
for impact studies and further downscaling is required. The most crucial model components for rainfall generation
are the parameterization schemes of convection and microphysical processes that occur on sub-grid scales. These
processes in atmospheric models are empirically described either because the complexity and small scales in-
volved make them too computationally expensive to be modeled or because there is insufficient knowledge about
a specific process to represent it mathematically (Warner, 2011). The widely-used Weather Research and Fore-
casting (WRF) model has a large number of available schemes for the parameterization of each process, which
can significantly alter the produced precipitation properties in terms of type, amounts or duration (Skamarock et
al., 2008). One of the main reasons for these discrepancies is that different schemes were designed with different
conceptual underpinnings and tunable parameters that are not universal and are also quite uncertain (Cossu and
Hocke, 2014).

The objective of this study is to evaluate the performance of different convection and microphysics parameter-
izations of WRF, driven by reanalysis data, for the dynamic downscaling of precipitation extremes over Cyprus
and the broader region of the eastern Mediterranean at 12-, 4- and 1-km resolution. Since there is no universal
optimum setup, we test a large number of WRF configurations in order to investigate which ones are most skillful
in reproducing five extreme precipitation events that have occurred over the region of interest. Each combination
of four cumulus and five microphysics schemes was utilized while the rest of the model physics was identical.
Our 20-member ensemble includes the Lin (Lin et al., 1983), WSM6 (Hong and Lim 2006), Thompson (Thomp-
son et al., 2008), Ferrier (NOAA, 2001) and WDM6 (Lim and Hong, 2010) microphysics schemes and the Kain-
Fritsch (Kain, 2004), Betts—Miller—Janjic (Janjic, 1994), Grell-Freitas (Grell and Freitas 2014) and Grell 3-D
Ensemble (Grell and Devenyi, 2002) convection schemes. This selection was based on the performance of these
schemes in similar applications such as the simulation of exceptionally extreme precipitation events (Luo et al.,
2010; Tapiador et al. 2012; Mahbub Alam, 2014; Cassola et al., 2015; Meredith et al., 2015a; Remesan et al.,
2015; Spiridonov et al., 2017), precipitation forecasting (Bukovsky et al., 2009; Clark et al., 2009; Ruiz and Saulo;
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2010; Givati et al., 2012; Kioutsoukis et al., 2016) or climate applications (Evans et al., 2012; Soares et al., 2012;
Ratna et al., 2014; Zittis et al., 2014; Katragkou et al., 2015). All simulations address a period of 15 days with the
rainfall maximum more or less centered within this period. This might not be optimal for some applications, such
as weather forecasting. However, we aim to investigate the model skill from a climate mode perspective, i.e. to
reduce the dependence on initial conditions.

An increasing number of studies for various locations and types of experiments, and based on different regional
models indicate a relatively realistic representation of precipitation processes in high-resolution convection-per-
mitting simulations (Klemp, 2006; Prein et al., 2013; Cassola et al., 2015; Davolio et al., 2015; Fosser et al., 2015;
Meredith et al., 2015b; Prein et al., 2015). Therefore, after applying an objective ranking scheme for identifying
the best performing WRF configurations at 4-km resolution, we further downscaled them to 1-km to explore if
convection-permitting simulations can reproduce the selected extreme precipitation events more accurately. Ac-
cordingly, we quantify the added value of each step of the downscaling.

When it comes to model evaluation the availability and quality of reference observations is of great importance,
while it is especially critical for atmospheric variables such as precipitation that can significantly vary in space
and time. The sparse network of available meteorological stations over the broader region highlights the issue of
observational uncertainty (Gémez-Navarro et al., 2012; Tanarhte et al., 2012). In this context and for the same
extreme cases we compare three state-of-the-art gridded observational datasets for the eastern Mediterranean re-

gion.

2. Data and Methodology
2.1 Model and Experimental Setup

For our simulations we used the version 3.7.1 of the WRF model. It was driven by the ERA-Interim (EI) reanalysis
dataset (Simmons et al., 2006), which provides the initial and boundary conditions. The latter were updated every
six hours. We used the one-way nesting option, downscaling EI (=80 km) to 12 km (Domain 1: DO1) and subse-
quently to 4 km (Domain 2: D02) and 1 km (Domain 3: D03). The three simulation domains are presented in
Figure 1. The step between the forcing EI data and the coarse 12-km domain is well below the 10:1 ratio that is
often referred as a maximum threshold for dynamical downscaling (Giorgi and Gutowski, 2015). Preliminary test
simulations of the two-way nesting and nudging options were found not to improve the results for this particular
experimental setup and weather events. In particular, we applied a full grid analysis nudging that was found not
useful as it was pushing the simulations towards the generally drier ERA-Interim data, at least for the cases the
latter was strongly underestimating precipitation. The model was set up with 40 vertical levels and a top at 50
hPa. To be useful for hydro-climatological applications, all model output was saved in hourly intervals. Interest-
ingly, the duration of these simulations was found to be about 20% longer compared to the simulations where
daily output was saved. This highlights the fact that input/output (I/O) processes during WRF simulations are not
negligible and further optimization might be required.

As described in the Introduction section, our simulations ensemble is based on a combination of five micro-

physics and four convection parameterizations (Table 1). A brief description of these schemes follows:

Convection (Cumulus) Parameterizations:
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Kain-Fritsch (KF): Deep and shallow convection sub-grid scheme using a mass flux approach with up-
drafts, downdrafts, entrainment and detrainment processes.

Betts-Miller-Janjic (BMJ): Column moist adjustment scheme, relaxing towards a well-mixed profile. No
explicit updraft or downdraft and cloud detrainment.

Grell-Freitas (GF): An improved stochastic parameterizations scheme that tries to smooth the transition
to cloud-resolving scales. It includes explicit updrafts and downdrafts.

Grell 3D (G3D) Ensemble scheme with explicit updrafts and downdrafts. It can also be used on high-

resolution simulations as subsidence is spread to neighboring columns.

Cloud Microphysics Parameterizations:

Lin: A sophisticated 5-class scheme (cloud water vapor, rain, ice, snow and graupel processes). It in-
cludes ice sedimentation and time-split fall terms. Suitable for real-data high-resolution simulations.
WREF Single-Moment 6-class scheme (WSM6): A scheme with ice, snow and graupel processes suitable
for high-resolution simulations.

Thompson: A double-moment, 6-class scheme with ice, snow and graupel processes suitable for high-
resolution simulations.

Ferrier: A single-moment, 5-class, efficient scheme with diagnostic mixed-phase processes. It assumes
that fractions of water and ice within the column are fixed during advection.

WRF Double-Moment 6-class scheme (WDM6): Double moment 6-class scheme with graupel. Cloud

condensation nuclei (CCN) and number concentration of cloud and rain are also predicted.

Besides the microphysics and cumulus parameterizations, our general configuration includes the Rapid Radi-

ation Transfer Model (RRTMG) short and long-wave radiation (Iacono et al. 2008), the Mellor-Yamada-Janjic

(MY]J) Planetary Boundary Layer scheme (Janjic, 1994), in addition to the Noah Land Surface Model (Tewari et

al. 2004). Our WREF setup is similar to that of the Cyprus Department of Meteorology, used for operational weather

forecasting (Tymvios et al., 2017), at least regarding the radiation and land surface model options. The 20 different

setups were tested on the 12 and 4 km resolutions, while only the five best performing configurations were used

to drive the 1-km simulations, since the computational cost of the latter was rather high. In this finer grid, the

same microphysics scheme was used as for the selected 4-km driving model. However, convection was not pa-

rameterized but was explicitly resolved.

Table 1. Summary of the convection and microphysics parameterization options used for the 20 WRF configurations.

WRF -1 WREF -2 WRF -3 WRF -4 WREF -5 WREF -6 WRF -7 WRF -8 WRF -9 WRF -10
CONVECTION KF KF KF KF KF BMJ BMIJ BMIJ BMJ BMJ
MICROPHYSICS Lin WSM6 Thompson Ferrier WDM6 Lin WSM6 Thompson Ferrier WDM6

WRF -11 WRF -12 WRF -13 WRF -14 WRF -15 WRF -16 WRF -17 WREF -18 WRF -19 WRF -20

CONVECTION GF GF GF GF GF G3D G3D G3D G3D G3D

MICROPHYSICS Lin WSM6 Thompson Ferrier WDM6 Lin WSM6 Thompson Ferrier WDM6
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2.2. Observational and Reanalysis Data

For evaluation of the model output we used a daily 1 X 1 km gridded precipitation dataset (Camera et al. 2014),
hereafter called OBS. This dataset was derived from a dense network of 145 rain gauges, which covers the area
of the island that is under the jurisdiction of the Republic of Cyprus and for the time period 1980-2010. For the
purposes of this study, these gridded observations are considered to be the closest representation of reality. To
perform a fair comparison between the three resolution nests we also interpolated OBS to the 12- and 4-km grids
by applying a 4-point distance-weighted average spatial interpolation.

To obtain a representative picture of precipitation during the events in the broader region of the eastern Medi-
terranean we used three state-of-the-art, gridded daily observational datasets. These include version v.11.0 of the
widely-used E-OBS dataset (Haylock et al. 2008), covering mainly Europe, and version V1101R1 of the
APHRODITE’s (Asian Precipitation - Highly-Resolved Observational Data Integration Towards Evaluation)
daily gridded precipitation (Yatagai et al., 2012). Both have a horizontal grid spacing of 25 X 25 km. The coverage
of APHRODITE for the Middle East and North Africa (MENA) region ends in 2007, thus, it was not available
for the January 2010 extreme precipitation event. Additionally, we used the CHIRPS (Climate Hazards Group
InfraRed Precipitation with Station data) dataset (Funk et al. 2015). The latter is a composite product of both
satellite and station measurements and has a 5 X 5 km horizontal resolution, spanning a zone from 50°S to 50°N
for all longitudes.

Since for this part of the world spatiotemporally consistent upper-air gridded observations either do not exist
or are not publicly available, we utilized two reanalysis datasets to define the synoptic meteorological conditions
during the selected extreme precipitation events. Besides the EI dataset, also used to provide initial and boundary
conditions for our WRF simulations, we used geopotential values of the 500 hPa level derived from the NCEP-
Reanalysis-2 dataset (Kanamitsu et al. 2002). The latter was provided by the Physical Science Division of the
Earth System Research Laboratory/NOAA, from their web site at http://www.esrl.noaa.gov/psd/. We also used
mean sea level pressure (MSLP) data from the same two reanalysis sources. These are considered to give a fair
representation of reality as both surface and upper air observations were assimilated during the simulations.

Finally, to investigate the vertical structure of the atmosphere during the events we used temperature (T) and
dew point temperature (Td) data from soundings. Unfortunately, this kind of information was not publicly avail-
able for Cyprus for the selected past events and therefore we used soundings from the adjacent station of Adana
in southern Turkey and only for the 1994 and 2010 cases. The latter were available from the Department of At-
mospheric Science of the University of Wyoming (http://weather.uwyo.edu/upperair/sounding.html).

2.3 Cyprus Climate and Description of Case Studies

According to the Koppen-Geiger climate classification (Peel et al., 2007), Cyprus is characterized by a warm
temperate climate with hot and dry summers, typical for Mediterranean regions, while part of the island is classi-
fied as hot and arid. The mean annual precipitation in Cyprus is around 470 mm (Camera et al, 2016). Most water
resources originate in the Troodos mountains, which cover nearly 60% of the island. This precipitation is essential
for the fresh water supply of the country, as almost all rivers discharge into dammed areas. Troodos is a fractured

igneous formation, and surface water flow and groundwater recharge are highly variable and strongly dependent
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on the temporal and spatial distribution of precipitation. Moreover, flood events occurring in the mainland most
of the times originate from these steeply sloping mountains.

Five extreme precipitation events of the recent past (1980-2010) were selected for this study (Table 2), based
on precipitation and surface flow measurements on the northern side of the Troodos mountains. The 1988 and
1989 events were marked by high surface runoff in the watersheds along the northern slopes of the Troodos. The
1994 event was the largest 2-, 3-, 4-, and 5-day rainfall over Cyprus for the period 1980-2010; the 2005 event was
a rare high summer rainfall, with extensive flooding in the capital city Nicosia; the 2010 event was the largest 1-
day rainfall event over Cyprus. A brief discussion of the surface and middle troposphere conditions during the

peaks of each of the five extreme weather events is presented in the Results section.

Table 2. Definition of the case studies and description of the extreme precipitation events.

Average Precipitation Max. point pre- Average Monthly Pre-

Simulation days Season Day of peak (mm) over Cyprus cipitation (mm) cipitation (mm) over

during peak day during peak day Cyprus (1980-2010)
Case 1988 17/12-31/12 Wet 24-Dec 55 126 104
Case 1989 02/01-16/01 Wet 09-Jan 50.1 144.6 98.1
Case 1994 12/11-26/11 Wet 21-Nov 47.8 140.7 62.4
Case 2005 25/05-08/06 Dry 31-May 11.2 115.4 17.4
Case 2010 11/01-25/01 Wet 18-Jan 66.5 162.5 98.1

2.4 Model Evaluation
2.4.1 Statistical Metrics and Ranking

To objectively assess if our WRF output is useful for hydro-climatological applications, we compared it with the
high-resolution Cyprus observations by applying a set of relevant indices of extremes and efficiency metrics.
These were applied on the daily model output and observations for each model grid point of Cyprus, and were
then averaged. Our selection of evaluation metrics is summarized below.

The absolute error of the Maximum 5-day Precipitation Total (RX5Dgrror) (Frich et al. 2002) is computed as
follows:

RX5Dgrror = |IRX5Dgrs-RX5Dgul (1)

where RX5D is the maximum 5-day precipitation total during the two-week simulations and the subscripts OBS
and SIM indicate the observed and simulated data. This five-day period is defined from the observations.

The absolute error of the Simple Daily Intensity Index (SDI/) (Frich et al., 2002) is defined as:

SDIlgrror = |SDIlnps-SDIgiyl 2)

where SDII is the total precipitation over the period divided by the number of rainy days. Rainy days are defined
as days with precipitation larger than 1 mm.
The Percent Bias (PBIAS) measures the average tendency of the simulated values to be larger or smaller than

their observed ones (Sorooshian et al. 1993):
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I, (SIM;-0BS))
PBIAS = 100 = =———
iz1 OBS; 3)
where N is the number of simulation days times the number of grid cells.
The Nash-Sutcliffe efficiency (NSE) determines the relative magnitude of the residual variance ("noise") com-
pared to the measured data variance ("information"). The modified NSE is not inflated by the squared values of
the differences, because the squares in the original formula are replaced by absolute values (Krause et al., 2005).

It ranges from —Infinitive to 1 (Perfect score =1). It is computed as follows:

mNSE =1 — M
+—1|0BS;-OBS| (4)
The Kling-Gupta Efficiency (KGE) was developed by Gupta et al. (2009) to provide a diagnostically interesting
decomposition of the Nash-Sutcliffe efficiency, which facilitates the analysis of the relative importance of its
different components (correlation, bias and variability) in the context of hydrological modelling (Zambrano-Big-
iarini, 2015). Kling et al. (2012) proposed a revised version, which was used in this study, to ensure that the bias
and variability ratios are not cross-correlated. Kling-Gupta efficiencies range from minus infinity to one. Essen-
tially, the closer to one, the more accurate the model. A more detailed description of this metric including the

extended equations for calculation is presented in Zambrano-Bigiarini (2015).

The Modified Index of Agreement (MIA) is a standardized measure of the degree of the model prediction error.
This index varies between 0 and 1. It was introduced by Willmott (1981) and refined by Legates and McCabe
(1999) as follows:

2L, (0BSi=SIM;)
¥N . (ISIM;~0BS|+ |0BS;~0BS|)

MIA=1- (5)

Except for the RX5D-error, all metrics are computed over the full 15 days of the simulation. To select the five
best performing WRF configurations out of the twenty and further proceed with the finer resolution (1-km) sim-
ulations, we performed an objective ranking based on the 4-km results (WRF-D02). We ranked all WRF config-
urations for each of the metrics described in the previous paragraphs and for each case study independently. Then
we averaged the ranks for each configuration. The five configurations with the highest average ranking values
(i.e. closest to 1) are considered to be the most realistic for the selected case studies. We refer to those as the five

best configurations.
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2.4.2 Added value of dynamical downscaling

To quantify the added value (4V) of our WRF dynamical downscaling in comparison with the global EI rainfall,
we applied the method suggested by Di Luca et al. (2015). They quantified the AV by comparing a distance metric
(d) between the global General Circulation Model (GCM) and the observations on one hand, and between the

Regional Climate Model (RCM) simulation and the observations on the other, as follows:

AV = d(GCM, 0BS) — d(RCM, OBS) (6)

For our case the driving GCM is the ERA-Interim reanalysis dataset, while RCM refers to the WRF simula-
tions for each of the three model nests. In order to have comparable results for all three WRF resolutions, we
calculated the AV only over the five best-performing configurations that eventually drove the WRF-D03 1-km
simulations. For this task, we used as distance metrics the six indices described in the previous section, applied
similarly to the daily precipitation amounts. To compare 4V results obtained from different climate statistics, we

normalized the 4V metrics by the sum of the RCM and GCM errors, according to Di Luca et al. (2016):

AV, = 6€M.085)~d(RCM,0B5)
d ™ 4(GCM,0BS)+d(RCM,0BS)

(7

The AV values vary between —1 and 1 with larger positive values suggesting smaller RCM errors than GCM errors

and thus a higher added value from the RCM.

2.4.3 Synoptic conditions, precipitation maps and time-series

Maps of the simulated rainfall (3-day integrals centered on the peak of the events) were created for all five case
studies. These are presented in the form of an ensemble mean over the five best WRF realizations and were
compared with the different gridded precipitation datasets. Continuous daily time-series for the full length of each
simulation were also produced to compare the WRF output with observations. Here we present time series for
three representative stations in Cyprus, namely one located on south-west coast of the island (Pafos), one on the
eastern peak of the Troodos mountains at an elevation of 1200 m above sea level (Kionia) and one inland low-
elevation station (Nicosia).

Additionally, to explore the synoptic conditions during the events, we plotted the geopotential of the 500-hPa
level and the mean sea level pressure based on the EI and NCEP reanalysis datasets. These plots are of a larger
domain in order to obtain a more general picture of the circulation during the peak days of the events. They are
compared with the 500-hPa geopotential and mean sea level pressure derived from our five best WRF simulations
for the 12-km domain. Finally, we investigated if the vertical structure of the atmosphere is adequately reproduced
by the model simulations. For the two cases with available data (1994 and 2010) we used the 12:00 UTC sounding
of the peak rainfall day of the events and we compared it with the closest grid point of our 4-km WRF output
(WRF-DO02).

The above results are presented here for two (1994 and 2010) out of the five case studies, while the other three
are presented in the supplementary material. These two cases are representative of a successful and a problematic

downscaling case.
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3. Results

3.1 Selection of best configuration

Figure 2 summarizes the results of the ranking of the 20 WRF setups. This was based on the six skill metrics of
the 4-km WRF-DO02 simulations of all five extreme events (Table S2 of the supplementary material). The ranking
among all simulations is presented in the upper panel of this figure, while in the bottom panel we show the ranking
of clusters of the same convection and microphysics parameterization schemes. Simulations that utilized the G3D
convection and Lin microphysics (WRF configurations: 1, 6, 11, 16, 17, 18, 19, 20) were found to poorly repro-
duce the five rainfall events, as indicated by the performance metrics. We found a clear advantage in the simula-
tions of extreme precipitation when BMJ and GF convection schemes were used in a combination with Ferrier,
WDM6 and WSM6 microphysics (WRF configurations: 7, 9, 10, 12 and 14). These are the five best model con-
figurations that were used for the 1-km simulations. In agreement with our findings, a number of physics inter-
comparison studies also indicated that the Betts-Miller-Janjic scheme outperforms in terms of precipitation sim-
ulation (Ishak et al., 2012; Evans et al., 2012; Ratna et al., 2014; Remesan et al., 2015). Similarly, the WRF Single
and Double Moment schemes (WSM, WDM) and Ferrier were found to be more accurate (Evans et al., 2012;
Givati et al., 2012; Remesan et al., 2015; Kioutsoukis et al., 2016). The performance metrics of all WRF simula-

tions are presented in Tables S1-S3 of the supplementary material.

3.2 Model resolution and added value

In Table 3 we present a summary of the performance metrics for the EI and three WRF nests versus the Cyprus
high-resolution observations, averaged for each case study. For most case studies and performance metrics the
dynamical downscaling with WRF improves the EI precipitation. Exceptions are all quantitative metrics (RX5D
error, SDII error and PBIAS) for the December 1988 case and PBIAS for the January 2010 case. Interestingly,
for these two events the efficiency metrics (nNSE, KGE and MIA) improved with the downscaling, despite the
fact that the precipitation amounts did not.

As the PBIAS metric indicates, our WRF simulations tend to underestimate the amount of precipitation over
Cyprus during the majority of the simulations. An exception is the very localized June 2005 event, where the
model overestimates precipitation in general. The more detailed Table S1 of the supplementary material indicates
that this overestimation of the rainfall amounts during the 2005 event is strongest when the GF and G3D ensemble
schemes of convection parameterization are used. This behavior is evident only in the summer case and may
suggest a poorer ability of the aforementioned schemes to correctly reproduce warm season thermally driven
convection, at least for the case of Cyprus or similar environments, and needs further investigation.

The efficiency and agreement indices have generally positive values that are closest to 1 for the January 1989

and November 1994 cases.
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Table 3. Statistical evaluation metrics for each case study between the Cyprus precipitation observations and EI, WRF-D01
(12 km), WRF-DO02 (4 km) and WRF-DO3 (1 km). Stars (*) indicate the cases where only the five-best configurations were
considered.

RX5D error (perfect=0) SDII error (perfect=0) PBIAS (perfect=0)

case: 1988 1989 1994 2005 2010 | 1988 1989 1994 2005 2010 | 1988 1989 1994 2005 2010

El 347 59.2 101 275 66.7 | 101 128 128 6.4 8.5 2.2 -37.8  -32.7 29.0 -46.5
DOo1 56.6 50.8 972 228 76.5 | 12.8 8.3 121 5.6 9.1 -48.7 -316 -16.7 1373 -62.1
D02 58.7 449 738 256 70.2 | 12.2 8.2 10.1 5.7 8.7 -46.8  -15.5 -9.6 186.4  -57.6
DO2* 589 38.0 573 217 722 | 123 7.0 8.6 5.0 8.7 -57.8 -169 -16.6 32.9 -62.7
DO3* 40.7 235 440 13.0 56.0 | 109 4.7 5.5 3.7 33 -51.4 -9.6 4.4 -22.3 -47.5

mNSE (perfect =1) KGE (perfect=1) MIA (perfect =1)

case: 1988 1989 1994 2005 2010 | 1988 1989 1994 2005 2010 | 1988 1989 1994 2005 2010

El 002 031 032 -006 013 |-012 029 034 -0.34 -0.24 | 0.50 0.58 0.58 0.54 0.57
DOo1 036 052 036 -071 025 | 007 051 032 -1.20 -0.06 | 0.64 0.74 0.67 0.50 0.57
D02 036 050 038 -1.05 0.26 | 008 050 041 -165 -0.03 | 0.63 0.74 0.68 0.51 0.58
D02* 041 053 046 -014 030 | 006 055 051 -041 -0.04 | 0.65 0.76 0.71 0.55 0.59

D03* 042 071 042 001 024 | 012 072 056 -039 0.12 0.66 0.85 0.72 0.54 0.59

The results of the added value analysis, averaged over the five events, are presented in Table 4. We found that,
on average, all three subsequent downscaling steps added some value to the EI precipitation data. In general, the
added value was found to be more significant in terms of model efficiency than for the precipitation amounts as
the higher normalized 4V metrics of Table 4 indicate. Similar as other studies (Prein et al., 2013; Meredith et al.,
2015), we found that the further increase of the horizontal resolution and the explicit treatment of convection

processes, which was the case for the 1-km simulations, increased the added value.

Table 4. Added value of the WRF dynamical downscaling, averaged for the five extreme precipitation events
and for each distance and efficiency metric.

Added Value (AV) RX5D error SDII error PBIAS mNSE KGE MIA
El vs. WRF 12km 0.08 0.01 -0.11 0.29 0.55 0.09
El vs. WRF 4km 0.08 0.1 0.03 0.38 0.86 0.1
El vs. WRF 1km 0.24 0.29 0.1 0.43 0.92 0.12

To explore the performance of the high-resolution simulations, we present a case by case comparison between
the detailed gridded observations over Cyprus and the 4- and 1-km simulations (Figure 3). These maps display
results averaged over the five best WRF configurations. For the 1988 event, the 1-km simulation results (WRF-
DO03) were closer to the observations than the 4-km simulations (WRF-DO2), but still both the WRF-D02 and
WREF-DO03 runs strongly underestimated this event. For the January 1989 case, WRF-DO03 is found to outperform
WREF-D02, especially over the central Troodos mountains, while it is found to overestimate the event for the
western part of the island, which is dominated by the slopes of the Troodos mountains. This is also the case for
the November 1994 event, but the D03 precipitation is closer to the observations for the central-east part of the
Troodos mountains. For these two events WRF-D02 is found to perform better for the flat, southeast part of the
island, where WRF-DO03 overestimates precipitation. For the late spring 2005 event the 4-km runs (WRF-D02)

are found to better capture rainfall over the eastern part of the island, while they missed the very localized
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precipitation center that was observed between the Nicosia and Kionia stations. The latter, slightly displaced, was
simulated only by the convection-permitting 1-km runs. Finally, the January 2010 event was not very well repro-
duced by either the WRF-D02 or WRF-DO03 simulations. However, the 4-km runs reproduced some rainfall over
the southeast part of Cyprus that was absent in the 1-km runs. The added value of downscaling to convection-
permitting simulations is also found to be a question of location. Nevertheless, for these case studies, the improve-

ment is most significant over complex, high-elevation terrains.

3.3 Synoptic conditions, precipitation maps and time-series

Case: November 1994

This extreme precipitation event occurred between the 20™ and 22" of November 1994. This is the only autumn
event from the five selected case studies. According to the two reanalysis datasets (EI and NCEP), it was a result
of an upper air trough of north-east to south-west direction extended from the southern Balkans towards the north
coast of Africa. As depicted in the top row panels of Figure 4, it approached Cyprus from the west. Similar con-
ditions prevailed also during the 1988 and 1989 case studies, which are presented in detail in the supplementary
material.

A tear-off upper level low within the ridge was also formed over the eastern Mediterranean. Noteworthy, this
is a pattern commonly connected with significant precipitation amounts over Cyprus (Tymvios et al. 2010). As a
result, low pressure surface conditions prevailed ahead of the upper air trough (Figure 4 — bottom row). This
surface depression that caused the extreme rainfall during the event was found to be well captured by our WRF
simulations (Figures 4c and 4f).

Figure 5 (left panel) depicts the observed and modeled vertical structure of the atmosphere in terms of tem-
perature and dew point temperature during the peak day of the event. Since there was no information available
over Cyprus we used data from the adjacent station of Adana in south Turkey, which was also strongly affected
by the event. For this particular case WRF (purple curves) is found skillful in reproducing the observed conditions
(blue lines) for the part of the atmosphere for which we have information from the sounding. For WRF we present
the ensemble mean of the five best configurations of the 12-km simulations. The convergence of the temperature
and dew point temperature curves around the 700-500 hPa levels indicates that high availability of water content
is evident in both observations and model output, while other features such as the level of the tropopause are also
accurately simulated.

This low-pressure system resulted in 3-day precipitation totals of more than 200 mm locally and it mostly
affected south Turkey and much of the coastal areas in the Levant (Figure 6). CHIRPS precipitation (Figure 6g-
h) is found to be exaggerated compared to the other observational datasets in most of the study region including
Cyprus. However, CHIRPS does not include precipitation over the eastern Mediterranean coast (Israel, Lebanon,
Syria), which happens to be the case for E-OBS and, to a lesser extent, APHRODITE (Figure 6c¢-f).

More regionalized information for Cyprus can be found in the panels of Figure 7. Precipitation of EI is found
again very homogeneous and underestimates the observed rainfall for large parts of the island (Figure 7a). Gen-
erally, CHIRPS underestimates the event over most of the area of the island. On the other hand, our 1-km WRF-
D03 simulation reproduces the precipitation amount during the November 1994 event relatively well (Figure 7d).

However, some displacement of the location of the rainfall peaks is evident. In the gridded observations (Figure
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7¢) the event is found to be centered around Kionia station, however, the simulation results in a westward shift of
precipitation. Additional information for the whole extent of the simulation can be found in the indicative time-
series plots of Figure 8 that indicate a reasonable correlation between the observed and modelled rainfall. A
smaller precipitation event during the first days of the simulations, most pronounced at the Pafos station (Figure

8 — left column), was also reasonably well reproduced by the model.

Case: January 2010

This is the most recent event that was simulated in this study. The rainfall peak was observed on the 18 of January
2010 and it mainly affected eastern Turkey and the Levant coast. Figure 9 depicts the synoptic conditions during
the peak of the event according to the EI and NCEP reanalysis and WRF simulations. An upper-air trough over
the eastern Mediterranean is again the prevailing synoptic feature in the region (Figure 8 — top row). However,
this trough has somehow different properties than the November 1994 event, as its axis follows a north-west to
south-east direction. This results in a surface pressure depression of the form of a tear-off low that affects large
parts of the eastern Mediterranean and the Middle East (Figure 9 — bottom row). Broadly speaking the WRF
simulations reproduced the main synoptic features during the event (Figure 9¢). The center of low pressure at the
surface is found at the east of the island of Cyprus (Figure 9f). The model broadly captured the atmospheric
vertical structure (Figure 5 — right panel). Nevertheless, some discrepancies from the sounding observations are
found near the surface for temperature and in the lower levels of the stratosphere for dew point temperature.

Similar as the previous case study (and the events presented in the supplementary material), CHIRPS is found
to be wettest (Figures 10e and 10f). In particular, over Lebanon and west Cyprus this dataset indicates precipitation
of the order of 200 mm for the period 17-19/01/2010 while considerable rainfall amounts are also indicated over
most of the eastern Mediterranean coast. This is much more than reported by E-OBS and simulated by EI, high-
lighting again the issue of observational uncertainty. The APHRODITE dataset for the Middle East region does
not cover 2010. Our WRF simulations (Figures 10g and 10h) seem to generate precipitation over the eastern coast
of the Mediterranean and the eastern parts of Turkey while they fail to reproduce the high rainfall over Cyprus for
this extreme event.

In more detail for Cyprus, the high-resolution observations for this event report precipitation amounts of about
100 mm for the whole island with localized centers, mainly over the northern slopes of the Troodos mountains,
where precipitation exceeds 150 mm (Figure 11c). The EI dataset (Figure 11a) strongly underestimated this, while
CHIRPS strongly overestimates precipitation over the western part of the island (Figure 11b). For the 3-day period
around the peak of the event the 1-km WRF-D03 simulations are much drier and only over some parts of Cyprus
some scattered precipitation is generated.

The evolution of precipitation during the two weeks of simulation for this event is presented in Figure 12. As
discussed in the previous paragraph, WRF fails to reproduce this extreme event. Nevertheless, it captured the two

smaller-scale events that occurred in the beginning and towards the end of the simulation period.
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4. Conclusions

We investigated the WRF model performance in 20 combinations of convection and microphysical parameteriza-
tion schemes for five extreme precipitation events over the eastern Mediterranean region. Based on an objective
ranking process, we found that the BMJ and GF convection schemes reproduce these events most accurately,
while the model performance was best when the Ferrier, WDM6 and WSM6 microphysics parameterizations were
used. Our findings can be used as a point of reference for the simulation of precipitation extremes over the region
of interest. While we used a large number of parameterizations we did not exhaust all available options. Yet, this
ranking can be used as a reference for WRF users interested in similar type of environments and weather phenom-
ena.

Our results show that dynamical downscaling with the high-resolution WRF model improves the EI rainfall
patterns for the eastern Mediterranean region, at least for three out of five extreme precipitation events (1989,
1994 and 2005 cases) in terms of rainfall amounts and timing. Statistical analysis reveals that results of the two
higher-resolution domains (4 and 1-km) are consistently closer to the observations. Although the simulation was
not nudged to the driving reanalysis dataset, for most of the tested events WRF was able to reproduce the synoptic
conditions that resulted in the extreme precipitation. The modeled rainfall was generally very well synchronized
with the observations, which is not always expected in non-nudged hindcast simulations of such duration. Even
for the events where the downscaling did not improve the EI precipitation total amounts (cases 1988 and 2010)
the timing of the events was more accurate as indicated by the higher efficiency indices after the downscaling.

In agreement with the literature, the added value of the downscaling is found higher between the EI and the 1-
km nest. These convection-resolving simulations are found to outperform the lower resolution versions, especially
over the high elevation regions that are most critical for the water resources of the island, as they control the flow
to the major dams. Nevertheless, for some parts of Cyprus precipitation was better simulated by the 4-km nest,
highlighting the need for further research on the advantage of convection-permitting simulations.

Interestingly, we found large discrepancies between three state-of-the-art gridded observational datasets dur-
ing the tested extreme precipitation events. Our findings indicate that E-OBS and APHRODITE precipitation is
systematically lower than CHIRPS over the broader eastern Mediterranean region. Accordingly, for the cases
considered in Cyprus the two former datasets strongly underestimate the precipitation reported from the high-
density station network. While CHIRPS might be useful in providing a general overview of precipitation on the
large scale, we found large deviations from the high-resolution observations over Cyprus. This is probably related
to the small number of stations that were utilized for the construction of this dataset over the island (Katsanos et
al. 2016).

To reduce observational uncertainty and increase the confidence of climate studies over the eastern Mediterranean
and Middle East region, we strongly encourage local data holders (e.g. state hydro-meteorological services, uni-
versities, research institutions), to open access to their data for scientific use. In the same context, we recommend

the use of multiple sources of observations for model validation.
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Figure. 1. Simulation domains of the eastern Mediterranean region centered over Cyprus for the 12 km (WRF-DOI - left
panel), 4 km (WRF-DO2 — middle panel) and | km (WRF-DO03 — right panel) simulations.

Figure 2. Ranking results for the 4-km (DO02) nest averaged for the five simulated extreme events. The upper
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pancl shows all 20 WRF configurations, while in the bottom panel simulations are grouped according to their
convection and microphysics parameterizations. Darker colors indicate a higher ranking.
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Figure 4. Geopotential of the 500 hPa level (top row) and mean sea level pressure (bottom row), as daily average for the 23" o
November 1994 and based on the ERA-Interim (left column), NCEP reanalysis (middle column) and WRF 12-km simulations (ri ghl
647 column).
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Figure 5. Vertical structure of the atmosphere for temperature (T) and dew point temperature (Td) based on
observations (blue) and WRF 12-km simulations (purple) for the November 1994 (left panel) and the January 2010
649 (right panel) events. Radiosonde launched on Adana station in south Turkey.
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Figure 12. Tiﬁae-se:ries of observed and modelled preci[;itation for the January 2010 extreme precipitation event interpolated
{in the 12km (top row) and 4km (bottom row) grids for the stations of Pafos, Kionia and Athalassa.
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