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Highlights 9 

 WRF simulations captured rainfall reasonably well for three of the five extreme events. 10 

 The BMJ and GF convection and Ferrier, WDM6 and WSM6 microphysics parameterizations are found 11 

to outperform. 12 

 Convection-permitting simulations add a value, especially over regions of high-elevation 13 

 Significant discrepancies between three, gridded precipitation datasets are reported. 14 

 15 

Abstract. Climate change is expected to substantially influence precipitation amounts and distribution. To im-16 

prove simulations of extreme rainfall events, we analyzed the performance of different convection and micro-17 

physics parameterizations of the WRF (Weather Research and Forecasting) model at very high horizontal resolu-18 

tions (12, 4 and 1 km). Our study focuses on the eastern Mediterranean climate change hot-spot. Five extreme 19 

rainfall events over Cyprus were identified from observations and were dynamically downscaled from the ERA-20 

Interim (EI) dataset with WRF. We apply an objective ranking scheme, using a 1-km gridded observational dataset 21 

over Cyprus and six different performance metrics, to investigate the skill of the WRF configurations. We evaluate 22 

the rainfall timing and amounts for the different resolutions, and discuss the observational uncertainty over the 23 

particular extreme events by comparing three gridded precipitation datasets (E-OBS, APHRODITE and CHIRPS). 24 

Simulations with WRF capture rainfall over the eastern Mediterranean reasonably well for three of the five se-25 

lected extreme events. For these three cases, the WRF simulations improve the ERA-Interim data, which strongly 26 

underestimate the rainfall extremes over Cyprus. The best model performance is obtained for the January 1989 27 

event, simulated with an average bias of 4% and a modified Nash-Sutcliff of 0.72 for the 5-member ensemble of 28 

the 1-km simulations. We find overall added value for convection-permitting simulations, especially over regions 29 

of high-elevation. Interestingly, for some cases the intermediate 4-km nest was found to outperform the 1-km 30 

simulations for low-elevation coastal parts of Cyprus. Finally, we find significant and inconsistent discrepancies 31 

between the three, state of the art, gridded precipitation datasets for the tested events, highlighting the observa-32 

tional uncertainty in the region. 33 
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1. Introduction 40 

While global climate projections for temperature, which indicate a general warming, appear to be reasonably 41 

robust, this is not the case for precipitation changes (Collins et al., 2013; Lelieveld et al., 2016). Model results and 42 

measurements can vary considerably and depend strongly on the region of interest. Discrepancies, even in the 43 

sign and the amount of precipitation changes, can occur among climate models. Accordingly, the uncertainty for 44 

future climate change projections is high, especially for extreme weather events (IPCC, 2012).  45 

The broader Mediterranean region is, according to observations and future climate projections, a hot spot of 46 

climate change (Diffenbaugh and Giorgi, 2012). This is mainly related to the fact that temperature and precipita-47 

tion are changing in an opposite direction, intensifying environmental stress in the region (Lelieveld et al., 2012; 48 

Zittis et al., 2014a). In this type of arid, water-stressed environments improved knowledge and modelling of the 49 

hydrology is needed to provide better projections of the inflow of water to dams and of flood hazards, for the 50 

development of water allocation strategies, the sustainable exploitation of groundwater resources, and flood pro-51 

tection. Although a reduction in precipitation and prolonged droughts will likely be a most significant impact of 52 

climate change in the region, changes in extremes of rainfall are also expected (Paxian et al., 2015; Kitoh and 53 

Endo, 2016). These rare events, which can cause human casualties and significant infrastructure damage, are most 54 

of the times difficult to reproduce by models.  55 

The horizontal grid spacing of current global climate models (typically100-200 km) is usually not sufficient 56 

for impact studies and further downscaling is required. The most crucial model components for rainfall generation 57 

are the parameterization schemes of convection and microphysical processes that occur on sub-grid scales. These 58 

processes in atmospheric models are empirically described either because the complexity and small scales in-59 

volved make them too computationally expensive to be modeled or because there is insufficient knowledge about 60 

a specific process to represent it mathematically (Warner, 2011). The widely-used Weather Research and Fore-61 

casting (WRF) model has a large number of available schemes for the parameterization of each process, which 62 

can significantly alter the produced precipitation properties in terms of type, amounts or duration (Skamarock et 63 

al., 2008). One of the main reasons for these discrepancies is that different schemes were designed with different 64 

conceptual underpinnings and tunable parameters that are not universal and are also quite uncertain (Cossu and 65 

Hocke, 2014).  66 

The objective of this study is to evaluate the performance of different convection and microphysics parameter-67 

izations of WRF, driven by reanalysis data, for the dynamic downscaling of precipitation extremes over Cyprus 68 

and the broader region of the eastern Mediterranean at 12-, 4- and 1-km resolution. Since there is no universal 69 

optimum setup, we test a large number of WRF configurations in order to investigate which ones are most skillful 70 

in reproducing five extreme precipitation events that have occurred over the region of interest. Each combination 71 

of four cumulus and five microphysics schemes was utilized while the rest of the model physics was identical. 72 

Our 20-member ensemble includes the Lin (Lin et al., 1983), WSM6 (Hong and Lim 2006), Thompson (Thomp-73 

son et al., 2008), Ferrier (NOAA, 2001) and WDM6 (Lim and Hong, 2010) microphysics schemes and the Kain-74 

Fritsch (Kain, 2004), Betts–Miller–Janjic (Janjic, 1994), Grell–Freitas (Grell and Freitas 2014) and Grell 3-D 75 

Ensemble (Grell and Devenyi, 2002) convection schemes. This selection was based on the performance of these 76 

schemes in similar applications such as the simulation of exceptionally extreme precipitation events (Luo et al., 77 

2010; Tapiador et al. 2012; Mahbub Alam, 2014; Cassola et al., 2015; Meredith et al., 2015a; Remesan et al., 78 

2015; Spiridonov et al., 2017), precipitation forecasting (Bukovsky et al., 2009; Clark et al., 2009; Ruiz and Saulo; 79 
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2010; Givati et al., 2012; Kioutsoukis et al., 2016) or climate applications (Evans et al., 2012; Soares et al., 2012; 80 

Ratna et al., 2014; Zittis et al., 2014; Katragkou et al., 2015). All simulations address a period of 15 days with the 81 

rainfall maximum more or less centered within this period. This might not be optimal for some applications, such 82 

as weather forecasting. However, we aim to investigate the model skill from a climate mode perspective, i.e. to 83 

reduce the dependence on initial conditions. 84 

An increasing number of studies for various locations and types of experiments, and based on different regional 85 

models indicate a relatively realistic representation of precipitation processes in high-resolution convection-per-86 

mitting simulations (Klemp, 2006; Prein et al., 2013; Cassola et al., 2015; Davolio et al., 2015; Fosser et al., 2015; 87 

Meredith et al., 2015b; Prein et al., 2015). Therefore, after applying an objective ranking scheme for identifying 88 

the best performing WRF configurations at 4-km resolution, we further downscaled them to 1-km to explore if 89 

convection-permitting simulations can reproduce the selected extreme precipitation events more accurately. Ac-90 

cordingly, we quantify the added value of each step of the downscaling.  91 

When it comes to model evaluation the availability and quality of reference observations is of great importance, 92 

while it is especially critical for atmospheric variables such as precipitation that can significantly vary in space 93 

and time. The sparse network of available meteorological stations over the broader region highlights the issue of 94 

observational uncertainty (Gómez-Navarro et al., 2012; Tanarhte et al., 2012). In this context and for the same 95 

extreme cases we compare three state-of-the-art gridded observational datasets for the eastern Mediterranean re-96 

gion.   97 

 98 

 99 

2. Data and Methodology 100 

2.1 Model and Experimental Setup 101 

For our simulations we used the version 3.7.1 of the WRF model. It was driven by the ERA-Interim (EI) reanalysis 102 

dataset (Simmons et al., 2006), which provides the initial and boundary conditions. The latter were updated every 103 

six hours. We used the one-way nesting option, downscaling EI (≈80 km) to 12 km (Domain 1: D01) and subse-104 

quently to 4 km (Domain 2: D02) and 1 km (Domain 3: D03). The three simulation domains are presented in 105 

Figure 1. The step between the forcing EI data and the coarse 12-km domain is well below the 10:1 ratio that is 106 

often referred as a maximum threshold for dynamical downscaling (Giorgi and Gutowski, 2015). Preliminary test 107 

simulations of the two-way nesting and nudging options were found not to improve the results for this particular 108 

experimental setup and weather events. In particular, we applied a full grid analysis nudging that was found not 109 

useful as it was pushing the simulations towards the generally drier ERA-Interim data, at least for the cases the 110 

latter was strongly underestimating precipitation. The model was set up with 40 vertical levels and a top at 50 111 

hPa. To be useful for hydro-climatological applications, all model output was saved in hourly intervals. Interest-112 

ingly, the duration of these simulations was found to be about 20% longer compared to the simulations where 113 

daily output was saved. This highlights the fact that input/output (I/O) processes during WRF simulations are not 114 

negligible and further optimization might be required.  115 

 As described in the Introduction section, our simulations ensemble is based on a combination of five micro-116 

physics and four convection parameterizations (Table 1). A brief description of these schemes follows: 117 

  118 

Convection (Cumulus) Parameterizations:  119 
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 Kain-Fritsch (KF): Deep and shallow convection sub-grid scheme using a mass flux approach with up-120 

drafts, downdrafts, entrainment and detrainment processes.  121 

 Betts-Miller-Janjic (BMJ): Column moist adjustment scheme, relaxing towards a well-mixed profile. No 122 

explicit updraft or downdraft and cloud detrainment.  123 

 Grell-Freitas (GF): An improved stochastic parameterizations scheme that tries to smooth the transition 124 

to cloud-resolving scales. It includes explicit updrafts and downdrafts.  125 

 Grell 3D (G3D) Ensemble scheme with explicit updrafts and downdrafts. It can also be used on high-126 

resolution simulations as subsidence is spread to neighboring columns.  127 

 128 

Cloud Microphysics Parameterizations:  129 

 Lin: A sophisticated 5-class scheme (cloud water vapor, rain, ice, snow and graupel processes). It in-130 

cludes ice sedimentation and time-split fall terms. Suitable for real-data high-resolution simulations. 131 

 WRF Single-Moment 6-class scheme (WSM6): A scheme with ice, snow and graupel processes suitable 132 

for high-resolution simulations.  133 

 Thompson: A double-moment, 6-class scheme with ice, snow and graupel processes suitable for high-134 

resolution simulations.  135 

 Ferrier: A single-moment, 5-class, efficient scheme with diagnostic mixed-phase processes. It assumes 136 

that fractions of water and ice within the column are fixed during advection. 137 

 WRF Double-Moment 6-class scheme (WDM6): Double moment 6-class scheme with graupel. Cloud 138 

condensation nuclei (CCN) and number concentration of cloud and rain are also predicted.  139 

 140 

Besides the microphysics and cumulus parameterizations, our general configuration includes the Rapid Radi-141 

ation Transfer Model (RRTMG) short and long-wave radiation (Iacono et al. 2008), the Mellor-Yamada-Janjic 142 

(MYJ) Planetary Boundary Layer scheme (Janjic, 1994), in addition to the Noah Land Surface Model (Tewari et 143 

al. 2004). Our WRF setup is similar to that of the Cyprus Department of Meteorology, used for operational weather 144 

forecasting (Tymvios et al., 2017), at least regarding the radiation and land surface model options. The 20 different 145 

setups were tested on the 12 and 4 km resolutions, while only the five best performing configurations were used 146 

to drive the 1-km simulations, since the computational cost of the latter was rather high. In this finer grid, the 147 

same microphysics scheme was used as for the selected 4-km driving model. However, convection was not pa-148 

rameterized but was explicitly resolved.  149 

 150 
 151 
Table 1. Summary of the convection and microphysics parameterization options used for the 20 WRF configurations. 152 

 WRF -1 WRF -2 WRF -3 WRF -4 WRF -5 WRF -6 WRF -7 WRF -8 WRF -9 WRF -10 

CONVECTION KF KF KF KF KF BMJ BMJ BMJ 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 WRF -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 

 153 

 154 
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2.2. Observational and Reanalysis Data  155 

For evaluation of the model output we used a daily 1 X 1 km gridded precipitation dataset (Camera et al. 2014), 156 

hereafter called OBS. This dataset was derived from a dense network of 145 rain gauges, which covers the area 157 

of the island that is under the jurisdiction of the Republic of Cyprus and for the time period 1980-2010. For the 158 

purposes of this study, these gridded observations are considered to be the closest representation of reality. To 159 

perform a fair comparison between the three resolution nests we also interpolated OBS to the 12- and 4-km grids 160 

by applying a 4-point distance-weighted average spatial interpolation.  161 

To obtain a representative picture of precipitation during the events in the broader region of the eastern Medi-162 

terranean we used three state-of-the-art, gridded daily observational datasets. These include version v.11.0 of the 163 

widely-used E-OBS dataset (Haylock et al. 2008), covering mainly Europe, and version V1101R1 of the 164 

APHRODITE’s (Asian Precipitation - Highly-Resolved Observational Data Integration Towards Evaluation) 165 

daily gridded precipitation (Yatagai et al., 2012). Both have a horizontal grid spacing of 25 X 25 km. The coverage 166 

of APHRODITE for the Middle East and North Africa (MENA) region ends in 2007, thus, it was not available 167 

for the January 2010 extreme precipitation event. Additionally, we used the CHIRPS (Climate Hazards Group 168 

InfraRed Precipitation with Station data) dataset (Funk et al. 2015). The latter is a composite product of both 169 

satellite and station measurements and has a 5 X 5 km horizontal resolution, spanning a zone from 50°S to 50°N 170 

for all longitudes. 171 

Since for this part of the world spatiotemporally consistent upper-air gridded observations either do not exist 172 

or are not publicly available, we utilized two reanalysis datasets to define the synoptic meteorological conditions 173 

during the selected extreme precipitation events. Besides the EI dataset, also used to provide initial and boundary 174 

conditions for our WRF simulations, we used geopotential values of the 500 hPa level derived from the NCEP-175 

Reanalysis-2 dataset (Kanamitsu et al. 2002). The latter was provided by the Physical Science Division of the 176 

Earth System Research Laboratory/NOAA, from their web site at http://www.esrl.noaa.gov/psd/. We also used 177 

mean sea level pressure (MSLP) data from the same two reanalysis sources. These are considered to give a fair 178 

representation of reality as both surface and upper air observations were assimilated during the simulations. 179 

Finally, to investigate the vertical structure of the atmosphere during the events we used temperature (T) and 180 

dew point temperature (Td) data from soundings. Unfortunately, this kind of information was not publicly avail-181 

able for Cyprus for the selected past events and therefore we used soundings from the adjacent station of Adana 182 

in southern Turkey and only for the 1994 and 2010 cases. The latter were available from the Department of At-183 

mospheric Science of the University of Wyoming (http://weather.uwyo.edu/upperair/sounding.html).  184 

 185 

 186 

2.3 Cyprus Climate and Description of Case Studies  187 

According to the Köppen-Geiger climate classification (Peel et al., 2007), Cyprus is characterized by a warm 188 

temperate climate with hot and dry summers, typical for Mediterranean regions, while part of the island is classi-189 

fied as hot and arid. The mean annual precipitation in Cyprus is around 470 mm (Camera et al, 2016). Most water 190 

resources originate in the Troodos mountains, which cover nearly 60% of the island. This precipitation is essential 191 

for the fresh water supply of the country, as almost all rivers discharge into dammed areas. Troodos is a fractured 192 

igneous formation, and surface water flow and groundwater recharge are highly variable and strongly dependent 193 



 6

on the temporal and spatial distribution of precipitation. Moreover, flood events occurring in the mainland most 194 

of the times originate from these steeply sloping mountains.  195 

 Five extreme precipitation events of the recent past (1980-2010) were selected for this study (Table 2), based 196 

on precipitation and surface flow measurements on the northern side of the Troodos mountains. The 1988 and 197 

1989 events were marked by high surface runoff in the watersheds along the northern slopes of the Troodos. The 198 

1994 event was the largest 2-, 3-, 4-, and 5-day rainfall over Cyprus for the period 1980-2010; the 2005 event was 199 

a rare high summer rainfall, with extensive flooding in the capital city Nicosia; the 2010 event was the largest 1-200 

day rainfall event over Cyprus. A brief discussion of the surface and middle troposphere conditions during the 201 

peaks of each of the five extreme weather events is presented in the Results section. 202 

 203 

 204 
Table 2. Definition of the case studies and description of the extreme precipitation events.  205 

 Simulation days Season Day of peak 
Average Precipitation 

(mm) over Cyprus 
during peak day 

Max. point pre-
cipitation (mm) 
during peak day 

Average Monthly Pre-
cipitation (mm) over 
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 

       

 206 

2.4 Model Evaluation 207 

2.4.1 Statistical Metrics and Ranking 208 

To objectively assess if our WRF output is useful for hydro-climatological applications, we compared it with the 209 

high-resolution Cyprus observations by applying a set of relevant indices of extremes and efficiency metrics. 210 

These were applied on the daily model output and observations for each model grid point of Cyprus, and were 211 

then averaged. Our selection of evaluation metrics is summarized below.  212 

The absolute error of the Maximum 5-day Precipitation Total (RX5DERROR) (Frich et al. 2002) is computed as 213 

follows: 214 

   (1) 215 

where RX5D is the maximum 5-day precipitation total during the two-week simulations and the subscripts OBS 216 

and SIM indicate the observed and simulated data. This five-day period is defined from the observations.  217 

The absolute error of the Simple Daily Intensity Index (SDII) (Frich et al., 2002) is defined as: 218 

 219 

   (2) 220 

 221 

where SDII is the total precipitation over the period divided by the number of rainy days. Rainy days are defined 222 

as days with precipitation larger than 1mm. 223 

The Percent Bias (PBIAS) measures the average tendency of the simulated values to be larger or smaller than 224 

their observed ones (Sorooshian et al. 1993):  225 
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   (3) 226 

where N is the number of simulation days times the number of grid cells.  227 

The Nash-Sutcliffe efficiency (NSE) determines the relative magnitude of the residual variance ("noise") com-228 

pared to the measured data variance ("information"). The modified NSE is not inflated by the squared values of 229 

the differences, because the squares in the original formula are replaced by absolute values (Krause et al., 2005). 230 

It ranges from –Infinitive to 1 (Perfect score =1). It is computed as follows:  231 

 232 

    (4) 233 

 234 

The Kling-Gupta Efficiency (KGE) was developed by Gupta et al. (2009) to provide a diagnostically interesting 235 

decomposition of the Nash-Sutcliffe efficiency, which facilitates the analysis of the relative importance of its 236 

different components (correlation, bias and variability) in the context of hydrological modelling (Zambrano-Big-237 

iarini, 2015). Kling et al. (2012) proposed a revised version, which was used in this study, to ensure that the bias 238 

and variability ratios are not cross-correlated. Kling-Gupta efficiencies range from minus infinity to one. Essen-239 

tially, the closer to one, the more accurate the model. A more detailed description of this metric including the 240 

extended equations for calculation is presented in Zambrano-Bigiarini (2015).  241 

 242 

The Modified Index of Agreement (MIA) is a standardized measure of the degree of the model prediction error. 243 

This index varies between 0 and 1. It was introduced by Willmott (1981) and refined by Legates and McCabe 244 

(1999) as follows: 245 

𝑀𝐼𝐴 = 1 −  
∑ (ை஻ௌ೔ିௌூெ೔)ಿ

೔సభ

∑ (|ௌூெ೔ିை஻ௌതതതതതത|ା |ை஻ௌ೔ିை஻ௌതതതതതത|)ಿ
೔సభ

   (5) 246 

 247 

Except for the RX5D-error, all metrics are computed over the full 15 days of the simulation. To select the five 248 

best performing WRF configurations out of the twenty and further proceed with the finer resolution (1-km) sim-249 

ulations, we performed an objective ranking based on the 4-km results (WRF-D02). We ranked all WRF config-250 

urations for each of the metrics described in the previous paragraphs and for each case study independently. Then 251 

we averaged the ranks for each configuration. The five configurations with the highest average ranking values 252 

(i.e. closest to 1) are considered to be the most realistic for the selected case studies. We refer to those as the five 253 

best configurations. 254 

 255 

 256 
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2.4.2 Added value of dynamical downscaling 257 

To quantify the added value (AV) of our WRF dynamical downscaling in comparison with the global EI rainfall, 258 

we applied the method suggested by Di Luca et al. (2015). They quantified the AV by comparing a distance metric 259 

(d) between the global General Circulation Model (GCM) and the observations on one hand, and between the 260 

Regional Climate Model (RCM) simulation and the observations on the other, as follows: 261 

 262 

𝐴𝑉 = 𝑑(𝐺𝐶𝑀, 𝑂𝐵𝑆) −  𝑑(𝑅𝐶𝑀, 𝑂𝐵𝑆)   (6) 263 

 264 

For our case the driving GCM is the ERA-Interim reanalysis dataset, while RCM refers to the WRF simula-265 

tions for each of the three model nests. In order to have comparable results for all three WRF resolutions, we 266 

calculated the AV only over the five best-performing configurations that eventually drove the WRF-D03 1-km 267 

simulations. For this task, we used as distance metrics the six indices described in the previous section, applied 268 

similarly to the daily precipitation amounts. To compare AV results obtained from different climate statistics, we 269 

normalized the AV metrics by the sum of the RCM and GCM errors, according to Di Luca et al. (2016): 270 

 271 

𝐴𝑉ௗ
෢ =

ௗ(ீ஼ெ,ை஻ௌ)ିௗ(ோ஼ெ,ை஻ௌ)

ௗ(ீ஼ெ,ை஻ௌ)ାௗ(ோ஼ெ,ை஻ௌ)
    (7) 272 

 273 

The AV values vary between −1 and 1 with larger positive values suggesting smaller RCM errors than GCM errors 274 

and thus a higher added value from the RCM. 275 

 276 

 277 
2.4.3 Synoptic conditions, precipitation maps and time-series 278 

Maps of the simulated rainfall (3-day integrals centered on the peak of the events) were created for all five case 279 

studies. These are presented in the form of an ensemble mean over the five best WRF realizations and were 280 

compared with the different gridded precipitation datasets. Continuous daily time-series for the full length of each 281 

simulation were also produced to compare the WRF output with observations. Here we present time series for 282 

three representative stations in Cyprus, namely one located on south-west coast of the island (Pafos), one on the 283 

eastern peak of the Troodos mountains at an elevation of 1200 m above sea level (Kionia) and one inland low-284 

elevation station (Nicosia).  285 

 Additionally, to explore the synoptic conditions during the events, we plotted the geopotential of the 500-hPa 286 

level and the mean sea level pressure based on the EI and NCEP reanalysis datasets. These plots are of a larger 287 

domain in order to obtain a more general picture of the circulation during the peak days of the events. They are 288 

compared with the 500-hPa geopotential and mean sea level pressure derived from our five best WRF simulations 289 

for the 12-km domain. Finally, we investigated if the vertical structure of the atmosphere is adequately reproduced 290 

by the model simulations. For the two cases with available data (1994 and 2010) we used the 12:00 UTC sounding 291 

of the peak rainfall day of the events and we compared it with the closest grid point of our 4-km WRF output 292 

(WRF-D02). 293 

 The above results are presented here for two (1994 and 2010) out of the five case studies, while the other three 294 

are presented in the supplementary material. These two cases are representative of a successful and a problematic 295 

downscaling case.  296 
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 297 

 298 
3. Results 299 

3.1 Selection of best configuration 300 

Figure 2 summarizes the results of the ranking of the 20 WRF setups. This was based on the six skill metrics of 301 

the 4-km WRF-D02 simulations of all five extreme events (Table S2 of the supplementary material). The ranking 302 

among all simulations is presented in the upper panel of this figure, while in the bottom panel we show the ranking 303 

of clusters of the same convection and microphysics parameterization schemes. Simulations that utilized the G3D 304 

convection and Lin microphysics (WRF configurations: 1, 6, 11, 16, 17, 18, 19, 20) were found to poorly repro-305 

duce the five rainfall events, as indicated by the performance metrics. We found a clear advantage in the simula-306 

tions of extreme precipitation when BMJ and GF convection schemes were used in a combination with Ferrier, 307 

WDM6 and WSM6 microphysics (WRF configurations: 7, 9, 10, 12 and 14). These are the five best model con-308 

figurations that were used for the 1-km simulations. In agreement with our findings, a number of physics inter-309 

comparison studies also indicated that the Betts-Miller-Janjic scheme outperforms in terms of precipitation sim-310 

ulation (Ishak et al., 2012; Evans et al., 2012; Ratna et al., 2014; Remesan et al., 2015). Similarly, the WRF Single 311 

and Double Moment schemes (WSM, WDM) and Ferrier were found to be more accurate (Evans et al., 2012; 312 

Givati et al., 2012; Remesan et al., 2015; Kioutsoukis et al., 2016). The performance metrics of all WRF simula-313 

tions are presented in Tables S1-S3 of the supplementary material.  314 

 315 

 316 

3.2 Model resolution and added value 317 

In Table 3 we present a summary of the performance metrics for the EI and three WRF nests versus the Cyprus 318 

high-resolution observations, averaged for each case study. For most case studies and performance metrics the 319 

dynamical downscaling with WRF improves the EI precipitation. Exceptions are all quantitative metrics (RX5D 320 

error, SDII error and PBIAS) for the December 1988 case and PBIAS for the January 2010 case. Interestingly, 321 

for these two events the efficiency metrics (mNSE, KGE and MIA) improved with the downscaling, despite the 322 

fact that the precipitation amounts did not.  323 

 As the PBIAS metric indicates, our WRF simulations tend to underestimate the amount of precipitation over 324 

Cyprus during the majority of the simulations. An exception is the very localized June 2005 event, where the 325 

model overestimates precipitation in general. The more detailed Table S1 of the supplementary material indicates 326 

that this overestimation of the rainfall amounts during the 2005 event is strongest when the GF and G3D ensemble 327 

schemes of convection parameterization are used. This behavior is evident only in the summer case and may 328 

suggest a poorer ability of the aforementioned schemes to correctly reproduce warm season thermally driven 329 

convection, at least for the case of Cyprus or similar environments, and needs further investigation.   330 

  The efficiency and agreement indices have generally positive values that are closest to 1 for the January 1989 331 

and November 1994 cases.  332 

 333 

  334 
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Table 3. Statistical evaluation metrics for each case study between the Cyprus precipitation observations and EI, WRF-D01 335 
(12 km), WRF-D02 (4 km) and WRF-D03 (1 km). Stars (*) indicate the cases where only the five-best configurations were 336 
considered.  337 

 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 

EI 34.7 59.2 101 27.5 66.7 10.1 12.8 12.8 6.4 8.5 2.2 -37.8 -32.7 29.0 -46.5 

D01 56.6 50.8 97.2 22.8 76.5 12.8 8.3 12.1 5.6 9.1 -48.7 -31.6 -16.7 137.3 -62.1 

D02 58.7 44.9 73.8 25.6 70.2 12.2 8.2 10.1 5.7 8.7 -46.8 -15.5 -9.6 186.4 -57.6 

D02* 58.9 38.0 57.3 21.7 72.2 12.3 7.0 8.6 5.0 8.7 -57.8 -16.9 -16.6 32.9 -62.7 

D03* 40.7 23.5 44.0 13.0 56.0 10.9 4.7 5.5 3.7 3.3 -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 

EI 0.02 0.31 0.32 -0.06 0.13 -0.12 0.29 0.34 -0.34 -0.24 0.50 0.58 0.58 0.54 0.57 

D01 0.36 0.52 0.36 -0.71 0.25 0.07 0.51 0.32 -1.20 -0.06 0.64 0.74 0.67 0.50 0.57 

D02 0.36 0.50 0.38 -1.05 0.26 0.08 0.50 0.41 -1.65 -0.03 0.63 0.74 0.68 0.51 0.58 

D02* 0.41 0.53 0.46 -0.14 0.30 0.06 0.55 0.51 -0.41 -0.04 0.65 0.76 0.71 0.55 0.59 

D03* 0.42 0.71 0.42 0.01 0.24 0.12 0.72 0.56 -0.39 0.12 0.66 0.85 0.72 0.54 0.59 

 338 
 339 
 340 

The results of the added value analysis, averaged over the five events, are presented in Table 4. We found that, 341 

on average, all three subsequent downscaling steps added some value to the EI precipitation data. In general, the 342 

added value was found to be more significant in terms of model efficiency than for the precipitation amounts as 343 

the higher normalized AV metrics of Table 4 indicate. Similar as other studies (Prein et al., 2013; Meredith et al., 344 

2015), we found that the further increase of the horizontal resolution and the explicit treatment of convection 345 

processes, which was the case for the 1-km simulations, increased the added value.  346 

 347 
 348 
Table 4. Added value of the WRF dynamical downscaling, averaged for the five extreme precipitation events 349 
and for each distance and efficiency metric. 350 

Added Value (AV) RX5D error SDII error PBIAS mNSE KGE MIA 

EI vs. WRF 12km 0.08 0.01 -0.11 0.29 0.55 0.09 

EI vs. WRF 4km 0.08 0.1 0.03 0.38 0.86 0.1 

EI vs. WRF 1km 0.24 0.29 0.1 0.43 0.92 0.12 

 351 
 352 
 To explore the performance of the high-resolution simulations, we present a case by case comparison between 353 

the detailed gridded observations over Cyprus and the 4- and 1-km simulations (Figure 3). These maps display 354 

results averaged over the five best WRF configurations. For the 1988 event, the 1-km simulation results (WRF-355 

D03) were closer to the observations than the 4-km simulations (WRF-DO2), but still both the WRF-D02 and 356 

WRF-D03 runs strongly underestimated this event. For the January 1989 case, WRF-D03 is found to outperform 357 

WRF-D02, especially over the central Troodos mountains, while it is found to overestimate the event for the 358 

western part of the island, which is dominated by the slopes of the Troodos mountains. This is also the case for 359 

the November 1994 event, but the D03 precipitation is closer to the observations for the central-east part of the 360 

Troodos mountains. For these two events WRF-D02 is found to perform better for the flat, southeast part of the 361 

island, where WRF-D03 overestimates precipitation. For the late spring 2005 event the 4-km runs (WRF-D02) 362 

are found to better capture rainfall over the eastern part of the island, while they missed the very localized 363 
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precipitation center that was observed between the Nicosia and Kionia stations. The latter, slightly displaced, was 364 

simulated only by the convection-permitting 1-km runs. Finally, the January 2010 event was not very well repro-365 

duced by either the WRF-D02 or WRF-D03 simulations. However, the 4-km runs reproduced some rainfall over 366 

the southeast part of Cyprus that was absent in the 1-km runs. The added value of downscaling to convection-367 

permitting simulations is also found to be a question of location. Nevertheless, for these case studies, the improve-368 

ment is most significant over complex, high-elevation terrains. 369 

 370 

 371 

3.3 Synoptic conditions, precipitation maps and time-series 372 

Case: November 1994 373 

This extreme precipitation event occurred between the 20th and 22nd of November 1994. This is the only autumn 374 

event from the five selected case studies. According to the two reanalysis datasets (EI and NCEP), it was a result 375 

of an upper air trough of north-east to south-west direction extended from the southern Balkans towards the north 376 

coast of Africa. As depicted in the top row panels of Figure 4, it approached Cyprus from the west. Similar con-377 

ditions prevailed also during the 1988 and 1989 case studies, which are presented in detail in the supplementary 378 

material.  379 

 A tear-off upper level low within the ridge was also formed over the eastern Mediterranean. Noteworthy, this 380 

is a pattern commonly connected with significant precipitation amounts over Cyprus (Tymvios et al. 2010). As a 381 

result, low pressure surface conditions prevailed ahead of the upper air trough (Figure 4 – bottom row). This 382 

surface depression that caused the extreme rainfall during the event was found to be well captured by our WRF 383 

simulations (Figures 4c and 4f). 384 

 Figure 5 (left panel) depicts the observed and modeled vertical structure of the atmosphere in terms of tem-385 

perature and dew point temperature during the peak day of the event. Since there was no information available 386 

over Cyprus we used data from the adjacent station of Adana in south Turkey, which was also strongly affected 387 

by the event. For this particular case WRF (purple curves) is found skillful in reproducing the observed conditions 388 

(blue lines) for the part of the atmosphere for which we have information from the sounding. For WRF we present 389 

the ensemble mean of the five best configurations of the 12-km simulations. The convergence of the temperature 390 

and dew point temperature curves around the 700-500 hPa levels indicates that high availability of water content 391 

is evident in both observations and model output, while other features such as the level of the tropopause are also 392 

accurately simulated. 393 

 This low-pressure system resulted in 3-day precipitation totals of more than 200 mm locally and it mostly 394 

affected south Turkey and much of the coastal areas in the Levant (Figure 6). CHIRPS precipitation (Figure 6g-395 

h) is found to be exaggerated compared to the other observational datasets in most of the study region including 396 

Cyprus. However, CHIRPS does not include precipitation over the eastern Mediterranean coast (Israel, Lebanon, 397 

Syria), which happens to be the case for E-OBS and, to a lesser extent, APHRODITE (Figure 6c-f). 398 

 More regionalized information for Cyprus can be found in the panels of Figure 7. Precipitation of EI is found 399 

again very homogeneous and underestimates the observed rainfall for large parts of the island (Figure 7a). Gen-400 

erally, CHIRPS underestimates the event over most of the area of the island. On the other hand, our 1-km WRF-401 

D03 simulation reproduces the precipitation amount during the November 1994 event relatively well (Figure 7d). 402 

However, some displacement of the location of the rainfall peaks is evident. In the gridded observations (Figure 403 
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7c) the event is found to be centered around Kionia station, however, the simulation results in a westward shift of 404 

precipitation. Additional information for the whole extent of the simulation can be found in the indicative time-405 

series plots of Figure 8 that indicate a reasonable correlation between the observed and modelled rainfall. A 406 

smaller precipitation event during the first days of the simulations, most pronounced at the Pafos station (Figure 407 

8 – left column), was also reasonably well reproduced by the model. 408 

 409 

Case: January 2010 410 

This is the most recent event that was simulated in this study. The rainfall peak was observed on the 18th of January 411 

2010 and it mainly affected eastern Turkey and the Levant coast. Figure 9 depicts the synoptic conditions during 412 

the peak of the event according to the EI and NCEP reanalysis and WRF simulations. An upper-air trough over 413 

the eastern Mediterranean is again the prevailing synoptic feature in the region (Figure 8 – top row). However, 414 

this trough has somehow different properties than the November 1994 event, as its axis follows a north-west to 415 

south-east direction. This results in a surface pressure depression of the form of a tear-off low that affects large 416 

parts of the eastern Mediterranean and the Middle East (Figure 9 – bottom row). Broadly speaking the WRF 417 

simulations reproduced the main synoptic features during the event (Figure 9c). The center of low pressure at the 418 

surface is found at the east of the island of Cyprus (Figure 9f). The model broadly captured the atmospheric 419 

vertical structure (Figure 5 – right panel). Nevertheless, some discrepancies from the sounding observations are 420 

found near the surface for temperature and in the lower levels of the stratosphere for dew point temperature. 421 

 Similar as the previous case study (and the events presented in the supplementary material), CHIRPS is found 422 

to be wettest (Figures 10e and 10f). In particular, over Lebanon and west Cyprus this dataset indicates precipitation 423 

of the order of 200 mm for the period 17-19/01/2010 while considerable rainfall amounts are also indicated over 424 

most of the eastern Mediterranean coast. This is much more than reported by E-OBS and simulated by EI, high-425 

lighting again the issue of observational uncertainty. The APHRODITE dataset for the Middle East region does 426 

not cover 2010. Our WRF simulations (Figures 10g and 10h) seem to generate precipitation over the eastern coast 427 

of the Mediterranean and the eastern parts of Turkey while they fail to reproduce the high rainfall over Cyprus for 428 

this extreme event. 429 

 In more detail for Cyprus, the high-resolution observations for this event report precipitation amounts of about 430 

100 mm for the whole island with localized centers, mainly over the northern slopes of the Troodos mountains, 431 

where precipitation exceeds 150 mm (Figure 11c). The EI dataset (Figure 11a) strongly underestimated this, while 432 

CHIRPS strongly overestimates precipitation over the western part of the island (Figure 11b). For the 3-day period 433 

around the peak of the event the 1-km WRF-D03 simulations are much drier and only over some parts of Cyprus 434 

some scattered precipitation is generated.   435 

 The evolution of precipitation during the two weeks of simulation for this event is presented in Figure 12. As 436 

discussed in the previous paragraph, WRF fails to reproduce this extreme event. Nevertheless, it captured the two 437 

smaller-scale events that occurred in the beginning and towards the end of the simulation period.  438 

 439 

 440 

 441 

 442 
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4. Conclusions  443 

We investigated the WRF model performance in 20 combinations of convection and microphysical parameteriza-444 

tion schemes for five extreme precipitation events over the eastern Mediterranean region. Based on an objective 445 

ranking process, we found that the BMJ and GF convection schemes reproduce these events most accurately, 446 

while the model performance was best when the Ferrier, WDM6 and WSM6 microphysics parameterizations were 447 

used. Our findings can be used as a point of reference for the simulation of precipitation extremes over the region 448 

of interest. While we used a large number of parameterizations we did not exhaust all available options. Yet, this 449 

ranking can be used as a reference for WRF users interested in similar type of environments and weather phenom-450 

ena. 451 

 Our results show that dynamical downscaling with the high-resolution WRF model improves the EI rainfall 452 

patterns for the eastern Mediterranean region, at least for three out of five extreme precipitation events (1989, 453 

1994 and 2005 cases) in terms of rainfall amounts and timing. Statistical analysis reveals that results of the two 454 

higher-resolution domains (4 and 1-km) are consistently closer to the observations. Although the simulation was 455 

not nudged to the driving reanalysis dataset, for most of the tested events WRF was able to reproduce the synoptic 456 

conditions that resulted in the extreme precipitation. The modeled rainfall was generally very well synchronized 457 

with the observations, which is not always expected in non-nudged hindcast simulations of such duration. Even 458 

for the events where the downscaling did not improve the EI precipitation total amounts (cases 1988 and 2010) 459 

the timing of the events was more accurate as indicated by the higher efficiency indices after the downscaling. 460 

 In agreement with the literature, the added value of the downscaling is found higher between the EI and the 1-461 

km nest. These convection-resolving simulations are found to outperform the lower resolution versions, especially 462 

over the high elevation regions that are most critical for the water resources of the island, as they control the flow 463 

to the major dams. Nevertheless, for some parts of Cyprus precipitation was better simulated by the 4-km nest, 464 

highlighting the need for further research on the advantage of convection-permitting simulations.  465 

 Interestingly, we found large discrepancies between three state-of-the-art gridded observational datasets dur-466 

ing the tested extreme precipitation events. Our findings indicate that E-OBS and APHRODITE precipitation is 467 

systematically lower than CHIRPS over the broader eastern Mediterranean region. Accordingly, for the cases 468 

considered in Cyprus the two former datasets strongly underestimate the precipitation reported from the high-469 

density station network. While CHIRPS might be useful in providing a general overview of precipitation on the 470 

large scale, we found large deviations from the high-resolution observations over Cyprus. This is probably related 471 

to the small number of stations that were utilized for the construction of this dataset over the island (Katsanos et 472 

al. 2016).  473 

To reduce observational uncertainty and increase the confidence of climate studies over the eastern Mediterranean 474 

and Middle East region, we strongly encourage local data holders (e.g. state hydro-meteorological services, uni-475 

versities, research institutions), to open access to their data for scientific use. In the same context, we recommend 476 

the use of multiple sources of observations for model validation. 477 

 478 

 479 
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