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Changes with respect to the DoA
Maps of return levels for daily precipitation events for Cyprus are presented in D2.4.

Dissemination and uptake
Users of hydrological impact/resources models for following WP’s (e.g. WP3).

Short Summary of results (<250 words)

This deliverable consists of data for present climate extremal pattern episodes (15 days
duration) downscaled to 12km and 4km/6h (20 ensemble members) and to 1km/1h (5
ensemble members) for the Cyprus research site. Five extreme rainfall events over
Cyprus were identified from observations and were dynamically downscaled from the
ERA-Interim (El) dataset with the Weather Research and Forecasting model (WRF), for
15-day periods centered around the peak of each event. For validation we used a 1-km
gridded observational dataset over Cyprus. Additionally, we explored the potential
added value gained from the EI downscaling with WRF. This was done in both terms of
timing and rainfall amounts for each horizontal resolution nest of the downscaling
process. Simulations with WRF captured rainfall over the eastern Mediterranean
reasonably well for three of the five selected extreme events. For these three cases,
the higher spatial resolution WRF simulations were found to improve the ERA-Interim
precipitation amounts, which strongly underestimated these rainfall extremes over
Cyprus. The best model performance was obtained for the January 1989 event, which
was simulated with an average negative bias of 4% and a modified Nash-Sutcliff
efficiency of 0.72 for a 5-member ensemble of the 1-km simulations. Our 1-km
simulations overall indicate a higher added value, 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.

Evidence of accomplishment
This report, peer-reviewed book chapter published and manuscript under submission.
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1. INTRODUCTION

The objective of this deliverable is to dynamically downscale recent past extreme
precipitation events for the research site of Cyprus. Output of this task, in the form of
an ensemble set, will be further used to drive hydrological impact models. As a
downscaling tool, we used the Weather, Research and Forecasting Model (WRF)
forced by the ERA-Interim reanalysis data. The latter were downscaled in 12-, 4- and 1-
km resolutions over the broader region of the eastern Mediterranean and eventually

Cyprus according to Figure 1.

WRF D01 (EASTERN MEDITERRANEAN) - 12KM WRF D02 (EASTERN MEDITERRANEAN) - 4KM WRF D03 (CYPRUS) - 1KM
T P2 L gae T £

20 25 30 35 40 45 31 33 35

Figure 1 — Simulation domains of the eastern Mediterranean region centered over Cyprus for the 12
km (WRF-DO1 — left panel), 4 km (WRF-D02 — middle panel) and 1 km (WRF-D03 - right panel)
simulations.

Our ensemble was formulated by utilizing different WRF options for convection and
microphysical processes parameterizations, the most critical model components for
rainfall generation. Since there is no universal optimum setup, we test a large number
of model configurations in order to investigate which ones are more skilful in
reproducing five past extreme precipitation events over the region of interest. Each
combination of four cumulus and five microphysics schemes was utilized while the rest
of the model’s physics was identical. This gave a total of 20 WRF configurations. All
simulations have a length of 15 days with the peak of the events more or less centered
within this period. This might not be the optimum for other type of applications, such as
weather forecasting. However, we wanted to investigate the model’s skill more from a

climate mode perspective, i.e. to reduce the dependence on the initial conditions.

As already described in the previous paragraph, convection of warm air that is related
to thunderstorms is parameterized since it naturally occurs in much smaller scales than
the typical resolution of global or regional models. This was the case for our 12- and 4-
km simulations. Nevertheless, an increasing number of studies for various locations

and based on different models indicate a more realistic representation of precipitation
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processes in high-resolution convection-permitting simulations (Prein et al., 2013;
Cassola et al., 2015; Davolio et al., 2015; Fosser et al., 2015; Meredith et al., 2015;
Prein et al., 2015). The spatial resolution of the latter is fine enough to explicitly resolve
convective processes. Therefore, after applying an objective ranking scheme for
identifying the best WRF configurations at 4-km resolution, we further downscale the
five best configurations to 1-km horizontal resolution to explore the advances of

convection-permitting simulations during the selected case studies.

Hourly precipitation output, from the “hydrologically-best” WRF configurations in the
very-high 1-km grid spacing will be eventually used to force the hydrological impact

models of WP3 for the research site of Cyprus.
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2. DATA AND METHODOLOGY

2.1. Model and experimental setup

For the simulations of this study we used the version 3.7.1 of WRF model (Skamarock
et al., 2008). It was driven by the ERA-Interim (El) reanalysis dataset (Dee et al.,
2011), which provide the initial and boundary conditions. The latter were updated every
six hours. We used the one-way nesting option, downscaling El (=80 km) to 12 km
(Domain 1: DO1) and subsequently to 4 km (Domain 2: D02) and 1 km (Domain 3:
D03), as seen in Figure 1. The first downscaling domain (D01) represents more or less
the area overlapped from the different CORDEX domains that are relevant for the
research site of Cyprus (EURO-CORDEX, MENA-CORDEX, MED-CORDEX).
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. 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.

2.2. Observational and reanalysis data

For the evaluation of the model output we used a daily 1 by 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. 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 averaged OBS to the 12-
and 4-km grids.

To get a more representative picture of precipitation during the events in the broader
region of the eastern Mediterranean 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 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
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blended 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, time and space consistent upper-air gridded
observations either do not exist or are not publicly available, we utilized two reanalysis
datasets in order to define the synoptic meteorological conditions during the selected
extreme precipitation events. Besides the El dataset, which was 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/. The
500 hPa level is important in synoptic meteorology and weather forecasting since it is
very near the level of non-divergence while it also represents the level where the about
one half of the atmosphere’s mass is below it and half is above it. We additionally used
mean sea level pressure (MSLP) data from the same two reanalysis sources. These
are considered to give a fair representation of the reality as both surface and upper air

observations were assimilated during their simulations.

Finally, to investigate the vertical structure of the atmosphere during the events we
used temperature (T) and dew temperature (Td) data from soundings. In meteorology,
temperature profile is widely used for the study of atmosphere’s vertical structure (e.g.
definition of tropopause, identification of the planetary boundary layer etc.). Moreover,
the coincidence of T and Td curves in this type of plots provides useful information on
the available water content of the atmosphere and can indicate cloud or precipitation
formation. Unfortunately, this kind of information was not available for Cyprus for the
selected past events and therefore we used soundings from the adjacent station of
Adana in south Turkey and only for the 1994 and 2010 cases. The latter were available
from the Department of Atmospheric Science of the University of Wyoming
(http://weather.uwyo.edu/ upperair/sounding.html).

2.3. Description of case studies

Five extreme precipitation events of the recent past (1980-2010) were selected based
on precipitation and surface flow measurements on the northern side of the research
site of Troodos Mountains (Table 1). 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-
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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.

Table 1 - Definition of the case studies and description of the extreme precipitation events.

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

2.4. Selection of best configurations

To objectively assess if our WRF output is valid 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 over Cyprus, and were then

averaged. Our selection of evaluation metrics is summarized below.

The absolute error of the Maximum 5-day Precipitation Total (RX5Degrror) (Frich et al.
2002) is computed as follows:

RX5DgRrror = |RX5Dops-RX5Dspm| (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 (SDIl) (Frich et al., 2002) is
defined as:
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SDIIgrror = |SDHops-SDIgm| (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 1mm.

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):

0 N (SIM;-0BS;)

PBIAS = 10024t (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") compared 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:

N ISIM;-0BS;]

N .|OBS;-0BS| (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-
Bigiarini, 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. Essentially, the closer to one, the more
accurate the model is. 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:

>, (0BS;—=SIM;)

MIA =1 = S 5vi—085|+ |0Bs,~053) ©
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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) simulations, we performed and objective
ranking based on the 4-km results (WRF-D02). We ranked all WRF configurations 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. closer to 1) are considered
to be the most realistic for the selected case studies. We refer to those as the five best

configurations.

2.5. Added value of dynamical downscaling

To quantify the added value (AV) of our WRF dynamical downscaling in comparison
with the global El 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, 0BS) (6)

For our case the driving GCM is the ERA-Interim reanalysis dataset, while RCM refers
to the WRF simulations 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 AV results obtained
from different climate statistics, we normalized the AV metrics by the sum of the RCM
and GCM errors, according to Di Luca et al. (2016):

— _ d(GCM,0BS)-d(RCM,0BS)
AVy = d(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.
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3. RESULTS

3.1. Selection of best configurations

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-D02 simulations of all five extreme events. 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 Grell 3D ensemble convection
and Lin microphysics (WRF configurations: 1, 6, 11, 16, 17, 18, 19, 20) were found to
give a poor reproduction of the five rainfall events, as was indicated by the

performance metrics (not shown).

BEST G3D
&
— T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
WRF Simulation ID
BEST CONVECTION MICROPHYSICS
&

HoreT I. [
BMJ GF G3D

KF LIN WSmMe  THOM FERR WDM6
WRF Parameterizations

Figure 2 — Ranking results for the 4-km (D02) nest averaged for the five simulated extreme events.
The upper panel shows all 20 WRF configurations, while in the bottom panel simulations are
grouped according to their convection and microphysics parameterizations. Darker colours
indicate a better ranking.

We found a clear advantage in the simulations 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
configurations that were used for the 1-km simulations. In agreement with our findings,
a number of physics inter-comparison studies also indicated that the Bets-Miller-Janjic
scheme outperforms in terms of precipitation simulation (Ishak et al., 2012; Evans et
al.,, 2012; Ratna et al., 2014; Remesan et al., 2015). Similarly, the WRF Single and
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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).

3.2. Added value of the dynamical downscaling

In Table 2 we present a summary of the performance metrics for the El and three WRF
nests versus the observations, averaged for each case study. For most case studies
and performance metrics the dynamical downscaling with WRF improves the El
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 during the majority of the simulations. Exception is the very localized
June 2005 event, where the model overestimates precipitation in general. The
efficiency and agreement indices have generally positive values that are closest to 1 for
the January 1989 and November 1994 cases.

Table 2 — Statistical metrics for each case study between the Cyprus precipitation observations
and El, WRF-D01 (12 km), WRF-D02 (4 km) and WRF-D03 (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)

1988 | 1989 | 1994 m 2010 | 1988 | 1989 | 1994 m 2010 | 1988 | 1989 | 1994 m 2010

59.2 66.7 | 10.1 | 12.8 | 12.8 37.8 | 32.7 | 29.0 | 46.5

Do1 56.6 | 50.8 | 97.2 | 22.8 | 76,5 | 12.8 8.3 121 5.6 9.1 48.7 | 316 | 16.7 137 62.1

D02 58.7 | 449 | 73.8 | 256 | 70.2 | 12.2 8.2 10.1 5.7 8.7 46.8 | 15,5 | -9.6 186 57.6

D02* | 589 | 38.0 | 57.3 | 21.7 | 72.2 | 123 7.0 8.6 5.0 8.7 57.8 | 169 | 16.6 | 329 | 62.7

DO3* | 40.7 | 23.5 | 44.0 | 13.0 | 56.0 | 10.9 4.7 5.5 3.7 33 514 | -9.6 4.4 223 | 475

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

1988 | 1989 | 1994 m 1988 | 1989 | 1994 m 2010 | 1988 | 1989 | 1994 m 2010

0.02 | 031 | 032 | 0.06 | 0.13 | 0.12 | 0.29 | 0.34 | 034 | 0.24 | 0.50 | 0.58 | 0.58 | 0.54 | 0.57

Do1 036 | 052 | 036 | 0.71 | 0.25 | 0.07 | 051 | 0.32 | 1.20 | 0.06 | 0.64 | 0.74 | 0.67 | 0.50 | 0.57

D02 036 | 050 | 038 | 1.05 | 0.26 | 0.08 | 050 [ 0.41 | 165 | 0.03 | 0.63 | 0.74 | 0.68 | 0.51 | 0.58

D02* | 041 | 0.53 | 046 | 0.14 | 030 | 0.06 | 0.55 | 0.51 | 0.41 | 0.04 | 0.65 | 0.76 | 0.71 | 0.55 | 0.59

DO3* | 0.42 | 0.71 | 0.42 | 0.01 | 0.24 | 0.12 | 0.72 | 056 | 0.39 | 0.12 | 0.66 | 0.85 | 0.72 | 0.54 | 0.59
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The results of the added value quantification analysis, averaged over the five events,
are presented in Table 3. We found that, on average, all three subsequent downscaling
steps added some value to the El precipitation. In general, this added value was found
to be more significant in terms of model efficiency than for the precipitation amounts.
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 3 — Added value of the WRF dynamical downscaling, averaged for the five extreme
precipitation events and for each distance and efficiency metric.

Added Value

RX5D

SDIl

(AV) s —— PBIAS mNSE KGE MIA
El vs WRF-12 km 0.08 0.01 -0.11 0.29 0.55 0.09
El vs WRF-4 km 0.08 0.1 0.03 0.38 0.86 0.1
El vs WRF-1 km 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 simulations (WRF-D03) were
closer to the observations than the 4-km simulations (WRF-DO2), but still both runs
strongly underestimated this event. For the January 1989 case, WRF-DO03 is found to
outperform WRF-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. Noteworthy, for these two events WRF-D02 is found to perform
better for the flat, southeast part of the island, where WRF-D03 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 on the contrary they missed the very
localized 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 reproduced by either the
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WRF-D02 or WRF-D03 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 therefore also found to be a
question of location. Nevertheless, for these case studies, the improvement is greater

over complex, high-elevation terrains.
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Figure 3 — Precipitation total over a 3-day period centered on the peak of each event for the high-
resolution observations (left panels) the 4-km WRF-D02 (middle panels) and the 1-km WRF-D03
simulations (right panels). The latter as the ensemble mean of the five best WRF simulations.
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3.3. Detailed analysis of November 1994 case

This extreme precipitation event occurred between the 20th and 22nd 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. Very similar conditions prevailed also during the 1988 and 1989
case studies (not shown).

El / 500 hPa Geopotential (gpdm) / Ca: P NCEP / 500 hPa Geopotential (gpdm) / Case: 1994 WRF / 500 hPa Geopotential (gpdm) / Case: 1994

& (d) “(e) & ()

Figure 4 — Geopotential of the 500 hPa level (top row) and mean sea level pressure (bottom row), as
daily average for the 23" of November 1994 and based on the ERA-Interim (left column), NCEP
reanalysis (middle column) and WRF 12-km simulations (right column).

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. 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 depicts the observed and modeled vertical structure of the atmosphere in
terms of temperature and dew 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 whole extent of the atmosphere for which we have
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information from the sounding. Noteworthy, 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.

o
o

Adana (35.34N,36.97E) / 21-11-1994 / 12:00Z
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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 event.
Radiosonde launched on Adana station in south Turkey.

This low-pressure system resulted in 3-day precipitation totals of more than 200 mm
locally and it mostly affected south Turkey and the rest of the Levant coastal areas
(Figure 6). CHIRPS precipitation data (Figure 6g-h) are found to be exaggerated,
compared to the rest of the observational datasets, in most parts of the study region
including Cyprus. However, CHIRPS does not indicate any precipitation over the
eastern Mediterranean coast (Israel, Lebanon, Syria), which happens to be the case for
E-OBS and, to a less extent, for APHRODITE (Figure 6c-f).
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El/DO1/ Case: 1994 El/ D02/ Case: 1994

(b)

(d)

APHRODITE / D01 / Case: 1994 APHRODITE / D02 / Case: 1994

Precig‘rtation Total immi

0 20 40 80 80 100 120 140 160 180 200

Figure 6 — Precipitation total over the 3-day period 20-22/11/1994 derived from El (top row), E-OBS
(second row), APHRODITE (third row), CHIRPS (fourth row) and ensemble mean of the five best
WRF simulations (bottom row) for the 12-km (left panels) and 4-km (right panels) domains.
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More regionalized information for Cyprus is presented in Figure 7. Precipitation of El is
found again very homogeneous and underestimates the observed rainfall for large
parts of the island (Figure 7a). Generally, CHIRPS underestimates the event over most
of the area of the island. On the other hand, our 1-km WRF-D03 simulation is
performing relatively well in reproducing the precipitation amount during the November
1994 event (Figure 7d). However, some displacement of the location of the rainfall
peaks is evident. In the gridded observations (Figure 7c) 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, that was most pronounced in Pafos station (Figure 8 — left
column), was also reasonably well reproduced by the model.
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Figure 7 — Precipitation total over the 3-day period 20-22/11/1994 derived from EI (top left), CHIRPS
(top right), high-resolution Cyprus observations (bottom left), and ensemble mean of the five best
WRF simulations (bottom right) for the 1-km domain. Points indicate the locations of three weather
stations for comparison. From west to east: Pafos, Kionia, Nicosia.
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Figure 8 — Time-series of observed and modelled precipitation for the November 1994 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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4. CONCLUSIONS AND DISCUSSION

We investigated the WRF model’s sensitivity to 20 combinations of convection and
microphysical parameterization schemes for five extreme precipitation events over the
eastern Mediterranean region. After an objective ranking process, we concluded that
the BMJ and GF convection schemes are found to reproduce these events most
accurately, while the model’s performance was highest when the Ferrier, WDM6 and
WSM6 microphysics parameterizations were used. Noteworthy, our findings can be
representative for the simulation of precipitation extremes over the region of interest.
However, although we used a large number of parameterizations we did not exhaust
the available options. Yet, besides the practical value for the BINGO project, this
ranking can be still used as a reference for WRF users interested in similar type of

environments and weather phenomena.

Our results show that dynamical downscaling with the high-resolution WRF model
improves the El rainfall patterns for the eastern Mediterranean region at least for three
out of the five selected 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. Moreover, the reproduced rainfall was generally very well
synchronized with the observations, a fact that is not always expected in not-nudged
hindcast simulations of such a length. Even for the events where the downscaling did
not improve the El 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 (not shown in this report).

As also suggested by literature, the added value of the downscaling is found higher
between the El and the 1-km nest. These convection-resolving simulations are found to
outperform especially over the high elevation regions that are also more critical for the
water resources of the island as the flow to the major dams depends on them. These
regions are the ones most relevant for the scopes of the BINGO project also because
flood events occurring in the mainland most of the times originate from these steeply
sloping mountains. These 1-km output, derived from the identified as “hydrologically-
best” WRF configurations, will provide the driving data for the hydrological/water
resources models of following Work Packages (e.g. WP3).

20/24



D2.5 ENSEMBLES FOR PRESENT CLIMATE EXTREMAL EPISODES ? BI NGO
FOR THE CYPRUS RESEARCH SITE (’

December 2016

Noteworthy, 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 during 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 case of
Cyprus the two latter datasets strongly underestimate the extreme precipitation
reported by the high-density station net-work. In this context of observational
uncertainty, we recommend the use of multiple sources of observations when it comes

to model validation.

These findings and a detailed description of the downscaling for all five extreme
precipitation events for the BINGO research site of Cyprus are summarised in a
manuscript that will be submitted to be considered for publication in Atmospheric
Research (http://www.journals.elsevier.com/atmospheric-research).
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