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Abstract Heat-waves are strongly connected with environmental, health and
socioeconomic impacts. The frequency of occurrence and the intensity of those events
tend to increase across the Mediterranean due to climate change. Numerical weather
prediction models are considered to be an important tool for predicting heat-wave
events. Additionally, they are suitable for studying human biometeorology. The aim
of this paper is to evaluate the performance of the Weather Research and Forecasting
(WRF) model under different physical options during heat-wave events taking place
in the greater area of South–East Mediterranean, considering also the impacts on
human thermal comfort. For this, 15 heat-wave events (52 total heat-wave days) were
identified in a 10-year period (2004–2013). Seven (7) alternative model configura-
tions were tested on a 6 km horizontal resolution domain and the results for air
temperature, wind speed and vapor pressure were compared against ground-based
observations. Themicro-scale RayManmodelwas also employed, in order to evaluate
predictions of the Universal Thermal Climate Index (UTCI). Results show that under
certain physics options WRF is capable of reproducing successfully the key charac-
teristics of the examined heat-wave episodes.

1 Introduction

Under the background of global warming and because of other factors, such as
urban heat island effects (Giannaros et al. 2013, 2014), heat-wave (HW) episodes
occur frequently worldwide (Zeng et al. 2011), resulting to severe implications on
human health, environment, agriculture and economy. Further, the intensity of HWs
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tends to increase, especially over regions of southeastern Europe (Founda and
Giannakopoulos 2009).

Numerical weather prediction models are widely used to examine and assess
HW events and to estimate human thermal discomfort. More specifically, a variety
of studies have been carried out using the mesoscale meteorological Weather
Research and Forecasting (WRF) model to improve its skills under extreme hot
weather conditions (Zeng et al. 2011, 2014).

The aim of this paper is to contribute to this intensive effort by evaluating the
performance of WRF under different physics parameterization options during
selected HW episodes over the greater area of southeastern Mediterranean and by
investigating the relative impacts on human thermal comfort.

2 Data and Methodology

2.1 Meteorological Datasets and Definition of HW Episodes

Ground-based meteorological observations at routine World Meteorological
Organization (WMO) stationswere obtained from five different monitoring networks:
Hellenic National Meteorological Service (HNMS), Republic Hydrometeorological
Institute (RHI, FYROM), National Institute of Meteorology and Hydrology (NIMH,
Bulgaria), Turkish StateMeteorological Service (TSMS) and ServizioMeteorologico
(SM, Italy). In total, 60 stationswere selected, in order to fulfill the needs of the present
study. The selection was based on data availability, and to represent the study area to
the greater possible extent.

The identification of a HW day was based on IPCC’s definition of extreme
temperature index, TN90p (IPCC 2013). Following this, a warm day is defined
when daily maximum temperature exceeds the 90th percentile of a late-20th century
reference period (1961–1990). This criterion was applied to the meteorological data
of three (3) stations: Elliniko (Athens), Larissa and Thessaloniki. When at least
three (3) consecutive HW days were identified at the same time at the above
stations, then a HW episode was defined. Totally, 15 HW events (52 total HW
days) were identified in a 10-year period (2004–2013).

2.2 Implemented Models and Experimental Design

WRF was applied over two 2-way nested modeling domains. The outer domain
(d01), having a 18 km horizontal grid resolution (mesh size of 320 × 220), covers
most of Europe and North Africa and is used for simulating synoptic-scale con-
ditions. The inner domain (d02), having a spatial resolution of 6 km (mesh size of
250 × 190), focuses on southeastern Mediterranean and the Balkan Peninsula. Both
modeling domains have the same vertical structure that includes 28 layers, covering
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the whole troposphere. The WRF simulations were driven by the 0.25° × 0.25°
spatial resolution and 6 h temporal resolution operational surface and upper level
atmospheric analysis data of the European Center for Medium-range Weather
Forecasts (ECMWF).

The WRF model has a wide range of physics options, which allow fine-tuning
the model to better describe various physical processes. In the current work, a series
of experiments changing one option at a time for (1) Planetary Boundary
Layer/Surface Layer and (2) Land Surface Model have been implemented. In total,
four different PBL/Surface Layer combinations and four different LSMs have been
tested in the present study (Table 1). 84-h simulations were carried out for each
identified HW episode, providing output every hour. The first 12 h of each simu-
lation are treated as spin-up period, while the remaining 72 h are used for the
evaluation of the model.

RayMan model simulates radiation fluxes in simple and complex environments.
The final output of the model is the mean radiant temperature (Tmrt), that is necessary
for deriving thermal bioclimate indices, such as the Universal Thermal Climate
Index (UTCI) (Matzarakis et al. 2007, 2010). UTCI is expressed as an equivalent
temperature (°C) of a reference environment, providing the same physiological
response of a reference person as the actual environment (Blazejczyk et al. 2012). In
the present study RayMan was driven by ground-based observations and
WRF-simulated data of air temperature, vapor pressure, wind speed and cloud cover.

3 Results and Discussion

Domain-wide statistics can provide an overall performance measure on the capa-
bility of the model to reproduce observations. Table 2 is a compilation of the
computed model performance metrics [i.e. Mean Bias (MB), Mean Absolute Error
(MAE), STandard Deviation of Error (STDE), Index Of Agreement (IOA)] for
PBL/SL scheme experiments.

The Revised-MM5 SL Scheme exhibits the best statistical results for tempera-
ture, which are slightly even better, when this physics option is combined with
ACM2 PBL Scheme. ACM2 Scheme produces lower bias (−0.11 m/s) for wind
speed, while YSU-Revised MM5 run shows the best results for MAE and STDE.
The largest MAE and STDE are reported for vapor pressure, indicating that the
model lacks ability in simulating this variable. Concerning the evaluation of dis-
comfort conditions, YSU-MM5 run shows the best performance in predicting
UTCI.

Results for the four LSM experiments are shown in Table 3. As shown in this
Table, Noah LSM shows better results for all meteorological variables and for
UTCI. On the other hand, RUC model results in the largest MB for both temper-
ature and UTCI. Noah LSM underestimates vapor pressure, while the other LSMs
result to overestimation.
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4 Concluding Remarks and Future Prospects

In the present study, four widely used PBL/SL Schemes and LSMs have been
statistically evaluated for their skill to forecast the key meteorological character-
istics of HW episodes over the greater area of SE Mediterranean and Balkan
Peninsula. The evaluation also aimed to investigate the relative impacts on human
thermal comfort.

In general, the model was found to be biased cold, underestimating UTCI by
−1.03 °C in the YSU-Revised MM5 run to −1.62 °C in the RUC LSM run. The
analysis for PBL/SL sensitivity runs showed mixed results for the different
examined parameters. YSU-MM5 PBL/SL scheme can be selected as the most
accurate. This selection is based on the slight advantage of this option to produce
lower MAE (2.81 °C) and STDE (3.42 °C) for UTCI. The results are more clear for
the LSM sensitivity runs. Noah LSM showed good adequacy in replicating all the
examined parameters.

Based on the above results, it is in the authors’ plans to further investigate the role
of PBL/SL schemes and LSMs in the WRF model forecast accuracy during HW
events. More specifically, a categorization of the statistical measures in terms of
region, geography and land use is necessary. Furthermore, a statistical investigation
of daily maximum, minimum and average values of the examined meteorological
parameters will reveal more evidences about the different responses of the model.
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