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Summary

This report presents the application of the Weather Research and Forecasting (WRF) high-resolution regional
climate model to simulate the present (2005-2014) and near-future (2046—2055) climate over Greece, in
the framework of the Work Package 3. The main objective was to provide detailed climatic parameters for
the whole country of Greece, which will be used for the agricultural impact assessments of the Work Package
4. Model evaluation against the ERA5-Land dataset demonstrates that WRF simulates present-day
temperature with high accuracy across most of Greece, while performance for relative humidity is also
satisfactory but shows greater discrepancies, particularly in mountainous and coastal regions. The most
notable deviations occur in areas with complex terrain, such as the Pindos mountain range and small islands,
where spatial resolution limitations are most evident. Future projections under two applied emission
scenarios (SSP2-4.5 and SSP5-8.5) show a robust warming signal throughout the country, with slightly higher
warming under the worst-case scenario SSP5-8.5. Relative humidity is projected to decrease in most regions,
but with a slightly weaker decline under the high-end SSP5-8.5 scenario—likely due to enhanced moisture
evaporation and advection, as well as orographic effects, compensating for the thermodynamic drying.
These simulations provide a reliable basis for understanding future climate stress on agricultural productivity
in Greece.

NepiAndn

H mapoloa £kBeon mapouctdlel tnv ebapUoyn TOU TTEPLOXIKOU KALATIKOU povtélou udnAng avaiuong
WRF yLa tnv mpocopoiwon tou mapdvtog (2005-2014) kat tou gyyUg péAovTog (2046—2055) kAipatog otnv
EAAaSa, oto mAaiolo tou MNakétou Epyaciog 3. KUplog otdxog NTav n mapaywyn AEMTOUEPWY KALLATIKWY
TIAPAUETPWY YL TO OUVOAO TNG EAANVIKNG ETIUKPATELOG, OL omoieg Ba xpnolpomotnbolv yla EKTLUAOELS
QYPOKTNVOTPOPLKWVY ETUMTWOEWV oto Makéto Epyaociag 4. H afloAdynon tou povtéAou o cUYKPLON LE TO
ocT Sebopévwv ERA5-Land Seixvel 6tL to WRF mpooopolwvel th Bepuokpacia pe uPnAn akpifela oto
MEYOAUTEPO UEPOG TNG XWPAC, EVW N Amodocr TOU OTn OXETKN uypaocia elval emiong LKAVOTOLNTIKN,
napoucLlalovtag OUwC HEYAAUTEPEG amokAloelg, LOlaitepa Oc OPEWVEG KAl TIAPAKTIEG TteploxEG. Ot
ONUaVTIKOTEPEC amokAioelg epdavilovtal os meploxEG Ke TOAUTTAOKN Tomoypadia, 6w N 0POCELPA TNG
Mivéou Kkal Ta UIKPA vnold, OMou OL TMEPLOPLOMOL XWPLKNEG avaAluong sival meplocotepo epdaveig. Ot
MeANOVTIKEG TIpOPAEPELS UTIO Ta SUO oevdpla eKMOUNWY Tou edappodotnkav (SSP2-4.5 kat SSP5-8.5)
Selyvouv évtovn Bépuavaon o OAn ™ xwpa, pe ehadpwc uPnAdtepeg Beppokpaciec umod to SUCUEVEDTEPO
oevaplo SSP5-8.5. H oyetikn uypoaocia mpoPAénetal va HelwOel OTIC EPLOCOTEPEG TMEPLOXEG, OAAA UE
eAadpws UIKPOTEPN Helwaon oto oevaplo SSP5-8.5—miBavwe Aoyw eVIOXUHEVNG €EATHILONG KAl LETADOPAS
vypaciog, kabwe kol opoypadlkwy emdpacewy, mou aviotoduilouv tn Beppoduvapikny €npaven. O
TIPOCOLOLWOELG AUTEG TTPOODEPOUV pLa afLOTILOTN BACN YLO TNV KOTAVONGCN TWV UEAAOVIIKWY KALLATIKWY
ETUMTWOEWYV OTNV AyPOKTNVOTPOdLKN Tapaywylkotnta tng EAAGdac.
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1 Introduction

The objective of Work Package (WP) 3 is the application of the WRF high-resolution regional climate model
to produce climate simulations covering the present climate and the near future climate, and thus provide
the necessary meteorological and climate parameters required by WP4 for the estimation of the agricultural
indices and their future changes. The scope of this report is a thorough analysis of the simulation results
produced in the context of WP3. The simulation period representing the present climate was chosen to be
2005-2014, as historical CMIP6 runs extend only up to 2015, after which the SSP-based scenario simulations
begin. The year 2004 was used as a spin-up year preceding the present-climate simulation. Similarly, the
near-future decade was chosen to be 2046—2055 and year 2045 was used as a spin-up year. These spin-up
periods are essential for allowing soil temperature and moisture fields to stabilize across WRF’s four-layer
soil representation. Initial conditions from the global forcing data typically provide soil state variables for
only a single layer, which must be interpolated across all soil levels in WRF. Without sufficient spin-up time,
this interpolation can lead to imbalances or unrealistic vertical gradients in the land surface state, potentially
compromising the accuracy of the early simulation years. For a more detailed description of the model setup,
please refer to the deliverable D7 entitled “Technical report on model’s setup”. This report focuses on two
main components of the analysis of the simulation results: (a) the evaluation of the model's performance in
simulating the present climate using multiple statistical metrics, and (b) the analysis of future projections
and the projected changes in key climate parameters—namely temperature and relative humidity—relative
to the present climate.

2 Model Evaluation Framework

To evaluate the model’s performance in reproducing the current climate, mean monthly values of air
temperature (T, 'C) and relative humidity (RH, %) at 2 m height above ground were evaluated against the
corresponding monthly values from the ERA5-Land dataset (Munoz-Sabater et al., 2021) for the reference
period 2005—-2014. This dataset is produced as a replay of the land-surface model component of the ERA5
reanalysis, and outputs results in an enhanced ~9 km resolution, forced by meteorological fields from ERA5
(~31 km resolution). Consequently, it should be noted that variables such as wind speed and shortwave
radiation are not directly computed at 9 km by the land-surface model, as in the case for T and RH, but are
linearly interpolated from the original 31 km ERAS fields. Therefore, a direct comparison of our results with
ERA5-Land data for those variables was not performed.

Multiple commonly used evaluation metrics have been employed to create a complete and conclusive
picture of the model’s performance. To examine the models ability to simulate mean climatic values, the
Mean Bias (MB) and Mean Absolute Error (MAE) were used. For the model’s performance in simulating
climate variability, the Pearson’s R coefficient (R) has been employed. To complement the evaluation of
climate variability reproduction, the % Normalized Mean Bias of the Standard Deviation (NMB%STD) of the
monthly values was also used. The formulas for the calculation of the abovementioned evaluation metrics
are shown below (Egs. 1, 2, 3 and 4, respectively):

1
MB = - EiL,(M; = 0;) (1)
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1
MAE = 33N IM; — 0i (2)

R = — it (Mi=#)(0i-0)
5, (7" 5, (0,-0)°

(3)

NMB%STD = SI2wRF=STDERA . 1095 (4)
STDERA

where M; and O; represent the mean monthly WRF and ERA5-Land values, respectively, and STDwgr and
STDera represent the standard deviation of the WRF and ERA5-Land mean monthly values, respectively.

3 WRF Model Application, Evaluation and Future Projections

3.1 Parameters Simulated by the WRF Model

Table 1: Parameters simulated by the WRF Model and supplied to WP4 for the calculation of the agricultural indices.

Name Description Units Comments
T2 Temperature at 2m K
Q2 Specific Humidity at 2m kg/kg
PSFC Surface Pressure Pa
RH Relative Humidity at 2m % Computed using T2, Q2 and PSFC

u1o0 X component of Wind at 10m m/s
V10 Y component of Wind at 10m m/s

Computed at 10m using the U10 and V10
WS Wind Speed at 6m m/s components and adjusted to 6m using the
logarithmic wind law
Computed at 10m using the U10 and V10
WS Wind Speed at 2m m/s components and adjusted to 2m using the

logarithmic wind law

GRDFLX Ground Heat Flux W/m?
LH Latent Heat Flux at the Surface | W/m?

Instantaneous Downwelling

Shortwave Flux at Bottom

SWDNB

3.2 Performance Evaluation of the WRF Model

The results of the model evaluation are presented in this section, highlighting its strengths and limitations
in reproducing observed climate patterns over Greece for the period 2005—-2014.
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Figure 1: (a) MB, (b) MAE, (c) R and (d) NMB%STD for the WRF model’s 2 m T compared to ERA5-Land for the reference
period 2005-2014.

Overall, the model simulates T satisfactorily, capturing the main spatial patterns across the region of Greece,
as well as the temporal mean and variance. The mean T across all model grid cells ranges from 5.5 °C to
19.7 °C, accurately representing the spatial T range, variability and distribution of Greece. The largest
discrepancies are observed in the Pindos mountain range, characterized by complex topography with steep
hypsometric gradients, as well as in some coastal zones with steep shorelines and small islands, areas that
are not explicitly resolved by the model even at a 10 km resolution. MB values range between -2.8 °C and
1.9 °C, with a mean value of -0.5 °C, indicating an overall underestimation of T by the model (Figure 1a).
However, this underestimation is largely confined in mountainous areas and particularly the Pindos
mountain-range, while the vast majority of the country (>78% of grid cells) presents values between -1 °C
and +1 °C, with no obvious overall hot or cold bias. Indicatively, MB values lower than -2 °C are found almost
exclusively in the Pindos mountains, accounting for less than 1.5% of the total grid cells. MAE (Figure 1b)
shows a similar spatial distribution to the MB, with values lower than 2 °C over the majority of the country
(85% of grid cells), reaching up to 2.5-3 °C in the mountainous regions of Pindos. R values exceed 0.95 in all
of Greece (Figure 1c), with the eastern part of the country presenting values up to 0.99, while NMB%STD
(Figure 1d) ranges between -5% and +5% across nearly the entire country, with the exception of some coastal
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areas and small islands. These results indicate that the model performs well in simulating present-day T,
with the exception of the complex and steep topography area of the Pindos mountain range, where larger
discrepancies are observed.
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Figure 2: (a) MB, (b) MAE, (c) R and (d) NMB%STD for the WRF model’s 2 m RH compared to ERA5-Land for the reference
period 2005-2014.

With regard to RH, the model's performance is generally adequate and follows a similar pattern to T,
although RH is inherently more complex and thus larger discrepancies are found compared to T. This
complexity arises because RH is a derived variable that heavily depends on atmospheric dynamics, moisture
transport, and interactions with precipitation and wind. Simulated mean annual RH for the reference period
ranges between 54.5% and 79.6%. MB values span from -16.5% to +13.9%, with a domain-wide mean of -
2.0% (Figure 2a). The majority of the country (>68% of total grid cells) present values between -6% and +6%.
Positive RH biases are concentrated in mountainous regions, particularly the Pindos range, likely due to the
concurrent underestimation of temperature in the region, leading to reduced air capacity for moisture.
Additionally, the Pindos range is the most precipitation-intense area in Greece due to strong orographic
lifting of moist westerly air masses (Baltas, 2008; Katsafados et al., 2012; Politi et al., 2023). Thus,
discrepancies in modelled wind and precipitation in this region may therefore further contribute to RH
biases. MAE presents values between 3.5% and 16.7%, with a mean value of 7.9% (Figure 2b). Most of the
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country (>86% of grid cells) presents values lower than 10%, with the highest errors occurring in
mountainous areas and along steep coastal regions. R varies between 0.5 and 0.9 across the mainland
(Figure 2c), with higher values in eastern Greece and lower values in the west—likely due to the disruptive
influence of the Pindos mountains on humid westerlies. However, the model performs poorly over the lonian
and certain Aegean islands, where R values can fall below zero. This is a clear indication that the 10 km
spatial resolution of the model is not enough to adequately resolve these small islands. Finally, the
NMB%STD falls between -20% and +20% for the majority of the country (Figure 2d). However, in certain
coastal zones and smaller islands, the model significantly overestimates variability, with standard deviations
reaching up to twice those of the ERA5-Land dataset. In total, the model presents satisfactory skills in
reproducing the current climatology of RH for most of its mainland regions and large islands, while lower to
poor performance is demonstrated in areas with complex and steep topography, steep coastlines and small
islands, features that remain unresolved at the model’s spatial resolution.

In general, the WRF model demonstrates satisfactory performance in reproducing the present-day climate
over Greece, effectively capturing the spatial and temporal variability of T and RH across most regions. While
performance is strong over the mainland, biases are more evident in areas with complex terrain such as the
Pindos mountains, as well as in narrow coastal zones and small islands that are not fully resolved at the
model's horizontal resolution. RH shows greater discrepancies, reflecting its dependence on multiple
atmospheric processes, including T, moisture transport, and precipitation. Furthermore, potential
limitations of the ERA5-Land dataset should be considered, as its origin from a land-surface model
component may introduce inaccuracies in variables that are sensitive to atmospheric dynamics—especially
in areas with strong land—atmosphere interactions or complex terrain. Nonetheless, the multi-metric
evaluation suggests that the WRF model captures the key climatological characteristics of the region with
reasonable accuracy.

3.2 Near-Future Projections Under Climate Change

This section analyses the near future (decade 2046-2055) changes imposed by climate change under the
SSP2-4.5 and SSP5-8.5 emission scenarios.
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Figure 3: Projected difference (future vs reference period) of mean temperature (AT) (°C) at 2 m for each model grid
cell under the SSP2-4.5 (left map) and SSP5-8.5 (right map) mission scenario across Greece.
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For the intermediate emission scenario (SSP2-4.5), mean T is projected to rise by 1.2 — 1.4 °C in the area that
covers Western Greece, Crete and the lonian and Aegean islands, while a higher increase, namely 1.4 — 1.6
°C, is projected almost for the rest of the country (Figure 3, left map). These two greater Greek areas
correspond to 38% and 58%, respectively, of the country’s territory. For the worst-case emission scenario
(SSP5-8.5), a clear shift to higher AT classes is projected. Mean T increases higher than 1.6 °C are projected
for central Greece (Figure 3, right map), corresponding to an area that accounts for the 32% of Greek
territory. Increases 1.4 — 1.6 °C are projected almost for the rest of the country, corresponding to the 61% of
the Greek territory.
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Figure 4: Projected difference (future vs reference period) of mean relative humidity (ARH) (%) at 2 m for each model
grid cell under the SSP2—4.5 (left map) and SSP5-8.5 (right map) emission scenario across Greece.

Mean ARH projections are presented in Figure 4. For the intermediate emission scenario (SSP2-4.5), mean
RH is projected to decrease up to -1% in the area that covers Western Greece, the greater part of Thrace and
Northern Aegean islands, more than -2% in the area that covers Western Macedonia and the mountainous
areas of central Greece and by -1% to -2% in the rest of the country (Figure 5, left map). These regions
correspond to 27%, 16% and 57%, respectively, of the country’s territory. For the worst-case emission
scenario (SSP5-8.5), a clear shift to lower ARH classes is projected. Mean RH is projected to decrease up to -
1% and by -1% to -2% in areas that correspond to 63% and 33%, respectively, of the country’s territory, while
mean RH is projected to mildly increase in small parts of the west (Figure 4, right map). This result is
somewhat counter-intuitive, as the stronger warming under SSP5-8.5 would, in principle, suggest a greater
decrease in relative humidity, given that warmer air can hold more moisture—even if the absolute
atmospheric water content remains constant. However, this thermodynamic effect may be offset by
increased evaporation over the Mediterranean due to elevated temperatures (Skliris et al., 2025). In addition,
changes in regional circulation patterns could influence future RH values by affecting moisture transport
(Gimeno-Sotelo et al., 2024), as well as orographic convection and percipitation in the west and the Pindos
mountain range where the differences between the two scenarios are most pronounced. Hence, these
findings reflect the complex interaction between thermodynamic and dynamic processes in determining
future relative humidity patterns.
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Conclusions

This report presented the application of the WRF regional climate model for simulating present and near-
future climate conditions over Greece, with a focus on air temperature and relative humidity. The simulation
results were evaluated against the ERA5-Land dataset. Multiple evaluation metrics have been used for a
thorough and complete assessment of model performance in reproducing both mean climatological values
and climate variability. The model successfully captured the main spatial and temporal patterns of the
present climate, with high accuracy for temperature and satisfactory performance for relative humidity,
despite some expected limitations in areas with complex topography and unresolved small-scale features.
Future climate projections for the 2046—2055 period under the SSP2-4.5 and SSP5-8.5 scenarios indicate a
clear warming trend across the country, with slightly higher temperature increases under the high-end
scenario. Relative humidity is projected to decrease in most regions, but the reduction is less pronounced
under SSP5-8.5 in areas such as western Greece and the Pindos range. This is likely due to enhanced moisture
evaporation and advection, as well as orographic convection procedures. Overall, the WRF model outputs
provide a reliable and spatially detailed climate dataset, suitable for the computation of the agricultural
indices in WP4.

ZUUTEPACOTAL

H mapoloa €kBeon mapouciace TNV €popUoyr TOU TEPLOXIKOU KALLOTIKOU Hovtéhou WRF ylwo thv
TPOCOUOLWON TWV KALLOTIKWY CUVONKWY TOU TIAPOVTOG KaL TOU gyyUc LEAAovtog otnv EAAASa, pe éudaon
otn Bepuokpooia Kal otn oXeTk vypooia. Ta AMOTEALCUATA TWV TPOCOUOLWOEWY afloloyndnkav oe
oUykplon He TO0 oet OSedopévwv ERA5-Land. XpnoiwpomowiOnkav moAAarmhol Oeikteg afloAdynong,
T(POKELUEVOU Va ETUTEVXOEL Lo ONOKANPWHEVN KOl AETTTOUEPNG EKTIUNON TNG AMOS00NG TOU LOVTEAOU, TOGO
WG TPOC TNV aVaATIOPAYWYR TWV HECWV KALLOTIKWY TIHWV 000 KOl TNG KAWWLATIKAG petaBAntotntag. To
MOVTEAO avamapayel Pe emTtuyxio To KUPLA XWPLKA KOL XPOVLKA XOPAKTNPLOTIKA TOU apOvTog KALLATOG, 1e
vPnAn akpifela ylo tn Beppokpacia Kal LKAVOTIOLNTIKY amod0oaon yla Th OXETIKA Uypacio, apd OpLOUEVOUG
OVOLLEVOLEVOUC TIEPLOPLOMOUC OE TIEPLOXEG e oUVOETO avayAudo Kal XOPAKTNPLOTIKA HLKPNG KAlpoKag. Ot
MEANOVTLKEG TtpOPAEPELG YL TNV TtepioSo 2046—2055, Baoel Twv oevapiwy ekmoumnwy SSP2-4.5 kat SSP5-8.5,
Selyvouv cadn taon avfnong tng Bepuokpaociog os OAn TN xwpa, Ue eAadpws peyalutepn avénon oto
Suopevéotepo oevdplo. H oxetiky uypacio TpoBAEMETOL VO PELWOEL OTIG TEPLOCOTEPEG TIEPLOXEC, HE
Nmotepn Helwon und to oevaplo SSP5-8.5 o meploxeg omwe n dutikr EAAASa kat n opooelpd tng Mivdou.
To yeyovog auto amodidetal mibavwe os evioxupévn e€atuilon Kol petodopd uvypaociag, kKabwg Kol ot
Sladkaoieg opoypadlknG avuPpwong. ZUVOALKA, Ta amoteAéopata tou Povtéhou WRF mapéxouv éva
QELOTILOTO KAl XWPELKA AEMTOUEPEC KALUATIKO O€T OedOUEVWY, KOTAAMNAO yla TOV UTIOAOYLOHO TwvV
oypoktnvotpodLkwv Selktwv oto Makéto Epyaciog 4.
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