)
/W

3PRO-TROODOS

Proactive Producer and Processor Networks for
Troodos Mountains Agriculture
3PRO-TROODOS
Prot. No: INTEGRATED/0609/061

Deliverable type Report

WP4: Assessing water resources and irrigation demand

Work package number and name . "
P & under current and future climate conditions

Date 01/06/2020

Responsible Beneficiary HO — The Cyprus Institute

Authors George Zittis, Georgia Lazoglou, Adriana Bruggeman
Classification of Dissemination Public

D4.1: Summary report and gridded climate data bases with
Short description daily precipitation, minimum and maximum temperature for
2020-2050, for RCP4.5 and RCP8.5, at 1-km resolution

This document contains information, which is proprietary to the 3PRO-TROODOS consortium. Neither this
document nor the information contained herein shall be used, duplicated or communicated by any means
to any third party, in whole or in parts, except with prior written consent of the 3PRO-TROODOS
Coordinator.

The information in this document is provided as is and no guarantee or warranty is given that the
information is fit for any particular purpose. The user thereof uses the information at its sole risk and
liability.

Eupwrraik Evwon  4\TA¢ I s \>
||| purailki N W 7 START
2 Eupwaikéd Tapgio o BiapBpwika Topeia
T:ESCETCI?) : Nepipepelakig AVATITUENS  Kunpiarn Anpoxparic e Eupes

FOUNDATION 1




QL

N,
W

3PRO-TROODOS

Version Date Changes Partner
v1.0 28/02/2020 HO
v2.0 30/11/2020 Improved draft HO

Disclaimer: The information in this document is subject to change without notice. Company or product
names mentioned in this document may be trademarks or registered trademarks of their respective
companies.

All rights reserved

The document is proprietary of the 3PRO-TROODOS Consortium Members. No copying or distributing in
any form or by any means is allowed without the prior written agreement of the owner of the property
rights.

This document reflects only the authors’ view. The Research & Innovation Foundation is not liable for any
use that may be made for the information contained herein.

! e 016-2020

. e \| l'-"' - 2
“I Evpwrmaikd Bvwon W)Y 70 J START
RESEAR‘CH& Eupuwriaixo 'I"Guzlct 2&" ! mupomeoTausm

INNOVATION MNePIPEPEIGKNG AVATITUENS  Kunpiaii Anuoxparic g Egunaiikne Evaang ciny Kin
FOUNDATION 2




QL

N,
W

3PRO-TROODOS

Introduction

Climate projections for the Mediterranean region, based on a multi-scenario ensemble of Regional
Climate Models at 50-km resolution, show a 2°C warming within two decades, whereas precipitation is
expected to decrease between 10 and 40% by the end of the century (Zittis et al., 2019). These changes
will have large implication for agriculture. However, the resolution of these models is too coarse to analyze
the impact of climate change on the highly variable climate of Cyprus. Thus, there is need to downscale
data of regional climate models to a higher spatial resolution. Previous downscaling for Cyprus to 1-km
resolution have shown good results (Camera et al., 2017). However, the spatial weather generator used
by Camera et al. (2017) does not capture large rainfall events very well, whereas larger rainfall events,
which wet the subsoil layers are especially important for agriculture. Therefore, an improved climate
downscaling approach is needed. The objectives of this study are (i) to select a regional climate model
that fits the climatology of Cyprus; (ii) bias-correct and downscale the regional climate simulations to 1-

km resolution over Cyprus.

Data and Methods for Model Selection

For the present analysis, we explored the high-resolution version of the most comprehensive sets of
regional climate simulations, available at the time of writing. This is the European (EURO) initiative of the
Coordinated Regional Climate Downscaling Experiment (CORDEX) (Jacob et al., 2020). We considered all
publicly available EURO-CORDEX simulations with a horizontal spatial resolution of 0.11° (~12 km) and a
daily temporal resolution. From there, we took a subset of the EURO-CORDEX ensemble that includes

|II

historical experiments, as well as two future pathways. We analysed a “business-as-usual” representative
concentration pathway (RCP), which is defined as RCP8.5 and a more optimistic scenario, RCP2.6, which
is closer to the main targets of the Paris Agreement. Our final ensemble consists of 20 simulations (Table
1) and is based on a combination of six global earth-system models and eight regional climate models

(RCMs). We have extracted data only for Cyprus.

For evaluation of the modelled data, we used a daily 1 x 1 km gridded dataset for precipitation and
temperature (Camera et al., 2014), hereafter called CY-OBS. This high-resolution dataset covers the 1980-
2010 period and it was derived from the statistical interpolation of a very dense network of weather
stations. This dataset covers only the area of the island that is currently under the jurisdiction of the

Republic of Cyprus.
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Table 1. List of EURO-CORDEX simulations

ID GLOBAL MODEL REGIONAL MODEL

R1 CNRM-CERFACS-CNRM-CMS5 (rlilpl) CNRM-ALADING3 v2
R2 CNRM-CERFACS-CNRM-CMS5 (r1ilpl) UGent-ALARO-0 v1
R3 CNRM-CERFACS-CNRM-CMS (rlilpl) KNMI-RACMO22E_v2

R4  ICHEC-EC-EARTH (r12ilpl) CLMcom-CCLM4-8-17 v1
R5  ICHEC-EC-EARTH (r12ilpl) DMI-HIRHAM5 v1

R6  ICHEC-EC-EARTH (r12ilpl) KNMI-RACMO22E_v1
R7  ICHEC-EC-EARTH (r12ilpl) SMHI-RCA4 v1

R8  ICHEC-EC-EARTH (r12ilpl) GERICS-REM02015 v1
R9  MOHC-HadGEM2-ES (rlilpl) DMI-HIRHAM5 v1

R10 MOHC-HadGEM2-ES (rlilpl) KNMI-RACMO22E_v2
R11 MOHC-HadGEM2-ES (rlilpl) SMHI-RCA4 v1

R12 MOHC-HadGEM2-ES (rlilpl) ICTP-RegCM4-6_v1
R13  IPSL-IPSL-CM5A-LR (rlilpl) GERICS-REM02015 v1
R14 MPI-M-MPI-ESM-LR (rlilpl) KNMI-RACMO22E v1
R15 _MPI-M-MPI-ESM-LR (rlilpl) SMHI-RCA4 v1

R16 MPI-M-MPI-ESM-LR (rlilpl) ICTP-RegCM4-6_v1
R17 MPI-M-MPI-ESM-LR (rlilpl) GERICS-REM02015 v1
R18 NCC-NorESM1-M (rlilpl) KNMI-RACMO22E v1
R19 NCC-NorESM1-M (rlilpl) SMHI-RCA4 v1

R20 NCC-NorESM1-M (rlilpl) GERICS-REM02015 v1

The selection of the best-performing EURO-CORDEX experiments for Cyprus was based on a multi-step

ranking:

Step 1: calculation of annual precipitation climatology, interannual variability as an indication of extreme
dry and wet years (i.e. standard deviation) and multi-year trends (Sen’s Slopes) for the 20 EURO-CORDEX

experiments and the gridded observations.

Step 2: after observations were remapped in the EURO-CORDEX grids, biases of these three properties of

precipitation were calculated on a grid cell level.

Step 3: the 20 experiments were ranked based on the median biases of each precipitation property (total
annual amount, interannual variability, trend). Each of the three rankings received a weight. The total
annual amount, interannual variability and the trend of precipitation were assigned a weight of 0.6, 0.2,

0.2, respectively, according to their importance for the 3PRO-Troodos applications.
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Step 4: the three weighted rankings were summed and this sum score provided the final ranking for

precipitation.

Step 5: steps 1-4 were repeated for the five best-performing CORDEX experiments but this time for

temperature to derive the final selection.

Results for Model Selection

Maps of observed and modelled precipitation climatology are presented in Figure 1. The re-gridded CY-
OBS (Figure 1a) indicate a west-east gradient of precipitation and a peak over the Troodos mountains.
This west-east gradient is captured well by most EURO-CORDEX experiments, however, differences in the
precipitation amounts are evident for some cases, while the peaks are occasionally mislocated. A
comparison of each EURO-CORDEX simulation against observations is presented in Figure 2. The biases of
annual precipitation, standard deviation and Sen’s Slope, representing the median values for Cyprus grid
points are presented in Table 2. The five best-performing simulations are R3, R6, R13, R14 and R18. Four
out of the five are simulations with KNMI-RACMO22E regional model and one with GERICS-REMO, driven
by different global earth system models. The ranking process was repeated for annual temperature (Table
3), while a comparison with observed temperature is presented in Figure 3 and 4. Simulation with ID R14
(MPI-M-MPI-ESM-LR/ KNMI-RACMO22E) was found to overall perform better for both annual
precipitation and temperature and will be used for further downscaling and bias correction, as presented

in the following sections.
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Table 2. Median bias values of annual precipitation (PR), standard deviation (SD)
and Sen’s Slope (SS) and overall ranking of the 20 EURO-CORDEX simulations.
Best-performers are highlighted in blue.
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Annual PR Annual PRSD PR SS bias  Overall PR

'D bias (mm/yr) bias (mm) (mm/decade) ranking
R1 364.1 47.2 58.2 20
R2 182.7 0.4 20.9 16
R3 29.5 -14.2 49.2 4
R4 -132.2 -35.5 -3.3 14
R5 -58.8 -35.6 33.9 9
R6 -8.6 -45.4 4.5 2
R7 93.6 -84 3.5 7
R8 -41.9 -76.1 67.9 11
R9 -102.7 -35.8 -4.9 15
R10 73 -13 -7.4 6
R11 169.3 25.2 4.7 18
R12 97.7 -48.5 30.1 18
R13 -67 -30.9 2.9 5
R14 0.8 -13.6 -58 1
R15 89.1 13.8 -70 12
R16 139.4 -20.6 -8.7 16
R17 -78.5 -24.1 -27.7 10
R18 -27.3 -19.1 42 3
R19 99.1 11.7 38.4 12
R20 -61.6 -31.8 19.5 8
Table 3. Same as Table 2 for temperature (T).
D Annual T Annual T SD T SS bias Overall T
bias (°C) bias (°C) (°C/decade) ranking
R3 -2.1 -0.1 -0.2 4
R6 -2.2 -0.1 -0.3 5
R13 -1.1 0 0 2
R14 -0.4 0.1 0.1 1
R18 -1.2 -0.1 -0.2 3
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Figure. 1. Observed (a) and simulated (b-u) mean annual precipitation averaged for the period 1981-2010. Simulations are from the EURO-CORDEX 12-km
ensemble, observations are CY-OBS remapped in the EURO-CORDEX 12-km grid. Modelled results (b-u) were masked according to the gridded observations.
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Figure 2. Observed (CY-OBS) vs. modelled (EURO-CORDEX) annual precipitation climatology (1981-
2010). Each point represents a model grid-cell over Cyprus land.
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Figure 3. Observed (a) and simulated (b-f) mean annual temperature averaged for 1981-2010.
Simulations are from the EURO-CORDEX 12-km ensemble, observations are CY-OBS remapped in the
EURO-CORDEX 12-km grid. Modelled results (b-f) were masked according to the gridded observations.
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Figure 4. Observed (CY-OBS) vs. modelled (EURO-CORDEX) mean annual temperature climatology
(1981-2010). Each point represents a model grid-cell over Cyprus land.
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Methods and Data for Bias Correction and Downscaling

The observed data used for this study are the 1-km gridded daily precipitation data for Cyprus for 1981-
2010 (Camera et al., 2014). The simulated data are obtained from the "KNMI-RACMO22E” model, as
presented above. These data have a resolution of 12.5 x 12.5 km and 39 land grids for Cyprus (Fig. 5). We
use the 1981-2010 period as reference period and the 2031-2060 period for the projections. We select
the CY-OBS 1-km grid cells closest to the 12.5-km Model grid cells for the bias correction and downscaling.
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Figure 5. The 39 grid 12.5-km cells of the regional climate model, with the area covered by the 1-km
gridded dataset in green.

The following steps describe the procedure for the bias correction:

1)
2)

3)

4)
5)

6)

We extract all wet days with precipitation amount greater than 0.1 mm.

We divide the data into two sub-periods: the wet period (November to March) and the dry period
(April to October).

We split the data for these two periods into two subsets to better model the rainfall extremes.
We use the 95th percentile of CY-OBS for each period to divide the data in non-extreme events
and extreme events for each period (Figure 6). We refer those these four subsets as wet-under
and wet-over and dry-under and dry-over.

We divide the data set in a calibration period (1981-2000) and a validation period (2001-2010).
We evaluate four distributions (gamma, Weibull, log-normal and Pareto) in order to select the
most appropriate distribution for fitting the rainfall data of the four subsets for the calibration
period.

Following the selection of the most appropriate marginal distributions for the CY-OBS and Model
data (MOD), we produce random data sets fitting the selected marginals. The produced data sets
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are between [0,1]. Additionally, we produce several data sets with different length (2000, 1000,
500), in order to increase the accuracy of the next steps.

We select the best copula family (mathematical function) that describes with the highest accuracy
the dependence of the produced data sets. We evaluate five copula families (Frank, Clayton, Joe,
Survival Joe, Gambel).

We use the selected copula family, with the respective appropriate parameters, for the bias
correction of the future simulated data set. The copula calculated bias corrected values are values
between [0,1].

We transform the [0,1] values to the original values (mm), using the marginal distribution selected
in step 5. We refer to these data sets as MOD-Cop

10) We compute the number of wet days for each subset of CY-OBS and MOD-Cop and the ratios

between these two (see Table 4).

11) The model overestimates the number of wet days, therefore, we use the wet-day ratios to obtain

a model data set with the same number as wet days as CY-OBS. We use bootstrap sampling to get
the wet day ratio (fraction) of the MOD-Cop rain days for each individual subset. We sample until
we find a rainfall data set with the same rainfall total as CY-OBS. We refer to this data set as MOD-
CopB

12) We apply the Copula transformation from the calibration data set (1981-2000) to the validation

data set (2001-2010).

13) We again compute the wet day ratios (step 10) and apply the bootstrap sampling to the MOD-

Cop data of the calibration period (step 11).

14) We evaluate the calibration and validation results for acceptance.

15) We apply the Copula transformation and step 10 and 11 to bias correct the 2031-2060 data set.

16) We use fractions to apply the bias correction data to all 1-km grid cells, for each model cell:

ModCopB_future(j) = MOD-CopB_future(i) x CY-OBS(j) / CY-OBS(i)
where j is the center grid cell used in the previous step and the index j represents all other 1-km
grid cells in the model grid cell.
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Figure 6. Days of the CY-OBS data set with daily precipitation (mm), showing the 95th percentile that
separates the extreme rainfall events.
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Table 4. Number of wet days for CY-OBS and the model and the ratios for each grid cell for 1981-2010.

Eupwraiko Tapeio

| CY-0BS | MODEL | RATIO
wet_ | wet_ dry_ dry_ wet_ wet_ dry_ dry_ wet_ wet_ dry_ dry_
GRID under | over under | over under | over under | over under | over under | over
1 1518 80 508 27 2125 112 1076 57 0.71 0.71 0.47 0.47
2 1570 83 528 28 2032 107 1028 55 0.77 0.78 0.51 0.51
3 1464 78 499 27 2020 107 1043 55 0.72 0.73 0.48 0.49
4 1411 75 437 23 1990 105 1023 54 0.71 0.71 0.43 0.43
5 1602 85 506 27 2367 125 1347 71 0.68 0.68 0.38 0.38
6 1584 84 546 29 2478 131 1595 84 0.64 0.64 0.34 0.35
7 1716 91 681 36 2536 134 1577 83 0.68 0.68 0.43 0.43
8 1648 87 726 39 2520 134 1507 80 0.65 0.65 0.48 0.49
9 1580 84 772 41 2529 134 1519 80 0.62 0.63 0.51 0.51
10 1668 88 843 45 2477 131 1464 78 0.67 0.67 0.58 0.58
11 1653 87 754 40 2316 122 1379 73 0.71 0.71 0.55 0.55
12 1445 77 582 31 2117 112 1269 67 0.68 0.69 0.46 0.46
13 1338 71 488 26 1925 102 1036 55 0.7 0.7 0.47 0.47
14 1363 73 502 27 1860 98 980 52 0.73 0.74 0.51 0.52
15 1589 84 501 27 2260 121 1183 63 0.7 0.69 0.42 0.43
16 1682 89 544 29 2578 136 1584 84 0.65 0.65 0.34 0.35
17 1688 89 667 36 2712 143 1778 94 0.62 0.62 0.38 0.38
18 1688 89 769 41 2755 146 1732 92 0.61 0.61 0.44 0.45
19 1811 96 899 48 2690 142 1650 87 0.67 0.68 0.54 0.55
20 1794 95 918 49 2642 140 1558 82 0.68 0.68 0.59 0.6
21 1669 88 849 45 2576 136 1492 79 0.65 0.65 0.57 0.57
22 1463 77 719 39 2447 129 1442 76 0.6 0.6 0.5 0.51
23 1371 73 665 36 2269 120 1343 71 0.6 0.61 0.5 0.51
24 1382 73 632 34 2056 109 1227 65 0.67 0.67 0.52 0.52
25 1334 71 568 30 1902 101 1159 62 0.7 0.7 0.49 0.48
26 1518 80 458 25 2238 118 1103 59 0.68 0.68 0.42 0.42
27 1679 92 647 35 2606 138 1528 81 0.64 0.67 0.42 0.43
28 1701 90 780 42 2625 139 1508 80 0.65 0.65 0.52 0.52
29 1713 91 799 43 2563 135 1448 77 0.67 0.67 0.55 0.56
30 1594 84 702 37 2495 132 1412 75 0.64 0.64 0.5 0.49
31 1526 81 672 36 2391 126 1368 73 0.64 0.64 0.49 0.49
32 1380 73 547 29 2270 120 1272 67 0.61 0.61 0.43 0.43
33 1233 65 544 29 2114 113 1137 60 0.58 0.58 0.48 0.48
34 1434 76 706 39 2000 106 1138 60 0.72 0.72 0.62 0.65
35 1293 70 561 30 1889 100 1115 59 0.68 0.7 0.5 0.51
36 1347 71 575 31 1833 97 1119 60 0.73 0.73 0.51 0.52
37 1252 66 493 26 1807 96 1098 58 0.69 0.69 0.45 0.45
38 1181 63 387 21 1847 98 1048 57 0.64 0.64 0.37 0.37
39 1349 71 523 28 2013 106 1020 54 0.67 0.67 0.51 0.52
| I 4, y /}_ 2020
||. Evpwiraikn ‘Evwon \'&\ ,! ity JQESTART

RESEARCH &
INNOVATION
FOUNDATION

Mepipepeiakng AvamTugng

"
~

Kunpiasn Anporparic

.ﬂlupom'{lKD Tapcm
G Expe

14




QL

N,
W

3PRO-TROODOS

Results for Bias Correction and Downscaling

Figure 7 shows the marginal distributions that gave the best fit for the wet day data series of the four
subsets for all 39 model grid cells. The lognormal distribution is the most frequently selected distribution.

WET PERIOD Under 95% DRY PERIOD Under 95%
MarginalCY OBS wet lower 85% MarginalMODEL wet lower 95% MarginalCY OBS dry lower 95% MarginalMODEL dry lower 95%
36.50 3650 36,50 3650
35.25 35.25 35.25 35.25-
35.00 35.00 35.00 35.00
75 75 3475 175
325 EED) 335 340 345 325 aio 335 340 345 325 330 338 340 345 325 3io 335 340 345
gammz weibl Tearm paiolo gamma weitll narm paolo gamma weibul irorm parolo gamma weibull Inorm parelo
Distriaution Distribution Distribution Distribution
WET PERIOD OVER 95% DRY PERIOD OVER 95%
MarginalCY OBS wet greater 95% MarginalCY OBS wet greater 95% MarginalCY OBS dry greater 95% MarginalMODEL dry greater 95%
36.50 36.50 36.50 36.50
35.25 35.25- 35.25- 35.25
35.00 35.00 35.00 35.00
3475 3475 3475 3475
335 a0 E: 340 35 325 330 3 40 345 325 EEN) 335 40 345 325 3o 35 40 345
gamniz weibll Inarm parelo gamnia weibll Inarm paielo gamma weibull Ingrm parelo gamma weibll Inorm parelo
Distributicn Distriaution Distribution Distribution

Figure 7. Marginal distributions that gave the best fit for the wet day data series of the four subsets.

The copula family that describes most appropriately the dependence between two random data sets,

fitting the selected marginal distributions is the “Joe”.

characteristics (no symmetry, weak left tail dependence and strong right tail).
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Figure 8. Description and illustration of the Joe Copula.

The rainfall results for the wet period are presented in Figure 9 for the normal data (under) and in Figure
10 for the extremes (over). It can be observed that the bias between the model and CY-OBS is can be very
well corrected by the Copula transformation. The average total annual rainfall for 2031-2060 downscaled

to 1-km is presented in Figure 11.
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Figure 9. Observed average annual rainfall (top left) for the wet_under subset and the differences
between the observations and the model (top middle) and between the observations and the bias
corrected data (top right); the future rainfall for the model (bottom left) and the bias corrected data
(bottom right) for 2031-2060.
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Figure 10. Observed average annual rainfall (top left) for the wet_over subset and the differences
between the observations and the model (top middle) and between the observations and the bias
corrected data (top right); the future rainfall for the model (bottom left) and the bias corrected data
(bottom right) for 2031-2060.
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Figure 11. The bias-corrected total annual future rainfall (2031-2060) at 1-km
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