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ABSTRACT

Climate change increasingly is affecting every aspect of human life on the earth. Many
regional climate models (RCMs) have so far been developed to carefully assess this
important phenomenon on specific regions. While many studies apply some post-
processing actions to RCMs outputs such as interpolation (rescaling, remapping, and re-
gridding) for matching the resolution of observations, this study proposes a novel
approach that does not require any post-processing, resulting in the improvement of
RCM evaluations. For this, 10 RCMs captured from the EURO CORDEX platform are
evaluated on the river Chiese catchment located in the northeast of Italy, proving the
Had-RCA4 RCM as the model with the overall best performance for precipitation and
temperature simulation of the catchment. This model is then coupled with the
hydrological model of Chiese catchment to assess the impacts of climate change. Three
greenhouse gas emission scenarios, RCP (Representative Concentration Path for increase
in the greenhouse gas emission) 2.6, 4.5, and 8.5, are considered in this context. The
hydrological components of the catchment including discharge, percolation, and evapo-
transpiration are calculated for and compared between historic (1991-2000) and future
(2071-2080) decade simulations. The results show that catchment warming is obvious in
all cases and therefore evapotranspiration will be intensified in the future. While rainfall
events will feature higher intensity and shorter duration, there are slight increases in the
yearly catchment precipitation depth. As the result of climate change, the catchment
discharge and percolation components in 2071-2080 will be respectively higher and lower
than those in 1991-2000.

Keywords: Climate change, regional climate model, specific region, evaluation, impact
model, hydrological component
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1. INTRODUCTION

Climate change and its associated outcomes more than ever wreak havoc on the existence
of life on Earth. This has drawn the attention of researchers in the field to accurately
assess climate change and its impacts on every aspect of environment. The availability of
water, one of the vital components of nature, is inextricably bound up with climate
change. Therefore, this motivates the development of impact models concerning the
hydrology of catchments. In this regard, many regional climate models (RCMs) have been
developed, resulting from dynamical downscaling of global climate models (GCMs), to
simulate future climate (precipitation, temperature, and other hydro-climatological
variables) all over the world. The output of climate models is used as the input of the
hydrological models to simulate the future hydrological behavior of the catchment in
terms of evapotranspiration, percolation, runoff and so forth. While this is significant for
decision makers in terms of launching adaptive plans against hydroclimatic hazards, there
is always a debate about the functional accuracy of RCMs. In this regard, many experts in
the area have introduced some methods for evaluating climate models’ performance. To
evaluate the performance of RCMs, the comparison of observations with RCM outputs is
carried out. This represents a serious challenge as the resolution of numerical schemes of
the models and observations are different. To overcome this, the dominant approach in
many previous studies is to perform, the interpolation (re-gridding, and remapping) of the
resolution of observations and model outputs to the same grid points.

While rescaling and remapping to fit the scheme of observations and models are well-
established methods among the authors, this could alter the outputs due to the errors
inherent in interpolation techniques. This should be carefully considered, as the RCMs
are rescaled from GCMs, and the observations are the result of interpolated data from
real gauges in many cases. Therefore, double interpolation could increase the systematic
error in the evaluation of RCMs which could give a wrong view about the performance of
an RCM for climate simulation of a specific case study. Similarly, the same error can be
produced when interpolation is used to transfer data from an RCM grid points to the
ones used for hydrological models. Furthermore, the comparison of models at fine spatial
resolution could be affected by large errors as basically an output of a climate model
(CM) represents the average value of an area, whereas an observation gives the value of
one point related to a specific coordinate.



2 Amin Minaei

Another important issue in the process of RCMs evaluation and validation lies in the fact
that grid points may have different levels of significance in the overall hydrological
response of the catchment to climate change scenarios. In this regard, many studies
compare the arithmetic mean values of model’s outputs and observations over all
respective grid points neglecting variations in the level of significance of grid points.

To overcome the two abovementioned limitations, this study aims to propose a novel
method where the main strategy is to preserve climate model outputs when they are
compared with observed data. This is done by carrying out this comparison at catchment
level, resulting in a more realistic view of the performance of the various climate models
and in the more accurate selection of the most suitable climate model for simulating the
future hydrological behavior of a catchment. The method is applied to the Chiese
catchment, located in the northeast of Italy, with an area of about 9714&#7. To find the
best climate model, an intercomparison is carried out between 10 RCMs captured from
the Euro-CORDEX (European Coordinated Regional Climate Downscaling Experiment)
framework and experimented in CMIP5 (Coupled Model Inter Comparison Project-
Phase Five). Every native grid point of each RCM is considered as a fictitious
meteorological station over the catchment and the weighted mean values of data on the
RCMs grid points are compared with the weighted mean values of data on the
observational grid points over the control period, 1971-2000 years. The method for
calculating the weighted average of data is based on the Thiessen polygons technique.
The meteorological variables are catchment cumulative monthly precipitation and average
monthly two-meter land temperature values. Observations are daily gridded land-only
datasets over Europe E-OBS transformed to monthly values for the purpose of
comparison and evaluation. Root Mean Square Error (RMSE) index is used for ranking
the models based on the etrror of estimated precipitation, and temperature. Finally, the
best suited model to the case study, which is the one with the least total error rank
(summation of monthly precipitation and temperature RMSE ranks) is chosen for
coupling with the hydrological model, which is developed through the TOPographic
Kinematic AProximation and Integration TOPKAPI (Liu and Todini 2002) software,
which is a physically based distributed model. In the case study of the present work,
TOPKAPI is applied with fine spatial and temporal resolutions. The hydrological model
is calibrated for the period from 2010 to 2020 with the observed data including houtly
precipitation and temperature, land use units, soil information, digital elevation model
and discharge data at the outlet of the catchment. The output of the best rank RCM is
used as input to the calibrated hydrological model with the final aim to assess the impacts
of climate change on the future of hydrological variables including discharge,
evapotranspiration, and percolation. Before applying the hydrological model, the outputs
of the RCM are modified by a bias correction method. Then, four catchment hydrological
simulations are carried out. The first is dedicated to simulating the decade 1991-2000 in
the past while the three other simulations are addressed to simulating the future decade
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2071-2080 with three RCP (Representative Concentration Path for Increase in the
Greenhous Gas Emission) scenarios 2.6, 4.5 and 8.5, respectively. Finally, changes in the
meteorological and hydrological variables for the future mentioned decade are assessed
and compared with the results from the historic decade, 1991-2000.






2. LITRATURE REVIEW

Over the two last decades, many studies have been carried out concerning the
performance assessment of downscaled RCMs together with the evaluation of impact
models under climate change scenarios. While some of these studies assessed climate
impact models through developing hydrological models, others only examined the impact
of climate change scenarios on the meteorological-based data such as precipitation,
temperature, and drought.

2.1 RCMS EVALUATION WITH DEVELOPING HYDROLOGICAL MODELS

As regards the coupling of RCMs with hydrological models, there are many studies in the
scientific literature of the two most recent decades, including the following relevant
studies.

Stone et al. (2001) assessed the changes in average daily cumulative reservoir storage,
average annual flow of tributaries, seasonal water yield, monthly precipitation values, and
monthly maximum temperature changes under conditions of doubled atmospheric
carbon dioxide across the MISSOURI River catchment. The Soil and Water Assessment
Tool (SWAT) rainfall-runoff model was used for simulating a physically based
hydrological model consisting of 3949 sub catchments. They used one regional climate
model with 50-km spatial grid resolution obtained from rescaling a GCM with
40047 X500 spatial grid resolution. The RCM scheme was matched to the resolution
of the hydrological model and the daily outputs of the RCM were transformed to
monthly average values in order to be used by SWAT where representative precipitation
was calculated for each catchment using the Thiessen polygons method (Wanielista 1990).
They did not evaluate the performance of the RCM; however, they chose the well-
established GCM, CISRO (Watterson et al. 1995) which had been developed at the time
and obtained the RegCM (Regional climate model) through a downscaling method called
nesting (Glorgi et al. 1998). They showed the impact of climate change through depicting
the different hydrological responses from different locations in the catchment.

Kunstmann et al. (2004) showed the variation in the annual and seasonal precipitation,
mean annual temperature, latent heat, and seasonal discharge values under one climate
change scenatio for an Alpine catchment. They employed a physically based distributed
hydrological model (WaSiM) with the temporal and spatial resolutions of eight hours and
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10072x1007, respectively. They evaluated the performance of a regional climate model
downscaled from 2.8°x2.8" to 4X4kn/ through comparing the results with outputs from
another reanalyzed downscaled RCM which had coarser spatial resolution, 20X20477.
They compared the monthly aggregation of precipitation over all the grid points of the
catchment where the grid points from two different resolutions were matched together
using the attribution method based on the closest distance. To match the spatial
resolution of RCM outputs with the hydrological model resolution, every grid point of
the RCM was considered a fictitious station and they were interpolated to the WaSiM
spatial resolution. The study focused on the significance of differences in the regional
responses to climate change scenarios when a CM resolution gets finer.

Senatore et al. (2011) developed a physically based and fully distributed hydrological
model (In-STRHyM) with temporal and spatial resolutions of one day and one kilometer,
respectively. They assessed the changes in the average annual temperature, cumulative
annual precipitation, snow accumulation, evapotranspiration, water stress, summer root
zone soil moisture, groundwater storage, surface runoff under two scenarios for the Crati
River catchment. Three RCMs with different spatial resolutions of 20-km, 0.11" and
0.165 were coupled with the hydrological model. For this, grid point (fictitious station)
values of RCMs were interpolated to the resolution of In-STRHyM. The study
emphasized that the output values of RCMs could have 50-100% etror and therefore they
should be modified before being used in the hydrological model. Hence, a bias correction
method, captured from (Kunstmann et al. 2004), was used for modification and
evaluation of RCMs outputs, where the aggregation of monthly precipitation values of all
grid points from the model was divided into the grid points from the observational values
within the control period. The temperature values were also modified through the
subtraction of the model’s total monthly temperatures from the corresponding
observational temperatures over the control period. The interpolation error was
mentioned as one of the inherent sources of error in the hydrological model calibration
process.

Vezzoli et al. (2015) projected daily temperature and precipitation for the periods of
2041-2070 and 2071-2100 over the Po-river catchment to assess the impacts of climate
change of two scenarios, RCP 4.5 and 8.5, on the climate and hydrology of the
catchment. They used TOPKAPI software which simulated the hydrological process at a
daily temporal resolution and a spatial resolution based on the resolution of the digital
elevation model. They then coupled the climate model with the hydrological model and
applied a uniform precipitation rate over the cells by means of the averaging method of
Thiessen polygons. The target impact variables were the anomalies of seasonal and annual
precipitation distributed (cell by cell) and averaged over the catchment respectively,
whereas this was monthly-based scale for the discharge values at the outlet of the
catchment. One RCM was considered in the study (about 8km horizontal resolution) and
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its climatic outputs were modified before applying them to TOPKAPI. For this
modification, distribution derived quantile mapping was employed as a bias correction
method where daily precipitation values were considered for shaping the cumulative
distribution functions (CDFs). The model outputs and observed data CDFs were
compared, leading to the calculation of the bias correction factor through the transfer
function (TF) matching of the mentioned CDFs at a monthly time scale. The TF
parameters were estimated grid by grid where the interpolation of the model’s grid points
to observations’ grid points was used for matching both resolution schemes.

Smiatek and Kunstmann (2019) used seven RCMs from EURO CORDEX to simulate
future runoff in an alpine catchment and to assess the change in the future anomaly
discharge under the climate change scenario RCP 4.5. For the coupling of RCMs with the
hydrological model (WaSiM), the RCM numerical resolution was interpolated to WaSiM
resolution where the RCM cell center points were considered as artificial monitoring
stations. For the sake of RCMs evaluation, the observed reference (E-OBS) grids’
resolution was remapped to the 0.25" resolution of the E-OBS dataset. The study
highlighted errors in the CORDEX RCMs outputs even with a spatial resolution of about
12-km and further effort is needed for improving this deficiency particularly for the
complex terrains found in such alpine catchments.

Peres et al. (2019) assessed the impacts of climate change scenarios on the precipitation,
temperature, and runoff to simulate the effects on reservoir demand-performance curves
of Pozzillo Reservoir in Sicily, Italy. They considered two scenarios, RCP 4.5 and 8.5,
simulated by the best performing RCM model in the area. This was achieved using a
ranking method where the high number of different RCM simulations were evaluated by
measures of agreement with observed data, and then performing climate change impact
assessment with those RCM data complying with certain accuracy requirements. In this
approach, the performance of an RCM was evaluated through grid cell error evaluation
estimated by comparison between annual average precipitation of the model and
observations over the control period. Finally, the spatial average of errors over the all-grid
cells was calculated as the index of model error. Peres et al. (2019) modified the monthly
precipitation and temperature through the bias correction method proposed by
Lenderink et al. (2007). According to this method, the RCM monthly precipitation data
were corrected by multiplicative factors to bring the monthly means of corrected
precipitation to their observed values. On the other hand, the temperature data were
adjusted through an additive term to shift the corrected average monthly mean
temperature towards the observed temperatures.

Tariku et al. (2021) used four GCMs dynamically downscaled by a regional climate model,
Weather Research and Forecasting (WRF), for assessing the impacts of climate change on
the extreme and mean streamflow of the Upper Blue Nile (UBN) simulated by three
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hydrological models with different features. They considered two greenhouse gas
emission scenarios, RCP 4.5 and 8.5 where the WRF was evaluated through the
simulation accuracy of temperature, precipitation, shortwave, radiation against the similar
ones obtained by gridded data of Global Precipitation Climatology Centre (GPCC),
Climate Research Unit (CRU) and NCEP reanalysis data. The parameters of downscaling
were adjusted to cover the target area with the spatial resolution of 36-km.

2.2 RCMS EVALUATION WITHOUT DEVELOPING HYDROLOGICAL MODELS

Besides the previously described state of the art, there are other studies focusing on the
evaluation of climate and/or impact models without developing a hydrological model.
Some of these studies are explained in the following paragraphs.

Frei et al. (2003) evaluated four RCMs and one GCM with a grid spacing of 50-km for
the European Alps. Daily precipitation values were used to generate precipitation-based
statistics including mean precipitation, wet-dry frequency, precipitation intensity and
quantiles of the frequency distribution calculated at monthly, seasonal, and annual scales.
They also introduced the approach of arithmetic mean statistics values over the domain
for both the outputs of climate models and observations. These statistics were the base of
the comparison between the results from the observational network and models.
Observations were from high density rain gauges over the domain which were
interpolated to the regular latitude and longitude grid points of climate models with the
resolution of about 50&7X50&x. The interpolation was carried out by weighting schemes
which were based on distance from stations and directional clustering of stations around
the analysis grid points of climate model. This was done to make the resolution of the
models and observations compatible. There was the highlight that precipitation values
from the climate model grid points represent the average of the computation grid boxes,
while the station-based observed values undetlying the point values influenced by site-
specific conditions and therefore there is complication for the comparison and evaluation
between CMs and observed data.

Schmidli et al. (2007) assessed six statistical downscaling models (SDMs) and three RCMs
for the daily precipitation variable on the European Alps. They calculated seasonal index
(SI) of some precipitation-based diagnostics such as climatological mean precipitation and
wet dry frequency on the respective native grids of RCMs and then interpolated data to
the common latitude-longitude grid with the rough resolution of 50&#X50&#. The
observations on the grid points were calculated using a similar method to that in (Frei et
al. 2003). The mean values of the interannual average of the SI over all grid points of a
subdomain together with the spatial correlation were the measures for the validation of
climate models for different regions of the European Alps. They showed that analyses
based on single grid points or even single stations are of very limited use in a highly
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complex region since they create high uncertainties in the evaluation of the model’s
performance. Impact models included the change in the ratio of mean precipitation
values between the future simulation and present measured values under only one
emission scenario.

The desperate need for decision making on societal issues such as vulnerability and
adaptation to a changing climate with weather/water extremes led to the numerous
coordinated regional downscaling experiments (CORDEX) initiated by the World
Climate Research Program (WCRP) in 2009. Together with advancements in scientific
assessments on climate change made by the Intergovernmental Panel on Climate Change
(IPCC), this has motivated many authors to evaluate the performance of CORDEX
RCMs and the Impact Models (the impacts of climate models on the meteorological-
based variables such as precipitation, temperature, and drought), used for climate
modelling and research for the IPCC fifth assessment report (AR5) in 2014. In this
regard, many contributions have been made where different climatic data and indexes as
well as approaches were introduced for CORDEX RCMs, and Impact Models evaluation
applied to different regions over the world (Table 2.1).

Table 2.1. Studies on Evaluation of RCMs and Impact Models within The CORDEX framework
(without developing hydrological models)

References Models ‘C]Z:;;Tizlsson i,r:]g:g;es Spatial Resolutions | Comparison Method
Observation and RCMs
post  processed  to
common grids had same

Mean seasonal and spatial resolution. The
10 RCMs from | annual  precipitation variables were spatially
Endris et al. (2013) | COREX Africa | together  with  the | - ~50-km (0_440) averaged over every
domain seasonal anomaly subregion and
rainfall compared  with  the
observed ones for the
purpose  of  RCMs
evaluation.
Mean seasonal Several grid-cell-by grid
temperature, cell metrics were
precipitation, sea level developed for model’s

K . Nine Euro | pressure. Mean annual 0 evaluation. Hence,

otlarski et al. ~12-km (0.11), 50- . .
(2014) CORDEX tempe.ratl%re, - km (0.44° remap}amg of either the
RCMs precipitation. Anomaly ( ) model’s outputs or of
of mean seasonal and E-OBS whose spatial
annual precipitation tesolution was 0.22 was
and temperature. done to the coarser
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spatial resolutions. The
variables were
arithmetically averaged
over every subregion for
the purpose of

comparison.
All model and
observation resolutions
Accumulated mean were regirded to match
Six RCMs annual  precipitation. the codex  domain.
. Accumulated mean Arithmetically the
Mascaro et al driven by 10 annual evaporation o temporal and  spatial

" | GCMs from - ~50-km (0.44) :
(2015) CORDEX Accumulated mean average of  wvariables
Africa domain annual water balance. were calculated over the
Average monthly sub catchments for the
minimum temperature. purpose of comparison
and  evaluation  of
RCMs.

The dataset of RCMs
was interpolated on to
Seasonal average daily the same 0.5 X 0.5
Five RCMs | mean temperature and grid resolution related to
from the | precipitation. Seasonal o the observational
Park etal. @016) | CORDEX East | maxima of daily mean | - ~o0km (0.44) dataset  resolution and

Asia Domain temperature and averaged arithmetically
precipitation. over the domain for the
RCMs validation
process.
Four RCMs All  simulation results
from RMIP | Average seasonal .
. SO . . were interpolated  to
project and | precipitation intensity. | Summer 0.5 X 0.5 f
their  regional | Percentage anomaly . o ’ . or
. Lo L GCM with 1.875 X | comparison  purpose.
multi-model contribution of | precipitation, o . . Lo
Wu et al. (20106) T 1.875 , RCM with | The spatial distribution
ensemble and | anomaly precipitation | Seasonal . R A
. - . 0.5°%0.5 of variables was
their driving | to total values. | Consecutive
. . assessed and therefore
GCM Maximum consecutive | dry days. h
ECHAM5 dry days. cre was  not any
(Monsson Asia) domain spatial average.
Mean seasonal | Seasonal Evaluations of RCMs
temperature and | consecutive performances were
Smiatek et al 13 Euro | precipitation. dry days. Mean carried out through
(2016) " | CORDEX Frequency distribution | seasonal ~12-km (0.11"), remapping the RCMs
RCMs of precipitation | precipitation resolutions to  0.25°
intensity. Seasonal | and which was the

anomaly wet days.

temperature.

resolution of reference
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dataset, E-OBS. Area
mean of variables was
estimated arithmetically
for understanding the
spatial bias of models.

Um et al. (2017)

Four RCMs
from
CORDEX East

Asia  domain,
their ensemble
means, and a
driving GCM

Drought characteristics
based on the SPEI
(Standard Precipitation
Evapotranspiration
Index) at seasonal and
annual scale

RCMs with ~50-km
(0.44)

The spatial distribution
of drought
characteristics was
calculated for both
RCMs and observed
data, where there were
two different spatial
resolutions. The
resolutions were
remapped to the
common latitude and
longitude grid points for
the sake of comparison.

Diasso and

Abiodun (2017)

10 RCMs from
CORDEX

Africa Domain

Seasonal drought
characteristics

evaluated through for
principal components

of SPEI

RCMs with ~50-km
(0.44)

All datasets were re-
gridded into the
CORDEX grid. To
understand the spatial
bias of models, the
SPEI arithmetically was
averaged  over  the
domain.

Adeniyi and Dilau
(2018)

10 RCMs from
CORDEX
Africa Domain

Precipitation,
temperature, and
drought (SPEI)

anomaly  with  the
temporal  scales  of
three and six months

RCMs with ~50-km
(0.44")

They  assessed  the
performance of RCMs
through the correlation
of models output with
the observations (with
tresolution of 0.5 X
0.5") remapped into the
common grid points.
Moreover, the
arithmetic average of
correlation  coefficient
of climatic data was
calculated to evaluate
spatial bias of models.

Foley and Kelman
(2018)

Seven EURO-
CORDEX
RCMs and five
driving GCMs

Several  precipitation
indices  (accumulated
precipitation amount,
mean daily
precipitation amount,

RCMs with ~12.5-
km (0.11°)

Comparison was done
in two phases: (first,
between modelled data
and observations which

had 5-km gridded
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maximum and
five days precipitation
amounts, simple daily
intensity, number of
heavy and very heavy

precipitation days)

one-

resolution. For this, the
finer resolution
observed  data  was
interpolated to coarser
grid of the models. In
the  second  phase,
station by  station
comparison was done
where the modeled data
were interpolated to the
coordinates of stations.

Senatore et  al

(2019)

Eight RCMs
from

CORDEX
south Asian

Domain

Annual and seasonal
precipitation and
temperature

Average
seasonal
temperature
and
precipitation

RCMs with ~50-km
(0.44)

After  regarding  the
model datasets to the
same  domain  and
resolution (0.5 X 0.5)
related to observations,
the reliability of
CORDEX models was
evaluated by means of
scatter plots. The root
mean  square  €rrors
(RMSE) were calculated
for assessing models’
performances. For this,
the model’s grid points
values were compared
by the
corresponding ones
from the observations.

closest

Di Virgilio et al
(2019)

Six RCMs from
CORDEX
Australian
domain

Near-surface max and
min temperature and
precipitation at annual,
and  daily

seasonal,
timescales

RCMs with ~50-km
(0.44)

All RCM data were
interpolated from the
models’ native grid to a
common regular

0.5 grid for comparison

and analysis using a
nearest neighbor
algorithm. The
observational dataset
had much higher

resolution than models
(0.05) and they were
therefore re-gridded to
correspond  with  the

RCM data on a
common 0.5 regular
grid using the
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conservative area
weighted re-gridding
scheme. RMSE, average
correlation and station
by station probability
distribution of data were
the method of
comparison.

Following the studies mentioned in the Table 2.1, Peres et al. (2020) carried out a
comprehensive assessment on the performance of 19 EURO CORDEX RCMs (with the
spatial resolution of O.lle) in reproducing precipitation and temperature statistics along
with drought characteristics. The study introduced a formula where models could be
evaluated using a ranking method and eventually the performance of models for every
property were compared. For the sake of comparison, the observational grid points were
interpolated to the corresponding modelled grid points where the integration of variables
over a domain was carried out arithmetically. In the study, average monthly Box plot and
Taylor diagram tools were used to assess the performance of RCMs in terms of variables
frequency occurrence and correlation over a domain. They showed that the robustness of
a model in reproducing one climatic data (for example precipitation) does not guarantee
the same performance for simulating other variables (temperature).

2.3 NOVELTY OF CURRENT STUDY

As explained, in all the contributions reported above there has been manipulation of the
native numerical scheme of the climate models and/or of observations through
interpolation (re-gridding, rescaling and remapping) techniques to match the resolutions
of models and observational datasets for the purpose of comparison and evaluation.
However, RCM outputs are affected by a systematic bias caused by, e.g., uncertainty in
GCM/RCM parametrizations or assumptions, which has to be removed before
performing quantitative evaluations on hydrological or other impacts (Teutschbein and
Seibert 2010). Each of the components of the modelling process is a potential source of
uncertainty that propagates through the process (Bosshard et al. 2013). Over the last
decade, there has been an emphasis on the reduction of errors in the climate and
hydrological fields (Chen et al. 2011, Ehret et al. 2012, Teutschbein and Seibert 2012,
Brigode et al. 2013, Chen et al. 2015, Seaby et al. 2015, Van Uytven and Willems 2018,
Mengistu et al. 2021). This has a great significance to policy makers for launching cost
saving and accurate adaptive plans against high-impact water and climate disasters (Doss-
Gollin et al. 2020). The present work takes inspiration from this research trend,
proposing the comparison of RCM outputs and observations in the absence of
interpolation on either source of data. Furthermore, the current study uses a hydrological
impact assessment at a very fine temporal resolution (one hour), seldom explored in the
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scientific literature, where the hydrological model and the RCM resolutions do not need
to match each other for the coupling purpose.



3. DATA AND METHODS

3.1 STUDY AREA

The study area refers to the river Chiese Catchment where the Chiese mainstream has the
length of about 121-km originating from Mount Adamello in Trentino region (Figure
4.3). The river Chiese is a large sub-tributary of the river Po, which is the longest river in
Italy playing a major role in the economic development of the country in terms of various
economic activities. The area and petimeter of catchment are roughly 97147 and 218-km
respectively, and the catchment includes 18 and 15 real rain gauge and thermometer
stations. These stations along with Gavardo hydrometer further contribute to
hydrological analysis and calibration of river Chiese catchment for the estimation of
hydrological variables of the catchment.

Rain gauge station
Thermometer station
Gavardo Hydrometer @
Chiese main stream

Chiese river tributaries ===
Chiese basin border  mmmm

A2A area

Limone Sul
da

Gardone Val

Lgke Iseo W80

Lake Garda

Figure 3.1. The river Chiese Catchment located in the northeast of Italy
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3.2 DEVELOPING HYDROLOGICAL MODEL AND CALIBRATION

The river Chiese catchment is modeled through the software TOPKAPI enabling the
user to set up a physically based and fully distributed hydrological model with the fine
space-time resolution ((2502X2507) cell sizes and one hour time steps). To achieve this,
various GIS-based information including shapefiles of the catchment area, the lakes, the
river network, and the gauged stations (thermometers, rain gauges and hydrometers)
together with Digital Elevation Models, map of soil and land use units are collected from
different sources such as the environmental protection agency ARPA
(https:/ /www.arpalombardia.it/Pages/Ricerca-Dati-ed-Indicatori.aspx) and A2A water
utility. The model is constructed in the GIS interface of TOPKAPI, MapWindow GIS
where Preprocessor is used for inserting input data such as land use, soil parameters and

monthly temperature values.

The model is divided into 15554 cells and TOPKAPI solves hydrologic cycle equations in
every cell for every time step. A long-term hydrologic simulation, from 2010 to 2020, is
carried out considering the real weather stations data are available at houtly resolution.
TOPKAPI is able to represent all the components of the hydrological cycle: precipitation,
discharge, percolation, evapotranspiration, channel, surface, soil, and snow water. Among
them, the discharge at Gavardo hydrometer station is considered for the calibration of
the model. The main adjustable parameters for calibrating the model are horizontal
permeability, saturation and residual water content, and soil depth for each kind of soil.
More information on TOPKAPI software, data, calibration process and results are

provided in the Appendix.

3.3 CLIMATE MODELS

10 coupled climate models are investigated in the cutrent study. The models are retrieved
from the EURO-CORDEX CMIP5 (Coupled Model Intercomparison Project Phase
Five) experiment (Jacob et al. 2014); https://www.euro-cordex.net/, stored on the nodes
of Earth System Grid Federation (ESGF; https://esg-dnl.nsc.liu.se/login/).

The data are analyzed at the finest resolution, 0.11° (~12.5-km; EUR-11 referring to the
models related to the European areas with the finest resolution) and considered for the
historic period of 1971-2000 as a baseline. The used coupled Climate models are: CM5-
RCA4, ECE-HIRH, ECE-RACM, ECE-RACMr12, ECE-RCA4, IPS-RCA4, Had-
RACM, Had-RCA4, MPI-RCA4 and Nor-HIRH, which include three RCMs and six
GCMs whose information is shown in Table 3.1 and Table 3.2 The ECE-RACMr12
refers to the same model of ECE-RACM with different realization (an ensemble
experiment with different initial states from ECE-RACM).


https://www.arpalombardia.it/Pages/Ricerca-Dati-ed-Indicatori.aspx
https://www.euro-cordex.net/
https://esg-dn1.nsc.liu.se/login/
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Table 3.1. GCMs used in the current study and in EURO-CORDEX ensemble experiment

Model name Abbreviation Reference Institution
CNRM-CERFACS-CNRM- CM5 Voldoire et al. (2013) National Centre for
CM5 Meteorological Research
ICHEC-EC-EARTH ECE Hazeleger et al. (2010) Irish  Centre for High-End
Computing EC-Earth
Consortium, Europe
IPSL-IPSL-CM5A-MR IPS Dufresne et al. (2013) Institute Pierre Simon Laplace
MOHC-HadGEM2-ES Had Collins et al. (2011) Met Office Hadley Centre
MPI-M-MPI-ESM-LR MPI Giorgetta et al. (2013) Max  Planck  Institute  for
Meteorology
NCC-NorESM1-M Nor (Bentsen et al. 2013, Iversen  Norwegian Earth System Model
et al. 2013)

Table 3.2. RCMs used in the current study and in EURO-CORDEX ensemble experiment

Model name Abbreviation Reference Institution

SMHI-RCA4 RCA4 Strandberg et al. (2015) Swedish ~ Meteorological — and
Hydrological Institute, Rossby
Centre

KNMI-RACMO022E RACM van Meijgaard et al. (2008) Royal Netherlands
Meteorological Institute, De Bilt,
the Nethetlands

DMI-HRIHHAMS5 HRIH Christensen et al. (2007) Danish Meteorological Institute

3.3.1 CMs Data Obtaining and Processing

A CM has a numerical scheme with horizontal grids where the physical quantities (e.g.,
temperature and precipitation) are stored on the grid points. The horizontal grid in the
EURO CORDEX CMs has 106 and 103 grid points on the X and Y axis. Grids have
been developed on the rotated pole coordinated system where the pole and top left
center (TLC) coordinates are (198.0, 39.25) and (331.79, 21.67) respectively. CM files
have NETCDF extension and cannot be read in a straightforward way. Hence, to retrieve
data and visualize grid points, some operations are needed. For this purpose, the Climate
Data Operator, CDO version 1.9.3 installed on the Linux-based distribution system
Ubuntu 18.04 LTS, is used in this study where the main operations refer to some actions

as follows:
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i) Limiting the boundary of CMs’ horizontal grids to the bounds of the Chiese
catchment (Limune Sul Grada, Gardone Val Trompia, Casa Pirli and Brescia weather
station coordinates)

i) Making the CM files readable and openable
iif) Reading the data and visualizing the grid points within the Chiese catchment

Having applied the three abovementioned actions to CMs files, the user can easily find
the coordinates of grid points within the catchment. In this regard, 28 grid points are
located within the Chiese domain among which only nine grid points are within the
catchment border shown in the Figure 3.2, generated by Lat Lon Digitize toolbox in the
QGIS software with the version 3.18.2. Every grid point within the catchment border
represents a fictitious weather station, called node in the figure, playing the main role in
the hydrological analysis of the catchment and in the CM performance evaluation. Table
3.3 gives the geographical coordinates of the fictitious stations. In our study, all the
climate models show the grid points with the same coordinates for both hydro-
climatological properties, temperature, and precipitation. In this regard, Peres et al. (2020)
stated that climate models may have different grids due to the different origins and the
orientation of the axis. Hence, it is worth introducing an evaluation method to RCMs
giving knowledge about the suitability of RCMs grid schemes to the configuration of
catchment.
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Figure 3.2. The grid points of the RCMs (red stars) in the Chiese domain. Blue

diamonds refer to the real gauge rainfall stations

Table 3.3. Coordinates of CMs nodes based on EPSG:4326 Coordinate Reference System

Fictitious Station ID X (degree) Y (degree)
1 10.4789 45.5868
2 10.3068 45.6850
3 10.4629 45.6963
4 10.4468 45.8057
5 10.6033 45.8168
6 10.4307 459151
7 10.5875 45.9262
8 10.5716 46.0357
9 10.5557 46.1451
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3.3.2 Climate Models’ Performance Evaluations

The gridded observational-based daily dataset over the Europe domain called E-OBS is
used against CMs outputs to evaluate the performance of all 10 current study’s regional
CMs. For this, the last version of E-OBS was downloaded from the source:
https://surfobs.climate.copernicus.cu/dataaccess/access eobs.php#tdatafiles for both
precipitation and temperature data over a 30 years control period, years 1971 to 2000.
The lowest spatial resolution of E-OBS data is chosen which equals 0.10 " and the E-
OBS grid points are visualized within the selection domain which have the same
coordinates for both temperature and precipitation data (Figure 3.3). As can be seen, 12
E-OBS fictitious stations are located within the catchment border (see coordinates in
Table 3.4). Due to the higher resolution of E-OBS data, the number of E-OBS grid
points is larger than that of CM points within the catchment boundaries.


https://surfobs.climate.copernicus.eu/dataaccess/access_eobs.php#datafiles
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Figure 3.3. The grid points of the E-OBS (pink circles) in the Chiese domain. Blue diamonds and
red stars refer to the real gauge rainfall stations and CMs grid points. E-OBS grid points within the

catchment are called nodes.

Table 3.4. Coordinates of E-OBS nodes within the Chiese catchment based on EPSG:4326

Coordinate Reference System

Fictitious Station ID X (degree) Y (degree)
1 10.4499 45.5499
2 10.3499 45.6499
3 10.4499 45.6499
4 10.3499 45.7499
5 10.4499 45.7499
6 10.4499 45.8499
7 10.5499 45.8499
8 10.6499 45.8499
9 10.4499 45.9499
10 10.5499 45.9499
11 10.6499 45.9499
12 10.5499 46.0499
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To evaluate the CMs’ performance, the monthly cumulative precipitation and monthly
average temperature values are the target variables. The monthly values of CMs are
accessible directly from the source, while the daily E-OBS data should be aggregated over
the month scale. In this study, the precipitation and temperature variables are represented
by x;; and y,; where 21,2,3...,12 and /:1,2,3, ...,30 refer to the number of months and
years. For every specific month and year, for example /=1 (January) and /=1 (year 1971),
the current methodology introduces a variable which gives the weighted average
catchment value for the two target variables estimated by Equations (3.1) and (3.2).

"y

X,/,[Hff/}/m‘ﬂf: 2 w, kX/ ik (3 . l)

£=1

iy

L O— Z vy, (3.2)

=1

where 1y represents the number of fictitious stations within the catchment which are nine
and 12 for the CMs and E-OBS data, », refers to the weight of every node calculated by
the Thiessen polygons method such that the ratio of the Thiessen polygon area associated
with the node to the total area of the catchment gives the weight of corresponding node.
The weights not only specify the significance role of grid points in the hydrological
analysis of the catchment but also evaluate the suitability of CMs numerical schemes to
the layout of the catchment in case they have different grid schemes. Moreover, the
method marks a difference from most of the other works in the scientific literatutre, in
which the comparison is carried out at the scale of the single grid nodes where the two
different resolutions of observations and RCMs should be matched.

Figure 3.4 and Table 3.5 show the Thiessen polygons and area information together with
the weights of the fictitious stations for both CMs and E-OBS dataset.
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Figure 3.4. The Thiessen polygons of fictitious stations of CMs and E-OBS data, the left and right

E-OBS Grid Points
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Table 3.5. The Thiessen polygon area of fictitious stations together with their weights

E-OBS CMs
Factitious Station | Thiessen Polygon Area Weight | Thiessen Polygon Area Weight
ID (kn?') (k")
1 32.82 0.034 77.14 0.079
2 73.53 0.076 101.95 0.105
3 106.06 0.109 146.69 0.151
4 76.35 0.079 144.89 0.149
5 112.00 0.115 104.70 0.108
6 91.52 0.094 102.30 0.105
7 101.80 0.105 159.84 0.165
8 56.44 0.058 109.40 0.113
9 66.00 0.068 24.10 0.025
10 86.18 0.089
11 76.79 0.079
12 91.52 0.094
Summation 971.01 1.00 971.01 1.00
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Root Mean Square Error (RMSE) is the statistical index used for estimating the
performance of the climate models. It is calculated after ordering the climate model and
E-OBS data associated with the benchmark period of #.. in ascending order, with the
objective to evaluate the extent to which the cumulative frequency of cumulative rainfall
and temperature values obtained from the generic climate model is close to the
corresponding cumulative frequency of the E-OBS data. For every specific month I, let’s
say /=1, the monthly error for a given CM for the precipitation and temperature values
are calculated by Equations (3.3) and (3.4) as follows:

2

Tas CEOBS  5eCM
~—P Z/:1 ( tycatchment”™ /,mn}anmt)
RMSE, = . (3.3)
‘years
Myears -OBS M 2
=T Z/:7 (X s catctmens X iscateiment)
RMSE = p (3.4
‘years
where RMSE],,,,.... and RMSE;, . tepresent the CM error for simulating month 7

catchment precipitation and temperature values for climate model z, respectively; #

defines the number of years in the control period which is 30 in the current study; X |
and X men stand for E-OBS and climate model month / precipitation values,
represent E-OBS and climate model month 7 temperature

respectively; Y., and YV
values calculated over the catchment. Representative performance errors of the climate

years

iy i,catchment

model g where g varies from one to 10, are obtained for precipitation and temperature
variables by Equations (3.5) and (3.6):

2 RMSE!
P &= Gcatchment
CMz,mvr - (3 . 5)
”wmﬂ/}x
2 RMSE!
T =1 catchment
CMi,en-a,-: —Z ,catchmen: (3.6)

months

where CM’  and CMZ‘

3 error 3 error

represent the error of the climate model g in terms of
precipitation and temperature simulations, respectively. Indeed, they are equal to the
average of all monthly values simulation errors. Finally, #,,, represents the number of
months in a year, which is 12.

After finding the errors of all the CMs, the climate models are ranked based on the
relative error for precipitation (Equations (3.7)) and absolute error for the temperature
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data (Equations (3.6)). This relative etror is defined because the error variance for
precipitation is much higher than the one for temperature.

M, = CMi 3.7
;,r_war_zﬂ(“m CMP ( . )

=1 serror

where, CMQUW stands for the relative error of specific climate model g for the
precipitation property and 7, defines the number of climate models which is 10 in the
current study. Climate model ranks in both terms of precipitation and temperature are
summed to obtain a rank index number. The climate model with the least total rank index
number would be the best model for climate simulation and projection on the Chiese

catchment.

3.3.3 Projection and Climate Change Assessment

Using the best suited climate model to the catchment, this study projects the monthly
catchment precipitation and temperature values for the 70s decade in the future (2071-
2080) and compares the projected data with the corresponding ones related to the 90s
decade in the historic period (1991-2000). All generated data by the best climate model
are modified by the bias correction factors to make all the simulations reliable. There are
many methods for the estimation of bias correction factors (Teutschbein and Seibert
2012); this study uses the linear-scaling method whose main advantage is parsimony.
According to this method, the CM monthly precipitation data are corrected by
multiplicative factors that bring the monthly means of corrected precipitation to match
their observed values in the benchmark past period. On the other hand, the temperature
data are adjusted through an additive term that brings the corrected average monthly
mean temperature to equal the observed values in the benchmark past period. Thus, the
corrections are the followings for precipitation and temperature, respectively:

b
a[ _ (]):“'OB*\);',catchmen[ Zzl 2 3 .

i catchment (]),,) <y 5
M, icatchment

12 (3.8)

A T,i,catchment: (T’;ir()B.Y)

- (Tew =1,2,3...,12 (3.9)

i,catchment i,catchment
where P denotes precipitation and T temperature, the overline indicates the mean
operation, the subscript E-OBS indicates observed values and subscript 4 stands for
“historic period” (i.e., 1991-2000 in this study); /=1, ..., 12 is the month index. The
corrected historic and future data are given by the following equations:



26 Amin Minaei
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where, in addition to previously declared symbols, prime stands for “corrected value”,
superscript findicates a future period (2071-2080 in this study) and /=1,2, ..., 10 is the

year index.

Climate change assessment includes finding the trends of corrected precipitation and
temperature monthly values as time goes by. For this, the mentioned values of the Chiese
catchment are investigated for the three scenarios of greenhouse gas emission, 2.6, 4.5,
and 8.5 over the 70s decade in the future and the results are compared with the
corresponding ones related to the 1991-2000 decade in the historic period. Additionally,
rainfall event characteristics including duration, intensity and depth are assessed and
compared. To accomplish this, the hourly data from the best suited climate model are
downloaded and modified by the bias correction factors. Independent rainfall events have
been selected based on an inter event time 17, , . of about 11 hours, estimated based on
the concentration time of the catchment (Giandotti 1933). Figure 3.5 shows the time axis
of three independent events where every event takes # hours starting from time 4 and
ending to time #,. While f(,yé-tmé,,>Af,,WM and l(,y,ﬁ,—tm,e>ﬂz‘m,m,d, all the time differences
within the event £ and other subsequent events would be smaller or equal to the
threshold. As the result, the duration, intensity, and depth of event £ are estimated by

Equations (3.14), (3.15) and (3.10).
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Figure 3.5. The time axis of three independent rainfall events

Lk :fn,k_t(),k (3 1 4)

D"‘:Z Xy (3.15)
D,

I =— 3.16

=T (3.16)

where, L,, D,, 1, represent the length (hours), depth (mm) and intensity (mm/hours) of
rainfall event £. Here, the minimum temporal rainfall resolution is one hour which is the
main assumption in the current study as the sub hourly temporal resolution for the
precipitation data is not provided by the climate models.

Having been calculated, rainfall event lengths, depths and intensities are compared
between the three future scenarios and the historic period based on the cumulative
frequency distribution graphs.

3.4 COUPLING CLIMATE MODEL WITH THE HYDROLOGICAL MODEL

To couple the climate model with the hydrologic model, the outputs of the climate
models, precipitation, and temperature data, are used as the inputs of the hydrologic
model. To accomplish this, the Chiese catchment has been modeled through the
TOPKAPI software where the input variables and the parameters for the hydrologic
model adjustments and simulations are controlled and inserted through the TOPKAPI
user interface windows. The main receiver input windows are shown in the Figure 3.6
where the climate model outputs are assembled into the Weather Stations and Monthly
Temperature windows (detailed information of every window is provided in the
Appendix). As observed, two modules referring to hydrologic and climate models are
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linked only by two windows in the TOPKAPI Inputs Interface to complete coupling
process. The Weather Stations window include the information on rain gauge and
thermometer stations including their coordinates, elevation and hourly data values and
the Monthly Temperature contains the stations’ monthly average values for solving
evapotranspiration equations over the hydrologic simulation period.

The fictitious stations are reconstructed in the Chiese catchment through MapWindow
GIS of TOPKAPI. The coordinates and elevation of fictitious stations are obtained from
the climate model file source and digital elevation model data. This is another important
feature of current methodology where there is no need for matching the spatial
resolutions of an RCM and hydrological model through an interpolation method to
complete the coupling process.

The houtly precipitation and temperature data are captured from the best climate model.
All the inserted data values are modified by bias correction factors before assembling.
The coupling process is repeated for the past decade 1991-2000, and for the decade 2071-
2080 considering greenhouse gas emission scenarios 2.6, 4.5, and 8.5 to estimate and
compare the hydrological components of the catchment including water discharge,
percolation, and evapotranspiration. The input variables in the Weather Stations and
monthly Temperature windows are changed simulation by simulation while other
parameters, such as the soil kinds and land uses, are assumed constant and invariable
during the simulations.

| TOPKAPI Inputs Interface |

| [ | [
|Settings || Time States “ Initial Condition ” Weather Stations ” Monthly Temperature | Land Use || Soil
Hydrologic model module
Precipitation Temperature
I

| Climate Model Outputs |

— Climate model module

Figure 3.6. Coupling hydrologic and climate models



4. RESULTS

4.1 CLIMATE MODEL RANKINGS

Table 4.1 compares the errors and ranks of the RCMs used for simulating the
precipitation and temperature of Chiese catchment where Rank, and Rank, represent the
ranks of CMs in terms of precipitation and temperature; Ranks Sum is the summation of
precipitation and temperature ranks.

Opverall, it can be seen that Had-RACM is the best suited model to the Chiese catchment
for precipitation simulation, while Nor-HIRH has the best performance for temperature
simulation. In terms of total rank number index, Had-RCA4 has the least value, which is
five, and it is chosen as the best model for simulating the historic and projected scenarios
data in this case study.

Table 4.1. The errors and ranks of climate models for Chiese catchment

MIO I()l el Model Name CM,.... Rank, (0,7 G <) Rank, Ranks Sum.
1 CM5-RCA4 12% 6 4.00 6 12
2 IPS-RCA4 11% 5 2.93 4 9
3 Had-RCA4 8% 3 2.38 2 5
4 Had-RACM 5% 1 3.19 5 6
5 MPI-RCA4 12% 6 2.38 2 8
6 ECE-RACM 6% 2 4.7 8 10
7 ECE-RACMr12 6% 2 4.85 9 11
8 ECE-HIRH 17% 8 2.45 3 11
9 ECE-RCA4 10% 4 4.04 7 11
10 Nor-HIRH 13% 7 1.33 1 8

After selecting the best CM, the outputs of CM should be modified by bias correction
factors for climate change assessment and use in the hydrological model. Table 4.2 shows
the monthly bias correction factors calculated for the Chiese catchment case study.
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Table 4.2. The monthly-based CM bias correction factors for Chiese case study

Bias correction factors

Month Precipitation Temperature (C')
January 0.51 4.47
February 0.52 3.83
March 0.60 3.60
April 0.59 2.31
May 0.56 2.58
Jun 0.67 1.21
July 0.93 1.20
August 0.95 0.52
September 0.77 1.80
October 0.77 2.36
November 0.40 1.02
December 0.39 2.20

4.2 CLIMATE CHANGE TRENDS AND IMPACTS ON THE CATCHMENT

Figure 4.1 illustrates variation in the weighted average Chiese catchment precipitation and
temperature variables estimated over the two decades in the historic (1991-2000) and
future (2071-2080) periods where the impacts of three scenarios, 2.6, 4.5, and 8.5 is
evident on the catchment.

Opverall, what stands out from the graphs is that there is a catchment warming over time
intensified by increase in the greenhouse gas emissions, whereas there is not a clear trend
for the precipitation values.

Looking at the details, as regards temperature, the coldest (December) and warmest (July)
months remain the same over time. In this regard, the average monthly temperature in
July is 18.85 for the 90s decade and significantly raises to 21.40" for the 70s decade with
scenario 2.6 (2.55o warming). On the same trend, comparing the historic and future July
average temperature, there are remarkable rises for scenarios 4.5 and 8.5, which are from
18.85 t0 23.40°(4.55 warming) and from 18.85to 24.17 (5.32") respectively.

With respect to the coldest month, there is a considerable catchment warming. While the
average monthly temperature is just above 1° for 90s, this raises to 3.41° (roughly 2.41°
warming), 6. 26° (approximately 5. 26° warming), and 6.85 (approximately 5. 85’ warming)
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for scenarios 2.6, 4.5 and 8.5 respectively, indicating in agreement with the warmest
month that the scenario 8.5 is the most critical one.

In terms of monthly precipitation for the Chiese catchment, there is not a clear trend and
therefore other precipitation’s characteristics are investigated for both historic and future
data. Figure 4.2 shows the Gumbel cumulative frequency distribution of three
characteristics of rainfall events: depth, duration, and intensity for 90s and 70s. As
observed, the future rainfall events would be with higher intensity and shorter duration
over the Chiese catchment in comparison with the corresponding events over the 90s
decade occurred due to the increase in the greenhouse gas emissions. On the opposite,
there is not a bold difference in the rainfall event depth behavior between the future and
historic climate of Chiese.

Monthly Temprature Change (1991-2000 vs 2071-2080)
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4.3 HYDROLOGIC MODEL OUTPUTS

Table 4.3 shows and compares the important water balance components at Gavardo
station for the four simulations, calculated through TOPKAPI. As can be seen, the
precipitation values for future period (2071-2080) simulations are higher than the
corresponding one for the historic period (1991-2000) simulation. However, this does not
refer to a considerable difference and therefore it is expected that Chiese catchment will
not face high variations in the total yearly rainfall depth. As regards the percolation
values, future period simulations have a lower value than historic simulation, due to the
increase in the temperature values over the Chiese catchment. In this regard, scenario 8.5
has the least value with 494.28 mm, which is about 10% lower than the one related to the
90s simulation with 554.67 mm. Scenario 2.6 doesn’t make considerable decrease in
comparison to other scenarios with only 0.3% percolation decrease. In agreement, the
evapotranspiration values grow for increasing greenhouse gas emission, where scenario
8.5 is the most critical one with 21% increase (from 2619.13 mm to 3178 mm).

Table 4.3. Hydrologic Water Balance components of Chiese catchment over the historic and future
petiods, 1991-2000 vs 2071-2080

Simulation Precipitation Discharge Percolation Evapotransipation
Name (mm) (mm) (mm) (mm)
90s 11729.29 9130.33 554.67 2619.13
70s_Sc2.6 12162.96 9534.48 552.78 2764.94
70s_Sc4.5 12190.20 9512.52 541.21 2894.41
70s_Sc8.5 11803.40 8750.77 494.28 3178.16

For a better assessment of discharge variations, besides Table 7, Figure 9 compares the
cumulative frequency distribution of the yeatly maximum discharge for the historic and
future decades. Consistently with the trend observed for precipitation intensity, an
increase in the catchment maximum discharge is expected for the future. While the
increase is appreciable but not exorbitant for the maximum discharge values with CFD
lower than 0.8, this is dramatically amplified for anomalies (values with CFD>0.8) of
scenarios 2.6 and 4.5.
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Figure 4.3. The yeatly maximum discharge CFD for Chiese catchment over the historic

and future periods



5. SUMMARY AND CONCLUSION

Current study attempted to assess the hydrology of river Chiese catchment contributed by
regional climate models (RCMs) and observed data. For this, 10 coupled CMs captured
from EURO CORDEX initiative and experimented in CMPI5, were chosen. The CMs
were evaluated by simulating two hydro-climatological variables, precipitation, and
temperature, and comparing the results with the high-resolution E-OBS data. To
accomplish this, this study proposed a novel method through which the outputs of
climate and E-OBS models, stored on grid points inside the catchment, were compared
without any post processing actions on the data such as interpolation (rescaling,
remapping, and re-gridding). For this, every grid point, within the boundary of the
catchment, was considered as a fictitious weather station with a certain weight impact on
the catchment. The weights of fictitious stations were calculated through Thiessen
polygons method which is an important step for evaluating the suitability of CMs based
on configurations fitting between the layouts of CMs numerical scheme and catchment
when CMs have different grid schemes. Moreover, through this method, the significant
level of each grid point was recognized and those with low weights played a less
important role in the hydrological output of the catchment than the ones with high
weights. Following this method and calculating RMSE index for all the CMs, it was
proved the Had-RCA4 has the best performance for simulating the monthly precipitation
and temperature of the Chiese catchment with the total rank index number equal to five
(Table 4.1). It is worth mentioning that Had-RCA4 might not perform as successful as
current study for other case studies like the one presented in (Peres et al. 2020), Sicily and
Calabria regions in the south of Italy, and therefore selecting the best-performing RCM is
highly case dependent.

To couple the CM and hydrologic model, the output of the best climate model
(precipitation and temperature) was inserted as the input to the hydrological model
developed by TOPKAPI software. This was done at a very fine temporal resolution (1
hour) where there was no need for matching the spatial resolutions between the RCM
and hydrological model as every fictitious station of RCM was reconstructed in the
Chiese catchment through MapWindow GIS of TOPKAPI. Eventually, four simulations
were carried out for the periods, 1991-2000 and 2071-2080 with the scenarios 2.6, 4.5 and
8.5. Hence, the results of Chiese climate change and impact model were as follows:
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While the monthly catchment warming is obvious by all scenarios, there is not
a clear trend for monthly precipitation values.

The warmest and coldest months remain the same for Chiese catchment by
climate change scenarios which are July and December respectively. In
December, scenarios 8.5 and 2.6 could bring the most and leasot monthly
temperature increase to Chiese catchment with approximately 5.85 and 2.41
warming respectively.

It is expected that the rainfall events for 70s in the future will occur with higher
intensity and shorter duration than the ones for 90s in the historic period,
whereas a relevant difference for precipitation depth is not expected.
Hydrologic outputs for the mentioned simulations showed rises in the
catchment decade precipitation, discharge, and evapotranspiration values over
80 years; on the opposite, percolation will be decreased by scenarios where
scenario 2.6 does not make high difference with 0.3% change (In any case the
detected decreasing percentages do not exceed 10%).
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APPENDIX

A.1 TOPKAPI INTRODUCTION

The hydrological model is constructed with the software TOPographic Kinematic
APproximation and Integration TOPKAPI, providing high resolution information on the
hydrological state of the river Chiese catchment shown in the Figure 3.1. TOPKAPI is a
distributed and physically based model, able to reproduce the behavior of the main
components of the hydrologic cycle. Beside sub-surface, overland and channel flow, it
includes components representing infiltration, percolation, evapo-transpiration (ET), and
snowmelt (Figure A.1). In TOPKAPI, each catchment cell is structured in three layers,
namely superficial soil, deeper soil, and aquifer. Each layer is modelled as a non-linear
reservoir while the flow is approximated through the kinematic wave model.

Evapo-transpiration

Infiltration
Snowmelt

Superfial Soil Layer | Overland Flow

Deeper Soil Layer N

Aquifer Layer

Percolation

Groundwater Flow

Figure A.1. Conceptual layout of TOPKAPI
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A.2 HYDROLOGICAL MODELLING OF CHIESE CATCHMENT

To complete the hydrologic modelling of Chiese catchment, three phases are followed: 1-
Pre- Processors Work, 2- Parameters Settings, 3- Calibration.

A.2.1 Pre-Processors Work

The aim of this initial phase is to build the GIS based project of the hydrological model
TOPKAPI on the Chiese catchment area. To do this, some thematic maps, and shapefiles
as input layers in the software GIS, called MapWindow, are provided:

- Shapefile of the catchment area

- Digital Elevation Model

- Map of the soil units (shapefile or raster)

- Map of the land use units (shapefile or raster)
- Shapefile of the river network

- Shapefile of the lakes

- Shapefile of the gauged stations (thermometers, rain gauges and hydrometers)

The catchment of the river together with the river network are constructed starting from
the Digital Elevation Model of the area (Figure A.2). At the end of this phase the pre-
processors have implemented all the input information and ctreated the scheme of the
catchment. In this step, the catchment is discretized into cells with a prefixed size, in each
of which the equations of the model are applied for every time step of the simulation.
Hence, for each cell, the soil unit, the elevation, the land use unit, the slope, the channel
components, and the initial conditions are defined. The maps of soil kind are used to
characterize the territory of the catchment.

For each cell, the input information about temperature and precipitation are provided to
calculate the water discharge. Every cell can receive the water discharge from the
upstream cells (max three for four dimensions model, max seven for eight dimensions
model) and give discharges only to its downstream cell. The connections between cells
occur along the line of maximum slope, calculated based on the cell elevation. The
hierarchy of the channels in the network of rivers is also shown in Figure A.3.
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Figure A.2. Water network and DEM of the Chiese
catchment

Legend

SO NGO B W =0

=)

1.+ Gavardo

Figure A.3. Map of hierarchy of the channel network (the darker color corresponds to a higher

degree in the hierarchy). The star sign represents the hydrometer of Gavardo station
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A.2.2 Parameters’ Settings

Once the pre-processor work is done, the parameters values are set to run the first
simulation. There are many parameters to be set like soil, snow, evapotranspiration,
channel routing, land use, and reservoirs parameters. Soil, land use and monthly
temperature could have many parameters if there are many different soil units, land use
units and thermometers in the catchment area. Hence, they are imported from external
csv tables. The soil parameters have more impact in the evaluation of the water
discharges during flood events than the other parameters. Their first values can be
calculated with standard pedo-transfer functions that considers the texture and
percentage soil component of every soil unit. Once all the parameters and the input
meteorological data are set, there should be a decision about the time step and the time of
the first simulation.

A.2.3 Calibration

Calibration of hydrology model of Chiese catchment is done through comparing the
model results of a simulation with measures at Gavardo station where observed discharge
data are available. The calibration must be driven on a long period that includes many
meteorological events. This is performed in a physically based way, by setting parameters
such as the horizontal permeability, saturated and residual water content, soil depth for
each kind of present soil (Figures A.4 and A.5)

Figure A.4. Map of soil kind; every color is related to a code of a particular soil (shown

in the legend) representing different parameters shown in Figure A.5
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& Chiese - TOPKAPI DATA MANAGER Ver : 300,04 - o x
Settings Help

Settings Time-State Stations Maps Width Initial Cond S01  Land Use Channel Outputs Temperature ET-Snow Reservoirs Interbasin Inflow Outflow Alarms

SOIL PARAMETERS

Code Horizontal Permeability at... Saturated Water Content Residual Wa... Soil Depth [m] Horizontal N... Vertical Per...  Vertical Non... Description @
2.036-04 0.4487 0.0118 1.00 250 20308 1445 SMU_S
22185 1.4E-04 0.4390 0.0100 0.48 250 14E-09 13.78 SMU_390266
22186 2.46-04 0.4390 0.0100 0.59 250 2.4E-09 13.78 SMU_390267
22187 3.06E-04 0.4363 0.0100 0.65 250 5.06E-09 13.73 SMU_390268
22191 5.06E-04 0.4363 0.0100 0.88 250 7.06E-08 13.73 SMU_390272
22201 2.94E-04 0.4030 0.0250 0.68 250 6.94E-09 1176 SMU_390282
22202 1.4E-04 0.4390 0.0100 0.76 250 1.94E-08 13.78 SMU_390283
22212 9.94E-05 0.4030 0.0250 0.45 250 6.94E-10 1176 SMU_390294
40087 3.06E-04 0.4363 0.0100 1.00 250 1.06E-08 13.73 SMU_390272
40210 5.6E-06 0.5038 0.0486 1.65 167 5.6E-08 13.60 40210
40349 3.06E-04 0.4363 0.0100 1.00 250 1.06E-08 13.73 SMU_390272
40352 3.06E-04 0.4363 0.0100 1.00 250 1.06E-08 13.73 SMU_390272
40399 8.03E-05 0.4257 0.0472 1.22 1.96 7.2E-07 13.39 40399
40476 3.06E-04 0.4363 0.0100 1.00 250 1.06E-08 13.73 SMU_390272
40606 3.06E-04 0.4363 0.0100 1.00 250 1.06E-08 13.73 SMU_390272
41302 3.996-03 0.4030 0.0250 1.89 250 1.1E-07 11.76 SMU_390282
41303 SE-03 0.4030 0.0250 1.70 250 9.28E-07 11.76 SMU_390294
41304 9.34E-04 0.4030 0.0250 0.87 250 6.34E-08 1176 SMU_390282
41305 5.69E-04 0.4030 0.0250 111 250 1.78E-07 1176 SMU_390294
41315 1.76-04 0.4390 0.0100 0.51 250 2.36E-07 13.78 SMU_390266
41317 9.94E-04 0.4030 0.0250 0.85 250 6.94E-08 1176 SMU_390294 | v

WORKING DIRECTORY  C:\Ca:

@

-

Copyright (c] PROGEA ST 2015 ‘ Save | | Run Topkapi | | View Output ‘ www.progea.net

Figure A.5. Output of TOPKAPI for the Chiese catchment. The first graph above
shows the fit of simulated to observed water discharge at Gavardo (blue and red
graphs indicate the observed and simulated discharges respectively). The other
graphs report the other processes of the hydrological cycle, including percolation to

groundwaters

(a) Calibration Results After being calibrated, TOPKAPI is applied for the simulation
of the hydrological cycle in the catchment, to reproduce each process (rainfall, runoff,
evapotranspiration, infiltration, and flow in the river network) at each cell of the domain.
While the real rainfall pattern is used at input, the model performance is examined in
terms of capability of reproducing the observed water discharge pattern at the Gavardo
station. As Figure A.6 shows, the agreement of the model to the experimental data is very

good.

Among the various Outputs of TOPKAPI, the pattern of percolation will be used to
analyze groundwater recharge in current scenatios, and in future scenarios obtained by
simulating the catchment reply to rainfall patterns obtained from future climate
projections.
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Figure A.6. Output of TOPKAPI for the Chiese catchment. The first graph above shows the
fit of simulated to observed water discharge at Gavardo (blue and red graphs indicate the
observed and simulated discharges respectively). The other graphs report the other

processes of the hydrological cycle, including percolation to groundwaters

(b) Calibrated Parameters The calibrated parameters as well as input variables for
running simulations can be observed in every window of TOPKAPI user interface shown
in Figure 3.6 explained in the page 28 of the thesis. Followings indicate the main window
values.

In the Settings Windows, TOPKAPI grid, global position, and drainage network
information is inserted. As regards the TOPKAPI grid information, the total cells
number, cell size, number of columns and rows, X and Y lower left are respectively
15554, 250, 143, 282, 597250m and 5042050m (based on WGS84/UTM Zone 32
coordinate reference system). As for the global position, the latitude and longitude are
45.80 and 10.50 degree. With respect to drainage network info, the number of outlet and
flow directions are one and four respectively.

In the Time-State Window, the computation time step length is 60 minutes. The
simulation initial and end dates are 01/01/2010 and 31/12/2020 respectively. In the
Stations Window, the hourly rainfall and temperature data as well as their stations
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coordinates are inserted as external .csv files. The spatialization mode is based on the
Inverse Square Distance (ISD) interpolation method with search distance and maximum
interpolation distance parameters equal 25000m and 100000m respectively.

The data in the Initial Conditions, Land Use and Temperature Windows are shown in the
Figures A.7, A.8 and A.9 respectively. Other Windows information is available upon
request.

INITIAL CONDITIONS
Month Average Soil Mosture River Level/Width
Feb 0.90 0.01
Mar 0.80 0.01
Apr 0.80 0.01
May 0.70 0.01
Jun 0.60 0.01
Jul 0.60 0.01
Aug 0.60 0.01
Sep 0.70 0.01
Oct 0.80 0.01
Nov 0.90 0.01
Dec 0.90 0.01

Figure A.7. Calibrated data in Initial Conditions Window of user interface TOPKAPI for the Chiese

catchment

LAND USE PARAMETERS
Code Wanning Coeficent [S/m~(13]]  JAN FEB MAR AR MAY N UL WG s8 oo OV DEC Descrption
n 0.100 040 040 040 040 040 040 040 40 w0 04 040 .49 {112) Discontinuous urban fabic
11 0.050 020 020 020 020 02 00 02 o 0w 0x 0.0 020 {121) Industrial or commercil units
131 0.050 020 020 020 020 020 020 02 0N 000X 020 020 {131) Mineral extraction sies
n 0.120 070 080 100 120 125 115 0S8 080 |15 1% 120 (X (211) Nonei land
B1 0,050 080 |L05 110 L0 110 080 080 080 080 100 100 050 (231) Pastures
21 0.100 070 L0 10 120 13 0 1w e 1w 1n 120 075 (241) Amnual cops assooated with pemanent trops
1 0.100 070 L0 LI 120 13 120 110 0N LW 1% 10 07 (242) Complex ulivation pattems
13 0200 070 L0 110 (120 13 10 10 R LB 1% 120 07 (243) Lend prindpaly ocouped by agriulure with significant areas of ...
3t 0.280 060 070 0S5 105 105 080 080 080 080 1M 110 060 (311) Broad-leaved forest
1 0.220 0% (090 050 0% 090 090 0% 0% 0% 0% 050 090 (312) Coniferous forest
313 0.280 075 100 050 095 120 085 085 085 085 105 100 07 (313) Moxed orest
n 0.100 080 |L05 110 L0 110 080 080 080 080 100 100 (X (321) Naural grasslands
m 0.100 060 065 070 075 080 080 085 085 (085 080 080 060 (322) Moars and heathiand
2 0.160 075 |L00 080 035 120 085 085 085 085 105 100 075 (324) Transitonal woodiand-shrub
m 0040 020 020 020 020 00 020 0N 00 W 0M 020 0 (332) Bare rocks
m 0070 060 060 060 050 060 050 080 080 [0 040 060 080 (333) Sparsely vegetated areas
335 0.030 105 105 105 105 105 105 105 105 105 10 105 1.5 (335) Gldiers and perpetual snow
512 0.030 105 105 105 105 105 105 105 |L05  |L0S 08 105 105 (512) Water bodes
5053 0.030 105 105 105 105 105 105 105 105 105 08 105 105 (1053) Lago dldro

Figure A.8. Calibrated data in Land Use Window of user interface TOPKAPI for the Chiese
catchment
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AVERAGE MONTHLY TEMPERATURES

AreaCode  Bevation(m]  Arealame  JAN FE8 MAR AR MAY N o MG SE 0CT MOV DEC

23500 Panizno d Ao -4.29 1% 095 266 5.3 9% na 1242 814 418 0.3 149

1147.00 Cavaita 0.60 115 441 845 1148 16.39 18,66 1829 1% 533 5.4 13
4061 398.00 (ano 14 41 8.78 1234 1581 20.56 %M 204 1836 1321 862 48
4087 112800 Cew L35 1M 54 931 PAK} 1656 1886 1651 1480 10.12 592 18
60 780.00 Bagoino 14 181 5% 1043 n 7.8 1854 1876 1508 1070 [AV] 15
6035 91100 Bione - 5an B... .55 11 6.06 10.37 1% 18.22 039 2018 154 1127 6.4 408
6200 41800 Lago dela Va... 489 510 AL 045 L1 1.4 0.2 978 641 kAL 065 155
6216 7500 Limone sul Ga.. 6.21 16 1039 149 1807 1% 3561 197 pibi} 1626 .3 113
6242 1065.00 Memmo 163 111 4n 88 1136 16.29 1863 1799 1416 1001 58 330
6331 29100 Puegnago def .. 4.12 6.19 9.48 1374 1631 L% H19 FEAC) 1850 1401 9.3 518
6374 290.00 Sarezzo-Viad... 233 538 8.0 134 1630 pivi} 1360 2263 1837 1349 8.4 318
639 i Tignale-Oidesio 4.60 631 942 1350 1674 04 U3 107 1845 1% 9.5 509
6400 7000 Toswlano 6.0 7.3 1040 1481 1793 B35 597 2504 0 16.14 1160 687

Figure A.9. Calibrated data in Temperature Window of user intetface TOPKAPI for the Chiese
catchment






