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Climate-Hydrological Modelling of
Calore Irpino River Basin

SUMMARY This paper provides the main results about the
climate-hydrological modelling of Calore Irpino River basin in Southern Italy
under current and future climate conditions. This test case represents a
further application of the modelling chain presented in [40] and of climate
projections introduced in [18, 3, 42] within the Work Package A.2.17
"Analysis of geological risk related to climate change" of GEMINA project.
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1. INTRODUCTION AND MOTIVATION

The majority of the climate models agrees in
expecting at 2100, under the effect of climate
change, an increase in extreme precipitation
events frequency and almost unchanged inten-
sity, and, on average, a decrease in the to-
tal precipitation over the Mediterranean area
[6]. The expected partitioning of precipitation
enhances the possibility of an alternation be-
tween long dry and short extremely wet periods
[2], causing, generally, an increase in the geo-
hydrological hazards frequency or severity. In
last years, REMHI Division among others [8, 4,
13, 22], has investigated the potential effects of
climate change on geo-hydrological hazards in
Italian Peninsula [36, 35, 37, 7, 21, 23, 24, 9]
that is already prone to them and the main re-
sults achieved have been presented in [19].

This work presents the step by step implemen-
tation of a climate-hydrological modeling chain
over the Calore Irpino River basin in South-
ern ltaly, that, recently (October 2015), hits the
headlines since it flooded the city of Benevento
causing fatalities and huge economic damages.

The report is structured as follows: Section 2
provides a brief description of the test case
area; Section 3 presents the hydrological model
used; Section 4 provides the results of the sen-
sitivity, calibration and validation analysis; Sec-
tion 5 describes the available climate simula-
tions and bias correction approaches; in Sec-
tion 6 climate data are used to drive the hydro-
logical model under present an future climate
conditions while Section 7 is dedicated to the
analysis of extreme discharges, as last, in Sec-
tion 8 results are commented and main conclu-
sions are drawn.

2. CALORE IRPINO TEST CASE

The Calore Irpino River basin covers an area of
about 3058 km? in Campania, Fig. 1. The river
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Figure 1:
Calore Irpino basin and sub-basin closed at Montella

length is about 108 km and the average dis-
charge is 31.8 m?/s at its outlet in the Volturno
River. The Calore Irpino River basin is char-
acterised by a micro-climate that, together with
the water availability guarantee by the river it-
self, foster the cultivation of vegetables, vine-
yard and olive trees. The occurrence of cli-
mate changes may alter the equilibrium of this
ecosystem with impacts on the local economy.

Calore Irpino basin is characterized by Mediter-
ranean climate with hot and dry summers and
cold winters. More in details, the climate is wet
from autumn to spring and dry in summer. On
average, the monthly precipitation is maximum
in November and minimum in July. According
to Képpen-Geiger-Pohl classification the basin
falls into zones Csa and Csb (Fig. 2) with dry
summers, i.e. the precipitation of at least one
month in summer is less than 30 mm and of 1/3
of the precipitation in the wettest winter month;
and average temperature is above 10°C in sum-
mers and in the warmest month is above 22°C;
during winters the average temperature ranges
between -3 and 18°C; and, as last, at least four
(Csa) or two (Csb) months show a temperature
above 10°C.

The test case is a limited to the portion of
the basin defined by Montella river cross sec-
tion, reducing the test case area to about
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Figure 2:
Képpen-Geiger-Pohl classification in Italy and zoom over
Calore Irpino basin area. The basin closed at Montella is
indicated by the red line

110 km2. The choice of this limited por-
tion of domain is related to the availability of
meteorological and hydrological data on Mon-
tella site and to absence of documented wa-
ter uptakes from this river branch. Observed
daily precipitation (1972-2001) and tempera-
ture (1972-1994) data are available from Part
| of Hydrological YearBooks or, upon request,
from Campania Regional Civil Protection and
have been tested for homogeneity and trend
in Clime [5]. Observed daily discharge (1972-
1993) data are available from Part Il of Hy-
drological YearBooks; for the following periods
data were not available: August-September
1975, October 1979-April 1980, February-May
1984 and 1985; January and August-November
1986, July-August and October 1988, March-
May 1989, January 1981 and the whole 1992.
Calore Irpino discharges in the upper part of the
basin, i.e. in proximity of Montella station, follow
the precipitation pattern with low/minimum dis-
charges in summer (also due to the high evap-
otranspition) and autumn and the highest dis-
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Figure 3:

Yearly time series of average precipitation (left y-axis)
and discharge (right y-axis) at Montella

charges occurring between winter and spring.

To calibrate the hydrological model the pe-
riod 1972-1982 will be used, while the remain-
ing years will be used to validate the calibra-
tion. In addition, across the years 1980-1986,
a change in hydrological response to precip-
itation (precipitation-discharge relationship) is
observed but any metadata was available to
help us in understanding this phenomenon, see
Fig. 3; this fact will make complex the validation
of the hydrological model.

3. HYDROLOGICAL MODEL
3.1 DESCRIPTION

In this work, a fully-distributed physically-based
hydrological model TOPKAPI (TOPographic
Kinematic APproximation and Integration, [16])
is used to simulate the Calore Irpino hydrologi-
cal response to present and future climate con-
ditions. TOPKAPI simulates the main compo-
nent of the hydrological cycle such as surface
flow, soil drainage, evapotranspiration, snow
melting, etc.... According to the description
in [16]: TOPKAPI couples the kinematic approach
with the topography of the basin and transfers
the rainfall-runoff processes into three structurally-
similar zero-dimensional non-linear reservoir equa-

tions: the first represents the drainage in the soil, the
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second the overland flow on saturated or impervious
soils and the third the channel flow. The parameters
of the model are shown to be scale independent and
obtainable from digital elevation maps, soil maps
and vegetation or land use maps in terms of slopes,
soil permeability, topology and surface roughness.
The integration of the fundamental equations is per-
formed on the individual cell of the DEM. [... ] In
each cell, five water components are considered:
evapotranspiration, snowmelt, soil water, surface
water and channel water. For the deep aquifer flow,
the response time caused by the vertical transport
of water through the thick soil above this aquifer is
so large that horizontal flow in the aquifer can be
assumed to be almost constant with no significant
response on one specific storm event in a catch-
ment [30]. Nevertheless, the model accounts for
water percolation towards the deeper subsoil layers
even though it does not contribute to the discharge.
As precipitation falls on the catchment, the snow
accumulation and melting component identifies the
amount of water that actually reaches the soil sur-
face. For reasons of limited data availability, the
snow accumulation and melting (snowmelt) com-
ponent is driven by a radiation estimate based upon
air temperature measurements. Once water is on the
soil surface, it infiltrates unless the soil is already
saturated. The soil water component is affected by
subsurface flow (or interflow) in a horizontal di-
rection defined as drainage; drainage occurs in a
surface soil layer, with limited thickness and with
high hydraulic conductivity due to its macro poros-
ity. The drainage mechanism plays a fundamental
role in the model both as a direct contribution to
the flow in the drainage network and most of all
as a factor regulating the soil water balance, par-
ticularly in activating the production of overland
flow. The soil water component is the most char-
acterizing aspect of the model because it regulates
the functioning of the contributing saturated areas.
The surface water component is activated on the
basis of this mechanism. Lastly, both components
contribute to feeding the drainage network. The

evapotranspiration is taken into account as water
loss, subtracted from the soil’s water balance. The
most complex and physically realistic model for es-
timating actual evapotranspiration is the Penman-
Monteith equation. However, a simplified approach
is generally necessary because in many countries the
required historical data for Penman-Monteith esti-
mations are not extensively available; and, in addi-
tion, apart from a few meteorological stations, al-
most nowhere are real-time data available for flood
forecasting applications. Evapotranspiration plays
a major role not in terms of its instantaneous im-
pact, but in terms of its cumulative temporal effect
on the soil moisture volume depletion; this reduces
the need for an extremely accurate expression, pro-
vided that its integral effect is well preserved. In the
present TOPKAPI model, evapotranspiration can be
introduced directly as an input to the model or com-
puted internally by a radiation method [10] starting
from air temperature and from other topographic,
geographic and climatic information, as described
in the ARNO model [31].

3.2 MODEL IMPLEMENTATION

The implementation of an hydrological model
in TOPKAPI requires the following information:
digital elevation model (DEM), land use/cover
and soil type to build the soil model and the
hydrological network, that can be validated by
comparison with the observed network; to per-
form the hydrological simulations geo-referred
time series of precipitation and air temperature
are requested, if needed localized water re-
leases/uptakes can be inserted in the model.
TOPKAPI outputs include among others: dis-
charge, evaporation, runoff, soil saturation time
series that can be used to validate the model
with respect to observations.

For Calore Irpino test case a DEM of 5m
horizontal resolution will be used to discretize
the domain into more than 11000 square
cells of 100 m side, corresponding to 112



rows and 173 columns. Land cover data
are available from CORINE Land Cover
2006 http://www.sinanet.isprambiente.it/it/sia-
ispra/download-mais/corine-land-cover/corine-
land-cover-2006/view dataset. In the test
case area 10 different types of land cover
are identified, see Fig. 4. Each land cover
type is parametrized in terms of soil surface
roughness (Manning’s Coefficients for soil
surface roughness n. in s/m'/?) and actual
evapo-transpiration with respect to the crop
reference potential evapo-transpiration value
(crop factor K. adimensional and varying
month by month). Manning’s coefficient is
relevant to estimate the superficial runoff and
its timing.

The soil properties are derived from the FAO
Digital Soil Map of the World, thus this data is
quite coarse and only the soil type "Bd68-2bc"
to which corresponds to eruptive and metamor-
phic rock, sandstone, eruptive rock is retrieved
in sub-basin Calore Irpino. The following pa-
rameters are used to describe the hydraulic
properties of each soil type:

® Horizontal permeability at saturation (K
in m/s),

® Vertical permeability at saturation (K, in
m/s),

® Vertical non-linear reservoir exponent («,
adimensional),

® Horizontal non-linear reservoir exponent
(as adimensional),

® Depth of the superficial soil layer (L in m),

® Saturated water content (O, adimen-
sional),

® residual water content (©,. adimensional).

Modelling Calore Irpino River Basin

Once the model is configured it has to be cal-
ibrated and validated: the calibration phase
aims to identify the parameters values combi-
nation that allow to better reproduce the ob-
served discharges; the validation phase aims
to verify the model performances over and in-
dependent time period using the parameters
values defined in calibration. In the next Sec-
tion, the results of calibration and validation of
TOPKAPI for Calore Irpino test case are pre-
sented.

4. ESTIMATION OF PARAMETERS
VALUE

Physically based hydrological models should
not need to be calibrates since parameters val-
ues should be related directly with catchment
characteristics [26]. Unfortunately, the qual-
ity/quantity/variety of catchments data allows
to set a variability range for parameters but it
is not sufficient to fix their value. For this rea-
son a sensitivity analysis to parameters values
is needed to evaluate their weight on the results
of a simulation. Once assessed the weight of
each parameter, it is possible to calibrate the
model and then validate the selected param-
eters values. In the following paragraphs the
results of sensitivity analysis, calibration and
validation activities are described.

4.1 SENSITIVITY ANALYSIS

TOPKAPI model uses non-linear kinematic
wave equations, therefore is difficult to estimate
directly the effects of changes in the parame-
ters’ values and identify whose are the most
relavant. The sensitivity analyis has beeen
performed over the period 1972-1982 forcing
TOPKAPI with observed precipitation and tem-
perature time series varying one parameter at
the time. In particular, the sensitivity analysis
focused on the following parameters:

Centro Euro-Mediterraneo sui Cambiamenti Climatici
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Figure 4:
Percentage of cells for each land cover identified in Calore Irpino basin closed at Montella

® Horizontal permeability at saturation (K),
® Vertical permeability at saturation (Ky,),

® Vertical non-linear reservoir exponent

(O‘p)
® Soil deph (L)

® Manning’s friction coefficient for the chan-
nel roughness (n.)

® Manning’s coefficients for soil surface
roughness (n,).

Horizontal permeability at saturation depends
on soil characteristics and regulates the amount
of water moving horizontally in the soil super-
ficial layer, S1 run refer to K, = 8-107°> m/s
case and S2 run to K, = 10~° m/s case; re-
sults show that a reduction of K, corresponds
to a decrease in soil drainage while surface
runoff increases and, thereby, the peak dis-
charge. Figure 5(a) reports the comparison
between S1 and S2 where S2 is characterized
by lower minimum discharges and higher max-
ima with respect to S1. The comparison among
the monthly average observed, S1 and S2 dis-
charges indicates that K values should fall into
the 10~° — 8 - 10~ m/s range, Fig. 5(b).

Vertical permeability at saturation (K,) is re-
lated to percolation process and regulates the
amount of water moving vertically in the soil su-
perficial layer. For this parameter the following

values have been tested: 10~% (run S3) and
2-10~7 m/s (run S4). The resulting discharges
are reported in Fig. 6(a) while Fig. 6(b) provides
the comparison among simulated and observed
monthly average discharges. An increase of
K, value causes an increase in percolation
and a decrease in discharge.

Vertical non-linear reservoir exponent (o) rules
the percolation too and it is a function of the soil
type. Calore Irpino basin soil type is classified
as sand/clay, for this soil type «,, usually ranges
between 11 and 25. However, experimentally,
we find that reliable results are achieved for oy,
varying between 3 (S5) and 20 (S6). Increases
in this parameter value generate decrease in
percolation and increase in discharge. It is
worth to note that TOPKAPI appears to be more
sensitive to changes in vertical permeability at
saturation parameter than to changes in vertical
non-linear reservoir exponent. Figure 7 reports
the same comparison of Fig. 5.

The depth of the superficial soil layer L regu-
lates the maximum amount of water stored in
the soil superficial layer and it influences the
amount of water moving horizontally (drainage)
and vertically (percolation) into the soil. Sim-
ulations S7 and S8 provide the results for
L =1 and L = 3 m respectively, Fig. 8(a)-
(b), the comparison is analogue to Fig. 5(a)-(b).
Changes in L affects the soil water storage ca-
pacity: the less L is the more surface runoff
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Comparison among observed and simulated daily discharge time series (a) and monthly averages (b) for two different values of K,
see text
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As Fig. 5 but for two different values of K,
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Figure 7:
As Fig. 5 but for two different values of o,
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and its propagation and peak discharge are.

Manning’s friction coefficient for the channel
roughness (n.) influences the flow in open
channels, a reduction of the parameter value
reduces the discharge. Figure 9 reports the
results the comparison in terms of daily and
monthly average discharges for S9, n. = 0.01
s/m'/3, and S10, n. = 0.12 s/m'/3, runs. The
analysis of Fig. 9(b) shows that TOPKAPI is not
very sensitive to this parameter.

Manning’s Coefficients for soil surface rough-
ness n, in s/m'/3 regulates the celerity and the
shape of overland discharge waves and it is a
function of the land cover. For the test case
we performed the sensitivity analysis only for
the parameter associated to the dominant land
cover, i.e broad leaved forest (311). In partic-
ular the values 0.28 s/m'/3 and 0.1 s/m'/3 are
tested in runs S11 and S12 respectively, the
comparison is shown in Fig. 10; the resulting
discharges are comparable.

The sensitivity analysis returns the indication
to concentrate the calibration efforts on the fol-
lowing parameters: Horizontal Permeability at
Saturation, vertical Permeability at Saturation
and Vertical Non-Linear Reservoir Exponent.

4.2 CALIBRATION AND VALIDATION

The calibration of TOPKAPI model for Calore
Irpino basin closed at Montella has been
performed over the 11-years long period
01/01/1972 and 31/12/1982 using daily pre-
cipitation and temperature time series as in-
puts and daily discharge time series as con-
trol variable. The length of the calibration
period is in agreement with literature sugges-
tions/requirements [39] and it include both dry
and wet prolonged periods.

According to the sensitivity analysis the calibra-
tion mostly focused on th following parameters:

® Horizontal permeability at saturation (K)
® Vertical permeability at saturation (K,)

® Vertical non-Linear reservoir exponent

(o)

Several simulations have been performed to
search the best parameters combinations. Ta-
ble 1 reports some of the parameters combina-
tion tested which results will be illustrated in this
paragraph. In simulations belonging to groups
A, C and E the values of the horizontal per-
meability at saturation and vertical non-linear
reservoirs exponent have been fixed while the
vertical permeability at saturation is varying, in
group D horizontal and vertical permeability at
saturation have been kept constant and verti-
cal non-linear reservoirs exponent varies. The
first criterion applied to select the “best” param-
eters configuration among those tested is the
equality between observed (RUNOFF;,) and
simulated (RUNOFF,,;).

The performances of the selected simulations
have been compared through a set of statistical
indices as indicated in [16]:

® Mean absolute error (MAE) it varies be-
tween 0.0 and +oo

MAE:ZﬁMQm?—Qm&Mh
()

® Mean square error (MSE) it varies be-
tween 0.0 and +oo,

S (Qobs(i) = Quim (1))

MSE =
S N

@

® Root mean square error (RMSE) it varies
between 0 and +co,

RMSE — \/EZJL (Qobs (i) — Qi (1))”
N
(3)
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Test Horizontal Vertical Vertical RUNOFF 4 RUNOFF;,, | Discharge | Percolation
Permeability Permeability Non-Linear coeff. coeff. [%] [%]
at Saturation | at Saturation Reservoir
[10=%m/s] | [10~8m/s] | Exponent[] [ [

Al 1.09 3 20 38.14 47.21 47.22 21.90

A2 1.09 4 20 37.68 42.10 42.11 27.08

A3 1.09 5 20 37.28 37.81 37.81 31.42

c2 4 6 3 37.14 37.70 37.25 37.75

C3 4 6.5 3 36.99 35.42 35.42 39.72

C4 4 7 3 36.85 34.16 33.72 41.54

D1 4 6.5 5) 37.11 36.91 36.69 36.74

D2 4 6.5 5 37.19 37.90 37.69 35.61

D4 4 6.5 6 37.27 38.76 38.55 34.63

D5 4 6.5 8 37.48 41.29 41.10 31.81

D6 4 6.5 12 37.72 4413 43.95 28.72

E1 2 6.5 12 37.19 37.38 37.38 34.02

E2 2 6 12 37.33 38.96 38.96 32.39

E3 2 4 12 28.01 46.67 46.67 24.53

E4 2 3 12 38.44 51.49 41.50 19.63

Table 1

Parameters values used in calibration

® Coefficient of determination (R2) ranges
from 0.0 (poor model) to 1.0 (perfect

R

Zf\il (Qobs (l) - @) (Qsim (Z) - @)

model),

. “4)

® Nash-Sutcliffe (NS) ranges from —oo
(poor model) to 1.0 (perfect model)

it (Qobs (i) = Quim(9))*

NS=1- sim
Zij\il (Qobs (Z) - Qobs)2

®)

where Qops(7) and Qs (¢) are the i-th observed
and simulated value, respectively, Q.,,s and
Q.im are the average observed and simulated
values, respectively and N is the sample size.

In particular, MSE and RMSE are equally af-
fected by errors in high and low flows while R2,
that describes the proportion of the total vari-
ance in the observed data that can be explained
by the model, and NS, indicates if the model is
a better predictor than the average value, both
R2 and NS are sensitive to errors in high flows.
For NS index a value equal zero indicates that

2= — 2 ——— 2
\/sz\il (Qobs (Z) - Qobs) \/Zfil (Qszm (7/) - Qszm)

the model is a good predictor as well as the av-
erage observed value, NS<0 indicate that the
observed average values is a better predictor
than the model, 0<NS< 0.2 the model perfor-
mances are insufficient; 0.2<NS<0.4 the model
is sufficient, NS>0.4 means good or very good
(NS>0.6) performances.

Table 2 reports the values of indices RMSE,
RMSE-MAE, R2 and NS for the four simulations
that respects the criterion of equality between
RUNOF Fyps and RUNOF Fyy,y, in Tab. 1. The
use of RMSE-MAE index allows to out into evi-
dence the presence of outliers into the data.

The coefficient of determination R2 shows a
limited variability within the four simulations
considered so it does not provide key infor-
mation to the choice of the “best” parameter
combination. The values of NS index indicate
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Run | RMSE | RMSE-MAE R2 NS

A3 3.5 2.2 0.87 -0.74

c2 3.9 11 0.85 0.53

D1 1.7 0.8 0.88 0.61

E2 2.4 2.4 0.86 0.29
Table 2

Statistical indices for four calibration simulations

that only simulations C2 and D1 are good pre-
dictors, and between them simulation D1 out-
perform simulation C2 according to RMSE and
RMSE-MAE values. Thus D1 results to be the
"best” calibration among those tested (Fig. 11).

The validation of D1 parameters set is carried
on over the period 1983-1993. Figure 12 re-
ports the comparison between observed and
simulated monthly average discharges in the
validation period. It is easy to note that, with
respect to calibration period, the model per-
formances are worst as confirmed by Nash-
Sutcliffe index value of 0.21 with respect to the
value of 0.65 estimated for the calibration pe-
riod. In addition, the simulation fails in repro-
ducing the most extreme values: high flows in
winter and spring are underestimated and sum-
mer discharges are overestimated, as results
the average discharges in winter-spring are
underestimated and those in summer-autumn
overestimated, as shown in Fig. 12. However,
a partial justification of the low performances of
the simulation in the validation period may lie in
the change seen in the precipitation-discharge
relationships across the 1980-1986 period that
the model is not able to reproduce.

As attempt to improve the performances of the
hydrological model for the case, we exchange
the calibration and the validation period, thus
the model is calibrated over the 1983-1993 pe-
riod and validated over 1972-1982. The aim of
this attempt is to verify if the calibration based
on the most recent available period can pro-
vide acceptable results also on 1972-1982 pe-

Run Horizontal Vertical Vertical
Permeability Permeability Non-Linear
at Saturation | at Saturation Reservoir
[10=°m/s] | [10~8m/s] | Exponent[]

V1 2 4 12

Table 3
Soil parameters for simulation V1
Run RMSE | RMSE-MAE R2 NS
D1 1983-1993 2.9 1.8 0.74 | 0.25
V1 1983-1993 2.6 1.5 0.78 | 0.36
Table 4
Statistical indices for calibration run D1 and V1 from 1983
to 1993

riod. The identified parameter set is reported in
Tab. 3 while the comparison between observed
and simulated daily and monthly discharges in
the calibration (a) and validation (b) period is
given in Fig.s 13 and 14, respectively. The per-
formances of V1 simulation are evaluated in
terms of RMSE, RMSE-MAE, R2, NS indices,
Tab. 4). Unfortunately the results show that the
V1 parameters set is "good" in the calibration
period and only "sufficient" in the validation one.

5. CLIMATE SIMULATIONS

Climate projections are the results of numerical
simulations performed by climate models under
different scenarios. Among the IPCC scenarios
we focus on the representative concentrations
pathways RCP4.5 and RCP8.5 [17]. The first
is a stabilization scenario leading the radiative
forcing at about 4.5W/m? in 2100, while the lat-
ter is a more extreme scenario, leading radia-
tive forcing up to 8.5W/m? in 2100 compared
to pre-industrial era. Such scenarios are used
to drive the global climate model CMCC-CM
[27, 11] that is dynamically downscaled by the
regional climate model COSMO-CLM [25] that
provide climate variables at an horizontal reso-
lution of 0.0715° (about 8 km), comparable with
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Figure 11:

Comparison between observed and D1 simulated daily discharge time series (a) and monthly averages (b) in the calibration period
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Figure 12:
Comparison between observed and D1 simulated monthly average discharge in the validation period

the one of the geo-hydrological hazard models.

Within GEMINA project the focus has been
mostly on precipitation and temperature values
[32, 33, 41, 24, 35, 37], because of their key role
in the hydrological cycle [14] that regulates the
occurrence of geo-hydrological hazards. Fur-
thermore, adequate (for length, resolution and
quality) observed datasets required for imple-
mentation of statistical methods are often not
available for variables other than precipitation
and temperature.

5.1 BIAS CORRECTION OF THE
CLIMATE DATA

Figures 15 and 16 report the behaviour of cli-
mate simulations over the period 1972-1993
in terms of average monthly precipitation and
temperature time series at Montella station, re-
spectively. Since climate variables are essen-
tially investigated at point scale (represented
by Montella station) while the effective resolu-
tion of the RCM can be assumed about equal
to 3-7 the nominal resolution [28, 1, 15] we
used as effective resolution 3Ax, thus simu-
lated climate variables are the average values

on a 3x3 grid centred on Montella site, ad-
ditionally daily precipitation values lower than
0.01 mm/day have been treated as null precip-
itation. As shown, CMCC-CM/COSMO-CLM
variables are affected by a systematic bias
caused by, e.g., uncertainty in the GCM/RCM
parametrizations or assumptions, which has
to be removed before performing quantitative
evaluations on hydrological or other impacts
[29]. A description of the different bias cor-
rection techniques implemented in Clime soft-
ware and based on the gmap R-package [12]
is reported in [38, 20] while other bias correc-
tion techniques like linear scaling and analogs
are described in [41, 34, 32, 33]. As explained
in [20] and shown in Fig.15 the comparison
between the observed, CMCC-CM/COSMO-
CLM, with and without, precipitation shows that
CMCC-CM/COSMO-CLM reproduces correctly
the seasonality but values are underestimated,
and considering the bias correction methods
parametric quantile-quantile and non paramet-
ric techniques outperform the distribution de-
rived transformations, but non parametric tech-
niques show a overestimation of the occur-
rence of precipitation lower than 5 mm/day,

©
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Figure 13:

Comparison between observed and simulated daily discharges in the calibration (a) and validation (b) periods for V1 simulation
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As Fig. 13 but for monthly average discharges
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Fig. 15(a,b). For temperature, Fig. 16, CMCC-
CM/COSMO-CLM is characterised by a gen-
eral underestimation of average monthly val-
ues that is reflected in the cumulative distri-
bution function (CDF); non parametric tech-
niqgues seems to reproduce better the ob-
served temperature than parametric quantile-
quantile approaches with the exception of Lin-
ear, ExpAsympt and ExpAsympt.X0 methods
that have performances comparable to non
parametric techniques. In terms of CDFs the
highest similarity with the one of observed tem-
perature is found for: Linear, ExpAsympt.X0,
QUANT, RQUANT, SSPLIN methods.

5.2 CLIMATE PROJECTIONS

Once assessed the performances of the
GCM/RCM couple in reproducing the observed
climate it is possible to investigate the effects
of IPCC scenarios on climate evolution. In
particular, we will focus on three different pe-
riods: short (2021-2050), medium (2041-2070)
and long (2071-2100) term under RCP4.5 and
RCP8.5 [17]. For these analysis, the 30
years long period, 1972-2001, is considered
as reference to estimate the monthly anoma-
lies in precipitation (Fig.s 17-19) and tempera-
ture (Fig.s 20-22) at 2021-2050 (Fig.s 17 and
20), 2041-2070 (Fig.s 18 and 21) and 2071-
2100 (Fig.s 19 and 22) under both RCP4.5 and
RCP8.5. Figures 17-22 report the estimated
anomalies for precipitation and temperature, re-
spectively. First of all, the shape of precipitation
anomaly is quite consistent comparing raw and
bias corrected data: a reduction of precipitation
is projected in all month with the exception of
August and only the SSPLIN method indicates
a positive anomaly in March. For temperature,
it is worth to note that bias corrected time series
are characterised by positive anomalies higher
than CMCC-CM/COSMO-CLM data; as for pre-
cipitation, there is a general agreement in the

shape of the anomalies but, SSPLIN simulates
a really high anomaly (>10°C) in August. This
behaviour is due to (1) the fact that bias cor-
rection methods are not physically based and
(2) the occurrence in 2071-2100 of temperature
values outside the calibration range of SSPLIN
method, thus a linear relationship is used to ex-
trapolate the bias corrected value. Since the
anomaly shown by SSPLIN temperature ap-
pears to be too extreme, SSPLINE bias cor-
rected data will not be used to drive the hydro-
logical model. Note that considering the control
period only, SSPLIN method is among those
performing better.
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Figure 15:

Comparison among observed, GCM/RCM simulated and bias corrected precipitation data. Panels refer to (a) monthly averages and
(b) empirical CDFs. Blue: Distribution derived transformation; Green: Parametric quantile-quantile; Orange: Non parametric
methods
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Modelling Calore Irpino River Basin

—BernWeib - -BernGamma — -BernLogn

---Linear - - Power
— -ExpAsympt  — -ExpAsymptX0 ——SSPLIN

- -RQUANT

N =
2 3
© i
= :
] 3
c :
< s
o !
=—RCM
-100
— BernExp
-125 {- - PowerX0
- - QUANT
-150 T T T
1 2 3

6 s 8 9 10 11 12
Month

R
= !
© :
E ;
] |
c |
< !
o s
S —RCM —BernWeib - -BernGamma — -BernLogn
— BernExp ---Linear - - Power
-125 {- - PowerX0 — -EXpAsympt = — -ExpAsymptX0 ——SSPLIN
- = QUANT - -RQUANT
-150 ~ T T T T T T T T 1
1 2 3 6 7 8 9 10 11 12

Month

(b)

Figure 17:

Comparison among monthly average precipitation anomalies for period 2021-2050 (in %) obtained for CMCC-CM/COSMO-CLM
simulated and bias corrected data. (a) RCP4.5 and (b) RCP8.5 scenarios. Red: CMCC-CM/COSMO-CLM; Blue: Distribution
derived transformation; Green: Parametric quantile-quantile; Orange: Non parametric methods
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As Fig. 17 but for 2041-2070
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As Fig. 17 but for 2071-2100
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Figure 20:

Comparison among monthly average temperature anomalies for period 2021-2050 (in ©C) obtained for CMCC-CM/COSMO-CLM
simulated and bias corrected data. (a) RCP4.5 and (b) RCP8.5 scenarios. Red: CMCC-CM/COSMO-CLM; Blue: Distribution

derived transformation; Green: Parametric quantile-quantile; Orange: Non parametric methods
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As Fig. 20 but for 2041-2070
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Figure 22:
As Fig. 20 but for 2071-2100




6. CLIMATE-HYDROLOGICAL
SIMULATIONS

The hydrological cycle of Calore Irpino River
basin closed at Montella cross section is simu-
lated through forcing TOPKAPI with simulated
(and bias corrected) precipitation and temper-
ature time series. The hydrological model re-
turns, among others, the estimated: discharge
(m3/s), net precipitation (mm), snow (mm), po-
tential and actual evapotranspiration (mm), per-
colation (mm), surface runoff (mm), and soil
saturation (%). The effects of bias correction
on values of this components of the hydrologi-
cal cycle on the control period have been inves-
tigated in [20]. In the next Sections we focus on
the following variables: precipitation, temper-
ature and discharge under present and future
climate conditions.

6.1 PRESENT

Once that the parametrization of the hydrologi-
cal and climate models is assessed, it is possi-
ble to evaluate the performances of the whole
modelling chain, i.e. the simulated discharge
when TOPKAPI is driven by precipitation and
temperature time series obtained from CMCC-
CM/COSMO-CLM simulations or by the bias
corrected variables. Figure 23 reports, for the
period 1972-1993, the comparison among the
observed and simulated discharges averaged
at monthly timescale and the cumulative distri-
bution function (CDF) of daily data. The control
period is limited to 1972-1993 for coherence
with the availability of observations.

Results show that TOPKAPI tends to overesti-
mate the lowest discharges, that may be due to
an uncorrected parametrization of the soil, that
in this application, has been assumed to be the
same for all the basin. Among the bias correc-
tion methods, linear, expasympt and RQUANT
seem to perform better than the others com-

Modelling Calore Irpino River Basin

pared to TOPKAPI simulation driven by ob-
served precipitation and temperature time se-
ries.

6.2 FUTURE

As done for climate projections, the analysis
of the effects of RCP4.5 and RCP8.5 scenar-
ios on discharges are investigated on the fol-
lowing periods: short (2021-2050, Fig. 24),
medium (2041-2070, Fig. 25) and long (2071-
2100, Fig. 25) term with respect to the ref-
erence period 1972-2001. Figures 24-26 re-
port the discharge anomalies obtained driv-
ing TOPKAPI with CMCC-CM/COSMO-CLM
climate inputs and those bias corrected with
parametric quantile-quantile (linear, power.X0
and expasympt) and non parametric (QUANT,
RQUANT) methods. All the simulations show a
progressive reduction of average discharges,
from -30% to -60/-70%, only in March dis-
charges are slightly higher than in the present
condition, however this is coherent with the pre-
cipitation pattern identified above.

7. CLIMATE CHANGE IMPACTS ON
CALORE IRPINO RIVER EXTREME
DISCHARGES

In order to illustrate the impacts of climate
change on Calore Irpino River water availability,
we report also some results on changes in ex-
treme discharges under RCP4.5 and RCP8.5
scenarios. Extremely high and low flows are
defined to occur when Q>Q; and Q<Qj3q, re-
spectively; the Q; (Qsq9) value indicates the
discharge that is exceeded, on average, for 7
(300) days a year. Both thresholds are esti-
mated from data in the control period and will
be used characterised also high and low flow
under future climate conditions, Tab. 5 returns
for each of the climate dataset considered the
estimated thresholds values.
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Figure 23:

Comparison, over the period 1972-1993, of observed and TOPKAPI simulated discharges: (a) monthly average (b) CDF. Climate
inputs to TOPKAPI are: observations (purple), raw RCM/GCM (red), bias corrected with Linear (green), Power.zg (green),
ExpAsympt (green), QUANT (orange), RQUANT (orange) and SSPLIN (orange) approaches
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Figure 24:

Comparison among monthly average discharge anomalies (in %) at 2021-2050 obtained for CMCC-CM/COSMO-CLM simulated
and bias corrected data. (a) RCP4.5 and (b) RCP8.5 scenarios. Red: CMCC-CM/COSMO-CLM; Green: Parametric
quantile-quantile; Orange: Non parametric methods
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Figure 25:

As Fig. 24 but for 2041-2070
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As Fig. 24 but for 2041-2070
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Q7 (m3/s) [ Qoo (M?/s)
RCM 2.29 0.51
ExpAsympt 7.94 0.76
Linear 7.74 0.75
PowerX0 8.04 0.76
QUANT 7.77 0.90
RQUANT 7.81 0.76
Table 5

High and low flow thresholds estimated from the
discharge time series obtained using raw and bias
corrected climate inputs

The average volume associated to high flow
(Vr) is estimated as

N;
VF(i) = 86400 x Y _max (0,Q; — Q7)  (6)

j=1

where N; is the number of day for the i—month
of the year; additionally the average number of
days DF such as Q>Q; can be estimated for
each month.

Similarly, the low flows volume within the i-
month is given by

N;
VD(Z) = 86400 x max (O, ngo — QJ) (7)

Jj=1

while DD returns the average number of days
such as Q<Q309-

In the control period, high flows occur mostly
in winter and spring with the highest volumes
associated to the spring period while low flows
are mostly concentrated in summer and autumn
with the maximum water deficit during summer.

According to the simulations performed, at
2021-2050, the number of high flow days (D F')
is expected to decrease in almost all months
as well as the volume (in particular in April and
December), with the exception of March and
November under RCP4.5 or during the period

November-April under RCP8.5 when the ex-
pected volume will increase, meaning that in
these months high flow events could be more
intense than in the control period. Figure 27 re-
ports the estimated difference between monthly
average Vr (a,b) and D (c,d) under RCP4.5
and RCP8.5. For the same period, low flows
are projected to last for longer periods than in
1972-2001 and the associated water deficit to
increase as shown in Fig. 28 that reports for all
the simulations under analysis the differences
between projected and control period low flows
volume (a,b) and duration (c,d). In particular,
the RCP8.5 scenario results to more severe
than RCP4.5.

At 2041-2070 the high flow volume decreases
under both scenarios in almost all the months
with the exception of March, the most marked
reductions of high flow volume occur between
December and February and in April, the num-
ber of high flow days reduces of 1 day at
the maximum with the exception of the simu-
lation driven by raw CMCC-CM/COSMO-CLM
cliamte data for which a reduction of about 3
days is evidenced in May. In terms of low
flows, both the number of low flow days and the
water deficit are increasing, in particular dur-
ing summer, with respect to both 1972-2001
and 2021-2050 periods; this behaviour is more
marked considering the simulations under sce-
nario RCP8.5, Fig. 30.

At 2071-2100 the high flow volume behaviour is
similar to 2021-2050 period, with increases in
November, and between February and March
under RCP4.5 or, for RCP8.5, between Febru-
ary and March only. The average number of
high flow days is lower than in the control pe-
riod from Arpil to October for RCP4.5 and from
April to January under RCP8.5, Fig. 31. The
low flow situation become even more severe
with respect to the control period and the other
analysed with a persistence of low flows from
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summer to winter, Fig. 32.

It is worth that the simulations driven by QUANT
bias corrected climate show the highest and the
longer low flows, this point need to be further
investigated since it can be related to changes
in the occurrence (and duration) of no-rain pe-
riods introduced by the bias correction tech-
nique; notwithstanding that the overall signal
is coherent with the one obtained applying the
bias correction techniques.
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Figure 27:

Expected variations at 2021-2050 in terms of monthly average high flows (Q>Q7) volume (a,b) and number of days (c,d) under
RCP4.5 (a,c) and RCP8.5 (b,d) using raw and bias corrected climate inputs




Modelling Calore Irpino River Basin

2
Lt
E
(6]
-
c
£
1500 1500 ©
RCP4.5 RCP8.5 el
T s 2021-2050 T s 2021-2050 £
2 2 ©
T 1000 T 1000 (&)
3 ] 5
& 750 & 750
S S o
>-3 500 >-3 500 8
3 3 c
S 250 S 250 ®©
a a =
> > > S
[ [ - 2
—RCM--- Linear - - -Power.X0— ExpAsympt - - QUANT - »RQUANT‘ —RCM--- Linear - - -Power.X0— ExpAsympt - - QUANT - »RQUANT‘ 5
-250 -250
1 2 3 4 5 6 7 8 9 10 1 12 1 2 3 4 5 6 7 8 9 10 1 12 d"
Month Month EI
o
@ ®) 5
a
L
o
30 30 :
P RCP4.5 p RCP8.5 c
2021-2050 2021-2050 [)
= 2“ o
21 21
g 18 g 18 A
S K] (£
5 15 s 15 Z
=) 2413 a |
a 12 ! a 12
g o g o
8" 3 8" 3
R 0 ~
3 | —RCM --- Linear - - Power.X0— ExpAsympt - - QUANT - - -RQUANT| -3 | —RCM --- Linear - - Power.X0— ExpAsympt - - QUANT - - -RQUANT|
-6 i ! T T ! T i T -6 i ! T T T T i T
1 2 3 4 5 6 7 8 9 10 1 12 1 2 3 4 5 6 7 8 9 10 1" 12
Month Month
© @
Figure 28:
Expected variations at 2021-2050 in terms of monthly average low flows (Q<Qgz00) volume (a,b) and number of days (c,d) under
RCP4.5 (a,c) and RCP8.5 (b,d) using raw and bias corrected climate inputs
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Figure 29:

As Fig.27 but for 2041-2070
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Figure 30:

As Fig.28 but for 2041-2070
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Figure 31:
As Fig.27 but for 2041-2070
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8. CONCLUSIONS

The paper briefly reports ad describes all the
steps needed to calibrate/validate a climate-
impact modelling chain and to assess climate
change impacts on a river discharges.

According to the simulations performed, in the
future, the area of Calore Irpino River is ex-
pected to face a reduction of water availabil-
ity not only in summer, when discharges are
already reduced but also in rest of the year
and this it may cause problems to the agri-
cultural production of this area. At the same
time, it seems that the occurrence of high flow
will reduce but the volume associated to spring
events may increase, thus less but more severe
events may occur in this area.

Beyond the results presented here, the Calore
Irpino test case has been relevant to define

a methodology to perform climate and geo-
hydrological hazards modelling and to under-
line some of issues related to this activity such
as the “temporary” and not documented change
on the hydrological response of the basin to
weather forcing around the period 1982-1986
and its impacts on the calibration/validation ac-
tivities. A second issue addressed is the sen-
sitivity of the hydrological model to the climate
inputs (i.e. to the bias correction technique ap-
plied), results demonstrate that, on average,
non parametric techniques perform better but
they should be used with attention, if data to be
bias corrected fall outside the calibration range
of the method. A further issue that will be taken
into consideration is the development and se-
lection of methods suitable to estimate and to
reduce the overall uncertainty of the modelling
chain to improve and to better communicate the
achieved results.
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