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Abstract

Human exploitation of water resources is widespread and its impact on hydrological fluxes is expected to increase in
the future. Water use interacts in a complex manner with the hydrological system causing severe alterations of the
hydrological fluxes with multifaceted feedbacks. Implementing this coupling within hydrological models is essential
when dealing with the impact of human activities on water resources at all relevant scales. We contribute to the effort
in developing models coupling natural and human systems with a distributed continuous model, named GEOTRANSF.
The model allows to quantify, within the same framework, alterations in the natural regime and constraints and lim-
itations to water resources availability. After presenting GEOTRANSEF, an example of application to a medium-size
Alpine catchment with streamflow modified by hydropower and distributed uses is discussed, followed by the analysis
of the effect of suitable water uses scenarios in the same catchment.
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1. Introduction

Timing and spatial distribution of freshwaters are modified by human intervention almost everywhere in the planet
(Sivapalan et al., 2012; Savenije et al., 2014). These modifications are particularly visible in mountain areas due to
hydropower exploitation and other distributed uses (i.e., agricultural and industrial, Zolezzi et al., 2009; Botter et al.,
2010). A great effort has been devoted in the last decades to gain a better understanding of the processes controlling
the terrestrial water cycle, in an attempt to improve hydrological modeling, often focusing on cases with small to
negligible human alterations. However, given the widespread relevance of human uses, further effort is needed to
gain a better understanding of the interactions between human and hydrological systems (Thompson et al., 2013; Lall,
2014).

Water transfer and storage due to human activities have far reaching implications on the water cycle and water
security with feedbacks on climate at local and regional to global scales. For example, intensive agriculture may
disturb atmospheric boundary conditions and cause hydroclimatic shifts at a regional scale (see e.g., Destouni et al.,
2010, 2013). To address these issues hydrological models should be envisioned that provide full coupling between
hydrological process and changes in water fluxes and storage due to human uses. This is particularly relevant for large-
scale hydrological models because including water uses at a scale significant and informative for water management
is challenging (see e.g., Nazemi and Wheater 2015a,b for a review on the issues and challenges associated to the
incorporation of water resources management modules into Earth System Models).

Available models can be classified either as water management-oriented, adopting simplified hydrological kernels
(see e.g., IQQM, Simons et al. 1996; MODSIM DSS, Fredericks et al. 1998; RiverWare, Zagona et al. 2001; MFSP,
Li et al. 2009) or as hydrological simulation models, which reproduce the relevant hydrological processes with a
relatively high level of complexity, but incorporate simplified water management components. Widely used models,
such as MIKE SHE (DHI Software, 2009), HEC-HMS (Feldman, 2000) and HSPF (Bicknell et al., 1997; Lampert and
Wu, 2015), belong to the latter category, and make use of simplifications in the description of water use and generally
ignore dynamic links between natural and human systems. According to Nalbantis et al. (2011) these models can
be classified as ”“monomeric”, since they tend to focus on the hydrological component. Holistic models instead, i.e.
models in which all parts of the system are simulated with similar details (Nalbantis et al., 2011), as for example
RIBASIM (Deltares, 2010), MIKE HYDRO Basin (DHI Software, 2003) and DSF (MRC, 2004), are in general more
appealing for operational and planning applications, though their transferability to contexts different from that in
which they have been developed may be problematic (see e.g., Dutta et al., 2013).

Source IMS (Welsh et al., 2013), WEAP21 (Yates et al., 2005), SWAT (Neitsh et al., 2011) and HYDROGEIOS
(Efstratiadis et al., 2008) are models which integrate hydrological processes and water management rules. In par-
ticular, Source IMS and WEAP21 adopt an object-oriented modeling framework in which natural (e.g., runoff and
interactions between rivers and groundwater aquifers) and anthropogenic processes (e.g., water demands, reservoirs
and river regulation) are conceptualized through the adoption of nodes and transmission links. In both models a con-
ceptual rainfall-runoff module is used to compute water fluxes at selected nodes, at which specific rules are applied
to decide amount and timing of water uses. The hydrologic and human-modified systems are in this case loosely
coupled, given that uses within the rainfall-runoff areas can be taken into account only by lumping them to the closest
node (e.g., Welsh et al., 2013, Fig. 1).



SWAT is a well known model which includes exchanges between hydrological and human systems as source and
sink terms, thereby it does take into account feedbacks between the two systems, such as for example the release
of water from reservoirs depending in a nonlinear manner from the water elevation. Similarly, HYDROGEIOS is a
modeling tool developed to deal with hydrological systems modified by water uses (Efstratiadis et al., 2008). It is
based on the concept of Hydrological Response Units (HRUs) (Ross et al., 1979) coupled with a two-compartment
bucket model dealing with infiltration and exchanges with atmosphere and groundwater. An interesting feature of
this approach is the inclusion of the groundwater component modeled with a network of connected cells. The human
component is more sophisticated than in SWAT and it is represented through a linear network programming approach,
in which the priorities of conflicting water uses are accounted for through virtual costs. However, the feedback
between the two systems is limited to the stream elements and groundwater cells, while it does not include a specific
module for flow regulations due to in line storage elements (e.g. reservoirs). The difficulties encountered in modeling
the two systems may be alleviated by taking advantage of the services offered by Geographic Information Systems
(GIS), as in JGrass-NewAge (Formetta et al., 2011, 2014), though this latter approach does not provide a full coupling
between the two systems.

We contribute to this effort by developing a new modeling framework, we called GEOTRANSF, with characteris-
tics similar to HYDROGEIOS and JGrass-NewAge, but with some additional capabilities. The main difference with
respect to these tools is a tighter connection between natural and human systems with the inclusion of their feedbacks.
For example, withdrawals for irrigation are included as input in the surface bucket representing soil moisture dynam-
ics at the sub-catchment scale. This may be useful in addressing feedbacks between climate change and irrigation,
along the lines suggested in the paper by Destouni et al. (2013). Another novelty is represented by the treatment of
small diffuse uses from the streams and groundwater, which cannot be treated at the level of the single withdrawal
due to their large number and because the cutoff introduced in representing the river network (smaller reaches are not
included into the river network, in particular when modeling medium to large catchments). Here, we propose a hierar-
chical approach, which allows for distribute water uses within the sub-catchment respecting the reciprocal constraints
between users along the river network. In our view these are essential features for dealing with all the nonlinear inter-
actions between the hydrological system and the variety of water uses including the effects of the market, in particular
the energy market, which influences hydropower production (Seekell et al., 2011; Dalin et al., 2012; Sivapalan et al.,
2012).

Water withdrawals along the streams should respect Minimum Environmental Flow (MEF) requirements as part
of the objectives indicated in national regulations. Several methodologies have been developed to identify minimal
flow conditions that should be respected downstream each withdrawal (see e.g., Acreman et al., 2014). In the simplest
case the minimum flow is constant, but modulations to mimic the natural variability, yet with a lower mean, is often
applied, particularly in areas of high environmental value. The module of GEOTRANSF dealing with the human
component of the water cycle is fully integrated with the natural component and local water budgets are established at
intake and restitution points along the river network. For example, withdrawals at a given point of the river network
are conditioned to upstream transfers and protocols regulating competing uses, such as the limitations imposed to
hydropower by recreational activities and agricultural needs. To the best of our knowledge, these characteristics are
not included with a similar level of detail in existing modeling approaches.

In addition, GEOTRANSF can be used to develop scenarios of the human component to be used in impact assess-
ment studies of new water infrastructures, decommissioning of reservoirs and other activities that may be of interest to
land and water resources managers. Examples of applications range from the analysis of the impact of future climate
and land use scenarios on water resources, to effects of changes in water policies, reservoir storage capacity, irrigation
techniques and the overall impact of new run-of-the-river hydropower plants. Within the same framework, the effect
of new water policies and possible mitigation actions can be explored and evaluated.

Section 2 describes the hydrological conceptual model, while the model components are described in Section 3.
Modeling of human systems is presented in Section 4. Data requirements and parameter identification procedure are
presented in Sections 5 and 6, respectively, while two examples of applications are discussed in Section 7. Finally, a
set of concluding remarks in Section 8 closes the work.
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Figure 1: Sketch of GEOTRANSF overall structure: a) the geomorphological structure of a river basin (or a macro area) divided into 5 sub-
catchments of area A; and 5 streams C;, i = 1,...,5. In this simple case, the water discharge at the control section assumes the following general
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expression: Q1) = X7, Ai [ ga, (D) wi(t — 7) dr, where: w1() = fo, * foy * fos, wa(t) = fo, * foy * fos, us(t) = fos * fes, ua(®) = fo, * fos,
us(t) = fcs; b) the collection of pathways available for flow routing towards the control section; c) example of a river basin subdivision into
macro-areas identified by a control section (pink node). Each macro-area is evidenced by a different color.

2. Hydrologic system

The model is composed of a hierarchical combination of elements belonging to two morphological units: the
sub-catchment and the channel. The former includes the portion of the territory where hillslope processes dominates
and the latter is the building block of the river network. The river network is extracted from the Digital Terrain Model
(DTM) of the catchment by means of a procedure that first identifies the drainage directions, by either the standard D8
algorithm (O’Callaghan and Mark, 1984) or the improved methods proposed by Tarboton (1997) and Orlandini et al.
(2003, 2014), and then classifies the pixels as belonging to a stream or sub-catchment element depending on the value
assumed by the parameter: 7 = Vz; V/A;, where V z; and A; are the elevation gradient at the i—th DTM cell and its total
contributing area, respectively (e.g. Rodriguez-Iturbe and Rinaldo, 1997; Rinaldo et al., 2006). Pixels with 7 larger
than an assigned threshold 7, are classified as streams. The resulting network is composed by interconnected channel
elements, each of them with an associated contributing area (sub-catchment) made of the pixels with 7 < 7, draining
into the pixels of the stream (Fig. la). A nonlinear two-component runoff generation model is applied to the sub-
catchments. The first component is fast and corresponds to Hortonian excess flow, the second component is slower
and represents the sub-surface contribution to the channel into which the sub-catchment drains. The fluxes entering
the channel are then transferred to the outlet, or to an intermediate control section, by means of a transfer function
given by the convolution of the residence time pdfs of all the channels connected in series from the sub-catchment to
the outlet or the control section (see Fig. 1b). Water withdrawals and restitutions due to water uses are also considered
as described in Section 4. For example, the contribution originating from the sub-catchment A;, g4, (t) [L/T] is routed
to the control section indicated in the Fig. 1a as follows:

010 = A, f()%(r)ul(r—r)dr (1)

where



u (1) = fe, * fe, * fo )
with f¢, being the residence time pdf of the channel C; (Rinaldo et al., 2006) and * indicating the convolution operator,
ie. g1(t) = g2 = fot 81(7) g2(t — 7) d7, under the assumption that the functions g; and g, are defined for r > 0. The
contribution from the other sub-catchments can be computed similarly, such that the total water discharge at the
control section is given by the sum of all the contributions (see the caption of Fig. 1 for the expression of the total
water discharge of the case sketched in Fig. 1 a).

At a higher hierarchical level the river basin is subdivided into several macro-areas, each one identified by a control
section. A control section can be one of the following characteristic elements: the outlet of the catchment, a stream
gauging station used for calibration, a reservoir, or a section where water is withdrawn from or restituted to the river
network (see Fig. 1c). Streamflow computed at a node is transferred to the downstream node or, in the presence of
infrastructures, it enters a local water budget equation written by taking into account the characteristics (i.e., water
diversion channel, presence of a reservoir, etc.) and constraints of the licensed uses. Water transfer is performed by
using the transfer function obtained convolving the pdfs of the sequence of channels connecting the two nodes. Notice
that this approach allows flexibility in selecting several control sections within the basin, not necessarily associated
with stream-gauging stations.

3. Modules composing the hydrological system

The hydrologic kernel is organized in 4 interconnected modules, which are described in the following and in the
Appendices A and B. In particular, Appendix A describes modules dealing with spatialization of precipitation and
air temperature measured at the meteorological stations, while Appendix B summarizes modules used for modeling
snow dynamics and evapotranspiration, which require the following parameters: the maximum air temperature 7'
for precipitation occurring as snow and the minimum air temperature T, for precipitation occurring as rainfall, the
melting rate c,,, in the degree-day snowmelt model, the field capacity . and the residual water content 6,. The latter
are needed in the threshold model for evapotranspiration described in the Appendix B.

3.1. Infiltration, runoff and sub-surface flow

The schematic of the hydrological water balance at the sub-catchment scale is depicted in Fig. 2. Effective rainfall,
i.e. rainfall plus snow melting, is separated into infiltration and rainfall excess by means of the following modification
of the Soil Conservation Service Curve Number (SCS-CN) model (U.S. Soil Conservation Service, 1964) proposed
by Michel et al. (2005):

p@) [0(0)b - S 4] [ 0Hb-S,
72—
rs(t) = S* S*

0, otherwise

] if 6(t) > 6y +1,/b 3)

where p = h.pp/At [L/T] is the effective mean rainfall intensity between t — At and ¢, r, [L/T] is the mean runoff
rate in the same time interval, 6 and 6y [L/L] are the actual and initial soil water content, respectively, b [L] is the
thickness of the upper soil layer (see the discussion below) and S, = I, + 6pb is a modified initial abstraction term.
In addition, §* = ¢, - S is the modified maximum potential infiltration, given by the product of the mean S obtained
from soil and land use analysis and the calibration parameter c¢;. According to Eq. (3) the fraction of the effective
rainfall that is transformed into runoff depends on 6, which is continuously updated through mass balance equation
(6). Michel et al. (2005) noted that the quantity S, = 6y b + I, can be interpreted as a new storage parameter of the
model which plays the role of a threshold value above which runoff is generated. In order to simplify the application
of the methodology the parameter S, is assumed to be a fraction of $*: S, = ¢, - §*, with ¢, assumed equal to 0.2,
according to the analysis conducted by USGS (U.S. Soil Conservation Service, 1964) on a large number of North
American catchments, or calibrated. In the case of spatially varying soil parameters, a modified maximum potential
infiltration for each sub-catchment is computed as S = ¢, - §;, with ¢, adjusted through calibration and assumed
constant within each macro-area.
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Figure 2: Sketch of the hydrological processes simulated by GEOTRANSF at the sub-catchment scale.

Rainfall excess ry is then routed to the river network as surface runoff, while infiltration constitutes the input term
of the first of two nonlinear buckets connected in series, which mimic soil water dynamics within the hillslopes and
sub-surface contribution to streamflow (Fig. 2).

The first bucket represents the rhizosphere, the upper layer of soil where infiltration, evapotranspiration and leak-
age to the underlying bucket are the active hydrological fluxes. The leakage flux from both buckets connected in series
is computed as follows (Rodriguez-Iturbe and Rinaldo, 1997, ch. 2.1.6):

(60 0] b 1 it 6,06
g ={ PP T (T 0 @

if Gj(t) < 00,j

where g; [L/T], is the specific flux generated by the first (j = 1) or the second (j = 2) bucket, representing the upper
and the lower soil layers, respectively. In addition, 8; [L/T] is a parameter controlling the maximum specific flux (i.e.,
the water flux per unitary contributing area) from the buckets, 6y ; [-] is a soil water threshold below which water flux
stops, b; is the soil thickness and m; [L] is a parameter controlling the rate of flow variation with soil water content.

The leakage from the second bucket is divided into two components by means of the partition coefficient c,.
The fraction (1 — ¢,) g> contributes to streamflow, while the remaining fraction ¢, g, feeds the deep underground
storage. This two-bucket soil model is applied separately to each of the sub-catchments comprising the macro-area,
with parameters that can be either constant for all the sub-catchments, or spatially variable.

Two conceptual models can be used for the baseflow. In the first conceptual model baseflow is accounted for
directly through Eq. (4), such that the fraction of the leakage from the second bucket, ¢, ¢, is lost in the deep bucket
and does not enter the river network. In the second conceptual model, deep storage is modeled as a linear bucket with
mean residence time k,; (Fig. 2).

The baseflow g, (?) is then obtained by solving the following mass balance equation:
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where v [L] is the specific storage in the macro-area deep bucket, which is related to the baseflow through the following
relationship: q,(f) = v(t)/k,s, and g, is the leakage flux from the second soil bucket. The baseflow generated by the
macro-area is directly transferred to the control section without further delay or transfer functions.

The soil water content 6;, j = 1,2 in the two nonlinear buckets is obtained by applying the following two mass
balance equations to each sub-catchment of the macro-area (see Fig. 2):

01()by =61t —At)by + /’leff([) - ql(t — AH)At — ET,.pi()At + AU, (6)

and

02() by = 02(t — At) by + q1(t — AH)At — qo(t — ADAt — AU, @)

In Egs. (6) and (7) AU, [L] and AU, [L] are the specific volumes associated to water uses within the sub-catchment,
which are positive in case of injection and negative in case of abstraction. Typical water uses that can be modeled with
this scheme are irrigation in the first layer (AU, > 0) and abstraction by water wells in the second layer (AU, < 0).
Notice that the volume of water extracted from bucket 2 can be injected as irrigation in bucket 1 of the same, or
different, sub-catchment, thereby providing a full coupling between hydrological processes and water tapped from
groundwater wells.

3.2. Routing along the river network

This module is designed for propagating (routing) downstream to the control section the water fluxes produced
by sub-catchments and computed as described in Section 3.1, taking into account also water transfers related to water
uses, as will be discussed in Section 4.

Routing is performed by using the Geomorphological Instantaneous Unit Hydrograph (GIUH) approach (Rodriguez-
Iturbe and Valdes, 1979; Rodriguez-Iturbe and Rinaldo, 1997), as follows:

0, = fo O (D) fo 1 - T)d T ®

where
Qinj = Aj [rej(t) + g2 + 4, | ©)

is the water discharge produced by the j—th sub-catchment modified by the water discharge A; qu,j’ which represents
the net effect of water uses within the sub-catchment, with the convention that withdrawal fluxes are negative, while
restitution fluxes are positive (restitution fluxes includes also those originating outside the catchment and eventually
those coming from sub-surface wells). In addition, f;; is the transfer function of the sequence of the n; stream
elements connecting the sub-catchment j to the control section:

Isj = Fiy * fi@ * [io) % oo * [is oo * [l (10)

where the symbol = indicates the convolution and fj), with k = 1, ..., nj, is the transfer function of the k—th stream
element in the ordered sequence of n; streams connected in series.

According to the GIUH theory the transfer function of the stream element coincides with the pdf of residence
time, which can be approximated by the following exponential relationship:

1 t
() = — -——, i=1,.,N 11
fi(®) KieXp[ Ki] i 1D
where K; is the mean residence time of the stream #, which is given by the ratio between the stream length L; and the
average velocity v,;. The latter is estimated by the following geomorphological relationship:
vei=c(Al) (12)
7



where AQ [L?] is the total cumulated area, defined as the sum of the contributing areas of all the sub-catchments
draining directly, or indirectly, into the stream i, and ¢ is a proportionality coefficient. This formulation, in which
the total cumulated area is a proxy of average stream velocity, is supported by several geomorphological studies,
starting from the seminal work by Leopold and Maddock (1953) and recently reviewed by Dodov and Foufoula-
Georgiou (2004a). In order to limit the number of parameters the exponent v in (12) has been fixed equal to 0.15,
which represents an intermediate value of the experimental range 0.1 — 0.3 observed in literature (see e.g., Dodov
and Foufoula-Georgiou, 2004b; Orlandini, 2002). A detailed analysis of the uncertainty associated to the estimation
of this exponent has been recently proposed by Orlandini (2002) and Orlandini et al. (2006) with reference to steep
Alpine streams, which investigation is however beyond the scope of the present work. The only unknown is thus the
proportionality coefficient ¢, which will be obtained by calibration for each macro-area of the river basin.

The convolution of n; exponential pdfs assumes the following general form (Rodriguez-Iturbe and Valdes, 1979):

Vlj l’[/’
fi= D C 0 Cp = K2 T [Kio -~ Kio]” (13)

i=1 I=1,1%i
where K ;) is the mean residence time in the i—th stream in the sequence of n; ordered streams, with the number
within brackets that identifies the stream occupying the i—th position in the sequence (notice that the same stream can
assume different positions along ordered stream sequences depending on the sub-catchment from which the sequence
originates). When all the streams share the same mean residence time K, Eq. (13) reduced to the Gamma pdf (Feller,
1971):

o 1 r G

S zr(nj)(K) ¢ (19
where n;, and 1/K are the shape and rate parameters, respectively, and I'(n;) = fom rie”" dr is the complete Gamma
function. The sequential convolution of exponential transfer functions is therefore equivalent to adopt a generalized
form of the Gamma function with the mean residence time depending of the total cuamulated area, which has been
shown a good descriptor of the recession limb of streamflow following an impulse trigger by rainfall in a wide range
of geomorphic conditions (Labat et al., 2000; Kirchner et al., 2001; Majone et al., 2004, 2010; Botter et al., 2013).
More sophisticated geomorphological relationships for the estimation of stream velocity, as well as non-linear routing
methods (e.g. Muskingum-Cunge) can be easily implemented in case of need.

4. Human system

The human system is represented as diversion channels connected to the streams either directly or by means of
reservoirs. Each diversion channel can end in another node of the river network or within sub-catchments. Water
budgets, which determine the modification of the natural hydrological fluxes due to water uses, are performed at the
nodes of the network where the human system is connected through the confluence module. This module allows also
to sum contributions from other macro-areas, aquifers, or hydraulic infrastructures, connected to the node. The water
budget is performed under physical and regulatory constraints, such as, for example, the maximum capacity of the
withdrawal channel, or the intake works, and the obligations to respect the minimum ecological flow and protocols
regulating the interactions with downstream uses.

4.1. Water use element

Water transfers within and outside the river basin are grouped into two categories: i) large water transfer systems,
including storage reservoirs if present, and ii) all the other small withdrawals (i.e., agricultural, civil, and industrial
water uses and small run-of-the-river power plants). Notice that the separation between large and small water uses is
decided by the user and this choice affects the number of nodes where water budget is performed and water discharge
is computed.

Large hydraulic systems, such as large hydropower and water transfer systems with reservoirs, are treated sepa-
rately, because the assessment of their impact on streamflow requires detailed information on both hydraulic structures



and management rules. In addition, the introduction of a reservoir and the connection points between the river net-
work and the intake/restitution channels requires the definition of new nodes in the network structure (see Fig. 1).
This procedure ensures accuracy in describing water transfers, but add complexity to the river network and there-
fore cannot be applied to small licensed uses, which are typically very large in number and distributed through the
catchment. Conversely, one of the main features of GEOTRANSF is the inclusion of these utilizations aggregated
at the sub-catchment scale, while respecting the constraints resulting from their hierarchical distribution along the
unmodeled (sub-grid) river network.

Each small licensed use is characterized by a withdrawal and a release (restitution) point with the exception
of sub-surface withdrawals and irrigation releases, which are first cumulated at the sub-catchment scale and then
introduced into the soil water budgets (6) and (7) (see Fig. 2). Point water withdrawals and releases located within
the sub-catchment, are accounted for hierarchically. The sequence in which the licensed withdrawals or restitutions
are considered can either be set during DTM pre-processing (see Sect. 5), or set manually by the user. The effect
of water diversion (restitution) at a specific location within the sub-catchment & is evaluated by assuming that the
amount of water available in the stream is a fraction of the streamflow Q;,; generated within the sub-catchment
(only the natural component is considered here) reduced (augmented) by the water discharge withdrawn (released)
upstream. Therefore, the available streamflow Qf, at a given licensed location i within the sub-catchment k, where
inflow (release) or outflow (withdrawal) occurs, can be calculated as follows:

O = @iy Qing + Oy (secondary streams)

. - (15)
sz = Qstr,k + ai,inn,k + Qi,k (main stream)

where Qg;.x is the streamflow entering the sub-catchment from outside through the mainstream, Q;ik = Zj;ll Q‘; is the
sum of the external fluxes released (positive) or withdrawn (negative), already taken into account because lower in the
hierarchy order (within the sub-catchment) and a;x = A, /A is the ratio between the contributing area A;; at the same
node and the sub-catchment area A;. An explanatory example of how this is performed is presented in Fig. 3 for the
case of four withdrawals without restitution. Notice that the term Qj, may represent water transfers between points
not necessarily located within the same sub-catchment, and that ka = 0 for headwater sub-catchments feeding
first-order (in the Strahler classification) streams. Therefore, the flux ¢’ 0 to be included into Eq. (9) is given by:
qfi’j =0 d/_’j/A j» where nd; is the number of small license locations within the sub-catchment. Moreover, all water
diversions are simulated by taking into account the constraints introduced by both MEF and the maximum water
discharge that intakes allow to be withdrawn.

4.2. Reservoir element

The effect of a reservoir is evaluated by solving the following water budget equation:

dV(h)
dt

where Q,;, is the reservoir inflow evaluated at the node of the network representing the reservoir, Q. sp is the outflow
from flood gates, O, .s is the MEF release, and Q,,(7) is the water discharge withdrawn from the reservoir through
the intake. Notice that Q, ,;; depends both on time and the water elevation % in the reservoir, since flood gates can
be operated or held fixed, depending on the operational rules and that in case of hydropower use with powerhouse at
the toe of the reservoir Q,, is aggregated to Q. u.r. In addition, V(h) is the volume stored within the reservoir when
it is at the elevation A. Furthermore, Eq. (16) assumes implicitly that losses due to evaporation from the reservoir
surface are balanced by direct precipitation and undetected sub-surface fluxes. However, more general situations with
the inclusion of these components can be easily envisioned with small modifications of the budget expressed by Eq.
(16). In the current implementation of the model, target values of Q,, are assigned either on the basis of observed
historical data or according to reservoir-specific management rules, which include priorities (e.g., MEF releases) and
limitations for flood protection. Eq. (16) is resolved with an explicit finite difference method given the water level at
the starting time of the simulation.

= Qr,in(t) - Qr,xpill(t, h) - Qr,mef(t) - Qw(t) (16)
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Figure 3: Synthetic example of the hierarchical order adopted for the simulations of 4 small licensed uses diverting water (negative flux) from a
single sub-catchment of area Ay.

5. Data requirements

GEOTRANSEF is designed to work with minimal meteorological information consisting of precipitation and tem-
perature data. However, observed streamflow data are needed when applying inverse modeling to infer model param-
eters from observational data. River network topology is extracted from a DTM and maps of soil type and land use
are consulted to assign spatially variable parameters to the SCS-CN model of infiltration.

The model is provided with a proprietary GUI named AWDT-GeometryBuilder (developed and maintained by
Smart Hydrogeological Solutions S.r.1.), designed to identify the river network and the associated sub-catchments
and compute their attributes for successive use in the modeling activities. AWDT-GeometryBuilder performs also
DTM pre-processing operations such as, depitting (by using a modified version of the Planchon-Darboux approach,
2001, for flat areas removal) and reconditioning (following a methodology similar to "AgreeDem” implemented in
HecGEOhms package developed by the U.S. Army Corps). However, other GIS environments can be adopted for
watershed analysis.

Including anthropogenic impacts in the model requires additional information on the functioning of large hydraulic
infrastructures, such as reservoirs and diversion channels, and of small withdrawals (i.e. small hydropower plants,
agricultural, civil and industrial uses, fish farming etc.) as well. As already discussed in Sect. 4.1 these two types
of water uses are considered separately mainly because typically the latter outnumbers the former, thereby calling
for a different strategy of data collection and implementation. Simulation of large hydraulic infrastructures requires
several specific data, such as elevation-volume curves of the reservoirs, their maximum and minimum regulation levels
and possibly time series of water level, inflow and outflow water discharges during an extended period of observation.
Locations and maximum withdrawal capacities of the diversion channels connected to the reservoirs are also needed in
order to properly represent water transfer within the river basin, and in some cases also transfers between conterminous
catchments. For small licensed uses, information regarding the location of withdrawal and restitution points is needed
in addition to the typology of the withdrawal and the maximum allowed water fluxes. Furthermore, in order to take
into account environmental issues related to water withdrawals, GEOTRANSF applies to each individual location the
MEEF release as imposed by the specific regulatory protocol.
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6. Inverse modeling and parameter identification

Model’s parameters can be obtained either by using a classical calibration procedure, aimed at identifying a single
optimal, in some sense, set of parameters, or within a Bayesian framework by computing the a posteriori probability
distribution of the parameters (see e.g., Vrugt et al., 2003; Liu and Gupta, 2007; Rubin et al., 2010). In the present
version of the software searching of the parameters space is performed by using the Particle Swarm Optimization
(PSO) technique (Robinson and Rahmat-Samii, 2004; Castagna and Bellin, 2009; Majone et al., 2010), with the
Nash-Sutcliffe efficiency coefficient as objective function:

0_2

NS =1- 0_—; an
o
where o2 is the variance of the observed streamflow signal and o2 is the variance of the residuals, which are defined
as the difference between observed and computed streamflow. PSO is a robust stochastic evolutionary optimization
technique based on the movement of a swarm of bees. The application of this algorithm is particularly suited to
calibration procedures in the presence of large number of parameters since it is insensitive to both initial conditions
and the shape of the efficiency function.

Inversion estimates the value of parameters that are characteristic of the area contributing to the control section
where streamflow is measured, which is the total contributing area reduced by the area contributing to the upstream
control sections where inversion is also performed (see Fig. 1c). Therefore, inversion (calibration) starts at the most
upstream control sections and proceeds hierarchically with the other nodes after removing from the contributing area
the portions of the catchment contributing to the upstream nodes. The water discharge at the upstream control sections
is transferred to the selected control section by convolution with the transfer function (10) applied to the sequence of
streams connecting the two nodes. In doing that, different sets of parameters are attributed to each portion of the
catchment contributing to the selected control sections. Water volumes transferred outside the area contributing to the
control section are included as external fluxes to other control sections. In case of poor performance (i.e., small Nash-
Sutcliffe parameter values) of the inversion, the node at which this happens can be excluded to avoid propagation of the
error downstream and the corresponding macro-area is cumulated to the closest downstream node. This is a pragmatic
choice of this version of the software. However multi-site calibration techniques may be employed as suggested by
Cao et al. (2006); Nalbantis et al. (2011); Ahmadi et al. (2014), without changing the hydrological modules.

The list of model parameters is reported in Table 1. They can be set to given values in a forward modeling
approach, or to initial values for the parameters space searching through PSO. As discussed above a set of parameters
is identified for each macro-area (i.e., control section).

7. Examples of application

GEOTRANSF has been successfully applied to evaluate the projected impact of climate change on streamflow and
water resources in the Gallego catchment, Spain (Majone et al., 2012). In the same catchment it has also been coupled
with an agro-economic model to evaluate the combined effect of climate change and economic scenarios (Graveline
et al., 2014). Furthermore, a number of studies have been conducted to assess the local impact of the water uses in the
Province of Trento, the administrative unit responsible of the management of several catchments in the southeastern
Alps.

To exemplify the application of the model and show the accuracy that can be achieved in modeling the hydrological
cycle in a case of interest for applications, we discuss here the case of the Noce catchment, a medium size Alpine
catchment with a strong elevation gradient and relevant water uses, mainly for hydropower.

7.1. Noce river basin

The Noce river is located in the Southeastern Alps, Italy, and is one of the main tributaries of the Adige River.
At the confluence with the Adige river its length is of 82 km, its total contributing area is 1,367 km? and the average
slope of the catchment is 3.04% (see Fig. 4). Headwaters in the upper part of the catchment show a typical Alpine
glacial regime. Presena and Presenella glaciers, located in the southern portion of the catchment and belonging to the
Adamello-Presanella system, one of the most important glacial systems of the southern Alps, feed the Vermigliana
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Table 1: List of model parameters.

Description Symbol Model Component
sub-surface flow variation rate (layer 1) my[L] sub-surface flow
sub-surface flow variation rate (layer 2) my[L] sub-surface flow
sub-surface flow partition coeflicient (layer 2) cp[-1] sub-surface flow
soil depth (layer 1) by[L] sub-surface flow
soil depth (layer 2) by[L] sub-surface flow
residual water content (layer 1) 6o.1[-1 sub-surface flow
residual water content (layer 2) 6o2[-1 sub-surface flow
maximum specific water flux (layer 1) BilL/T] sub-surface flow
maximum specific water flux (layer 2) B2[L/T] sub-surface flow
field capacity Or.[-] evapotranspiration
residual water content 6,[-1 evapotranspiration
multiplicative coefficient for threshold parameter triggering runoft cal—1 rainfall excess
multiplicative coefficient for maximum infiltration capacity c[—] rainfall excess
threshold air temperature below which precipitation is always solid, T,[°C] SNOwW

threshold air temperature above which melting occurs Tnl°C] SNOW

melting factor Cment|L/°C] Snow

linear bucket constant kus[T1 baseflow
parameter controlling streamflow velocity c[L703L/T] GIUH routing

creek, while the Noce Bianco receives the contribution of the Careser glacier, which is part of the Ortles-Cevedale
system and faces from North the other two glaciers. Noce di Valle del Monte joins the Noce Bianco at Cogolo and
downstream this confluence the river is named Noce. Moving further downstream it receives first the contribution of
the Vermigliana and successively, after receiving the contribution of other minor tributaries, it shifts its regime from
glacial to mixed glacial and nival. The characteristics of the streamflow and the identification of the main contributions
of the Vermigliana creek, which shows a typical glacial regime, are discussed in the work by Chiogna et al. (2014),
while stress factors for the freshwater ecosystem are discussed in Chiogna et al. (2015), to which we refer for further
details.

Table 2: Main characteristics of reservoirs and power plants within the Noce river basin.

Reservoir Careser Malga Mare Pian Palu Santa Giustina Mollaro
Hydropower Plant Malga Mare Cogolo 1 Cogolo 2 Taio Mezzocorona
Max. Storage [10%m°] 15.580 0.033 15.510 186.294 0.864
Min. Regulation Volume [10°1°] 0.333 0.000 0.244 11.140 0.000
Max. Regulation Volume [10°3] 15.580 0.033 15.510 182.810 0.864
Available Volume [10%m°] 15.247 0.033 15.266 171.670 0.864
Max. Water Flow [n2®/s] 3.000 6.400 7.600 66.000 60.000

Timber forest covers the majority of the catchment area (56.5%), followed by bare rocks (16.4%), pasture land
(15.4%) and agriculture fields (6.2%). Urban areas, distributed in small villages along the valleys bottom, occupies
2.8% of the territory, while the remaining of the area (2.7%) is occupied by water bodies and glaciers. From a
geological point of view paragneiss dominates the northern part of the catchment, which are replaced by ortogneiss,
micaschists and phyllite in the central part. Tonalite and carbonate rocks characterize the eastern and southern portions
of the catchment, where karst phenomena have been also observed. Climate is cold and wet with a mean annual
temperature of 3.9 °C and mean annual precipitation of 1170 mm/year, with significant snowfalls in winter.

Water uses within the catchment are dominated by five large hydropower plants (Majone et al., 2015): Malga
Mare, Cogolo1 and Cogolo2 in the upper catchment, operated by Dolomiti Energia Spa, and Taio and Mezzocorona,
in the middle to lower course of the river, both operated by Edison-HDE Spa. Hydropower production of these power
plants is regulated with 5 reservoirs: Pian Palu, Careser, Malga Mare, which are part of the system composed of
three power plants in the upper catchment, Santa Giustina and Mollaro, feeding the Taio and Mezzocorona power
plants, respectively, in the middle to lower catchment (see Fig. 4). These reservoirs provide a total storage capacity
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Figure 4: Map of the Noce river basin with indicated: a) the partition in macro-areas (black continuous lines) and sub-catchments (gray continuous
lines in the background), location of streamflow gauging stations, reservoirs and meteorological stations; and b) channel network connecting the
main hydropower systems in the area, i.e. hydropower with average nominal capacity larger than 3 MW, and intake works. Green bullets indicate
small licensed uses. The inset shows the geographic location of the Noce river basin within the Italian territory.

of 203 x 10° m>. The main characteristics of the reservoirs are reported in Table 2, whilst the locations of the power
plants and of the diversion channels are depicted in Fig. 4b. Reservoirs are managed according to the rules described in
specific protocols included in the Water Uses General Plan (PGUAP, 2006) of the Province of Trento (available online
at http://pguap.provincia.tn.it), which, for example, defines the MEF releases to maintain the ecological functionality
of the rivers. Rules for combined agricultural and hydropower uses are included in specific protocols and are under
discussion. Furthermore, flood risk is managed by allocating permanent extra storage capacity to the reservoirs with
the possibility of preventive releases from the main reservoirs to create additional extra free volumes for storing
incoming floods. Releases are regulated by specific protocols and are ordered by the flood control authority (flood
control bureau of the Provincia Autonoma di Trento).

The Malga Mare power plant uses the water stored in the Careser reservoir, which collects the streamflow origi-
nating from the Careser glacier and a small catchment between the tongue of the glacier and the reservoir. The power
plant is designed to use up to 3.0 m3/s. The water exploited by the Malga Mare power plant is discharged into a small
impoundment of 0.033 x 10° m? (see Table 2), bearing the same name, which receives also the contribution of the "La
Mare” glacier. Water stored in the reservoir is used in the Cogolo power plant, which receives also the contribution
arriving from the Pian Palii reservoir. The maximum water discharge from the Malga Mare reservoir is of 6.4 m*/s and
is used in a group of 2 turbines named Cogolol, while the maximum water discharge from the Pian Palui is 7.6 m®/s
distributed to another group of 2 turbines named Cogolo2. In the middle course of the river streamflow, including that
exploited by the above power plants, is stored into the reservoir of Santa Giustina, to be used in the Taio power plant.
The maximum water discharge that this power plant can use is 66 m3/s. The water discharge exploited by the Taio
power plant, together with that released from the Santa Giustina reservoir as MEF, is subsequently stored within the
Mollaro reservoir and transferred to the Mezzocorona power plant, which may use up to 60 m?*/s.

In addition to the above large hydroelectric power plants, water resources of the catchment are intensively ex-
ploited with a large number of small water uses (1974 withdrawals for a total licensed annual volume of 1.3 x 10° m?)
composed of 100 small run-of-the-river power plants (i.e., with average nominal capacity smaller than 3 MW) installed
chiefly in head waters and diffuse withdrawals for agricultural (for irrigation and fish farming), civil and industrial
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uses (see Table 3). Other activities such as sport fishing, rafting and canoeing, which are important for the touristic
sector in the upper valley, impose additional limitations (La Jeunesse et al., 2015), with the last two requiring water
levels above a given threshold in selected river reaches in late spring and summer.

7.2. Model Setup

Table 3: Total annual licensed volumes and number of withdrawals other than large hydropower (average nominal capacity larger than 3 MW),
classified according to categories.

Water use Total Annual Volume Number of licenses
[10%7°]

Agricultural 148.17 876

Civil 56.99 888
Industrial 6.43 47

Small Hydropower Plants 897.58 100

Others 18.95 63

Total 1128.15 1974

Simulations were conducted for the period 2000-2006 with a daily time step by using continuous time series
of water discharge at the gauging stations of Vermiglio, Male and Mezzolombardo (see Fig. 4a), supplemented
by the time series of inflow at 4 out of 5 reservoirs (the data of Mollaro reservoir were excluded because unreli-
able), as observational data. In addition water level data were available at the 5 reservoirs. In order to minimize
the effects of the initial conditions on the inference of the model’s parameters, the year 2000 is simulated but not
included into the objective function. The meteorological forcing is described with daily precipitation and temperature
at 28 meteorological stations provided by MeteoTrentino (http://www.meteotrentino.it) and Edmund Mach Founda-
tion (http://meteo.fmach.it/meteo/dati.php) both running an independent network of meteorological stations. Fig. 4a
shows a map with the locations of the meteorological stations.

In the present study each sub-catchment was assigned with a value of the maximum potential infiltration (S) and
the crop coefficient K., both obtained as weighted average of the values estimates at each DTM cell by using the
available infiltration capacity and soil use maps provided by the Autonomous Province of Trento (available online at
http:/pguap.provincia.tn.it).

The model contains a detailed description of reservoir and power plants functioning with an accurate identification
of the points where water is withdrawn and/or restituted to the river, as discussed in Sect. 4. The catchment is
divided into 228 channels and sub-catchments (each channel receives the contribution of a sub-catchment), with a
mean contributing area of 5.9 km?. The sub-catchments are aggregated into 36 macro-areas, according to the spatial
distribution of water withdrawals and restitution shown in Figs. 4a and 4b. The control sections adopted for the
calibration and validation procedure are located at 4 out of 5 reservoirs considered in the study (Pian Palu, Careser,
Malga Mare and Santa Giustina) and at 3 stream-gauge stations (Vermiglio, Mal¢ and Mezzolombardo, with the latter
being the outlet of the river basin). Consequently, 7 macro-areas with a different set of parameters are identified

To reduce the number of calibration parameters the following assumptions have been introduced, as suggested
by a preliminary sensitivity analysis: i) the soil depth of the first layer b, is fixed to 1000 mm, which is a reasonable
average thickness of the rhizosphere, ii) soil water thresholds 6y ; and residual water content 6, are fixed to 0.05 and 0.0,
respectively, on the basis of previous hydrological studies conducted with GEOTRANSF (Majone et al., 2012, 2015),
iii) the following assumption: 8; = 8, = B is employed, and iv) the soil parameters m; and m; satisfy the following
relationship: my = m; = by/b;. This latter assumption is equivalent to considering a constant equivalent hydraulic
conductivity for the two strata, with the parameter m being related to the equivalent saturated hydraulic conductivity
of the sub-catchment as shown in Majone et al. (2010). Furthermore, sensitivity analysis showed that including the
baseflow from the groundwater storage does not lead to a significant improvement in the model performance. This
is due to the lack of independent information on groundwater dynamics which does not allow a firm separation of
relatively fast sub-surface flow, from slow groundwater flow (Piccolroaz et al., 2015). Therefore, given the poor
identifiability of the storage parameters, the groundwater component of the water budget has been excluded. In
addition, the adopted simulation time step (i.e., 1 day) resulted larger than the residence time of water in the river
network and thus flow routing has been neglected in the streamflow generation process. These two simplifications in

14



the conceptual model are suggested by the particular case at hand and can be removed when suggested by observational

evidences.

7.3. Calibration and validation

Table 4: Estimated model parameters and NS index during calibration and validation periods for the 7 control sections within the catchment.

Parameters assigned to a constant value and not calibrated are marked with an asterisk.

Pian Palu  Careser =~ Malga Mare  Vermiglio Male Santa Giustina ~ Mezzolombardo

my [mm] 25.37 22.53 34.18 10.03 20.75 24.80 24.68
my = my * by /b - - - - - - -
¢y [-] 0.20 0.15 0.08 0.13 0.60 0.11 0.00
by [mm] 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0
by [mm] 3040.2 2281.3 1293.6 2851.2 2273.8 5933.5 9960.1
051 [-1 0.05 0.05 0.05 0.05 0.05 0.05 0.05
O, [-1 0.05 0.05 0.05 0.05 0.05 0.05 0.05
B [m?[s/km?] 1.0E2 1.1E™2 1.0E™2 1.3E72 1.1E2 1.3E74 74E3
B> =P : - - - : : -
Orc [-1 0.40 0.40 0.16 0.40 0.15 0.16 0.39
0; [-] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
cq [-] 0.10 1.00 0.36 0.12 0.11 0.10 0.10
cs [-] 5.03 1.22 2.33 4.01 2.58 5.88 2.87
T, [°C] -0.99 -1.63 -1.68 0.46 0.49 0.48 0.30
T [°C] 0.51 1.92 0.51 1.35 0.61 3.29 1.78
cy [mm/°C/d]) 2.73 2.58 3.16 2.49 1.91 6.44 3.60
kys [h] - - - - - - -
¢ (km™%3m/s) - - - - - - -

NS cal 0.87 0.80 0.82 0.83 0.95 0.88 0.94

Ns val 0.76 0.63 0.76 0.73 0.90 0.73 0.96

Table 5: Average monthly and annual observed and simulated streamflow (m3/s) for the 7 control sections within the catchment in the period

2001-2006.

Pian Palu Careser Malga Mare Vermiglio Male Santa Giustina Mezzolombardo
Obs Sim Obs Sim Obs Sim Obs Sim  Obs Sim Obs Sim Obs Sim
January 044 040 0.13 0.10 0.82 0.89 082 058 521 487 1497 16773 3588  32.66
February 038 036 0.13 0.09 101 1.14 066 041 485 490 1419 1438 3946  35.69
March 043 038 0.15 008 126 136 086 051 588 6.03 1513 1593 34.19 29.51
April 0.67 0.56 0.17 008 102 1.03 158 1.02 7.18 7.62 17.01 16.83 24.88 2041
May 313 315 066 050 191 151 6.61 595 2085 2093 4054 38.61 3686 31.83
June 524 532 220 199 378 293 782 725 2403 2487 4258 4185 4838  46.21
July 3.67 366 229 227 442 398 6.00 582 1950 2146 3370 34.09 44.15 4378
August 240 222 161 145 337 322 408 4.09 1249 1452 2198 2426 2887 2943
September 1.57 0.19 082 003 226 024 228 0.88 9.31 1.68 18.78 0.63 3272 1.15
October 123 175 035 070 142 192 185 290 846 997 1822 20.04 30.11 3095
November 099 153 021 050 128 1.70 189 274 1001 11.60 2445 2691 3798 3735
December 0.57 0.77 0.14 020 094 111 099 1.09 6.04 6.37 1521 19.76 2677  24.78
Annual 1.73 169 0.74 066 196 175 295 277 11.15 1124 2306 2250 3502 3031

Calibration was performed by maximizing independently the NS metrics computed with the streamflow data at
the 7 selected control sections during the period 1 January 2001 - 31 December 2003, with the year 2000 used as
spin-up. The following period (1 January 2004 - 31 December 2006) was used for validation. The optimal parameter
values maximizing the NS metrics were identified by exploring the space of the parameters by means of the PSO
algorithm. In this application we knew water releases and diversions from the reservoirs such that the inference of the
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operational rules was not necessary. However, when this information is not available, or it is limited to the time series
of reservoir levels, operational rules may be inferred together with the model parameters by using multi-objective
inference, but keeping in mind that this can be an error prone procedure, depending on the configuration of the system
and the amount of available data (see e.g., Traynham et al., 2011). It should be observed, however, that in the case of
the hydropower reservoirs operational rules can be inferred from available production data, with some limitations due
to the time aggregation at which they are available.

Table 4 shows the optimal set of parameter values obtained at the seven control sections used for calibration,
which resulted in NS efficiency coefficients always larger than 0.80. When applied to the 2004-2006 validation period
these sets of parameter values provided a good reproduction of the streamflows with NS values slightly smaller than
those obtained during calibration (see Table 4). Monthly and yearly average streamflow at the 7 control sections
are reported in Table 5 for the overall period 2001-2006. Relative deviations between mean annual simulated and
observed streamflows are smaller than 6.2% at 4 out of 7 control sections (i.e., Pian Palt, Vermiglio, Mal¢ and Santa
Giustina), increase slightly to ~ 10% for Careser and Malga Mare and to ~ 13.5% for Mezzolombardo, thereby
suggesting that the simulations are not affected by bias. Seasonality of streamflows, as described by the variation of
the monthly means, is in general well reproduced by the model at all the control sections with limited differences
between simulated and observed monthly means (see Table 5). Largest deviations are indeed observed at upstream
control nodes with maximum differences mostly concentrated in October to December. Fig. 5 compares measured
streamflows at the 7 control sections during the period 2000-2006 with the model simulations. The model correctly
reproduces peak flows, the timing and shape of storm events and also the recession curves in the periods between two
consecutive rainfall events. Details on time series comparisons for 2002 are shown in the inset of each panel.

Table 4 shows limited variability of the optimal parameters estimated by inverting separately the hydrological
data at the control sections, and this is an indication of robustness of the model and identifiability of the parameters,
although it is impossible to separate uncertainty from intrinsic heterogeneity of the catchment. In particular, estimated
values of m;, which embeds all non-linearities in the transformation of precipitation to water flow produced by the
soil mantle, are in the range between 20.7 mm and 34.2 mm with the only exception of Vermiglio, for which m; =
10 mm, as a consequence of a more impulsive response to the meteorological forcing. Estimated values of lower layer
soil thickness b, are also consistent since they increase moving from higher (e.g. Pian Palu, Careser, Malga Mare,
Vermiglio) to intermediate (Male and Santa Giustina) and lower (Mezzolombardo) altitudes, in agreement with the
general understanding that soil is typically thin or absent on narrow ridge crests, and accumulates in the valleys (see
e.g., Arnett, 1971; Dietrich et al., 1995). On the other hand, significant differences are observed in the values of the
partition coefficient c,, which separate the fraction of flow that reaches the stream from that feeding the underlying
aquifer. This may be indicative either of a large spatial variability of groundwater recharge or its low identifiability
with the available streamflow data, and calls for including in catchment scale modeling information about groundwater
dynamic in order to better represent this component of the hydrological cycle (Piccolroaz et al., 2015).

Since in applications it is rather common the situation in which only general rules of reservoir management are
available, we repeated the simulations by keeping fixed the hydrological parameters and considering daily values of
the outflows from the reservoirs equal to the monthly averages of the period 2000-2006. We also assumed shutoff of
all hydropower plants during the weekends, when the price of energy is typically low, except in the periods in which
the reservoir reaches the maximum operational level. Owing to their small volume, the reservoirs of Malga Mare and
Mollaro are represented by assuming that the flow diverted from the reservoir to the connected hydropower plant is
equal to the incoming flow, as suggested by Figs. 6a and 6b showing, for the period 2000-2006, the observed values of
diverted versus inflow at Malga Mare and Mollaro reservoirs, respectively. The dispersion observed in Fig. 6b is due
to the larger volume of the Mollaro reservoir with respect to Malga Mare, which permits a limited, yet appreciable,
flow regulation. In both cases an upper cutoff equal to the maximum water discharge that the hydropower system can
use is imposed.

The resulting streamflows at the gauging stations were in a good agreement with those computed by using the
measured outflows (results not shown) with the time evolution of the water volume in the three main reservoirs, Pian
Palu (Fig. 7a), Careser (Fig. 7b) and Santa Giustina) (Fig. 7c) also in good agreement with the observed values.
For the Santa Giustina reservoir we eliminated the year 2003, in which it was emptied to allow the construction of
a penstock, which diverts the constant MEF of 2.1m3/s to a small hydropower plant at the toe of the reservoir. The
introduction of the MEF modified the monthly releases, such that the simulation has been performed by using two
different monthly means for the period pre- and post- introduction of the MEF. In this example the good reproduction
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Figure 5: Observed (blue lines) and simulated (red lines) daily streamflows in the period 2000-2006 at the 7 control sections of the Noce river.
Dashed vertical lines mark the separation between spin-up, calibration and validation periods. The inset shows a snapshot on year 2002.
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Figure 6: Scatterplots of observed time series of incoming and diverted flows at the reservoirs of a) Malga Mare and b) Mollaro.
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Figure 7: Observed (red line) and simulated (blue line) daily water volumes at a) Pian Palu, b) Careser and c) Santa Giustina reservoirs during the

observation period 2000-2006. The part of the graph included between two dashed lines refers to the period in which the Santa Giustina reservoir
was emptied.

18



of streamflow was achieved because of a small variation of the operational rules during the simulation period (2000-
2006). Therefore, we do not claim that this approach can be generally applied, and serves only as an example on how
operational rules, inferred independently from the hydrological parameters, can be implemented into the model. In
fact, we believe that ancillary data whether available can allow a good identification of operational rules. For exam-
ple, in agricultural reservoirs diverted volumes can be obtained from the irrigation consortia, while for hydropower
reservoirs they can be inferred from production data.

Furthermore, Table 6 shows a comparison between observed and simulated average flows from the reservoirs to
the connected hydropower plants. With the exception of Santa Giustina before 2003, for which the computed mean
diversion flow exceeds of 7.7% the observed mean flow, the percentage differences are always small (less than 2.9 %),
thereby indicating that the averaged operational rules are able to match the observed total amount of water transferred
for hydropower production reasonably well .

7.4. Scenarios of change
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Figure 8: Color maps of the spatial distribution of the percentage relative difference between the average specific discharge u [I/s km?], of a) the
REF and the NAT scenarios and b) the OLH and the NAT scenarios. The spatial distribution of u for the NAT period is shown in the panel c).
In all cases u has been computed for each stream element as the ratio between average water discharge during the period 2001-2006 and the total
drainage area.

In order to demonstrate the ability of the model to deal with catchments experiencing significant streamflow
alterations, we propose here a comparison of 3 different scenarios, which have been developed for the Autonomous
Province of Trento within a project whose scope was to characterize the hydrological regime of the main rivers of
the province. They are: i) the REFerence state of the system (REF), which considers the actual state of the licensed
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uses in the catchment as described in Sect. 7.1; ii) a scenario in which Only the reservoirs and the associated Large
Hydropower systems are implemented (OLH); and iii) a NATural scenario (NAT) in which all the water uses and
hydraulic infrastructures are removed. In particular, the REF scenario is useful for evaluating the spatial variability
of the streamflow regime throughout the river basin and for identifying critical areas affected, on average, by low
streamflow for prolonged periods of the year. On the other hand, the comparison with OLH scenario may help to
identify situations in which hydropower introduces large streamflow alterations. In addition, the NAT scenario reflects
the natural system behavior, thus allowing quantification of the alterations to the natural flow regime caused by water
uses. Simulations have been performed with the meteorological forcing and water fluxes due to human uses of the
period 2000-2006. Finally, model parameter values were those obtained by the calibration on the period 2001-2003
as described in Sect. 7.3.

Fig. 8a shows the actual streamflow alteration computed as the relative difference between the mean specific water
discharge u [I/s km?] of REF and NAT scenarios both referred to the period 2001-2006. Fig. 8b repeats Fig. 8a but
for the OLH scenario. The specific discharge of the NAT scenario, we used as representative of an ideal condition
in which the catchment is free of any human impact, is shown in Fig. 8c. In all cases u is computed as the ratio
between mean water discharge of the period of interest and the contributing area. These figures provide a visual
perception of the streams within the catchment where the alteration of the natural regime is more severe. In the REF
period, alterations in the natural flow regime are distributed through the catchment with 88% of the total river network
length (479km) affected. The larger alterations are downstream diversions serving large hydropower plants, but those
caused by the other uses are also significant, though of smaller relative magnitude. Positive alterations, i.e. streamflow
larger than the natural regime, are observed in streams receiving a contribution from catchments not belonging to their
contributing area. With only the large hydropower uses the length of the streams affected by alterations reduces to
12% (Fig. 8b)

Table 6: Observed and simulated average annual flows diverted from the reservoirs to the connected hydropower plant.

Observed Simulated Difference
(m*/s]  [m*/s] (%]

Pian Palu 1.66 1.65 -0.6
Careser 0.71 0.71 0.0
Malga Mare 1.90 1.92 1.1
Santa Giustina before 2003  28.40 30.58 7.7
Santa Giustina after 2003 17.53 17.03 -2.9
Mollaro 23.54 22.96 2.5

These simulations were selected in order to illustrate how GEOTRANSF can be used to create scenarios and
evaluate the impact of new derivations, or to evaluate the effects on streamflow of existing uses. It can be used also to
develop scenarios combining climate, socio-economic (for what concerns the impact on water resources demand), and
land use changes. However, the same type of analysis could have been performed with reference to specific periods
in order to identify, for example, critical situations during summer or winter seasons. In addition GEOTRANSF
simulations could serve as a tool for river managers supporting the elaboration of scenarios including water uses for
which the license has been requested, for example.

8. Conclusions

We present a modeling approach coupling hydrological fluxes with water transfers due to human activities. The
tight coupling between hydrological fluxes and water transfers for human use, performed by means of hydraulic
infrastructures (channels and reservoirs), is the main novelty of the proposed modeling framework. Irrigation water is
taken into account as withdrawal from the stream and applied as recharge to the upper soil bucket of the sub-catchment
containing the irrigated area. In case of irrigation water tapped from groundwater, the withdrawal is from the second
bucket representing groundwater storage. Reservoirs are included by applying a specific water balance equation with
inflow computed by the model considering all the hydrological processes and human interactions occurring upstream.
The outflow is divided into two components: the withdrawal for water use and the release downstream, which is
given by the sum of the MEF and the spill during flood events. Both outflows depend in a nonlinear manner on
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management rules, water elevation in the reservoir (according to the area-capacity curve) and characteristics of the
spillways. Given the importance of reservoirs in the management of water resources the model fully exploits this
nonlinear relationship and the associated feedbacks avoiding the introduction of simplifications that decouple the two
systems, but that may introduce significant errors in modeling their interplay. Hydrological processes are modeled by
subdividing the catchment into a given number of sub-catchments connected to the control sections by a network of
streams. Each stream receives the contribution from a sub-catchment. This structure allows a better management of
the diffuse utilizations than modeling frameworks based on the HRU concept. Small withdrawals from the streams
not explicitly modeled (each sub-catchment is composed of hillslopes connected to a sub-network but it is represented
as a single element connected to a node of the resolved network) are accounted for in an exact manner evaluating
their impact in term of streamflow alteration at the exit of the sub-catchment where it connects to the resolved part
of the river network. This is another relevant peculiarity of GEOTRANSEF that to our best knowledge is not included
in existing modeling approaches. Groundwater withdrawals are grouped at the sub-catchment level with a spatial
resolution that can be controlled through the density of the resolved river network. In large basins river network
density can vary according to specific needs, for example to better represent complex topography or zones with a
large number of groundwater wells and other small withdrawals.

An application showed the flexibility and the accuracy of the model in modeling hydrology in human-modified
catchments, while reproducing with accuracy the feedbacks between the hydrological and human systems. GEO-
TRANSEF is also structured in such a way to facilitate the development of scenarios concerning water resources
exploitation and in reconstructing streamflow characteristics in the hypothetical case of absence of water uses. This
last example can be particularly useful to separate in time series the effect of water uses from that of climate change.
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Appendix A. Interpolation of meteorological forcing

The spatial distribution of precipitation is obtained by interpolation of the measurements at the available rain
gauges by means of either Ordinary Kriging (OK) or Kriging with External Drift (KED) (see e.g., Goovaerts, 1997).
The precipitation is interpolated separately at each time step by using the same semivariogram, which should be
provided externally. The precipitation is assumed uniformly distributed within the sub-catchments and equal to the
value the interpolation provides at the barycenter of the sub-catchment, under the assumption that the correlation
length of the precipitation is much larger than the characteristic size of the sub-catchments (Rinaldo et al., 2006). This
is a condition not difficult to achieve given that the characteristic size of the sub-catchments can be controlled with
the threshold 7. used for the network extraction, as discussed in Section 2.

Temperature at each time step is computed by linear regression to the values measured at the meteorological
stations equipped with temperature sensors with elevation as independent variable. In agreement with the procedure
used for the precipitation the temperature assigned to the sub-catchment is computed at its mean elevation.

Appendix B. Snow and Evapotranspiration

Snow accumulation and melting is simulated by using the degree-day model. This model was chosen because at
daily time scale, and with air temperature and precipitation as the only input variables, it has been shown to provide
results in agreement with more complex models based on energy budget (see e.g., Rango and Martinec, 1995; Beven,
2001; Hock, 2003; Majone et al., 2010). The snow module of GEOTRANSF simulates snow accumulation and
melting as a function of air temperature T, and the following three rules:
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hy(1) = hy(t = A + h, (1)
T,(t) < Ty { heff(t) =0 g
hn(t) =cpy [To(®) = Tyl
Ty(t) 2 Ty, hy(t) = hy(t — A1) — hg(2) (B.1)

heff(t) = hp(t) + hn(0)

hy(t) = hy(r—Ap

Ty < Tyo(t) < Tym { herp(t) = hp(D)

where (1) [L] is the snow water equivalent accumulated at the ground at time ¢, /,,(¢) [L] is the amount of precipitation
in the time interval (t — At, 1], h.r(f) [L] is the effective precipitation (sum of rainfall and snowmelt) in the same time
interval, T and T, are two threshold temperatures indicating the maximum temperature for precipitation occurring
as snow and the minimum temperature for precipitation occurring as rainfall, respectively. In addition, A, () is the
amount of melted water in the time interval (—A¢, ¢] and ¢,, [L/°C] is the melting rate. Notice that when Ty < T, < T,
precipitation occurs as rainfall, but the energy it adds to the snowpack is not enough to trigger snowmelt.

The daily potential evapotranspiration, ET,, is computed by multiplying the reference evapotranspiration ET by
a crop coeflicient K, which accounts for land use (Allen et al., 1998):

ET, =K, - ET, (B.2)

where ET (expressed in mm/day) is computed by using the expression proposed by Hargreaves and Samani (1982):

ET, = 0.408[0.0023R (T omean + 17-8) \Tomax — Tomin] (B.3)

In Eq. (B.3) Thean> Timax and T, are the mean, maximum and minimum daily temperatures, respectively, and R, is
the daily extraterrestrial radiation, which can be computed by using the equations proposed by Duffie and Beckman
(1980).

Real evapotranspiration is at its potential limit when soil water content 6 is larger than the field capacity 6., and
it reduces for 6 < 6. as an effect of the plant reaction to water stress. To take into account this behavior the following
phenomenological relationship is used (see e.g. Rodriguez-Iturbe and Porporato, 2004, ch. 2.1.5):

(‘9 B 9,)
ﬁETﬁ for 6. <6< efc
ETg =] =% (B.4)
ET), for 6> O

which assumes that the real evapotranspiration is zero below the residual water content 6,, when the stomata are
assumed to be close, and then it increases linearly to reach the maximum value ET), for § = 6y.. Further increase of
soil water content does not change ETgey;.
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