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Abstract. We investigate future (2045-2054) hydrological itation patterns therein. The LOC scenario instead displays
cycle of the snow fed Oglio~¢1800kn?) Alpine water-  unchanged precipitation. The ensemble simulations indi-
shed in Northern Italy. A Stochastic Space Random Cas<cate that several projected flow variables under the consid-
cade (SSRC) approach is used to downscale future precipiered scenarios are significantly different from their control
tation from three general circulation models, GCMs (PCM, run counterparts, and also that snow cover seems to signifi-
CCSM3, and HadCM3) available within the IPCC’s data cantly decrease in duration and depth. The proposed hydro-
base and chosen for this purpose based upon previous stutbgical scenarios eventually provide a what-if analysis, giv-
ies. We then downscale temperature output from the GCMsng a broad view of the possible expected impacts of climate
to obtain temperature fields for the area. We also consider @hange within the Italian Alps, necessary to trigger the dis-
projected scenario based upon trends locally observed in foreussion about future adaptation strategies.

mer studies, LOC scenario. Then, we feed the downscaled
fields to a minimal hydrological model to build future hydro-
logical scenarios. We provide projected flow duration curves,
and selected flow descriptors, giving indication of expected

modified (against control run for 1990-1999) regime of low G|obal warming is tremendously impacting the climate of
flows and droughts and flood hazard, and thus evaluate modnountain areas in temperate regions and the water resource
ified peak floods regime through indexed flood. We thengjstribution therein (see e.g. Barnett et al., 2005; Solomon et
assess the degree of uncertainty, or spread, of the projecteg]. 2007; Bates et al., 2008). Hydrologists are therefore re-
water resources scenarios by feeding the hydrological modeyyired to make accurate predictions of the impacts of climate
with ensembles projections consistent with our deterministicchange on the intensity, amount, and variability of precip-
(GCMs +LOC) scenarios, and we evaluate the significancetation and temperatures and their fallout upon streamflow
of the projected flow variables against those observed in thgegime (Kang and Rairez, 2007), including the impact of
control run. The climate scenarios from the adopted GCMsmodified seasonal snow cover upon the Alpine environment
differ greatly from one another with respect to projected pre-(Barnett et al., 2005). Snow cover extent, duration and dy-
cipitation amount and temperature regimes, and so do th@amics influence freshwater availability during spring and
projected hydrological scenarios. A relatively good agree-symmer and regulates hydrological cycle of Alpine basins
ment is found upon prospective shrinkage and shorter dura¢e g. Coughlan and Running, 1997; Beniston et al., 2003)
tion of the seasonal snow cover due to increased temperagnd future snow cover dynamics is of tremendous interest
ture patterns, and upon prospective increase of hydrologicahenceforth.
losses, i.e. evapotranspiration, for the same reason. However, Expected hydrological changes within Alpine catchments
precipitation patterns are less consistent, because HadCMgclude decreased average in channel discharge, as well as
and PCM models project noticeably increased precipitationmodified incidence of extreme events, either low flows (hy-
for 2045-2054, whereas CCSM3 provides decreased precipyrological droughts) or flood flows (e.g. Bavay and Lehning,
2009; Feyen and Dunkers, 2009).

To project the hydrological impact of climate change
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Gangopadhyay and Clark, 2005; Kang and Ramirez, 2007 CCSM3) chosen on the basis of previous studies (Groppelli
to provide the climatic input for medium to long term im- and Pengo, 2005). We focus on the decade 2045-2054, to
pact analysis on water resources (see e.g. Bultot et al., 1992rovide hydrological scenarios for a period centred around
Beniston, 2003; Hagg and Braun, 2005; Hagg et al., 2007)year 2050, as required by the CARIPANDA project. For
and on hydrological extremes (see e.g. Burlando and Rossagference, we also produce a climate scenario based upon
2002b; Boroneant et al., 2006). General Circulation Modelsthe locally observed trends of temperature and precipitation
(hereon, GCMs) and Limited Area Models (hereon, LAMs) we highlighted in a previous study (Bocchiola and Diolaiuti,
are physically based tools presently used in predicting cli-2010).
mate change effects (see e.g. Bardossy, 1997; Bates et al., This locally data driven scenario, called LOC, is used as a
1998). benchmark for those provided by the chosen GCM models,
GCMs deliver meteorological variables in a fine time res- carrying information about global climate.
olution (30 min to a few hours) but in a usually very coarse We then set up a minimal, altitude belts based model,
spatial grid (250-500 km), while in LAMs a finer computa- which uses input of precipitation and temperature to drive
tional grid over a limited domain is nested within the coarsethe hydrological cycle of the watershed, including snow-
grid of a GCM. Although GCMs and LAMs perform rea- cover dynamics, hydrological losses through evapotranspira-
sonably well in simulating synoptic atmospheric fields, they tion, groundwater storage and flow, overland flow, and sim-
usually poorly reproduce the statistics of historical records afplified flow routing. The lack of comprehensive information
the spatial scales of interest in impact analyses (see e.g. Gagoncerning other main hydrologically meaningful variables
gopadhyay and Clark, 2005), and a proper tailoring is there{e.g. solar radiation, wind speed, air moisture) makes use of
fore required for local use before any accurate guess abouhore complex models infeasible. The proposed model is pre-
hydrologic cycle can be ventured (see e.g. Lammering andiminarily tuned to properly mimic hydrological cycle of the
Dwyer, 2000; Burlando and Rosso, 1991, 2002a). Oglio watershed for the control period CO, 1990-1999, and
Downscaling of GCM-based precipitation data is a key then used for the purpose of hydrological projections.
aspect in climatologically- driven hydrological simulation,  The precipitation and temperature fields from the four
because the description of hydrological fluxes at the dailyavailable climate scenarios (three GCMs plus LOC) are then
scale requires precipitation downscaling at fine resolutionysed to feed a minimal hydrological model, to develop corre-
(see e.g. Lammering and Dwyer, 2000; Ranzi et al., 1999sponding hydrological scenarios. We then discuss the modi-
Corbari et al., 2009) and the controlling effect of topography fied hydrological cycle as obtained from the proposed sce-
can be taken into account (Bavay et al., 2009). narios, including modified seasonality of snow cover, low
A class of methods that is often adopted is statisticalflows amount, and duration and floods, as portrayed using
downscaling via Stochastic Space Random Cascade agstandard flow descriptors highlighted within the available lit-
proach, henceforth termed SSRC (Tessier et al., 1993; Ovesrature (e.g. Clausen and Biggs, 2000; Smakhtin, 2001).
and Gupta, 1994, 1996; Menabde and Sivapalan, 2000; e draw some preliminary conclusions concerning the ex-
Veneziano and Langousis, 2005; Veneziano et al., 2006)pected impact of climate change upon water availability in

already used for downscaling of precipitation from GCMS |talian Alpine watersheds, and we briefly comment about the
for climate change projections (Kang and Reem, 2007)  possible adaptation strategies therein.

as well as for improvement of water balance estimation (see
e.g. Lammering and Dwyer, 2000).

In this paper we develop projections of future hydrological 2  Case study area
regime within the mesoscale-1800 kn?) Oglio river basin
in the Retiche Italian Alps. 2.1 Oglio watershed

This study is carried out under the umbrella of t&RI-
PANDA project, funded by the Cariplo Foundation of Italy, The study area (Fig. 1) covers the mountainous part of the
and aiming to evaluate scenarios for water resources in théombardia region in the central Alpine and Pre-Alpine area.
Adamello Natural Park of Italy, laid within the Oglio river This includes the upper Oglio snow fed watershed, of about
watershed, in a window of 50yr or so. The Park also in- 1800 kn? in area. The Oglio river basin is the major tributary
cludes the Adamello Group, made of several glacierized arto Lake Iseo and its emissary, the lower Oglio, is a left-hand
eas (ca. 10 kfcontributing to the Oglio watershed), nesting tributary of the Po river. Elevation ranges from 185m a.s.l.
the widest Italian Glacier, named Adamello, spreading overat Sarnico to 3.538 m a.s.l. of the Adamello peak. The Oglio
an area of about 18 kh(see e.g. Maragno et al., 2009; Boc- river valley displays alpine climate, with very cold winter
chiola and Diolaiuti, 2010; Ranzi et al., 2010). and moderate summer temperatures, considerable solar ra-

We use an already developed (Groppelli et al., 2010) andliation, and high frequency of clear sky conditions, espe-
well assessed SSRC downscaling approack 2xnv) to cially during winter. Average annual precipitation in the Park
downscale the climate projections (storyline A2) from three area is about 1300 mm. Snowfall is frequent from Octo-
GCMs made available by the IPCC panel (HadCM3, PCM, ber to May, and the snow cover generally persists until July
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at the highest altitudes. The precipitation regime according Further data used for hydrological purposes are the DTM

to the Kbppen-Geiger climate classification (e.g. Peel et al.,of the Oglio river, provided by the Lombardia Region (20 m

2007) belongs to the temperate/cool continental class, featurcell size), and geological and land use maps taken from

ing seasonal continuous snow cover above 1000 m a.s.l. or SGORINE Land cover deemed necessary to provide estima-

(e.g. Bocchiola and Rosso, 2007; Bocchiola, 2010; Bocchi-tion of the maximum soil storage potentigl;, according to

ola and Groppelli, 2010), with a maximum of precipitation the SCS-CN method.

during the end of the summer and fall and a minimum during

the winter. Runoff is mainly influenced therein by snow melt 3.2 Scenario GCMs data, IPCC A2

in Spring and by rainfall in early fall. Several recent studies

indicate consistent evidence of climate warming within this The Special Report on Emission Scenarios — SRES by the In-

area and the Northern Italian Alps, therein effecting availabletergovernmental Panel on Climate Change (Nakicenovic and

snow covered area and snow water equivalent (hereon, SWEywart, 2000) — described four possible future storylines (A1,

at thaw, and leading to glaciers’ downwasting (e.g. CitterioA2, B1, B2). Each one describes the effect of different poten-

et al., 2007; Maragno et al., 2009; Bocchiola and Diolaiuti, tial causes of greenhouse gas (GHG) emissions and their pos-

2010) and in turn a modified hydrological cycle (e.g. Baron- sible future dynamics. Four different scenarios were defined

tini et al., 2009). based on the storylines, considering possible demographic,
social, and economical evolution trends and technological
developments as causes for future GHG emissions. Each

3 Database SRES scenario family assumes one out of the four possible
storylines and “do not include additional climate initiatives,
3.1 Historical data base which means that no scenarios are included that explicitly

assume implementation of the United Nations Framework
We use here a historical data base of meteorological variable€onvention on Climate Change or emission targets defined
(daily temperature and precipitation) obtained by mergingby the Kyoto Protocol” (Houghton et al., IPCC 2001), which
different data bases from the Regional Environmental Protecentered into force only upon 16 February 2005. We choose
tion Authority (ARPA) of Lombardia Region, the Consorzio to use temperature and precipitation data generated via the
dell’Oglio Authority, the annals of the Italian Hydrographic IPCC SRES A2 Scenario, covering the 50yr period 2010-
Service (SIMN), the regional agricultural development au-2060, so described by Beniston (200472 scenarios as-
thority (ERSAL), and the ENEL hydropower company of sume little change in economic behaviour. In addition, rising
Italy, which participated within the CARIPANDA project as population levels and relatively little international collabo-
a stakeholder. We used data from 20 most complete rairation on resource and environmental protection exacerbate
gages and 20 most complete thermometers within the Oglidhe problem of emissions; the A2 are sometimes referred to
watershed (Fig. 1). The main features of the measuring staas “Business-as-usual”, a phrase that was coined for one of
tions are reported in Table 1. In this watershed, there are néhe previous sets of IPCC scenarios”.
stations of either wind speed, solar radiation, or moisture that We considered the time window 2045—-2054 to analyze fu-
we know of with a considerable data base, so we could noture climate and environmental conditions centred around
use these variables in building our hydrological model. The2050, i.e. to test effects of potential climate change at the
outflows of Oglio river from Lake Iseo are regulated by a middle of the present century, consistently with the purposes
dam placed at the lake outlet in Sarnico (Fig. 1), built during of the CARIPANDA project.
1931-1933. Pool level of the lake vary slightly with respect
to reference level of 185.15m a.s.l. Pool level operation is3.3 GCMs and local scenario
carried out daily by the Oglio river regulation authority (Con-
sorzio dell’Oglio), in order to satisfy downstream irrigation Within GCM models the earth-atmosphere system is dis-
demand, and to provide flood regulation. During the build- cretized using a homogenous structure of three-dimensional
ing of the Sarnico dam the modified flow discharge due tocells, with different size in the horizontal and vertical di-
flow regulation was assessed, and a stage-discharge relatiorection. The size of these volumes of integration (boxes)
ship was then developed that provides the (estimated) nathanges from model to model. Several processes occurring
ural outlet discharges from the lake (Consorzio dell'Oglio, at a resolution smaller than that of the grid’s (subgrid pro-
2009). The historical series of these data began in 1933 andesses) cannot be represented explicitly.
was made available by the Consorzio dell’Oglio authority. Typically, GCMs provide a bad representation of the sub-
This series is used here to calibrate the hydrological modelgrid processes leading to precipitation, especially when to-
which we subsequently use for projection of future hydrolog- pographically controlled, because its characteristic scales are
ical regime. The average daily flow discharge estimated forsmaller than grid size. Therefore, downscaling is necessary.
the period 1933-2007 i94,=56.8 P s~1. For the control  Still, GCMs carry considerable information concerning large
period 1990-1999 we foun@,,=53.9n?s L. scale forcings to local climate, so their use is appropriate for
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Fig. 1. The study area: Oglio river basin in the Italian Alps. Red dots are rain gage network. Blue dots are available thermometers.

projections of climate change impact. For the present studthe CCSM3 is the one with the finer resolution, both in hor-
we use the output from three GCMs. izontal and in vertical direction. In Fig. 2, the grids of the
Namely, we use the Parallel Climate Model (PCM) and three models used on the interested area of Italy North are
Community Climate System Model (CCSM3) produced shown.
from the National Center for Atmospheric Research di Boul- To compare the outputs of the GCMs, which provide infor-
der, in Colorado, together with the Hadley Centre Coupledmation about the global scale climate trends, against histor-
Model (HadCM3), produced from the Hadley Centre for Cli- ical trends actually observed at the local scale (1990-1999),
mate Prediction and Research. we developed a climate projection based upon the findings
We chose the HadCM3 model because within the internaffom a recent study carried out within the Oglio catchment
tional literature it is proposed as a reference one (e.g. Fagaréa (Bocchiola and Diolaiuti, 2010). Particularly, we ap-
gian and Giorgi, 2009), while the PCM model was demon-Plied a trend of daily temperature as observed within that
strated to be accurate enough in terms of estimated precipStudy, where the yearly averaged least daily temperature,
tation upon the area of the Po river, where the Oglio river is 7min,av Was observ_ed to increase _W'th a significantly pos-
laid (e.g. Groppelli et al., 2010). On the other hand, modelitive rate (substantially constant with altitude and of about
CCSM3 represents possibly one of the most recent evolu+0-043 Cy * on average). In that study we did not find any

tions of the available climatic models, as confirmed by theSignificant change of precipitation, therefore yearly precipi-
remarkably reduced three-dimensional grid. tation has been maintained constant. This scenario is called

This model is therefore examined here to evaluate the-OC:
changes in projected hydrology when a GCM with consider-
able resolution is adopted. We used the latest releases of thf Methods
GCMs outputs made available from the IPCC that we know
of. 4.1 Downscaling approach

In Table 2 the main features of the three chosen models are
given. The column “grid size” specifies the size of the cells We produced precipitation scenarios using a downscaling
expressed in degrees of longitude and latitude, while in themethod based upon the theory of stochastic space random
next column the number of columns and lines that composecascade, SSRC (Groppelli et al., 2010). The SSRC is
the full calculation grid is reported. The number of layers in- tuned using ten years of daily precipitation data (1990-1999)
dicates how many levels are used for discretization of the atupon the Oglio catchment. Calibration of the model is car-
mosphere in the vertical direction. As previously mentioned,ried out using the approach of Scale Recursive Estimation
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Table 1. Measuring stations and measured variables during 1990—

1999.C is completeness index (i.e. number of available daily mea-
Legend ¥ surements out of the total number of days in the measuring period).
Ceen \\Aﬁg
g:‘c‘:: ! Station Altitude [ma.s.l] Variable  C[]
Aprica 1181 Temp, Rain  0.16, 1
Aprica Magnolta 1950 Temp 0.69
' Aprica Paese 1175 Temp 0.46
i Bessimo 215 Temp, Rain  0.49, 0.80
| Bienno 500 Rain 0.8
| Borno Trobiolo 400 Rain 0.7
gj Cedegolo 400 Rain 1
23 - Cevo Co 1061 Rain 0.9
i ) / Colere Monte Polzone 1570 Temp 0.29
Costa Volpino 248 Rain 0.7
/ Diga Di Venerocolo 2520 Temp, Rain  0.35,1
| Edolo 699 Temp 0.63,0.70
Edolo 690 Temp, Rain 0.64,1
Esine 700 Temp 0.24
Fraine 850 Rain 0.7
Laghetto D'Avio Diga 1868 Rain 1
Lago Baitone 2258 Rain 1
Lago Benedetto 1905 Rain 1
Lago D'arno 1820 Temp, Rain  0.61,1
Lago D'arno 1830 Temp 0.31
Lago D’avio 1902 Temp, Rain  0.69, 1
Lago Salarno 2038 Temp, Rain  0.52,1
Montecampione 1765 Temp 0.35
Pantano D’avio 2105 Temp 0.34
Pantano D’avio 2325 Temp, Rain  0.61,1
0 25 50 Passo Del Tonale 2100 Rain 0.5
e Passo Tonale 1777 Temp 0.5
Ponte Di Legno 1600 Temp 0.31
Schilpario 1150 Temp 0.02
Sonico 1777 Rain 1
Fig. 2. Grids of the chosen GCM models upon the Oglio watershed. ~ Vezza D'oglio 1070 Temp 05
Vezza D'oglio 1090 Rain 0.7

(SRE) coupled with maximum likelihood estimation, by the
Expectation Maximization algorithm, EM (see e.g. Gupta et

al., 2006). where Bgao, po, ando? ; are the model parameters to be
The downscaling approach using SSRC entails two mairestimated from dataBgao is a constant term, forcing the
steps, namely (i) correction of daily bias Bia®, and (i)  average daily value aRgao to equate its sample value, be-
spatial disaggregation of precipitation. cause of the GCM underestimation of precipitation during
The first step is specific for each GCM and it is necessarywet spells. The ternBg is a 8 model generator (see Over
to make average daily precipitation upon the catchment (asind Gupta, 1994). It gives the probability that the rain rate
provided by the GCM itself) consistent with those observed R0 for a given day is non zero, conditioned upBacm
in the area. First, we calculated the area averaged precipitéseing positive, and it is modelled here by a binomial distri-
tion upon the catchmemgao for the control period. Then,  bution. The termWy is a “strictly positive” generator. It is
we corrected the area average rainfalcm from the GCM  ysed to add a proper amount of variability to precipitation
by a random multiplicative process, Bigs explicitly con-  during spells labelled as wet. Model estimation of Bigs
sidering intermittence (i.e. dry spells): is extensively explained elsewhere (Groppelli et al., 2010)
and the reader is addressed therein. The spatial downscaling
approach (e.g. Bocchiola, 2007) is instead specific for the
catchment and does not depend upon GCM, because it de-
picts the spatial variability of precipitation within the catch-
ment area.

Biassao = Reao/Recm = BeaoBoWo
P(Bo=0)=1-po
P(Bo=py™)=po

E[Bo] = p0_1p0+0 (1-po)=1 1) Spatial rainfall distributiqn is modelled as a branghing tree
(wo—02,/2) structure (see e.g. Bocchiola, 2007). Each layer in the tree

Wo=e ve represents a lattice, where the size of the cells (or nodes)

EWol=1 is coincident with the resolution (or scale) associated to the
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Table 2. Description of GCM models.

Model Research Centre Nation Gridsiz¢[ n°cells[.] rf layers[.]
HadCM3 Hadley Center for Climate Prediction and Research U.K. ° 2%75 96x 73 19
PCM National Center for Atmospheric Research USA °X@.&8 128x 64 18
CCSM3 National Center for Atmospheric Research USA °k4.F 256x 128 26

samples of the rainfall field obtained with some measurementr; against altitude. Then we calculated the mean (1990—
device(s), or otherwise estimated. The node at the coarst999) monthly temperaturBscm,; and we evaluatedcem,i
est resolution is called “root” node, while the nodes at theat whichTgcwm; IS representative.
finest resolution are called “leaves”. Namggl, the average
rainfall rate at the synoptic scale, the dimensionless rainfallfeem.i = Toi —AGem.i IT.i » ®)
raite n iany (_:ell, indexed by, at a generic scala, namely with T ;, altitude at zero m asl, ang ; lapse rateqC km!
Xs=R;/Rols in absolute value), as estimated from data. In the reasonable
P hypothesis thafgcm,; remains unchanged in the future, we
va - XOHY;- 2) use its value as a reference for future projections. We then
j=1 calculate the temperature at different altitudes (i.e. belts) in
the whole watershed for a given datén monthi in a given
WeightsY, (Over e Gupta, 1996) are described as follows: altitude beltj by use of daily GCM temperatuf&scwm ¢ and
) , of lapse rater;, as
E[Y!]=1LVarY!]=0? ®3)
Tja=Tecma— (Aj —Acem,i) 11, (6)
Rainfall processes display spatial intermittence, this meanin ) ) ) ,
that the process has a finite probability mass at zero. Baseggurmg ablation season (|.e._ after 15 April on averag_e) we
upon Over and Gupta (1996), we modelled the cascade gery_se a degree day model, with melt factor evaluated in pre-

erator here as the product of two independent generators, aylous studies (Bocchiola et al., 2010). Good suitedness of
the method to represent seasonal snow cover was tested us-

Yi—Biwi &) ing SWE data from snow stations within the area with good
g results (Groppelli et al., 2010).

where W, is a “strictly positive” generator, modelling the ~ FOr the hydrological model set up here, which uses a
rainfall process for the rainy areas, aBdis a8 model gen- semidistributed approach W|t_h altitude belts, the outputs from
erator, i.e. the probability that rain rate in a cell at scale the SSRC model, together with temperature and snowfall, are
is non null, conditioned on its parent being positive, defined@veraged upon the altitude belts.

as in Eqg. (1) above. The details of SSRC are also reported

elsewhere (Bocchiola,_2007_; Groppelli_et al., 2010) and are; Hydrological model

not reported here. We investigated scaling of the seasonal cu-

mulated precipitation against altitude for all the investigateds 1 |ntroduction

rain gauges here (reported in Groppelli et al., 2010), but we

found no significant dependence against altitude in any seaWe introduce and set up here a model able to describe the
son. Therefore, precipitation is held constant with respecthydrological dynamics of the Oglio river. We use a semidis-
to altitude (see e.g. Badas et al., 2006 for an approach ttributed altitude belts-based model, able to mimic deposi-
modelling of spatially varying precipitation within random tion and ablation of snow cover, evapotranspiration losses,
cascades). We convert total precipitation into snow by userecharge of the groundwater reservoir, and formation of in
of a ground temperaturg. To do so, we need an estimated channel discharge. We preliminarily included within the
temperature at each altitude (i.e. belt) of our watershed. Wemodel the amount of water coming from glacial ablation
use the GCMs daily temperatufi@cy, in back cast mode from the Adamello Group’s glaciers (approximately 10%m
against the observed temperatures in our stations (Fig. 1)ontributing to the Oglio catchments). However, this con-
to evaluate a reference altitudiasc. This is the altitude  tribution is modest (less than 1% in average, with summer
where the temperaturéscy is observed, i.e. the average peaks around 3-4%). Therefore, this contribution will not
altitude level at which the GCM temperature data are rep-be considered henceforth.

resentative. For each monttof the year, we evaluated the ~ We used here a simplified version of the Distributed Hy-
mean (i.e. upon the period 1990-1999) temperature lapse ratdrological Model, DHM (Wigmosta et al., 1994; Chen et al.,
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2005). This entails the fundamental components of the hy- ¢ - 0
drological budget. Two mechanisms of flow formation are
considered: superficial and groundwater (lumping here root- 501 [ 0
ing zone and subsurface flows, see Wigmosta et al., 1994)
The model is based on mass conservation equation, and cor
siders in particular the variation of the water content within
the ground [mm] in two consecutive time stepst{ At), as

fv [%), Smax [mm]

'S
o
=]
s
Q
=]

ARt
HArea

1 r 150
= SMax

W
=}
=}

r 200

N
=}
=}

STTA = §' 4 R+ M+ M; —ET— Q,, 0

r 250

o
=]

wheres is the water content of the grouna,the liquid rain,
Mg snowmelt,M; the glacial ablation (not considered here
as explained), ET the actual evapotranspiration, @adhe Bett (]

groundwater discharge. Snowmat is estimated according

to a degree day method Fig. 3. Main features of the selected altitude belts.

M;= Dp(T -T), (8)

Alt [m asl x 10' ], Area [kn?]

+ 300

o
L

with 7 daily mean temperature,Dp melt factor Groundwater discharge is here simply expressed as a func-
Dp=2.31mnPC-1d%, and 7, threshold temperature tion of soil hydraulic conductivity and water content (see

7,=0°C (Bocchiola et al., 2010). The overland flog,  ©-9- Chenetal., 2005)
occurs for saturated soil

s \K
0=k (5] 14)
Sm
Os= SIHAT SMax if SITAL S SMax 9) aX
0,=0 if STTA < Sy with K saturated permeability aridpower exponent. Equa-

tions (7—14) are solved using ten elevation belts, with ho-
with Smax greatest potential soil storage [mm]. Potential mogenous distribution, inside the basin. The flow discharges
evapotranspiration is calculated using Hargreaves equatiorfrom the belts are routed to the outlet section through a
only requiring temperature data (see e.g. Shuttleworth, 19923emidistributed flow routing algorithm. This algorithm is

based upon the conceptual model of the instantaneous unit
ETP=0.0023Soy' DT,y (T +17.8), (10) hydrograph, IUH (e.g. Rosso, 1984). For calculation of the
in mmd-2, whereSo [mmd~1] is the evaporating power of In stream discharge we hypothesize two (pe_lrallel_) systems
solar radiation, and®T,, [°C] is the thermometric monthly (groundwate_r, overland) of linear reservoirs (in series), each
mean excursion. Once potential evapotranspiration is knownOn€ With a given number of reservoins,(andx,). Each of
actual evapotranspiration ET can be calculated. ET is mad§UCh reservoirs possesses a time constantkd,ek;). We
of effective evaporation from the grourigl and of effective assumed_that fpr every belt the lag time grows_proportlonally
transpiration from the vegetatidf, both functions of ETP 10 th_e altl_tude jump to the outlet section, until the greatest
via two coefficientsy and 8, depending on the state of soil 120 time (i-€.7iag ¢ = ¢k, for the groundwater system and
moisture (water contend, given by S/Suax) and from the  Tiag.s = nsks for the overland system). So doing, each belt
fraction of vegetated soilf,) upon the surface of the basin Possesses differentlag times (and the farther belts the greater

(see e.g. Brutsaert, 2005; Chen et al., 2005) lag times). In Fig. 3 we report altitude belt distribution (mean
belt altitude, area) and vegetation coygr

Es = a(@) ETPA — f) (11) 5.2 Model calibration

Ts = B(O) ETPf,, , , ) ) )
$=F0O) U Since the Oglio catchment is subjected to considerable regu-
with lation, a validation study of daily discharges from the model

should be undertaken with care. Notice that the model devel-

a(6) = 0.08 +9.17%° —9.81%° (12) oped here is not aimed to forecast the “natural” discharges

B(O) = 0 = 0w if 0> 0, within the river, which are not known in practice. The model
O — Oy must in fact be used like a tool to describe the likely dynam-

BO)=0 if 6 <0, ics of river flows under “natural” conditions, i.e. in response

to present climate conditions, to be used as a benchmark for
comparison of future hydrological conditions. Therefore, we
carry out calibration of the model in order to allow a reason-
ET= Es 4+ Ts. (13) ably depiction of flow volumes. In Table 3 they are specified

whered,, is wilting point water content, whil@; is water
content at field capacity. Actual evapotranspiration is then
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Table 3. Oglio at Sarnico. Hydrological model parameters. In italics are values calibrated against observed discharges

Parameter Description Value Method

kg, ks [d] Reservoir time constant, ground/overland B 3 Max R2 — Qing

Ng g Reservoirs , ground/overland 3/3 Literature

K [mmd1] Saturated conductivity 25 Flow volumes

k[] Groundwater flow exponent 1 Literature

fol] Vegetation fraction, average value 0.7 Soil cover

0w, 0[] Water content, wilting /field capacity 0.15,0.35 Literature

Smax [mm] Maximum soil storage, average 90 Soil cover/Land use
Statistics Description Value Method

R?[] Nash Sutcliffe 0.40 Maximizationkg, kg)
Qav[m3s™1]  Average daily flows observed/simulated 53.95/53.92 Calibration

Qind [m3s™1]  Average yearly floods, observed/simulated ~ 329/326 Calibratjon

as the parameters that were effectively used for the calibration of the simulated discharges against the “observed” ones
tion as well as those that were estimated a priori on the basithrough maximization of the Nash Sutclifie? coefficient.
of preliminary considerations and of the analysis of the avail-The second criterion concerns the ability of the model to ac-
able literature. ceptably describe the flood discharges. Although the model
Among the model parameters, the valueSky is of con- is not specifically aimed to describe floods, a very inaccu-
siderable interest, since it drives the production of overland@t€ description of floods would indicate a limited ability of
flow. If one compares this parameter to the paramstef _the model to depict overland flows. I_:urthermore, the abil-
the methodSCSCN, which possesses the analogous mean4ty of thg model 'go accurately describe overland f[ow al-
ing of maximum soil storage, it is possible to estimate in the!OWs @ first appraisal of the future floods. We carried out
first instance the value Givax based upon that method. The Several simulations, where we tried to maX|m|R_% as a
analysis of the lithology and land use of the area under infunction of k; and k,.  Within the range of possible val-
vestigation allows construct of a map of t6&l;; value (and ~ U€S giving an acceptable value &f, ‘we chose the value
therefore ofS; ;) for the river basin. We therefore used this Of ks that showed the best adaptation in terms of the av-
map (not shown for shortness) to provide Sy value for ~ €rage yearly flood peak, or index flog@nq (€.g. Bocchi-
the model. The average valueSs; ay= 96. Using values ola et a!., 2003). Th_ls procedure is poss,lble_ s%g:e_has
of Smax equal toS;;, acceptable results were obtained, as re-9réater influence during the flood events, whilemainly

ported further on. In Fig. 3, the average valueSgfx for effects outflows during low flow periods. In Table 3 we re-
each belt is reported. port the results. The maximum value Bf = 0.41 was ob-
- . _ . . tained takingk; = 3h, k; =7h. The simulated index flood
The wilting point6,, =0.15 is chosen based upon avail- would be Qind, = 353 s, against an observed value of

able references (Chen et al., 2005; Wang et al., 2009). TheQ,nd = 329nPsL. Takingk, = 2.5, one obtainging
Ind.o — . s — & Ind,m

field capacity was set t6; =0.35, using an average value _ 325nm?s1 (and R2 = 0.40). Therefore, a fine tuning of

for”m|xed %rorundst, aICC;(;gI;g lt_|° \?Vtu\(lju:s on ?VI\::SE ra:gle c?fks againstQinq seems proper, since a small variationRs
soils (e.g. Ceres e al., & )- OWEVET, a SENSIvVty analySigs gphained. In Fig. 4 model calibration is reported. Notice
to these parameters indicated slight variations of the mode, hat the series of “observed” flows may be effected by flow
results. Normally, the number of reservoirs for the over-

land 1l h d d th hol f the basi regulation and some noise may effect the series due to flow
and flow phase depends on the morphology of the Dasingg.qnstryction, as reported in Sect. 3. These are likely the

expressed e.g. through mo.rphometric indexes (e.g. R.OS,S(?easons why a relatively low value & = 0.40 is obtained.
1984). However, an analysis of the values observed Wlthln-l-he saturated permeability valie= 3.15 mmd-* is consis-

several studies indicates an average va_Iuesc:f: 3, which tent with the available literature for a wide range of observed
we use here. In analogy with this choice, the number Ofsoils where values between 0.1 mmdand 10 mmd? are
groundwater reservoirs may be reasonably linked to the toTounéi (e.g. Timlin et al 1999: Wang et al., 2009). This
pography, a;nd vr\]/e sel 2.3' IA ?riate_r vanabﬂn; IS mgtkead parameter has substantial importance during periods of low
necessary for the appraisal o the time constantan 8 lows, and in the reasonable hypothesis that the groundflow
that define the lag time of catchments, and are closely linkeqg linearly varying with the water content & 1 in Eq. 14)

to its size and to the characteristic flow velocity (e.g. Boc- the proposed value of is the main parameter ianuenci,ng

chiola et al., 2004). We _estlmateftl the yall_Jeiz‘pandkg In mean flows. The yearly average discharge simulated from the
order to meet two criteria. The first criterion is the adapta-
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cipitations Pcym, with respect to 1990-1999 (Table 4).
This derives from the underestimation of the precipita-
tions by HadCM3 model during 1990-1999 (approximately
750mmy ! against an observed value equal to approxi-

1000 17

— Qmod — Qoss
—R SWEav|

R [mm],SWE [mm]

400 1 . mately 1270 mmy? (Groppelli and Pengo, 2005; Groppelli
200 400 et al.,, 2010, 2011). This leads to use of a large value of
N . : P MM A i w00 Bgao in Eq. (1) to be applied to the future precipitations sup-

08/12/89 03100192 310595 Datel] 24102098 plied from the HadCM3 model (approximately 1070 mmiy

for the period 2045-2054), giving a considerable increase of
Fig. 4. Oglio at Sarnico. Model calibration. Mean daily discharges Pcyy. The projected temperature increases of the HadCM3
during 1990-1999. Average Rainfall and snowpack SWE reportedmodel average approximately 26 (Table 4). The combi-
nation of the increased precipitation and future temperature
) 1 ) leads to greater hydrological fluxes. The increas@®@fim
model isQav.m = 53-192 r_"gs against the observed value of .5,ses a greater amount of SWE to occur, albeit with nor-
Qay,o =5295n7 s+ (Bias=—0.06 %). Notice that the use 4y anticipated ablation due to higher temperatures (Ta-
of K = 3.15 as reported. §I§o results_ in the highest values of,o 4, Fig. 6a). The ET flux increases (Fig. 7a), b ~
R?, according to a sensitivity analysis. 0.27 in Table 4 remains approximately constant, and one ob-

In Fig. 4 the liquid precipitation®, averaged upon the  seres increased discharges in all the seasons (approximately

catchment for altitude belts, and the relative values of storedy, %, Figs. 5, 9). The PCM scenarios also display an in-

water in snowpack (SWE) are reported. It is clearly Visi- oreage ofPc )y, albeit smaller than the HadCM3 model, and
ble the dependence of the hydrological regime upon the dyz, increase of temperatures of about°C6 approximately
namics of the snowpack melt, feeding river discharges d””nQTable 4).

spring and summer. At high altitudes, precipitation increase is shifted into a
light increase of SWE, which instead decreases in the low-
lands (Fig. 6b), with a bulk effect of decrease of SWE (Ta-
ble 4). The ET flux increases (Fig. 7b), but remains pro-
6.1 Future hydrological regimes portionally constantget =~ 0.28 in Table 4). As a result, in
stream discharges increase on average (approximately 20 %,
In Table 4 the main results of the scenario simulations areTable 4).
reported. In Fig. 5 the simulated discharges from the catch- Model CCSM3 projects for 2045-2054 an increase of tem-
ments are reported. In Fig. 6 the seasonal snowpack wateperature of approximately 4°€ on average, much greater
SWE, for two elevation belts, 4 (mean altitude 1225 ma.s.l.),than the other GCMs (Table 4). This is however justified
and 9 (mean altitude 2975 ma.s.l.) is given. In Fig. 7, the ac-by the fact that CCSM3 is of most recent implementation,
tual evapotranspiration ET is shown for the two belts, while and has been updated using the latest temperature data avail-
Fig. 8 reports soil water contefit Figure 9 displays monthly  able worldwide, indicating a greater temperature rise against
averaged discharges. The LOC scenario displays an averagehat initially calculated from GCMs. Moreover, the finer
increase of temperature of approximately Zlwith respect  resolution mesh of CCSM3, with a covered area four times
to the control period 1990-1999 (Table 4), with unchangedsmaller than the two other models, possibly allows to repro-
precipitation. duce, and project into the future, the greater observed impact
The first visible is the decrease of the amount and dura-of the global warming upon the European Alpine areas al-
tion of the seasonal snow cover (Table 4) for all altitudesready reported (Beniston, 2003; Faggian and Giorgi, 2009,
(Fig. 6a). Moreover, the increased potential evapotranspiG. Strand, personal communication, June 2010). The sce-
ration ETP, depending upon temperature, leads to increasedario from model CCSM3 also displays a decreas€ffu
actual evapotranspiration ET (Table 4, Fig. 7a). This sce-{approximately 20 %, Table 4).
nario displays the greatest proportional increase of ET (co- This scenario involves a tremendous decrease of snow-
efficient¢et =ET/Pcuwm in Table 4) showing decreased dis- pack SWE, in duration and amount (SYy4 is three times
charges (Table 4, Fig. 5), in particular in late spring (Fig. 9). smaller than during 1990-1999, and SMYHive times
Contrarily, late summer and fall flows seem increased. Thissmaller, Fig. 6b, Table 4).
effect was seen in various international studies upon snowfed ET remains proportional to precipitation income
catchments (e.g. Barnett et al., 2005; Beniston et al., 2007(¢eT ~0.25 in Table 4) but smaller than during 1990-
Bavay et al., 2009), and it is due to decreased snow accumut999, in spite of tremendously increased temperatures. This
lation at the highest altitudes during late summer and earlyis due to water contert (or soil storageS), which limits
fall (Fig. 6a). transpiration from vegetation within the basin (throughghe
The A2 scenario of the HadCM3 model projects for the coefficient in Eqg. (12), which is null below = 6,,). While
period of reference a remarkable increase of the total prethe reduction of soil storagg observed during winter for all

6 Hydrological scenarios
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Table 4. Oglio at Sarnico. Most relevant hydrological features (yearly values). Control run 1990-1999 and scenarios, 2045-2054. Sym-
bol =indicates a value taken as equal to value at its left. In italics are values takei®Gfedhs and observations; normal font values are
outputs from the hydrological model. Values in mm are weighted average upon altitude belts. Runoff and evapotranspiration coefficients are
with respect to total precipitation.

Variable Description Control/Scenario Values

Pcum [mm] Total precipitation CO/LOC/HAD/PCM/CCS/CCST 1268 = 1810 1578 1071 =

Tav [°C] Temperature 2000 ma.s.l. CO/LOC/HAD/PCM/CCS/CCSB.9 6.0 54 55 8.7 5.5
Qav[m3s™1]  Meanin stream discharge ~ CO/LOC/HAD/PCM/CCS/CCST 53.9 49.2 743 645 47.1 45.1
¢o [ Runoff coefficient CO/LOC/HAD/PCM/CCS/CCST 0.74 0.68 0.72 0.72 0.75 0.71
ET[mm] Evapotranspiration CO/LOC/HAD/PCM/CCS/CCST 315 398 488 439 276 311
oeTl] ET coefficient CO/LOC/HAD/PCM/CCS/CCST 0.25 031 0.27 028 025 0.28
S[mm] Mean Soil storage CO/LOC/HAD/PCM/CCS/CCST 57 66 68 71 50 57
SWEmna{mm] Max SWE CO/LOC/HAD/PCM/CCS/CCST 113 64 174 73 43 44
SWEa[mm] Mean SWE CO/LOC/HAD/PCM/CCS/CCST 36 15 51 23 7 12

Table 5. Oglio at Sarnico. Relevant flow variables. Control run 1990-1999 and scenarios, 2045—-2054. Bold font values are significantly
(=5 %) different from control run values, as explained in Sect. 6.2.

Variable Description Control/Scenario Values

Qam3s™] Mean in stream discharge ~ CO/LOC/HAD/PCM/CCS/CCST 54 55 80 69 47 46
Dswe e[days] Duration snow in belt 6 CO/LOC/HAD/PCM/CCS/CCST 1817138 1807 1481 955 1266
SWEgy,6[mm] Mean snow pack belt 6 CO/LOC/HAD/PCM/CCS/CCST 42 28 132 62 18 30
Qing [m3s71] Index flood CO/LOC/HAD/PCM/CCS/CCST 329 493 529 490 248 389
Q37[m3s1] Exc. 10% CO/LOC/HAD/PCM/CCS/CCST 83 92 174 105 80 75
Qg1[m3s™1 Exc. 25% (ordinary flood) CO/LOC/HAD/PCM/CCS/CCST 60 53 92 58 53 47
01g2[Mm3s™ Exc. 50 % (median) CO/LOC/HAD/PCM/CCS/CCST 44 39 49 41 38 34
074[m3s™ Exc. 66 % (ordinary low) ~ CO/LOC/HAD/PCM/CCS/CCST 33 28 32 29 27 24
Omaxa7lim3s™1]  Max av. flow 37 days CO/LOC/HAD/PCM/CCS/CCST 111 126197 165 101 102
Omaxollm3s 1] Max av. flow 91 days CO/LOC/HAD/PCM/CCS/CCST 82 87 140 113 72 72
OMaxig2[m3s™1]  Max av. flow 182 days CO/LOC/HAD/PCM/CCS/CCST 68 68 108 88 57 57
OMax27a[m3s™1]  Max av. flow 274 days CO/LOC/HAD/PCM/CCS/CCST 61 60 94 78 51 51
Owmina7[m3s™1]  Min av. flow 37 days CO/LOC/HAD/PCM/CCS/CCST 27 20 22 22 19 18
OMino1[m3s~1] Min av. flow 91 days CO/LOC/HAD/PCM/CCS/CCST 33 30 41 36 27 26
Owminis2lm3s™1]  Min av. flow 182 days CO/LOC/HAD/PCM/CCS/CCST 47 42 62 54 37 36
OMin274 [Mm3s™1]  Min av. flow 274 days CO/LOC/HAD/PCM/CCS/CCST 51 50 79 64 43 42

scenarios (Fig. 8a, b) has little influence upon ET in view of tures from the model PCM (approximately +2@® on av-

the low values of ETP (i.e. of low temperatures), soil storageerage, similar to HadCM3). This scenario, which we call
S under the CCSM3 scenario (Table 4) decreases noticeablZCSM3T here, is not physically reasonable (as it is not cor-
at the onset of summer (Fig. 8b). Increased temperaturesect to stir projections of a variable from one GCM with those
draw moisture from the soil due to increased ETP, andof other variables coming from another GCM), but it allows

therefore water stres® (< 6,,) is reached quickly, making
transpiration from vegetation null thenceforward.
According to Fig. 3, vegetation covéj, is pretty high all

to assess the potential effect of a milder temperature regime
within a scenario of decreased precipitation. The main re-
sults of this scenario are also given in Table 4 and in the fig-

over the watershed, unless for the highest altitudes, so thigres. Under the CCSM3T scenario a considerable variation
(i.e. increase) of SWE (Fig. 6b), ET (Fig. 7b) afidFig. 8b)

effect reduces heavily the average ET.

To evaluate the sensitivity of the hydrological cycle to the iS observed with respect to CCSM3 (see also Table 4). The
strong temperature rise projected by the model CCSM3, antesults for ET and demonstrate the effect of decreased soil

other “hybrid” scenario is used, merging precipitation by moisture upon evapotranspiration fluxgs, as obsgrved under
CCSM3, with the more conservative scenario of temperathe CCSM3 scenario. The average discharge given by the
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served discharges (1990-1999) reported, black Il{agLOC. (b) | N T Wl A g e Uil M
HadCMg, PCM.(C) CCSM\?,’ CCSM3T. 19/12/44 15/09/47 11/06/50  patef] 07/03/53

T0

12 m i lW T VT E
CCSM3T scenario is slightly lower than that given by the 10 ‘?f Wﬂ ) \m M W WJ W W W F2g
CCSM3 (Table 4, Fig. 9), but yet this seems linked to de- s ‘

T T

— 1990-99 — CCSM3

creased dampening effect of snow cover, in view of the short- s {[_—rcm cosmat Fe
ened duration of seasonal snowpack (Fig. 6b). 4 ﬁ& i .& {N\ J‘f .l fe
£
%2 q % !Qh J\F 10
6.2 Uncertainty of projected scenarios Gy L™ NMM' il ‘wﬁtﬂxm A&a w it N’ |
19/12/44 15/09/47 11/06/50 Date[.] 07/03/53

Each GCM provides in practice one single (deterministic) re-

alization (or trajectory) of the climate variables for the con- Fig. 7. Oglio at Sarnico. Scenario simulations, period 2045-2054.
sidered time window, cascading into one (as well determin-ET at belts 4 (1225m s..m.) and 9 (2975ms..m(p) LOC,

istic) realization of the inflow discharge process in our wa- HadCM3.(b) PCM, CCSM3, CCSM3T.

tershed. However, one would like to quantify the amount

of uncertainty embedded within water resources assessment,

say by attaching to the projected discharges (and related flownd Rosso, 2006; Mascaro et al., 2008; 2010a, b). Here, we
indicators) some “error bars”, possibly for a given level of proceeded as follows. We used the downscaled (in time) se-
confidence (e.ge =5%). One way of doing so is to feed ries of area averaged precitati®gao from each GCM as a
the deterministic (hydrological) model an ensemble of differ- reference simulation. Rather than downscaling several times
ent projected climate trajectories, all statistically equivalentthe same GCM precipitation series, we usell@ntecarlo

to the initial, deterministic one from the GCM. This ratio- simulation to generate an ensemble (of numerasityl 00)

nale is applied, for instance, in flood forecasting exercisespf possible trajectorie®cao s, all statistically equivalent to
when different ensemble trajectories as drawn from statistithe reference on®gao. Rainfall simulation was carried out
cal perturbation of one deterministic input are fed to a hy-by a daily point site statistical precipitation model already
drological model (e.g. Lardet and Obled, 1994; Bocchioladeveloped elsewhere (based upon independent rectangular
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Fig. 8. Oglio at Sarnico. Scenario simulations, period 2045-

2054. S at belts 4 (1225ms.I.m.) and 9 (2975 ms.l.n{g) LOC,
HadCM3.(b) PCM, CCSM3, CCSM3T. discharges (together with the other variables of the model).

For each scenario (GCMs + LOC) the ensemble simulations
(100 trajectories of 10yr daily rainfall, temperature, and all
the daily hydrological variables) required about 1 hour (us-
ing MATLAB® 7 on a desktop PC, Windows XP®, 3 Gb
RAM, 3.2 Ghz CPU Clock). In Fig. 5, together with the
flow discharges as from the deterministic simulation, we re-
port the upper and lower bounds £ 5 %) of the daily flow
discharges for each scenario, as obtained by ranking of the
values given by the ensemble projections. These provide
visually an idea of the expected spread (uncertainty) of the
projected discharges. Notice that in few cases, the determin-
istic value may lay outside (below, or above) the 5% confi-
dence range from the ensemble simulations. In Table 5 we
provide for each scenario the average yearly discharge, as
given by the ensemble®),y s. Using the confidence bounds
Fig. 9. Oglio at Sarnico. Scenario simulations, period 2045-2054. (@ =5%), as obtained by ranking the valuesgd, for our
Average monthly discharges. CCSM3 and CCSM3 are plotted |n100 simulations, it is possible to test wheth@gy  is sig-
different colors for readability. . . :

nificantly different from the control run value of yearly av-

erage dischargeday=53.9n¥s™1, in Table 4). Further on,

it seems interesting to test here the significance of the fu-
pulses, Bocchiola et al., 2009), accounting for intermittence ture amount and duration of snow cover, which is of tremen-
i.e. for wet and dry spells, and for daily precipitation in wet dous importance as reported. For shortness, we considered
days using a Lognormal distribution. The model was tunedhere belt 6 (mean altitude, 1925 m a.s.l.), representative of
against theRgao series. Then, we downscaled the so ob- gn altitude of 2000 or so. In Table 5 we report the average
tainedRg 0.5 Series, using our stochastic space random casgyear round) value of snowpack SWE in that belt SWE
cade (Eq. 2-4) to obtain spatially distributed precipitation. together with the duration of snow cover (SWED) Dswee,
So doing, we obtained 100 ensemble precipitation scenariospn the control run (1990-1999), and under our different sce-
all equivalent to the reference one used in Sect. 6.1. The comarios. Based upon the ensemble simulations, we can pro-
respondent daily temperature series (at the GCM referencgide a judgment of significance about the projected values of
altitude)Tecm s Were generated according to random extrac-these variables, as compared against the control run values.
tion of independent values from a normal distribution, with
the known statistics drawn from thi&scm series, and then 6.3  Future hydrological flow descriptors
downscaled upon the different belts according to Eq. (6).
The so obtained ensemble trajectories were then fed to thén Fig. 10 we report the modified flow duration curves,
hydrological model to obtain ensemble trajectories of dailyhereon FDCs (e.g. Smakhtin, 2001), for the proposed

)
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scenarios. While FDCs do not give indication of flow season-creased amount of precipitation expected under the HadCM3
ality, they provide visual assessment of the duration of peri-scenario.

ods (number of days) with discharge above given values, of The PCM scenario displays normally higher values than
interest for water resources management as well as for evalcO, and more difference for a low duratiof47). For PCM,
uation of ecological effect of flows (e.g. Clausen and Biggs, Qing =490 nPs~1, displaying a noticeable increase also for
2000; Dankers and Feyen, 2008). In Table 5 we also prothis scenario, again due to increas@siv.

vide numerical comparison of some flow descriptors drawn For CCSM3 the FDC is lower than that of CO below 200
by the FDCs, usually considered for characterization of flowdays or so (i.e. for floods and moderate to low flows) and
regimes (e.g. Smakthin, 2001), namely the values of flow disthereforward very close to it until 300 days or so, where
charges equalled or exceeded for a given number of days, it becomes slightly higher. Average discharges for differ-

i.e. 0. ent durations are always lower for CCSM3 than for CO, and
We considerQs7, or flow exceeded for 10 % of the time, with similar spread between minimum and maximum values.
Qoa1, 25 % of the time, also known as ordinary fload; g, Peak floods are considerably lower than for CO scenario, and

i.e. median flow, an@274, also known as ordinary low flow.  Qj,q=248nFs 1.
Also, we evaluated some flow frequency descriptors given For CCSM3T scenario, the FDC is below that of CO un-
by the yearly minima and maxima of average flows for atil 320 days or so, and inching very close to it for longer
given durationd, i.e. Omaxd and Qmind- Analysis of these  duration. Average flows for all durations are lower, again
variables is used to pursue statistical appraisal of low flowswith very similar relative spread. Index flood is slightly
e.g. for hydrological drought hazard analysis (e.g. Smakhtinhigher (but not significally different) than in CO scenario,
2001). In Table 5 we report the average of the yearly val-0;,q=389nfs1.
ues of Omaxd and Qmind, for d=37, 91, 182, and 274 days.
These values provide the spread between the greatest and
least flows expected within the Oglio river for increasingly 7 Discussion and conclusions
longer periods. The future projected values of these vari-
ables were calculated using the reference scenarios and théhe use of the proposed climatic scenarios undened-if
ensemble simulations. The values as drawn from the ensenmapproach, that is the simulation of the impact of a potential
ble simulations are reported here, as based upon a greatelimatic change as given by different sources, shows a range
sample (but the reference simulation gave equivalent resultsf possible variations of the hydrological cycle of the Oglio
in practice). We assessed the significance of the values dfiver, strongly snowfed, for the decade 2045-2054.
the future flow descriptors, as compared against the control The proposed scenarios show a consistent behaviour con-
run values, by using the confidence bounds 6 %) of the  cerning the variation of the temperatures in the next fifty
variables. We did the same for index flogghg. years or so, that are in fact expected to increase. However,
From the analysis of the FDCs in Fig. 10 and of the hydro-there is some disagreement upon the entity of such increase.
logical descriptors in Table 5, one can comment upon modi-The average yearly variation of temperatures shows a mini-
fied flow regimes regarding the different scenarios. Under themum of 1.5°C for the HadCM3 model (and 1°€ for model
LOC scenario, flow discharges are lower than for the controlPCM), an intermediate value of 2C as from the local ob-
period everywhere above 50 days or so, meaning that onlgerved trends in last the 4 decades, and a value 6CAd-
during moderate to intense flood periods does the LOC sceeording to the CCSM3 model. The amount of future total
nario provide greater discharges, whereas precipitation Pcym is even more uncertain. While models
low flows are indeed lower. In Table 5, the projected, HadCM3 and PCM (properly downscaled upon the area of
is always (unless for LOC) significantly different from the the Oglio river) project increasing precipitation, in the order
control run value. of 40 % and 25 %, respectively, LOC scenario would suggest
For LOC, Q37 only is greater than for CO (92 vs. 83). All almost constant, or not significantly variable precipitation,
Owin, are smaller (but not significantly) for LOC than for whereas the CCSM3 scenario (also downscaled upon Oglio
CO, while Qmax are equivalent in practice. The index flood river) would indicate a trend of decrease Bfym, on the
for LOC is Qing =493 s~ (againstQing = 329 n¥ s~ for order of 15%. As a consequence of the proposed picture,
CO), significantly indicating an increase of flood peaks duethe expected variation of the hydrological cycle can be esti-
to rapider snow melting. mated qualitatively and with a noticeable amount of uncer-
The FDC for HadCM3 scenario in Fig. 10 displays greatertainty. All our analyses of the hydrological scenarios agree
flows everywhere below 350 days or so (i.e. for very low in showing a shortened duration, and a decreased amount of
flows), and the flow variables in Table 5 all display higher the snow pack. The late spring flows, normally linked to
(and mostly significantly) values than for the CO scenario,snowpack ablation, would therefore decrease. For the PCM
as well as greater variability, especially for 37 and 91 days.and HadCM3 scenarios, the increase of liquid precipitation
The peak floods would increase noticeably, and one wouldcould fill the gap of flows of snowmelt origin, delivering
have Qing =529 n¥ s~1. This is not surprising, given the in- the same (PCM), or even more (HadCM3) discharge in that
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period, while under the other scenarios these flows would not Use of a decadal reference period as carried out here
be available anymore. (1990-1999 and 2045-2054) may not provide a long enough
The expected yearly freshwater supply clearly dependseries to assess robust statistics. The proposed scenarios at-
upon the variation of the atmospheric moisture income.tempt instead to supply a range of possible situations that
Should this income remain unchanged (LOC), the studyscientists and planners will have to expect in the future evo-
projects an important increase of ET fluxes at all altitudeslution of water resources within the Oglio river basins, and
(Fig. 7a), proportionally greater at the higher altitudes, wherepossibly within Alpine river basins.
the atmospheric humidity, through the dampening of the soil A remarkable source of uncertainty lies within the deter-
reservoir, would be enough to maintain high value of ET. mination of the future trends of precipitation in the area,
The moderate and low flows would therefore be substantiallywhich is subject of a considerable debate. Brunetti et
decreasing, and the regime of the moderate to heavy floodal. (2006) studied the presence of trends of precipitation in
would instead be increased, likely due to lack of snowcoverthe greater Alpine region GAR, including the case study area
storage during heavy storms. here, using long term observations from 192 stations. The au-
Where besides the temperature also the precipitation totahors highlighted four different regions, displaying somewhat
would grow noticeably, ET would grow due to increased ETP variable behaviour. Particularly, the Oglio river is placed
and to soil water availability. Still, in stream flows would in- along the border between their region North-West (EOF-1
crease in all seasons (except for being substantially constant their Fig. 4), wherePcywm is clearly increasing, and their
during winter and spring for PCM). region South-East (EOF-2 in their Fig. 4) where decreasing
With a decrease oPcym and a high increase of tempera- Pcuw is found instead, but less evidently.
ture (scene CCSM3), the hydrological effect would be utmost Faggian and Giorgi (2009) have studied recent projec-
critical. The ETP would increase considerably due to the in-tions of precipitation supplied from 20 different GCM mod-
crease of temperature (here of 4@ on average), but the els (including HadCM3 and CCSM3 here) for GAR un-
effect of the diminished water availability would act in a lim- til 2100. With reference to period 1961-1990, the authors
iting sense, so diminishing ET in practice, particularly dur- report possible variations (A2 scenario) 8gym for the
ing summer. This limiting effect of the diminished precipita- decade 2045-2054 ranging approximately betwed® %
tion (and of the high temperature), would likely be the mostand +10 % (Fig. 11 in Faggian and Giorgi, 2009) with a vari-
important aspect of the CCSM3 scenario, of great interesability reaching—15 % in Italy, but strongly inhomogeneous
for its possible fallout upon vegetation, and also upon waterin space (e.g. Fig. 5, ibidem).
use for agricultural purposes. Given the decreased snowfall, In this sense, the hydrological scenarios shown here may
flow rates at thaw would be diminished. Eventually, underappear all equally likely, except possibly the HadCM3, pro-
the CCSM3 scenario, a flattening of the monthly hydrographjecting heavy precipitation. However, the tremendous mis-
(Fig. 9) would occur, with progressive loss of the typical bi- match between the two scales of analysis makes the compar-
modal shape, due on one side to the lack of considerable abson hardly significant.
lation flows, and on the other side to the decreased rainfall A further source of uncertainty may dwell in fact within
during fall. the downscaling method. The method we applied here, par-
Considering a temperature rise of 1® (CCSM3T), the ticularly the Biagao termin Eqg. (1), is based on the hypoth-
results would be similar, but paradoxically enough more ETesis that the difference between precipitation from the GCMs
fluxes would occur due to slower withdrawal of water from and that observed on the ground remains similar in the future.
the ground during spring and summer, preventing vegetation This a priori assumption is not demonstrated in actual-
from wilting. Also, some more snowcover would be allowed. ity, and could lead to poor estimation of future precipitation.
The use of ensemble simulations as reported here helps iHowever, a downscaling method is necessary, since GCMs
describing the expected amount of uncertainty, or possiblearely succeed in representing the dynamics of the Alpine
spread of the projected variables. Adding a proper amount oprecipitation, heavily influenced by topography.
stochastic variability to the deterministic input of the GCMs  In the future, more studies could be devoted to assess
allowed us to depict confidence bounds (here5 %), mak-  the sensitivity to the downscaling method. The hydrologi-
ing the comparison against the historical values more robustcal model we used considers only climate forcing as given
Indeed, some of the proposed scenarios project significantlyemperature and precipitation.
different flow descriptors. This provides ground for the hy- An important role may be played by solar radiation,
pothesis that an actual modification of flow regime may oc-which drives energetic exchange between the atmosphere,
cur, significant beyond the models’ noises. the ground, and the snowpack. Wind regime can influence
evapotranspiration and snow redistribution. Here, sublima-
tion from snowpack was not considered due to its difficulty
to evaluate. As reported, measurements of those variables
are not available in the area in our knowledge.
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