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2009-2020. IDRO-STELVIO. Una rete idrometrica per il Parco dello Stelvio,
Finanziato da Parco Stelvio.

2010-2012. SHARE-Stelvio. Un Parco - Osservatorio per lo studio dei Cambiamenti
Climatici e Ambientali in alta quota. Finanz. Regione Lombardia.

2010-2013. Share-Paprika. Effects of climate change on water resources in the
Karakoram range (Pakistan, Asia). EVK2CNR

2010-2013. SEED, Social, Economic and Environmental Development for the
realization of Central Karakorum National Park (CKNP). EVK2CNR

2011-2013. I-CARE. Impact of Climate change on Alpine water REsources: the
case of Italy and Switzerland. 5x1000 Politecnico di Milano

2012. Programa plan de accion para la conservacion de glaciares ante el cambio
climatico, DGA Cile

2014-2015: Khumbu Hydrology, monitoring and modeling hydrology of the Khumbu
glacier and Dudh Koshi basin, Nepal. EVK2CNR

2014: ARARAT Expedition, 150 years of CAL.

2015-2016: POLIMI for KARAKORAM, 5x1000 Politecnico di Milano.

2017-2019 HERASE. Hydrogeological modeling for Erosion Risk Assessment from
| SpacE. Cariplo
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2019-2020 WWW .World.Water.Watch.The www of water, a proposed worldwide ~J

water watch. ASI. 5 dell'AggFﬁgllo
2019-2022. GE.RI.KO. Mera. Gestione risorse idriche ed ambienti acquatici in @&
comune - Il bacino del Fiume MERA. Interreg IT-CH, 2016. T

2019-2022. Assessment of hydrological flows in Lombardy alpine rivers, and their SS

connection with the underground aquifer, under potential climate change scenarios in
the XXI century. PhD Scholarship, 2019-2022. Funded by CAP.




Ongoing activities @ Polimi
Climate-Lab

Interdipartmental Lab, call 2016, Depts DICA, DEIB, DASTU, ABC

Recently Politecnico di Milano joined CMCC Foundation (Centro Euro-Mediterraneo sui Cambiamenti
Climatici), an institution with large experience in the field of climate/ocean/landscape modeling, and in
general of climate change mitigation, and adaptation.

Climate-LAB mission is to (contribute to) initiate a cooperation in this area between Polimi personnel
(Depts.) working in the field of climate change, and with CMCC

Scientific purpose:

1) Monitoring of key variables/processes at urban, regional, basin scale;
2) Providing services for those interested in climate change impact assessment.

Global temperature change (1850-2016)
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, = ST | dry, we know the worth of water.
_ Benjamin Franklin (1706-1790)
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Motivation .

Global warming has important consequences for the hydrological cycle, especially in
temeperate areas, where water supply depends upon the cryospheric hydrology. With more
than one-sixth of the Earth's population relying on glaciers and seasonal snow packs for
their water supply, the consequences of these hydrological changes for future water
availability regions are likely to be severe.

Barnett et al., 2005, Nature 438, 303-309.

Kaser et al. (2010) e.g. introduced 8
PIX index, i.e. resident population §
times share of streamflows from
ice melt for a number of rivers.
Five out of the first eight rivers in
the rank are from HinduKush,
Karakoram, and Himalaya, HKH | |
(Aral lake, Amu-Darya and Syr- § i
Darya, Indus, Ganges, Yangtze,
Brahmaputra).
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Table 1. Climatological and geographical characteristics of the river basins shown in Figs. 1 and 2, sorted by the PIX i

a0t

Basin name Basin area, km? Gladier area, km? Glacier area, % Population, 108 PIX, 108

Aral Sea 1,234,075 11,319 092 410 10.29 | 8
Indus 1,139814 20,325 1.78 211.28 4382
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Mountain hydrology

World map of Képpen climate classification for 1901-2010
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First letter Second letter Third letter

A: Tropical f: Fully humid T. Tundra h: Hot arid

B: Dry m: Monsoon F: Frost k: Cold arid

C: Mild temperate s: Dry summer a: Hot summer

D: Snow w: Dry winter b: Warm summer

E: Polar W: Desert c: Cool summer
S: Steppe d: Cold summer

Data source: Terrestrial Air Temperature/Precipitation:
1900-2010 Gridded Monthly Time Series (V 3.01)

Resolution: 0.5 degree latitude/longitude
Website: http://hanschen.org/koppen

Ref: Chen, D. and H. W. Chen, 2013: Using the Képpen classification
to quantify climate variation and change: An example for 1901-2010.
Environmental Development, 6, 69-79, 10.1016/j.envdev.2013.03.007.



Hydrology in temperate climates, some basics

The water budget, in one "average” year

S= soil water content

P= total precipitation (rain and snow)
R= Rainfall

M= snow melt

ET= evapotranspiration

Q= stream flow

S =8 +R+M -ET-Q

For large/closed catchments and long duration, e.g. yearly mean

Precipitation is «used» for steam flow, and evapotranspiration (by vegetation)

Energy-limited |, Water-limited
— 1.0 et -
P=(A)ET +0 o

0.8

0.6

Evapotranspiration has a maximum (A)ET = <I)PET(T)
(potential) value, depending (largely) on

0.4}
temperature, called PET, or ETP | =1

AET/P
0.2}

Temperate
i regions
Q=P—(A)ET=P(1—A—?)=P(l—e)=%(l—g) 0.0

00 05 1.0 15 20 25 3.0
Dryness Index (® = PET/P)

Budyko curve (1974) Wetter » Drier

Evaporative Index (¢ = AET/P)

e - - - - -




Mountain and glaciers in the Quaternary: our water towers
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In temperate (semi-arid to arid) regions,
glaciers in the high altitude provide an extra

source of water by ice melt

P=(A)ET+Q+M,




Mountain hydrology, some basics .
. : Dosde Movie
Hydrology in the cryospheric areas
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[ The animation displays (bottom panel) daily measured temperature, and total precipitation (at 2000 asl), }
Valtellina, Italy) during 2010-2011.




(Not ?) in our back-yard: the Alpine water resources

Question(s)

1) Did hydrological cycle change in Italian catchments lately ?
2) Drivers of this change ?
3) The potential future ?

We sistematically N
investigated long term | A
(1921-2011, with variable
length of data series)
changes of yearly and
seasonal discharges of
23 Alpine rivers in
Northern Italy, to
evidence non
stationarity, and trends
using linear regression,
and Mann Kendall test,
traditional and
progressive.

1:2,000,000

0 50 100 200 Km




In short

For specific (i.e. per contributing area)
winter decrease is seen below 1800 m asl or
so, while increase is found above, and the
more Northern the larger the increase.
Specific discharges during spring mostly
decrease in time, and more so for increasing
outlet altitude, while summer specific
discharges always decrease, and more
notably with increasing altitude of the
contributing catchment.
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Hydrological changes in the Alpine stream
water resourcess
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A, is outlet altitude
A, is average
altitude

NAO and global thermal anomalies DT are
correlated against the rate of variation of

hydrological fluxes, with the intensity of
correlation linked to altitude and longitude.
The observed ftrends may be explained by:

i) Trading of rainfall for snowfall during
winter, resulting into larger flows, and

affecting more highest catchments and
Northern areas,

i) Lack of snow cover at thaw, and
shrinking of ice covered areas,
decreasing melt water deliver during
spring, and summer, more evident at
the highest altitudes, and

iii) Increase of evapotranspiration driven
by temperature, leading to increased
soil moisture uptake and decreased in
stream fluxes at the intermediate
altitudes.

EDUCATED GUESS !l

Long is Longitude
NAO is northern atlantic oscillation
DT is global thermal anomaly



The (anomalous ?) Karakoram, an in situ case study

The mountain range of the Hindu Kush, Karakoram and Himalaya (HKKH) contains a large
amount of glacier ice, and it is the third pole of our planet.

The Indo-Gangetic plain (IGP, including regions of Pakistan, India, Nepal, and Bangladesh) is
challenged by increasing food production to feed increasing population

The "triple point”

Latitude: 35°44'54.47"
Backbones of Asian water towers Longitude: 74°37'45.98"

..........
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The Baltoro glacier, a steady one: 1954




The Baltoro glacier, a steady one: 2013
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study: Shigar
The Shigar
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Projects

2010-2013. Share-Paprika. Effects of climate change
on water resources in the Karakoram range (Pakistan,
Asia). EVK2CNR

2010-2013. SEED, Social, Economic and Environmental
Development for the realization of Central Karakorum
National Park (CKNP). EVK2CNR
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The K2 trek
Ca. 60 km, ca. 1 week, to Concordia, 4700 masl
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Hydrologic field work

Field campaigns during 2011-2013

= A Daily flow at Shigar
F‘E'_ g~ e April 2011-May 2013
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Summer 2011-
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The hydro stations

Altitude 2221 ma.s.l.
. . . . Watershed )
Shigar gauge station (ultrasonic sensor) - April 2011 e 6923 km

Datalogger Campbell Scientific - CR200X

sonic sensor Vegason 63,
Sensor

4-20 mA, 24V
p | solar panel 20W + battery Pb
QWer supply 12V 40 Ah
——PAlJU ——SHIGAR
250
200 ‘J
150 'WMWWWQ&
100 "
P
50 -
y 2012 Y et
=L = ' = 24/05/1229/05/1203/06/1208/06/1213/06/1218/06/12
o \& s Time
Altitude 3356 m a.s.l.
Watershed
1331 km?
area

Datalogger Campbell Scientific - CR200X

piezometric sensor STS
atm.eco/n, 4-20 mA, 12V
Power solar panel 20W + battery Pb
supply 12V 16 Ah

Sensor




Hydrologic Analysis
The hydrological, Poli-Hydro model

DEM Snow and ice ablation Simplified ice flow model
Pyunsaturated snow V ~ V h a
: : Meteo Data i ice,i— F0ice,i

Vertical gradient Land us ':1"?,8'3“/?49," ‘

of temperature L ane e Pice, - & -

and precipitation YDROLOGICAL don

MODEL
EVC(pO Tr‘anspir‘a 'I'ion l SOII water content Fig. 2. The hydrological systems and locations of waler sicrage in a lemperate glacier (modified from Riithlisherger and Lang, 1987).
Discharge S= soil water content
P= total precipitation (rain and snow)
Daily mass balance equation M= snow melt
Yy , M= ice melt
S =5 + P+MS + M -ET - Q ET= evapotranspiration
g g Qg= groundwater flow
Daily storage-outflow equation Runoff production:
A A Q.= superficial flow
Q = A _ iy ge S S SM Simax= Max soil water content
S ax ax
t+At

Q. =0 se § =8,

Ice melt, based on positive degree Ice thickness upon the Baltoro glacier was
day factor estimated in Summer 2013, using a low

M, = PDDF, (T - Tm) if T=T, frequency radar antenna (50 MHz) installed
: on a portable instrument (SIR 3000), to be
= < : : .
M; =0 f I<I, used in our simple ice flow model.
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Hydrological model
50 equispaced altitude belts

Available meteorological data
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Ice ablation data collected in summer 2011 by a

Hydrological model

Ice Positive Degree-Day F

UNIMI_POLIMI field campaign:

Debris depth at 17 points
Ablation data at 17 ablation stakes

PDOF [mm “C-1 day-1]

PDDF VS altitude
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Hydrological model

1000 - D 1 o
w 1,200
3 800}
© 0 AD O 1,000
> On ( (0 ——Qobs
T 600+ . {G_Qt‘mv : - o | —amos
Z ) Q_'#_ - 8 v % snow melting
£ 400 ) : 9 & e
° 5 BT :
&Y 0
200+ (0 | NSE = 0.941 [0.914 - 0.962) B
wm RMSE= 69.175 [51.802 - 88.023) .
200 400 600 800 1000 o
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900 —o%— %2 — = 100%
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— } s . %
T s Q obs 1985-1997 o %% -
E —— Qmod 1985-1997 s o E = 800
% 500 —— Q mod 1980-2012 l,’ £ E
g 400 - = Qobs2012 54.51% ‘ 32.42% S0% E g S00
© - = Qmod2012 40% s 2
300 4 400
*// 52.22% o §
200 - 43.49% [ a3s7% [ 73| - | 0% \ ' 20% 5 200
’ A 18.92% Y| 32:10% =
100 2 S42% lx,,g\‘ 10% &
0 * : . -/ | 104%% ["gaax | 730% | 7.63% L - o
jan feb mar apr may jun jul aug sep oct nov dec
month

_ Calibration 1985-1997 monthly data at Shigar
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Ice flow- validation

Our model

Quincey, D.J., Glasser N.F., Braun, M.,
Bishop, M.P., Hewitt, K. and Luckman, A.
(2011). Karakoram glacier surge
dynamics, Geophysical Research
Letters, 38, doi:
10.1029/20116L049004.
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The future (of) climate&hydrology, can we figure that out ?

28
To investigate change of the hydrological, one can use the projections of climate models
(AKA GCMs). These models do not provide a deterministic forecast of the future climate,
but instead, a possibily representative, statistically likely set of climate conditions that may

occur under specific hypothesis concerning greenhouse gasses concentration (and/or
radiation budget).

A climate model is a simplified version of the earth's

Modello dellatmosfera
system elaborated by a computer that represents reasonably P [~
. . . . . . ! e Vento  Temperstuwa
the physical and chemical interactions occurring therein. SR ot §,..__ (G
Main components of the earth’'s system are simulated using "Hm"“ l:m H“ !\ camono

parameterization of experiments carried out for the purpose \

Modello degli oceani



Climate projections: the RCPs (another way to represent

GHGs, and CO,

Emissions (GtC)
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Climate models: the issue of local representativity

Climate models however generally work at a coarse resolution in space (ca. 50-100 km grid),
and indeed provide climatic conjectures that are acceptable on average at large (global)
scales, but generally do not interpret local variability, e.g. local conditions, topography, etc..

Therefore, local tailoring is required, i.e. normally referred to as (statistical, dynamic,
deterministic) downscaling, especially for precipitation

L7 x-0
E.g. downscaling of climate
input of precipitation to
/ X (s7) resemble local effects

X (sa)




I':\Te ?fufur'e (of) hydrology, can we figure that Hydrological projections

GCMs for scenario simulations

PAPRIKA used downscaled inputs from three different GCMs
to project forward hydrology of the Shigar river over the investigated time horizon
(until 2099)

Model Research Centre Nation Grid size [°] n°layers|[.] | n°cells[.]
EC-EARTH Europe-wide consortium E.U. 1.125°x 1.125° 62 320x160
ECHAM6 Max Planck Institute for Meteorology GER 1.875° x1.875° 47 192x96

CCsM4 National Center for Atmospheric Research | U.S.A. 1.25°x 1.25° 26 288x144




Projected Mean Annual Discharge
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A Wading season !!
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Streamflow will increase during
the warm season, as sustained by
ice melt, especially during July
and August, but with a potential
shift of high flows towards Spring
months



Hydrological projections: available ice volume as per altitude bins

Ice volume at 2045
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Accelerated ice melting will
lead to rapidly decreasing
ice thickness, with potential
thinning, especially towards
the end of the century.

Down wasting of ice
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The future Baltoro glacier, a movie

ECHAMG, "worst case" RCP8.5 scenario

evolution of the Baltoro glacner ECHAMB chss 2040

T —

Ice depth (m)

ice_evol_echam85

The animation displays ice thickness in each altitude belt on the Baltoro glacier during 2020-2100. Worst
case scenario, Model ECHAMG6, RCP8.5




Common ftraits arising

2012-2015: Monitoring and modeling hydrology of the Khumbu glacier and
Dudh Koshi basin, Nepal

Dudh Kosi river including Khumbu glacier, and Everest peak
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Hydrological model

Calibration/validation (2012-2014)-
at Pherice (4200 masl)
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Common traits arising

The (central) Andes

Chile: large monitoring, high altitude network

2012. Programa plan de accion para la
conservacion de glaciares ante el
cambio climatico, DGA Cile
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An Italian case study Heavily regulated

Bernina-Mallero case study Little ()
hydrological
information |

DTM
s High: 4015 masi
M Low: 310 mas!
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Glaciers contribution
Ice mass budget deduced from remote sensing
DEM 2007- DEM 1981 = IWE

Altitude difference can be used to assess ice melt in
water equivalent.

Ice/snow melt can be modelled using mixed approaches,
using femperature T, radiation global &
Mci,s =(TMF (T_T;h)-i- RME’i,s(l_a )G) lfTZT;h

c,s c,s

Mci,s=0 lfT<Ttvh

Difference of ice covered area ICA can be used to
validate modeling

ICA [km?]

25 0
&g Legenda
mICA 1992 obs 5 = — Rivers N
SICA 1992 mod 6 [T Main catchment
20 mICA 1999 obs - Observed ice loss 1981-2007 A
10 High: 0 IWEm
@ICA 1999 mod ) 01 2 4 6 8
" [CA ot 1999 obs Low : 70 IWEm e m—— Kilometers
mICA tot 1999 mod 15
15
20
10 25
30
5 Ice covered area at each altitude
35 1992-1999
NIl
0 S\ \E \ 20

2100 2300 2500 2700 2900 3100 3300 3500 3700 3900
Altitude bel [m a.s.l.]



A glance into the (likely) future

Using IPCC projected climate scenarios we can then project forward the fate of the cryosphere,

and of water resources
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The Karakoram anomaly ???
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This all pleonastic ? Expected fallouts

1) Mountain water distribution/chemistry in the mountain
2) Floods/droughts - open..

3) Hydropower production

Alpine Hydropower under
Climate Change: the Sabbione
Reservoir of Italy

4)River habitat, temperatures
5)Rain fed mountain agriculture/pasture - MOUPA Pr.
6) Soil erosion - HERASE Pr.

7) Mountain natural hazard - Aval-Risk Pr.



Hydropower production

Hydropower in Northern Lombardia

Map of glacier coverage (blue areas) in
Lombardia Alps.

Yellow dots are the 25 major hydropower
plants operating via impoundments in
large reservoirs, with height > 10 m, and
volume >106 m3),

changes of
glaciers in the
Ortles
Cevedale

(upper), and in
the Bernina-
Disgrazia
(lower)
glaciers,
1981-2007
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Hydropower production: one case study

Year of construction: 1949-1953
Height: 64 meftri
Crown altitude: 2460 m a.s.l.
Volume: 26 mil. in 1953, 44 mil.

now
Power production: 44 GWh/year
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Sabbione (Hohsand) glacier

In swiss maps in 1898 one single body During one century (1885-1987) retired ca. 1600

o

Since the '80s the glacier emerges from the lake.

1985-09-28

In 1954 the glacier ’rongue dlps
into the lake...

o SENTINEL

Sabbione glaciers' area, 1986-2011




Hydrological catchment, Sabbione dam
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Sabbione reservoirs
Inflow to the reservoir

Poli-Hydro model is used to
simulate the glacier's
dynamics, and the outflow to
reservoir from the
catchment

2000-2017 |

Mean flow is
0902 /s
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Projected inflow reservoirs
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Stream flow is lower and
lower decreases moving
towards the end of
century
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Future scenarios of production
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River habitat, temperatures

GUIDA ALLE LECCENDE
SUL CLIMA CHE CAMBIA
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Climate change and water in the mountains: lessons learned (the way forward)

High altitude catchments hydrology is complex in measuring, modeling, projecting. Field campaigns, albeit
time consuming and harsh are needed, and worth.

Future climate variations could have large impact on the hydrological regime, and cryospheric cover of
several continental cryospheric areas (in ferms of discharge variation, and water amount stored in ice/snow
layers).

At present continuous snow cover at relatively low altitude, provides shield to the ice. However the
permanent snowline altitude would increase causing ice melting higher up.

Generally, discharge increase due to snow melting during the spring season will begin early, and larger
floods wil occur in fall in lack of snowfall

Generally speaking, in the first half of the century ice ablation would provide a significant increase of
water flows, however, when glaciers would down waste largely, a decrease in stream flows would be seen.
The role of precipitation would be paramount important.

Monitoring future discharges is w
T — & S
The way forward

arranted to track

variations, and design strategies.

—

. S

i~ A R ARSIt ’.' ¥

Adaptation (e.g. in water management and operation) is needed to modified hydrological cycle in terms of
drinking/agricultural/hydropower needs, flood dynamics, and riverine ecosystems.

The methods developed (bottom/up) here could be used for regional assessment (top/down), even in large
scale models (with feed-back)

The range of possible future precipitation changes under the IPCC is crucial, and need be explored, possibly
narrowed.
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