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Multi-year droughts

in USA and southern
Canada
S
Land subsidence
and land slides in
Mexico City
Water supply affected by
shrinking glaciers in Andes
Chad declining
Water supply reduced by erosion
and sedimentation in reservoirs in
north-east Brazil
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Water withdrawal: water used for irrigation,
livestock, domestic and industrial purposes (2000)

Water availability: average annual water
availability based on the 30-year period 1961-90

Figure 1.1: Examples of current vulnerabilities of freshwater resources and their management; in the background, a water
stress map based on WaterGAP (Alcamo et al., 2003a). See text for relation to climate change. [WGII Figure 3.2]

IPCC Technical Paper “Climate Change and Water”, 2008
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FIG. 8. Linear trends from 1948 to 2004 in annual (water year) (a) discharge from each
48 lat 3 58 lon coastal box estimated from available gauge records and reconstructed
river flow, (b) the runoff trend inferred from the discharge trend shown in (a), (c) observed
surface air temperature and (d) precipitation (from Qian et al. 2006), and (e) CLM3-
simulated snow cover and soil ice water. DAl et al., 2009, J.Climate.

“World’s major rivers drying up”
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Figure 2.10: Large-scale relative changes in annual runoff for the period 2090-2099, relative to 1980—1999. White areas are
where less than 66% of the ensemble of 12 models agree on the sign of change, and hatched areas are where more than 90%
of models agree on the sign of change (Milly et al., 2005). [Based on SYR Figure 3.5 and WGII Figure 3.4]

Values represent the median of 12 climate models using the SRES A1B scenario.

IPCC Technical Paper “Climate Change and Water”, 2008
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Human influences. Dramatic changes in runoff volume from ice-free land are projected in many parts of the world by the middle of
the 21st century (relative to historical conditions from the 1900 to 1970 period). Color denotes percentage change (median value
from 12 climate models). Where a country or smaller political unit is colored, 8 or more of 12 models agreed on the direction
(increase versus decrease) of runoff change under the Intergovernmental Panel on Climate Change’s “SRES A1B” emissions scenario.

Milly et al., Policy Forum, Science, 2008
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GLACIERS

I.  Complex hydrological systems

ii. Water storage in snow, firn, supraglacial channels, ponds, englacial
pockets & conduits, subglacial cavities & conduits

lii. Storage occurs at all timescales (days to centuries)

Iv. Peak runoff during melt season

v. Episodic storage release events (jokulhlaups, GLOFs, glacier surges)

vi. Glacier “compensation effect” = smoothing annual streamflow
variations (particularly relevant during dry periods)

Figure 1. Coefficient of variation of annual specific run-off versus

fraction of glacierized basin for 39 basins in the Swiss Alps. “ss

is the summer season (June—August), sy’ is the summer half-year

(May—September) and ‘a’ is the annual average (October—September).

The curves are second-degree polynomial fits to each dataset. Reproduced

from Figure | of Chen and Ohmura, 1990 (http:/fiahs/redbooks/193.htm)
with kind permission of IAHS Press
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Job 6:17 When they (snow & ice) become
warm, they go away; when it is hot, they
vanish out of their place.

CLIMATE WARMING &
GLACIER WASTING

1st stage: ELA rise,
increased runoff. glacier melt
mainly by thinning (albedo
feedback relevant)

critical point: reached after
relevant glacier shrinkage &
ELA reaches the upper areas
2nd stage: glacier melt no
longer able to sustain runoff
& runoff decreases to base
level after glacier disappears
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Response of Hofsjokull, Iceland,
to climate change.
Aoalgeirsdottir,JGR, 2006
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Fig. 5. Change processes of glacter runoff. (a) The processes of glacter runoff change under different rates of air-temperature rise
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Figure 1.1. Areal extent of Chacaltaya Glacier, Bolivia, from 1940 to 2005. By 2005, the giacier had separated into three distinct small bodies.

The position of the ski hut, which did not exist in 1940, is indicated with a red cross. The ski lift, which had a length of about 800 m in 1940

and about 600 m in 1996, was normally installed dunng the summer months (precipitation season in the tropics) and covered a major portion
of the glacier; as indicated with a continuous line. The original location of the ski lift in 1940 Is indicated with a segmented line in subsequent

epochs. After 2004, skiing was no longer possible. Photo credits: Francou and Vincent (2006) and Jordan (1991). | PCC, 2007
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Figure 5. Maximum diurnal amplitude of discharge and mean diurnal amplitude over the ablation season (May—
October) at Vernagtferner, Austrian Alps in the period 1974-2000 (No. 9 in Table I). Diurnal amplitudes are based
on hourly values. The dashed lines indicate linear trends. Maximum bare ice area represents the end of the
ablation season. Reproduced from Figure 2 of Hock et al. (2005) with kind permission of Springer
ScienceCBusiness Media. The glacier area has decreased from 9301 to 11 441 km2 in the period 1974-2000,
that is, from 81 to 76% of glacier cover considering a catchment area of 11 441 km2 at Vernagtbach gauging
station (http://www.Irz-muenchen.de/%a2901ad/webserver/webdata/vernagt/vernagt E.html)
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Figure 6. Run-off at Urumgi Glacier No. 1 hydro-meteorological station
with the annual mass balance of Urumqi Glacier No. 1, eastern
Tianshan Mountains. An explicit inverse correlation is evident, with R2
= 0.53; N=48; P < 0.01. Reproduced from Figure 4 of Li et al.
(submitted) with kind permission of Wiley InterScience.



25

Lme et Tm’CB, (en valeurs centrées réduites)

~=—=Lme-Llanganuco = Tm°CB-Réanalyse ~——Lirear (Lme-Llanganuco) =1 inear (Tm°C8-Réanalyse)

20 +

- W W w
18 == —=a
B e = == = o N -
- =
- "
- -
16 Ay -

12 4 — =

10 .

Lame écoulée Le, &n m

08 . ¥ \1\
uﬁ - - = - = . R

04
02
iKi] |
2000 2050 2100 2150 2200 2250 2300
Anndes
| NG ENLCD P Aron = = =Arfdesonray = = =Yanamarey

Cordillera Blanca. Pouyaud et al., 2005



T
10N

T
ws

W

2w

RUNOTT IFeNa IS Per annuing

Casassa et al., 2009

1.5

0.5 -

-0.5

| Maule
Elgui Aconcagua | Tinguiririca
e O] | e
Copiapd Mapocho \
Nuble
=27 -28 =28 =30 =3 =32 =33 =34 =35 =36 =37
Latitude



Mean Nov-Feb

annual 19542003 contribution
River Lat (S). Elevation Period of record discharge  linear trend to annual

(basin area) Gauge station Lon (W) (m) (% missing) (m’s™")  (m’s”'yr ') runoff (%)

San Juan km 47.3 31°32'S, 045 Jul 1909—Jun 2004 65.2 +0.54 N§® 535
(25670 km?) 68°53"W

Mendoza Guido® 32°51'S, 1350 Jul 1909—Jun 2004 48.9 +0.37 N§ 58.7
(9040 km?) 69°16'W

Tunuyin Valle de Uco 33°47'S, 1200 Jul 1954—Jun 2004 28.6 +0.12 NS 59.7
(2380 km?) 69°15'W

Diamante La Jaula® 34°40°S, 1500 Jul 1938-Jun 2004 30.9 +0.23 NS 57.0
(2753 km?) 69°19'W

Atuel La Angostura 35°06'S, 1200 Jul 1906—Jun 2004 35.2 +0.24 NS 51.3
(3800 km?) 68°52'W

Colorado Buta Ranquil 37°05'S, 850 Apr 1940-Jun 2004 148.3 +0.77 NS 55.8
(15300 km?) 69°44"W

Choapa Cuncumén 31°58'S, 955 Jan 1941-Jun 2005 (3.0%) 9.6 +0.08 NS 56.5
(1172 km?) 70°35'W

Aconcagua Chacabuquito 32°51'S, 1030 Oct 1913-Jun 2005 (0.8%) 33.0 +0.18 NS 61.0
(2059 km?) 70°31'W

Maipo El Manzano 33°36'S, 890 Nov 1946-Jun 2005 (1.6%) 107.8 +0.93¢ 55.8
(4769 km?) T70°23'W

Tinguiririca Bajo Los Briones  34°43'S, 518 Jan 1942—Jun 2005 (9.3%) 50.7 +0.38° 55.3
(1424 km?) 70°49'W

® NS means that linear trend is not significant (P = 0.05).

® July 1909-June 1956 estimated from Cacheuta (33°01'S, 69°07'W, 1238 m).
 July 1938-June 1977 estimated from Los Reyunos (34°35'S, 6839'W, 850 m).
4 Significant at the 0.05 level.

¢ Significant at the 0.01 level.

Masiokas et al., 2006
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26% increase in run-off in
19962005 compared to
1976— 1945 for the highest
glacierized basin. In the 2
intermediate glacicnzed basins
run-off decreased by 3-6% in
19962005 compared to
1986—1995.

Most basins more than 10%
glaciated exhibit statistically
significant increasing trends in
summer streamflow.

Increase of maximum diurmal
discharge amplitude from 50
to 100 m*fs within the period
(1005,

Annual basin run-off increase of

413 mm (62%) at Urumaqi
Glacier No. 1 in the period.

Glacier run-off depth at Uromaqs
Glacier No. | inereased from
385 mm to 874 mm in the
perind (49-4%).

In 1991 -2004 river run-off
increased by 9% compared to
1961 - 1990.

Glacial melt in 2001-2004 is
23% greater than in
1908 1099, accounting for
58% of the annual mean
discharge.

Run-off increase of 13% in the
period

Significant decrease (trend
statistic £ of —2-5 to —3.0,
nonparameiric ME test) in
streamflow in the 2 river
stations within the period.

Mark et al., 2005
Casassa et al., 2009
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Figure 1.
Relative location of glaciers and moorlands surrounding Quite, Ecuador, as well as the
location of mnfrastucture proposed to meat the city’s water demand untzl 2040,
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Multi-model Averages and Assessed Ranges for Surface Warming
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CONCLUSIONS

Glacier basins with decreasing run-off trend
* south-central British Columbia
* low elevations in the Swiss Alps

Significant run-off increases

* Alberta, north-western British Columbia and Yukon in Canada

* highly glacierized basins in the Swiss and Austrian Alps

 Tianshan Mountains and Tibet in central Asia

* tropical Andes of Peru

The run-off increase within these basins is closely related to observed
temperature rise, indicating that there is an unequivocal signal of enhanced
glacier melting under the present warming trends.

..¢.central Andes of Chile??

Mixed evidence of increased & decreased discharge

Probably a combined effect of reduced/increased melt from seasonal snow
cover as the snow line rises, and relevant glacier area losses.

Future warming scenarios
Glacier run-off should start to decrease even in high-altitude basins, affecting
water availability.



COLLAPSE OF WATER STATIONARITY.
NEED TO CONSIDER CLIMATE CHANGE!

Stationarity Is Dead:
Whither Water Management?

P. C. D. Milly,"™ Julio Betancourt,2 Malin Falkenmark,® Robert M. Hirsch,* Zbigniew W.
Kundzewicz’ Dennis P. Lettenmaier,® Ronald J. Stouffer’

Policy Forum, Science, 319, 573-574, 2008
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