Ensuring Water in a Changing World
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Addressing Hydrologic Extremes and Dealing

With the Stationarity Assumption in Water
ResourceéSiSysteéms Operations & Planning
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Climate — Hydrology - Extremes

Nothinginew about the occurrence
ofhydrologic Iixtremes
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Hydrologically-Relevant Climate Variables
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Changes in Precipitation: U.S.A

Facts from Observations

Cooler Climates Intermediate Warmer Climates

Climates

e

= From 1908-2002:

= Total annual precipitation across
the contiguous U.S. increased 7%

= Heavy daily Precipitation events

have increased by 20%
>
= Rainfall associated with warmer
climates are more due to extreme
events compared to colder climates el
shown above | = - 30
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Source: Tom Karl NCDC-NOAA 2007
Center for Hydrometeorology and Remote Sensing, University of California, Irvine




Observed changes: Drought

Drought activity during the 20" and early 21%¢ Century

 U.S. droughts show

pronounced multi-year U.S. Percentage Area Dry

to multi-decadal January 1900 - July 2006

variability, but no S e e T 80
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convincing evidence S . AR 60

for long-term trends
toward more or
fewer events.
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Center for Hydrometeorology and Remote Sensing, University of California, Irvine




Model Projections of an Imminent
Transition to a More Arid Climate in
Southwestern North America

Richard Seager,’* Mingfang Ting,” Isaac Held,>* Yochanan Kushnir,? Jian Lu,* E
Gabriel Vecchi,? Huei-Ping Huang,” Nili Harnik,> Ants Leetmaa,” Ngar-Cheung Lau,*3

Cuihua Li,* Jennifer Velez,* Naomi Naik®

How anthropogenic climate change will affect hydroclimate in the arid regions of southwestern
North America has implications for the allocation of water resources and the course of regional
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A Dryer Future for Southwest US?
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Center for Hydrometeorology and Remote Sensing, University of California, Irvine
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Required Hydrometeorologic Predictions
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Required Hydrometeorologic Predictions

ShortRange == "="="-= ==+ =: =+ = ==« =zcm—=. >Long Range

hours ----> days ---->weeks --->months -->seasons -->years ------ > decades

Flash Flood \Warning
Flash Flood Guidance

Headwater Guidance

Flood Forecast Guidance i s

Reservoir Inflow Forecasts
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Recent Assessment of Seasonal Climate Forecasts

Quoting from *“ of the dozens of forecast techniques
Science, Vol. 321,

15" August 2008 |  proffered by government, academic,

private-sector climatologists, all but
two are virtually useless, according to
a new study” Livezey & Timofeyeva - BAMS,
June 2008.

* “About the only time forecasts had
any success predicting precipitation

was for winters with an El Nino or a
La Nina”

Center for Hydrometeorology and Remote Sensing, University of California, Irvine




Climate-Scale approaches to addressing hydrologic extremes

*Use of climate models:
down-scaling and ensemble

schemes

e Traditional statistical
hydrology methods:




Climate-Scale approaches to addressing hydrologic extremes

. I "

*Use of climate models:
down-scaling and ensemble

schemes




Climate Model Downscaling to Regional/Watershed Scales

Generation of Future Precipitation Scenarios
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Center for Hydrometeorology and Remote Sensing, University of California, Irvine



Downscaled Precipitation to Runoff Generation

Generation of Future Runoff Scenarios
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Center for Hydrometeorology and Remote Sensing, University of California, Irvine



Recent Assessment of Climate Models

o » Regional trends in extreme events

RSB are not always captured by current

and Limitations mo d GIS

B e,

» It is difficult to assess the

el S12n1ficance of these discrepancies
and to distinguish between model

deficiencies and natural variability

July 2008

Center for Hydrometeorology and Remote Sensing, University of California, Irvine



Climate Model Downscaling to regional/watershed Scale
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Given the Current State of Climate Models (especially at
regional scales) , What is the added-value of all the
Downscaling Studies over traditional statistical
hydrology methods in water resources studies?




Climate-Scale approaches to addressing hydrologic extremes

*Use of climate models:
down-scaling and ensemble

schemes

e Traditional statistical
hydrology methods:




Statistical Hydrology: “s

nthetic” streamflow Generation

Flow
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Potential Hydrologic Scenario: Stationarity!

Return Period (Years)
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Statistical Hydrology Developed Based on Stationarity Assumption

e

orissino-Mayer, Baisan,

Mlddle RIOGI"GH Sin, NM AD Morino, & Swetnam, 2001
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Center for Hydrometeorology and Remote Sensing, University of California, Irvi




Impact of Nonstationarity on Water Resources

CLI‘%E CHANGE

Stationarity Is Dead:
Whither Water Management?

P. C. D. Milly," Julio B t,2 Malin F
Ki

k.® Robert M. Hirsch,® Zbigniew W.

icz,% is P. L ier’ R Id J.

ystems for management of water
S throughout the developed world have

been designed and operated under the
assumption of stationarity. Stationarity—the
idea that natural systems. fluctuate within an
unchanging envelope of variability-—is a
foundational concept that permeates training
and practice in water-resource engineering. It
implies that any variable (e.g.. annual stream-
flow or annual flood peak) has a time-invari-
ant (or 1-year—periodic) probability density
function (pdf), whose properties can be esti-
mated from the instrument record. Under sta-
tionarity, pdf estimation errors are acknowl-
edged, but have been assumed to be reducible
by additional observations,-more-efficient
estimators, or regional or paleohydrologic
data. The pdfs..in turn, are used to evaluate
and manage risks to water supplies; water-
works, and floodplains; annual global invest-
ment-in. . water —infrastructure exceeds
U.S.$500 billion (£).

The stationarity assumption has long
been compromised by human disturbances
in river basins. Flood risk, water supply, and
water quality are affected by water infra-
structure, channel modifications, drainage
works, and land-cover and land-use change.
Two other (sometimes indistinguishable)
challenges to stationarity have been exter-
nally forced, natural climate changes and
lew-frequency, internal variability (e.g.; the
Adtlantic multidecadal oscillation) enhanced
by the slow dynamics of the oceans and ice
sheets (2, 3). Planners have tools to adjust
their analyses for known human distur-
bances within river basins, and justifiably or
not, they generally have considered natural
change and variability to be sufficiently
small to allow stationarity-based design.

1U.5. Geological Survey (USGS), c/o National Oceanic and
At ic ion (NOAA) Geophysical Fluid
Dynamics Laboratory, Princeton, NJ 08540, USA. 2USGS,
Tucson, AZ 85745, USA. 3Stockholm International Water
Institute, SE 11151 Stockholm, Sweden. *USGS, Reston,
VA 20192, USA. *Research Centre for Agriculture and
Forest Environment, Polish Academy of Sciences, Poznan,
Poland, and Potsdam Institute for Climate Impact
Research, Potsdam, Germany. SUniversity of Washington,
Seattle, WA 98195, USA. ’NOAA Geophysical Fluid
Dynamics Laboratory, Princeton, N) 08540, USA.

“Author for correspondence. E-mail: cmilly@usgs.gov.
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An uncertain future challenges water planners.

In view of the magnitude and ubiquity of
the hydroclimatic change apparently now
under way, however, ave-assert that stationarity
isdead and should no longer serve as a central,
default assumption in water-resource risk
assessment and planning. Finding a suitable
successor is crucial for human adaptation to
changing climate.

How did stationarity die? Stationarity is
dead because substantial anthropogenic
change of Earth’s climate is altering the
means and extremes of precipitation, evapo-
transpiration, and rates of discharge of rivers
(4., 5) (see figure, above). Warming aug-
ments atmospheric humidity and water
transport. This increases precipitation, and
possibly flood risk, where prevailing atmo-
spheric water-vapor fluxes converge (6).
Rising sea level induces gradually height-
ened risk of contamination of coastal fresh-
water supplies. Glacial meltwater temporar-
ily enhances water availability, but glacier
and snow-pack losses diminish natural sea-
sonal and interannual storage (7).

Anthropogenic climate warming appears
to be driving a poleward expansion of the
subtropical dry zone (8), thereby reducing
runoff in some regions. Together, circulatory
and thermodynamic responses largely
explain the picture of regional gainers and
losers of sustainable freshwater availability

Published by AAAS

Climate change undermines a basic assumption
that historically has facilitated management of
water supplies, demands, and risks.

that has emerged from climate models (see
figure, p. 574).

Why now? That anthropogenic climate
change affects the water cycle (9) and water
supply (/0) is nota new finding. Nevertheless,
sensible objections to discarding stationarity
have been raised. For a time, hydroclimate had
not demonstrably exited the envelope of natu-
ral variability and/or the effective range of
optimally operated infrastructure (77, 72).
Accounting for the substantial uncertainties
of climatic parameters estimated from short
records (/3) effectively hedged against small
climate changes. Additionally, climate projec-
tions were not considered credible (72, 14).

Recent developments have led us to the
opinion that the time has come to move
beyond  the wait-and-see approach. Pro-
Jjections of runoff changes are bolstered by the
recently demonstrated retrodictive skill of cli-
mate models. The global pattern of observed
annual streamflow trends is unlikely to have
arisen from unforced variability and is consis-
tent with modeled response to climate forcing
(715). Paleohydrologic studies. suggest that
small changes in mean climate might produce
large changes in extremes (/6), although
attempts to detect a recent change in global
flood frequency have been equivocal (77,
18). Projected changes in runoff during the
multidecade lifetime of major water infra-
structure projects begun now are large
enough to push hydroclimate beyond the
range of historical behaviors (/9). -Some
regions have little infrastructure to buffer the
impacts of change.

Stationarity cannot be revived. Even with
aggressive mitigation, continued warming is
very likely, given the residence time of
atmospheric CO, and the thermal inertia of
the Earth system (4, 20).

A successor. We-need to find ways to
identify nonstationary probabilistic models
of relevant environmental variables and to
use those models to optimize water systems.
The challenge is daunting. Patterns of
change are complex; uncertainties are large;
and the knowledge base changes rapidly.

Under the rational planning framework
advanced by the Harvard Water Program
(21, 22), the assumption of stationarity was

1 FEBRUARY 2008
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Potential Hydrologic Scenarios
1. Precipitation and Runoff Trends 2. Hydrologic Variability

(e.g. increase/decrease) (e.g. magnitude/severity/duration)
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Increase in Runoff not always due to Increase in Precip.

Center for Hydrometeorology and Remote Sensing, University of California, Irvine



What is the Message?

*Presently, the accuracy of regional-scale
climate model fall short of meeting the
requirements of water resources planning.

‘0 advance thetr
'éss non-stationarity.
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omewhere in New Mexigp, USA - Photo: J. Sorooshial
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Some of the Issues facing
the Avid & Semi-Arid
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Water balance in Semi Arid Regions

Precipitation

Evapotranspiration ~250 mm/yr

ET) ~250 mm/yr

Runoff
? mm/yr
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Sediment/ Rock. .
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NMT now at CU Boulder

Center for Hydrometeorology and Remote Sensing, University of California, Irvine




Interspaces are sources of runoff, Canopies are sinks for runoff

orasslands

el SR /- L PRODNE S | &
Source: Eric Small, NMT now at CU Boulder

Center for Hydrometeorology and Remote Sensing, University of California, Irvine



Impact of Vegetation Cover Change on Infiltration

GRASSLAND 0.5m

SHRUBLAND

. Groundwater Aquifer
(B Animation Assisted by: Wei Chu and Gi-H. Park Studly by: Eric Small, NMT now at CU Boulder
D ¢

Center for Hydrometeorology and Remote Sensing, University of California, Irvine



Recharge through semiarid soils

Conventional hypothesis: New hypothesis:
Net water fluxes always downward, Xeric vegetation maintains
regardless of climate net upward moisture fluxes

Recharge ~ 2 mm/yr Recharge ~0.02 mm/yr
= gw for 400,000 households = gw for only 4,000 households

Slide contents from Walvoord & Phillips 2002, NMT

Center for Hydrometeorology and Remote Sensing, University of California, Irvine
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CLIMATE PREDICTION

Seasonal-Climate Forecasts Improving Ever So Slowly

Farmers, ski-resort operators, and heating-oil
would very much like to know what
ming Winter \\Il] If a strong
El Nifio were brewing in the tropical Pacific, at
Jeast some of them would be in luck. The offi-
cial United States winter forecast could warn
them, with considerable reliability, that the
Southeast and the Gulf Coast will be cooler
and wetter than normal. But without an EI Nifio
or its counterpart, La Nifia, next winter’s
weather is pretty much anybodys guess.

f the dozens of forecasting techniques
\v government ALJdLHHL dnd

private-sect

ali\ worthless, according to a \ new / study.
sons, places, and situations in
y good,” 5‘1,\5 t.hm.\lol

recently retired from the National \\eather
(NWS). But even many people in the
field “don’t appreciate how little there is to
\\011\ \\ll} Ihu\us really no evidence here
that there are any other silver bullets” waiting
to be fourid, —

Since 1946, NWS-forecasters have been
trying to forecast the average temperature and

precipitation across the lower 48 states a
month ahead, and more recently season by sea-
son up to a year ahead. At NWS’s Climate Pre-
diction Center (CPC) in Camp Springs, Mary-
land, where Livezey oversaw seasonal fore-
casting in the late 1990s, the trick has generally
been to identify some element of recent or cur-
rent climate—say, the presence of El Nifio—
that can influence future climate. If they couldn’t
find one, researchers could fashion a forecast
“tool”—such as a collection of past time peri-
ods when the climate system resembled the
current situation—that when tested on past
seasons gave some inkling of future seasons.
They would then subjectively choose which
techniques to combine and how to combine
them in order to predict whether temperature
and precipitation would be above, near, or
below normal in some 3-month period ina par-
ticular region.
The CPC approach has shown very modest

though inc creasing skill-at CPC, Livezey and

hmatololet Marina Timofeyeva of NWS.in
Silver Spring, Maryland, report in the June
issue of the Bulletin of the Ameri-
can Meteorological Society. They

worked up a scorecard for CPC forecasts made
from 1994 to 2004, comparing the success
rates for different seasons, regions, and periods
when a strong El Nifio or La Nifia was present
or absent.
About the only time forecasters had any
Sliccess predicting precipitation was for win-
ters with an El Nifio or a La Nifia, Livez
and Timofeyeva found. Using a scale in
which mere chance is 0% and perfection is
100%, in those winters they estimate
“unprecedented” skill—50% to more than
85%—along the southern tier states and up
the West Coast about half a year into the
future. Even so, the overall skill score for pre-
cipitation was just 3%.
Temperature for

ts fared better, with an

20/,

overall skill score of 13%, up from a score of

8% for the previous decade. El Nifio and La
Nifia helped out again during winter, raising
skill to more than 85% across much of the east-
ern United States out to more than 8 months.
But CPC also had substantial success predict-
ing temperature out to a year in the American

About the efficacy of climate models
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ual discharge from 137 representative rivers
obal ocean remained constant, although annual
lore than 30%. Discharge trends for many rivers
onse to short- and longer-term atmospheric-
ssissippi, Niger and Cunene rivers, few of these
scharge or precipitation. Cumulative discharge
60%, reflecting in large part impacts due to
er of high-latitude and high-altitude rivers
irecipitation. Poorly constrained meteorological
«cess” rivers; changed seasonality in discharge,
may play important roles.

© 2008 Elsevier B.V. All rights reserved.

Center for Hydrometeorology and Remote Sensing,

University of California, Irvine



How About Drought Frequency Analysis Methods?

Not to my Knowledge. No comprehensive program until

recently.
L
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