Anticipating Future Climate
Change Impacts on California
mountain hydrology
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California as a Global Warming
Impact Laboratory

CA hydrology Is sensitive to climate variations, climate sensitive
industries (agriculture, tourism), 5" largest economy in world

Water supply in CA is limited, vulnerable to T, P changes
— timing, location
Changes already are being observed
CA Executive Order supporting studies on climate change impacts

Precipitation and Runoff Irrigation Water Use Public Water Use

Callfornla Irrigation total Gallfornia public supply tot2
withdrawals, 28,900 (Mgal/d) withdrawals, 5,620 (Mgald)
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¥ Cascade of Models (and Uncertainty)

2. Global Climate
Model

4. Hydrologic 1. GHG
MOd_e|_ - +— ( Emissions
" ;f Scenario
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3. Global-to-Local Scale
“Downscaling”

. Adapted from Cayan and Knowles, SCRIPPS/USGS, 2003 by Levi Brekke




Future GHG Emissions

Scenarios of CO, emissions

Scenarios

— A1B
-= A1T
-=== A1FI
—_— A2
— B1
—_— B2

society changes in the future:

Scenarios” of greenhouse gas emissions:

CO5 emissions (Gt C)

Alfi: Rapid economic growth and introduction
of new, efficient technologies, technology 2000 2020 2040 2060

emphasizes fossil fuels — Highest estimate of
IPCC
1200

A2: Technological change and economic 1100
growth more fragmented, slower, higher 1000
population growth — Less high for 21st century

1300

B1: Rapid change in economic structures
toward service and information, with emphasis
on clean, sustainable technology. Reduced [

materlal Inten Slty and Improve d S O Clal e qUIty - 30 2000 2020 2040 2080 2080
Lowest estimate for 21st century




Global Climate Models -
Uncertainty

The projected future climate depends on Global Climate Model (or
General Circulation Models, GCM) used:
*VVarying sensitivity to changes in atmospheric forcing (e.g. CO,,
aerosol concentrations)
Different parameterization of physical processes (e.g., clouds,
precipitation)

= CCCma_CGCM2 = CCSM2.0b = CSIRO_Mk2 ECHAMA_OPYC3 ~ ECHO-G
= GFDL_RJa0_c = HadCM2 = HadCM3 = MRI_CGCM2.3 = PCM

Global mean air
temperature by
10 GCMs
identically
forced with CO,
increasing at
1%l/year for 80
years

Source: Covey et al.




AR4 Temperature and Precipitation Anomalies in 2070-2099

Temperature: A2 mean= 3.4°C, 6=0.8°C; B2 mean=1.7"C ¢=0.7°C
Precipitation: A2 mean = -1.7% ¢=12.3%; B2 mean =+1.5% ¢=10.7%

leference between all GCMs
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Temperature Anomaly (°C) Figure: K. Hayhoe

Difference Between B1 and A2 Emissions




Problems using GCMs for Regional
he problems: ImpaCt StUdieS

— GCM spatial scale incompatible with
hydrologic processes

* roughly 2 — 5 degrees resolution
e some important processes not captured

— Though they accurately capture large-
scale patterns, GCMs have biases

Resolved by:
—Bias Correction
—Spatial Downscaling
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Biases in GCM Simulations

Observed Data Raw GCM output
aggregated to GCM resolution for same period as observations

aasonal Average Precip., mmia—
| ||




Bias Correction

Mean and variance of observed data are
reproduced for climatological period

Temperature trends into future in GCM
output are preserved

Relative changes in mean and variance in
future period GCM output are preserved,
mapped onto observed variance



Spatial downscaling

1) Performed on bias-corrected output, at each GCM scale grid cell

—  Month-by-month comparison of GCM output with
climatological monthly avg.

— P (scale) and T (shift) factor time series developed

2) Factors interpolated to 1/8° grid cell centers (about 150 km? per
grid cell)

3) Interpolated factors applied to monthly observed time series
4)  Dalily data derived with random resampling

125% 118% 116%

116% 112%

117% 109% 107%

108%




Hydrologic Model

Drive a Hydrologic Model with  GCM-simulated
(bias-corrected, downscaled) P, T
Reproduce Q for historic period

Variable Infiltration Capacity (VIC)

*Derive runoff, streamflow, Macroscale Hydrologic Model
Grid Ceil Vegetaion Coverage

S n O W y S O I I m O I S t U re Celf Enargy and Moisture Fluxes 2

VIC Model Features:
*Developed over 10 years 7N L
«Energy and water budget 45 (o vt o s
closure at each time step i ’
* Multiple vegetation classes in
each cell
*Sub-grid elevation band ot
definition (for snow) p oo e
* Subgrid infiltration/runoff "
variability
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Bracketing Projected Futures

2 Recent GCMs Used by Hayhoe et
al., 1994

HadCM3 — UK Meteorological Office
Hadley Centre

PCM — National Center for Atmospheric
Research/Dept. of Energy Parallel
Climate Model

Distinguishing Characteristics of both models:
*Both are Coupled Atmosphere-Ocean-L
*Neither uses flux adjustments
*Model estimates of global annual mean temperature lie within 1°C of
observed averages
*Both are state-of-the-art and well-tested, participating in international
comparisons

HadCMa3 is considered “Medium Sensitivity”
_ PCM generally “Low Sensitivity”




Different Warming with Different
Emissions (B1 vs. Alfi)

CA average annual

temperatures for 3
- 10-year periods
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Winter Precipitation Projections

Statewide Average

150 )

Winter

00 precipitation
HadCM3 lower =—= PCM lower == accounts for most

HadCM3 higher === PCM higher =

of annual total

50
High interannual

0 klfﬁw variability — less
f confidence in
50 m&&m\“ﬁ precipitation-
y-, | induced changes

Precipitation Change (mm)

driven impacts.

-150
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d-of Century Streamflow: North CA

HadCM3 shows:
@ 1961-90

* Annual flow drops 20-24% 02070-09: Alfi[

m 2070-99: B1 | |
* April-July flow drops 34-47%

Flow, cfs

« Shift in center of hydrograph
23-32 days earlier

esmaller changes with lower | ] HI m H] m M

emissions B1 0

Month

PCM shows:

* Annual flow +9% to -29% B 1961-90
0 2070-99: A1lfi

* April-July flow drops 6-45% 7 m 2070-99: B1

« Shift in center of hydrograph
3-11 days earlier

o difference between , H1
emissions pathways more il BN H]H]
9 10 11 12

pronounced than for 6 7 8
HadCM3

Flow, cfs




Diminishing Sierra Snowpack
% Remaining, Relative to 1961-1990

29—-73% loss for the
lower emissions scenario
(3-7 MAF)

73—-89% for higher
emissions (7-9 MAF — 2
Lake Shastas)

Dramatic losses under
both scenarios

Almost all snow gone by
April 1 north of Yosemite
under higher emissions

Impacts vary by elevation

2070-2099

Lowwer Emissions Higher Emissions

11%
remaining

California

Remaining Snowpack (%)

N I I N

80 60 40 20 0




Utility of “Bookend” Study

A large range of futures is bracketed, providing rough
“bounds” on uncertainty

Can identify impacts/sectors at risk
— Hydrologic impacts substantial under any future

Compare temperature and precipitation impacts

— Temperature related impacts diverge greatly under different
emissions scenarios (snow melt, streamflow timing, heat
waves,...)

— Precipitation confounds some impacts

Can uncertainty be guantified, and
not just bounded?



Comparing Impacts to Variabllity

11 GCMs, most recent

— A1B

generation (IPCC AR4) R B

— A2

20| = B1
— B2
— 1S92a

2 Emissions scenarios for each
GCM:

-A2
-B1

O, emissions (Gt C)
o

_____

eSame bias
correction,
downscaling,
hydrologic modeling
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Feather River Flow Changes

90-95%
95-100%

Apr May Jun

Jul Aug Sep Oct Nov

Dec

All increases in winter and
decreases in spring-early
summer flows are high
confidence (>95%)

End of Century Changes

e[ncrease Dec-Feb Flows
+559% for A2

+33% for B1
*Decrease May-Jul

-32% for A2
-29% for B1



Anticipating an Uncertain
Future

Many long-term impacts are significant, models
agree in some respects

Differences between scenarios in next 50 years Is
small relative to other uncertainties

Combine GCMs and emissions scenarios into
“‘ensemble” of futures.

Allows planning with risk analysis




.l
i Impacts on Snow
with Combined A2, B1 Ensemble

1961 - 1990 2041 - 2070 2071 - 2100

Cell at:
120°W, 38°N

Snow water equivalent on April 1, mm

Mean Impact of all 22 simulations:
2041-2070: 74% remaining
2071-2100: 55% remaining
How to include uncertainty in planning?




One point: April 1 Snow Loss
All Simulations (B1 and A2)

Loss in Snow Water Equivalent
Relative to 1961-1990 Average

95 g0 70 60 a0 40 30 20

— 2041-2070
2071-2100

2/3 chance that loss will be at
least 40% by mid century,
70% by end of century
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Probability of Snow Loss

W 2041-2070

02071-2100

[ T

-90% -70% -50% -30% -10% 10% 30% 50% 70% 90%
%Loss from 1961-1990

Probability




Conclusions

e GCM/emission uncertainties can be
captured probabillistically for use In

. planning
1 « Definition of probabilities of impacts
(bookend vs. ensembles) depends on:

— variables to which impacts are sensitive (T-
dependent vs. P-dependent)

— computational demands of impacts models
(how many potential futures are useful)






