


Loch\/ale :

USGS,WEBB site, quoraag Niwot Ridge L TER, Colorado

MarceIfExperimental Forest,
Minnesota

-

Fraser Experimental Forest,
Colorado

Kellogg Biological Station 5!‘1‘8’_

LTER, Michigan

North Temperate Lakes LTE’R*
Wisconsina:

Bonanza Creek Experimental
Forest and LTER, Alaska

-4 Hubbard Brook Experimental

Forest and LTER, New Hampshire

f’ﬁf HJ Andrews Experimental Forest
4. and LTER, Oregon

—— " —

Georgia Coastal Ecosystem
LTER, Georgia

Fernow Experimental Forest, West
Virginia

‘ ‘gé‘and Sewlleta Natlonal Wildlife Refuge '-(?erﬂ‘ral Anz‘(ﬁ‘éH/P,hoenlx LTER,

and LTER, New Mexico

Arizéna (CAP). &2 e

A consortium of catchment
scientists, including:

Adam Spargo

USA

Mary Beth Adams (FER)
John Campbell (HBR)
Alan Covich (LUQ)
David Clow (LVW)
Clifford Dahm (SEV)
Kelly Elder (FRA)
Nancy Grimm (CAP)
Julia Jones (AND)
Stephen Sebestyen (MAR)
James Vose (CWT)

Mark Williams (NWT)

Canada

Fred Beall (TLW)
Tom Clair (KEJ)

John Pomeroy (MRM)
Patricia Ramlal (ELA)
Rita Winkler (UPC)
Huaxia Yao (DOR)




Rationale

0 These watershed studies are
unique.

0 Represent longest existing
paired records of climate and
hydrology.

0 Provide opportunity to
explore effects of climate on Kr
water yields in headwaters of . -

the US and Canada. ; LA ._C._oWeetar,-IEx;pe_r_i_'m'ental Forest
and LTER, Nerth Carolina.(CWT)
n.l.'. o £ &

0 Collective potential of these
studies is only beginning to
be realized.




Motivation

Why are we interested in the Budyko curve?

* The Budyko Curve provides a
reference condition for the
water balance.

= Jfwe assume it depicts the
expected partitioning of P into
Q, then we can begin to
account for the reasons why
sites vary from the curve.

Russian climatologist
1920 -2001

Jones et al. 2011. Ecosystem processes and human influences regulate streamflow response to
climate change at long-term ecological research sites . Bioscience Under Review




Breaking down the
Budyko Curve

Water limit: AET = P.

A site cannot plot above the
blue line unless there is an
additional input of water
beyond precipitation.
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What do deviations from the
Budyko curve mean?
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Question 1

Do average annual values for
reference catchments fall on the Budyko curve?




“LTER” Sites

(including US LTER, USGS, USFS and Cdn sites)
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“LTER” Sites

(including US LTER, USGS, USFS and Cdn sites)

e 0 30 sites across North
, & = America selected based
0 oy ; .
7 Ot
P B 0 Reference catchments
oee .
W onii @ 0 Coverage of major
it =@ :
g biomes
LR M
2 0 Coverage of major
Average annuél ;:;-PET (mm) , ”ﬂv . Cllmate reglonS
- I 6oo0-799 . \‘F’ri"; >
8 50-90 [T 800 - 999 W‘ S
[ 100 - 199 I 1,000 - 1,999 S N LG
[ 200 - 300 I 2,000 - 2,999 % = e
400-599->3.000




AND
ARC
BES
BNZ
CAP
CAR
CAS
CWT
DOR
ELA
FER
FRA
GCE
HBR
KEJ
KBS
KNZ
LvVwW
LUQ
MAR
MRM
NTL
NWT
OLY
PIE
SBC
SEV
TEN
TLW
UpPC

1950

Record length - matched P, T, Q

Long-term matching climate and flow records from
US clim/hydroDB website (http://www.fsl.orst.edu/climhy/)
Cdn HELP website (http://www.canforhydro.org/)

1000000 —
— SEV ®
100000 - ® cap
oLY zss PIE
= 10000 - y’ ® 7L °®
= @ARe ® SBC
S ot BNZ K.EJ
o FRA
S 1001{ @g cas”S o, ELA ®
= TEN® 0 nwt 0@
s 100 A BES LYW b CAR LUQ ANDHBR FER
= ® MAR
S - TLW A °
S i
S CWT
1 .
l T | | I | ‘ ‘ 01 T T T T T T
1960 1970 1980 1990 2000 2010 0 10 20 30 40 50 60

Streamflow, T, P, matched record length (yrs)

70



http://www.fsl.orst.edu/climhy/
http://www.canforhydro.org/
http://www.canforhydro.org/

Theoretical vs. observed distribution of study
sites relative to the Budyko Curve

Actual evapotranspiration / precipitation
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Actual evapotranspiration / precipitation
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Accuracy of Budyko in predicting
long-term (10-yr) average discharge
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Observed AET (P - Q)
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Hurricane Hugo hit the site in September 1989

Luquillo Experimental Forest, LTER site,

and-.USE.S WEBB sitejPuerto Rico (LUQ)

reducing above ground biomass by 50%.
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Whilst the Evaporative Index for the 30 sites generally follows
the Budyko curve there remains a lot of deviation.

Why does this occur?

1

Longterm Average AET/P deviation the

Maximum deviation of the longterm average
Evaporative index from the Budyko Curve for each of
the 30 study sites

0 ARTIFACT?

0 ET=P-Q

¢ Timing of P vs. ET over the year

¢ Inadequate measures of P, ET, Q

0 Missing measures of other
components of the water balance
(i.e., groundwater gains or
losses?)

0 REAL?
¢ Natural disturbance legacy
effects
0 Vegetation, topography, and soils
may modify water balance
0 Ecosystem may acclimate/adapt

to climate change
4



Whilst the Evaporative Index for the 30 sites generally follows
the Budyko curve there remains a lot of deviation.

Why does this occur?

0 ARTIFACT?
0 ET=P-Q
¢ Timing of P vs. ET over the year
¢ Inadequate measures of P, ET, Q
0 Missing measures of other
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Whilst the Evaporative Index for the 30 sites generally follows
the Budyko curve there remains a lot of deviation.

Why does this occur?

0 ARTIFACT?
0 ET=P-Q
¢ Timing of P vs. ET over the year
¢ Inadequate measures of P, ET, Q
0 Missing measures of other

1.6 7

1.4 A

1.2 A

1.0 Water Limit
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identify where we have confidence to climate change

in closing the water budget?
What are our gaps in knowledge?
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Question 2

Do year-to-year deviations in the evaporative index
provide insight into the responsivity (resistance)
and elasticity (resilience) of catchment water yields
to changing climatic conditions?

(7]




Spider plots showing year-to-year
deviations from long term average
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Spider plots showing year-to-year
deviations from long term average
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RESPONSIVITY is the degree to which runoff (Q) is synchronized
with precipitation (P), and is measured from the deviation in the
Evaporative Index (i.e., Ay-axis).

Evaporative index (AET/P)

Water Yield Metrics

Metrics
defined for
reference
conditions

Dryness Index (PET/P) Dryness Index (PET/P)
HIGH responsivity (or resistance); LOW responsivity (or resistance);
water yields are expected as P is water yields are higher or lower
transferred to Q (synchronous) than expected (not synchronous)
Carey et al. 2010. Inter-comparison of hydro-climatic regimes across northern 20

catchments: synchronicity, resistance and resilience. Hydrol. Process. (2010)




Rank ordering of amplitude of year-to-year deviation in
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Can we identify sites where ecosystems are undergoing
fundamental changes in response to climatic conditions?

Caspar
(California, USA)
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Can we identify sites where ecosystems are undergoing
fundamental changes in response to climatic conditions?

Carnation Creek
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Can we identify sites where ecosystems are undergoing
fundamental changes in response to climatic conditions?

Loch Vale
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Question 3

Does elasticity lead to shorter recovery times (return to
pre-disturbance water yield) following disturbance?




Water Yield Metrics

ELASTICITY is the degree to which a catchment can return to
normal functioning following perturbations, and is measured as

the ratio of deviations in dryness index to evaporative index (i.e.,
Ax-axis/Ay-axis).

vaporative index (AET/P)
—(O—
vaporative index (AET/P)

Dryness Index (PET/P) Dryness Index (PET/P)

HIGH elasticity (>1) is the result LOW elasticity (<1) is the result
of large horizontal range of small horizontal range
relative to vertical range relative to vertical range

Carey et al. 2010. Inter-comparison of hydro-climatic regimes across northern 25
catchments: synchronicity, resistance and resilience. Hydrol. Process. (2010)
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Demonstration of elasticity vs. recovery following
disturbance using paired catchment studies

Site selection criteria:
1. Pre and post disturbance data available
2. Similar disturbance (100% cut)

‘“
v B Study Area HJ Andrews | Hubbard m

Location Oregon New Hampshire Minnesota
HJ Andrews (HJA)
m —— Treated Watershed WS01 WS2 S6
2 Control Watershed WS02 WS3 S2
| i Cut (year/percent) 1963 /100% 1964 / 100% 1980 / 87%
et Data period pre cut 5 years 7 years 13 years
Data period post cut 47 years 43 years 27 years
Vegetation Type Coniferous Deciduous Deciduous

30
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Elasticity metrics
for study sites

Treated WS01
Watershed

Vertical 0.08 0.18 0.37
Variation

V)

Horizontal 0.03 0.24 0.54
Variation

(H)

Ratio of 0.38 1.36 1.46
Horizontal
to Vertical

(H/V)
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Evaporative Index (AET/P

Evaporative Index (AET/P

Evaporative Index (AET/P
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Elasticity metrics
for study sites

Treated WS01
Watershed

Vertical 0.08 0.18 0.37
Variation

V)

Horizontal 0.03 0.24 0.54
Variation

(H)

Ratio of 0.38 1.36 1.46
orizontal
toVertical

(H/

If elasticity is linked to time required to
return to pre-disturbance water yields, then
we expect H] Andrews to have a long
recovery.




600 -

€ e i s 5
£ 500 - Elasticity=0.38 Elasticity metrics
2 400 - Recovery=50+ yr :
% a0 - for study sites
E 200 A
o 01
S oo Treated WSO01
2 HJ Andrews - WS01 Watershed
20 ——m—m—————r 77T TT—TTT—TTT 7
BEBEAERRRREREREARRS Vertical 0.08 0.18 0.37
= 800 1 . Variation
£ 500 - Elasticity=1.36 (V)
5 400 1 Recovery=10 yr
2 300 - Horizontal 0.03 0.24 0.54
£ 200 | Variation
g o | (H)
- 0 .
S 100 | Ratio of 0.38 1.36 1.46
8 oo | Hubbard -WSs2 Horizontal
3555008888848 ¢8¢8 L Heiricel
g (H/V)
g 7] Elasticity=1.46
£ 400 4 — i :
R Recovery=1yr Lower elasticity results in longer
g 20 recovery times in water yields
5 100 4 following disturbance.
@ 0 ',\/~'\,
g 77 Marcell - S6 P>
-200 T T T T |

1980
1983 7
1986
1989
1998 7]
2004 7

—
o
o
[o\)

N un
a O
-

1974 7
1977 7

1965
1968 7]
1971 7




Summary

Budyko curve described partitioning of P into ET and Q

Deviations (average) provide insight into

¢ Inaccurate or incomplete representation of water balance
components (HJA, MAR)

¢ Natural disturbances and their legacies (LUQ)

Deviations (year to year) provide insight into responsivity
(resistance) and elasticity (resilience) of water yields to
global change

Future work will focus on:

0 Incorporating uncertainty estimates in water balances

¢ Discriminating climate signal from natural or anthropogenic
disturbance effects

0 Exploring future scenarios and how they may result in changes in
water yields

0 Considering downstream consequences to water supplies

3¢
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