
Clim ate and vegetat ion water use Clim ate and vegetat ion water use 

efficiency at  catchm ent  scalesefficiency at  catchm ent  scales

Peter A. Peter A. TrochTroch

Surface Water HydrologySurface Water Hydrology

Dept. of Hydrology and Water Resources Dept. of Hydrology and Water Resources 

The University of ArizonaThe University of Arizona

Tucson, AZ USATucson, AZ USA

Email: Email: patroch@hwr.arizona.edupatroch@hwr.arizona.edu

UrlUrl: : www.hwr.arizona.eduwww.hwr.arizona.edu/~surface/~surface



CollaboratorsCollaborators

Guillermo Martinez Guillermo Martinez –– The University of ArizonaThe University of Arizona

ValentijnValentijn PauwelsPauwels –– University of Ghent University of Ghent 

CiaranCiaran Harman Harman –– University of Illinois at UCUniversity of Illinois at UC

MurugesuMurugesu SivapalanSivapalan –– University of Illinois at UCUniversity of Illinois at UC

Praveen Kumar Praveen Kumar –– University of Illinois at UCUniversity of Illinois at UC

Travis Travis HuxmanHuxman –– The University of ArizonaThe University of Arizona

HoshinHoshin Gupta Gupta –– The University of ArizonaThe University of Arizona



SupportSupport

NSF EARNSF EAR--Hydrologic Sciences: Understanding the hydrologic Hydrologic Sciences: Understanding the hydrologic 

implications of landscape structure and climate implications of landscape structure and climate -- Towards a Towards a 

unifying framework of watershed similarity (PIs: Thorsten unifying framework of watershed similarity (PIs: Thorsten 

Wagener, Wagener, MurugesuMurugesu SivapalanSivapalan, Peter , Peter TrochTroch););

NSF EARNSF EAR--Hydrologic Sciences: Water cycle dynamics in a Hydrologic Sciences: Water cycle dynamics in a 

changing environment: Advancing hydrologic science through changing environment: Advancing hydrologic science through 

synthesis (PIs: synthesis (PIs: MurugesuMurugesu SivapalanSivapalan, Praveen Kumar, Bruce , Praveen Kumar, Bruce 

Roads, Don Roads, Don WuebblesWuebbles))



Out lineOut line

Background and motivationBackground and motivation

Testing the Horton indexTesting the Horton index

Precipitation and vegetation productivityPrecipitation and vegetation productivity

The annual water balance and The annual water balance and LL’’vovichvovich

proportionality relations proportionality relations 

Testing the Ponce and Testing the Ponce and ShettyShetty modelmodel

ConclusionsConclusions



BudykoBudyko’’ss hypothesis:hypothesis:
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Sensit iv ity of water balance to Sensit iv ity of water balance to 

water holding capacitywater holding capacity

Sensitivity diminishes at a Sensitivity diminishes at a 
scale factor on the order of 1;scale factor on the order of 1;

This implies that the actual This implies that the actual 
values of capacity are almost values of capacity are almost 
large enough to maximize large enough to maximize 
evapoevapo--transpiration transpiration 
(minimize runoff);(minimize runoff);

This could indicate that This could indicate that ““the the 
rooting depth of plants rooting depth of plants 
reflects ecologically reflects ecologically 
optimized responses to the optimized responses to the 
relative timing and magnitude relative timing and magnitude 
of water and energy of water and energy 
suppliessupplies””.  .  
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Plants are in cont rol?Plants are in cont rol?

Zhang et al.., 2001 (WRR)
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Mot ivat ion:  another Horton indexMot ivat ion:  another Horton index……

Horton, 1933 (AGU)

H constant
V

W
= ≅

V  : Growing-season vaporization (E+T)

W : Growing-season wetting (P-S)

“The natural vegetation of a 

region tends to develop to such 

an extent that it can utilize the 

largest possible proportion of 

the available soil moisture 

supplied by infiltration”

(Horton, 1933, p.455)





A closer look at  the Horton indexA closer look at  the Horton index

H
V P R

W P S

−
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−

P  : Growing-season rainfall

R  : Growing-season total runoff (discharge)

S : Growing-season surface runoff (quick runoff)

No energy: P – R = V = 0 : H = 0

No storage: R = S = P : H = 0/0

Humid: R > S : H < 1

Semi-arid: R ≅ S < P : H ≅ 1



MOPEX watershed to test  Horton HypothesisMOPEX watershed to test  Horton Hypothesis

92 snow-free watersheds
1960-1990



Three Three BaseflowBaseflow Separat ion MethodsSeparat ion Methods

92 snow-free MOPEX watersheds
USBR Method (USBR Method (Wahl and WahlWahl and Wahl, 2006), 2006)

Based on IH method (recession slope test)Based on IH method (recession slope test)

USDA Method (USDA Method (Arnold and AllenArnold and Allen, 1999), 1999)

Method adopted in SWAT modelMethod adopted in SWAT model

UG Method UG Method ((HuyckHuyck et al., 2005)et al., 2005)

Based on hydraulic groundwater theoryBased on hydraulic groundwater theory

Accounts for catchmentAccounts for catchment’’s geomorphologys geomorphology



Com parison of ResultsCom parison of Results

92 snow-free MOPEX watersheds



I llust rat ion of I llust rat ion of HuyckHuyck et  al. Methodet  al. Method

92 snow-free MOPEX watersheds

Growing Season



Spat ial Variabilit y of Horton I ndexSpat ial Variabilit y of Horton I ndex

92 snow-free MOPEX watersheds

0.9<H<1.0

0.8<H<0.9

0.7<H<0.8

0.6<H<0.7

0.5<H<0.6



Horton I ndex vs. Hum idity I ndexHorton I ndex vs. Hum idity I ndex

Mean Horton I ndex Std. Horton I ndex

53% with Std(H)<0.06

74% with Std(H)<0.07

83% with Std(H)<0.08

93% with Std(H)<0.10



I nterannualI nterannual Variabilit y of Horton I ndexVariabilit y of Horton I ndex

H=0.87

H=0.98

Std(H)=0.01



Ecological cont rols to Ecological cont rols to interannualinterannual variabilit y in variabilit y in 

sem isem i-- ar id regionsarid regions
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Scanlon et al., 2005 (PNAS)

Figure 24: Schematic of non-vegetated and vegetated system responses to elevated precipitation. In non-
vegetated systems (Left), elevated precipitation (P) results in increased soil-water storage (SWS) that drains 

resulting in groundwater recharge (R). In the vegetated systems (Right), elevated precipitation results in 

increased soil-water storage that enhances vegetation biomass production (BP), which feeds back to decrease 
soil-water storage and precludes recharge (Scanlon et al., 2005).



I nterannualI nterannual Variabilit y of Horton I ndexVariabilit y of Horton I ndex

H=0.87

H=0.92

H=0.88

Std(H)=0.06

Std(H)=0.05

Std(H)=0.03



I nterannualI nterannual Variabilit y of Horton I ndexVariabilit y of Horton I ndex

Std(H)=0.05

Std(H)=0.08

Std(H)=0.09

Std(H)=0.07

H=0.87

H=0.74

H=0.86 H=0.80



I nterannualI nterannual Variabilit y of Horton I ndexVariabilit y of Horton I ndex



I nterannualI nterannual Variabilit y of Horton I ndexVariabilit y of Horton I ndex



Precipitation and production



Huxman, 2004 (Nature)
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Convergence to a com m on Convergence to a com m on RUERUEm axm ax

Huxman, 2004 (Nature)

VWUE
P Q

P R

−
=

−
VWUE

P Q

P R

−
=

−

PPT (mm y
-1

)

0 500 1000 1500 2000 2500 3000

A
N

P
P

 (
g
 m

-2
)

0

200

400

600

800

1000

1200

PPT (mm y
-1

)

0 500 1000 1500 2000 2500 3000

A
N

P
P

 (
g
 m

-2
)

0

200

400

600

800

1000

1200 95% CI
RUEmaxANPP = 86.1 + 0.42*MAPmin

r
2
 = 0.77

P < 0.001

b



Water Use Efficiency and Actual ETWater Use Efficiency and Actual ET

Webb et al, 1978 (Ecology)



Catchm entCatchm ent -- scale Water Use Efficiencyscale Water Use Efficiency
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Catchm entCatchm ent -- scale Water Use Efficiencyscale Water Use Efficiency



Catchm entCatchm ent -- scale Water Use Efficiencyscale Water Use Efficiency



The annual water balanceThe annual water balance

L’vovich, 1979 (AGU)



The The LL’’vovichvovich HypothesisHypothesis

L’vovich, 1979 (AGU)
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Rappahannock River, VirginiaRappahannock River, Virginia



Rocky River, North CarolinaRocky River, North Carolina



Flint  River, GeorgiaFlint  River, Georgia



Rolling Fork River, KentuckyRolling Fork River, Kentucky



Jam es River, MissouriJam es River, Missouri



Chehalis River, WashingtonChehalis River, Washington



Proport ionality Relat ionsProport ionality Relat ions

Ponce and Shetty, 1995 (JoH)
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Wp : Wetting Potential (annual precipitation that can be retained by the catchment)

λs : Surface Runoff Abstration Coefficient



Wp = 1752 mm

λs = 0.30

Wp = 1854 mm

λs = 0.34



Wp = 970 mm

λs = 0.29

Wp = 883 mm

λs = 0.39



Wp = 2263 mm

λs = 0.19

Wp = 3710 mm

λs = 0.13



Wp = 794 mm

λs = 0.15

Wp = 851 mm

λs = 0.35



Proport ionality Relat ionsProport ionality Relat ions

Ponce and Shetty, 1995 (JoH)
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Vp : Vaporization Potential (annual wetting that can be evaporated)

λs : Baseflow Abstration Coefficient



Proport ionality Relat ionsProport ionality Relat ionsWp = 1603 mm

λs = 0.05

Vp = 1011 mm

λs = 0.91



Wp = 3322 mm

λs = 0.19

Vp = 824 mm

λs = 1.00



Back to the Horton I ndexBack to the Horton I ndex
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Predict ing Horton I ndex Predict ing Horton I ndex interannualinterannual variabilit yvariabilit y
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Predict ing Horton I ndex constancyPredict ing Horton I ndex constancy
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Conclusions (1)Conclusions (1)

In semiIn semi--arid climates, the Horton index is very arid climates, the Horton index is very 

constant and close to 1 over the growing season, constant and close to 1 over the growing season, 

indicating that the biome WUE is constant and indicating that the biome WUE is constant and 

near maximum;near maximum;

In humid climate, the Horton index is fairly In humid climate, the Horton index is fairly 

constant and its value below 1 depends on the constant and its value below 1 depends on the 

available energy; the biome WUE depends on available energy; the biome WUE depends on 

other factors, such as nutrients and radiation;other factors, such as nutrients and radiation;



Conclusions (2)Conclusions (2)

When evaluated at annual time scales, the When evaluated at annual time scales, the 

Horton index seems to converge to a common Horton index seems to converge to a common 

value, similar to those observed in semivalue, similar to those observed in semi--arid arid 

climates;climates;

This seems to indicate that the catchment WUE This seems to indicate that the catchment WUE 

converges to a common maximum WUE, in line converges to a common maximum WUE, in line 

with previous observations at the biome level;with previous observations at the biome level;



Conclusions (3)Conclusions (3)

The The interannualinterannual variability of the Horton index variability of the Horton index 

can be accurately reproduced using the can be accurately reproduced using the 

proportionality relations of proportionality relations of LL’’vovichvovich;;

The parameters of the model indicate the The parameters of the model indicate the 

catchment functioning in terms of competition catchment functioning in terms of competition 

between quick runoff and wetting, and between between quick runoff and wetting, and between 

evapotranspirationevapotranspiration and and baseflowbaseflow..



Questions?



I nterannualI nterannual Variabilit y of Horton I ndexVariabilit y of Horton I ndex



Ecological cont rols to Ecological cont rols to interannualinterannual variabilit yvariabilit y
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