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BudykoBudyko’’ss hypothesis:hypothesis:
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Sensitivity of water balance to Sensitivity 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 control?Plants are in control?

Zhang et al.., 2001 (WRR)
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Motivation: another Horton indexMotivation: another Horton index……

Horton, 1933 (AGU)

H constantV
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
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−
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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 Separation MethodsSeparation Methods

92 snow-free MOPEX watershedsUSBR 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



Comparison of ResultsComparison of Results

92 snow-free MOPEX watersheds



Illustration of Illustration of HuyckHuyck et al. Methodet al. Method

92 snow-free MOPEX watersheds

Growing Season



Spatial Variability of Horton IndexSpatial Variability of Horton Index

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 Index vs. Humidity IndexHorton Index vs. Humidity Index

Mean Horton Index Std. Horton Index

53% with Std(H)<0.06
74% with Std(H)<0.07
83% with Std(H)<0.08
93% with Std(H)<0.10



InterannualInterannual Variability of Horton IndexVariability of Horton Index

H=0.87
H=0.98

Std(H)=0.01



Ecological controls to Ecological controls to interannualinterannual variability in variability in 
semisemi--arid 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).



InterannualInterannual Variability of Horton IndexVariability of Horton Index

H=0.87

H=0.92

H=0.88

Std(H)=0.06
Std(H)=0.05
Std(H)=0.03



InterannualInterannual Variability of Horton IndexVariability of Horton Index

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



InterannualInterannual Variability of Horton IndexVariability of Horton Index



InterannualInterannual Variability of Horton IndexVariability of Horton Index



Precipitation and production



Huxman, 2004 (Nature)
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Convergence to a common Convergence to a common RUERUEmaxmax

Huxman, 2004 (Nature)
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Water Use Efficiency and Actual ETWater Use Efficiency and Actual ET

Webb et al, 1978 (Ecology)



CatchmentCatchment--scale Water Use Efficiencyscale Water Use Efficiency
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CatchmentCatchment--scale Water Use Efficiencyscale Water Use Efficiency



CatchmentCatchment--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



James River, MissouriJames River, Missouri



Chehalis River, WashingtonChehalis River, Washington



Proportionality RelationsProportionality Relations

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



Proportionality RelationsProportionality Relations

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



Proportionality RelationsProportionality RelationsWp = 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 IndexBack to the Horton Index
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Predicting Horton Index Predicting Horton Index interannualinterannual variabilityvariability
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Predicting Horton Index constancyPredicting Horton Index 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?



InterannualInterannual Variability of Horton IndexVariability of Horton Index



Ecological controls to Ecological controls to interannualinterannual variabilityvariability
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