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A brief history of water use efficiency (60’s to 80’s)

Water use efficiency can be defined as 
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Keystones in WUE (theory)
• Bierhuizen and Slayter (1965): 𝑒𝑒𝑙𝑙∝ 𝐷𝐷−1
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• Farquhar (1982) 13C and leaf/ecosystem WUE:
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• Tanner and Sinclair (1986): scaling WUE from leaf to canopy



Theory (continued)
• Keith Mott (E control on gs), Davis, Schulz, Passioura and Turner (soil water 

control on gs)

• Ball-Berry-Leuning, stomatal model: gs depends on An and E
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• Hari (1986), Lloyd (1991); Medlyn 2011 , Wolf et al. (2016):
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2. WUE: An analytical WUE model (Cheng et al. 2017)
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Presentation Notes
Different with previous in two ways:Modelling the WUE directlyTop-down in a diagnostic wayPrevious studies found that leaf WUE is quite independent of its growth environment and can be scaled to individual tree



2. Model validation using EC data

 Validation of the WUE model using global FLUXNET dataset

 (a) annual WUE; (b) annual WUE trend
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2. Ensemble global simulations

 Global vegetation cover map
o SYNMAP 

 Vapour pressure deficit
o CRU-NCEP
o WATCH
o PGF

 Leaf area index dataset
o GIMMS LAI3g
o GLASS

 Fraction of interception ratio
o GLEAM-ET

o CSIRO-ET

 Annual CO2 concentration

 Global g1 dataset

 Study period
o 1982-2011, annual

 Spatial resolution
o 0.5x0.5 degree

 Vegetation mask
o GIMMS NDVI3g > 0.1

Ensemble simulations
3x2x3=18 simulations
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2. Spatial variation of WUE
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Estimate global WUELatitudial pattern, two ribbions – IQR & 5%-95% range, black – estimated mean, red –  MTE “observed”, blue – LSM ensemble mean



2. Global Water and Carbon Coupling: An analytical 
diagnostic WUE model – global application

 WEC = this study

 MTE = model tree ensemble ≈ ‘observation’

 LSM = ensemble mean from 7 LSMs

Global annual WUE (Unit: g C mm ̶ 1 H2O)
WEC: 1.64±0.02

Humphrey et al. (2018): 1.0 to 1.9 

Presenter
Presentation Notes
MotivationsHow E and T are related?EWUE and TWUE sensitive to different environmental variables;Is it reasonable to upscale directly from leaf to ecosystem scale Focused on differences at the leaf, what we understand, and ecosystems, what we don’t understanding well. GPP, P, and ET has different inter-annual variances.



3. Trends in global WUE

Trend in global WUE
13.7±4.3 mg C/mm H2O/year
or 

21% of in 30 years

Keenan et al. (2013): 192 mg C/mm H2O/year 
(with D=5 0.5 kPa)

Huang et al. (2015) 6.4 mg C/mm H2O/year

Attribution of trend global WUE
CO2 (Ca):  77±20%
VPD (D) : -27±11%
LAI   (L)  :  49±16%
fEi :  0.2± 3%

Presenter
Presentation Notes
Implications:Better understanding of the ecosystem water useToward a better constrains in term of water use on estimation of GPP. 



While the simple model was illuminating, applications to finer 
scales have a few issues:

1. Control variables

2. Feedbacks on land-air exchange

3. Instantaneous vis time-averaging



Control variable

In the optimal theory of WUE (Cowan 1977), it was assumed that 
both E and A are regulated by stomatal conductance. This is 
broadly correct (not so accurate) at leaf-scale, but probably is not 
so correct at larger or longer time scale.

Both Priestley-Taylor equation and complementary theory have 
been shown to be reliable for estimating regional ET without gs, 
then 𝜕𝜕𝐸𝐸

𝜕𝜕𝐺𝐺𝑠𝑠
= 0 !



At a spatial scale of 1o by 1o or greater over a vegetated 
land surface

“Over land, as indicated as above, the sum, λE+H is strongly 
governed by the net radiation, Rt, at the earth’s surface. It is 
equally clear that the apportionment of energy between LE 
and H will be governed by the dryness of the ground…….”

From Priestley and Taylor 1972, MWR

Should soil moisture be included into the simple model?



Feedbacks affecting ecosystem WUE (Raupach 1998)

• Radiative feedback: outgoing LW depends on Ts. Generally small. 

• Physiological feedback: (Gs and Ts)

𝐺𝐺𝑠𝑠 ⇒𝑇𝑇𝑠𝑠 ⇒ (𝐷𝐷𝑠𝑠,𝑅𝑅𝑛𝑛𝑒𝑒𝐴𝐴)⇒𝐺𝐺𝑠𝑠

𝑅𝑅𝑛𝑛𝑒𝑒𝐴𝐴 ⇒ 𝐻𝐻, 𝐿𝐿𝑊𝑊 ⇒𝑇𝑇𝑠𝑠 ⇒𝑅𝑅𝑛𝑛𝑒𝑒𝐴𝐴



Feedbacks (2)

• Aerodynamic feedback (Garratt 1992)

• CBL feedback (slab model; McNaughton and Spriggs 1986)
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𝐺𝐺𝑎𝑎 ⇒ 𝐻𝐻, 𝐿𝐿𝑊𝑊 ⇒𝑀𝑀𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑂𝑂𝑏𝑏𝑂𝑂𝑂𝑂𝑂𝑂𝑜𝑜𝑂𝑂 𝐿𝐿⇒𝐺𝐺𝑎𝑎



Implications on the dependence of Gs on D

𝑒𝑒𝑙𝑙 ∝ 𝐷𝐷−0.5

𝑒𝑒𝑒𝑒 ∝ 𝐷𝐷−𝑘𝑘∗

Zhou et al. 2014, GRL



Instantaneous vis time-averaging WUE
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Source: Seibt U, Rajabi A, Griffiths H and Berry JA (2008). Oecologia, 155:441-454



Take-home message
At leaf- or ecosystem-scale,  gs is proportional to 1/ 𝐷𝐷 if gs dominates the 
variations of water loss and carbon uptake;

At global-scale, use of the simple model predicts a 20% increase in WUE, which 
leads to 20% increase in GPP, therefore land carbon uptake;

However, many feedbacks will affect the regional-scale WUE variations, as well as 
land use change;

Gs may not be the dominant control on  water loss or carbon uptake at regional 
scale;

A disconnect between theory and interpretation of field observations.
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Afforestation reduces runoff
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