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Abstract Canopy conductance (gc) is a critical component in hydrological modeling for transpiration esti-
mate. It is often formulated as functions of environmental variables. These functions are climate and vegeta-
tion specific. Thus, it is important to determine the appropriate functions in gc models and corresponding
parameter values for a specific environment. In this study, sap flow, stem water potential, and microclimatic
variables were measured for three Drooping Sheoak (Allocasuarina verticillata) trees in year 2011, 2012, and
2014. Canopy conductance was calculated from the inversed Penman-Monteith (PM) equation, which was
then used to examine 36 gc models that comprise different response functions. Parameters were optimized
using the DiffeRential Evolution Adaptive Metropolis (DREAM) model based on a training data set in 2012.
Use of proper predawn stem water potential function, vapor pressure deficit function, and temperature
function improves model performance significantly, while no pronounced difference is observed between
models that differ in solar radiation functions. The best model gives a correlation coefficient of 0.97, and
root-mean-square error of 0.0006 m/s in comparison to the PM-calculated gc. The optimized temperature
function shows different characteristics from its counterparts in other similar studies. This is likely due to
strong interdependence between air temperature and vapor pressure deficit in the study area or Sheoak
tree physiology. Supported by the measurements and optimization results, we suggest that the effects of
air temperature and vapor pressure deficit on canopy conductance should be represented together.

1. Introduction

Vegetation plays an important role in land surface hydrological processes, and coordinates the land-
atmosphere interactions in a wide range of spatial scales [Dickinson, 1987; Avissar and Pielke, 1989; Chen
et al., 1996; LeMone et al., 2007]. It regulates water transport in the soil-plant-atmosphere continuum by
means of stomata behavior [Rao and Agarwal, 1984; Alfieri et al., 2008]. Among approaches of quantifying
this regulation, the ‘‘big leaf’’ model in the Penman-Monteith (PM) equation [Monteith, 1981] has been
widely discussed and applied [Leuning and Foster, 1990; Lu et al., 2003]. The PM equation represents bulk
stomata behavior as canopy resistance (rc), and assumes that stomata and canopy resistance have the same
influencing factors [Lhomme et al., 1998], including air temperature (T), vapor pressure deficit (D), solar radia-
tion (Rs), CO2 concentration, soil water content (h), and leaf water potential (wl) [Jarvis, 1976; Tuzet et al.,
2003; Damour et al., 2010].

Response of canopy conductance to the influencing factors has been incorporated into land surface models
for transpiration estimate, such as in Noilhan and Planton [1989]. Many studies constructed canopy conduct-
ance model following the Jarvis-Stewart approach [Jarvis, 1976; Stewart, 1988], which calculated canopy
conductance from a maximum stomatal conductance by applying different stress functions related to influ-
encing factors. For example, Thorpe et al. [1980] presented stomatal conductance of apple trees in terms of
photon flux density and leaf to air vapor pressure gradient; Ball et al. [1987] and Collatz et al. [1991] linked
stomatal conductance to CO2 assimilation using a function of intercellular CO2 concentration and leaf-level
relative humidity; White et al. [1999] related canopy resistance to solar radiation, air temperature, and vapor
pressure deficit for eucalyptus trees; Lu et al. [2003] modeled grapevine canopy conductance with solar radi-
ation and vapor pressure deficit. More similar studies can be found in a recent review paper by Damour
et al. [2010].
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The gradient of water potentials in soil, stem, and leaf drives water transport in the soil-plant-atmosphere
system [Vandegehuchte et al., 2014b]. Plant water potential is a sensitive indicator for vegetation water sta-
tus [Chon�e et al., 2001; Nortes et al., 2005] and is constrained by stomata regulation of transpiration [Meinzer
et al., 2008]. Leaf water potential has been discussed in stomata regulation of water transport in a few stud-
ies [Jarvis, 1976; Comstock and Mencuccini, 1998; Macfarlane et al., 2004; Misson et al., 2004]. Plant water
potential is less favorable in vegetation water use and canopy conductance modeling, due to the difficulty
in measuring leaf/stem water potential continuously. Many studies after Jarvis [1976] used soil water con-
tent [Stewart, 1988; Gash et al., 1989] instead of plant water potential. However, most soil water content
measurements only cover shallow soil layers up to 2 m deep, commonly within 50 cm [Whitley et al., 2008].
Those measurements can reflect water availability to vegetation with shallow root systems; however, it is
doubted that they can capture the whole picture of water uptake for vegetation with deep roots, because
the ‘‘wet’’ zones in the soil are progressively deeper during soil drying cycles [White et al., 2003], and some
vegetation can access groundwater storage in dry periods [Murray et al., 2003; Eamus and Froend, 2006]. In
addition, storage of water in trees can also contribute to a certain proportion of the daily sap flux, especially
when soil dries up [Edwards and Jarvis, 1982; Tyree and Yang, 1990; Phillips et al., 1996; Meinzer et al., 2004].
Predawn stem water potential (wpd) can be taken as a good approximate of root-zone soil water condition
[Palmer et al., 2010], because water potential is in equilibrium within the entire soil-plant continuum [Richter,
1997] at predawn. Recent technical advance allows monitoring stem water potential continuously [Patankar
et al., 2013; Yang et al., 2013; Vandegehuchte et al., 2014b, 2014a], which makes it more feasible to investi-
gate the relationship between vegetation water use and stem and root-zone water potential.

The stress of each influencing factor on canopy conductance is site specific and has been expressed differ-
ently among studies. Selection of response functions in many studies is somewhat arbitrary, without an
explanation on why they, not others, were chosen. We hypothesize that selecting the appropriate functions
will lead to better simulations of canopy conductance. The primary objective of this study is therefore to
test this hypothesis by comparing simulation results from various response functions. The effect of tempera-
ture on canopy conductance is often neglected without quantitative evidence [Mascart et al., 1991; Lhomme
et al., 1998]. Significance of the temperature effect is specifically examined in this study. Measurements of
sap flow and stem water potential were conducted on Drooping Sheoak trees (Allocasuarina verticillata) in
Adelaide, South Australia. This species is endemic to Australia, and widely distributed from Queensland to
Tasmania and westward to South Australia. Its ability to develop extensive root systems in poor coastal soils
(including sand dunes) makes it a valuable soil stabilizer. It is also valued for its provision of habitat for cock-
atoos [Chapman and Paton, 2007]. The areal extent of Drooping Sheoak has dramatically decreased in South
Australia since the European Settlement [Peeters et al., 2006]. Although climate is known to cause Drooping
Sheoak mortality [Peeters et al., 2006], little specific research has been conducted on its water use in
response to environmental variables.

2. Methodology

2.1. Site Description
The study site is near the campus of Flinders University (138�3402800E, 35�0104900S). Ground surface is cov-
ered by sparse trees with short shrubs and grass at substrate. Soil type is characterized as sandy mixed with
gravel. This soil condition makes it difficult to bury soil moisture probes for water content measurement
near the trees.

The site is in Mediterranean climate zone. Annual mean temperature is about 17�C, and annual rainfall is
around 546 mm, most of which occurs in May-September [Guan et al., 2013]. Three Drooping Sheoak trees
were selected for sap flow and stem water potential measurements in this study. Measurements were con-
ducted in March-May 2011 (31 days) on tree 1 [Yang et al., 2013], January-April and October-December
2012 (150 days) on tree 2, and April-June 2014 (27 days) on tree 3.

2.2. Sap Flow and Stem Water Potential Measurements
Sap flow was monitored at 30 min intervals in the tree trunks at 1.3 m above ground using the compensa-
tion heat-pulse technique (HPV) [Green and Clothier, 1988] for tree 1 in 2011 and tree 2 in 2012, and heat
ratio method (HRM) [Burgess et al., 2001] for tree 3 in 2014. For HPV method, three thermocouples are
embedded inside each temperature probe at the depths of 5, 15, and 25 mm underneath the cambium.
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One temperature probe was installed 10 mm above the heater and the other 5 mm below the heater. Two
sets of such probes were installed in the south and north sides of tree trunks. For HRM method, two ther-
mocouples are embedded at 12.5 and 27.5 mm underneath the cambium. Two temperature probes were
symmetrically installed at 5 mm above and below the heater probe. All temperature sensors were located
in sapwood and captured sap flux of the three trees. Volumetric sap flow was calculated from heat transport
velocity and corrected for wounding, sapwood area, volume fraction of wood and water following Green
et al. [2003] and Burgess et al. [2001] for the two methods, respectively. Transpiration was converted from
volumetric sap flow by the corresponding projected canopy area.

Stem water potential (wst) was measured at 15 min intervals with PSY1 Stem Psychrometers (ICT Interna-
tional Pty Ltd., NSW, Australia), which was developed by Dixon and Tyree [1984] and has become commer-
cially available in the last a few years. PSY1 measures the temperature of sapwood surface and chamber air,
and stem water potential is corrected with the temperature gradient [Dixon and Tyree, 1984]. Recently, PSY1
has been applied in studies on different species, such as Drooping Sheoak [Yang et al., 2013], two mangrove
species [Vandegehuchte et al., 2014b], and two betula species [Patankar et al., 2013]. Predawn stem water
potential (wpd) was taken from the average of wst between 3:00 A.M. and 5:00 A.M., with the assumption
that water potentials in the tree and root-zone soil have reached an equilibration at this time after water
redistribution in the plant-soil system.

2.3. Canopy Conductance Model Construction
The main objective of this study is to select a proper canopy conductance model for a specific environment.
Although a two-leaf model that calculates water, carbon, and energy fluxes for both sunlit and shaded
leaves [Wang and Leuning, 1998] is considered better than the big-leaf model [Dai et al., 2004], the latter is
still the most commonly used one for transpiration estimate in land surface models. Therefore, we follow
previous studies such as Lu et al. [2003] to calculate canopy conductance from the inversion of Penman-
Monteith equation:

gc5
gackkeEcqw

DAc1ktqaCpDga2kðD1cÞkeEcqw
(1)

where gc is canopy conductance [m/s]; ga is aerodynamic conductance [m/s]; c is psychrometric constant
[kPa/�C]; k is latent heat of vaporization [MJ/kg]; Ec is the tree transpiration calculated from sap flow meas-
urements; D is the slope of saturation vapor pressure-temperature curve [kPa/�C]; Ac is the available energy
allocated to canopy [MJ/(m2h)]; Cp is specific heat of air at constant pressure [MJ/(kg�C)]; D is vapor pressure
deficit [kPa]; qa and qw are the density for air and water, respectively [kg/m3]; and kt is for units conversion.
When Ec is in mm/h, kt 5 3600 s/h; when Ec is in mm/d, kt 5 86,400 s/d. ke 5 0.001 is used to convert Ec from
mm/d (mm/h) to m/d (m/h), so that the unit of gc is m/s.

The available energy was partitioned for canopy (Ac) and substrate according to Beer’s law following Shuttle-
worth and Wallace [1985]:

Ac5ðRn2GÞð12e2j�LAIÞ (2)

Rn is net radiation, G is ground heat flux, both in W/m2; LAI is leaf area index; j is extinction coefficient, pre-
scribed as 0.7 following [Yang et al., 2013]. Other variables in equation (1) are calculated according to FAO
irrigation and drainage paper 56 [Allen et al., 1998].

We consider four factors that influence the canopy conductance, which are air temperature (T), vapor pres-
sure deficit (D), solar radiation (Rs), and predawn stem water potential (wpd). Canopy conductance is mod-
eled following Jarvis-Stewart approach [Jarvis, 1976; Stewart, 1988].

gc5gmax LAI � f ðDÞf ðTÞf ðRsÞf ðwpdÞ (3)

where gmax represents the stomata conductance of unstressed vegetation under optimal conditions [m/s].

Different formulae coexist in published studies for each stress function in equation (3). For instance, f(D) is
linearly expressed in Aphalo and Jarvis [1991], while exponentially in White et al. [1999]. In this study, we
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focus on two commonly used functions for each factor (from Table 1 and studies cited in this section), and
combine them in different ways, then the most appropriate model is determined by comparing simulation
results.

One of the solar radiation functions is adopted from Stewart [1988] in equation (4a), in which RsH is the
approximate maximum solar radiation, and given 350 (W/m2) for daily step calculations according to the
measurements. Another response function that is widely used in land surface models is given in equation
(4b) [Chen and Dudhia, 2001]. In both equations, kRs is a fitting parameter [W/m2].

f ðRsÞ5
Rs

Rs1kRs

RsH1kRs

RsH
(4a)

f ðRsÞ5
1=ðgmax 35000Þ1f

11f
; f 50:55

Rs

kRs

2
LAI

(4b)

The effect of vapor pressure deficit is expressed exponentially (equation (5a)) in Whitley et al. [2009], and lin-
early (equation (5b)) in other models [Stewart, 1988; Noilhan and Planton, 1989]. In both equations, kD is a
fitting parameter [kPa21].

f ðDÞ5e2kDD (5a)

f ðDÞ512kDD (5b)

A second-order polynomial function of air temperature T (in �C) in equation (6a) is originally proposed by
Jarvis [1976] and used in SiB model [Sellers et al., 1986], and extended by Dickinson [1984, 1987]. Tempera-
ture function in Jarvis [1976] is essentially the same with that in Dickinson [1984, 1987], and it requires speci-
fication of the optimum, upper-limit and lower-limit temperatures. In this study, we choose the temperature
function in Dickinson [1984]. Equation (6b) is a linear model used in Stewart [1988]. To is the temperature
[�C] at which transpiration rate reaches the maximum. In equations (6a) and (6b), kT is a fitting parameter.

f ðTÞ512kT ðTo2TÞ2 (6a)

f ðTÞ512kT ðTo2TÞ (6b)

For stem water potential, the relationship given in equation (7a) is adopted from Jarvis [1976] and that in
equation (7b) is from Choudhury and Idso [1985] and Lhomme et al. [1998]. Root water uptake model
described by Feddes et al. [1978] gives a relationship between plant water stress and soil water potential:
under extremely dry and wet conditions, transpiration rate is assumed to be zero, and in a certain range of
soil water potential, transpiration reaches the highest rate; and in other soil moisture conditions transpira-
tion is linearly related to soil water potential. Following this pattern, we propose an upper and a lower limit
for stem water potential (wu and wl) at which tree transpires water at the maximum and zero rates respec-
tively; when potential is between wl and wu, f(wpd) is linearly interpolated. The function is given in equation
(7c). Parameter wm (MPa) in equation (7a) is the value of wpd at which f(wpd) extrapolates to 0; wm in equa-
tion (7b) gives the water potential limit beyond which the transpiration is strongly limited by water stress
[Lhomme et al., 1998]. In both equations, kw is a fitting parameter.

f ðwpdÞ512e2kwðwpd2wmÞ (7a)

f ðwpdÞ5
1

11ðwpd=wmÞ
kw

(7b)

f ðwpdÞ5

0; wpd � wl

wpd2wl

wu2wl
; wl < wpd < wu

1; wpd � wu

8>>>><
>>>>:

(7c)
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2.4. Model Selection and Parameter Optimization
Canopy conductance models were examined at daily time step. Measurements on tree 2 in 2012 covered
the longest period including both dry and wet days (mostly in dry warm season) compared to the other
two trees. Data from tree 2 on rainy days were filtered out, the rest were divided into two groups (one con-
tains data in the order of 1, 3, 5, . . . and the other 2, 4, 6, . . ., respectively). The first group was used to train
the model, and the second group was used to test the model. Data collected on tree 1 in 2011 and tree 3 in
2014 were also filtered and used for model testing.

Unlike some studies using only two or three response functions (examples in Table 1), we presume that
four factors are all functioning significantly in regulating the canopy conductance. Therefore, we first exam-
ined 24 combinations of the functions (equations (4a)–(7c)), and then tested the importance of temperature
by setting f(T) to 1 (giving 12 additional models) and comparing the results with those using equations (6a)
and (6b). The 36 model constructions are illustrated in Figure 1. Parameters for each gc model were

Table 1. Response Functions of Vegetation Conductance to a Series of Factors in the Literaturea

Site Species Response Functions Source Notations

Fetteresso Forest, UK & Cedar
River Forest, Washington,
USA

Sitka spruce & Douglas fir f(Q) 5 k1k2(Q 2 k3)/
[k1 1 k2(Q 2 k3)]

Jarvis [1976] kx (x 5 1, 2, . . .) is parameter for
each equation.

Q: photon flux density.
Th, Tl: high and low leaf

temperature.
wl: leaf water potential.
wm: value of wl when gs 5 0.
wcr: critical leaf water potential

beyond which transpiration is
strongly limited by water
stress.

dh: soil moisture deficit.
dhm: empirically determined

maximum value of dh.
Rsmin: minimum stomatal

resistance.
T in Kelvin degree.
hcr: critical point volumetric

water content.
hwp: wilting point volumetric

water content.
Qh: incident radiation at top of

canopy.
Q50: value of Q, when gs is half

of the maxima.
kQ: light extinction coefficient.
wpd: predawn leaf water

potential.

f(T) 5 k1(T 2 Tl)(Th 2 T)k2

f(D) 5 1 2 k1D
f(wl)51-exp[2k1(wl2wm)]

Golden delicious apple trees f(Q) 5 1/(1 1 k1/Q) Thorpe et al. [1980];
Warrit et al. [1980]f(D) 5 1 2 k2D

U.S. Water Conservation Labora-
tory in Phoenix, Arizona

Anza wheat (Triticum aestivum,
L., cv. Anza)

f(wl) 5 [(1 1 wl/wcr)
k3]21 Choudhury and Idso [1985]

Thetford Forest, Norfolk,
England

Scots pine (Pinus sylvestris (L.)) f1(Rs) 5 k1(Rs 2 1000) 1 1 Stewart [1988]
f1(D) 5 1 2 k2D
f1(T) 5 k3(T 2 30) 1 1
f1(dh) 5 1 2 k4dh
----------------
f2(Rs) 5 (1000 1 k1)Rs/1000/

(k1 1 Rs)
f2(D) 5 1 2 k2D
f2(T) 5 k3(T 2 Tl)(Th 2 T)k4

f2(dh) 5 1 2 exp [k4(dh 2 dhm)]
Southern Great Plains of the

United States
Grass, winter wheat f(Rs) 5 (Rsmin/5000 1 f)/(1 1 f) Alfieri et al. [2008]

f 5 0.55Rs/k1*2/LAI
f(D) 5 1 2 k2D
f(T) 5 1 2 0.0016(T 2 298)2

f(h) 5 1, when h> hcr

f(h) 5 0, when h< hwp

f(h) 5 (h 2 hwp)/(hcr 2 hwp), when
hwp� h� hcr

Frankfort State Forest, eastern
Transvaal, South Africa

Eucalyptus grandis f(Q) 5 k1k2Q/(k1 1 k2Q) Dye and Olbrich [1993]
f(D) 5 k3exp(k4D)

Eucalyptus grandis and other
species (refer to references)

f(D) 5 1/(1 1 D/k1) Leuning [1995] Lohammar et al.
[1980] Kelliher et al. [1995]
Leuning et al. [2008]

f(Q) 5 ln{(Qh 1 Q50)/[Qh

exp(2kQLAI) 1 Q50]}/kQ

f(Rs) 5 (1000 1 k1)Rs/
[1000(k1 1 Rs)]

f(wl) 5 [(1 1 wl/wcr)
k3]21

f(D) 5 1 2 k2D
South-east Tasmania Eucalyptus globulus and Eucalyp-

tus nitens
f(Q) 5 k1{k2Q 1

1 2 [(k2Q 1 1)2 2 k3Q]0.5}
White et al. [1999]

f(T) 5 k4(T 2 Tl)(Th 2 T)k5

f(D) 51.1 exp(20.63D)
f(wpd) 5 1.09 exp(21.27wpd)

Liverpool Plains, north-western
NSW

Eucalyptus crebra and Callitris
glaucophylla

f(Rs) 5 (1000 1 k1)Rs/
[1000(k1 1 Rs)]

Whitley et al. [2009]

f(D) 5 exp(2k3D)
f(h) 5 1, when h> hcr

f(h) 5 0, when h< hwp

f(h) 5 (h 2 hwp)/(hcr 2 hwp), when
hwp� h� hcr

aCO2 concentration is not considered in this study, so functions with regard to carbon are not listed.
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obtained using the DiffeRential Evolution Adaptive Metropolis (DREAM) model [Vrugt et al., 2009]. DREAM
runs multiple different chains simultaneously for global exploration and automatically tunes the scale and
orientation of the proposal distribution in randomized subspaces during the search. More details about the
model can be found in Vrugt et al. [2009]. The DREAM is performed for each conductance model by 20,000
iterations, in order to make it highly possible that the final results are at their global optimum.

3. Results and Discussion

3.1. Microclimate, Sap Flow, and Stem Water Potential
Part of the measurement results for tree 2 is demonstrated in Figure 2 at half-hourly intervals. Daily data of
sap flow, stem water potential, and microclimate were calculated from the original 30 and 15 min measure-
ments. Daily mean temperature in the measurement periods of 2011, 2012, and 2014 was 17, 20, and 15�C,

Figure 1. Illustration of 36 canopy conductance models composed of different response functions for D, Rs, T, and wpd. Symbols on top
indicate the model numbers (M1-M36).

Figure 2. Part of microclimatic variables, tree water use, and stem water potential data for tree 2 in 2012 at 30 min intervals. T is air tem-
perature, D is vapor pressure deficit, Rs is solar radiation, prec is rainfall, wst is stem water potential, and Ec is transpiration.
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respectively. Most days in the measurement period for tree 3 were cloudy or rainy, which affected the data
quality in this period.

Figure 2 shows that the changes of air temperature (T) and vapor pressure deficit (D) with time are similar.
Stem water potential (wst) responds to rainfall sensitively in dry periods. After rainfall occurs, wst increases
quickly to a high value within a short time range such as a few hours, which depends on the rainfall amount
and duration. The relationship among stem water potential, solar radiation, and tree water use indicates
that tree water use is mainly constrained by water availability rather than energy in summer. Particularly,
daily stem water potential decreased continuously from October to December of 2012 (Figure 3), when soil
became drier. Transpiration rate also decreased during this period. Stem water potential data indicate that
Sheoak recovers xylem water storage in nighttime and likely has reached an equilibrium state before pre-
dawn (Figures 2 and 3). The daily average difference between the maximum stem water potential (around
predawn) and minimum stem water potential (late afternoon 15:00–16:00) was around 1 MPa for clear days
in dry season (Figure 3).

Relationship between canopy conductance and the four influencing factors (T, D, Rs, and wpd) is given in Fig-
ure 4 for three trees in different measurement periods. The calculated canopy conductance was larger in
spring and autumn than in summer. The maximum canopy conductance was observed in early October
2012 after the rainy season, about 0.015 m/s.

3.2. Model Optimization and Comparison
To compare the conductance models and determine the most appropriate one, we calculated correlation
coefficient (r), root-mean-square error (RMSE), and slope of linear regression (with zero intercept) between
simulated and calculated gc from equation (1) for each model based on the training and testing data sets.
Results are given in Figure 5. We notice that the results of model testing based on data set of 2012, reflected
in correlation coefficients, RMSE, and slopes, appear better than those from model calibration based on the
training data set of 2012, which is against our intuition. A careful check suggests that this is because some
extreme large conductance values were accidentally allocated to the training data set. The calibrated mod-
els with training data from tree 2 in 2012 were also applied for tree 1 in 2011 and tree 3 in 2014 for testing.
Results showed consistent overestimation of canopy conductance for these two trees (fitting slopes larger
than 1, Figure 5c). In this exercise, we assumed a constant gmax which was obtained from training data of
tree 2 collected in spring, summer, and early autumn, while the data of tree 1 and tree 3 were collected in
midautumn and late autumn. In fact, as pointed out by Schulze et al. [1994], Ronda et al. [2001], and Alfieri

Figure 3. Part of rainfall and stem water potential measurements (30 min intervals) for three trees. Bottom plot gives stem water potential data of tree 2 at 15 min intervals for the part
of data enclosed in red rectangle in the top plot. Pink dash lines (top plot) separate the three measurement periods.
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Figure 4. Relationship between canopy conductance and four influencing factors (T, D, Rs, and wpd). Data include all measurements
(excluding rainy days) for three trees in 2011, 2012, and 2014.

Figure 5. Comparison of model performance using training data in 2012 and testing data in 2011 (tree 1), 2012 (tree 2), and 2014 (tree 3).
Slope in plot c is from linear regression between simulated and PM-calculated gc with zero intercept. Red color highlights models using
equation (6a), blue stands for models using equation (6b), and black symbolizes models without temperature function. Refer to Figure 1
for model numbers and the relevant response functions.
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et al. [2008], gmax is both time and site specific. Seasonal variability of gmax likely interprets the consistent
model overestimation for tree 1 in 2011 and tree 3 in 2014. Based on this result, sheoak trees likely have a
lower gmax in autumn than that in spring and summer.

Figures 5 and 6 show the influence of stress function selection on model performance, and hence suggest
the appropriate functions that better fit the calculated canopy conductance. When equations for T, D, and
Rs are the same, models using equation (7b) for predawn stem water potential (the middle one of each
group of three models in the queue, Figure 5) give better results than models using equations (7a) and (7c).
For example, in models 1–3, the correlation coefficient of the training data is 0.94, 0.97, and 0.90, and the
root-mean-square error is 0.0009, 0.0006, and 0.0011 m/s. This is particularly clear in Figure 6d, where the
results from equation (7b) (pentagrams) appear to be better than those from equations (7a) and (7c) (circles
and dots) in terms of both rtesting and RMSE. When equations for D, Rs, and wpd are the same, models with a
temperature function fit calculated gc better than those without a temperature function. For example, in
Figure 5, models 2 and 5 give higher correlation coefficients and lower RMSE than model 8, and Figure 6c
shows that results from equation (6a) (circles) are better than those from equation (6b) (pentagrams); results
from models without temperature function (dots) appear to be the worst. Therefore, temperature plays a
significant role in canopy conductance modeling and should not be neglected. Figure 6b shows that mod-
els using equation (5a) for vapor pressure deficit generate better results than those using equation (5b).
Models using the two solar radiation functions give similar results, which implies that it does not matter
much which of the two response functions, i.e., equations (4a) and (4b) symbolized by circles and dots in
Figure 6a, is used in canopy conductance models.

From statistical results in Figures 5 and 6, model 2 is considered the most suitable model in this study and
given in equation (8). This model comprises equation (4a) for solar radiation, equation (5a) for vapor pres-
sure deficit, equation (6a) for temperature, and equation (7b) for predawn stem water potential.

gc50:0076 � LAI � Rs

Rs14:6
� 35014:6

350

� �
� e20:75D � 110:0128ð202TÞ2

h in o
� 1

11
wpd

20:87

� �0:74 (8)

Comparison between the calculated gc from equation (1) and simulated gc from model 2 for three trees is
given in Figure 7. The maximum stomatal conductance gmax for this model is 0.0076 m/s; the equivalent

Figure 6. Significance tests of response functions for each influencing factor using RMSE and correlation coefficient based on data from
tree 2 in 2012. (a) Simulations using equation (4a) for f(Rs) combined with other functions in comparison to simulations using equation
(4b) for f(Rs) with other functions. It is the same for (b) f(D), (c) f(T), and (d) f(wpd). The four figures share the same axes tick labels.
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minimum stomatal resistance for the Droop Sheoak trees is 132 s/m. This number is close to that used in
Noah land surface model, which is one of the land surface models used in the Weather Research and Fore-
casting model [Hong et al., 2009], the North American Land Data Assimilation System [Mitchell et al., 2004],
and the High-Resolution Land Data Assimilation System [Chen et al., 2007]. In Noah, the minimum stomatal
resistance for needle-leaf evergreen trees is 150 s/m [Chen and Dudhia, 2001; Kumar et al., 2011]. Transpira-
tion in this study is converted from volumetric sap flow by the projected canopy area. This area may under-
estimate the effective coverage of the tree for transpiration calculation, thus underestimate the canopy
resistance. Nevertheless, this uncertainty of transpiration estimation does not change the model selection
results.

3.3. Parameter Values
Relationship between parameters and correlation coefficient for the testing data set (rtesting) from tree 2 in
2012 is examined and shown in Figure 8, so as to have a better view of the ranges of parameter values for
each response function. Testing data in 2011 and 2014 are not plotted in the figure due to the overestima-
tion of conductance for tree 1, and poor data quality for tree 3. Different response functions for each factor
show different ranges of parameter values, indicated by the different symbols in the figure. The following
discussion on parameter value range is based on models that give correlation coefficient greater than 0.96,
and RMSE smaller than 0.0008 m/s. For those models, gmax ranges from about 0.005 to 0.008 m/s (Figure
8a). kD range from 0.66 to 0.77 kPa21 for equation (5a), and from 0.24 to 0.32 kPa21 for equation (5b) (Figure
8c). kT values are negative and do not vary much for equation (6a) but has large variability for equation (6b)
(Figure 8d). kw ranges from 0.50 to 0.78, and wm ranges from 20.87 to 20.34 MPa for equation (7b), while
kw and wm ranges from 0.39 to 0.17 and from 24.01 to 23.46 MPa for equation (7a) (Figures 8e and 8f). Cor-
relation coefficient is always smaller than 0.95 when using equation (7a) for predawn stem water potential.
The values of kRs ranges from 0 to 10 W/m2 for both equations (4a) and (4b) (Figure 8b). The values of kD for
equation (5b) is less variable than that for equation (5a). The parameter values discussed above were
derived based on daily data.

The simulation results of kT for equation (6a) are negative for all models that use this temperature function
(Figure 8d), for example, the one in equation (8) is 20.0128. This results in f(T) greater than 1, which is not
compatible with the principle of equation (3) that f(T), f(Rs), f(D), and f(wpd) should lie between 0 and 1 [Stew-
art, 1988]. Figure 4 shows that the relationship between gc and T is similar to gc and D. This relationship is
different from the ones illustrated in other studies such as Jarvis [1976] and White et al. [1999] in which the
relationship fits the ‘‘downward’’ parabolic curve, as is also shown in Noilhan and Planton [1989] and Chen
et al. [1996] with kT 5 0.0016 for the same equation. The important assumption of analyzing the relationship
between canopy conductance and influencing factors is that the factors should be independent of each

Figure 7. Comparison of canopy conductance calculated from equation (1) and simulated from the best model (model 2). Training data are from tree 2 in 2012, testing data are from
tree 1 in 2011, tree 3 in 2014, and the other half of data from tree 2 in 2012.
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other [Macfarlane et al., 2004]. However, it is difficult to distinguish the effects of T and D on canopy con-
ductance, because T and D are usually highly correlated [Alves and Pereira, 2000]. This correlation is espe-
cially strong in this study, showing a linear correlation coefficient of 0.92, which explains the similar
relationship between gc-T and gc-D (Figure 4). To examine if the negative kT only applies to tree 2 in 2012 or
it also applies to other sheoak trees in other years, we ran the DREAM optimization with data from tree 1 in
2011 and tree 3 in 2014. Results also gave negative kT values.

The measurements and optimization results suggest that effects of air temperature on canopy conductance
are not appropriately expressed by f(T) in this study. We further examined the relationship between func-
tions of temperature and vapor pressure deficit in model 2 (Figure 9) using all data from tree 2 in 2012, by
comparing f(T), f(D), and f(DT) which is the product of f(T) and f(D). The results show that when T is between
18 and 22�C, f(DT) is almost the same as f(D), which implies that the influence of temperature on canopy

Figure 8. Parameter (gmax, kRs, kD, kT, kw, and wm) value ranges for different response functions. (a) Results from all simulations; (b) circles symbolize results from models using equation
(4a), and dots equation (4b); (c) circles symbolize results from models using equation (5a), and dots equation (5b); (d) circles symbolize results from models using equation (6a), and dots
equation (6b); (e and f) Circles symbolize results from models using equation (7a), and dots equation (7b). kT in plot (d) is multiplied by 10 for a better view.

Figure 9. (a) Relationship between temperature and vapor pressure deficit and (b) the response functions f(T), f(D), and f(DT) [5f(T) 3 f(D)]
of model 2.
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conductance is very small in this temperature range. However, when T is below 18�C, f(DT) is apparently
larger than f(D) but smaller than f(T); when T is above 22�C, f(DT) is also larger than f(D), but to a small
degree. Mostly, the values of f(DT) lies between 0 and 1, consistent with the principle of a stress function
[Stewart, 1988]. Therefore, we suggest that the effect of vapor pressure deficit and air temperature should
be combined into one, such as f(DT).

4. Conclusions

Stomata regulation of water transport in the soil-plant-atmosphere continuum is vegetation and climate
specific. Different models are used to quantify this regulation to help understand climate control on tree
water use by relating stomata conductance to environment conditions. Different response functions are
presented in literature for conductance modeling for different species and climate conditions. We con-
structed canopy conductance models by combining the commonly used functions in different ways and
selected the best one for our study species and climate. The method in this study shows a success in select-
ing the suitable canopy conductance model. This optimization method should also be applicable in other
environment, even with different response functions, provided that enough data are collected for the tar-
geted influencing factors.

Selection of response functions is very important for canopy conductance modeling. For Drooping Sheoak
in this study, models that better simulate canopy conductance comprise a parabolic function of air temper-
ature, an exponential function of vapor pressure deficit and a hyperbolic function of predawn stem water
potential. Selection of either of the solar radiation functions does not make significant difference in the
model performance. Canopy conductance models that take temperature functions into account resulted in
better simulations than those without a temperature function. Therefore, temperature effect should not be
neglected in canopy conductance model. The resulted temperature stress function gives values greater
than 1, which is considered to be associated with highly interdependence of air temperature and vapor
pressure deficit. Combined stress function of air temperature and vapor pressure deficit suggests a sound
physical meaning with the values between zero and unity.
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