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Summary 

Plants need water to survive, so the distribution, structure and composition of plant communities 

are influenced by water availability, at the same time, plants are a major conduit for water to 

return to the atmosphere, and hence influence climate and exert strong effects on hydrologic 

fluxes in the land-atmosphere system. Ecohydrological studies typically focus on the 

understanding of the interactions between hydrologic and ecosystem processes, and how these 

processes are manifested across spatiotemporal scales. In recent years, ecohydrologists have 

increased emphasis on understanding the plant-water relations, especially the vegetation water 

use and mechanisms controlling the responses to environmental conditions. Understanding the 

species-specific patterns of plant water use and the connections with atmospheric conditions is 

useful for improving land and water management through afforestation/deforestation efforts. In 

this context, this thesis focuses on the vegetation water use (interchangeable with transpiration, 

Ec) of selected native species in South Australia and the responses to a series of environmental 

variables, including air temperature, vapour pressure deficit, solar radiation and soil water 

condition which is reflected by either plant stem water potential or the most commonly used 

volumetric soil water content. Some of the main issues in current ecohydrological studies are 

explored in this thesis, for example, the upscaling of water fluxes from the tree scale to stand or 

catchment scale, the transferability of information across temporal and spatial scales, and the 

effects of heterogeneity and complexity of land surface on vegetation water use and the 

responses to environmental conditions. Specifically, the following five projects have been 

conducted to form this thesis. 

Transpiration (Ec) is often simulated in land surface models based on the relationship with 

environmental variables.  According to the structure of Ec models, they can be categorized into 

″direct″ and ″indirect″ ones. The latter refers mainly to the Penman-Monteith equation, with gc 

correlated to environmental variables; while the former simulates Ec straightforward using 

environmental variables, omitting the calculation of gc. Most gc models are empirically 

developed by establishing relationship between gc and different environmental variables; 

therefore, the gc models and relevant parameters are highly site specific, i.e. the response 

functions and parameter values may change with species and climate conditions. The first part of 

this thesis is focused on species-specific model selections. An appropriate gc model for one 

Australian native species Drooping Sheoak was determined by running an optimization model. 

In the meantime, the significance of temperature functions for canopy conductance modelling, 

which is often neglected in previous studies, was tested.  
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Once the appropriate gc model was determined, in the second part of this thesis, it was applied in 

the ″indirect″ method for Ec modelling, and the simulation results were compared to two types of 

″direct″ models, to determine which category of Ec models better reproduced sap flow 

measurement. Moreover, the environmental conditions that constrain tree water use can be 

divided into supply and demand variables. Soil water condition is the only supply variable that 

has been widely discussed. Transpiration from trees that grow at riparian sites and from trees that 

access groundwater is not limited by soil water condition. Rainfall influence soil water 

dynamics, and therefore tree water uptake differs among seasons accordingly. Therefore, 

whether and when soil water condition function has significant influence on tree water use 

simulations were determined by comparing the ″direct″ and ″indirect″ models at daily and hourly 

scales; and the transferability of parameterization across temporal scales was also discussed. 

For water balance studies using sap flow techniques, the upscaling of sap flux from individual 

trees to forest or catchment scale transpiration is particularly important. The scaling issue is one 

of the most important research questions in ecohydrological studies. Sapwood area is the most 

common scalar to accomplish this, thus it is realized that quantification of sapwood area is 

crucial for accurate transpiration estimation. In the third part of this thesis, a recent developed 

geophysics based technique, electrical resistivity tomography (ERT), was applied to estimate 

sapwood width. Compared to incremental wood cores ERT is relatively non-destructive and 

efficient. ERT not only gives point estimation of sapwood width, but also provides spatial 

variation of sapwood sections, which is useful for sensor positioning at the beginning of sap flow 

measurements. 

Complex terrain brings forth more challenges in understanding the plant-water relations, because 

terrain conditions lead to the variability of solar energy, soil water and microclimate, and hence 

further influence the tree growth and distribution. In the fourth part of this thesis, field 

measurements were presented for comparison of tree water use, micrometeorological conditions, 

and soil water dynamics on two slopes with contrasting aspects (north facing vs. south facing) in 

a small native forest stand in South Australia, in order to examine plant-water relations mediated 

by topography. Comparison among daily soil water content, transpiration and potential ET 

indicates that tree water use at the site was mainly controlled by soil water supply in summer and 

autumn and by evaporative demand in winter and spring. The total estimated transpiration in the 

study period was similar on both slopes, although difference was observed during dry and wet 

periods. The response of tree water use to vapour pressure deficit and solar radiation was similar 

on both slopes; the response to soil water content was slightly different. Trees on north facing 

slope suffered water stress longer than trees on the other slope. 
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Studies at a point or catchment scale provide important knowledge of the plant-water relations; 

they reveal how vegetation is influenced by and influences the local climate conditions through 

water and energy exchanges. However, water resource management usually requires the 

knowledge and the quantification of water components more importantly at regional scale. For 

large spatial scale water component estimation ground measurements are limited in spatial 

representativeness, temporal continuity, and the extrapolation from point measurements to large 

area quantity has big uncertainties. Satellite observations overcome some of these limitations of 

field measurement. Therefore, in the last part of this thesis, water budget was examined over 

continental Australia using data obtained from different satellite platforms, that is, rainfall from 

Tropical Rainfall Measuring Mission (TRMM), evapotranspiration from Moderate Resolution 

Imaging Spectroradiometer (MODIS), and water storage change from the Gravity Recovery and 

Climate Experiment (GRACE). Water budget was examined in rainfall-limited and runoff-

limited regions of Australia, and particularly an internal drainage basin, Lake Eyre Basin. 

Application of the satellite products for the water balance study in Lake Eyre Basin reflects well 

the seasonal hydrological processes in terms of net groundwater flow, and gives a reasonable 

estimation of the maximum possible integrated error of the three products as well as the 

maximum net groundwater inflow to the basin. This part using remote sensing data on a much 

larger spatial scale than the previous sections does not contribute to the core of the thesis, so the 

study is attached as an appendix in the end. 
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1. Introduction 

Background 

Ecohydrology, a highly integrated discipline between ecology and hydrology, has attracted 

increasing research interests in the last decade, as it provides theoretical frameworks and 

methodological approaches for understanding the complex interactions between vegetation and 

hydrologic processes such as evapotranspiration and runoff (Asbjornsen et al., 2011). 

Ecohydrological studies typically focus on the understanding of the interactions between 

hydrologic and ecosystem processes, and how these processes are manifested across 

spatiotemporal scales (Asbjornsen et al., 2011; Eagleson, 2002). The plant-water relation is the 

central concern of ecohydrological studies. 

In the matter of water exchanges, evapotranspiration (ET) is one of the most complicated 

components in terrestrial water cycle to estimate. Land cover and land use changes affect 

hydrological processes such as evapotranspiration and runoff, on the other hand, the changes of 

hydrological processes feedback to atmospheric processes (Pielke et al., 2011; Williams et al., 

2012; Zhang et al., 2011). Much effort has been made in ET quantification at various spatial 

scales (e.g., from tree to stand, catchment, region, continent and global) (Asbjornsen et al., 2011; 

Jarvis and McNaughton, 1986), using in situ measurements, satellite observations and land 

surface modelling. Vegetation plays a critical role in surface energy and water partitioning (e.g., 

Guan et al., (2010)) and interactions between land surface and atmosphere (Betts et al., 1997; 

Ivanov et al., 2008; Palmer et al., 2010), because vegetation covers 70% of the land surface 

(Dolman et al., 2014), contributes up to 80% transpiration for the global terrestrial 

evapotranspiration (Miralles et al., 2011). A large proportion of transpiration in global 

evapotranspiration has also been confirmed using isotope data (Jasechko et al., 2013; Wang et 

al., 2010), although Schlaepfer et al. (2014) argued the number in Jasechko et al (2013) has been 

overestimated, transpiration still takes more or less half of total evapotranspiration according to 

their studies (Schlesinger and Jasechko, 2014). Accurate estimation and partitioning of 

evapotranspiration into soil and canopy evaporation and vegetation transpiration (Ec) is one of 

the most difficult topics in ecohydrology and climatology (Dolman et al., 2014; Kool et al., 

2014).  

Among the methods of quantifying transpiration from vegetation, sap flow measurement 

techniques are useful means at different temporal and spatial scales, and are particularly useful in 

mountainous regions (Kumagai et al., 2008), because their applicability is not limited by 
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complex terrain and spatial heterogeneity (Ford et al., 2007; Kumagai et al., 2007; Wilson et al., 

2001). Extension of sap flow measurements from individual trees to a larger spatial scale, for 

instance stand scale, usually needs a scalar. The most common scalar is the sapwood area (As). 

Sapwood area is conventionally determined by taking increment wood cores and measuring the 

sapwood width either by visual inspection of colour (Vertessy et al., 1995) or by staining 

(Gebauer et al., 2008). These methods are accurate but relatively destructive, and the 

measurements usually are conducted at the end of sap flow measurements, which will result in 

errors due to tree growth when applied for long-term study. An efficient, non-destructive method 

for estimating As is important and desirable for transpiration estimation at the stand scale. 

In addition to sap flow techniques, transpiration can also be modelled based on energy 

partitioning (Guan and Wilson, 2009; Shuttleworth and Wallace, 1985) and  vegetation controls 

in response to environmental conditions, such as air temperature (T), vapour pressure deficit (D), 

solar radiation (Rs) and soil water condition (volumetric water content θ or water potential ψ) 

(Jarvis 1976). The relationships have been integrated into different land surface and atmospheric 

models, for example, the Weather Research and Forecasting 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 those models, parameter values are prescribed 

universally for lumped vegetation categories, for example, evergreen needle-leaf trees, deciduous 

broad-leaf trees, etc. However, the empirical relationships between transpiration and 

environmental variables are climate and vegetation specific. One set of universal values is not 

necessarily applicable to different vegetation species. The environmental condition related Ec 

models in the literature can be divided into two categories: ″direct″ and ″indirect″. An ″indirect″ 

method calculates Ec from the Penman-Monteith (PM) equation, in which canopy conductance 

(gc) is simulated from the environmental variables following the Jarvis-Stewart approach (Jarvis, 

1976; Stewart, 1988); while a ″direct″ method links transpiration straightforward to 

environmental conditions, omitting the gc calculations. For each variable, multiple response 

functions were developed in different case studies; it is likely that different combinations of the 

functions will lead to difference in Ec simulation results. However, a combination of response 

functions is often chosen somewhat arbitrary without giving quantitative evidence. Therefore, it 

is necessary to emphasize on the importance of selecting the most suitable response functions to 

improve transpiration estimation. 

In addition, many studies neglected temperature functions in Ec/gc models without testing its 

significance (Lhomme et al., 1998; Mascart et al., 1991).  In fact, in some cases temperature 

function has been claimed to have negative effects on Ec modelling (Sommer et al., 2002; 
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Whitley et al., 2013), and in other case the response function of temperature is even different 

from the commonly used function (Wang et al., 2014). Moreover, most of the studies simulated 

Ec or gc taking soil water content into account, while a few studies demonstrated that soil water 

condition function can be neglected (Bunce, 2000; Leuning, 1995; Whitley et al., 2013), because 

transpiration from trees that can access groundwater with deep roots (Eamus and Froend, 2006) 

or from trees that grow in riparian sites (O'Grady et al., 2006) is not limited by soil water 

condition. At such study sites, the soil water availability function can be omitted in Et and gc 

models. However, at other sites, it is difficult to determine the significance of soil water 

condition for transpiration or canopy conductance modelling without long-term monitoring on 

the relevant variables. Furthermore, soil water availability has seasonal dynamics (Findell and 

Eltahir, 1997), and transpiration is usually energy-limited when soil water is sufficient, so it 

would be useful to determine the time and temporal scales (such as daily and hourly) at which 

soil water condition is more important in constraining tree water use. 

Other than the current issues in ecohydrological studies mentioned above, the plant-soil system 

on complex terrain introduces more challenges in the plant water use estimation, because 

complex terrain alters the energy and water distribution (Gutiérrez-Jurado and Vivoni, 2013; 

Tromp-van Meerveld and McDonnell, 2006) and nutrients condition on land surface (Tokuchi et 

al., 1999), resulting in differences in vegetation growth and species distribution (Barij et al., 

2007; Liu et al., 2012; Luizão et al., 2004). Tree water use and its response to environmental 

conditions are well investigated and understood; however, the influence of complex terrain on 

tree water use and the response of tree water use to environmental conditions have not yet been 

well established, partly due to the difficulty to capture the nonlinear processes at various 

spatiotemporal scales. Understanding the coupling of terrain, vegetation and hydrological 

conditions can reveal important constraints on the distribution and adaptability of vegetation to a 

range of environmental conditions. Tree water use along a hill slope has been studied in several 

sites (Kumagai et al., 2008; Mitchell et al., 2012), but there is little information available for tree 

water use and the environmental controls on contrasting hill slopes. 

Objectives 

This thesis focuses on the measurement and simulation of water use of selected native species in 

South Australia and its responses to environmental variables, including air temperature, vapour 

pressure deficit, solar radiation and soil water condition. Some of the main issues in current 

ecohydrological studies are discussed, including the spatial upscaling strategy of water fluxes 

from tree scale to stand or catchment scale, the constraints of selected environmental variables 
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on tree water use at different temporal scales, and the effects of heterogeneity and complexity of 

land surface on vegetation water use and the responses to environmental conditions. 

Specifically, the objectives of the thesis are 

 (1) to determine the appropriate canopy conductance model for a specific environment 

(species and climate), and test the effects of temperature function in canopy conductance 

modelling 

 (2) to compare different transpiration models (″direct″ and ″indirect″) and test the 

significance of soil water condition and air temperature at daily and hourly scales 

 (3) to estimate the sapwood area using a non-destructive geophysics based method, electrical 

resistivity tomography 

 (4) to examine the difference of tree water use and the environmental controls on contrasting 

hill slopes due to topographic effects 

Structure 

To present each of the main objectives regarding the corresponding issues in current 

ecohydrological studies, this thesis is divided into six chapters and one appendix. Refer to Figure 

1.1 for the key content of each chapter. 
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Figure 1.1 Structure of the thesis, and the main content of each chapter 

Note: the seasons throughout the thesis are referred to the austral seasons, and defined as follows 

to avoid the confusions with the concept in the northern hemisphere: spring is from September to 

November, summer is from December to February, autumn is from March to May and winter is 

from June to August. 

Publications 

From Chapters 2-5 and Appendix in this thesis, the following five manuscripts were prepared for 

publication in peer-reviewed journals. It should be noted that the introduction section of each 

paper (and hence the corresponding thesis chapter) contains the relevant thorough literature 

review. 

[1] Wang, H., Guan, H., Deng, Z. and Simmons, C.T., 2014. Optimization of canopy conductance models 

from concurrent measurements of sap flow and stem water potential on Drooping Sheoak in South 

Australia. Water Resources Research, 50(7): 6154-6167. DOI: 10.1002/2013WR014818 

[2] Wang H., H. Guan, C.T. Simmons. Modelling environmental controls on tree water use at different 

temporal scales: the significance of soil water condition. To be submitted to Agricultural and Forest 
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Meteorology 

[3] Wang H., H. Guan, A. Guyot, C.T. Simmons, D.A. Lockington. 2015. Quantifying sapwood areas for 

three Australian native species using electrical resistivity tomography. Ecohydrology: in press. DOI: 

10.1002/eco.1612 

[4] Wang H., H. Guan, H.A. Gutiérrez-Jurado and C.T. Simmons. Tree water use and the environmental 

controls on contrasting slopes in a Mediterranean native forest stand. To be submitted to Agricultural and 

Forest Meteorology 

 [5] Wang, H., Guan, H., Gutiérrez-Jurado, H.A. and Simmons, C.T., 2014. Examination of water budget 

using satellite products over Australia. Journal of Hydrology, 511(0): 546-554. DOI: 

10.1016/j.jhydrol.2014.01.076 
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2. Choosing the appropriate canopy conductance model for a 

native Australian species (Drooping Sheoak) 

2.1. Introduction 

Vegetation plays an important role in land surface hydrological processes, and coordinates the 

land-atmosphere interactions in a wide range of spatial scales (Avissar and Pielke, 1989; Chen et 

al., 1996; Dickinson, 1987; LeMone et al., 2007). It regulates water transport in the soil-plant-

atmosphere continuum by means of stomata behaviour (Alfieri et al., 2008; Rao and Agarwal, 

1984). 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 behaviour as canopy 

resistance (rc), and assumes that stomata and canopy resistance have the same influencing factors 

(Lhomme et al., 1998) including air temperature (T), vapour pressure deficit (D), solar radiation 

(Rs), CO2 concentration, soil water content (θ), and leaf water potential (ψl) (Damour et al., 2010; 

Jarvis, 1976; Tuzet et al., 2003). 

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 conductance 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 influencing factors. For example, Thorpe et al. 

(1980) presented stomatal conductance of apple trees in terms of photon flux density and leaf to 

air vapour 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. (1999b) related canopy resistance to solar radiation, air 

temperature and vapour pressure deficit for eucalyptus trees; Lu et al. (2003) modelled grapevine 

canopy conductance with solar radiation and vapour pressure deficit. More similar studies can be 

found in a recent review paper by Damour et al. (2010). 

The gradient of water potentials in soil, stem and leaf drives water transport in the soil-plant-

atmosphere system (Vandegehuchte et al., 2014a). Plant water potential is a sensitive indicator 

for vegetation water status (Choné 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 studies (Comstock and Mencuccini, 1998; Jarvis, 

1976; Macfarlane et al., 2004; Misson et al., 2004). Plant water potential is less favourable in 
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vegetation water use and canopy conductance modelling, due to the difficulty in measuring 

leaf/stem water potential continuously. Many studies after Jarvis (1976) used soil water content 

(Gash et al., 1989; Stewart, 1988) 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 (Eamus and Froend, 2006; Murray et al., 2003). 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; Meinzer et al., 2004; Phillips et al., 

1996; Tyree and Yang, 1990). Predawn stem water potential (ψpd) 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; 

Vandegehuchte et al., 2014a; Vandegehuchte et al., 2014b; Yang et al., 2013), which makes it 

more feasible to investigate 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 differently 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 temperature on 

canopy conductance is often neglected without quantitative evidence (Lhomme et al., 1998; 

Mascart et al., 1991). 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 

cockatoos (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 
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research has been conducted on its water use in response to environmental variables. 

2.2. Methodology 

2.2.1. Site description 

The study site is near the campus of Flinders University (138o34’28”E, 35o01’49”S). Ground 

surface is covered 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 17oC, and annual 

rainfall is around 546 mm, most of which occurs in May to September (Guan et al., 2013). Three 

Drooping Sheoak trees were selected for sap flow and stem water potential measurements in this 

study. Measurements were conducted 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. 

2.2.2. 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 

compensation 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. 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 thermocouples are embedded at 12.5mm 

and 27.5mm 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 (ψst) was measured at 15-min intervals with PSY1 Stem Psychrometers 

(ICT International Pty Ltd., NSW, Australia), which was developed by Dixon and Tyree (1984) 

and has become commercially available in the last a few years. PSY1 measures the temperature 
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of sapwood surface and chamber air, and stem water potential is corrected with the temperature 

gradient. 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 (ψpd) was taken from the average of 

ψst between 3:00 am and 5:00 am, 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. 

2.2.3. 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, 

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: 

wceapatc

wcea
c EkDgCkA

Ekg
g

ρgλρ
ρgλ

)( +D−+D
=   (2-1) 

where gc is canopy conductance [m/s]; ga is aerodynamic conductance [m/s]; γ is psychrometric 

constant [kPa/oC]; λ is latent heat of vaporization [MJ/kg]; Ec is the tree transpiration calculated 

from sap flow measurements; Δ is the slope of saturation vapor pressure-temperature curve 

[kPa/oC]; Ac is the available energy allocated to canopy [MJ/(m2h)]; Cp is specific heat of air at 

constant pressure [MJ/(kgoC)]; D is vapor pressure deficit [kPa]; ρa and ρw are the density for air 

and water respectively [kg/m3]; kt is for units conversion. When Ec is in mm/h, kt = 3600 s/h; 

when Ec is in mm/day, kt = 86400 s/day. ke = 0.001 is used to convert Ec from mm/day (mm/h) to 

m/day (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 Shuttleworth and Wallace (1985): 

)1)(( LAI
nc eGRA ⋅−−−= κ   (2-2) 

Rn is net radiation, G is ground heat flux, both in W/m2; LAI is leaf area index; κ is extinction 

coefficient, prescribed as 0.7 following (Yang et al., 2013). Other variables in equation (2-1) are 

calculated according to FAO irrigation and drainage paper 56 (Allen et al., 1998). 
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We consider four factors that influence the canopy conductance, which are air temperature (T), 

vapour pressure deficit (D), solar radiation (Rs) and predawn stem water potential (ψpd). Canopy 

conductance is modelled following Jarvis-Stewart approach (Jarvis, 1976; Stewart, 1988). 

)()()()(max pdsc fRfTfDfLAIgg ψ⋅=   (2-3) 

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 (2-3). For 

instance, f(D) is linearly expressed in Aphalo and Javis (1991), while exponentially in White et 

al. (1999a). In this study we focus on two commonly used functions for each factor (from Table 

2-1 and studies cited in this section), and combine them in different ways, then the most 

appropriate model is determined by comparing simulation results. 
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Table 2-1 Response functions of vegetation conductance to a series of factors in the literaturea 

Sites Species Response functions Source Notations 
Fetteresso 
Forest, U.K. 
& Cedar 
River Forest, 
Washington, 
U.S.A. 

Sitka spruce & 
Douglas fir 

f(Q)=k1k2(Q-k3)/[k1+k2(Q-k3)] 
f(T)=k1(T-Tl)(Th-T)k2 

f(D)=1-k1D 
f(ψl)=1-exp[-k1(ψl-ψm)] 

Jarvis (1976) 

kx (x=1,2,…) is 
parameter for each 
equation 
Q: photon flux 
density 
Th, Tl: high and low 
leaf temperature 
ψl: leaf water 
potential 
ψm: value of ψl 
when gs=0 
ψcr: critical leaf 
water potential 
beyond which 
transpiration is 
strongly limited by 
water stress 
δθ: soil moisture 
deficit 
δθm: empirically 
determined 
maximum value of 
δθ 
Rsmin: minimum 
stomatal resistance 
T in Kelvin degree 
θcr: critical point 
moisture 
θwp: wilting point 
moisture 
Qh: incident 
radiation at top of 
canopy 
Q50: value of Q, 
when gs is half of 
the maxima 
kQ: light extinction 
coefficient 
ψpd: predawn leaf 
water potential 

 Golden Delicious 
apple trees 

f(Q)=1/(1+k1/Q) 
f(D)=1-k2D 

Thorpe et al. 
(1980); 
Warrit et al. 
(1980) 

U.S. Water 
Conservation 
Laboratory 
in Phoenix, 
Arizona 

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

f(ψl)=[(1+ψl/ψcr)k3]-1 Choudhury and 
Idso (1985) 

Thetford 
Forest, 
Norfolk, 
England 

Scots pine (Pinus 
sylvestris (L.)) 

f1(Rs)=k1(Rs-1000)+1 
f1(D)=1-k2D 
f1(T)=k3(T-30)+1 
f1(δθ)=1-k4δθ 
----------------------------------------- 
f2(Rs)=(1000+k1)Rs/1000/(k1+Rs) 
f2(D)=1-k2D 
f2(T)= k3(T-Tl)(Th-T)k4 

f2(δθ)=1-exp[k4(δθ-δθm)] 

Stewart (1988) 

Southern 
Great Plains 
of the United 
States 

Grass, winter 
wheat 

f(Rs)=(Rsmin/5000+f)/(1+f) 
f=0.55Rs/k1*2/LAI 
f(D)=1-k2D 
f(T)=1-0.0016(T-298)2 

f(θ)=1, when θ> θcr 
f(θ)=0, when θ< θwp 
f(θ)=(θ-θwp)/(θcr-θwp), (θwp≤θ≤θcr) 

Alfieri et al. 
(2008) 

Frankfort 
State Forest, 
eastern 
Transvaal, 
South Africa 

Eucalyptus 
grandis 

f(Q)= k1k2Q/(k1+k2Q) 
f(D)=k3exp(k4D) 

Dye and Olbrich 
(1993) 

 

Eucalyptus 
grandis 
and other species 
(refer to 
references) 

f(D)=1/(1+D/k1) 
f(Q)=ln{(Qh+Q50)/[Qhexp(- 
kQLAI)+Q50]}  /kQ 
f(Rs)=(1000+k1)Rs/[1000(k1+Rs)] 
f(ψl)=[(1+ψl/ψcr)k3]-1  
f(D)=1-k2D 

Leuning (1995) 
Lohammar et al. 
(1980) 
Kelliher et al. 
(1995) 
Leuning et al. 
(2008) 

south-east 
Tasmania 

Eucalyptus 
globulus and 
Eucalyptus nitens 

f(Q)=k1{k2Q+1-[(k2Q+1)2-
k3Q]0.5}  
f(T)=k4(T-Tl)(Th-T)k5 
f(D)=1.1exp(-0.63D) 
f(ψpd)=1.09exp(-1.27ψpd) 

White et al. 
(1999b) 

Liverpool 
Plains, north-
western 
NSW 

Eucalyptus crebra 
and Callitris 
glaucophylla 

f(Rs)= 
(1000+k1)Rs/[1000(k1+Rs)] 
f(D)=exp(-k3D) 
f(θ)=1, when θ> θcr 
f(θ)=0, when θ< θwp 
f(θ)=(θ-θwp)/(θcr-θwp), ( θwp≤θ≤θcr) 

Whitley et al. 
(2009) 

aCO2 concentration is not considered in this study, so carbon functions are not listed. 

One of the solar radiation functions is adopted from Stewart (1988) in Eq. (2-4a), in which RsH is 
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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 

model is given in Eq. (2-4b) (Chen and Dudhia, 2001). In both equations, kRs is a fitting 

parameter [W/m2]. 

sH

RssH

Rss

s
s R

kR
kR

R
Rf

+
+

=)(   (2-4a) 

f
fg

Rf s +
+×

=
1

)5000/(1
)( max , 

LAIk
R

f
Rs

s 255.0=   (2-4b) 

The effect of vapour pressure deficit is expressed exponentially (Eq. 2-5a) in Whitley et al. 

(2009), and linearly (Eq. 2-5b) in other models (Noilhan and Planton, 1989; Stewart, 1988). In 

both equations, kD is a fitting parameter [kPa-1]. 

DkDeDf −=)(   (2-5a) 

DkDf D−= 1)(  (2-5b) 

A second-order polynomial function of air temperature T (in oC) in Eq. (2-6a) is originally 

proposed by Jarvis (1976) and used in SiB model (Sellers et al., 1986), and extended by 

Dickinson (1987). Temperature function in Jarvis (1976) is essentially the same with that in 

Dickinson (1984; 1987), and it requires specification of the optimum, upper-limit and lower-

limit temperatures. In this study, we choose the temperature function in Dickinson (1984). Eq. 

(2-6b) is a linear model used in Stewart (1988). To is the temperature [oC] at which transpiration 

rate reaches the maximum. In equations (2-6a, b), kT is a fitting parameter. 

2)(1)( TTkTf oT −−=   (2-6a) 

)(1)( TTkTf oT −−=   (2-6b) 

For stem water potential, the relationship given in Eq. (2-7a) is adopted from Jarvis (1976) and 

that in Eq. (2-7b) 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 transpiration is linearly related to soil water potential. 
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Following this pattern, we propose an upper and a lower limit for stem water potential (ψu and 

ψl) at which tree transpires water at the maximum and zero rates respectively; when potential is 

between ψl and ψu, f(ψpd) is linearly interpolated. The function is given in Eq. (2-7c). Parameter 

ψm (MPa) in Eq. (2-7a) is the value of ψpd at which f(ψpd) extrapolates to 0; ψm in Eq. (2-7b) 

gives the water potential limit beyond which the transpiration is strongly limited by water stress 

(Lhomme et al., 1998). In both equations, kψ is a fitting parameter. 

)(1)( mpdk
pd ef ψψψψ −−−=   (2-7a) 

ψψψ
ψ k

mpd
pdf

)/(1
1)(

+
=   (2-7b) 
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2.2.4. 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 contains 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 2-1), we 

presume that four factors are all functioning significantly in regulating the canopy conductance. 

Therefore, we first examined 24 combinations of the functions (equation 2-4a~2-7c), 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 & 6b. The 36 model constructions are 

illustrated in Figure 2.1. Parameters for each gc model were 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 
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conductance model by 20,000 iterations, in order to make it highly possible that the final results 

are at their global optimum. 

 

Figure 2.1 Illustration of 36 canopy conductance models comprised of different response functions for D, 
Rs, T and ψpd. Symbols on top indicate the model numbers (M1-M36). 

2.3. Results and discussion 

2.3.1. Microclimate, sap flow and stem water potential   

Part of the measurement results for tree 2 is demonstrated in Figure 2.2 at half-hourly intervals. 

Daily data of sap flow, stem water potential and microclimate were calculated from the original 

30-min and 15-min measurements. Daily mean temperature in the measurement periods of 2011, 

2012 and 2014 was 17oC, 20oC and 15oC respectively. Most days in the measurement period for 

tree 3 were cloudy or rainy, which affected the data quality in this period. 

Figure 2.3 shows that the changes of air temperature (T) and vapour pressure deficit (D) with 

time are similar. Stem water potential (ѱst) responds to rainfall sensitively in dry periods. After 

rainfall occurs, ѱst 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 between 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 2.3), when soil became drier. 

Transpiration rate also decreased during this period. Stem water potential data indicate that 

Sheoak recovers xylem water storage in night time and likely has reached an equilibrium state 

before predawn (Figure 2.2 and Figure 2.3). 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 2.3). 



19 
 

 

Figure 2.2 Part of microclimatic variables, tree water use and stem water potential data for tree 2 in 2012 
at 30-minute intervals. T is air temperature, D is vapor pressure deficit, Rs is solar radiation, prec is 

rainfall, ѱst is stem water potential, Ec is transpiration. 

 

Figure 2.3 Part of rainfall and stem water potential measurements (30-minute intervals) for three trees. 
Bottom plot gives stem water potential data of tree 2 at 15-minute intervals for the part of data enclosed in 

red rectangle in the top plot. 

Relationship between canopy conductance and the four influencing factors (T, D, Rs, and ѱpd) is 

given in Figure 2.4 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. 
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Figure 2.4 Relationship between canopy conductance and four influencing factors (T, D, Rs, and ѱpd). 
Data include all measurements (excluding rainy days) for three trees in 2011, 2012 and 2014. 

2.3.2. 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 Eq. (2-1) for each model based on the 

training and testing datasets. Results are given in Figure 2.5. We notice that the results of model 

testing based on dataset of 2012, reflected in correlation coefficients, RMSE and slopes, appear 

better than those from model calibration based on the training dataset 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 dataset. The calibrated models with training 

data from tree 2 in 2012 were also applied for tree 1 in 2011 and tree 3 in 2014. Results showed 

consistent overestimation of canopy conductance for these two trees (fitting slopes larger than 1, 

Figure 2.5c). 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 mid and late autumn. In fact, as pointed out by Schulze et al. (1994), Ronda et al. 

(2001) and Alfieri et al. (2008), gmax is both time and site specific. Seasonal variability of gmax 
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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. 

 

Figure 2.5 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 Eq. (2-6a), blue stands for models 
using Eq. (2-6b), and black symbolizes models without temperature function. Refer to Figure 2.1 for 

model numbers and the relevant response functions. 

Figure 2.5 and Figure 2.6 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 Eq. (2-7b) for predawn stem water 

potential (the middle one of each group of three models in the queue, Figure 2.5) give better 

results than models using Eq. (2-7a and c). 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 2.6d, where the results from Eq. (2-7b) 

(pentagrams) appear to be better than those from Eq. (2-7a and c) (circles and dots) in terms of 

both rtesting and RMSE. When equations for D, Rs and ѱpd are the same, models with a 
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temperature function fit calculated gc better than those without a temperature function. For 

example in Figure 2.5 models 2 and 5 give higher correlation coefficient and lower RMSE than 

model 8, and Figure 2.6c shows that results from Eq. (2-6a) (circles) are better than those from 

Eq. (2-6b) (pentagrams); results from models without temperature function (dots) appear to be 

the worst. Therefore, temperature plays a significant role in canopy conductance modelling and 

should not be neglected. Figure 2.6b shows that models using Eq. (2-5a) for vapour pressure 

deficit generate better results than those using Eq. (2-5b). 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. Eq. (2-4a) and Eq. (2-4b) symbolized by circles and dots in Figure 2.6a, 

is used in canopy conductance models. 

 

Figure 2.6 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 Eq. (2-4a) for f(Rs) combined with 

other functions in comparison to simulations using Eq. (2-4b) for f(Rs) with other functions. It is the same 
in b, c & d for f(D), f(T) and f(ψpd). The four figures share the same axes tick labels. 

From statistical results in Figure 2.5 and Figure 2.6, model 2 is considered the most suitable 

model in this study and given in Eq. (2-8). This model comprises Eq. (2-4a) for solar radiation, 

Eq. (2-5a) for vapour pressure deficit, Eq. (2-6a) for temperature and Eq. (2-7b) for predawn 

stem water potential. 
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Comparison between the calculated gc from Eq. (2-1) and simulated gc from model 2 for three 

trees is given in Figure 2.7. The maximum stomatal conductance gmax for this model is 0.0076 

m/s; the equivalent 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 Forecasting 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). Transpiration in 

this study is converted from volumetric sap flow by the projected canopy area. This area may 

underestimate 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. 

 

Figure 2.7 Comparison of canopy conductance calculated from Eq. (2-1) 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. 

2.3.3. Parameter values 

Relationship between parameters and correlation coefficient for the testing dataset (rtesting) from 

tree 2 in 2012 is examined and shown in Figure 2.8, 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 overestimation 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 
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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 2.8a). kD range 

from 0.66 to 0.77 kPa-1 for Eq. (2-5a), and from 0.24 to 0.32 kPa-1 for Eq. (2-5b) (Figure 2.8c). kT 

values are negative, and does not vary much for Eq. (2-6a), but has large variability for Eq. (2-

6b) (Figure 2.8d). kѱ ranges from 0.50 to 0.78, and ѱm ranges from -0.87 to -0.34 MPa for Eq. (2-

7b), while kѱ and ѱm ranges from 0.39 to 0.17 and from -4.01 to -3.46 MPa for Eq. (2-7a) (Figure 

2.8e, f). Correlation coefficient is always smaller than 0.95 when using Eq. (2-7a) for predawn 

stem water potential. The values of kRs ranges from 0 to 10 W/m2 for both Eq. (2-4a) and (2-4b) 

(Figure 2.8b). The values of kD for Eq. (2-5b) is less variable than that for Eq. (2-5a). The 

parameter values discussed above were derived based on daily data. 

 

Figure 2.8 Parameter (gmax, kRs, kD, kT, kψ and ψm) value ranges for different response functions. a. results 
from all simulations; b. circles symbolize results from models using Eq. (2-4a), and dots Eq. (2-4b); c. 

circles symbolize results from models using Eq. (2-5a), 

The simulation results of kT for Eq. (2-6a) are negative for all models that use this temperature 

function (Figure 2.8d), for example, the one in Eq. (2-8) is -0.0128. This results in f(T) greater 

than 1, which is not compatible with the principle of Eq. (2-3) that f(T), f(Rs), f(D) and f(ψpd) 

should lie between 0 and 1 (Stewart, 1988). Figure 2.4 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 = 0.0016 for the same equation. The important assumption of analysing the 

relationship between canopy conductance and influencing factors is that the factors should be 

independent of each other (Macfarlane et al., 2004). However, it is difficult to distinguish the 
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effects of T and D on canopy conductance, because T and D are usually highly correlated (Alves 

and Pereira, 2000). This correlation is especially strong in this study, showing a linear correlation 

coefficient of 0.92, which explains the similar relationship between gc-T and gc-D (Figure 2.4). 

To examine if the negative kT only applies to tree 2 in 2012 or it also applies on 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 functions of temperature and vapour pressure deficit in model 2 (Figure 

2.9) 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 18oC and 22oC, f(DT) is almost the same 

as f(D), which implies that the influence of temperature on canopy conductance is very small in 

this temperature range. However, when T is below 18oC, f(DT) is apparently larger than f(D) but 

smaller than f(T); when T is above 22oC, 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 vapour pressure deficit and air 

temperature should be combined into one, such as f(DT). 

 

Figure 2.9 Relationship between temperature and vapor pressure deficit (a), and the response functions 
f(T), f(D), and f(DT) [=f(T) × f(D)] (b) of model 2. 

2.4. 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 modelling for different species and 
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climate conditions. We constructed 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 selecting 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 targeted influencing factors. 

Selection of response functions is very important for canopy conductance modelling. For 

Drooping Sheoak in this study, models that better simulate canopy conductance comprise a 

parabolic function of air temperature, an exponential function of vapour 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 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 vapour 

pressure deficit. Combined stress function of air temperature and vapour pressure deficit 

suggests a sound physical meaning with the values between zero and unity. 
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3. Modelling the environmental controls on tree water use at 

different temporal scales: significance of soil water condition 

3.1. Introduction 

Vegetation covers 70% of the land surface (Dolman et al., 2014), playing an important role in 

land surface hydrological and climatological processes, and coordinating the land-atmosphere 

interactions in a wide range of spatial and temporal scales (Chen et al., 1996; Dickinson, 1987; 

LeMone et al., 2007). Vegetation affects water, carbon and energy transfer in the soil-

atmosphere system by altering surface albedo, roughness, soil macroporosity, intercepting 

rainfall and transpiring water from deep soil layers (Ivanov et al., 2008). Up to 80% of total 

global evapotranspiration (ET) is contributed by transpiration from vegetation (Ec, 

interchangeable with ″tree water use″ throughout the text) (Miralles et al., 2011), which 

highlights the importance of the quantification of vegetation water use to the understanding of 

land-atmosphere interactions. 

Transpiration at the tree and stand/forest scales can be estimated using the sap flow techniques 

(Ford et al., 2007; Hatton et al., 1995). Alternatively, transpiration can be estimated from 

potential transpiration by applying stress functions related to different environmental variables 

(Chen et al., 1996), such as temperature, vapour pressure deficit, solar radiation, CO2 

concentration (Ball et al., 1987), soil water content/potential and plant water potential (Damour 

et al., 2010; Jarvis, 1976; Tuzet et al., 2003; Wang et al., 2014). Such an approach can be applied 

over various spatial scales, thus has long been incorporated into land surface models (Noilhan 

and Planton, 1989) and atmospheric models (Dai et al., 2004; Dickinson et al., 1991). It should 

be noted that the reduction of potential Ec by environmental constraints in the land surface or 

atmospheric models is often realized by replacing the canopy conductance gc (or resistance, 1/gc) 

under the optimal conditions in the Penman-Monteith equation with the one considering the 

environmental stresses. This way of Ec estimation can be categorized as ″indirect″ method, 

which involves the calculation of gc. Numerous studies after Monteith (1965), Jarvis (1976) and 

Stewart (1988) have discussed the environmental controls on canopy conductance for different 

species and climate types, in order to improve transpiration estimates (Buckley et al., 2012; 

Comstock and Mencuccini, 1998; Kelliher et al., 1993). Apart from studies using the Penman-

Monteith equation for transpiration estimates, there are several attempts to correlate Ec 

straightforward with environmental variables, avoiding the gc calculation. This way of Ec 

modelling can be categorized as ″direct″ method. For example, Whitley et al. (2009; 2013) 
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developed an empirical model for tree water use estimation using vapour pressure deficit, solar 

radiation and volumetric soil water content; Buckley et al. (2012) developed a transpiration 

model only considering explicitly solar radiation and vapour pressure deficit. Such models 

contain reduced number of parameters and have great potential for use in land surface and 

atmospheric models. 

The environmental variables that influence transpiration modelling can be divided into two 

groups, i.e. demand and supply. The environmental variables in the demand group include solar 

radiation, vapour pressure deficit and air temperature, etc. Temperature functions are often 

neglected in Ec (or gc) models (Lhomme et al., 1998; Mascart et al., 1991). The corresponding 

environmental variable in the supply group is the root zone soil water condition, determined by 

root distribution, soil hydraulic properties and water content in root zones. It is worth mentioning 

that plants respond to soil water potential rather than soil water content (Gregory and Nortcliff, 

2013; Marshall et al., 1996; Mullins, 2001; Verhoef and Egea, 2014); the latter in most studies 

was measured in shallow soil layers up to 2 m deep and usually 0.5 m (Whitley et al., 2009). Soil 

water availability can restrict plant water uptake (Chen et al., 2014), however, it is doubted 

whether the measurements of soil water content in shallow soil layers can represent the entire 

picture of root-zone water availability (Schulze et al., 1996), especially for the trees with deep 

root systems. The gradient of water potentials in soil, stem and leaf drives the water transport in 

the soil-plant system (Vandegehuchte et al., 2014). Plant water potential is a sensitive indicator 

for vegetation water status (Choné et al., 2001; Nortes et al., 2005) and can be in equilibrium in 

the whole soil-plant system at predawn (Palmer et al., 2010; Richter, 1997). Therefore, plant 

water potential is a good approximate of water availability in root-zone soil for vegetation 

transpiration. Previous studies have tested the feasibility of using stem water potential to 

simulate plant water stresses from a reduced soil moisture condition (Wang et al., 2014; Yang et 

al., 2013). 

Despite the wealth of literature in considering soil water condition in Ec and gc modelling, some 

studies showed the feasibility to simulate Ec and gc without soil water condition functions 

(Bunce, 2000; Leuning, 1995; Whitley et al., 2013). Transpiration from trees that can access 

groundwater with deep roots (Eamus and Froend, 2006) or from trees that grow in riparian sites 

(O'Grady et al., 2006) is not limited by soil water condition. At such sites, the soil water stress 

function can be omitted in Ec and gc models. However, at other sites, it is difficult to determine 

the significance ofC soil water condition for Ec or gc modelling without long-term monitoring on 

the relevant variables. Furthermore, soil water availability has seasonal variations (Findell and 

Eltahir, 1997), which means the necessity to include a soil water stress function may vary 
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seasonally. As such, the time and temporal scales (such as daily and sub-daily) at which a soil 

water condition function is more important for transpiration modelling may vary. 

In addition, models are usually only as good as the data on which they are based and have been 

tested (Silberstein, 2003). Parameter values in many land surface models are prescribed 

universally for lumped vegetation categories, for example, evergreen needle-leaf trees, deciduous 

broad-leaf trees, etc. (Chen and Dudhia, 2001), and they keep the same for various temporal 

scales. However, the empirical relationships between transpiration and environmental variables 

are climate and vegetation specific. One set of universal parameter values is not necessarily 

applicable to different climate-species. 

Therefore, in this study, Ec was simulated for a Drooping Sheoak tree in South Australia at daily 

and hourly scales and in spring, summer and autumn using two categories of models. By 

comparing simulation results, this study was aimed to answer the following four questions: (1) 

which type of Ec model can better reproduce sap flow measurements in this study, ″direct″ or 

″indirect″; (2) how significant is it to include soil water condition and temperature functions for 

Ec modelling; (3) when and at which time scale soil water condition function has stronger 

influence on Ec modelling; and (4) whether parameter values are applicable across different 

temporal scales (daily and hourly) for a certain Ec model. 

3.2. Methodology 

3.2.1. Site and measurements 

The study site, in Mediterranean climate zone, is near the campus of Flinders University 

(138º34′28″E, 35º01′49″S). Annual mean temperature is about 17 ºC, and annual rainfall is 

around 546 mm, most of which occurs in May to September (Guan et al., 2013). Ground surface 

is covered by sparse trees with short shrubs and grass at substrate. Soil type in the site is 

characterized as sandy mixed with gravel. This soil condition makes it difficult to bury soil 

moisture probes in deep root zone soil layers near the tree. Therefore, as discussed in previous 

work (Wang et al., 2014; Yang et al., 2013) we used the stem water potential as an indicator for 

water availability. All measurements in this study were conducted on a drooping sheoak 

(Allocasuarina verticillata) tree in January-April and October-December 2012. 

Sap flow was monitored at 30-min intervals in the tree trunks at 1.3 m above ground using the 

compensation heat-pulse technique (Green and Clothier, 1988). Three thermocouples are 

embedded inside each temperature probe at the depths of 0.5, 1.5, and 2.5 cm underneath the 

cambium. One temperature probe was installed 1.0 cm above the heater and the other 0.5 cm 
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below the heater. Two sets of such probes were installed in the south and north sides of the tree. 

Transpiration was calculated from heat transport velocity and corrected for wounding, sapwood 

area, volume fraction of wood and water following Green et al. (2003). 

Stem water potential (ψst) was measured at 15-minute intervals with PSY1 Stem Psychrometer 

(ICT International Pty Ltd., NSW, Australia), which was developed by Dixon and Tyree (1984) 

and has become commercially 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). Predawn stem water potential (ψpd) was taken as the average 

of ψst between 3:00 am and 5:00 am, when water potentials in the tree and root-zone soil have 

reached an equilibrium state after water redistribution in the plant-soil system. 

3.2.2. Models briefing 

″Indirect″ Ec model 

The ″indirect″ model for transpiration estimate refers to the Penman-Monteith method (PM), 

equation (3-1); the canopy conductance gc in PM equation is estimated from the environmental 

conditions following the Jarvis-Stewart (JS) approach in equation (3-2). 
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++D
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ρ

     (3-1)

)()()()(max ψfRfTfDfLAIgg sc ⋅=     (3-2) 

In equations (3-1) and (3-2), ga is aerodynamic conductance [m/s]; γ is psychrometric constant 

[kPa/oC]; λ is latent heat of vaporization [MJ/kg]; Ec is the tree water use calculated from sap 

flow measurements; Δ is the slope of saturation vapour pressure-temperature curve [kPa/oC]; Ac 

is the available energy allocated to canopy [MJ/(m2h)]; Cp is specific heat of air at constant 

pressure [MJ/(kgoC)]; D is vapour pressure deficit in the air [kPa]; ρa is the density of air 

[kg/m3]. gmax is the maximum stomatal conductance [m/s]. LAI is leaf area index. ψ is the stem 

water potential [MPa]; when used for daily Ec or gc estimation, predawn stem water potential 

(ψpd) is used. 

Here we denoted equation (3-2) as JS4 model, as it considers the effects of four environmental 

variables. In order to test the significance of stress functions of air temperature and soil water 

condition, we made modifications to JS4 by neglecting f(T) and f(ψ) respectively, and the 

relevant models were denoted as JSψ and JST. Equations (3-3~3-6) are the stress functions for 

each variable based on a previous study (Wang et al., 2014). 
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Rsm in equation (3-3) is the approximate maximum radiation, set as 1000 W/m2 for hourly and 

350 W/m2 for daily simulations according to measurements. kRs [W/m2], kD [kPa-1], kT [-], To 

[oC], kψ [-] and ψm [MPa] are fitting parameters. 

″Direct″ Ec models 

The models described in this section omit the calculation of canopy conductance, and estimate 

tree water use straightforward from a set of environmental variables. From the available 

literature, we selected two ″direct″ models for comparison; they have simple structure and 

limited parameters. 

Whitley et al.’s model (UTS) 

Following the Jarvis-Stewart pattern, Whitley et al. (2009; 2013) developed an empirical model 

for tree water use estimation from environmental variables, bypassing the stomatal conductance. 

We supplemented a temperature function and replaced the soil water content function with a 

stem water potential function in equation (3-6), and further reduced one parameter for vapour 

pressure deficit function. The modified model is given in equation (3-7) and referred to as UTS4. 

In equations (3-7) and (3-8), Emax is the maximum transpiration rate [mm/h or mm/d]; kD is a 

fitting parameter. Dpeak [kPa] is the value of D at which Ec is maximized. f(Rs), f(T) and f(ψ) are 

the same with equations (3-3), (3-5) and (3-6). To facilitate the model comparison, further 

modifications were made to UTS4 by neglecting f(T) and f(ψ), resulting in models UTSψ and 

UTST accordingly. 
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Buckley et al.’s model (BTA) 

Buckley et al. (2003; 2012) described a simple mechanism-based model for transpiration 

estimates, given in equation (3-9). Their model contains only solar radiation and vapour pressure 

deficit explicitly, thus has fewer parameters than the PM and UTS models. The parameter Rs0 

allows night time transpiration for sub-daily simulation which is the particular strength over 

other models. In this study, we assumed zero night-time transpiration, because the Jarvis-Stewart 

approach is incapable of capturing the nocturnal transpiration. Therefore, Rs0 was prescribed as 0 

for both hourly and daily scale simulations. Emax is the maximum transpiration rate, which 

includes the effect of soil water condition. Ds is the leaf to air vapour pressure deficit, which can 

be replaced with the air vapour pressure deficit (D) when canopy is coupled aerodynamically. 

We used D in this study. 
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Buckley et al. (2012) also provided a canopy conductance model as follows:  
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Em,, k and b are integrated model parameters. 

Canopy conductance was also estimated from equation (3-10) and combined with the Penman-

Monteith equation for transpiration estimate to compare with other modelling results. 

3.2.3. Parameter optimization and model comparison 

Data on rainy days were filtered out. For daily simulations, data were divided into two groups 

(one contains 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. For hourly 

simulations, we first used two-month data to train the model and tested the model with another 

two-month data. Furthermore, we grouped the data in spring (September, October and 

November), summer (December, January and February) and autumn (March, April and May), 

and then trained the model using 20 days of data in each season, and tested the model using 

another 20 days of data. Summer days in this study covered the hottest days in 2012, and early 

autumn was the driest in 2012. 

Parameters were obtained using the DiffeRential Evolution Adaptive Metropolis (DREAM) 
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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 was performed for each model by 20,000 iterations. We evaluated the 

model performance using the slope (k) and coefficient of determination (R2) of linear regression 

between the measured and simulated Ec, with zero intercepts, and the root mean square error 

(RMSE). 

3.3. Results and discussion 

3.3.1. Environmental conditions and tree water use 

Part of the measurement results is demonstrated in Figure 3.1 at both hourly and daily scales. 

Daily data of tree water use and stem water potential, solar radiation, vapour pressure deficit and 

temperature were obtained from the original 30-minute and 15-minute measurements. Data in 

rainy days are not shown. 

 

Figure 3.1 Environmental conditions and tree water use (Ec) at hourly (left panel) and daily (right panel) 
scales in the testing period. T: air temperature; D: vapor pressure deficit; Rs: solar radiation and ψst: stem 
water potential. ψpd: predawn stem water potential. X-axis labels are the measurement days in 2012. Red 

is for summer days, green is for autumn days and blue is for spring days. 

The maximum transpiration and canopy conductance were observed in early spring (October) at 

a rate around 3.0 mm/d and 0.015 m/s respectively at daily scale. In this period, the rainy season 

just passed, so there was sufficient water storage in the soil for trees to transpire; in the 

meantime, solar energy was increasing, resulting in an optimal condition for tree water use and 

growth. In Figure 3.1, temperature has similar dynamics with vapour pressure deficit, which 
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reflects a high interdependency between these two variables. Transpiration increased when stem 

water potential increased. In December when the site became heating and drying, the stem water 

potential decreased, transpiration also decreased as soil water depletion increased. Stem water 

potential data indicate that Drooping Sheoak recovered xylem water storage in night-time and 

likely had reached an equilibrium state before predawn. The daily average difference between 

the maximum and minimum stem water potential was around 1.0 MPa for clear days in dry 

season. 

3.3.2. Model comparisons  

Hourly Ec modelling 

We first evaluated the models at hourly scale by comparing simulated Ec with the sap flow 

measurements in 60 days in the testing period. Figure 3.2 shows the results from the ″indirect″ 

method (Penman-Monteith), in which gc is simulated from models JS4, JST, JSψ and BTA. 

Figure 3.3 shows the results from the ″direct″ models UTS4, UTST, UTSψ and BTA. Overall, 

these models were able to reproduce the diurnal variation of Ec; the ″direct″ models gave 

relatively better fitting than the ″indirect″ models according to R2 and RMSE. Both approaches 

overestimated Ec around midday of some days in summer and autumn when it was hot and dry, 

in particular PM(JST), PM(BTA) and UTST and BTA. In spring days transpiration was more 

underestimated by the ″direct″ models than the ″indirect″ methods. 

 

Figure 3.2 Comparison between sap flow measurements and Ec simulated by ″indirect″ models PM(JS4), 
PM(JST), PM(JSѱ) and PM(BTA). k and R2 are slope and coefficient of determination of the linear 

regression (with zero intercept) between simulated and measured Ec; RMSE is the root mean square error. 
Obs is the measured Ec. Dash lines in plots b-e are 1:1 lines. 
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Figure 3.3 Same with Figure 3.2 but modelled by ″direct″ models UTS4, UTST, UTSѱ and BTA 

PM(JS4) among other ″indirect″ models gave the best simulations in comparison to the sap flow 

measurements, and UTS4 gave the best simulations among the ″direct″ models. Neglecting air 

temperature and/or soil water condition function worsened Ec models performance, reflected by 

the decreased k and R2 and increased RMSE from the models that exclude f(T) and/or f(ψ) in 

comparison to PM(JS4) and UTS4 (Figure 3.2 and Figure 3.3). Therefore, at hourly scale, air 

temperature and soil water condition functions have positive effects on transpiration modelling. 

Comparing PM(JST) and PM(JSѱ) and UTST and UTSѱ indicates that the effect of soil water 

function was a little stronger than that of temperature function in ″direct″ models and the 

opposite in the ″indirect″ models. It should be noted that the day-to-day difference of Ec 

simulated from UTST and BTA were relatively small (Figure 3.3), which indicates that these 

two models were incapable of accounting for day-to-day variations of soil water availability. 

Hourly Ec modelling in individual seasons 

In order to examine the effects of soil water condition and air temperature functions on 

transpiration modelling in different seasons, we simulated Ec separately for spring, summer and 

autumn using all models. Results from the Penman-Monteith method are given in Figure 3.4 and 

Figure 3.5. Figure 3.4 shows a good fitting between the simulated (by ″indirect″ models) and 

measured Ec in all seasons, although overestimation around midday of a few days in each season 

was observed. The best agreement between the simulated and measured Ec appears in spring by 

PM(JS4) (Figure 3.5). Comparing the k, R2 and RMSE given by PM(JS4) and PM(JST) shows 

that inclusion of f(ѱ) resulted in great improvement on Ec simulation in autumn, but had little 

influence in spring and summer. Similarly, comparison between PM(JS4) and PM(JSψ) indicates 
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that inclusion of a temperature function improved model performance in spring, but deteriorated 

model performance in autumn. The negative impacts of temperature function on tree water use 

modelling have also been reported in other studies (Sommer et al., 2002; Whitley et al., 2013; 

Wright et al., 1995). The BTA model explicitly considers only the effects of solar radiation and 

vapour pressure deficit on canopy conductance, and embedded other factors (including the soil 

water condition) in the lumped parameters. BTA models were capable to reproduce diurnal 

variations of Ec with greater overestimation than other models especially in some autumn days 

(Figure 3.4c). This may be a result of the model structure which expresses the effects of soil 

water stress function through fixed parameter values, which cannot reflect the dynamics of soil 

water availability. 

 

Figure 3.4 Hourly tree water use simulated from Penman-Monteith equation with gc simulated by JS4, 
JST and JSψ models compared to sap flow measurements in (a) spring; (b) summer and (c) autumn. 
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Figure 3.5 Same with Figure 3.4. Dash lines are 1:1 lines. 

Figure 3.6 and Figure 3.7 show clearly that the ″direct″ models gave overall better simulations 

than the ″indirect″ models, reflected by the regression k, R2 and RMSE. The best fitting between 

simulated (by ″direct″ models) and measured Ec was also in spring and the worst in autumn as is 

in Figure 3.4c and Figure 3.5c by the ″indirect″ models. The models counting in all four 

environmental variables did not show obvious superiority over the models without f(T) and/or 

f(ѱ). However, soil water function had a stronger influence on tree water use modelling in 

autumn than spring and summer (Figure 3.7c). Ec in Figure 3.6 underestimated the maximum sap 

flow measurements around midday in some days. Using other days of data to train and test the 

models did not eliminate the phenomenon. We checked on the rainfall and solar radiation data on 

those days and the days before, and found that the underestimation occurred on cloudy days or 

with rainfall on previous days, when solar radiation was not saturated as on clear days. This 

implies that the models need to be improved for explicit interpretation of transpiration under 

light-unsaturated conditions. BTA Ec model gave very similar simulations with other three 

models, which is encouraging because it requires the minimum number of input variables and 

parameters. 

 

Figure 3.6 Tree water use simulated from the ″direct″ models (UTS, UTST, UTSψ and BTA) in 
comparison to sap flow measurements at hourly scale for (a) spring, (b) summer and (c) autumn. 
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Figure 3.7 Same with Figure 3.6. Dash lines are 1:1 lines. 

The surveyed tree was likely under optimal conditions for water uptake in spring, because most 

of rainfall occurred in May to September in the study site (Guan et al., 2013), resulting in 

sufficient water storage in the root zone for trees to transpire, and the energy also began to 

increase in this season. On the other hand, from the relationships between transpiration and the 

four environmental variables we observed that the data points in spring formed the upper 

envelope bounds (Figure 3.8). The stress functions in equations (3-6~3-8) were empirically 

developed by fitting the data that are located on the upper bounds, assuming that they represent 

the optimal conditions (Macfarlane et al., 2004; Whitley et al., 2013). This also partly explains 

why simulations fitted sap flow measurements the best in spring. 
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Figure 3.8 Relationship between tree water use and each environmental variable at hourly scale using the 
same data in Figure 3.1 

Figure 3.2-3.7 suggest that both the ″direct″ and ″indirect″ methods for Ec estimation were 

capable to reproduce the sap flow measurements at hourly scale in three seasons, and the ″direct″ 

models are apparently better than the ″indirect″ ones. In fact, the Penman-Monteith method 

contained more parameters throughout the calculations. First gc was calculated from the sap flow 

data using the inversed PM equation, and then parameters in equations (3-2~3-6) were 

optimized, after which Ec was back-calculated using the PM equation. More approximations 

involved (e.g., aerodynamic resistance, net radiation, etc) in the whole process likely resulted in 

the relatively poor degree of matching between simulated and measured Ec. On the contrary, 

models that simulated Ec straightforward from environmental variables avoided many of these 

approximations, which led to better simulation results than the PM models. 

Implications for water balance study 

In order to evaluate the applicability of the models for water balance study, we summed up the 

hourly transpiration from Figure 3.2, Figure 3.3, and from Figure 3.4 & Figure 3.6 to daily 

values, and then compared the total Ec amounts to sap flow measurements, which equals 107.5 

mm. Results are shown in Figure 3.9. Most models slightly underestimated total Ec, except that 

PM(JST) overestimated Ec by 4.0% (sum of three seasons from Figure 3.4), PM(BTA) by 19.5% 

and 7.5% (sum from Figure 3.2 and Figure 3.4 respectively). Therefore, most models should be 

acceptable for transpiration quantification in short-term (within a year) water balance study, 

exceptions are PM(JSѱ) in Figure 3.2 (27.3% underestimation) and PM(BTA) in Figure 3.2 

(19.5% overestimation). 

 

Figure 3.9 Total Ec summed up from each simulation compared to sap flow measurements. Percentage 
below the bars is the over/underestimated rate by each model. 
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Daily Ec modelling 

Simulated daily transpiration from both the ″direct″ and ″indirect″ methods in comparison to sap 

flow measurements is given in Figure 3.10. Clearly, models that contain four environmental 

variables gave the best simulations. Models that contain a f(ψ) generated better simulations than 

those without a f(ψ). Soil water stress function had stronger effects on transpiration modelling at 

daily scale than hourly scale, which can be implied by comparing results in Figure 3.2, Figure 

3.4 and Figure 3.10.The PM(JST), PM(BTA) and UTST and BTA models were not able to 

capture the daily variation of transpiration. It should be noted that the k and R2 were obtained 

through linear regression with zero intercept. 

The fitting of daily sap flow measurements by simulations from PM(JST) and UTST degraded 

dramatically compared to PM(JS4) and UTS4, which implies that soil water function had a very 

strong influence on daily Ec modelling. In addition, PM(JS4) resulted in k=0.96, R2=0.69 and 

RMSE=0.3535, better than those given by PM(JSψ), while UTS4 gave similar simulations than 

UTSψ, which indicates that the influence f(T) on Ec modelling is more significant in the Penman-

Monteith method than the ″direct″ models. This is the same with that at hourly scale.  

 

Figure 3.10 Comparison between simulated and measure transpiration at daily scale 
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the universality of parameter values (Table 3-1). Transpiration simulation in current land surface 

models is often based on the Jarvis-Stewart type approach, so in this part we only compared the 

parameters in PM(JS4), PM(JST), PM(JSѱ) and UTS4, UTST and UTSѱ which are variants of 

the Jarvis-Stewart approach. 

Table 3-1 Parameter* values for different models at hourly and daily scales 

Model Scale gmax kRs kD kT To kψ ψm  
PM(JS4) daily 0.0102 41 0.92 -0.0141 19 0.66 -0.75  

hourly 0.0245 166 1.12 -0.0204 18 2.44 -1.28  
spring 0.0241 84 0.65 -0.0126 17 2.21 -0.83  

summer 0.0086 40 0.52 -0.0012 26 0.08 -1.32  
autumn 0.0159 42 0.99 0.0078 25 2.89 -1.91  

PM(JST) daily 0.0104 42 2.01 -0.0273 18    
hourly 0.0138 232 1.17 -0.0338 20    
spring 0.0178 168 0.92 -0.0404 18    

summer 0.0038 40 0.48 -0.0013 29    
autumn 0.0116 43 0.93 0.0052 27    

PM(JSP) daily 0.0148 41 1.17   0.82 -0.69  
hourly 0.0333 89 1.11   2.02 -0.84  
spring 0.0303 60 0.72   2.96 -0.62  

summer 0.0095 40 0.57   0.01 -0.36  
autumn 0.0053 40 0.31   2.92 -2.00  

 
 Emax kRs kD Dpeak kT To kψ ψm 

UTS4 daily 3.25 111 0.01 3.7 -0.0007 20 0.98 -2.05 
hourly 0.32 159 0.02 5.6 -0.0040 26 1.90 -2.42 
spring 0.34 285 0.03 2.2 0.0010 29 4.99 -3.37 

summer 0.28 40 0.02 6.0 -0.0016 29 0.06 -3.87 
autumn 0.23 40 0.01 4.7 0.0033 30 4.01 -2.48 

UTST daily 3.00 82 0.03 4.0 0.0019 15   
hourly 0.20 149 0.01 6.0 -0.0023 30   
spring 0.34 264 0.02 2.9 0.0011 26   

summer 0.20 40 0.02 6.0 0.0008 15   
autumn 0.20 40 0.20 1.0 0.0039 30   

UTSP daily 3.37 126 0.01 3.8   0.98 -2.09 
hourly 0.32 149 0.01 5.9   1.72 -2.43 
spring 0.34 272 0.01 5.4   4.39 -3.77 

summer 0.30 40 0.01 6.0   0.09 -1.08 
autumn 0.23 40 0.02 5.4   3.43 -2.46 

 * Refer to Section 3.3.2 for the unit of each parameter 

The maximum transpiration rate Emax in UTS4, UTST and UTSѱ models was similar at both 

daily scale (3.25, 3.00 and 3.37 mm/d) and hourly scale (0.32, 0.20 and 0.32 mm/h). At hourly 

scale in each season Emax also did not vary too much. The maximum stomatal conductance gmax 

in PM(JS4), PM(JST) and PM(JSѱ) was similar at daily scale and varying at hourly scale. For 
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the rest of the fitting parameters such as kRs, kD and Dpeak in UTS4, UTST and UTSѱ models, 

greater values were obtained at hourly scale than daily scale. kRs varied greatly between spring 

and the other two seasons at hourly scale, ranging from about 40 to 285 W/m2; values in summer 

and autumn at hourly scale were similar. Parameter ψm was relatively stable within each model 

group and across temporal scales. 

The difference of daily and hourly parameter values in each model raises the attention for model 

applications at different temporal scales. Models need to be recalibrated when applied at a 

different temporal scale from which they are tuned initially. To demonstrate this scale issue of 

parameters visually, we simulated hourly Ec with daily parameter values, and daily Ec with 

hourly parameter values using the Penman-Monteith method. The ″direct″ models were not 

tested because an obvious difference of Emax existed at hourly and daily scales, which will lead to 

a big difference in simulated hourly Ec using daily parameter values or vice versa. Results 

demonstrated that using hourly scale parameter values for daily Ec simulation and the other way 

around was not able to reproduce the daily sap flow measurements (Figure 3.11). Applying daily 

parameter values for hourly Ec modelling underestimated daily Ec by about 45% based on 

PM(JS4) model, while applying hourly parameter values for daily Ec modelling overestimated 

daily Ec by about 52% based on the same model. 

 

Figure 3.11 Comparison of simulated and measured Ec. (a) Applying daily parameter values for hourly 
simulation and sum the hourly Ec to daily values; (b) applying hourly parameter values for daily 

simulation. 
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categories of models for transpiration estimates and the roles of soil water condition and air 

temperature functions in the transpiration modelling at different temporal scales. The ″direct″ 

models gave better simulations than the Penman-Monteith method. Influence of both soil water 

condition and air temperature functions on transpiration modelling was more prominent at daily 

scale than hourly scale. At hourly scale, inclusion of a temperature function in the PM method 

had negative impacts on transpiration modelling in autumn, positive impacts in spring and little 

impacts in summer. The influence of soil water function was stronger in autumn than in spring. 

Results indicate that for hourly transpiration modelling soil water condition and temperature 

functions can be omitted under certain conditions, such as in wet and sunny periods when soil 

water is sufficient for vegetation transpiration. Parameters in each model varied across different 

time scales, calling for the attention to model applicability across various temporal scales. The 

major advantage of the ″direct″ models is the simplicity in terms of measurements and parameter 

calibration. This allows for wide applications, for instance, replacing the current transpiration 

calculation schemes in land surface models, with increased computing efficiency and limited 

sacrifice of accuracy. 
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4. Quantifying sapwood width for three Australian native species 

using electrical resistivity tomography 

4.1. Introduction 

Vegetation covers a considerable portion of the earth surface, and significantly influences 

climate (Betts et al., 1997; Palmer et al., 2010) and hydrological processes (Ivanov et al., 2008) 

over a range of spatiotemporal scales, mainly by altering surface albedo, roughness, soil 

macroporosity, intercepting rainfall and transpiring water from deep soil layers (Ivanov et al., 

2008). Quantification of vegetation water use and its response to environmental conditions are 

important to the understanding of land-atmosphere interaction and ecosystem development and 

conservation. 

Sap flow measurement techniques are useful means to quantify vegetation water use at different 

temporal and spatial scales, and are particularly useful in mountainous regions (Kumagai et al., 

2008), because their applicability is not limited by complex terrain and spatial heterogeneity 

(Ford et al., 2007; Kumagai et al., 2007; Wilson et al., 2001). Various heat-based sap flow 

techniques have been successfully applied in ecohydrological studies, as they can be used to 

estimate watershed transpiration through up-scaling sap flow from individual trees (Čermák et 

al., 2004; Swanson, 1994; Vandegehuchte and Steppe, 2013; Wullschleger et al., 1998). The up-

scaling procedure can be difficult due to the spatial variability of sap flux density in individual 

trees (Hatton et al., 1995; Wullschleger and King, 2000), and inter-tree variability of the sap flux 

density (Wullschleger et al., 2001) and determination of the conductive sapwood area, As 

(Kumagai et al., 2005). The latter requires the identification of the sapwood-heartwood boundary 

(S-H) in the trunk cross-section. Inaccuracy in estimating As will transfer to transpiration 

estimates, and may be especially significant for species that have wide sapwood sections 

(Čermák et al., 2004; Kume et al., 2010). 

Methods of identifying sapwood and heartwood depend on being able to differentiate the two 

woods by differences in their physical properties. The common methods used and their major 

disadvantages are summarized in Table 4-1 (Part 1). These methods are destructive to varying 

degrees and some are fatal to the trees. Therefore, they are usually conducted at the end of the 

sap flow measurement period, and are not appropriate for a large number of samples. 

Uncertainties in transpiration can be large when insufficient numbers of trees are sampled for sap 

flow and sapwood width measurements (Rust, 1999; Vertessy et al., 1997). In addition, the stem 

sizes will increase as trees grow, so a single survey of sapwood area at the end of a sap flow 
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measurement period can introduce errors in the transpiration estimate (Steppe et al., 2006), 

especially for long-term studies such as on seasonal and annual scales (Liu et al., 2012) on fast 

growing species. Therefore, an efficient, non-destructive method for estimating sapwood width 

and hence As is important and desirable for transpiration estimation at the stand scale. 
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Table 4-1 A summary of conventional methods for identifying sapwood and heartwood and recent studies 
using the electrical resistivity tomography (ERT) 

 Methods Wood physics Disadvantages Reference 

PA
R

T
 O

N
E

 

Staining Water conductance 
Overestimating sapwood width; 
needs felling trees or on-site tree 
cuts 

(Gebauer et 
al., 2008)  

Resistance to 
penetration Hardness 

Only applicable to trees with 
large moisture contrast between 
sapwood and heartwood, or in 
frozen stems 

(Rust, 1999)  

Visual 
inspection of 
wood cores 

Color/Transparency Big uncertainty when the contrast 
is not obvious 

(Vertessy et 
al., 1995) 

Bifocal 
microscopic 
assessing  of 
tissues 

Microscopic 
structure 

Destructive; time consuming to 
prepare and analyze core sample 
slices 
 

(Pfautsch et 
al., 2010)  

Computer 
tomographic 
(CT) imaging 
/ X-ray 
scanning 

Density 
Not sensitive when little change 
of density exists along the 
cambium-pith direction 

(Longuetaud 
et al., 2006; 
Tomazello et 
al., 2008) 

---------------------------------------------------------------------------------------------------------------- 
 Method Wood 

physics Species S-H determination method Reference 

PA
R

T
 T

W
O

 

El
ec

tri
ca

l r
es

is
tiv

ity
 to

m
og

ra
ph

y 
(E

R
T)

 

M
ai

nl
y 

w
oo

d 
m

oi
st

ur
e 

co
nt

en
t a

nd
/o

r  
el

ec
tro

ly
te

 c
on

ce
nt

ra
tio

n 

Olive & oak at 
different ages 

ERT configuration on trees; no 
quantitative method for S-H 
boundary demarcation was 
provided 

(al 
Hagrey, 
2007) 

Quercus robur 
Visual checking of the Rs 
images; no mathematical 
method described 

(Bieker 
and Rust, 
2010a) 

Scots pine (Pinus 
sylvestris L.) 

Pointing out S-H boundary 
coincides with the steepest rise 
in Rs from outer to inner wood 
sections; no clear description 
on the method 

(Bieker 
and Rust, 
2010b) 

Japanese cedar, 
Taiwania, and 
Luanta fir  

Linear relationship was found 
between the sum of maximum 
and minimum Rs and Rs at  S-H 
boundary; prior knowledge of 
S-H boundary is required to 
establish the relationship 

(Lin et al., 
2012) 

Pinus elliottii 
Engelm var. 
elliottii; 
Pinus caribaea 
Morelet var. 
hondurensis 

S-H boundary was defined as 
the average of the largest 
gradient of Rs profiles in four 
cardinal directions along a 
central path of a cross section 
(10mm wide). Analyses were 
done in ArcGIS. 

(Guyot et 
al., 2013) 
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Electrical resistivity tomography (ERT) for sapwood and heartwood differentiation is based on 

the variation of electrical resistivity (Rs) attributed to differences in wood moisture content 

mainly; although in some species (e.g. English oak) electrolyte concentration can be the main 

contributor (Bieker and Rust, 2010a). ERT is considered reasonably non-destructive because it 

only requires inserting small nails through the bark until a firm contact with sapwood 

(approximately 2 mm into sapwood), with the nails removed after the measurement. ERT has 

been applied in a few studies to determine sapwood width (Table 4-1 Part 2). These studies 

provide insights into the causal relationship between Rs distribution and wood properties 

including moisture content, density, electrolyte concentration (K+, Mg2+, Na+ etc.) and pH. They 

identify the sapwood-heartwood boundary using ERT by looking for the steepest change of Rs 

from sapwood to heartwood sections. However, the description of Rs data processing and the S-H 

boundary positioning in these studies is not extensively detailed. 

To estimate stand scale transpiration from sap flow meters efficiently, it would be useful to 

establish a relationship between sapwood area (As) and other more readily measured tree 

parameters such as DBH (trunk diameter measured at 130 cm above ground) (Wullschleger et 

al., 1998). In Australia, eucalypts are a dominant part of the flora and tree water use and 

response to environmental conditions have been well documented, particularly for the most 

cultivated species (Benyon, 2002; Quentin et al., 2012; Whitehead and Beadle, 2004). A number 

of relationships between As and DBH have been reported, for example linear relationships for 

Eucalyptus marginate (Macfarlane et al., 2010) and Eucalyptus crebra (Zeppel and Eamus, 

2008), a power relationship for Eucalyptus regnans (Vertessy et al., 1995), and other curvilinear 

relationships for other eucalyptus species such as Eucalyptus miniata (Kelley et al., 2007). The 

As-DBH relationship for eucalypts and other genera has been synthesized by Zeppel (2013). 

However, there is little available information in the literature about the water use and As-DBH 

relationship for two eucalyptus species which are mainly distributed in South Australia and 

western Victoria. They are Eucalyptus leucoxylon and Eucalyptus viminalis ssp. cygnetensis. 

In this study, we measured electrical resistivity in tree cross-sections from 30 trees of three 

Australian native species (Eucalyptus leucoxylo, Eucalyptus viminalis ssp. cygnetensis and 

Allocasuarina verticillata). The primary goal is to present in detail an objective method of 

processing the electrical resistivity data for sapwood width estimation. The second objective is to 

establish the relationship between sapwood area and tree diameter for these three species. 

Advantages and limitations of using the ERT technique are also discussed. 
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4.2. Materials and methods 

4.2.1. Sites and trees 

The trees in this study were selected from two field sites. The majority of measurements were 

conducted in a natural woody stand located 45 km south of Adelaide, South Australia 

(35°12'47"S, 138°38'15"E). This site has two contrasting aspects (south and north) and is 

surrounded by pastures and patches of vineyards. Stands like this provide important habitats for 

local wild animals such as kangaroos, koalas, birds, and lizards etc. The dominant plant species 

at the site are Eucalyptus leucoxylon on the north facing slope, and Eucalyptus viminalis ssp. 

cygnetensis on the south facing slope. Ten trees of each eucalyptus species were selected for 

ERT and wood core survey. Another ten drooping sheoak trees (Allocasuarina verticillata) near 

the campus of Flinders University of South Australia (35°1'49"S, 138°34'28"E) were also 

included in the survey. The typical spatial distribution of the three species is mainly in South 

Australia and west Victoria. Drooping sheoak extends further north to New South Wales and 

south to Tasmania. 

The climate of the sites is Mediterranean, with hot dry summers and cool wet winters. Most 

rainfall occurs in May to September (Guan et al., 2013). The selected trees have different 

diameters, and the stems at measurement level are relatively circular. The circular stems allow 

the assumption of symmetry of tree trunk cross-sections in ERT configuration used in this study. 

4.2.2. Measurements 

Measurements include DBH, bark thickness, sapwood width from increment cores, and cross-

sectional electrical resistivity from ERT. Measurements on 20 eucalypts and 7 drooping sheoak 

trees were conducted in the afternoon on sunny days after several consecutive sunny days in 

October 2013 to March 2014, so as to avoid the issue of sap flow irrelevant moisture in the 

cross-sections. Measurements on another 3 drooping sheoak trees were conducted on an 

afternoon after previous rainy days in late May 2014, allowing us to test the capability of ERT 

for sapwood-heartwood demarcation under wet conditions. 

Following Guyot et al. (2013), any dry bark at the trunk surface was removed prior to ERT 

measurements. Thickness of dry bark was accounted for in determining the relationship between 

sapwood area and tree diameter. Bark thickness was measured in four cardinal directions. Core 

samples from the same trees along the north-south or west-east directions were taken out using 

an increment borer (0.5 cm in diameter) immediately after ERT measurements. The distinct color 

difference (white and brown from outer to inner woods, Figure 4.1) along wood cores of the 
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three species allowed us to measure sapwood width in the field by visual inspection (Hatton et 

al., 1995). 

 

Figure 4.1 Two examples of wood cores for Eucalyptus and Allocasuarina for colour comparison 

A multichannel, multi-electrode resistivity system (Picus TreeTronic, Argus Electronic GmbH, 

Germany) was deployed for ERT measurement following the configuration described in Guyot 

et al. (2013). Electrically conductive nails were tapped into the trunk until a firm contact with 

sapwood was established. The nails were evenly spaced at the same level (130 cm) around the 

trunk. The number of nails being used varies with tree size. Spacing of nails determines the Rs 

resolution. Most of the selected trees had circumference ranging from 24.0 to 66.0 cm, but three 

trees had circumference greater than 80.0 cm. The median circumference was 54.9 cm and the 

mean was 58.3 cm. The minimum number of nails employed in this study was 10 and the 

maximum was 24, which is the capacity of one unit of the instrument. 

4.2.3. Theory and method of S-H differentiation using ERT 

The phenomenon that the electrical resistivity of wood decreases with increasing moisture 

content was first quantitatively described by Stamm (1927). The theory that explains the strong 

moisture dependency of electrical resistivity of wood was proposed in the 1950’s and has been 

reviewed extensively since then (Hearle, 1953; Skaar, 1988). In general, the moisture content of 

sapwood is significantly higher than that of heartwood in most species, resulting in lower 

electrical resistivity in sapwood than that in heartwood (Bieker and Rust, 2010b; Lin et al., 2012; 

Skaar, 1988). Some tree species (Quercus robur L.) are exceptions (Bieker and Rust, 2010a). 
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Figure 4.2 (a) schematic illustration of an undamaged tree trunk cross-section; (b) the electrical 
resistivity distribution along the centerline of the tree trunk cross-section, and (c) the slopes of 
the electrical resistivity distribution curve. Vertical solid line in plots (b) and (c) is the center of 
the trunk; two dash lines and rectangles indicate the sapwood and heartwood boundaries. 

Summarized from the studies using ERT for S-H differentiation, theoretically, Rs along a cross-

section diameter (e.g. A-B in Figure 4.2a) should present a distribution illustrated in Figure 1b 

for an undamaged tree. The S-H boundaries can be determined by locating the two steepest 

changes of the fitted Rs data on both sides of the trunk center (Figure 4.2c). However, ERT 

generates gridded Rs data over the cross-section, which means there are limited data points along 

a tree diameter for fitting Rs data and locating the steepest change points. The order of 

polynomial function used to fit Rs data also influences the sapwood width estimation. To reduce 

the errors in S-H demarcation induced by the limited number of data points and the fitting order 

of a polynomial function, in this study, we extracted Rs data within a narrow band enclosing the 

data along the diameter of a cross-section; the bandwidth h ranges from 0.4 to 4.0 cm. And then 

the extracted data were fitted with polynomial functions of different orders, with the order n 

ranging from 4 to 7. From the data fitting results, e.g. the largest coefficient of determination 

between the extracted and fitted Rs data, the appropriate h and n are determined for each tree. 

Figure 2 and Figure 3 give an example of bandwidth, fitting order selection and slopes of the 

fitted curve for tree sp2.6 (tree labels are given in Table 4-2). The same procedures were 

performed for all the sampled trees. Trees of similar size have the same number of electrodes and 

thus the same values of h and n. The final sapwood width is taken as the average of the results 

from north-south or west-east directional analyses. 
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Figure 4.3 Comparison between the extracted and fitted resistivity data for determining the proper 
values of bandwidth h and fitting order n (example of tree sp2.6, Eucalyptus viminalis ssp. 
cygnetensis) 

 

Figure 4.4 Example of electrical resistivity within a narrow band along the west-east diameter of cross-
section (a) and slopes of the fitted curve (b) for sp2.6 of Eucalyptus viminalis ssp. cygnetensis. 
Bandwidth h=0.6 cm and fitting order n=7. Solid lines in the figure are the center of the tree trunk. Dash 
lines in plot a indicate 95% confidence of the data fitting. Triangles on the x-axis indicate the inner wet 
bark positions; squares indicate the S-H boundaries. Dash lines in plot b mark the relevant bark-sapwood 
and S-H boundaries. Dry bark is not included in the figure. 
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4.3. Results and discussion 

4.3.1. Tree parameters measurement results 

Measurements of tree parameters are given in Table 4-2. The bark of Eucalyptus leucoxylon is 

thick and wet. A layer of dry bark lies above the wet bark of Eucalyptus viminalis ssp. 

cygnetensis (about 20% of the total bark thickness on average) and Allocasuarina verticillata 

(about 16% of the total bark thickness on average). Generally, for trees of similar size, the bark 

of Allocasuarina verticillata is thinner and sapwood is wider than the two eucalyptus species. 

Most of the eucalyptus trees surveyed have sapwood width less than 3.0 cm. 
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Table 4-2 Measurements of parameters for 30 trees of 3 species 

Species 
Tree 
label 

DBH 
(cm) 

aBark thickness 
(cm) 

bSapwood width 
(cm) 

Sapwood area 
(cm2) 

E
uc

al
yp

tu
s l

eu
co

xy
lo

n 

sp1.1 16.4 1.5 1.8 48.5 
sp1.2 18.2 1.2 1.9 68.4 
sp1.3 22.8 1.2 1.6 82.3 
sp1.4 34.6 2.0 1.8 140.0 
sp1.5 15.3 1.3 2.2 54.8 
sp1.6 20.2 1.8 1.4 50.8 
sp1.7 18.6 1.4 2.2 74.3 
sp1.8 23.5 1.4 1.6 81.9 
sp1.9 21.7 1.6 1.5 64.9 

sp1.10 22.0 1.3 1.8 84.9 

E
uc

al
yp

tu
s v

im
in

al
is

 ss
p.

 
cy

gn
et

en
si

s 

sp2.1 13.8 1.0 2.4 57.1 
sp2.2 19.6 1.5 3.1 117.4 
sp2.3 34.3 2.5 3.0 219.4 
sp2.4 15.5 1.4 2.4 56.8 
sp2.5 28.5 1.5 1.8 122.5 
sp2.6 13.5 1.0 2.2 57.1 
sp2.7 21.0 1.6 2.3 97.7 
sp2.8 23.6 1.6 2.3 110.3 
sp2.9 22.7 1.7 2.9 118.8 

sp2.10 16.4 1.5 2.1 54.6 

A
llo

ca
su

ar
in

a 
ve

rt
ic

ill
at

a 

sp3.1 21.4 1.8 4.2 153.4 
sp3.2 16.8 1.4 3.9 109.1 
sp3.3 9.2 0.7 2.3 32.5 
sp3.4 12.4 0.7 2.8 61.4 
sp3.5 14.4 0.6 2.9 83.0 
sp3.6 13.0 0.7 2.8 67.0 
sp3.7 8.8 0.6 1.9 28.3 
sp3.8 11.1 0.6 2.4 47.3 
sp3.9 15.2 0.9 2.9 84.5 

sp3.10 12.5 0.7 2.7 61.4 
 

4.3.2. Electrical resistivity spatial variation 

Electrical resistivity for one selected tree of each species is given in Figure 4.5. The same typical 

Rs spatial distribution pattern is observed for each tree as illustrated by al Hagrey (2006). That is, 

high Rs in the trunk center (heartwood) decreasing toward the outer layers (sapwood and wet 

bark). These trees have different diameters which can be observed from the axes. The drooping 

sheoak (Figure 4.5c) gave the greatest range of electrical resistivity (1049 Ωm) compared to the 

two selected eucalypts (1046 and 163 Ωm, Figure 4.5a, b). Figure 4b shows smaller Rs values 

and range, which indicates that the stem of tree sp2.9 on the south facing slope had more 
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moisture than the stems of sp1.4 and sp3.4 at their corresponding measurement time. Due to the 

wide time span of measurements on all sample trees, electrical resistivity had different ranges 

resulted from wood moisture content variations; they were not all shown in this paper. 

 

Figure 4.5 Examples of electrical resistivity distribution for three trees. (a) Eucalyptus leucoxylon 
(sp1.4), (b) Eucalyptus viminalis ssp. cygnetensis (sp2.9), and (c) Allocasuarina verticillata 

(sp3.4). Color bars on the top are for electrical resistivity, unit in Ωm. Horizontal and vertical 
axes are for the tree trunk dimensions, in cm. Red numbers around the cross sections indicate the 
positions of electrodes. Electrode 1 is always in the north as it was configured in the field. sp1.4 

does not have dry bark; dry bark for sp2.9 and sp3.4 is not included in the figure.  

Increasing the number of electrodes can increase the resolution of inversion results (al Hagrey, 

2006). Ideally, the spacing between each two adjacent electrodes should be smaller than the 

actual sapwood width (Guyot et al., 2013). The number of electrodes in this study was 16 for 

most of the trees. We did not use 24 electrodes for all trees because we found the ERT imaging 

resulted from 16 electrodes was already able to show distinct boundaries between wet and dry 

wood (example in Figure 4.5c). 

4.3.3. Sapwood width, area and the relation with other tree parameters 

Sapwood width (dsw) was measured from wood cores and also estimated from ERT. Sapwood 

area was then calculated as the area between the concentric circles of bark-sapwood and 

sapwood-heartwood boundaries using equation (4-1), where r is stem radius, l is bark thickness, 

and rh is heartwood radius, calculated from equation (4-2). In this study, the sapwood area was 

not directly obtained from ERT imaging or gridded data which are the two data formats that ERT 

generates. However, there are two potential ways of calculating sapwood area directly from ERT 

gridded or imaging data. One is to increase the directional analyses of Rs data, e.g., 36 directions 

(with an angle interval of 10o) instead of only two directions provided in this study, so that more 

estimates of sapwood width can be obtained on different locations around a trunk cross-section, 
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improving the accuracy of As calculation. The other way is to develop a method to determine 

which mesh triangles (Figure 4.5) are in sapwood section by establishing the relationship 

between electrical resistivity and wood moisture content (or electrolyte concentration in some 

cases), and then calculate total area of the triangles located in sapwood. This method would not 

need the assumption of circular tree trunks and is independent of bark thickness. In this study, 

for the purpose of demonstrating the capability of ERT for sapwood width estimation, we only 

conducted data analysis in two directions corresponding to the wood core sampling positions. 

22)( hs rlrA ππ −−=   (4-1) 

swh dlrr −−=   (4-2) 

Comparison between sapwood width, sapwood area and heartwood radius from core sample 

analyses and ERT measurements for the three species is given in Figure 4.6 and Figure 4.7 in 

terms of slope (k), intercept (b) and coefficient of determination (R2) from linear regression. 

Overall, we observe that sapwood widths and sapwood areas estimated from both methods agree 

well, showing k close to 1. ERT slightly overestimated sapwood areas compared to core sample 

analyses. Coefficient of determination for sapwood widths from the two methods is 0.62, 0.56 

and 0.83 for E. leucoxylon, E. viminalis, and A. verticillata respectively, which indicates a wide 

spread of sapwood widths, and hence large uncertainty. The uncertainty arises from both core 

sample analyses and ERT data interpretation (Guyot et al., 2013). Regression slopes and 

intercepts of heartwood radius from the two methods are similar for E. leucoxylon and E. 

viminalis (k=0.96 and 0.94; b=0.16 and 0.20 in Figure 4.7c). Heartwood radius was 

underestimated by ERT for A. verticillata (k=0.77 and R2=0.74). This is likely due to the 

measurements on the three trees under wet conditions (Figure 4.7c and Figure 4.8f). Because 

under wet conditions, moisture content is high in both sapwood and heartwood, and the wetting 

front moves inward into the outer part of heartwood, forming a transition zone of moisture 

content, which causes the ERT-detected S-H boundaries further than the actual positions. The 

size of the three wet drooping sheoak trees was relatively small (average diameter 16 cm), so the 

overestimation of sapwood width and area is not so much and obvious. The overestimation of 

sapwood width has also been observed when using staining solutions (Bieker and Rust, 2010b). 

The results indicate that ERT is not able to accurately differentiate sapwood and heartwood 

under wet tree conditions. 
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Figure 4.6 Comparison between sapwood areas derived from core samples and ERT for three 
species. Error bars are one standard deviation of each group. 

 

Figure 4.7 Relationships between sapwood widths (dsw), sapwood areas (As) and heartwood radius 
(rh) obtained from ERT and core samples for three species. Equations are the results of linear 
regression. Dash lines are 1:1 lines. Black symbols with a bigger size stand for the three trees 
measured under wet conditions. 

Both sapwood area and heartwood radius have strong linear relationship with DBH for all 

species (Figure 4.8). E. leucoxylon has smaller sapwood area than E. viminalis when tree 

diameter is the same. There is limited information in the literature about the water use and As-

DBH relationship for the two eucalyptus species in this study.  
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Figure 4.8 Relationships between sapwood area and tree diameter, and between heartwood radius 
and tree diameter for three species. Lines are linearly fitted. Equations are from the linear 
regression. Plots a-c and d-e share the same vertical axes; a & d, b & e, c & f share the same 
horizontal axes. Solid circles in plots c and f stand for the three trees measured under wet 
conditions. 

We collected some published DBH and sapwood area data for different eucalypts, and compared 

the As-DBH relationship. Results are given in Figure 4.9. Species differ in the slopes of the linear 

As-DBH relationship, particularly, E. marginata (Macfarlane et al., 2010) and E. crebra (Zeppel 

and Eamus, 2008) diverge from other species. The relationship for E. regnans from Vertessy et 

al. (1997) and from Pfautsch et al. (2010) shares the same slope with slightly different intercepts. 

Same slopes also exist between E. marginata (Macfarlane et al., 2010) and E. crebra (Zeppel 

and Eamus, 2008). For trees of diameter ranging from 20.0 to 30.0 cm, sapwood area of the two 

eucalyptus species in this study is larger than E. crebra (Zeppel and Eamus, 2008), E. marginata 

(Macfarlane et al., 2010) and E. grandis (Dye and Olbrich, 1993). The DBH ranges from about 

10.0 to 110.0 cm in Figure 4.9, while the two species in this study mainly contribute to the 

portion with DBH less than 40.0 cm. The As-DBH relationship in this study extends the data pool 

synthesized by Zeppel (2013) in terms of species. 
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Figure 4.9 Relationship between sapwood area and DBH for different eucalypts species. Sapwood 
area of the two eucalyptus species in this study (E. leucoxylon and E. viminalis) in this figure 
were estimated using the ERT technique. 

4.3.4. Advantages and limitations of ERT technique 

ERT shows advantages over conventional methods in the following aspects. First, ERT 

measurements can give straightforward spatial distribution of sapwood in a whole trunk cross-

section (Figure 4.5), while many conventional methods only give results at the specific 

measurement points. An advanced quantitative method is needed to estimate sapwood area 

directly from imaging or gridded resistivity data, and the method should be able to avoid the 

influences of bark thickness and tree trunk shape. Second, it is relatively non-destructive. ERT 

only requires inserting nails into the tree trunks at a shallow depth (approximately 2 mm into 

sapwood) and the nails are removed after measurements. Third, ERT is reasonably portable and 

efficient to use. It only takes 15 to 30 minutes to finish one measurement per tree (Bieker and 

Rust, 2010b; Guyot et al., 2013; Lin et al., 2012). Therefore, it is suitable for measurement on a 

large number of trees. In addition, ERT can be used for comprehensive measurement of tree 

hydraulics, e.g., it can be used to detect preferential flow path (Wu et al., 2009) and can give 3-

dimentional mapping of wood moisture distribution in a tree trunk when several sets of 

instrument are used concurrently at different levels of a tree. If the relationship between wood 

moisture content and electrical resistivity is established, ERT could also be used to estimate 

diurnal and seasonal stem water storage variation, which would benefit water uptake models that 

consider the tree hydraulic capacitance (Čermák et al., 2007). 

Despite the advantages of ERT the method presented in this study has limitations. First, the trunk 

cross section configuration could induce errors in estimating sapwood width. We chose carefully 

the trees and assumed that they have circular trunks, which is not always the case in reality. 
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Second, the device is more expensive than increment borers and staining solutions. Furthermore, 

ERT is not applicable to trees under extremely wet conditions, as is shown in this study for three 

A.verticillata trees. The steepest change of electrical resistivity still exists under wet conditions 

and can be determined by the method in this study, but the positions are expected to be further in 

the woods than the true sapwood-heartwood boundaries. 

4.4. Conclusions 

Sapwood width estimation and the relationship between sapwood area and tree diameter are 

significant in watershed transpiration estimation from sap flow measurements. We described a 

rigorous method of data processing for the use of electrical resistivity tomography to 

differentiate sapwood and heartwood for three Australian native species. Sapwood width and 

hence areas estimated from this method were in good agreement with those obtained from wood 

core analyses. Strong linear relationships were observed between sapwood area and diameter and 

between heartwood radius and diameter for all species. Results for the two eucalyptus species 

extend the literature pool in terms of the As-DBH relationship and species. ERT overestimated 

sapwood width for drooping sheoak under wet conditions, which indicates that ERT technique 

for sapwood and heartwood differentiation is limited under wet conditions. ERT has potential in 

estimating stem water storage change and characterizing hydraulic architecture of tree trunks. 
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5. Tree water use and response to environmental conditions on 

contrasting slopes 

5.1. Introduction 

Evapotranspiration is one of the most challenging components of the terrestrial water cycle to 

measure. Its quantification has been attempted using a wide variety of methods at various spatial 

scales (from tree to stand, catchment, region, continent and global) (Asbjornsen et al., 2011) 

using in situ measurements, satellite observations and land surface modelling. Partitioning 

evapotranspiration into soil evaporation and plant transpiration is challenging but important for 

biomass production assessment and water resources allocation (Kool et al., 2014). Vegetation 

covers 70% of the land surface (Dolman et al., 2014), and transpiration contributes up to 80% of 

the total global evapotranspiration (Miralles et al., 2011), stressing the significant role of 

vegetation in the water and carbon transfer from soil to the atmosphere. This makes the study of 

vegetation water use of prime significance in the global change context (Aranda et al., 2012). 

Transpiration has been claimed to highly correlate with environmental variables, including solar 

radiation, vapour pressure deficit, temperature, soil water content, and CO2 concentration. 

Influence of those variables on tree water use varies from site to site. Following Jarvis (1976) 

and Stewart (1988), many studies examine the response of tree water use or canopy/stomatal 

conductance to environmental conditions in a wide range of climate and species (Damour et al., 

2010; Eamus et al., 2009). 

Complex terrain alters the energy and water distribution on the land surface (Gutiérrez-Jurado 

and Vivoni, 2013; Tromp-van Meerveld and McDonnell, 2006) and the nutrient conditions 

within the soil profile (Tokuchi et al., 1999). This results in differences in vegetation growth and 

species distribution as well as terrain mediated micrometeorology (Barij et al., 2007; Liu et al., 

2012; Luizão et al., 2004). Therefore, investigating the coupling of terrain, vegetation and 

hydrological processes is a first step in deciphering the role of vegetation in the water balance of 

mountainous areas and the main controls on the distribution and adaptability of plants to a 

varying range of environmental conditions (Brooks and Vivoni, 2008; Gutierrez-Jurado et al., 

2013; Vivoni et al., 2010). However, up to date only a few studies have compared tree water use 

and its response to environmental conditions as a function of the topographic positions (e.g., at 

different locations along a slope (Kumagai et al., 2008; Mitchell et al., 2012)). Limited 

information is available on tree water use and its environmental controls on contrasting slopes, 

which is a common arrangement of forests in mountainous areas. This is in part due to the 
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scarcity of comprehensive micrometeorological and tree water use measurements at these types 

of locations. 

Heat-based sap flow measuring technique is a powerful tool for estimating tree water use at 

various spatiotemporal scales (Čermák et al., 2004; Vandegehuchte and Steppe, 2013). Sap flow 

measurements can be conducted in highly heterogeneous environments (Barrett et al., 1996; Wen 

et al., 2012), because the land surface heterogeneity does not limit its applicability (Ford et al., 

2007; Wilson et al., 2001). Sap flow measurements can be performed on different individuals 

within a stand to estimate plant transpiration contributed by different species (Ewers et al., 2005; 

Pataki and Oren, 2003; Tang et al., 2006), thus provide information of species competition for 

water. Use of sap flow meters for ecohydrological studies involves the up-scaling of sap flow 

from individual trees to large scale transpiration. The up-scaling strategies have been extensively 

discussed in the literature using different scalars, for instance sapwood area (Cienciala et al., 

2000; Granier, 1987), leaf area (Oren et al., 1999; Soegaard and Boegh, 1995), basal area 

(Teskey and Sheriff, 1996), and crown cover (Wullschleger et al., 1998). Sapwood area is the 

most common scalar. Sapwood area is usually estimated by measuring sapwood width from 

incremental wood cores (Pfautsch et al., 2010; Vertessy et al., 1997). In recent years, electrical 

resistivity tomography (ERT), which measures the cross-sectional electrical resistivity due to 

wood moisture, solute concentration and other factors, has been applied for quantifying sapwood 

width and hence sapwood area (Bieker and Rust, 2010; Guyot et al., 2013; Lin et al., 2012). ERT 

is relatively non-destructive and can be conducted throughout the sap flow measurement period 

rather than at the end of the period, which will benefit long-term tree water use study. 

In South Australia, large areas of native trees were cleared and transformed to grazing pastures 

or grapevines in the last 5 decades (Bradshaw, 2012). Lying in between extensive pasture-lands 

and grapevines, the isolated forest stands function importantly as refugia for native wildlife and 

flora. Conservation of the trees within those stands is critical for the development of these 

natural communities. In this study, we measured tree water use, micrometeorology and soil water 

condition on two contrasting hill slopes in a remnant native forest stand in South Australia. 

Using the observations from a network of sensors, we aim to quantify the dynamics of tree water 

use, energy and soil water condition at the opposing slopes, and to characterize the 

environmental constraints on tree water use on the two slopes. 
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5.2. Methodology 

5.2.1. Site description 

The study site (Figure 5.1) is located in a mountainous catchment (~0.15 km2) in McLaren Vale 

(35º12′48″, 138º 38′15″E), 45 km south of Adelaide, South Australia. There are two slopes with 

contrasting aspects in the catchment: north-facing (NFS)  and south-facing (SFS). The dominant 

species on the NFS is Eucalyptus leucoxylon, while on the SFS is Eucalyptus viminalis ssp. 

cygnetensis. Both species are evergreen broadleaf trees. Trees of the two species at same age 

have similar leaf size and shape. At the scale of the hill slopes, the tree density and canopy cover 

is larger on the SFS than on the NFS. 

 

Figure 5.1 (a) Map of the Australian climate zones based on the Köppen classification method, from the 
Australian Bureau of Meteorology; (b) snapshot of the study site in Google Earth; (c, d) flow 

accumulation and slopes from LiDAR data, and (e) schematic plot of the site for instrumentations 

One plot (20 m × 40 m) on each of the two slopes was delineated and instrumented for 

comparison of the micrometeorology and tree water use. Flow accumulation obtained from 

LiDAR derived digital elevation model of the catchment in ArcGIS shows that the two plots are 

located in areas devoid of clear drainage channels and terrain depressions, hence little surface 

runoff from the upper slopes contributing to the soil water storage in the study plots is expected 

(Figure 5.1c). Consequently, the trees in the plots have smaller canopy sizes relative to those 

located within the vicinity or along the flow pathways indicated by the LiDAR data. Some of the 

plot properties are listed in Table 5-1. Both the average slope calculated in ArcGIS and the soil 

porosity measured in laboratory using undisturbed soil samples in the NFS plot are smaller than 

those in the SFS plot. The porosity data indicate that the soil in the SFS plot should have higher 

saturated water content than the soil in the NFS plot. 



73 
 

Table 5-1 Comparison of the properties of the two plots on NFS and SFS in the catchment 

Plot Number of 
trees 

Mean 
LAI† 

Sapwood area 
(cm2) 

Mean 
slope (º) 

Topographic 
Index* 

Mean soil 
porosity 

NFS 78 1.4 3300.2 21 5.15 0.44 
SFS 79 1.4 3396.0 26 5.06 0.51 
*calculated following Tarboton (1997) using flow contributing area and slope. †LAI was 

estimated for 10 sample trees in each small plot using the method described in MacFarlane et al. 

(2007). For the entire slope the LAI is smaller on NFS than SFS due to meagre vegetation cover 

relative to that of SFS. 

The estimated leaf area index (LAI), sapwood areas (As) and the number of trees within the plots 

are similar (Table 5-1). It should be noted that the LAI and As were estimated only on the trees 

inside the two small plots (Figure 5.1c-d); the values will be different for the two entire slopes. 

LAI and As are larger on SFS than NFS, as the vegetation cover on south facing slope is higher 

than that on north facing slope. 

5.2.2. Instrumentation 

Twenty four sets of compensation heat pulse sap flow meters (Tranzflo NZ Ltd, New Zealand) 

(Green et al., 2003) were installed on 12 trees of two dominant species. These trees have a range 

of stem sizes, from 100 to 350 mm in diameter at 1.3 m height. Thermo-sensors were embedded 

at the depths of 5, 15 and 25 mm from the bottom to tip of the sensor probes. We measured 

sapwood width by taking wood core samples with an increment borer (ϕ=5 mm) on 10 trees of 

each species. Electrical resistivity tomography was also applied on the same trees for sapwood 

width estimation. Tree diameter (DBH) at 1.3 m height was measured in order to establish the 

relationship with sapwood area for total sapwood area estimation in the plots. More details of the 

measurements and results comparison can be found in Chapter 2. 

Two capacitance based soil moisture probes (Sentek Sensor Technologies, Australia) were 

installed in the plots for continuous measurement of volumetric water content at depths of 10, 30, 

50 cm below the ground surface. Undisturbed soil samples at depths of 0-10, 10-30 and 30-50 

cm were collected near the probes for gravimetric soil water content and bulk density 

measurements in laboratory. Particle size was also analysed using sedimentation method in 

laboratory (Marshall et al., 1996). Gravimetric soil water content was converted to volumetric 

content by bulk density to calibrate the soil moisture data collected from the probes. Mean soil 

water content at the depth of 0-50 cm was calculated as the equal weighted average of 10, 30 and 

50 cm measurements (Miller et al., 2007), that is, (θ10cm + θ30cm + θ50cm)/3. Zone weighted depth-

averaging method (Miller et al., 2007) was also applied, assuming that the measurements at 10, 
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30 and 50 cm from the probes represent soil water conditions of 0-10, 10-30 and 30-50 cm soil 

layers, i.e.  (10*θ10cm + 20*θ30cm +20*θ50cm)/50. The mean soil water content given by the two 

methods was similar. In this study, we used the equal-weighted average values for discussion. 

Net radiometers and temperature and humidity sensors (Environdata Weather Stations Pty Ltd, 

Queensland Australia) were mounted on top of two masts above tree canopy. A third weather 

station was set up outside the catchment on the top of the hill at an open grassland site. When the 

sensors on masts on the two slopes did not record data due to sensor maintenance and battery 

power loss, the data (temperature, relative humidity and solar radiation mainly) from the hill-top 

weather station were used to fill up the gaps based on simple linear regressions of the relevant 

daily data. The linear regressions were also applied to the days before the two masts were set up 

for temperature, relative humidity and solar radiation estimates. 

All loggers were configured to record data at 30-minute interval, except the net radiometer and 

hill-top weather station, which was at 10- and 15-minute intervals respectively. Note that the 

data of sap flow, micrometeorology and soil water content were not concurrent in time due to 

maintenance, so when analysing the relationship between transpiration and the environmental 

conditions, the days with all sap flow, micrometeorological and soil moisture data available were 

chosen. All data were aggregated to daily values for analysis. 

5.2.3. Plot scale transpiration estimates from sap flow measurements 

Transpiration rates in two plots were up-scaled following the strategy described in Kumagai et 

al. (2007): (1) total plot sapwood area (Asplot) estimation based on the relationship between the 

D130 and sapwood area (As) of the sampled trees in the plots; (2) mean plot scale sap flux density 

(JS) estimation based on sap flux density (J) measured on the sampled trees in the plots; and (3) 

transpiration (Ec) of the whole plot, calculated from equations (5-1~5-5). 

G

splot
Sc A

A
JE ×=    (5-1) 

where Ec is the total transpiration of each plot (mm/d); AG is the total ground area (800 m2) of 

each plot. 

The mean plot sap flux density (JS) was calculated as follows: 
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where i stands for each sample tree; N is the total number of sample trees in the plots; Ai,1, Ai,2 

and Ai,3 are areas of three sapwood bands where three sap flow sensors are located; JS1, JS2 and 

JS3 are the mean sap flux density in three sapwood bands for all samples trees. 

5.2.4. Parameterization of environmental controls on tree water use 

Based on a modified model in Whitley et al. (2013) we correlated the tree water use in each plot 

with environmental variables including vapour pressure deficit (D) and net solar radiation (Rn), 

and soil water content (θ). The model is shown in equation (5-6), in which kD and kR are fitting 

parameters, Dp is the value of D at which Ec is maximized; θw and θc are wilting and critical 

points of the soil water content respectively. Note the critical point is the water content at which 

transpiration reaches its maximum, and it may or may not correspond to the field capacity. The 

parameter values were obtained using the DREAM optimization model (Vrugt et al., 2009; 

Wang et al., 2014). 
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5.3. Results and discussion 

5.3.1. Micrometeorology 

Linear regression of daily temperature, relative humidity and solar radiation from the hill-top 

weather station and the masts is given in Figure 5.2. Data used for regression were from 6 April 

2013 to 2 August 2014, covering 403 days for the NFS; and from 6 April to 24 November 2013 

and 23 April to 22 June 2014, covering 215 days for the SFS. Data gaps were filled using the 

linear relationships. We did not use sub-daily (such as hourly) data to do the regressions, because 

the temporal dynamics of micrometeorological variables on the two slopes are different from 

those on hill-top weather station due to aspect effects, especially the solar radiation during the 

winter (June-August) time. Note that the radiation on the two masts was net solar radiation 

calculated from the four-component measurements (downward short/long wave radiation, 

upward short/long wave radiation), while the radiation on the hill-top weather station was global 

shortwave radiation. The temperature from three stations was highly linearly correlated; the 

regression slopes and coefficient of determination are close to one, and root mean square error is 

about 0.35oC. For relative humidity and solar radiation, the correlation between the SFS and the 

hill-top weather station was not as high as the NFS, especially when it was on more humid 

during cloudy days (i.e. days of high relative humidity and low radiation). Nonetheless, the 

relationships can be used to estimate relative humidity and net radiation in the period when data 

were missing. 

 

Figure 5.2 Linear regression between daily data from the hill-top weather station and from the two masts 
on the two slopes. (a) air temperature; (b) relative humidity (RH) and (c) solar radiation. k, R2 and RMSE 

are the slope, coefficient of determination and root mean square error from the linear regression. 

Daily T, D and Rn were compared and the differences between data on the two slopes are 

demonstrated in Figure 5.3. Rainfall was assumed to have no spatial variability at the study site, 

considering the short distance (~350 m) between the hill-top station and the two masts. Those 

variables had clear seasonal dynamics: T, D, Rn was low from May to September and high from 

October to April of the next year; rainfall had the contrary characteristics. Solar energy received 
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on the two slopes peaked about half a month earlier than temperature and vapour pressure 

deficit.  

Throughout a year the temperature, vapour pressure deficit and solar radiation were higher on 

north facing slope than on the south facing slope, in particular the largest differences are 

observed in the solar radiation; the difference between air temperature and vapour pressure 

deficit on the two slopes although small shows consistently higher T and D on the NFS. The 

higher T, D and Rn resulted in higher atmospheric demand for evapotranspiration on NFS than 

SFS (Figure 5.4). 

 

 

Figure 5.3 Comparison of micrometeorological variables on NFS and SFS in 2012-2014. (a) ∆T: 
temperature difference (NFS-SFS); (b) ∆D: vapour pressure deficit difference (NFS-SFS); (c) ∆Rn: net 

radiation difference (NFS-SFS) and (d) rainfall from hill-top station 
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Figure 5.4 Daily potential evapotranspiration on the two slopes, calculated from the Priestley-Taylor 
(1972) method 

5.3.2. Soil properties and water content 

Particle size analysis results are given in Table 5-2. The soil on SFS had more sand and less clay 

compositions than soil on NFS almost at all surveyed depths. Infiltration experiments at three 

locations along each slope gave larger infiltration rates on SFS than NFS. 

Table 5-2 Soil particle size analysis for the two slopes. Data for each depth range were averaged from 5 
undisturbed soil samples 

Depth (cm) NFS SFS 
Clay (%) Silt (%) Sand (%) Clay (%) Silt (%) Sand (%) 

0-20 13.3 40.1 46.6 14.9 36.9 48.1 
20-40 25.7 35.8 46.3 15.7 31.4 52.8 
40-60 19.3 34.4 46.2 15.4 31.2 53.3 

In accord with the rainfall seasonality, the volumetric soil water content showed high values in 

rainy season and low values in dry season on both slopes (Figure 5.5). In dry period, the deeper 

soil retained higher water content than the shallower soil, while in wet period the soil water 

content was similar at all depths, with the maximum soil water content on SFS slightly larger 

than NFS. Soil water content on both slopes reached the field capacity in rainy season, and the 

field capacity within the depth of 50 cm was around 0.344 m3/m3 on SFS and 0.329 m3/m3 on 

NFS. During the wet period, for example from days 160 to 180 (Figure 5.5), when there was 

little rainfall and a relatively long clear-day window, soil water content dropped quicker on NFS 

than SFS. This is likely due to the higher evapotranspiration rate on NFS than SFS during these 

days resulting from higher temperature and solar radiation. During the dry period, soil water 

content was more corresponsive to rainfall than during the wet period due to higher storage 

capacities of the oil in both slopes. Nevertheless, the same rainfall amount resulted in higher 

moisture storage increases on the SFS than on the NFS soils. Differences in infiltration capacities 

between the slopes (e.g., higher infiltration rates on the SFS than on the NFS) may be 

responsible for this. 
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Figure 5.5 Volumetric soil water content on NFS and SFS and rainfall in 2013-2014. (a) equal weighted 
average volumetric soil water content in 0-50 cm soil layer following Miller et al. (2007) and rainfall; (b-

d) water content measured at depths of 10 cm, 30 cm and 50 cm 

5.3.3. Tree water use on two slopes 

Mean sap flux density (JS) in the sapwood area of all sampled trees in each plot was calculated 

from equations (5-2~5-5). Total tree water use in each plot was estimated using equation (5-1) 

and the relationship between sapwood area and D130. Results are given in Figure 5.6 for the 

comparison of total transpiration in the plots on two slopes.  

 

Figure 5.6 Tree water use estimated from sap flow measurements for the two plots on NFS and SFS. 
Rectangles enclose the relevant wet (winter and spring) and dry (summer and autumn) periods. Solid lines 

in the figure are smoothed tree water use by a 10-day moving average window. 

Similar to the micrometeorological variables and soil water content, tree water use data showed 

clear seasonal dynamics on the two hill slopes. The transpiration rate was the largest in spring 

(September-November) throughout a year, and the smallest in autumn (March-May). Sap flow 

data in some winter (June-August) days were not recorded by the loggers because of flat 

batteries, so we were not able to determine exactly when the lowest sap flow value occurred; 
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however, from the trend in Figure 5.6, the minimum sap flow data tend to occur in late autumn. 

There was a phase shift among the potential ET (Figure 5.4), soil water content (Figure 5.5) and 

transpiration (Figure 5.6), that is, the maximum transpiration appeared (in October) after the soil 

water content reached its maxima (approximately in June), and before the potential ET 

approached the peak values (around January). This reveals a clear pattern of transpiration in 

response to water supply and evaporative demand. In wet period, transpiration was mainly 

limited by evaporative demand; while in dry period, the major limiting factor was soil water 

supply. The high leaf surface temperature and vapour pressure deficit in dry period would also 

cause the leaves to partly or fully close the stomata to prevent water loss. 

Comparing the transpiration (Ec) rates on the two slopes, we observed different patterns 

throughout the measurement period. Ec on the NFS was larger than that on the SFS in winter and 

spring (marked as “wet” in Figure 5.6), while Ec on SFS slightly larger than that on NFS in 

summer and autumn (marked as “dry” in Figure 5.6). The total estimated transpiration during the 

measurement period in Figure 5.6 was similar for both plots, around 1000 mm in 710 days in 

2012 to 2014. A parallel study at the site using the Maximum Entropy Production method (Wang 

and Bras, 2011) for evaporation and transpiration estimates showed that the total 

evapotranspiration on the NFS was larger than that on the SFS, and the main contributor to the 

difference was not transpiration from trees but evaporation from soil surface (Gutiérrez-Jurado et 

al., 2014). 

5.3.4. Environmental controls on tree water use 

The difference in topography (elevation, slope and aspect) and soil properties of the study site 

resulted in the difference in energy loading and soil water availability on the contrasting slopes 

throughout the measurement period. This, in turn, would have different effects on tree water use 

on the two contrasting slopes. The relationship between tree water use and vapour pressure 

deficit, net solar radiation and soil water content is shown in Figure 5.7 for comparison between 

the two slopes. Generally, the relationships between Ec and the environmental variables on the 

two slopes were similar at a daily scale, although the data ranges were slightly different. For 

example, the minimum solar radiation was smaller on SFS than NFS, and the maximum soil 

water content was higher on SFS than NFS. 
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Figure 5.7 Relationship between daily tree water use and vapour pressure deficit (D), net solar radiation 
(Rn) and mean soil water content (θ). Dots in the figure are Emax multiplied by the response functions of 

the relevant environmental variables. 

Using the DREAM optimization method (Vrugt et al., 2009), we obtained the parameter values 

(Table 5-3) for equation (5-6) on the NFS and SFS. The optimized maximum transpiration Emax 

is the same for the two slopes, about 3 mm/d. The vapour pressure deficit value (Dp) at which Ec 

was maximized was also similar on the two slopes. The main difference of parameter values was 

for kR and critical point of soil water content. This implies that the optimal conditions of solar 

radiation and soil water supply for transpiration were different on the two slopes; specifically, 

the optimal amount of solar radiation and soil water content for the transpiration to reach its 

maximum rate was smaller on NFS than SFS. 

Table 5-3 Parameter values for equation (5-6) obtained from the DREAM optimization model 

 Emax 
[mm/d] 

kR 
[W/m2] 

kD Dp 
[kPa] 

θc 
[m3/m3] 

θw 
[m3/m3] 

NFS 3.0 53 0.03 1.99 0.153 0.0013 
SFS 3.0 85 0.02 1.95 0.199 0.0016 

To intuitively examine the response of transpiration to the environmental variables on the two 

slopes, the Emax was multiplied by the response functions of D, Rn and θ, results were plotted 

against the relevant environmental variables in Figure 5.7. The responses of Ec to D and Rn were 

similar on the two contrasting slopes, although the Dp value for SFS is slightly lower than for 

NFS. The response of Ec to θ had notoriously different characteristics on the two slopes. 

Transpiration approached the maximum rate at the critical point of 0.153 m3/m3 on the NFS and 

0.199 on the SFS. Together with soil moisture data in Figure 5.5, results indicate that the trees on 

NFS suffered water stress longer than those on SFS when soil water content fell below the 

critical point (around 0.2 m3/m3), because soil on NFS drained up moisture faster than soil on 

SFS. The values of soil water content below which trees stopped transpiration were also different 

on the two slopes, but the difference was minor. 
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5.4. Conclusions 

This study provides a close examination of tree water use and as it responds to environmental 

conditions modulated by topographic effects. The tree water use and environmental variables 

considered (i.e. temperature, vapour pressure deficit, solar radiation and soil water content) had 

clear seasonal variations at the study site. These variations are reflected in the trees’ water use of 

the two slopes, specifically in the different dates that peak values occurred for daily soil water 

content, transpiration and potential ET. Our observations indicate that tree water use at the site 

was mainly controlled by soil water supply in summer and autumn and by evaporative demand in 

winter and spring. Despite the difference of transpiration in dry and wet periods, the total 

estimated transpiration during the study period was similar on both slopes. This is supported by a 

parallel study using the Maximum Entropy Production method for evaporation and transpiration 

estimation at the study site. The response of tree water use to vapour pressure deficit and solar 

radiation was similar on both slopes; while the response to soil water content was different. The 

maximum transpiration occurred at a lower critical point of soil water content on NFS than SFS. 

Trees on NFS suffered water stress longer than trees on the other slope when soil water content 

fell below the critical point. 
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6. Conclusions and future research interests 

6.1. Conclusions 

In the context of the need of accurate water balance study for water resources management, this 

thesis focused on the transpiration estimate and the response of transpiration to environmental 

conditions in order to enhance the understanding of interactions between vegetation and the 

atmosphere. Some of the challenges in ecohydrological studies have been discussed, e.g., the 

scale issues, information transferring across scales and the effects of complexity of land surface 

on transpiration estimation and the responses to environmental conditions. 

In this thesis, models for transpiration estimation were divided into two groups, ″indirect″ (or 

Penman-Monteith method) and ″direct″, based on the way of linking with environmental 

variables. In Penman-Monteith equation, the term canopy conductance links the hydrology with 

plant physiology. The responses of canopy conductance to environmental variables are usually 

species and climate specific. The first part of this thesis rigorously determined the most 

appropriate canopy conductance model, taking a native Australian species as an example. The 

selection of proper response functions can substantially improve the canopy conductance 

simulation; in the meantime, the effect of temperature function in the canopy conductance 

modelling for the examined species is different from commonly used ones in other studies, 

which called for testing response functions before applying them in canopy conductance models. 

This most-appropriate-model selection procedure should be applied to more vegetation 

classifications under various climate conditions, to improve the land surface/atmospheric models 

for transpiration estimates. 

The Penman-Monteith method and the ″direct″ models for transpiration estimates and the roles 

of soil water condition and air temperature functions in the transpiration modelling at different 

temporal scales were compared and tested comprehensively in the following section. The 

″direct″ models gave better simulations than the Penman-Monteith method. Influence of both 

soil water condition and air temperature functions on transpiration modelling was more 

prominent at daily scale than hourly scale. At hourly scale, inclusion of a temperature function 

had negative impacts on transpiration modelling in autumn, positive impacts in spring and little 

impacts in summer; the influence of soil water condition function was stronger in autumn than in 

spring. Results indicated that for hourly transpiration modelling soil water condition and 

temperature functions can be omitted under wet and sunny periods when soil water is sufficient 

for vegetation transpiration. Parameters in each model varied across different time scales, calling 
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for attention to model applicability across various temporal scales. The major advantage of the 

‘direct’ models is the simplicity in terms of measurements and parameter calibration. This allows 

for wide applications, for instance, replacing the current transpiration calculation scheme in land 

surface models, with increased computing efficiency and limited sacrifice of accuracy. 

Reviewing the literature concerning the application of sap flow techniques for transpiration 

estimates at different spatial scales, we realised that the sapwood area is crucial for scaling the 

sap flow measurements on individual trees to large spatial scale such as catchment scale. In the 

third section of the thesis, we detailed the application of a newly developed geophysics based 

technique for tree cross-section water content mapping and quantification of sapwood width, 

which is one of the most common tree properties to extend sap flow measurements from 

individual trees to catchment scale transpiration. This technique has potential to determine 

preferential flow paths in trees and to quantify the diurnal and seasonal water storage change in 

trees by measuring multi-level tree electrical resistivity at different time in a day and in different 

seasons. Application of this technique is able to improve sap flow estimation in long term study 

compared to the one-off measurements of sapwood width at the end of sap flow measurement 

period using the traditional methods. 

Due to topographic effects, difference in energy loading and hydrometeorology on contrasting 

slopes leads to differentiation of soil development, nutrient availability and vegetation 

distribution, which in turn will alter the topographic conditions in long term. The fourth part of 

this thesis is among the first to assess the tree water use and its response to environmental 

conditions on contrasting hill slopes. Transpiration on the north facing slope was higher than that 

on the south facing slope in winter and spring, but lower in summer and autumn, due to both 

energy allocation and water availability. Interestingly, the total transpiration during the study 

period on both slopes was similar. The result was also supported by a parallel study using the 

Maximum Entropy Production method for evaporation and transpiration estimation. 

Transpiration corresponded to soil water content differently on the two slopes, but similarly to 

vapour pressure deficit and solar radiation. Transpiration was controlled mainly by water 

availability in summer and autumn and by demand in winter and spring. Trees on NFS suffered 

longer water stress than trees on SFS when soil water content fell below the critical point. 

Understanding of the vegetation-topography-hydrology interactions will help clarify the role of 

vegetation in catchment water balance. 

Last, when it comes to very large spatial scale, especially when there are not enough ground 

truth data; it can become difficult to carry out the water balance study. In this case, satellite data 
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can be a very useful and efficient source. In the last part of the thesis, we used remote sensing 

data for precipitation, evapotranspiration and terrestrial water storage change to examine the 

closure of water balance equation in continental Australia. We found in some regions in the 

Australian outback, it is quite possible to match the water budges under certain terrestrial 

hydrologic and climatic conditions. This provides the opportunity to improve water resources 

management in the data scarcity regions with the help of remote sensing data. 

6.2. Future research interests 

This thesis assessed the responses of transpiration to environmental variables including air 

temperature, vapour pressure deficit, solar radiation, plant stem water potential and volumetric 

soil water content, based on field measurements and optimization modelling. However, 

transpiration from vegetation is not only influenced by the factors discussed in this thesis, but 

also other important variables, for example, carbon dioxide concentration in the atmosphere 

(Leuning, 1995), and nutrients availability in the soil (Li et al., 2009). These factors are equally 

critical for trees to grow compared to the factors discussed, and should certainly be considered 

comprehensively. In addition, this thesis was mainly based on measurements on individual trees 

and in small plots, to make the research more meaningful for water resources management and 

policy making, it is necessary and important to extend knowledge to large spatial scales such as 

the ecosystem level, to enhance the understanding of the trade-offs between different 

components of the ecosystems. 

In the context of global climate change, there is evidence for greenhouse gases enrichment in the 

atmosphere especially the carbon dioxide (Canadell et al., 2007; Solomon et al., 2009). Climate 

change has strong influences on terrestrial water and carbon cycles (Reichstein et al., 2013; Zeri 

et al., 2014), and has led to prolonged growing season (Menzel and Fabian, 1999) and vegetation 

mortality (McDowell et al., 2013). The effects and feedbacks between climate and vegetation 

can be considered as regulated by stomatal behaviour in the transpiration, photosynthesis and 

respiration processes (Figure 6.1). However, stomatal conductance and water use efficiency at 

leaf level usually vary with species and climate conditions, the study on coupled water-carbon 

cycle should emphasize on ecosystem instead of individual trees or species. The key issue is the 

physiological and physical understanding of water-carbon balance within and between 

ecosystems. 
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Figure 6.1 Simplified conceptualization of water and carbon coupling joined by stomatal behaviour 

The abundant availability of remote sensing products, the integrated Eddy Covariance tower 

networks and the competent land surface, climate and biosphere models provide this age a great 

opportunity to explore the interactions between climate and vegetation in the earth systems. 

There are increasing research interests in the climate change (particularly the extreme events 

such as droughts, heatwaves and floods) impacts on ecohydrological process, for example the 

vegetation water use efficiency, mortality and productivity. Application of these data will boost 

the research and thus enhance our understanding of mechanisms of climate controls on 

ecosystem or vice versa. 

As follow-ups of my thesis, I would be interested in doing the corresponding projects below. 

Note, these are only general ideas and personal opinions, and more specific research questions 

should come out. 

 [1] Vegetation water use and its interplay with main environmental drivers including carbon 

dioxide at different tempo-spatial scales 

 [2] Constraints of nutrients in soil on the vegetation growth and water use (efficiency) 

 [3] Coupled water-carbon balance study for different ecosystems within a distinctive climate 
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gradient (precipitation and temperature) 

 [4] Impacts of extreme climate events especially droughts on vegetation water use efficiency, 

productivity and mortality for different ecosystems and climate zones 
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Appendix: Examination of water budget using satellite 

products over Australia 

A.1. Introduction 

Quantification of water balance components over large regions is key in the investigation of 

water resources availability, the prediction of extreme hydrologic events and the understanding 

of land surface-atmosphere interactions (Sheffield et al., 2009). The general form of the water 

balance equation for a basin or a controlled volume is given as: 

QETPS −−=∆ ,    (A-1) 

where ΔS is change in water storage, P is precipitation, ET is evapotranspiration, and Q is net 

runoff. 

The conventional way to obtain the water balance terms is to establish ground-based 

measurement networks, as some developed countries have done, providing continuous estimates 

(Finnigan and Leuning, 2000; Sellers et al., 1992). However, in other parts of the world, ground 

truth data are still scarce (Swenson and Wahr, 2009). Some components of the water balance, 

such as evapotranspiration, are more problematic to measure over a large spatial range (Farahani 

et al., 2007; Rodell et al., 2004); and the heterogeneity of land cover and its consequent 

variability in land surface processes (Giorgi and Avissar, 1997) becomes an obstacle to the use 

of point-scale data for water resources assessments (Pan and Wood, 2006). Furthermore, 

calculating water balances at the regional and larger scales from ground-based measurements 

remains challenging due to the aggregation of error and inaccuracies (Allen et al., 2011; 

Sheffield et al., 2009), arising from their usually limited spatial representativeness.  

Retrieval of water balance components from satellite observations can overcome the limited 

spatial coverage and representativeness issue of field measurements for large scale applications. 

Moreover, satellite products can provide ample spatial and temporal coverage data (Gowda et al., 

2008; McCabe et al., 2008; Schultz and Engman, 2001) where no ground-measurements exist.  

The increasing availability of satellite products provides opportunities to examine the water 

budgets and the different components of the water balance at the regional and continental scales. 

The idea of investigating water budget from space has already been explored in the literature 

(examples in Table A- 1) especially after the launching of the GRACE satellites in 2002. 

However, the majority of these studies were conducted in the northern hemisphere at the river 
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basin scale and under different climatic conditions from those of the arid Australian outback. 

Although a few studies in Australia focused on the Murray Darling basin, they may not entirely 

reflect the hydrology of the central and western part of the continent. On the other hand, these 

studies showed the difficulty of closing the water balance equation due to a number of factors 

such as data uncertainties, and temporal and spatial resolution mismatch between products. 

Another possible reason for the non-closure of the water budget in previous studies using 

GRACE data may lie in the way that GRACE satellites measure the Earth gravity change. 

GRACE data are integrated measure of the mass changes resulting from vertically transferred 

precipitation, evapotranspiration, and horizontally transferred stream and groundwater flow. 

Land surface modeling trying to reconcile the water balance in  some of these studies such as 

Sheffield et al. (2009) and Gao et al. (2010) nevertheless was unable to account for groundwater 

flow between the grid cells of the model domain. For the same reason, the observed streamflow 

cannot adequately capture the subsurface water movement either. 
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Table A- 1 Remote sensing related water balance studies in recent years. For the abbreviations in the table 
refer to the reference sources in the last column. Note this is not a full list of studies, refer to the text for 

more. 

Study area Data sources Reference 

P ET Q ΔS 
Mississippi river 
basin 

CMAP; GDAS  GLDAS/Noah;  
ECMWF; GDAS 

gauging  GRACE Rodell et al. 
(2004) 

16 global river 
basins 

GPCC WGHM; LAD; 
GLDAS; 
ORCHIDEE 

WGHM; 
LAD 

GRACE Ramillien et al. 
(2006) 

southwestern 
United States 

TRMM 3B42 SEBS + MODIS  AMSR-E 
for Soil 
Moisture 

McCabe et 
al.(2008) 

Murray Darling 
Basin, Australia 

SILO (gauge-
interpolated) 

AVHRR; MODIS - - Guerschman et 
al. (2008) 

Mississippi river 
basin 

TRMM 3B42RT; 
CMORPH 

PM + MODIS;VIC; 
NARR 

gauging GRACE 
VIC 
simulated 

Sheffield et al. 
(2009) 

Lake Victoria, 
East Africa 

TRMM 3B43 Multi-sensors 
including MODIS 

gauging GRACE Swenson and 
Wahr, (2009) 

pan-Arctic basin 
and Alaska 

GPCP;GPCC PM + AVHRR, 
MODIS, 
NASA/GEWEX 

ArcticRIMS 
HYDAT 
GRDC 

- Zhang et al. 
(2009) 

nine major river 
basins in US 

CMORPH 
PERSIANN 
TRMM-3B42RT 
gauging  

PM + MODIS; 
VIC 

gauging GRACE 
VIC 
simulated 

Gao et al. 
(2010) 

ten global river 
basins (including 
MDB, Australia) 

GPCP; TRMM 
3B42RT; 
CMORPH; 
PERSIANN 

PM + MODIS, 
ISCCP 
PT + MODIS 
SEBS + MODIS 

GRDC GRACE Sahoo et al. 
(2011) 

Australia SILO AWRA AWRA GRACE 
AWRA 

van Dijk et al. 
(2011) 

seven global river 
basins 

TMPA 3B42; 
ECMWF; 
CMAP 

GLDAS; 
NLDAS; 
 

GRDC GRACE Rodell et al. 
(2011) 

Australia TRMM 3B43 WGHM; GLDAS  gauging GRACE; 
WGHM; 
GLDAS 

Awange et al. 
(2011) 

Many studies in Australia have discussed the application of remote sensing data in large scale 

hydrological studies. For instance, Guerschman et al. (2009) used MODIS and interpolated 

meteorological data to estimate actual ET across Australia, and then calculated the water budget 

by subtracting ET from precipitation. Evans (2009) evaluated the water balance in the Murray-

Darling basin using the WRF model (Weather Research and Forecasting). King et al. (2009) 

introduced the capability of a water balance model based system for the delivery of weekly 

estimates of soil moisture storage and water fluxes at the continental scale over Australia. Glenn 

et al. (2011) reviewed various methods for ET estimation in Australian context, particularly 

different remote sensing techniques and water balance models. Furthermore, there are two 

distinguished operational systems: the Australian Water Availability Project (AWAP) (Raupach 

et al., 2009), and the Australian Water Resources Assessment (AWRA) system (van Dijk, 2010; 

van Dijk and Warren, 2010), both of which combine the ground based measurements and 
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satellite products, aiming at estimating soil moisture and other components of the water balance 

at multiple spatial and temporal scales across the whole country. Comparison of the two systems 

for ET estimation is available in King et al. (2011). We noticed that these studies combined 

ground based observations with satellite products to improve the water/energy/carbon fluxes 

estimation, while not much work examines the water budget with the emphasis on satellite 

products alone. It is worth exploring whether the similar spatial-temporal patterns can be 

reproduced comparable to the results using more comprehensive data. 

In large regions of the Australian continent many rivers are ephemeral with rapid rise and decline 

in river level, low runoff coefficient and extended dry periods (Croke and Jakeman, 2001). In 

addition, limited precipitation, relatively flat topography (Australian Bureau of Statistics, 2012), 

and high transmission losses of rivers (Lloyd and Jacobson, 1987) result in very little or no 

streamflow in vast inland areas. Runoff data from both UNH/GRDC (University of New 

Hampshire/Global Runoff Data Center) (Fekete et al., 2002), 

http://www.compositerunoff.sr.unh.edu/) and AWAP (Raupach et al., 2009, 

http://www.csiro.au/awap/) provide evidence of little streamflow in many Australian regions. 

Furthermore, Rodell et al. (2004; 2011) suggested that in large basins considering the small ratio 

of perimeter to area and the slow movement of groundwater relative to surface water, the error of 

water balance examining associated with net groundwater flow should be small. Following this 

assumption and considering the context of Australian streamflow, we simplified the water 

balance equation to: 

ETPS −=∆ .   (A-2) 

for areas where horizontal water transfer (surface runoff and groundwater flow) is minimal. 

When the assumption holds, both sides of the equation calculated from the satellite products 

should be comparable if the satellite products are reliable. Thus, equation (A-2) can be used to 

examine the consistency of data in use. However, if the horizontal water transfer is significant, 

the two sides of the equation would be imbalanced. Thus, equation (A-2) can also be used to 

examine whether the horizontal water transfer contributes to or depletes the water storage.  

In hydrological studies, satellite products are widely used to assist in the interpolation of ground-

based measurements (Journée and Bertrand, 2010), to serve as inputs for land surface and 

atmosphere models (Cheng et al., 2008) and to verify modeling results (Niu et al., 2007). In 

evaluating land surface modeling results in regions with limited or no ground-truth data, it is 

important to determine a proper time and spatial scale to obtain reasonable results. Therefore, 

http://www.compositerunoff.sr.unh.edu/
http://www.csiro.au/awap/
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based on the simplified water balance (equation A-2), in this study we aim to (1) examine the 

large scale water balance over Australia using readily available satellite products for each 

component in equation (A-2); and (2) find the locations and time scales at which the water 

balance calculated from these satellite products is most consistent. 

A.2. Data and Methods 

A.2.1. Datasets description  

There are many satellite data sources for each water component. The datasets we chose for this 

study (Table A- 2) are the ones that are easy to access, and more frequently discussed in the 

literature in terms of validation efforts and other applications, hence, widely used. Other data 

sources such as some described in Table A- 1 and cited above are acknowledged but not 

discussed, considering that comparison of different data sources is beyond the objectives of this 

study. 

Table A- 2 Satellite products used in this study from 12/2002 to 01/2011 

 Product Resolution Missing 
Period Data Source 

P TMPA 3B43 
V6 1o, monthly - 

NASA. 
http://disc2.nascom.nasa.gov/Giovanni/tovas/TR
MM_V6.3B43.2.shtml 

ET MODIS_MOD
16 

1km, 
monthly - University of Montana. 

http://ntsg.umt.edu/project/mod16#data-product 

ΔS GRACE 1o, monthly 06/2003 
01/2011 

Jet Propulsion Laboratory (JPL). ftp://podaac-
ftp.jpl.nasa.gov/allData/tellus/L3/land_mass/RL
05/ascii 

TRMM Multi-Satellite Precipitation Analysis (TMPA) 3B43 combines the multiple independent 

estimates precipitation data (i.e. 3B42) and the Climate Anomaly Monitoring System (CAMS) 

global gridded rain gauge data, produced by NOAA's Climate Prediction Center and/or the 

global rain gauge product produced by the Global Precipitation Climatology Center (GPCC) 

(Huffman et al., 1997; Huffman et al., 2007). Validation of TMPA 3B43 and other TRMM 

precipitation products has been carried out worldwide (e.g. Greece (Feidas, 2010); Thailand 

(Chokngamwong and Chiu, 2008); Africa (Adeyewa and Nakamura, 2003); and Australia (Ebert 

et al., 2007; Fleming et al., 2011; Peña-Arancibia et al., 2013)). In Australia, much work has 

explored the production of gridded precipitation data by blending TRMM products with gauging 

data (Chappell et al., 2012; Chappell et al., 2013; Li and Shao, 2010; Oke et al., 2009). 

Evapotranspiration is one of the most difficult hydrological variables to obtain, and global 

products are not as numerous as precipitation. The MOD16 ET is estimated with an algorithm 

http://disc2.nascom.nasa.gov/Giovanni/tovas/TRMM_V6.3B43.2.shtml
http://disc2.nascom.nasa.gov/Giovanni/tovas/TRMM_V6.3B43.2.shtml
http://ntsg.umt.edu/project/mod16#data-product
ftp://podaac-ftp.jpl.nasa.gov/allData/tellus/L3/land_mass/RL05/ascii
ftp://podaac-ftp.jpl.nasa.gov/allData/tellus/L3/land_mass/RL05/ascii
ftp://podaac-ftp.jpl.nasa.gov/allData/tellus/L3/land_mass/RL05/ascii
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that uses MODIS products and GMAO (Global Meteorological Assimilation Office) climate data 

to solve the Penman-Monteith equation (Mu et al., 2011). MOD16 ET is the sum of daytime and 

nighttime evaporation from wet soil and canopy surfaces and transpiration from vegetation. The 

algorithm was evaluated against eddy covariance tower data over a winter wheat field in North 

China Plain (Sun et al., 2007), and MOD16 ET data were validated at 17 eddy covariance tower 

locations distributed in Asia, with the two datasets showing good agreement (Kim et al., 2012). 

ET estimates based on this algorithm are comparable to Variable Infiltration Capacity model 

(Liang et al., 1994) simulated  ET (Sheffield et al., 2009). These results prove that MOD16 can 

provide reasonable ET estimations over large areas. 

GRACE provides gravity anomaly data that can be used to infer water storage on Earth. 

Although the coarse resolution of GRACE data (monthly and 1o) limits their application for 

water resources assessment in small regions,  the data are still able to reflect the hydrological 

signals (Awange et al., 2009) and does provide useful information for water resources 

management at larger scales. GRACE data have been widely used to validate modeling results of 

terrestrial water storage change (Rodell and Famiglietti, 2001; van Dijk et al., 2011), soil 

moisture variations (Niu et al., 2007), and groundwater table fluctuations (Henry et al., 2011). 

GRACE data have also been incorporated to assist in parameterization and model performance 

improvement (Zaitchik et al., 2008). 

We retrieve three satellite products at a monthly scale from 12/2002 to 01/2011, and aggregate 

them into seasonal and annual datasets, resulting in 32 seasons and 8 years. GRACE data are 

missing in 06/2003 and 01/2011, and filled with average values calculated using the data from a 

month before and a month after. MOD16 ET data are re-sampled to 1o resolution using the 

nearest neighbor method via the MODIS Re-projection Tool (Dwyer and Schmidt, 2006). 

A.2.2. Methods 

Each GRACE monthly grid (G below) represents the mass anomaly, that is, the difference in the 

masses for that month (m) and the average over 01/2004 to 12/2009 ( m ) 

(http://grace.jpl.nasa.gov/data/gracemonthlymassgridsland/). This can be expressed 

mathematically as: 

mmG jj −= .    (A-3) 

mmG jj −= ++ 11 .   (A-4) 

http://grace.jpl.nasa.gov/data/gracemonthlymassgridsland/
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where the subscript j stands for the jth month. Thus, by subtracting equation (A-3) from equation 

(A-4), the difference of GRACE data in two successive months is equivalent to the water storage 

change (Δm) at a monthly interval as follows: 

jjjjj GGmmm −=−=∆ ++ 11  .   (A-5) 

 GRACE measurements do not cover all days in each nominal month (for details about 

missing days refer to http://gracetellus.jpl.nasa.gov/data/GraceMonths), hence the data may not 

reflect the effect of rainfall and evapotranspiration on gravity change during these days. If we 

assume the water storage at the start of month j is Sj,s and at the end of next month j+1 is Sj+1,e; 

the cumulative precipitation and evapotranspiration in these two months are Pj, Pj+1 and ETj, 

ETj+1 respectively, then storage change in these two consecutive months (Sj+1,e-Sj,s) should equal 

(Pj+Pj+1)-(ETj+ETj+1)  based on equation (A-2). In order to minimize the effect of time 

mismatch of the three datasets and make the components comparable at monthly step, we use the 

monthly average of (Pj+Pj+1)-(ETj+ETj+1) to account for their contribution to the mass change: 

 
22

11 jjjj
j

ETETPP
w

+
−

+
=∆ ++ .  (A-6) 

 For areas where equation (A-2) applies, Δw provides a reasonable approximation of Δm, 

refer to Rodell et al. (2004; 2011) for a more detailed explanation. For these areas, the 

discrepancy between the two quantities indicates inconsistencies and errors among the three 

remote sensing products. For example, in areas where runoff occurs in large quantities, such as 

northern and eastern coastal regions of Australia, Δw should be theoretically larger than Δm. 

Note, however, that the difference between Δw and Δm includes both surface and subsurface 

runoff. To remove potential errors in the analysis due to significant amounts of runoff, we mask 

out the areas where annual runoff is more than 10 mm based on UNH/GRDC composite runoff 

data. On top of this, the satellite data are analyzed based upon three metrics for comparison: 

residual of the simplified water balance equation (Δ), precipitation-normalized absolute residual 

(β), and correlation coefficient (r) between Δw and Δm:  

ijijij mw ∆−∆=∆ ,   (A-7) 

∑
=

∆
=

n

j i

ij
ij Pn 1

1β ,   (A-8) 

http://gracetellus.jpl.nasa.gov/data/GraceMonths
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where i is the ith grid cell (pixel), j is the jth month/season/year, and n is the total number of 

months/seasons/years. In this study besides the data error, the signs (+/-) of residuals (Δ) reflect 

the net water flow directions based on the water balance equation in the following manner: 

positive values indicate net water flowing out of the relevant pixels and negative values indicate 

net water flowing into the pixels from their neighbours. 

A.3. Results and discussion 

A.3.1. Water budget over runoff-limited regions 

Mean and median values of Δw, Δm, Δ, and correlation coefficients (r) are calculated for all the 

locations with mean annual surface runoff less than 10 mm, and given in Table A- 3. The overall 

average residuals for monthly, seasonal and annual time scales are 7.6, 22.6 and 90.4 mm; the 

median values are 5.2, 16.6 and 66.4 mm respectively; and the correlation coefficients between 

Δw and Δm are 0.58, 0.73 and 0.50 for the three time scales. GRACE inferred water storage 

change (Δm) is smaller than Δw at all time-scales because of the existence of runoff flowing out 

of the region. Theoretically, the residual is a combination of the integrated error of the three 

products in the form of equation (A-7) and the net water flowing out of (or into, for negative 

values) this region through surface and/or subsurface. Knowledge of one will help to evaluate the 

other. 

Table A- 3 Statistics for comparison of water balance components over areas of Q < 10 mm/year 

 Δm (mm) Δw (mm) Δ (mm) Correlation Coefficient 
between Δw and Δm  mean median mean median mean median 

Monthly 0.6 0.3 8.4 5.3 7.6 5.2 0.58 
Seasonal 0.6 0.0 23.7 15.1 22.6 16.6 0.73 
Annual 2.2 0.2 94.8 60.3 90.4 66.4 0.50 

Spatially, the monthly, seasonal and annual residuals show the same pattern, but with different 

amplitudes due to the method employed to obtain seasonal and annual estimates from monthly 

data; therefore, only monthly residuals are demonstrated in Figure A. 1. The distribution 

coincides with the annual precipitation and runoff patterns. Larger positive residuals appear in 
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the northern and eastern areas; smaller residuals, which imply that three datasets close the water 

balance equation better, appear in the central part of Western Australia, where rainfall amounts 

to 300-400 mm annually, the average aridity index (potential ET over P) is close to 15 (Figure A. 

2a), and the elevation is high but relief is low (Figure A. 2b). Lake Eyre Basin in the Central 

Lowlands shows more negative values, suggesting that these areas receive water from 

neighbouring locations. 

 

Figure A. 1 Spatial distribution of monthly difference (Δ) between Δw and Δm over areas with 
Q<10mm/year (red boundary). Seasonal and annual residuals share the same spatial pattern with monthly 

data, and are not shown in this paper. WA-Western Australia; NT-Northern Territory; SA-South 
Australia; Qld-Queensland; NSW-New South Wales; Vic-Victoria; Tas-Tasmania. White color 

corresponds to no data. Black, blue and pink lines are boundaries of states, rainfall-limited region and 
Lake Eyre Basin respectively. Scale bar is in mm. 

 

Figure A. 2 (a) Rainfall distribution and index of aridity (ETp/P, data are from MOD16 and TRMM, 
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respectively). Labels and curves in the map are the 30-year mean annual rainfall in corresponding regions 
(in mm/year. data is from Bureau of Meteorology, Australia). (b) DEM overlaid with hill shades (from 

GMTED2010 30sec data). Pink line is boundary of Lake Eyre Basin. Scale bar for DEM is in meter 
above sea level. 

To examine the relationship between the water balance residual and each component, we plotted 

them at three time scales over the whole runoff-limited region in Figure A. 3. The analysis shows 

that the residuals are better correlated with P than with ET and ΔS, which is consistent with 

previous studies (Sahoo et al., 2011; Sheffield et al., 2009). It should be noted that it is not 

necessarily true that the three datasets are inconsistent and inappropriate for water budget studies 

for areas with large residuals, because the non-closure may be ascribed to runoff due to large 

amount of rainfall in those areas. Therefore, we use the index β in equation (A-8) to examine the 

residuals in relation to precipitation (Figure A. 4). The index increases as time scale decreases. 

At the annual scale this runoff-limited region shows very small β values except in the locations 

near Lake Eyre, where β is around 1.0. At the seasonal scale, the values increase slightly, but in 

most areas are still smaller than 1.0. At the monthly scale, however, we find that larger values 

extend to cover most areas, particularly in the west and central-south locations. In the lower Lake 

Eyre Basin, the β values are consistently large at all time-scales. This may reflect the effects of 

net water inflow to the basin. 

 

Figure A. 3 Relation between residuals and precipitation, evapotranspiration and storage change at three 
time scales over runoff-limited regions. Lines in figures are linearly fitted between each two variables. 

Units of both axes are mm. 
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Figure A. 4 Precipitation-normalized absolute residuals for monthly, seasonal and annual time scales 
(|Δ|/P, dimensionless). Pink line in the map shows the boundary of Lake Eyre Basin. White color 

corresponds to no data. 

Correlation coefficients of the monthly, seasonal and annual Δw and Δm for each pixel are 

shown in Figure A. 5. Monthly and seasonal correlation coefficients share the same spatial 

pattern. They decrease from north (monthly r >0.6 and seasonal r >0.9) to south. The smaller 

correlation coefficients appear in South Australia and New South Wales. At the annual scale, the 

centers of high correlation coefficients evolve southwardly in the west, east and southeast. The 

correlation coefficients are persistently lower in the northwestern part of South Australia at all 

time-scales, where the western part of Lake Eyre is located with relatively large slopes (Figure 

A. 2b). A study on the relation between P and surface mass changes (SMCs, from GRACE) 

(Rieser et al., 2010) gave a similar spatial pattern of correlation coefficients, and suggested that it 

generally takes about 1-2 months for a GRACE observation to detect preceding precipitation 

events, and even longer (e.g. up to four months) in low correlated areas. One possibility for this 

low correlated behaviour may be due to the fact that the water storage changes inferred by 

GRACE at a pixel are not only contributed by P and ET, but also by water moving into that pixel 

laterally from surrounding pixels through surface and/or subsurface flow. In other words, 

TRMM and MODIS detect the vertical water transfer on Earth, but GRACE reflects the 

integrated vertical and horizontal water movements. This could cause the asynchronous temporal 

variation of Δw and Δm. 
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Figure A. 5 Correlation coefficients between Δw and Δm at different time scales (97 months, 32 seasons, 
8 years). Pink line shows the boundary of Lake Eyre Basin. White color corresponds to no data. 

The preceding analyses demonstrate that water budgets derived from remote sensing products 

show better closure and consistency in central areas of Western Australia. Regarding the effect 

of time scales on the water budget residuals, in central areas of Western Australia the correlation 

coefficients increase and the correlation of residuals with precipitation decreases from monthly 

to annual time scales. Therefore, only seasonal and annual time scales should be considered for 

water budget studies using the methods proposed in this work. Nevertheless, due to the 

seasonality of some terms in the water balance equation, annual scale may be too long to be 

useful for water resources management purposes (Pearson, 2008). 

A.3.2. Water budget in rainfall-limited regions and its implications 

Data in the regions of P<400 mm/year is extracted and analyzed for each austral season 

(summer: Dec-Jan-Feb; autumn: Mar-Apr-May; winter: Jun-Jul-Aug; spring: Sep-Oct-Nov). 

Similarly, mean and median values of Δw, Δm, Δ and r for each time scale are calculated and 

given in Table A- 4. Temporally, mean values of Δw and Δm over the entire rainfall-limited 

region are calculated for each season from austral summer 2003 (comprised of Dec 2002 and 

Jan, Feb 2003), and seasonal time series plots of the two quantities are given in Figure A. 6, 

showing a correlation coefficient of 0.38, about half the correlation coefficient (0.73) over the 

Q<10mm/year region. Δw and Δm follow the same temporal trend most of the time, except 

during the year 2008 to 2009 when a severe drought occurred (Leblanc et al., 2009; McGrath et 

al., 2012), slowing down the temporal response of storage change to rainfall events. 

Table A- 4 Statistical indices for comparison of water balance components over areas of P<400mm/year 

 Δm (mm) Δw (mm) Δ (mm) Correlation Coefficient 
between Δw and Δm  mean median mean median mean median 

Monthly 0.2 0.1 2.9 2.6 2.8 2.5 0.29 
Seasonal -0.4 -0.2 7.7 7.3 8.6 7.8 0.38 
Annual -1.8 -0.9 30.7 29.2 34.2 31.4 0.39 
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Figure A. 6 Time series plots of Δw and Δm over 32 seasons for rainfall limited regions (top) and runoff 
limited regions (bottom). 

Spatially, within this area distinct variations can be observed across the four seasons (Figure A. 

7). Generally the western part shows a mean residual closer to zero, while the eastern part gives 

more negative residuals in all seasons, especially in summer and autumn within the Lake Eyre 

Basin (LEB). LEB is one of the world's largest internal draining systems. It receives about 200 

mm annual rainfall, the least in Australia; northeast part is dominated by the monsoon (Croke et 

al., 1999). None of the rivers and creeks in this basin flows permanently (McMahon et al., 

2008a; McMahon et al., 2008b). The mean annual water balance residual in this work for the 

whole LEB is -6.2 mm/year. The negative sign indicates net water inflow to the relevant area. 

This is consistent with the regional water flow direction in this area, as is shown in previous 

studies on the hydrology of the Great Artesian Basin (GAB) (Costelloe et al., 2008; Herczeg et 

al., 1991). Since LEB is a closed drainage basin with no external streamflow coming in from the 

adjacent basins, the 6.2 mm/year seems to be the maxima of groundwater inflow across the 

northeast basin boundary. Given that the lateral groundwater inflow to the basin is very likely 

smaller than 6.2 mm/year; this result also indicates that the absolute value of integrated error of 

the three products in terms of equation (A-7) should not exceed 6.2 mm/year. This is about 2.1% 

of the annual precipitation in the basin during the study period. 



104 
 

 

Figure A. 7 Spatial distributions of the average residuals of Δw and Δm for each season in the region of P 
< 400 mm/year. Pink line is the boundary of Lake Eyre Basin. White colour corresponds to no data. Scale 

bar is in mm. 

Assuming that the integrated error of the three products relative to the annual precipitation 

applies to the entire Australian continent, we calculated the mean annual residual of three water 

balance components, which is 144.7±11.3 mm/year. This number is within the reported range of 

total runoff in Australia, as the mean annual rainfall during 2003-2010 was 502 mm/year (from 

Annual Climate Summary Reports by Bureau of Meteorology, 

http://www.bom.gov.au/climate/annual_sum/annsum.shtml); of which 10%~30% becomes 

runoff into rivers or recharge into groundwater aquifers (Chiew and McMahon, 2002; National 

Water Commission, 2007). This results in 50.2 to 150.6 mm/year during the 8-year period. 

A.4. Conclusions 

The relationship of three commonly used satellite products defining the water balance were 

investigated over Australia based on a simplified water balance equation. Our results show that 

depending on the time scale (i.e., seasonal or annual) and the hydro-climatology patterns of large 

regions, using only satellite products has the potential to close the water budget. This has been 

demonstrated in regions of Australia, (e.g., the central part of Western Australia) having high 

altitude and low relief, little annual rainfall (300-400 mm) and high aridity indices (~15), as 

these conditions hold the assumption of negligible runoff in the water balance calculation. More 

precise areas can be mapped out by setting filters on the applied indices using geographical 

information systems. Though the coarse temporal and spatial resolution (monthly and 1°) makes 

the data less informative for water resources management purposes in small regions, the 

consistency between the datasets can give us useful information for analysis of hydrologic 

http://www.bom.gov.au/climate/annual_sum/annsum.shtml
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variations and modelling validation using these satellite products at large scales. Application of 

the satellite products for the water balance in Lake Eyre Basin reflects well the seasonal 

hydrological processes in terms of net groundwater flow, and gives a reasonable estimation of 

the maximum possible integrated error of the three products as well as the maximum net 

groundwater inflow to the basin. However, this assessment needs further verification with other 

methods. If the precipitation-relative maximum error can be extrapolated to the entire Australian 

continent, the net annual water loss through streamflow and groundwater flow into the 

surrounding oceans is estimated to be 144.7±11.3 mm/year, comparable to the estimate from the 

Australian National Water Commission and Bureau of Meteorology. Anticipated improvements 

in the retrieval algorithms of satellite data are expected to increase the accuracy of their products. 

For example, the version 7 TMPA 3B43 of rainfall products is now available and considered 

better than version 6 (Prakash et al., 2013). These advances are expected to improve the 

feasibility and accuracy of large scale water balance analyses using satellite data alone in the 

near future. 
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