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Abstract  

Warming trends have been associated with drought which induces and heightens agents 

and factors that cause tree mortality. Remotely sensed observations are increasingly 

being used in vegetation studies and are obtained from Earth observation satellites. 

Vegetation optical depth (VOD) is one such product and is obtained from the 

microwave domain, both passive and active. It measures the degree of attenuation of 

microwave waves within the canopy and relates to its above-ground biomass and 

relative water content. Despite the advancement in terrestrial and ecosystem modeling, 

models are unable to accurately represent or forecast mortality events. However, with 

more tree mortality being anticipated with climate change, model development is key 

to better understanding and forecasting. Thus, the dynamic vegetation model, LPJ-

GUESS has been updated with a plant hydraulics formulation to simulate leaf water 

potential, to improve simulations of drought-induced tree mortality. This research seeks 

to explain variations in the VOD of two deciduous broadleaf forests in North America, 

as a function of temperature, precipitation, vapor pressure deficit, and LPJ-GUESS 

simulation of evapotranspiration and leaf water potential. Correlation results show that 

temperature has a strong influence on VOD and mostly combines with precipitation 

effects. Model simulation of evapotranspiration and leaf water potential failed to 

provide a better correlation to VOD than climatic variables. This research reinforces 

the importance of temperature and precipitation in monitoring tree mortality while 

highlighting the complexity of the processes that lead to tree mortality. Thus, the need 

for more information on factors such as tree size, basal area, genotype, slope, terrain, 

amongst others and a deep understanding of how they interact with each other is key in 

dissecting VOD signals, understanding mortality, and parameterizing ecosystem 

models for better model simulation of mortality scenarios. 

 

 

 Acronyms  

VOD              Vegetation optical depth  

RWC              Relative water content 

PFTs               Plant functional types  

LWP               Leaf water potential  

VPD               Vapor pressure deficit 

VODCA         Vegetation Optical Depth Climate Archive 

SSM/I            Special Sensor Microwave/Imager  

TMI               Tropical Rainfall Measuring Mission 

AMSR-E        Radiometer – Earth Observing System  

CDF               Cumulative distribution function 

NDVI             Normalized difference vegetation index 

EVI                Enhanced vegetation index 

LAI                Leaf area index 

SOS               Start of Season 

GPP               Gross primary production 

GLDAS         Global Land Data Assimilation System 

ET                  Evapotranspiration 
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1 Introduction 

Extensive tree mortality events have been observed and continuously linked to severe 

drought events (Breshears and Allen 2002; McDowell et al. 2008), which are 

anticipated to become more frequent with climate change (Park Williams et al. 2013; 

Cook et al. 2015). Droughts have the propensity to cause wide-reaching shifts in plant 

function, structure, and community dynamics (Wolf et al. 2013) as well as increased 

risk of fires due to increased fuel loads (Bigler and Veblen 2011). These encapsulate 

the need for accurate monitoring and forecasting of tree mortality.  

 

Remote sensing is becoming a convenient tool for monitoring mortality as it clears 

some key disadvantages associated with traditional forest inventory techniques (i.e. 

labor-intensive, limited in both time and space) (Rao et al. 2019). Notwithstanding the 

benefits of remote sensing techniques, it still has a long way to go. With more tree 

mortality being anticipated with climate change, there is the need to improve the ability 

of vegetation models to accurately capture tree mortality, which they are currently not 

so good at. Since mortality is linked to water dynamics, including representations of 

plant hydraulics in dynamic vegetation models should enable the representation of 

hydraulic failure, which is increasingly recognized as an important basis for tree death 

(Rowland et al. 2015; Schuldt et al. 2020; Arend et al. 2021), however, those hydraulic 

representations are difficult to evaluate over the large scale. 

Emitted or reflected microwave radiation from the Earth’s surface is attenuated by 

vegetation. The degree of attenuation can be derived from passive and active 

microwave satellite observations and is commonly referred to as vegetation optical 

depth (VOD) (Vreugdenhil et al. 2016). VOD is used in tree mortality studies as it 

relates to aboveground dry biomass (Liu et al. 2015) and its relative water content 

(Momen et al. 2017). VOD is potentially very useful because it gives an indication of 

plant water status and has been linked to leaf water potential (Konings and Gentine 

2017). Thus, if we could evaluate VOD with the water dynamics of vegetation models 

it would be monumental in tree mortality studies. As then we would have a large-scale 

model to evaluate large-scale measurements with and vice versa. 

 

To this end, the VOD of two deciduous broadleaf-dominated forests in North America 

will be examined. North America was selected because it is a temperate climatic zone 

where VOD observations are more reliable (Konings and Gentine 2017). Another 

motivation of the study location is the presence of large forest areas that are enough to 

cover the 25 km x 25 km VOD pixel and thus making signal interpretation simpler. In 

testing evaluator indices for VOD, various authors have used different indicators. For 
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instance, Rao et al (2019) used a variety of vegetation, topographic and climatic 

variables to try to explain variations in VOD, while Konings and Gentine (2017) 

utilized relative water content (RWC). In this research, climatic variables and chiefly 

evapotranspiration and leaf water potential simulated by the experimental version of 

LPJ-GUESS will be used as evaluator index to explain temporal variations in VOD.  

 

LPJ-GUESS is a dynamic vegetation model that simulates the structure and dynamics 

of terrestrial ecosystems at landscape, regional and global scales. The framework is 

made up of several modules (or sub-models), each containing formulations of a 

relatively well-defined, related subset of ecosystem processes with a distinct spatial 

and/or temporal signature (Smith et al. 2014). The dynamics of vegetation growth in 

the model are a consequence of growth and competitiveness for light, soil resources, 

and space. This competition is simulated in each grid cell among the woody plant 

individuals and the weedy or herbaceous understory. The totality of the simulated 

patches is considered to constitute the distribution of vegetation within a landscape. 

Woody tree types are categorized within the model as plant functional types (PFTs – 

trees, and shrubs). Amongst the simulations done on a daily time step are stomatal 

conductance, photosynthesis, respiration, and phenology. Net primary production 

gathered at the end of each simulation is then apportioned to fine roots, leaves, and 

sapwood per stipulated allometric relations for each PFT.  The current resource status, 

demography, and life-history traits of each PFT influence the population dynamics of 

establishment and mortality and are represented as stochastic processes (Hickler et al. 

2004; Wramneby et al. 2008). 

 

Leaf water potential (LWP) measures the plant water status (Deloire and Heyns 2011); 

thus, its dynamics have been considered in studies of vegetation water stress. LWP is 

being used to explain VOD variations as it reflects the plant hydraulic status and is 

firmly linked to stomatal closure and xylem embolism (Jarvis, 1976; Sperry and Tyree 

1988 as cited in Momen et al. 2017) which influences drought-driven tree mortality 

rates and biomass declines (Konings and Gentine 2017). Just like LWP, 

evapotranspiration is being considered as it combines the demand and supply aspects 

of water dynamics.   

 

Vapor pressure deficit is influenced by temperature and humidity and refers to the 

difference between the actual vapor pressure of air and the vapor pressure of saturated 

air at the same temperature. VPD is the driving force for evapotranspiration and the 

movement of water through the soil-plant-atmosphere continuum. Water that is lost by 

transpiration at the leaf surface is replaced by the movement of water through the plant 

under tension as it is “sucked up” through the xylem vessels. Hence, the water potential 

gradient and resistance to water movement govern the rate of water movement through 

the plant (Chapin III et al. 2011). 

 

This research seeks to investigate the temporal variability of VOD of two deciduous 

broadleaf forests in North America and how it relates to climatic variables namely, 

temperature, precipitation, vapor pressure deficit, and the ecosystem processes of 

evapotranspiration and leaf water potential. It is hypothesized that  

(i) temperature and vapor pressure deficit will have an inverse relationship with VOD 

because higher temperatures influence soil moisture and cause higher vapor pressure 

deficits which leads to stomatal closure, lower carbon assimilation, and pronounced 

hydraulic limitation affecting VOD negatively  
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(ii) precipitation, evapotranspiration, and leaf water potential will have a direct 

relationship with VOD. This is because precipitation makes available water that is 

essential for photosynthesis and in so doing positively impacting VOD while 

evapotranspiration and leaf water potential are also driven by the change in pressure 

and movement of water between the soil and leaves indicating plant hydraulic status 

and strategy. The aims of this research are captured in the following research questions: 

 

1. To what extent can temporal variability in VOD over broadleaf forests be explained 

by meteorological variables?  

 

2. Does a process-based simulation of evapotranspiration and leaf water potential 

provide a better explanation of VOD than raw meteorological variables?  

 

3. Is the explanatory power affected by the hydraulic strategy of the simulated 

vegetation? 

 

 

 

2 Background 

2.1 Mechanisms of Tree Mortality 

Although the occurrence and consequences of tree mortality have been observed on 

every continent, knowledge about the defining causes is still unexpectedly lacking 

(McDowell et al 2008). However, it is contended by most authors that climate 

warming and thus elevated temperatures will exacerbate tree mortality. To aid the 

better understanding and forecasting of tree mortality McDowell et al (2008) 

hypothesized three mechanisms of drought-driven mortality. The mechanisms are 

hydraulic failure, carbon starvation, and biotic agent demographics.  

 

The hydraulic-failure hypothesis speculates that the plant xylem conduit and 

rhizosphere may be caused to cavitate (become air-filled) due to decreased soil water 

supply combined with excessive evaporative demand ceasing the flow of water and 

desiccating plant tissues. The hydraulic-failure hypothesis is more probable when 

drought conditions are intense enough such that plants may exhaust water before 

carbon reserves and thus is based on the precept that complete desiccation leads to 

cellular death. On the hydraulic failure hypothesis,  Hoffmann et al. (2011) and 

Rowland et al. (2015) discovered that between species with high wood density (large 

trees) and those with relatively low wood density (smaller trees), the former was more 

vulnerable to hydraulic failure in severe drought conditions than the latter. Hence 

dense wood species manifested substantial embolism and leaf desiccation. 

Meanwhile, Brodribb et al. (2010) investigated the linkage between cavitation and 

plant death for conifer species with varying degrees of water stress tolerance. Results 

indicate a strong linear relationship between water potential inducing a fifty percent 

loss of stem conductivity and the fatal water potential. 

 

On the other hand, the carbon starvation hypothesis postulates that stomatal closure to 

avert hydraulic failure causes photosynthetic uptake of carbon to decrease. This 

results in plant carbon starvation due to continued demand for carbohydrates for 

metabolism and may be aggravated by heightened respiratory demands associated 

with higher temperatures during drought. Carbon starvation is more likely to occur 
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when drought is not severe enough to cause hydraulic failure but prolonged enough to 

deplete carbon reserves. Yoshimura et al. (2016) found that under drought conditions, 

stored carbon indeed contributes to tree survival. 

 

In terms of the biotic agent demographics hypothesis McDowell et al (2008) propose 

that drought propel changes in demographics of mortality agents, such as pathogens 

and insects that eventually drive tree mortality. Increased number of pathogens per 

year due to temperature changes and lengthening of the growing season are some of 

the probable demographic changes that could occur. However, it is important to note 

that biotic agents can amplify hydraulic failure and carbon starvation and in the same 

vein be amplified by hydraulic failure and carbon starvation. Therefore, the three 

mechanisms may work inclusively and exclusively (McDowell et al. 2008).  

 

 

2.2 Introduction to VOD 

Vegetation optical depth is a dimensionless quantity ranging from 0 to 3 (Rao et al. 

2019) and is obtained from the Global long-term microwave Vegetation Optical Depth 

Climate Archive (VODCA) (Moesinger et al. 2019). Measurements of radiation emitted 

by the Earth’s surface have been captured and provided by space-borne microwave 

radiometers since the late 1970s and VOD is derived from such measurements. Since 

VOD is unaffected by clouds or high solar zenith angles and has a high temporal 

resolution of observations, it can be used to observe short-term to long-term changes in 

vegetation (Moesinger et al. 2020). This is because it is an indicator associated with the 

density, biomass, and water content of vegetation.  

 

The VODCA archive is made up of VOD retrievals from multiple sensors such as 

Special Sensor Microwave/Imager (SSM/I), the Microwave Imager onboard the 

Tropical Rainfall Measuring Mission (TMI), the Advanced Microwave Scanning 

Radiometer – Earth Observing System (AMSR-E), WindSat, and AMSR2 using the 

Land Parameter Retrieval Model. Cumulative distribution function (CDF) matching 

was then used to co-calibrate the retrievals applying AMSR-E as the scaling reference. 

The datasets were then assembled by taking the arithmetic mean of temporally 

overlapping measurements after a matching technique that scales outliers more 

efficiently was applied (Moesinger et al. 2020). From these, 0.25-degree grid spatially 

sampled VOD microwave observations in different spectral bands are produced by 

VODCA. The VOD products range from the Ku-band (19 GHz, 1987-2017) to the X-

band (10.7 GHz, 1997-2018), and the C-band (6.9 GHz, 2002-2018). A merit of using 

VOD in monitoring vegetation is that it has a slower saturation which culminates into 

higher sensitivity to high biomass (Liu et al. 2015) and thus has been used in several 

ecosystem studies.  

 

For instance, Rao et al. (2019) used VOD to estimate relative water content which was 

then utilized as an empirical indicator for tree mortality. Jones et al. (2011) also used 

VOD to monitor global land surface phenology by correlating VOD with vegetation 

indices such as normalized difference vegetation index (NDVI), enhanced vegetation 

index (EVI), and leaf area index (LAI). Moreover, Jones et al. (2012) estimated the 

Start of Season (SOS) patterns of North America as well as its ecoregional annual 

variability using VOD and comparing it to MODIS green-up dates. Momen et al. (2017) 

went further by testing the sensitivity of VOD to leaf water potential and assessing its 



5 
 

ability to be used in constraining plant hydraulic models based on a conceptual 

framework developed from the sensitivity test. Plants are either isohydric or anisohydric 

depending on the continuum of xylem and stomatal regulation strategies that each 

species may display. Isohydric prone species are species that are inclined to keep their 

leaf water potential fairly steady during water stress while anisohydric species are those 

that allow significant fall in leaf water potential and are more liable to recurrent xylem 

embolism. Hence to aid in mortality studies by partitioning species based on the above 

strategies, Konings and Gentine (2017) used VOD to develop a metric of ecosystem-

scale degree of isohydricity.  

 

 

2.3 Ecosystem Modelling 

Climatically crucial fluxes of carbon, energy, and water are impacted by terrestrial 

vegetation structure which is governed by ecological demographic processes (Bonan, 

2008 as cited in Fisher et al. 2018). With the imminent threat of climate change at hand, 

there is growing consensus in the predictions of climate models towards drying and 

prolonged dry seasons (Joetzjer et al. 2013) despite variations in the spatial and 

temporal patterns (Jupp et al. 2010). Nonetheless, the ability of current ecosystem 

models to accurately represent the impacts of drought on forest ecosystems is still vague 

(Powell et al. 2013). 

 

In wanting to examine the performance of models in predicting carbon fluxes during 

drought in the Amazon, Powell et al. (2013) evaluated the carbon flux predictions of 

five terrestrial biosphere models and one hydrodynamic terrestrial ecosystem model 

against measurements of two large-scale drought experiments. Findings from this study 

suggest that while the six models were able to reasonably replicate ecosystem carbon 

fluxes in the control plots; they failed to replicate the reactions to the drought 

treatments, notably the reductions in above-ground biomass and its associated carbon 

fluxes.  

 

Bastos et al. (2021) also researched the vulnerability of European ecosystems to the dry 

and hot summers of 2018 and 2019 by assessing the ability of seven land-surface 

models to simulate the impacts of these two events. They found that while the models 

were able to simulate well the impacts of the 2018 drought on gross primary production 

(GPP), they performed poorly in simulating that of the succeeding drought of 2019. The 

authors attributed this limitation to a missing link in land-surface models which is the 

absence of processes controlling legacy effects. These processes are insect outbreaks, 

carbon starvation, damage from embolism, and its resultant tree death.  

 

These findings and many others have repeatedly prompted the need for better 

representation of vegetation demographics especially plant hydraulics in ecosystem 

models as a critical step towards accurately simulating the impacts of droughts. On this 

basis, Hickler et al. (2006) took on the task of incorporating plant hydraulic architecture 

into the Lund-Potsdam-Jena Dynamic Global Vegetation Model (LPJ-DGVM).  

To implement a more sophisticated hydraulic regime, they upgraded the previous 

bucket water supply model (Gerten et al. 2004 as cited in Hickler et al. 2006) to a new 

formulation where water supply is governed by a pressure gradient between the soil and 

the leaves and the resistance of fine roots, leaves, and sapwood. This formulation is 

based on Darcy’s law (Whitehead, 1998 as cited in Hickler et al. 2006) and thus 
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determines the movement of water from the soil, through the roots, the xylem, and to 

the leaves. This upgrade made it feasible to sort out mechanistically the effects of 

hydraulic variation among plant functional groups on water cycling, competition, and 

vegetation structure (Hickler et al. 2006). Since then, Papastefanou et al. (in prep.) have 

also implemented an updated representation of plant hydraulics based on Hickler et al. 

(2006) as well as incorporating a new representation of leaf water potential 

(Papastefanou et al. 2020) into the LPJ-GUESS model.  

 

To parameterize the range of plant strategies to simulating leaf water potential, a total 

of 28 plant functional types were defined based on different combinations of 7 defining 

functional traits related to plant hydraulics (Liu et al., in prep.). The functional traits are 

Maximum xylem conductivity per unit sapwood area (Kstem), Leaf area to sapwood 

area ratio (LS), Xylem water potential at 50% loss of conductivity (P50), Leaf turgor 

loss point (TLP), Wood density (WD), Leaf mass per unit area (LMA) and Xylem water 

potential at 88% loss of conductivity (P88) (see table 1 below). Liu et al. summarized 

these strategies in a principal component analysis to place the 28 plant functional types 

on a continuum of conservative vs risk-taking approaches to xylem construction and 

isohydricity vs anisohydricity (see section 2.2) (see figure 1). Conservative here implies 

species that invest a lot of resources into building higher wood density and hydraulic 

resilience while risk-taking species are those that invest into leaves and promote carbon 

capture instead of fortifying water supply (Reich 2014). Thus, the plant traits which is 

the common axis of variation determines how a species might react in drought 

conditions. 

 
Table 1. Functional traits considered in this study (adapted from Liu et al. in prep.). 

Symbol Name Units Reasoning 
Kstem Maximum xylem 

conductivity per 

unit sapwood area 

Kstem, 

kg m-1 s-

1 Mpa-1 

Indicates maximum water flow rate to the canopy. Combined with 

information on atmospheric water demand, this will be linked to 

the total canopy area and degree of risk acceptable to that canopy. 
LS Leaf area to 

sapwood area 

ratio 

ratio Describes interrelation of sapwood-specific leaf conductivity and 

Kstem. Indicator of acquisitiveness of strategy, maximizing 

investment in carbon capture (high LS) versus ensuring water 

supply (LS). 
P50 Xylem water 

potential at 50% 

loss of 

conductivity 

MPa A direct indicator of ability to withstand very high-water potential 

gradients. 

TLP Leaf turgor loss 

point 
MPa Closely correlated to isohydricity in the study of Fu and Meinzer 

(2019). 
WD Wood density g cm-3 Higher wood density has been widely related to more conservative 

strategies associated with greater investment in defense and/or 

hydraulic resilience. 
LMA Leaf mass per unit 

area 
g m-2 Higher investment in leaf tissue has been related to higher 

defensive allocation to protect that investment. Higher LMA also 

helps dissipate energy from high radiation inputs, protecting 

against high temperature. 
P88 Xylem water 

potential at 88% 

loss of 

conductivity 

MPa A direct indicator of ability to withstand very high-water potential 

gradients. Considered to be the threshold for death by hydraulic 

failure (Hammond et al. 2019) 
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Figure 1: Principal component analysis displaying the positioning of the 28 plant functional types around 

the defining plant functional traits (The red arrow for risk-taking: dashed red line for Anisohydric: 

Greenline for conservative: dashed green line for Isohydric strategy) (adapted from Liu et al., in prep.).  
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3 Materials and Methods 

3.1 Study Area 

 
  Figure 2: Map of the study region and sampled points in each study site (shapefiles obtained 

from U.S Geological Survey, 2021).  

 

The target vegetation type for the study is broadleaf because conifers have not been 

parameterized yet in the experimental version of the LPJ-GUESS model. Therefore, 

deciduous broadleaf locations across the United States were carefully selected. One 

forest in the relatively low-lying West Virginia, Virginia, and North Carolina region 

(average elevation 650m) and the other in the higher elevation Western Colorado forest 

area (2245m). The state of Colorado is hereby referred to as the western study site and 

West Virginia, Virginia, and North Carolina as the eastern study site. 

 

The mean annual precipitation for the eastern site is 1143 millimeters, annual average 

high and low temperature is 16 and 4 degrees Celsius, respectively (Runkle et al. 2017).  

Meanwhile, for the western site mean annual precipitation is 430 millimeters and the 

average annual temperature both high and low is 16 and 1 degree Celsius. Due to the 

elevation, mountainous topography, and climatic characteristics of the western side, it 

is cooler and drier (Frankson et al. 2017) as compared to the eastern side which is 

relatively warmer and wetter. While the eastern deciduous broadleaf forests contain 

birch, oak, aspen, black willow, and maple (Griffith and Widmann 2003), the western 

site is made up of narrow-leaf cottonwood, quaking aspen, plains cottonwood, gambel 

oak, and boxelder, amongst others (Colorado State Forest Service 2021).  

 

In selecting the sampled points, one issue encountered is the coarseness of the VODCA 

VOD dataset which made it difficult to select grid cells purely covered by deciduous 

broadleaf trees. The grid cells were selected using the ESA CCI land cover (ESA CCI 
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2017). Since the eastern area has a continuous span of deciduous broadleaf trees 

obtaining the fifteen 25 km grid cells (15 was chosen as opposed to 1 to increase the 

confidence in VOD estimates) was fairly easy, but the difficulty was in obtaining pure 

grid cells as there are other types of vegetation within the forest area. Some of the other 

vegetation are natural vegetation such as shrubs, herbaceous plants, grasslands, as well 

as croplands. Grid cells with at least 80% deciduous broadleaf coverage were chosen. 

However, the western forest area only got a total of four grid cells because the 

deciduous broadleaf area was not big enough to obtain the fifteen grid cells. For the 

four grid cells, two contained some sparse shrubs, one containing about 15% needleleaf, 

and the other also had about 8% permanent snow and ice. It is important to state that 

the deciduous broadleaf forest of the western site is mostly surrounded by dense 

needleleaf.  

 

3.2 Datasets  

Table 2: Datasets utilized in the research 

Name Resolution Period Format 

VOD 0.25° 1987 – 2017 NetCDF 

Temperature 0.25° 1948 – 2010  -  

Precipitation 0.25°    -  -  

Vapor pressure deficit 0.25°    -  -  

Plant Evapotranspiration 0.25°  1948 – 2010  -  

Leaf water potential 0.25°   -  -  

 

3.2.1 Vegetation Optical Depth 

For this research, the Ku-band (19 GHz) was utilized to take advantage of the longer 

time span (1987-2017) as compared to the X-band and C-band. However, the key 

reason for choosing the Ku band is that it is closer in wavelength to the size of leaves 

and twigs which make up the canopy (as opposed to the trunk of trees)(Frappart et al. 

2020). Moreover, during the CDF matching by Moesinger et al. (2020) they 

encountered a failure for the WindSat data. This failure affected all bands, but the Ku-

band was the least affected with only 2 % of the grid points lost in comparison to the 

X-band with fails of 5% and C-band with 10% loss.  

The data gaps present in both the eastern and western sites were mostly concentrated in 

the winter and spring months. The gaps were simply filled with the VOD value of the 

previously available reading because VOD changes slowly on daily timescales 

(Moesinger et al. 2020). Hence, short gaps can be filled with values of the days before 

or after (Konings et al. 2016).     

    

 

3.2.2 Climate Variables 

The climate variables that were used as explanatory indices for VOD are temperature, 

precipitation, and vapor pressure deficit. Temperature, precipitation, and vapor pressure 

deficit were selected because they serve as drivers of regional vegetation growth 

(Holdridge 1967) and tree mortality (McDowell et al. 2011). 25 km x 25 km climate 

dataset based on the coordinates of the chosen grid cells were retrieved from the Global 

Land Data Assimilation System (GLDAS) (Beaudoing et al. 2021) for consistency with 

the LPJ-GUESS model which also uses GLDAS climate data as input variables. 
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Temperature is in kelvin while precipitation is millimeters and vapor pressure deficit in 

kilopascals.  

 

3.2.3 Evapotranspiration and Leaf Water Potential 

Evapotranspiration (ET) and leaf water potential (LWP) were obtained as outputs of the 

ecosystem processes simulated by LPJ-GUESS. The resolution just like the climate 

variables is 25 km x 25 km. For evapotranspiration analysis, PFT 10 was used for both 

the eastern and western sites because temperature hardwoods have been identified to 

have high wood densities (Hoffmann et al. 2011; Nabais et al. 2018). To select the plant 

functional types for estimating leaf water potential, it is important to pay attention to 

the distinguishing traits and whether they coincide with that of the species under 

investigation. Thus, in estimating leaf water potential, a range of PFTs across the 

strategy spectrum were selected namely PFTs 12, 10, 15, 16, and 22.  

 

 

3.3 Statistical Analysis 

3.3.1 General Data Processing 

All complete years of the VODCA dataset that overlapped with the period of the 

GLDAS climate data were taken, spanning 1988-2010. Thus, the statistical analysis was 

done on 23 years of data. 

Daily values for the variables VOD, temperature, precipitation, vapor pressure deficit, 

evapotranspiration, and leaf water potential were averaged over all grid cells for each 

location. The averaged variables were filtered using a moving mean filter to remove the 

seasonal trends that might cause distortion in analysis and focus on the short-term 

variability. A window width of 3 and 14 was used to filter the monthly and daily 

variables, respectively (see Figures 3 & 4). The choice of window width was entirely 

influenced by the number of data points in the monthly (23 points) and daily (2116 – 

2507 points) time series. Figure 3 and 4 shows an example (using the western site) of 

how the monthly and daily moving mean filter was applied. From this, the monthly, 

and daily analyses were performed.  

 

a b 

c d 
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Figure 3: Western site monthly July VOD and leaf water potential. a) and c) shows the raw values of 

VOD and leaf water potential while b) and d) shows the VOD and leaf water potential after applying the 

moving mean filter (window width of 3).  

  
Figure 4: Western site daily growing season VOD and leaf water potential. a) and c) shows the raw values 

while b) and d) shows the VOD and leaf water potential after applying the moving mean filter (window 

width of 14).  

 

For the datasets in this research, the statistical test chosen was Spearman’s Rho non-

parametric test because the VOD, precipitation, vapor pressure deficit, 

evapotranspiration, and leaf water potential violate the principle of normality which is 

key to performing a parametric test. So instead, the non-parametric version of the 

Pearson’s Rho which is the Spearman’s Rho was chosen. The key thing to keep in mind 

about non-parametric tests is that the inferences they make are not as strong as 

compared to parametric tests because they do not make as many assumptions about the 

dataset as parametric tests do.  

 

 

3.3.2 Monthly Analysis 

To investigate the association between VOD and the chosen variables, the monthly 

correlations were first considered to examine the long-term patterns and how it follows 

the seasonal trends.  

In executing the correlation test, the target period was the growing season because the 

forest is deciduous. Hence, care had to be taken to avoid the very beginning of the 

growing and senescence stage because these have the potential of introducing a lot of 

noise into the analysis.  

 

For the eastern site, Jones et al. (2012) found the VOD start of the growing season to 

be between 1st and 15th March which coincided with the NDVI Greenup date. The end 

of season estimates which is in November was taken from the United States Geological 

Survey phenology viewer (https://phenology.cr.usgs.gov/viewer/). To ensure that we 

capture accurately a time that leaves were on trees, the growing season for this site was 

marked from 15th May to 31st August. The growing season for the western site however 

was pegged at 1st July to 30th September following the NDVI greenness seasonality of 

the site obtained from SPOT Vegetation data (ESA CCI-LC 2017).  

 

a b 

c d 

https://phenology.cr.usgs.gov/viewer/
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The Spearman Rho test and its p-value were used to test the strength of correlation 

between the VOD of each month in the growing season against its corresponding 

temperature, precipitation, vapor pressure deficit, evapotranspiration, and leaf water 

potential. The relationship was fitted with a cubic curve to obtain the R2 and root mean 

square error (RMSE). It is well known that climate influences vegetation growth and 

dynamics (Nemani et al. 2003), but vegetation reaction to climate is often complex and 

with temporal effects (Anderegg et al. 2015). Precisely, the climatic conditions of a 

particular previous month or months could affect the vegetation growth signally, 

characterizing the time-lag effect (Wu et al., 2015 as cited in Ding et al. 2020). To test 

for lags, it is important to know the climate and vegetation composition of the region. 

For both the eastern and western sites, Ding et al. (2020) found that for temperature 

there was no time effect for the regions, but it had a one-month accumulation effect. 

Time accumulation refers to the scenario where vegetation growth is distinctly affected 

by the cumulative climate conditions of the previous month/s plus the current month 

(Vicente-Serrano et al. 2013). In terms of precipitation for the study regions, Ding et al. 

(2020), also determined a two-month lag and a one-month accumulation effect. 

 

Therefore, temperature lags were tested for the previous one month and the current 

month, and the same was done for vapor pressure deficit since it is strongly influenced 

by temperature. Precipitation lags were tested with the previous two months and current 

month data. The Spearman Rho coefficient, p-value, R2, and RMSE were also computed 

for the individual growing season month lags.  

 

 

3.3.3 Daily Analysis 

With the monthly analyses testing for correlations over relatively long-time intervals, 

the daily analyses sought to investigate the short-term variations in VOD following the 

daily alterations of temperature, precipitation, vapor pressure deficit, 

evapotranspiration, and leaf water potential. On this basis, the daily data for each year’s 

growing season was concatenated together to form a single time series for each variable 

for the entire study period.  

 

Univariate correlations with VOD were done on temperature, precipitation, vapor 

pressure deficit, evapotranspiration, and leaf water potential. The next step was to test 

for the influence of two predictors on VOD in multiple regression. The rationale behind 

this was to investigate whether two variables can/may provide better explanatory power 

to VOD than the singular correlations. So, temperature and precipitation, precipitation 

and vapor pressure deficit, temperature and vapor pressure deficit were tested in that 

fashion and order on VOD. The R2, adjusted R2, p-value, and RMSE were computed. 

What the adjusted R2 does is to determine whether adding another predictor to the 

model improves it or not.  

 

 

3.3.4 Hydraulic Strategy Analysis 

To investigate the hydraulic strategy of the different PFTs, the five PFTs (10,12, 15, 

16, and 22) used in this study were analyzed in a boxplot.  These PFTs represent the 

opposite sides of the isohydricity spectrum. PFTs 10, 12, and 15 on the right side of the 

spectrum representing conservative strategy, and PFTs 16 and 22 on the left side of the 

spectrum, representing risk-taking strategy (see figure 1). The relatively conservative 
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PFTs invest in building wood density and a resilient hydraulic regime while the 

relatively risk-taking PFTs prioritize carbon capture and thus higher leaf area. 

The absolute daily growing season leaf water potential from 2000 to 2010 for each year 

was averaged to create a singular daily time-series for each of the PFTs and study site. 

The unfiltered daily growing season leaf water potential for the five PFTs and study 

sites was plotted. However, to explore the explanatory power, PFTs 10 and 22 were 

used. The designated growing season for each study site was filtered using the moving 

mean (window width 14) and regressed against VOD. The Spearman Rho coefficient, 

p-value, R2, and RMSE are also presented. 
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4 Results 

4.1 Testing Meteorological Variables 

4.1.1 Monthly Correlations 

Table 3: Eastern site monthly growing season regression analysis. Determination of the Spearman Rho coefficient, p-value, R2, and RMSE for temperature 

(TMP), vapor pressure deficit (VPD), and precipitation (PRE) against VOD. Lags tested for TMP, VPD and PRE. Asterisks indicate significant values.  

  May June July August 

  Rho pVal R2 rmse Rho pVal R2 rmse Rho pVal R2 rmse Rho pVal R2 rmse 

TMP -0.8 * 0 * 0.72 0.07 -0.6 * 0 * 0.36 0.07 -0.6 * 0.002 * 0.32 0.06 -0.8 * 0 * 0.71 0.05 

Lag -0.6 * 0 * 0.51 0.1 -0.3 0.1 0.23 0.1 -0.6 * 0.004 * 0.27 0.06 -0.8 * 0 * 0.77 0.04 

VPD -0.3 0.2 0.17 0.1 0.1 0.06 0.09 0.1 0.1 0.7 0.19 0.06 0.3 0.2 0.4 0.08 

Lag -0.4 0.1 0.28 0.1 0.04 0.8 0.1 0.1 0.1 0.7 0.35 0.06 0.5 * 0.01 * 0.32 0.08 

PRE 0.1 0.6 0.24 0.1 0.1 1 0.05 0.1 0.2 0.4 0.1 0.07 0.5 * 0 * 0.34 0.08 

Lag -0.2 0.3 0.15 0.1 0.1 0.6 0.28 0.07 0.2 0.5 0.05 0.07 0.5 * 0 * 0.38 0.08 

 

In Table 3, the results of the monthly growing season correlations for the eastern site are presented. For temperature, the Spearman rho coefficient 

for May (-0.8) indicates a negative monotonic relationship (p<0.01) between VOD and temperature for May, whereby an increase in temperature 

results in a decrease in VOD and vice versa. The R2 of 0.72 also implies that 72% of the variation in May VOD can be attributed to variation in 

May temperature. June and July VOD also have a negative monotonic relationship with their corresponding temperatures and is also statistically 

significant as evidenced by the p-values of both months. However, June and July have relatively weaker R2 of 0.36 and 0.32, respectively. In 

August as well there is evidence of a negative relationship (p<0.01) supported by an R2 of 0.71. Temperature lags for the previous and current 

months could not provide comparatively a better explanatory power to VOD than the original months. Except in August where the R2 (0.77) shows 

a stronger explanatory power relative to the R2 of the original month.  

For VOD and vapor pressure deficit, the relationships are non-significant for all original months, including the lags except for August. In August-

lag the vapor pressure deficit provides a significant (p≤0.01) and relatively stronger relationship with VOD.  



15 
 

Original months and lag months precipitation coefficients for May, June, and July are all insignificant (p>0.05). However, in August both the 

original and lag correlations are significant and show a positive relationship with VOD. A positive monotonic relationship here implies that an 

increase in precipitation will potentially cause an increase in VOD. 

 
Table 4: Western site monthly growing season regression analysis. Determination of the Spearman Rho coefficient, p-value, R2, and RMSE for temperature 

(TMP), vapor pressure deficit (VPD), and precipitation (PRE) against VOD. Lags tested for TMP, VPD and PRE. Asterisks indicate significant values. 

  July August September 

  Rho pVal R2 rmse Rho pVal R2 rmse Rho pVal R2 rmse 

TMP -0.5 * 0.02 * 0.27 0.04 -0.3 0.2 0.16 0.05 0.4 * 0.04 * 0.15 0.07 

Lag -0.5 * 0.03 * 0.3 0.04 -0.2 0.3 0.1 0.05 0.2 0.3 0.1 0.07 

VPD 0.2 0.5 0.05 0.05 0.3 0.2 0.15 0.05 -0.1 0.7 0.21 0.06 

Lag 0.3 0.1 0.16 0.05 0.1 0.7 0.02 0.06 0.1 0.8 0.19 0.06 

PRE 0.05 0.8 0.14 0.05 0.2 0.4 0.27 0.05 -0.5 * 0.01 * 0.34 0.06 

Lag 0.4 0.1 0.21 0.04 -0.2 0.5 0.02 0.06 -0.2 0.4 0.1 0.07 

 

The results of the monthly growing season correlations for the western site are presented in Table 4. For temperature, there is evidence of a negative 

monotonic relationship (p = 0.02) in July and the reverse in September (p = 0.04). In August, however, the relationship is nonsignificant. Except 

for July, temperature lags for the previous and current months relatively did not provide better explanatory power to VOD as they are all 

nonsignificant. 

 

In the western site, there is no relationship between VOD and vapor pressure deficit for all three months (p>0.05). The same holds for the lags as 

well. For precipitation as well there is statistical insignificance across all months apart from September. September precipitation has a negative 

relationship with VOD (p≤0.01) and an R2 of 0.34. In testing precipitation lags, all three months gave statistical insignificance. 
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4.1.2 Daily Correlations 

Table 5: Eastern site daily growing season correlation analysis. Univariate and multiple 

linear regression of temperature (TMP), precipitation (PRE), vapor pressure deficit (VPD), 

plant evapotranspiration (ET), and leaf water potential (LWP). Spearman rho coefficient, R2, 

adjusted R2, and p-values. Asterisks indicate significant values. 

Univariate Rho R2 pVal 

TMP -0.23 * 0.06 0 * 

VPD 0.1 * 0.01 0 * 

PRE -0.07 * 0.01 0.001 

Multiple Linear Regression R2 Adj R2 pVal 

TMP Vs PRE 0.06 * 0.1 0 * 

PRE Vs VPD  0.029 * 0.03 0 * 

TMP Vs VPD 0.06 * 0.06 0 * 

 

In Table 5, the results of the daily growing season univariate and multiple linear 

regressions for the eastern study area are presented. The univariate and multiple linear 

correlations of temperature, vapor pressure deficit, and precipitation all show statistical 

significance but have very weak R2’s, hence little explanatory power. For the univariate, 

temperature and precipitation have a negative relationship with VOD while vapor 

pressure deficit has a positive relationship with VOD. The multiple linear regressions 

did not lead to an increase in explanatory power over the best univariate regression as 

both the R2 and adjusted R2 are very weak in all three combinations of temperature, 

vapor pressure deficit, and precipitation.  

 

The western study area results for both the univariate and multiple linear regression 

show no statistical significance for all variables and combinations (see appendix S1).  
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4.2 Testing Simulated Evapotranspiration and Leaf water potential 

Table 6: Eastern site monthly and daily growing season regression analysis. Determination of the Spearman Rho coefficient, p-value, R2, and RMSE for 

evapotranspiration (ET), and leaf water potential (LWP) against VOD. Asterisks indicate significant values. 

  May June July August 

Monthly Rho pVal R2 rmse Rho pVal R2 rmse Rho pVal R2 rmse Rho pVal R2 rmse 

ET -0.6 * 0.005 * 0.45 0.1 -0.6 * 0.004 * 0.26 0.07 -0.6 * 0.001 * 0.56 0.05 -0.7 * 0.0001 * 0.58 0.06 

LWP 0.2 0.4 0.06 0.1 0.1 0.8 0.1 0.1 -0.1 0.7 0.03 0.07 0.5 0 0.26 0.08 

Daily Rho R2 pVal     

ET 0.01 0 0.5         

LWP 0.044 0.004 0.03     

 

In Table 6 evapotranspiration shows a statistically significant (p<0.01) and negative monotonic relationship with VOD for all months at the eastern 

site. The strongest relationship is however seen in August with a Rho coefficient of -0.7 and an R2 of 0.58.  

However, leaf water potential is nonsignificant across all months except August, where there is an indication of a positive relationship with VOD 

but a rather weak R2 of 0.26.  

The daily correlation of leaf water potential shows statistical significance but has a very weak R2, hence little explanatory power. Daily 

evapotranspiration on the other hand shows no significance with daily VOD. Overall, no relationship is seen in the short term. 
 

 

Table 7: Western site monthly and daily growing season regression analysis. Determination of the Spearman Rho coefficient, p-value, R2, and RMSE for 

evapotranspiration (ET), and leaf water potential (LWP) against VOD. Asterisks indicate significant values. 

  July August September 

 Monthly Rho pVal R2 rmse Rho pVal R2 rmse Rho pVal R2 rmse 

ET 0.3 0.2 0.11 0.05 -0.1 0.7 0.2 0.05 -0.4 0.03 0.28 0.06 

LWP 0.3 0.2 0.1 0.05 0.2 0.3 0.24 0.05 -0.2 0.3 0.19 0.06 

Daily Rho R2       pVal 

ET 0.1 * 0.01 0.004 * 

LWP 0.003 0 0.9 
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Looking at Table 7, plant evapotranspiration shows a negative relationship with VOD 

in September (p = 0.03) but remains nonsignificant in both July and August. Even so, 

September has a weak R2 of 0.28 which implies that only 28% of the variation in 

September VOD is explained by variations in its corresponding evapotranspiration. 

Leaf water potential, on the other hand, displays statistical insignificance (p>0.05) 

across all months compounded by very weak R2. In the daily correlations, despite 

statistical significance for evapotranspiration, it has a weak explanatory power to VOD 

evidenced by a Spearman rho coefficient of 0.1 and R2 of 0.01. 

 

4.3 Testing PFT Hydraulic Strategy 

  

Figure 3: Boxplot showing eastern site growing season leaf water potential for the five plant functional 

types used in this study, namely PFT 10, 12, 15, 16, and 22.    

PFTs 10, 12, and 15 falls on the conservative spectrum of the isohydricity spectrum 

while PFTs 16 and 22 belong to the risk-taking side. At the eastern site, Figure 3 shows 

that PFTs 10, 12, and 15 show a relatively less variable leaf water potential throughout 

the growing season as compared to PFT 16 and 22. However, PFT 12 displays the most 

uniform leaf water potential throughout the growing season which is almost constant. 
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Figure 4: Boxplot showing western site growing season leaf water potential for the five plant functional 

types used in this study, namely PFT 10, 12, 15, 16, and 22.    

 

At the western site, Figure 4 indicates that PFTs 16, and 22 have a relatively less 

variable (or almost identical) leaf water potential throughout the growing season as 

compared to PFT 10, 12, and 15. However, PFT 10, 12, and 15 show a variable leaf 

water potential where a greater portion of the datasets falls below the median. The 

longer whiskers at the bottom sides of the plots indicate more variation in leaf water 

potential at relatively very negative levels.  

 

 

Figure 5: Scatterplots comparing the regression coefficients of the relatively conservative PFT 10 and 

the relatively risk-taking PFT 22 for the eastern (top – a and b) and western site (bottom – c and d). a) 

and c) represents PFT 10 and b) and d) stands for PFT 22. 

 

In Figure 5, all four plots show no statistical significance and hence the absence of 

distinction between the explanatory powers of the two PFTs.  

 

a b 

c d 
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5 Discussion 

5.1 To what extent can temporal variability in VOD over broadleaf forests be 

explained by meteorological variables?  

 

5.1.1 Temperature 

Amongst the three meteorological variables tested, temperature appears to have the 

strongest relationship with VOD for both study sites. At the Eastern site, model results 

indicate a negative relationship between temperature and VOD for both the monthly 

and daily correlations. However, the relationship for the growing season months shows 

a stronger negative correlation for May and August but a comparatively weaker 

negative correlation for June and July. This may be due to the change in average 

temperature and precipitation between the growing season months and its effects on the 

photosynthetic optima of the tree species. Breshears et al. (2005) posit that when 

elevated temperatures accompany drought, it affects the photosynthetic optima causing 

a reduction in photosynthesis and impacting both electron transport and rubisco activity 

(Berry and Bjorkman, 1980; Sage and Kubien, 2007 as cited in McDowell et al. 2008). 

The average temperature for May, June, July, and August is 15, 20, 22, and 22 °C 

respectively (see S4), while total monthly precipitation is 90, 88, 93, and 76 mm (S5). 

The strong relationship in May is deemed to be rising from the first half of May (1st to 

14th) which has an average temperature of 14 °C and total precipitation of 53 mm. 

Comparing these values to the second half of May (16 °C and 93 mm respectively), the 

significantly low precipitation in the first half amidst rising temperature is considered 

responsible for amplifying the temperature effect in the second half.  

Despite the consistent rise in temperature (May - July), June and July tend to have a 

weaker relationship with VOD which can be attributed to the abundance in precipitation 

weakening the influence of temperature on VOD for both months. In August, however, 

consistently high temperatures coupled with a significant decline in precipitation boosts 

the relationship between temperature and VOD. It is theorized that this is probably due 

to the triggering of the hydraulic apparatus of the tree to close its stomata to avoid water 

loss which in turn diminishes the tree’s carbon assimilation. According to Kolb and 

Sperry (1999), rising temperature coupled with declining precipitation initiates drought 

which may decrease photosynthesis by mechanisms such as loss of leaf turgor and leaf 

shedding (Tyree et al 1993 as cited in McDowell et al. 2008) which may invariably 

cause a decline in VOD. In terms of lags, only August provided an improved 

explanatory power looking at the R2. This is quite expected as it combines the higher 

temperatures of July to that of August which is also high. This further goes to show 

how rising temperature negatively impacts VOD.  

 

In the western site, the temperature relationship with VOD is only seen in July and 

September. In September however, a positive relationship is seen which is counter-

intuitive. The average temperature for July, August, and September is 16.5, 15, and 11 

°C (see S6) respectively and total precipitation is 27, 32, and 28 mm (S7). Once again 

considering the temperature and precipitation changes, it seems the negative 

relationship in July is caused by higher temperatures (16.5 °C) and low precipitation 

(27 mm) which induces stress on trees and decreases VOD (McDowell et al. 2008). 

September on the other hand has a considerably lower temperature coupled with a 

higher precipitation level which implies little evaporative demand on tree leaves. As 
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seen in the eastern site, an abundance of precipitation reduces the temperature effect 

and thus positively impacting VOD. In checking the lags, only July provided a 

significant and improved explanatory power to VOD, and this can largely be attributed 

to the carry-over effect of the higher temperatures (13 °C) and very little precipitation 

(17 mm) in June compounding the effects of the current month.  

 

5.1.2 Vapor pressure deficit 

The monthly vapor pressure deficit for the eastern and western sites shows no statistical 

significance with VOD for each of the months except for August lag at the eastern site, 

but the relationship is positive. Moreover, analyzing the short-term variations for the 

eastern site (table 5), the daily correlations for vapor pressure deficit and VOD also 

show a positive but weak explanatory power. This positive and weak relationship is 

unexpected as higher vapor pressure deficit is known to be associated with higher 

temperatures and decreased hydraulic conductance (Zhang et al. 2017) which reduces 

water supply to the leaves, thereby affecting VOD negatively (McDowell et al. 2008). 

This is especially perplexing when August has already been established to have reduced 

precipitation and sustained higher temperatures. But in hindsight, the August lag for the 

Eastern site combines the vapor pressure deficit of the previous month (July) which 

received copious precipitation (93mm) and thus is moisture laden. Critical scrutiny at 

the relationship between the meteorological variables at the eastern site indicates that, 

vapor pressure deficit is primarily controlled by precipitation and not temperature (see 

appendix - S2 and S3). Therefore, this may be the reason why a positive relationship is 

seen in August lag as well as the daily correlations at the Eastern site.  

 

5.1.3 Precipitation 

A statistically significant relationship between precipitation and VOD is only seen in 

August and September for the eastern and western sites, respectively. Although the 

short-term daily correlation for the eastern site shows significance, the Rho and R2 

values have little explanatory power and thus no causal relationship can be drawn from 

it.  

August precipitation and lag at the eastern site have a positive relationship with VOD 

which conforms with our hypothesis and existing literature. Precipitation promotes 

vegetation growth by aiding higher evapotranspiration which leads to a higher water 

load in the atmosphere (higher relative humidity) and thus lowering atmospheric water 

demand (Shaw et al. 2000; Breshears et al. 2005; Macalady and Bugman 2014 as cited 

in Meddens et al. 2015) and in turn stimulates leaf turgidity which directly increases 

VOD. On the other hand, the largely nonexistent relationship between precipitation and 

VOD at the eastern site (May, June, and July) is attributed to the area being so wet that 

more precipitation does not affect it (Momen et al. 2017). Conversely, it is postulated 

that the western site is consistently so dry that it is always water limited. September 

however has a negative relationship with VOD which is counter-intuitive but seems to 

be caused by an early leaf drop signal (see S8) due to the beginning of autumn. As 

autumn starts, precipitation will undoubtedly relate negatively to VOD due to the 

combined effects of leaf drying (loss of turgor) and falling.  

 

Apart from the sites being too wet or too dry, other ecosystem factors such as increased 

canopy interception, the presence of epiphytes, the bark texture and architecture of 

stems and trunks, and the rooting depth can enhance, mostly delay or reduce the effects 

of precipitation (Chapin III et al. 2011). 
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Canopy interception accounts for 10 to 20 % of precipitation in closed-canopy 

ecosystems and refers to the portion of precipitation that does not reach the ground 

(Bonan 2008). The ability of the canopy to intercept and store water depends on the 

canopy surface area. With the study area species being broadleaves with wide leaf areas, 

it is a possibility that canopy interception could be increasing VOD directly after 

rainfall events (before the water on the leaves and stems evaporate) while reducing the 

impacts of precipitation on VOD on a longer timescale (weeks to months), by limiting 

the amount of water which reaches the soil and is therefore available for root uptake. 

Chapin III et al. (2011) noted that a proportion of precipitation evaporates and returns 

directly to the atmosphere without reaching the soil through the mechanisms of canopy 

interception, especially after a light rain. 

 

Epiphytes which are rooted in the canopy are angiosperms that grow on other plants 

and derive their moisture and nutrient from them. The presence of epiphytes increases 

canopy interception as that is their source of water supply and factors such as epiphyte 

load and stand age may pose a far greater influence on canopy interception (Chapin III 

et al. 2011) by reducing the water that reaches the soil and thus the water the tree 

receives.  

 

Moreover, Waring and Running (2007) explain that the texture of the bark of the tree, 

as well as the structure of the stems and trunks, also dictates the amount and direction 

of stemflow whereby trees with smoother barks (12 % of precipitation) have more 

stemflow and hence more water reaching the soil than trees with rough or textured backs 

(2% of precipitation).  

 

The rooting depth of tree species has key ecosystem repercussions because it determines 

the soil volume that is exploited by vegetation. Specie-specific differences in rooting 

depth determine the variability in water supply and drought stress. Temperate deciduous 

species have been found to have relatively shallower vertical rooting depth (below 5 

meters) as compared to conifers (Chapin III et al. 2011). 

 

From the above analysis, it is suggested that the greater lack of correlation between 

VOD and precipitation could be a mixture of interacting factors ranging from the 

wetness or dryness of the area to the physiological traits of the tree species under study.    

 

5. 2 Does a process-based simulation of evapotranspiration and leaf water 

potential provide a better explanation of VOD than raw meteorological 

variables?  

 

5.2.1 Evapotranspiration   

To answer the second research question, the following was discovered. On a longer 

timescale (monthly) evapotranspiration is determined to relate strongly with VOD but 

less robustly than the temperature at the eastern site, but does not influence on a shorter 

timescale (daily). Meanwhile, at the western site, evapotranspiration has a relationship 

with VOD only in September with little to no explanatory power on a shorter timescale. 

Therefore, the simulated variables do not provide added skill over the raw 

meteorological variables (mostly temperature). This may be because there is no 

relationship in reality or because the model does not simulate these well, or there is a 

scale mismatch.    
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The rate of plant evapotranspiration, as well as the direction of influence, is dependent 

on the vegetation growth stage, its characteristics, and soil moisture levels (Wang et al. 

2012; Zhang et al. 2015; Pei et al. 2017; Liu et al. 2019). The inverse relationship 

between evapotranspiration and VOD at both sites conflicts with literature because, in 

the growing season, rising temperature and precipitation promote vegetation growth 

and density and cause increases in evapotranspiration levels (Kramer et al. 2015; Zhang 

et al. 2015; Pei et al. 2017). Thus, increasing vegetation growth, causes VOD levels to 

rise which should theoretically induce more evapotranspiration, leading to a positive 

relationship. But a negative relationship is rather evident and prompted a look at the 

relationship between precipitation and evapotranspiration at each site.  

 

 
Figure 6: Daily precipitation against evapotranspiration. The axes are normalized to the mean of zero. 

Plot (a) for the eastern site and plot (b) for the western site. 

 

Figure 6 shows that at the eastern site there is a very strong negative relationship 

between precipitation and evapotranspiration as well as the western site. In looking at 

the factors that might cause such a relationship, water is indeed needed for 

evapotranspiration to occur, but high evapotranspiration also requires high demand 

from the atmosphere (i.e., low vapor pressure deficit). Rainy conditions are cloudy, with 

low insolation and high relative humidity and therefore a high vapor pressure deficit. 

So, rain might promote evapotranspiration in the medium to long term but reduce it in 

the short term (as shown in figure 6). Overall, the relationship between precipitation 

and evapotranspiration is complex and governed by several aspects ranging from the 

magnitude of atmospheric demand to the availability of water, and stomatal 

conductance, amongst others (Wang et al. 2012; Zhang et al. 2015; Pei et al. 2017; Liu 

et al. 2019). It is deemed that the experimental LPJ-GUESS model being used here is 

deficient in capturing the dynamics of evapotranspiration at the study regions, however, 

in both sites a complex relationship over time is likely. Probable areas of additional 

inquiries are the annual variation of evapotranspiration, the differences between wet 

and dry periods, the dynamics at each plant developmental stage as well as the ability 

of the soil to store water.  Further probe on evapotranspiration is therefore needed to 

gain an in-depth understanding of the dynamics and controls at each site. 
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5.2.2 Leaf water potential  

In answering the ability of leaf water potential to provide a better explanation to VOD, 

it performed unsatisfactorily. At the eastern site (table 6), a significant relationship is 

only seen in August meanwhile the daily correlation provides statistical significance 

but holds a negligible explanatory power. The western site however has no relationship 

with VOD across all three growing season months (table 7) as well as the daily 

correlations. 

 

Even though both evapotranspiration and leaf water potential combine the demand and 

supply aspect of water dynamics, leaf water potential is considered a strong predictor 

of VOD, because it relates more closely to the hydraulic status of plant species and is 

strongly connected to stomatal closure and xylem embolism (Jarvis, 1976; Sperry and 

Tyree 1988 as cited in Momen et al. 2017) which characterizes the hydraulic strategies of 

species. Leaf water potential is influenced by evapotranspiration and the physiological 

mechanisms trees adopt to avoid exceeding critical limits of evapotranspiration. At 

higher temperatures, evapotranspiration levels rise, generating tension that sucks up 

water from the soil to the crown to replenish lost water and photosynthesize and hydrate 

plant tissues. Thus, evapotranspiration creates a tension difference between the leaf 

(leaf water potential) and the soil (soil water potential) regulated by the leaf hydraulic 

conductance (McDowell et al. 2008). To avoid reaching the upper limit of 

evapotranspiration (which is species-specific), isohydric species will regulate their 

stomates accordingly, but also face reductions in carbon assimilation causing carbon 

starvation. Anisohydric species on the other hand do not subvert evapotranspiration 

from rising excessively, it reaches critical limits which causes a fall in hydraulic 

conductance due to air entering the xylem conduit. This causes embolism which halts 

water movement and may lead to hydraulic failure. 

 

In August at the eastern site, a relationship becomes apparent as temperature rises and 

precipitation falls, triggering the plant senses to regulate stomatal conductance to avert 

excessive water loss and cavitation as it becomes relatively drier. This indicates a more 

relatively isohydric strategy which is absent in May, June, and July due to abundant 

precipitation and relatively cooler temperatures.  

 

In contrast to the strong relationship found between VOD and leaf water potential in 

Momen et al. (2017), no relationship could be found here. This might be due to model 

deficiencies in modeling leaf water potential since Momen et al. (2007) used an 

observational leaf water potential dataset. Moreover, they used predawn leaf water 

potential while this study used midday leaf water potential. What has not been proven 

here is the capability of the model to simulate efficiently leaf water potential (which 

good correlations would have supported). But as explained above, the lack of a 

correlation can be more multiple reasons, which requires more work such as the 

incorporation and parameterizing of more defining environmental, physiological, and 

biological traits into the model to refine outputs as well as testing different processing 

and analysis techniques. 
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5.3 Is the explanatory power affected by the hydraulic strategy of the simulated 

vegetation? 

 

In response to the third research question, a clear link could not be established between 

the hydraulic strategy of the simulated vegetation and its explanatory power. This is 

because, at the eastern site, both PFTs 10 and PFT 22 (figure 5) have almost the same 

Rho and R2 values. However, the absolute leaf water potential values of the relatively 

conservative PFTs 10, 12, and 15 show a less variable leaf water potential throughout 

the growing season as compared to the relatively risk-taking PFTs of 16 and 22 (figure 

3). In terms of displaying plant strategy, PFT 12 shows the most isohydric behavior, 

followed by PFT 10 because they vary much less and are very uniform. PFTs 16 and 

22 on the other hand, show a comparatively wider range of leaf water potentials across 

the growing season and this is cognizant of anisohydric species. However, the 

difference in the absolute values is unexpected because relatively isohydric species 

regulate stomatal conductance to prevent leaf water potential from falling, while 

relatively anisohydric species maintain higher stomatal conductance effectively 

allowing leaf water potential to fall (lower than isohydric) with declining soil water 

potential (Momen et al. 2017). Therefore, this is probably due to the model default 

measurement as PFTs 16 and 22 might not exist in the study grid cells.   

 

On the other hand, the western site seems to show some level of contrast between PFT 

10 and PFT 22 (see figure 5), but the relationship is nonsignificant and thus may be 

purely coincidental. In figure 4, a clear pattern cannot be established amongst the five 

PFTs as the variations are identical, but the absolute values again suggest the probable 

nonexistence of PFTs 16 and 22 in the grid cells as they are too high (thus model default 

measurements).  

  

In comparing the eastern and western plots and distribution, the western site has more 

variation and spread as compared to the eastern site and this is thought to be a result of 

the moisture differences between the two sites. Eastern is moisture-laden and thus stress 

is less daunting while the western site is relatively drier and moisture deficient. It is 

asserted that due to the abundant moisture content at the eastern site, the specie specific 

hydraulic strategy does not stand out as the trees are not stressed for water (Konings 

and Gentine 2017). Conversely, the drier condition of the western site induces more 

variation and activates the different hydraulic strategies of the tree species and that is 

why some level of distinction is seen here, but the results are not clear enough to support 

a definitive conclusion. 

 

5.4 Limitations 

One of the key limitations of this study is mixed grid cells, as it was nearly impossible 

to obtain grid cells with 100% deciduous broadleaf coverage in the observations. This 

reduces the accuracy of the analysis performed against such VOD signals considering 

conifers have not yet been parameterized in the experimental version of the LPJ-

GUESS model used in this study. Even so, the western site was most affected with more 

influence from needleleaf and permanently frozen grounds (ice). Another key issue is 

the gaps that came with the VOD data and the method used in filling those gaps. A 

simple data filling method was used where the missing value of one day was replaced 

with that of the previous day. Although this is supported by literature (Moesinger et al. 

2020) it can very much wipe out informative daily variations. Again, the lack of 
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complete knowledge about the specific type, characteristics, and distribution of plant 

species or land cover for that matter in each sampled grid cell poses a restraint on the 

depth of discussion or associations that can be made with the results. Similarly, 

knowledge about the physical environment in which the grid cell exists such as the 

topography, soil type, depth, and texture could have helped in a stronger 

disentanglement of the controls on VOD. As McDowell et al. (2008) noted that fine-

textured soils have lower hydraulic conductance relative to coarse-textured soils which 

affect evapotranspiration rates. Deep soils are also found to store winter precipitation 

for later use in summer whereas shallow soils lose winter precipitation to runoff due to 

lack of such storage capabilities (Flint and Flint 2012b as cited in van Mantgem et al. 

2013). As always with more time, several combinations of associations and lags could 

have been tested and more factors could have been investigated.    

   

6 Conclusions 

Vegetation optical depth is increasingly being used in vegetation studies ranging from 

phenological to tree mortality studies due to its global coverage and accessibility. To 

evaluate VOD, this research used climatic variables and chiefly a process-based 

simulation of evapotranspiration and leaf water potential by the experimental version 

of LPJ-GUESS. Climate model results indicate a stronger influence of temperature on 

VOD, followed by precipitation and then vapor pressure deficit. More often a combined 

influence of temperature and precipitation was seen. Process-based simulation of 

evapotranspiration and leaf water potential could not provide a relatively better 

correlation with VOD despite being more directly linked to plant water dynamics and 

this is linked to model deficiencies. Nonetheless, evapotranspiration performed better 

in comparison to leaf water potential. In dissecting the explanatory power of the 

simulated vegetation, some level of variation exists between the PFTs, but no definitive 

patterns could be deduced from it. At the eastern site though, August consistently had 

statistical significance, and this is thought to be due to the advancement in the growing 

season where the temperature is relatively higher and precipitation lower, inducing tree 

stress.   

 

Analyses of the results show that VOD signals may be simple but the mechanisms that 

lead to the turgidity or wilting of tree structures are very complex. So much so that, a 

single variable or mechanism could not suffice satisfactorily in representing the VOD 

signals and thus tree mortality. Factors such as tree density, tree size, basal area, patch 

structure, genotype, slope, terrain, presence of pathogens such as bark beetles all play 

a role. So consequently, a deep understanding of what controls exist in what location 

and how they interact is key in dissecting VOD signals, understanding mortality, and 

parameterizing ecosystem models for better reproduction and forecasting of mortality 

scenarios.  

 

Future studies should aim to replicate the study in a smaller domain and timescale, 

where extensive information about the location is known, including the kind of controls 

that exist and how they interrelate. Apart from looking at the controls, future research 

should also examine critically the relationship between evapotranspiration and VOD as 

the results of this study (at the eastern site) indicates that it has a great potential of 

explaining variations in VOD.  
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8 Appendix 

Table S1: Western site daily growing season correlation analysis. Univariate and multiple 

linear regression of temperature (TMP), precipitation (PRE), and vapor pressure deficit 

(VPD). Spearman rho coefficient, R2 adjusted R2, and p-values. Asterisks indicate significant 

values.  

Univariate Rho R2 pVal 

TMP 0.002 0.001 0.9 

VPD -0.002 0.004 0.9 

PRE -0.0004 0.001 1 

Multiple Linear Regression R2 Adj R2 pVal 

TMP Vs PRE 0.001 0.000 0.6 

PRE Vs VPD  0.00 0.00 0.6 

TMP Vs VPD 0.002 0.001 0.1 

 

 

 

 
Figure S2: Eastern site, precipitation against vapor pressure deficit. Testing the influence of 

predictor variables against each other. Thus, the level of influence precipitation has on vapor 

pressure deficit levels at the eastern site. 
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Figure S3: Eastern site, temperature against vapor pressure deficit. Testing the influence of 

predictor variables against each other. Thus, the level of influence temperature has on vapor 

pressure deficit levels at the eastern site. 

 

 

 

 

 
Figure S4: Eastern site, temperature variation across the months of the year (°C). Data 

retrieved from the Global Land Data Assimilation System (GLDAS, 2021). 
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Figure S5: Eastern site, precipitation variation across the months of the year (in millimeters). 

Data retrieved from the Global Land Data Assimilation System (GLDAS, 2021). 

 

 

 
 

 

  

 

 
Figure S6: Western site, temperature variation across the months of the year (°C). Data 

retrieved from the Global Land Data Assimilation System (GLDAS, 2021). 
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Figure S7: Western site, precipitation variation across the months of the year (in millimeters). 

Data retrieved from the Global Land Data Assimilation System (GLDAS, 2021). 

  

 

 
 

 
Figure S8: Western site, daily growing season VOD from July to September (1988-2010). 

This is to show evidence of declining VOD levels at the western site in September. 
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