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ABSTRACT 

Eddy covariance data collected above land surfaces provide direct measurements of 

evapotranspiration (ET), the sum of all evaporative processes over a particular land cover 

including transpiration, soil evaporation, and wet canopy evaporation, and a limited number of 

assessments of these data in tropical forests have been carried out. Evaluation of eddy 

covariance data is regularly conducted by assessing the energy balance, including radiation 

exchange measured above the vegetation and heat storage in the vegetation, soil, and the 

column of air below the eddy covariance sensors.  In a native Hawaiian tropical montane forest 

(Nahuku)  and a nearby forest (‘Ōla‘a) that has been partially invaded by strawberry guava 

(Psidium cattleianum), vertical and radial distribution of all biomass components were evaluated 

from detailed stand surveys, biomass samples, allometric relationships, wood density, fresh to 

dry weight ratios of plant materials, and temperature measurements of stem biomass. Eddy 

covariance data were analyzed at the two sites in Hawai‘i Volcanoes National Park, Hawai‘i, for a 

34 month period to evaluate the importance of biomass and air heat storage to the energy 

balance and determine site specific energy closure characteristics. Total fresh biomass was 

estimated to be 69.8 ± 11.7 kg m-2 and 75.9 ± 16.6 kg   m-2 at Nahuku and ‘Ōla‘a, respectively, 

and the contribution of separate biomass components to energy closure were evaluated in 

detail. Despite statistically similar fresh biomass between stands, energy storage was found to 

be significantly greater at the forest site with P. cattleianum tree invasion (‘Ōla‘a) than at the 

native Metrosideros polymorpha forest stand (Nahuku). The difference was attributed to a 

higher proportion of smaller stems at ‘Ōla‘a, absorbing and releasing more heat for a given 

mass. Inclusion of biomass and air heat storage in the energy balance improved the relative 

energy closure (Ω), the slope of the linear regression (forced through the origin) of the sum of 

latent and sensible heat fluxes measured above the canopies for each 30-minute period from 

0.767 to 0.805 at Nahuku and from 0.918 to 0.997 at ‘Ōla‘a. The mean absolute energy 

imbalance (EIABS), the mean of the differences between the available energy and the sum of 

latent and sensible heat fluxes for each 30 minute interval for a binned group of values, was also 

reduced for most parts of the diurnal cycle. These results indicate that it is necessary to include 

heat storage in energy balance investigations to reduce error in energy balance adjustments of 

ET.  However, it was found that the relative energy closure is not constant over all 

environmental conditions and has complex relationships with friction velocity, atmospheric 
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stability, and time of day. Therefore, energy closure adjustments to ET estimates should 

consider environmentally controlled variation in the relative and absolute energy closure in 

order to reduce error in estimates of land-atmosphere gas exchange. Furthermore, including all 

significant heat storage terms does not close the energy balance at the native forest site, which 

is likely due to additional site specific factors influencing the characteristics of turbulent flows 

over the surface.  
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CHAPTER 1.  INTRODUCTION 

 

1.1  Energy Closure at Eddy Covariance Sites 

 

Closing the energy balance over vegetated surfaces is a fundamental goal in studies that seek to 

measure ecosystem energy, water, and carbon exchange using the eddy covariance method. 

While eddy covariance measurements are commonly used for assessment of net ecosystem 

carbon exchange, global and regional water budgets gain valuable insight from direct 

measurements of vertical latent and sensible heat flux densities over vegetated surfaces 

because evapotranspiration (ET) estimates can be integrated over representative land cover 

types (Scott, 2010; Barr et al., 2011). Additionally, high temporal resolution measurements allow 

environmental controls on ecosystem processes to be investigated (Wilson and Baldocchi, 2000; 

Giambelluca et al.,2009; Kume et al., 2011). Land surface models of water and carbon exchange 

between the surface and the atmosphere depend on reliable landscape-scale validation to test 

simulations of regional and global scale climate models (Nagler et al., 2005; Reichstein et al., 

2007; Jung et al., 2011), and regional networks of flux stations have been assembled for this 

purpose (ie. Ameriflux, Euroflux, Asiaflux, etc.), with an estimated 500 stations operated globally 

(Sulkava et al., 2011). Because sum of measured sensible and latent heat fluxes is usually less 

than the available energy (see discussion below), eddy covariance data is subject to scrutiny 

regarding the magnitude and sources of this discrepancy in the energy balance. Evaluation of 

eddy covariance data is routinely conducted by assessing the energy balance, including radiation 

exchange and storage of heat in vegetation and soil to assess the consistency of direct 

measurements of ET. However, the importance of evaluating heat storage as part of the energy 

balance closure process is not clearly known and the methods of doing so are not clearly 

defined. 

The overall objective of this study is to determine, for two study sites, the effects of 

including biomass and air layer heat storage on the energy closure. This study also proposes and 

implements methods for determination of heat storage terms in the surface energy balance, 

and evaluates of the comparative contribution of various components of the biomass. The 

hypothesis is that inclusion of heat storage terms at 30 minute intervals will temporally align 

radiation measurements with direct measurements of fluxes through the diurnal course, 

reducing the magnitude of this discrepancy, thereby improving energy closure. 
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1.2. Energy Closure at Eddy Covariance Sites 

 

The energy balance for an area of the earth’s surface can be described as: 

 

                      [1]  

 

where RNET is the net radiant flux density measured above the canopy, LE is the latent energy 

flux, H is the sensible heat flux, G is the soil heat flux, QS is the heat storage flux in the layer of 

soil above the heat flux plates, QB is heat storage flux of above-ground fresh biomass, and QA is 

the combined sensible and latent storage flux (QH and QLE, respectively) in the air space beneath 

the eddy covariance sensors. The units for all terms are in W m-2. Energy used for 

photosynthesis is assumed to be very small, and has been found to be less than 1 % relative to 

net radiation  in tropical forests (Malhi et al., 2002) and other C3 plant canopies (Zhu et al., 

2012) , and will be omitted in this study.  

Eddy covariance measurements of LE and H can be evaluated using the energy balance. 

Equation 1 is rearranged to set the available energy equal to the turbulent fluxes measured 

above the canopy: 

 

                      [2] 

 

The relative energy closure (Ω) is evaluated as the slope of the simple linear regression of the 

right side vs. the left side of Equation 2 with turbulent fluxes at 30 minute intervals measured 

above the forest canopy (LE + H) on the y-axis. The regression is often forced through the origin 

to give the relationship in the form of one coefficient, analogous to a ratio of the y variable to 

the x variable. Values of Ω equal to one represent 1:1 energy closure (with some degree of 

variance in 30-minute values), while values of Ω less than one, on average, represent an energy 

closure deficit. Values of Ω greater than 1, while uncommon (Wilson et al., 2002), represent an 

energy surplus, meaning the measured turbulent fluxes are on average higher than net radiation 

and heat storage.   

Measurements over vegetated surfaces typically display negative bias in energy balance 

using the eddy covariance method, i.e. the sum of measurements LE and H is usually less than 

the measured available energy on the order of 10–30 % (Wilson et al., 2002; Barr et al., 2006; 
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Hendricks Franssen et al., 2010). Assessments of measurements from across FLUXNET (Baldocchi 

et al., 2001) sites have highlighted the need for continued research concerning systematic and 

random error (Billesbach, 2011) and effects of apparent intrinsic lack of energy closure on ET 

and CO2 fluxes. Errors associated with eddy covariance data collection are numerous (Massman 

and Lee, 2002). Many sources of error can be minimized during installation and operation of 

meteorological towers and sensors (Lee et al., 2004). Poorly calibrated meteorological sensors 

are a major concern regarding bias in the data, although this can be avoided by use of high 

quality sensors and timely maintenance and calibration. Divergence between radiation 

measurements from a meteorological tower and the radiation exchange of the spatially variable 

upwind area contributing to flux measurements can be minimized by carefully choosing a 

representative site for the meteorological tower location, and removing data when the wind 

direction is not from the target area. Removal of unreliable data when eddy covariance sensors 

are wet or for other reasons when the data may be unreliable may cause error in temporally 

integrated fluxes and gap filling strategies must be considered carefully. However errors caused 

by vegetation heterogeneity, changing upwind sources of turbulent fluxes, and instrumentation 

bias (sensor quality, calibration accuracy, and positioning) do not explain the consistent negative 

bias of energy closure at most sites (Foken, 2008). 

Reasons for systematic errors in eddy covariance systems have been investigated in 

detail, and the majority of strudies agree that turbulent flux measurements cannot capture 

surface atmosphere gas exchange in its entirety, and that complex terrain introduces 

atmospheric motions that violate assumptions regarding turbulent flux measurements. While 

multiple site analysis of eddy covariance data allows generalizations regarding energy imbalance 

to be made (Baldocchi et al., 2001; Barr et al., 2006; Moderow et al., 2009; Hendricks Franssen 

et al., 2010), each site is unique and demands careful vegetation surveys of the area under 

investigation.  

Unaccounted advection of energy, water vapor, and carbon dioxide has been shown to 

be a factor contributing to bias in turbulent flux measurements (Moderow et al., 2007; Oncley et 

al., 2007; Leuning et al., 2008, Vickers et al., 2012). However, Thomas (2011) discussed that 

results of direct advection measurements, which are expensive and often impractical to 

implement at field research stations, might be ambiguous without dense spatial observation. 

Generally, advection is not directly measured in eddy covariance field studies and is minimized 

by selection of research sites over homogenous terrain. Nevertheless, the terrain over which 
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measurements are desired is not always flat, and advection may result from shallow downslope 

air flow induced by nocturnal cooling, possibly resulting in flux loss at the eddy covariance 

sensor level at the forested sites in Hawai‘i referenced in this paper (particularly at Nahuku) due 

to somewhat sloping terrain (5%).  

 

1.3  Heat Storage and Energy Closure 

It has recently been argued that surface heat storage has a relatively insignificant effect on 

energy closure. According to a review on the energy closure problem by Foken (2008), the 

inherent loss is most likely due to larger turbulent structures because it was found that 

extending the averaging area (Kanda et al., 2004; Von Randow et al., 2008) or averaging time 

(Finnigan, 2003) of turbulent fluxes improves energy closure. Additionally, the averaging method 

may not be appropriate to represent the ensemble average vertical transport. Sakai et al. (2001) 

resolved energy imbalances at two dissimilar sites by normalizing cospectral similarity functions 

to describe momentum and scalar fluxes in the roughness sub-layer, and found relatively long 

period eddies (4–30 minutes) contribute significantly, indicating that large scale circulations 

cannot be ruled out at some sites. Hendricks Franssen et al. (2010) evaluated energy closure 

based on binned atmospheric stability (ξ, dimensionless), friction velocity (u*, m s-1), thermally 

induced turbulence, and time of day. They concluded that during conditions of near neutral ξ, Ω 

does not correspond to the relative energy closure deficit, which is much larger for these 

circumstances. The study revealed that filtering data for low u* values as a means to remove 

periods where closure is poor is not necessarily effective, as other environmental factors such as 

the overall stability, the thermally induced turbulence, and time of day all have complex 

relationships with Ω. They argued heat storage sinks play a relatively small role in regards to 

closing the energy balance. Considering previous independent studies that reveal improvement 

of energy closure when all storage terms are considered (Lamaud et al., 2001; Meyers and 

Hollinger, 2004; Haverd, 2007; Michiles and Gielow, 2008; Moderow et al., 2009; Lindroth et al., 

2010; Wang and Zhang, 2011), it appears to be pre-mature to discount the influence of missing 

or haphazardly quantified heat storage sinks as a possible cause of poor energy closure at a 

particular site. Furthermore, Lindroth et al. (2010) reported that the absolute energy imbalance 

under stable atmospheric conditions (as indicated by the Richardson number) is reduced when 

heat storage terms are included. Hendricks Franssen et al. (2010) neglected heat storage terms 
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in evaluation of Ω as a function of ξ. Because relatively few studies have considered the role of 

biomass heat storage in energy closure, more research is necessary concerning evaluation of the 

systematic energy imbalance found with eddy covariance flux estimates.  

It is likely that the distribution of possible explanations for lack of energy closure is 

attributable to one or more site specific factors (Moderow et al., 2009), which makes it difficult 

to generalize the source of the problem, and emphasizes the importance of detailed site specific 

analysis in interpreting results clearly. A critical primary step in evaluating turbulent flux 

measurements at any site is a thorough evaluation of the energy balance and consideration of 

the potential contribution of different sources of error. If the error is assumed to be due to 

systematic underestimation of LE and H by eddy covariance measurement systems, it will be 

necessary to adjust turbulent flux measurements accordingly.  

Forest canopies, especially in tropical environments have the potential to store large 

amounts of energy as heat (Moore and Fisch, 1986), affecting the energy balance measured 

above the canopy. If there is significant vegetation cover, it is important to carefully consider 

heat storage above-ground biomass. For tall meteorological towers, the latent and sensible heat 

stored in the airspace below the height of the eddy covariance sensors must be considered as 

well. While soil heat flux is less important with significant vegetation cover and more important 

in open canopies or over bare soil, evaluation of all heat storage terms is important to adjust the 

available energy and reduce error in the reported range of uncertainty of ET estimates. While it 

has been stressed that improvements in the estimation of G and QS are very important for 

energy closure (Heusinkveld et al., 2004; Myers and Hollinger, 2004), the importance of biomass 

storage terms in resolving diurnal energy imbalance has sometimes been downplayed regarding 

the energy closure problem (Foken, 2008; Hendricks Franssen et al. , 2010). Given the 

complexity of 3-dimensional above-ground biomass and development of instrumentation and 

methods for measurement, quantification of QS, QA, and G are more practical than measuring 

QB. Varying quantity and distribution of leaves, tree stems, coarse woody debris (CWD), and fine 

litter act as insulation between the atmosphere and soil, reducing the amount of heat that 

would otherwise penetrate the soil surface affecting QS and G. Therefore, it is equally important 

theoretically to consider QB alongside QS, QA, and G, as higher QB at a particular site theoretically 

leads to decreasing amplitude and phase of QS and G, changing the relative importance of 

storage sinks. Thus, for forested sites with significant vertical temperature gradients within the 

canopy, QB is particularly important.  Therefore, the role of heat storage terms in the energy 
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balance in the fetch of eddy covariance sensors at Hawaiian montane rainforest sites addressed 

in this thesis needs to be evaluated to improve the sub-hourly energy budget and resolve the 

diurnal pattern of energy fluxes. 

Biomass heat storage is a term that has been previously neglected or simplified in 

energy balance calculations because mean daily values rarely exceed 2–3 W m-2 (Wilson and 

Baldocchi, 2000), and its quantification is made difficult by the complexity of different 

vegetation covers. However, some studies report that the relative contribution of QB can be 

significant during the night and in the morning hours and for conditions like overcast days or 

immediately after rainfall (McCaughey, 1985), and reach maximum values on the order of 60 W 

m-2. Measurements of QB are increasingly considered essential at eddy covariance sites due to 

high values of 80 W m-2 reported in Amazon forest by Moore and Fisch (1986). More recently, 

Michiles and Gielow (2008) reported that on average, above ground biomass and air heat 

storage during midday was 15% of RNET, and was 65% of RNET before sunrise. Silberstein et al. 

(2001) measured similarly high early morning contributions of storage of up to 69% of RNET in a 

native jarrah (Eucalyptus marginata). Kobayashi et al. (2012), used a 3-dimensional modeling 

approach in a woody oak savannah in California, USA, and found that 12% of the daytime energy 

flux was used for heat storage of stems. McCaughey and Saxton (1988) noted that each of the 

storage terms contributed significantly to the energy balance for differing environmental 

conditions and time of day.  

As mentioned above, several authors have suggested improved Ω when QB is measured 

compared to if it is neglected.  This would be theoretically expected because negative night-time 

values of available energy would be increased closer to zero when heat release by the 

vegetation is taken into account, and positive daytime values of available energy would 

decrease due to heat absorption, increasing Ω. Also, it is possible that including heat storage 

terms in the energy balance will reduce the coefficient of determination (r2) of the regression 

between available energy and turbulent fluxes because it is expected to improve alignment for 

each 30-minute energy budget. Inclusion of carefully estimated QB into the energy balance has 

improved energy balance closure by up to 10% (Michiles and Gielow, 2008), and at a few sites 

energy closure was resolved within 5% with inclusion of QB and QA (Lamaud et al., 2001; Meyers 

and Hollinger, 2004; Haverd et al., 2007; Jacobs et al., 2008; Moderow et al., 2009; Lindroth et 

al., 2010). Oliphant et al. (2004) did not report the difference in energy closure when QB was 

measured in a temperate deciduous forest. However it was noted that G dominated seasonal 
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variation in combined soil, air, and biomass heat storage fluxes (QSUM, W m-2) while other heat 

storage sinks were more important on a diurnal basis.  Wilson et al. (2002) found that on 

average, energy closure improved 7% when QB was included in the energy balance for forested 

sites. However many of these sites still exhibited large energy imbalances, and it has been 

concluded that QB is an important component in tall canopies, but not necessarily the sole 

source of the lack of energy closure among sites (Aubinet, 2008; Moderow et al., 2009).   

Another method to determine energy closure widely reported in energy balance studies 

is the bulk energy balance ratio (EBR) method, which can be evaluated as the sum of the 

absolute LE and H values divided by the sum of the available energy over a given time period. In 

the context of heat storage, it is important to describe the limited capacity of this method to 

resolve the energy balance properly. Heat storage terms (G, QA, and QB) contribute very little to 

the energy balance closure over the long term since they are nearly balanced over a 24 hour 

period (Mahrt, 1998), and error cannot be quantitatively evaluated. Because diurnal variations 

in heat storage terms are not accounted for using the EBR method, and noting spurious results 

at some sites when EBR was evaluated in Wilson et al. (2002), its use in resolving the site specific 

energy balance is limited. Evaluating Ω is more useful for this purpose because energy closure 

can be theoretically improved with inclusion of heat storage terms by shifting individual points 

in the regression closer to 1:1. Assessment of Ω on a sub-hourly basis takes into account 

important periods of the day when tall canopies have the potential to absorb and release a 

significant portion of the available energy if all heated elements are taken into account.  

An adjustment that is often applied to flux measurements is to divide LE and H by Ω or 

by the EBR (Fischer et al., 2009, Giambelluca et al., 2009; Kume et al., 2011). What that does is 

“correct” the turbulent fluxes to achieve energy closure by proportionally changing LE and H 

such that the Bowen ratio (H/LE) is not changed (Twine et al., 2000). This adjustment is justified 

by assuming the energy deficit is due to systematic biases in eddy covariance measurements 

such as failure to resolve low frequency fluxes from large eddies when averaging the mean 

fluctuations over 10 Hz intervals, or sloping terrain that induces nocturnal drainage. In effect, 

daytime heating decreases the relative amount of available radiation that would otherwise be 

assumed to drive H and LE, and ET may be overcorrected if energy storage terms are neglected 

or not properly measured. Also, energy storage terms that are not modeled at the same time 

interval as the turbulent fluxes may result in misleading values of Ω, i.e. if the mean diurnal cycle 

of energy storage terms in the energy balance are used (Giambelluca et al., 2009). Using Ω to 
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adjust LE and H upward based on lack of closure is suggested due to the above reasons, and 

while acknowledging both Ω and EBR methods have limitations, Ω is an improvement to EBR 

when evaluating energy closure at a specific site because it corrects energy closure on a diurnal 

basis, and improvement can be expected by including the storage terms at higher time 

resolution (e.g. 30 min or 1 hr). Recently, theoretical considerations have questioned the validity 

of using Ω to determine overall energy closure (Hendricks Franssen et al., 2010) due to poor 

night-time energy closure. Based on the limitations of both methods of determining energy 

closure discussed above, it is reasoned that researchers can increase the quality of energy 

closure assessments by evaluating the absolute energy imbalance according to particular 

environmental conditions, including stability parameters, turbulence, and time of day.  

 

 

1.4  Estimation of Biomass Heat Storage 

 

It is common to determine QB from temperature measurements installed in tree stems, and 

evaluated for each biomass component as: 

 

                [3] 

 

where dTB is the temperature change from the previous to the current time-step for each 

component of fresh biomass (BS, kg m-2), and CB (J kg-1 °C -1) is the specific heat of each biomass 

component. The total fresh biomass at each site (BF, kg m-2) is the sum of all components BS 

integrated over the surveyed area. Differential rates of heating of insulated and exposed 

portions of biomass complicates the process of scaling temperature measurements in a few 

locations to the stand level, as scaling up requires determination of the proportion of the 

biomass that is best represented by the location of the temperature sensors. Thus, evaluation of 

QB requires plot-level surveys and detailed analysis of site-specific vegetation structural 

information. Considering the complex distribution of forest canopy elements it is important to 

quantify the radial distribution of boles and branches, otherwise non-weighted temperature 

averaging poorly reflect actual biomass temperature measurements. While accurate and precise 

temperature representation from thermocouple measurements in complex forest environments 

is nearly unattainable, over-simplification of methodology may lead to ambiguous results.  
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It is often assumed that CB is constant for different biomass components. Reported 

values of CB used in studies of QB range from 2407 (Michiles and Gielow, 2008) to 3340 J kg-1 °C -1 

(Wilson and Baldocchi, 2000; Wilson et al., 2002). Oliphant et al. (2004) used a constant CB value 

of 2928 J kg-1 °C -1 following Thom (1975) and other authors (McCaughey, 1985; McCaughy and 

Saxton, 1988). Recent detailed studies have compiled site specific estimates of CB. Haverd et al. 

(2007), calculated the mean of values for cellulose and water, weighted by the densities of dry 

wood and water, and provided a constant value of CB at 2760 J kg-1 °C -1. Michiles and Gielow 

(2008) calculated CB as a function of the specific heat of cellulose, the moisture content, and the 

specific heat of water for each species and tree component, including trunk, branches, twigs, 

leaves, fine litter, and other small sized vegetation components, and average trunk CB was 

estimated to be lower than previously reported at 2407 J kg-1 °C -1, while leaf CB was 2769 J kg-1 

°C -1. Despite the assumption by Oliphant et al. (2004) that the sensitivity of total QB to the 

choice of CB is small, according to Equation 7, QB is linearly related to CB, and the variation is as 

much as 30% based on more recent CB ranges reported in the literature (2407-3340). 

Where it is possible to measure trunk temperatures, screen for data quality, and 

estimate representative contributions of biomass components, field based estimates of QB carry 

added credence than that of a parameterized model based on air temperature and the canopy 

radiation environment. However, due to sampling limitations and for validation of measured 

values, researchers have devised analytical models for calculating the time-series of heat 

storage in biomass components independent of trunk temperature (Meesters and Vugts, 1996; 

Haverd et al., 2007). While these methods require intensive parameterization, Haverd et al., 

(2007) reported improvement of energy balance closure of 10% and good agreement with 

measured and modeled trunk temperatures. By comparing results against their own model 

Haverd et al. (2007) found that the model of Meesters and Vugts (1996) produced a mean mid-

day underestimation of QB of 50 W m-2 which they attributed to neglect of heat transfer by 

radiation. The model proved to be in good agreement with the two layer Force-Restore method 

similar to that used in Silberstein et al. (2003). The Meesters and Vugts (1996) model found that 

a mass weighted mean average trunk radius may be sufficient for the purpose of evaluating 

biomass energy storage, and the Haverd et al. (2007) model found that the vertical profile of QB 

may not be absolutely necessary, as output differed by only 5 W m-2 when multi-layer forcing 

variables were averaged. Comparison of analytical models with results using actual temperature 
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measurements has the benefit of showing where simplification may be acceptable, and these 

models have greatly improved our understanding of QB and its effects on Ω. 

While species specific biomass regressions exist that relate tree diameter and height to 

biomass, uncertainties are often high when generalized allometry is used or wood density 

unknown (Michiles and Gielow, 2008).  It is therefore important to incorporate species specific 

biomass allometry if data are available, although this may not be practical in forests with high 

diversity and complex structure. However, allometric models are rarely found in the form where 

radial and vertical biomass distribution can then be evaluated from basic field vegetation 

surveys. Due to these limitations, it is desirable to have the option of evaluating QB using the 

models described above, or for some purposes simplification may be a more convenient option 

using trunk temperature measurements without explicitly accounting for variable radius of 

canopy tree stems (McCaughey, 1985; Giambelluca et al., 2009). Oliphant et al. (2004) simplified 

evaluation of energy storage for complex stem distributions by separating biomass and 

temperature measurements into two components, bole and branch, and placed a limited 

number of sensors throughout the canopy in 6 trees. Species specific biomass estimates were 

calculated from general allometric equations of deciduous tree bole and branch biomass. While 

a suite of simplifications are always necessary to scale up QB, care must be taken to reduce 

uncertainty in its estimate considering the importance of precision in hydrological applications. 

 

1.5  Gap-filling Latent and Sensible Heat Fluxes 

 

A considerable barrier in temporally integrated measurements of gas exchange in wet forests is 

that the eddy covariance sensors are often impaired by wet sensor surfaces from rain, fog, or 

dew and functionality is not resumed until the sensors dry out. Additionally, instrumentation is 

subject to frequent failure in highly humid environments such as those discussed in this study. 

Montane rainforests that receive most of their precipitation from orographic lifting are 

particularly prone to large proportions of missing data due to wet sensors, as frequent fog 

occurrence can extend the down-time of turbulent flux measurements compared to lowland 

tropical forests that receive similar amounts of total precipitation in characteristically short, 

heavy downpours. Therefore, accurate long-term ET estimates in frequently wetted ecosystems 

are reliant upon rigorous filling procedures based on meteorological data. Alavi et al. (2006) 

investigated the extent of uncertainty in ET estimates due to filling LE with various models, and 
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found that the Kalman filtering approach with dynamic linear regression worked best, followed 

by a multiple regression approach. Both of these approaches include input of available radiation, 

however, in Alavi et al. (2006), above ground heat storage terms were neglected and available 

energy was given as RNET – G. It is expected that including QB, QA, and QS in estimates of available 

radiation will reduce error in modeled values. 

 

 

1.6. Related Prior Research 

 

At the research site at Nahuku on Hawai‘i Island (section 2.2), one of the two sites discussed in 

this paper, Ω was reported as 0.784 (Giambelluca et al., 2009) for a one year period. At the two 

tropical montane forest sites in Hawai‘i to be discussed in this paper, Nahuku and ‘Ōla‘a, soil 

heat flux is only a small fraction of the total heat storage flux. QB was included in Giambelluca et 

al. (2009) in evaluation of Ω, and the effect on Ω was small (unpublished data). Giambelluca et 

al. (2009) used measurements of stem temperature, air temperature and estimates of biomass, 

and included them in analysis of energy closure. However, since the observation period of stem 

temperature was short (6 months), the mean diurnal cycle of heat storage was used as the time 

series and day to day variation was not resolved leading to spurious energy balance corrections 

for days significantly different than the mean diurnal cycle. The analysis in Giambelluca et al., 

(2009) also involved significant simplifying assumptions about the vertical and radial distribution 

of biomass, whereas detailed methods to address estimation of biomass distribution were 

undertaken in the present study. It is expected that increasing the size of survey plots from 

previous investigations will improve analysis of biomass distribution, a superior temperature 

averaging technique will allow the biomass to be better represented by limited temperature 

measurements, and application of sub-hourly QB time series will lead to more reliable Ω 

evaluations at this site. Furthermore, inclusion of all storage terms will help to constrain the 

diurnal energy fluxes and reduce error in regressions used to fill LE and H and will allow energy 

closure to be evaluated based on environmental conditions and time of day.
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CHAPTER 2.  METHODS 

 

2.1  Overview 

 

In this study, QB is rigorously evaluated at two forested eddy covariance sites in Hawai‘i 

Volcanoes National Park as a means of improving energy closure. Biomass heat storage sinks 

include canopy tree stems, sub-canopy tree-fern stems, leaves, fine litter, coarse woody debris, 

and epiphytes. This study makes use of a detailed structural study of ʻ ōhiʻ a lehua (Metrosideros 

polymorpha) (Gerrish, 1988), in close proximity to Nahuku (site descriptions in section 2.2), and 

develops allometric relationships from destructive sampling for strawberry guava (Psidium 

cattleianum), an invasive species at the ‘Ōla‘a site, in order to quantify the vertical and radial 

distribution of stems in both of these dominant tree species in Hawaiian wet forests. Trunk 

temperature measurements are limited to a sample size of 20 sensors in one tree and one tree 

fern at each site due to instrumentation and canopy access constraints, and were placed on 

medium sized trees at representative locations. At a 30-minute interval temperature change at 

each location in the canopy is multiplied by fresh biomass and specific heat corresponding to 

that location to calculate changes in energy storage (Equation 3). This study examines 34 

months (July, 2007 – Feb, 2010) of eddy covariance flux measurements, net radiation, stem and 

air temperature profiles, and soil heat flux data that were compiled, screened, and processed to 

evaluate energy closure with and without inclusion of energy storage. At each site, a comparison 

is done to determine whether inclusion of the heat storage term improves energy closure at 

these wet forest sites with moderately high biomass. Individual 30-minute values of Ω and the 

mean absolute energy imbalance (EIABS) are then grouped in equal sized bins and evaluated in 

relation to 1) inclusion of various heat storage terms, 2) time of day, 3) u*, and 4) ξ. 

 

 

2.2  Site Descriptions 

 

Site descriptions are documented in Giambelluca et al., (2009) at Nahuku (19°24’55” N, 

155°14’18” W), and Takahashi et al. (2011) at both Nahuku and ‘Ōla‘a (19°28’43” N, 155°12’47” 

W), and they are elaborated on here in the context of canopy structure, an important parameter 

when quantifying QB. The dominant native species in Hawaiian forests is M. polymorpha, a 
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species that is able to pioneer newly formed volcanic substrate. In wet forests, after the ʻ ōhiʻ a 

canopy closes, a broad array of indigenous and endemic flora and fauna are provided suitable 

microclimatic and nutrient conditions to nourish evolving Hawaiian ecosystems. Unlike tropical 

forests in continental environments, Hawai‘i has much lower plant species diversity, reducing 

the structural heterogeneity of native forests compared to continental tropical and subtropical 

forests. Native ecosystems are extremely prone to invasion due to their evolution in isolation 

with limited competition, and species invasions can rapidly change the structure and functioning 

of Hawaiian ecosystems (Vitousek, 1990; Asner et al., 2008).   

At Nahuku, the native Hawaiian forest has been restored by removing invasive plants 

and fencing out and eradicating invasive animals. The substrate age is 222 years old, formed by 

the eruption of Kilauea in 1790. Mean annual rainfall measured from the flux tower from 2007–

2009 was 2532 ± 324 mm yr-1 and elevation is 1200 m (19°24'54.80"N, 155°14'18.41"W). For 

trees greater than 5 cm diameter at breast height (DBH = 1.3 m), M. polymorpha represents 90 % 

of the total basal area and Ilex anomala represents 10 % with average canopy height about 17 

m. Cibotium spp. tree ferns inhabit a sub-canopy layer and reach 3–5 m in height. A diverse 

array of understory trees and shrubs give an indication of the increasing diversity that can be 

expected as this stand ages and the original M. polymorpha canopy begins to die out. A thick 

recalcitrant layer of leaf litter covers the forest floor at this site, mostly consisting of slowly 

decaying M. polymorpha leaves and Cibotium spp. fronds. 

At the ‘Ōla‘a station 7.5 km to the NNE at 1043 m (19°28'42.66"N, 155°12'54.01"W) the 

mean annual rainfall measured from the flux tower was 3220 ± 370 mm yr-1 from 2007–2009. 

Here, forest structure is complicated by a higher diversity of trees and a patchy forest 

development. The older 3,000–5,000 year-old substrate at ‘Ōla‘a (Wolfe and Morris, 1996) has 

provided more time for soil and forest development, and natural succession and has lead to a 

more diverse ecosystem with a patchier landscape and higher proportion of tree ferns and other 

canopy species. Tree species such as Ilex anomala and Cheirodendron trigynum germinate in the 

light environment provided by the M. polymorpha canopy, allowing a more diverse canopy on 

older substrates in these native Hawaiian forests. Additionally, dieback of M. polymorpha at 

‘Ōla‘a has lead to displacement by Cibotium spp. (Mueller-Dombois et al., 1977). The ‘Ōla‘a site 

has been heavily invaded by P. cattleianum, a highly invasive plant that threatens to destroy 

native ecosystems (Smith, 1985) and negatively impact hydrological functioning of native 

Hawaiian forests (Giambelluca et al., 2007). 
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2.3  Meteorological Measurements 

 

At Nahuku and ‘Ōla‘a, meteorological towers (18 m and 25 m, respectively) were erected and 

instrumented with eddy covariance systems described in Giambelluca et al. (2009). Frequent 

and sustained periods of rain and fog regularly wetted the sonic anemometers (model CSAT3, 

Campbell Scientific, Logan, UT, USA) and open-path infrared gas analyzers (model LI-7500, Licor, 

Lincoln, NE, USA), and caused significant loss of data as these sensors do not function properly 

when wet. Only 35.5% and 40.7% of LE and H were available after screening for wet sensor 

periods at Nahuku and ‘Ōla‘a, respectively. However instrument calibrations, long term 

maintenance and manual and systematic data screening procedures were implemented so as to 

maximize data availability. Eddy covariance data stored at 10 Hz was processed to determine H 

and LE according to Giambelluca et al. (2009) at 30 minute intervals. While both eddy covariance 

systems have been in operation for more than 5 years, the period for this study (May, 2007 to 

Feb, 2010) was chosen because it was the period with the least amount of missing data 

necessary to determine QB and QA, including RNET, G, QS, stem temperature (TS, °C), air 

temperature, and relative humidity (model HMP45C, Vaisala, Helsinki, Finland). Net radiation 

was measured with a high-standard four component radiation sensor (model CNR1, Kipp and 

Zonen, Delft, The Netherlands) at both sites for the period of this study and sensors were 

calibrated at two-year intervals according to manufacturer recommendations. Stem 

temperatures were measured with thermocouple sensors at three heights in one tree, with four 

sensors located azimuthally around the stem and a deeper sensor installed in tight-fitting holes 

drilled into the stem (TT-T-24-SLE, thermocouples fabricated from Omega Engineering 

(Stamford, CT, USA) thermocouple wire,). The 50 cm of thermocouple wire nearest the sensing 

junction was wrapped in reflective tape to minimize the effect of heat conduction on the 

measurements. At Nahuku, a medium sized M. polymorpha tree (DBH = 20 cm) was outfitted 

with TS sensors at 3, 9, and 15 m, while at ‘Ōla‘a, a medium-sized P. cattleianum tree (DBH = 8 

cm) was used to measure TS at 3, 5, and 7 m.  Additionally TS was measured similarly in 1 tree 

fern stem at each site at 0.5 m height, with four outer sensors placed azimuthally at 1.5 cm 

depth and a deeper sensor at 5 cm. Since no temperature sensors were placed in leaves, 

epiphytes, litter, and dead wood, proximal stem or air temperature sensors were assumed to 

represent the temperature of these components. Leaf and epiphyte temperatures are assumed 

to be represented by shielded air temperature thermocouple measurements (3, 9, and 15 m at 
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Nahuku;  3, 5, and 7 m at ‘Ōla‘a), litter temperature is assumed to be represented by tree fern 

temperature at 1.5 cm depth, and CWD temperature is assumed to be represented by inner and 

outer tree fern temperature for its inner and outer portions, respectively. Four soil heat flux 

plates (model HFT-3, Radiation and Energy Balance Systems, Seattle, WA, USA) were installed at 

8 cm below the bottom of the organic horizon to measure G, and two 4-probe averaging soil 

temperature sensors and one soil moisture reflectometer (CS-616, Campbell Scientific) were 

used to measure QS for each 30 minute period. At each site, data were stored at 30-min 

intervals by two dataloggers (models CR5000 and CR1000, Campbell Scientific), while data 

necessary for turbulent flux calculations were stored at 10 Hz.  

 

 

2.4  Survey Plots  

 

Detailed surveys upwind of meteorological towers at Nahuku and ‘Ōla‘a plots were conducted in 

eight and six 100 m2 plots, respectively, between 2004 and 2007, in correspondence with 

vegetation surveys in throughfall and stemflow plots (Takahashi et al., 2011), epiphyte and 

biomass water storage capacity surveys (Mudd, 2004; Mudd and Giambelluca, 2006), and 

carbon inventory plots (unpublished data). All data from biomass plots collected at these sites 

were combined to obtain the best possible representation of field biomass. Although based on a 

relatively small sample (600-800 m2) due to time and labor limitations involved in field surveys, 

these highly-detailed survey data were sufficient to estimate plot and stand level biomass at the 

two sites. Table 2.1 describes vegetation characteristics and plot level variability of biomass in 

the surveys. 

In each survey plot, DBH was measured for all trees greater than 5 cm DBH, and the 

species of each tree was identified. All tree fern stems (Cibotium spp. and Sadleria spp.) were 

measured at the midpoint height of the caudex. Supplemental surveys of P. cattleianum 

individuals within the 2–5 cm range was undertaken within 2 of 6 plots at the ‘Ōla‘a site, and 

extrapolated to the stand. Numerous smaller P. cattleianum individuals make up an unusually 

high proportion of the total biomass at ‘Ōla‘a. All other trees and shrubs with DBH less than 5 cm 

at both sites appeared to represent an insignificant proportion of the biomass, and they were 

neglected in the surveys. For some individuals, the frond radius was also measured. Coarse 

woody debris was measured within four 20-m2 subplots at each site by measuring the length 
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and diameter of all snags and fallen stems >2.5 cm diameter. Accumulated fine litter was 

collected from twelve 0.25 m2 randomly-placed sub-plots at each site, weighed, and 

extrapolated to the survey area. Epiphyte biomass was determined from surveys conducted by 

Mudd (2004) within the same survey plots. 

 

 

2.5  Determination of Total Biomass -Allometric Models  

 

Total aboveground dry stem and leaf biomass biomass for M. polymorpha (BT_MP) was 

determined from a species specific allometric equation (Mascaro et al., 2011; model 1) relating 

DBH (cm) to plant dry biomass (g) as (n = 30; DBH range: 0.3–33.1; r2 = 0.74): 

 

                   
               [4] 

 

Stem dry biomass was determined as the difference between BT_MP and leaf dry biomass (BL_MP, 

kg), calculated from Litton and Kauffman (2008) as (n = 30; DBH range: 0.3–33.3 cm; r2 = 0.94): 

 

                
     [5] 

 

While several allometric models for M. polymorpha based mostly the same harvest data (Raich 

et al., 1997; Litton and Kauffman, 2008; Asner et al., 2011) are available, an assessment 

conducted by Mascaro et al. (2011) showed that linear models that incorporated the full range 

of harvested trees fit to log-transformed diameter and biomass data were the most appropriate. 

It is expected that because several of the trees used in the allometric models were taken from 

nearby Nahuku, species specific biomass allometric regressions between diameter at 1.3 m and 

biomass is expected to produce more accurate results of QB than would an alternative non-

species specific model i.e., that of Chave et al. (2005); a commonly used model developed 

mostly from trees found in the continental tropics. 

To determine the biomass of Cibotium spp., stem volume of all individuals were 

calculated from survey data, and an allometric model (Arcand et al., 2008) was used to scale up 

leaf area based on frond radius at Nahuku. Frond radius of tree ferns was not measured in the 

‘Ōla‘a survey, so caudex height was used as a predictor for frond biomass prediction for this site. 
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Allometric models for I. anomala and C. trigynum (Raich et al., 1997) do not include any 

individuals greater than 10 cm DBH, and thus cannot be reasonably extrapolated to the size 

range of trees at the study sites. For these tree species, the M. polymorpha model was used. To 

correct for differential wood density, modeled biomass was multiplied by the ratio of I. anomala 

and C. trigynum wood density to M. polymorpha wood density. For I. anomala, using the same 

model as M. polymorpha is quite reasonable as the species are similar in growth form, and its 

contribution to the total biomass is small. Because C. trigynum is somewhat abundant at ‘Ōla‘a, 

representing 14.3 % of the basal area of canopy tree species (not including tree ferns), and is 

different in form and structure compared to M. polymorpha, using the allometry equation for 

M. polymorpha to predict biomass of this species is subject to error. Also, because each olapa is 

so different, it would be difficult to be confident of any allometric equation applied. However, it 

was decided to use the M. polymorpha model to predict biomass of C. trigynum for lack of 

better options. To scale P. cattleianum biomass to the stand level, five trees were destructively 

harvested and allometric models were created to determine the vertical and radial distribution 

of biomass in each of 4 stem compartments. See section 2.6 for a description of the 

methodology used to determine the vertical and radial distribution of biomass at each site. 

While stem growth of P. cattleianum may have been significant during the period 

between the survey and biomass estimates, and the Nahuku forest appears to be slowly growing 

as well, biomass is assumed constant with time. It was assumed that this error is small and 

difficult to determine, considering incorporation of a growth function would need to be 

supplemented by mortality and turnover, data that is currently non-existent for transitional 

natural forests being invaded.  

To convert measured volume of QB components to BS (including water), component- 

specific wet density was used. To convert dry wood and leaf biomass determined from 

allometric equations to field fresh biomass, dry-to-wet ratios described by Aplet and Vitousek 

(1994) were utilized. While the wet density of forest elements such as CWD (also litter, 

epiphytes, and porous tree fern stems) are spatially and temporally heterogeneous at a 

particular site due to their high water storage and frequent wetting and drying cycles, varying 

water storage of these elements is difficult to measure. In a sub-alpine dark coniferous 

ecosystem on the Qinghai-Tibetan Plateau in China, Yu et al., (2004) found that as CWD decays 

and dry wood density decreases, wood moisture content increases because more pore space is 

available for water to infiltrate. Thus it is assumed that fresh density of CWD remains 
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approximately the same regardless of decay class, and constant values of fresh density are 

assumed. Following Table 3 in Yu et al. (2004), fresh density (the product of the relative water 

content and the wood density under natural conditions) for 5 decay classes was found to range 

between 0.97 and 1.03 g cm-3 for fallen trees, and between 0.75 and 0.87 g cm-3 for snags. The 

initial dry wood density of the class with little or no visible decay for CWD in Yu et al. (2004) was 

0.48 g cm-3, lower than that of M. polymorpha (0.69 g cm-3) which makes up the majority of 

CWD at both study sites. Thus, it was assumed that without further knowledge, a value of 1 g 

cm-3 for CWD was a fair approximation of fresh density of CWD at the study sites, and this value 

was used for all CWD originating from canopy trees. Because the wood density of Cibotium spp. 

(mostly Cibotium glaucum) is much lower than that of M. polymorpha (Table 2.2), the fresh 

density of dead Cibotium spp. stems was assumed to be lower than that of CWD originating 

from canopy trees, and the same value as live Cibotium spp. stems  was used for Cibotium spp. 

CWD (0.60  g cm-3). Due to the relatively new ecosystem development at Nahuku, CWD mostly 

consists of snags, with fallen trees very rare. Therefore, at Nahuku CWD is not considered to be 

as an important factor as at ‘Ōla‘a. At ‘Ōla‘a, where mature M. polymorpha trees experience 

occasional mortality, CWD is expected to be large with high spatial variability. While the limited 

measurements of CWD in the survey plots give an approximation, they may not be fully 

representative of the stand. 

 

 

2.6  Vertical and Radial Distribution of Stem Biomass 

 2.6.1  Metrosideros polymorpha and Other Native Trees 

 

Since vertical and radial stem temperature gradients are evident in skin temperature data at the 

study sites, especially in large diameter stems, it is necessary to make separate estimates of 

heat storage in biomass components differentiated by depth within the stem and height above 

the ground. To do so requires temperature measurements in representative locations with each 

biomass compartment and determination of the biomass represented by each temperature 

sensor. From here on in this thesis, ‘compartment’ will be used to refer to a section of a stem 

(i.e. the annular portion of biomass from 0-4 m), and ‘component’ will be used to differentiate 

different types of biomass (i.e. native tree stems, foliage, litter, etc.) To estimate the vertical and 

radial distribution of the biomass of the dominant species in detailed field survey plots (M. 
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polymorpha), existing raw data for trees harvested in close proximity to Nahuku were used 

(Gerrish, 1988).  Based on harvest data, Gerrish (1988) constructed a figure of an average 

mature M. polymorpha tree drawn to scale, including main stems and branches greater than 2 

cm diameter. Acknowledging the limited resolution of the figure, it was determined that this 

was the best available information on the vertical and radial distribution of stem biomass for M. 

polymorpha. The figure was enlarged, stratified into 16 vertical sections, and the length and 

midpoint diameter of each section within each vertical stratum were measured (Figure 2.1a). 

The volume of each measured section was calculated assuming a cylindrical shape. From these 

measurements a vertical biomass profile was constructed, relating the percent of total tree 

volume in each stratum to the ratio of total tree height (Figure 2.1b), assuming all native trees 

exhibit the same proportional structure predicted by measured DBH.  

The distributions of main stem and branch volumes of all trees in the survey plots were 

calculated separately for six compartments (core and skin volume for each of three vertical stem 

sections) for all measured trees according to the proportions measured in Figure 2.1a. The 

estimated total tree height (HtTREE, m) of each tree in the survey plot is given in Asner et al. 

(2009) as (n = 96; r2 = 0.87): 

 

                           [6] 

 

The length of each stem section for trees in the survey plot (LSTEM) is calculated based on the 

proportions measured in the enlarged Figure 2.1a as: 

 

              
  

     
 [7] 

 

where LM is the length of the measured stem in the enlarged Figure 2.1a and HtFIG is the total 

measured height of the tree in the enlarged Figure 2.1a. The radius of each stem section for 

trees in the survey plot (R1, cm) is given as: 

 

   
 

 

  

       
     [8] 
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where DM (cm) is the measured diameter at the midpoint height of each section in each stratum 

measured from the enlarged Figure 2.1a, and DBH_FIG (cm) is the measured DBH of the enlarged 

Figure 2.1a.  

All stems were divided into an outer annulus (skin) and an inner cylinder (core). The 

temperature measurement of the skin (TSKIN) is positioned at the center of mass of the annular 

volume (VSKIN, cm3) with radius RT1 (cm), and is calculated as the four sensor average 

temperature each 30-minute interval. The outer temperature sensors are installed at depth zTS 

(four sensors at 1 cm depth in trees and 1.5 cm depth in tree ferns) and are located between the 

surface of the stem at radius R1 and the boundary between VSKIN and the volume of the inner 

cylinder (VCORE, cm3) with radius R2 (cm)given as: 

 

               
    

   [9] 

 

and 

 

          
  L [10] 

 

VSKIN is calculated as the difference between the total stem volume (VTOTAL, cm3) and VCORE, where 

 

           
  L [11] 

 

and 

 

                     [12] 

 

The core volume is dependent on the depth of outer stem temperature measurements and the 

size of the stem. Figure 2.2 illustrates the variables used in geometric separation of biomass. 

From Equation 9, the minimum diameter of a stem with a core volume is 6.8 cm and 10.2 cm 

(with zTS at 1 cm and 1.5 cm, respectively), otherwise stem sections smaller than this are 

assumed to be represented by TS only (i.e. with a core volume of zero).  

After tree biomass was separated into the 16 vertical strata for each tree, all trees in the 

survey plots were then combined into three vertical sections based on the height of stem 
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temperature measurements (Section 2.7). The vertical sections were defined to be 0–6 m, 6–12 

m, and 12–20 m at Nahuku and 0–4 m, 4–6 m, and 6–16 m at ‘Ōla‘a. To divide the 2 layered 

stems (skin and core) into 3 vertical sections corresponding to the height of temperature 

measurements based on the 16 strata shown in Figure 1a for each tree in the survey plot, the 

height of the bottom (Hti, m) and top (Htj, m) of each stratum was calculated as: 

 

                
         

     
 [13] 

 

To calculate stem volume in the appropriate vertical height ranges when any of the 16 strata 

exist in more than 1 height range (i.e. if the seventh strata on a particular tree at either site 

ranges from 5.7–6.4 m height), the volume of each section was multiplied by the proportion of 

height of each section located within each height range. 

 Because Fig 2.1a only includes the main stem and branches, twig dry biomass (BTW, g) 

was estimated based on measurements of stems of 5 harvested mature M. polymorpha 

individuals (Gerrish, 1988) for stems less than 2 cm diameter. Linear regression yielded the 

following relationship between DBH and BTW for M. polymorpha (n = 5; DBH range: 14.4–28.8; r2 = 

0.59): 

 

                 [14] 

 

Inputs to estimate twig volume for each tree in the survey area are BTW, HtTREE, and the 3 height 

ranges at each site for each tree in the survey area and the relative height where twigs are 

located on each tree. It was observed from Figure 2.1a that the distal ends of branches were all 

located above 68% of the relative tree height, and that all twigs occur at the two uppermost 

height ranges for all trees at both sites. For simplification, it is reasonable to assume twig 

biomass density above 68% of tree height is constant. BTW for each height range was determined 

as the product of total BTW and the proportion of BTW located in each height range.  

 To test the prediction of M. polymorpha biomass using the method described above, the 

estimated total volume of each tree in the survey area at Nahuku was multiplied by dry wood 

density, and plotted against biomass derived from Mascaro et al., (2011), and Asner et al. (2011) 

(Figure 2.3). On a stand level basis, the model described above indicated 22% higher biomass 

compared to Mascaro et al. (2011), and 9% lower than Asner et al. (2011). To align stem 
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biomass with the allometric equation for M. polymorpha (Mascaro et al., 2011), the total 

volume determined in each of the six stem compartments (skin and core for 3 height ranges) 

was converted to a ratio of biomass found within each of those compartments, and multiplied 

by the total fresh biomass predicted using the Mascaro et al. (2011) allometric equation and 

field wet-to-dry mass ratio’s  (RWD) of stem and leaf biomass. in Table 2.2, resulting in a 

corrected estimation of total biomass of native trees in each of three height ranges at two 

depths.  

 Modeling of reference stem core temperature (TMC, °C) at the center of mass of VCORE at 

radius RT2 (cm) and depth zTMC (cm) is described below for M. polymorpha and P. cattleianum 

(Section 2.7). For each section of stem, zTMC is defined as the distance from the surface to RT2, 

where 

 

    
  

  
 [15] 

 

and 

 

             [16] 

 

The mass weighted average of zTMC for all sections of stems on all trees in each of the three 

vertical height zones is used to define zTMC for each height range corresponding to respective 

temperature sensors. All Cibotium spp. stem and CWD biomass resides in the lowest vertical 

layer (0–6 m at Nahuku and 0–4 m at ‘Ōla‘a) so it was not necessary to vertically separate the 

biomass. For these compartments, radial distribution of biomass and zTMC were calculated using 

Equations 8–12, 15, and 16. 

 

2.6.2  Psidium cattleianum 

While results were recently published regarding allometric equations for P. cattleianum 

(Mascaro et al., 2011), no information exists on the vertical and radial distribution of biomass 

for this invasive species at ‘Ōla‘a. Five trees were harvested for allometric analysis that 

encompassed the range of stem diameters measure in field surveys (DBH = 3.9, 5.6, 6.9, 7.8 and 

11.6 cm). Stems smaller than 6.8 cm diameter (the minimum diameter of a stem with a core 
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volume) were weighed and the diameters at each end and the length were measured. For the 

harvested P. cattleianum stems, VSKIN and VCORE were separated using Equations 8 to 12, with the 

equation for the volume of a cylinder replaced with the equation for the volume of a truncated 

cone. Above 6 m, all harvested stems were smaller than 6.8 cm diameter. VCORE from 4 – 6 m 

only represented 1.2% of the biomass of the largest tree harvested with 11.6 cm DBH, so core 

compartments  in P. cattleianum above 4 m were neglected, limiting separation of P. 

cattleianum to 4 compartments (0–4 m skin, 0–4 m core, 4–6 m skin, and above 6 m skin). Stems 

measured were converted to fresh biomass using the fresh density, and added to stems that 

were weighed.  

The DBH of each harvested tree was plotted against the biomass of each of the above 

mentioned 4 compartments, and the type of regression was chosen as to maximize r2. Table 2.3 

describes regressions used to predict the biomass in each of the 4 compartments for the 

surveyed area. Figure 2.4 shows the relationship between DBH and dry biomass for all harvested 

P. cattleianum trees in this study and similar sized trees harvested by Mascaro et al. (2011). 

From these data, it can be seen that biomass data from this study are comparable to Mascaro et 

al. (2011), which harvested trees from another site in windward Hawai‘i.  

To estimate the mass weighted average of zTMC in the survey plots for the 0–4 m core 

compartment in P. cattleianum stems, zTMC was calculated following Equation 16. Linear 

regression predicting zTMC from DBH for this compartment resulted in the formula (n = 5, DBH 

range: 5.6–11.6, r2 = 0.53): 

 

                    [17] 

 

Equations 16 and 17 were applied to all trees in the survey plots that were determined to be 

large enough to have a VCORE, and the mass weighted average zTMC was used to represent the 

depth of the modeled inner temperature measurement for P. cattleianum. While the coefficient 

of determination of the linear regression in Equation 17 is rather low, it was presumed that this 

error was insignificant to the final result because the 0–4 m core compartment only represented 

2% of the total P. cattleianum stem biomass estimated from field surveys, and the great 

majority of P. cattleianum stems were assumed to be well represented by TS measurements at 1 

cm depth. 



24 
 

An allometric equation for leaf mass of P. cattleianum (BL_PC, g) was obtained from Flint 

Hughes (Institute of Pacific Islands Forestry, USDA Forest Service, Hilo, unpublished data) given 

as (n = 26, DBH range: 0.2–18.2 cm, r2 = 0.95): 

 

               
           [18] 

 

 

2.7  Modeling Stem Core Temperature 

 

Temperature measurements were modeled at the point that represents the mass weighted 

stand average zTMC of each tree in the plots. To predict the temperature at zTMC, the process of 

sensible heat conduction into and out of wood was simplified assuming a flat surface. Strictly 

speaking, the conduction of heat into the stems should be considered as occurring in radial 

direction through the surface area of a cylinder following methods described by Michiles and 

Gielow (2008) and Moore and Fisch (1986). However, at least 3 measurement depths at each 

measurement height are necessary to solve the equation for radial heat conduction. Many 

studies, including this one, have limited measurements of stem temperature at only 1 or two 

depths (Moore and Fisch, 1986; McCaughey and Saxton, 1988; Silberstein et al., 2001; Oliphant 

et al., 2004). While determining thermal diffusion in tree stems using the equation designed for 

heat diffusion through a flat surface is not ideal, Haverd et al. (2007) found good agreement 

between their analytical method that considers heat diffusion into a cylinder and heat diffusion 

into the stem modeled analogously to the method used fo soil. This method was also applied in 

the modeling exercise of Silberstein et al. (2003), who used measurements at two depths to 

solve for the temperature at a given stem radius.  

The thermal diffusivity (α) is determined from the diurnal average temperature range 

from sensors at depth zTS (TR1, °C), and a deeper thermocouple sensor at variable depth zTC (TR2, 

°C) as: 

 

  
 

   
  
   
   

         
 

  [19] 
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where p is the period of oscillation (84,000 seconds for a diurnal cycle) and zT1 and zT2 are in 

meters. Calculation of α in this manner assumes that the ratio of temperature change is 

constant through the whole stem as determined by two depths. The average diurnal 

temperature range at zTMC (TRMC, °C) is calculated as: 

 

         
          

 

  
 [20] 

 

The temperature anomaly (TA, °C) at zTMC is the estimated temperature difference between each 

30 minute interval at depth zTMC, modeled as: 

 

   
   

    
          [21] 

 

where
ST is the mean TS for the entire period of analysis. The time lag of the temperature per 

separation distance between TS and TCM (lag, min cm-1) is determined as the time offset 

associated with the maximum r2 of the regression between the diurnal cycle of TS and TC, divided 

by the difference between zTC and zTS. After applying the lag, the temperature change for each 

30 minute interval at zTMC (dTMC) is the difference between the mean of the current and 

previous time intervals. dTMC was calculated separately for each of three height ranges for M. 

polymorpha, P. cattleianum, Cibotium spp. As stem temperature was only measured in P. 

cattleianum and Cibotium spp. at ‘Ōla‘a, TSKIN measurements in guava were assumed to 

represent TSKIN of M. polymorpha (1 cm depth). However, α derived from M. polymorpha 

measurements at Nahuku were applied to M. polymorpha at ‘Ōla‘a. It must be acknowledged 

that measurements in the guava stem are not necessarily representative of stem temperature in 

other species found at the site, and differences in stem diameter and stem surface albedo may 

influence results. However, canopy access and limited differential channels available in the 

datalogger prevented a more detailed analysis of TS. 
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2.8  Vertical Distribution of Leaves and Epiphytes 

 

To vertically separate leaf biomass predicted by allometric equations described above, the same 

method described for M. polymorpha twigs was used for all canopy tree species at both sites, 

assuming that the vertical distribution of leaves above 68% of tree height is constant and that all 

canopy tree species followed this presumed structural behavior. All Cibotium spp. fronds at 

Nahuku are located below 6 m, and thus were all included in the 0–6 m height range. Based on 

visual observations from the flux tower at ‘Ōla‘a, it was presumed a reasonable estimate that 

frond biomass is evenly distributed between the 0–4 m and 4–6 m height ranges. Vertical 

distribution of epiphyte biomass at the two sites was obtained from a survey of all epiphytes at 

the same sites in a 20 x 20 m survey at Nahuku, and a 20 x 10 m survey at ‘Ōla‘a (Mudd, 2004). 

The survey data was used to extrapolate laboratory measurements of biomass and water 

storage capacity to the study plot. The biomass was based on the mass when the epiphytes used 

for laboratory analysis of water content were harvested from the field, and was separated into 3 

height ranges discussed above according to the location of the vertical profile of air temperature 

measurements at each site. 

 

 

2.9  Specific Heat of Biomass Components 

 

Specific heat of biomass was calculated for each vegetation component at each site after 

Michiles and Gielow (2008) as: 

 

   
            

      
 [22] 

 

Where CB is a function of the specific heat of cellulose (CCEL, J kg-1 °C -1), the moisture content 

(qVEG, kg kg-1), and the specific heat of water (CW, approximated as 4186 J kg-1 °C -1) for each 

species or vegetation component. RWD of stems and leaves for species considered in this study 

(Aplet and Vitousek, 1994) was used to calculate qVEG as: 

 

     
        

        
 [23] 



27 
 

 

For litter and epiphytes, RWD determined from laboratory analysis directly following field 

collection was used. The RWD of CWD was not measured, and thus was arbitrarily chosen to be 3, 

which was lower than epiphytes (3.67), but higher than litter (2.48). CB was calculated separately 

for native tree stems, native tree leaves, Cibotium spp. stems, P. cattleianum stems, CWD, 

leaves, litter, and epiphytes. For native stems and leaves that were grouped together into a 

single compartment (M. polymorpha, I. anomala, and C. trigynum), the mass weighted average 

of CB for all species was used. A sensitivity test by Oliphant et al. (2004) demonstrated changing 

CB has a small effect on QB. 

 

 

2.10  Energy Storage in Biomass, Air, and Soil 

 

For each vegetation component at each level in the canopy for each 30 minute period, QB was 

quantified following Equation 3. Total QB is calculated as the sum of all biomass components for 

each 30 minute period. While QA was calculated from 4 vertical temperature profile 

measurements and one relative humidity sensor at each site following Giambelluca et al. (2009) 

as: 

 

     
     

  
               

  

  
  [24] 

 

where zA is the depth of the air layer (25 m and 18.3 m at Nahuku and ‘Ōla‘a, respectively), dTAIR 

(°C) is the change in mean air layer temperature over the time interval dt, CP (approximated as 

1004 J kg-1 °C-1) is the specific heat of dry air at constant pressure, ρDRY (kg m-3) is the density of 

dry air, q (kg m-3) is water vapor density, dq (kg m-3) is the change in water vapor over the time 

interval dt, and λ (J kg-1) is the latent heat of vaporization, estimated as a function of 

temperature. While acknowledging that humidity profiles do exist in these dense forests 

affecting the latent heat storage flux, below canopy relative humidity data are not available at 

these sites, so q is assumed constant with height.  

Both G and QS were calculated as: 
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 [25] 

 

and 

 

   
      

  
                     [26] 

 

where SHF1–4 (W m-2) are outputs from soil heat flux plates, dTSOIL is the two sensor average 

temperature change over the time interval dt, zSOIL is the depth above the heat flux plates but 

below the litter layer (0.08 m), ρBD (kg m-3) is the soil bulk density, CS is the specific heat for 

mineral soil (J kg-1 °C -1), ρW is the density of water (approximated as 1000 kg m-3), and WV is the 

volumetric soil moisture content (m3m-3). The bulk density of the top 8 cm of soil surface was 

estimated to be 255 ± 46 kg m-3 and 214 ± 67 kg m-3 based on 5 and 7 surface soil samples at 

Nahuku and ‘Ōla‘a, respectively.  Two sampling rings (approximately 5 cm diameter and 5 cm 

height) were inserted into a stainless steel corer and attached to a slide hammer. To make sure 

the soil samples were not compressed and that soil deeper than 8 cm was not included in the 

samples, the slide hammer was used to drive the corer vertically into the surface of the soil 

below the litter later until the soil filled the bottom sampling ring and did not penetrate the top 

sampling ring more than 3 cm. The sampling rings were then removed from the corer and soil 

extending from either side of the bottom sampling ring was carefully cut off with a knife. 

Samples were oven dried at 105 °C for 24 hours, and weighed to determine ρBD as the dry 

weight divided by the sample volume of 92.92 cm3, which was determined from caliper 

measurements of sampling rings. 

 At Nahuku, slowly decomposing leaf litter and fallen branches built up over time where 

the sensors were installed, effectively increasing the depth of the soil above the heat flux plates. 

This effect was revealed at Nahuku (although not at ‘Ōla‘a) by observing a steady decrease in 

the annual mean diurnal cycle over 7 successive years of data collection (2004–2011). To apply a 

correction factor at Nahuku, G and QS were summed for each time period, and the standard 

deviation of annual values of G + QS was divided by the standard deviation of annual values of 

the sum of G and QS for the second year of installation (2006). In the 6th year (2010), the 

standard deviation of G was 64 % of the second year, so the correction applied for this year was 

1.56. Each 30 minute value in the time series was divided by this ratio on an annual basis. 
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Because these two terms were lumped to apply the correction factor from here on G and QS 

(heat flux into and out of the soil surface, below the litter layer) will be grouped together into a 

single term (G) when considering the effects on energy closure. 

 

 

2.11  Effects of Environmental Parameters on Energy Closure 

 

Relative energy closure and EIABS are evaluated considering inclusion of various heat storage 

terms, time of day, u*, and ξ. Evaluation of the effect of u* was analyzed separately for daytime 

and night-time periods based on solar radiation and, because night-time periods have lower 

energy closure for a given u* value due to stable atmospheric conditions. Atmospheric stability 

was quantified according to a buoyancy parameter as: 

   
    

 
 [27] 

 

where z (m) is the measurement height, z0 (m) is the zero plane displacement height (estimated 

as seven-tenths of the canopy height (Bonan, 2008, p. 208), and L is the Obukhov length scale, 

given as: 

 

   
  

 
 

  
 
  
   

 [28] 

 

where g is the acceleration of gravity (9.81 m s-2), k is the von Karman constant (0.41), θV (K) is 

the virtual potential temperature at the surface, ρA (kg m-3) is the air density, and HV (W m-2) is 

the virtual sensible heat flux. θV is approximated as: 

 

              [29] 

 

where q (kg m-3) is the water vapor concentration, and 

 

              [30] 
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Positive values of ξ represent stable conditions, while negative values represent unstable 

conditions, and near zero values of ξ represent neutral conditions. Median ξ and mean u* of 

equal-sized bins are evaluated as a function of Ω and EIABS for two treatments: 1) available 

energy set equal to net radiation minus soil heat flux (RNET – G, W m-2) and 2) available energy 

set equal to net radiation minus the sum of heat storage in the soil, biomass, and air (RNET – 

QSUM, W m-2). Median ξ is used in place of the mean so as to limit the influence of extreme cases 

of stable or unstable conditions. While ξ and u* are not independent, both were used to allow 

comparison with past research. The difference between the two treatments for each measure of 

energy closure over various atmospheric conditions is expected to highlight the environmental 

conditions when combined QB and QA are most significant regarding energy closure. To provide 

a measure of the fit of the regression lines to the data, the root mean square error (RMSE) and 

the standard error of the regression coefficient Ω (SB) for each bin are determined as: 
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and 

 

   
    

         
  

   

 [32] 

 

Where yi is the value of LE + H, ŷi is the predicted value of LE + H for each observation i, xi is the 

measured value of RNET – QSUM or RNET – G, and x is the mean value of RNET – QSUM or RNET – G for 

each bin.
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CHAPTER 3.  RESULTS 

 

3.1  Fresh Biomass Estimates 

 

Fresh biomass of the dominant tree species, dead organic matter, and epiphytes estimated from 

surveys, laboratory analysis, and allometric equations is displayed in Table 3.1 for both sites. The 

total fresh biomass at each site (BF, kg m-2) at Nahuku (69.8 kg m-2) was estimated to be lower 

than at ‘Ōla‘a (75.9 kg m-2). However, a t-test revealed that biomass between the two sites were 

not statistically different based on variability between 100 m2 plots. On average, M. polymorpha 

represented 77.2% and 21.8% of the total biomass at Nahuku and ‘Ōla‘a, respectively. The 

dominant biomass component at ‘Ōla‘a is Cibotium spp. (30.6% of BF) while at Nahuku, Cibotium 

spp., the dominant species in the subcanopy represents only 4.5% of BF. At Nahuku, 

considerably more fine litter has accumulated above the soil surface, while at ‘Ōla‘a CWD was 

the major component of dead organic matter. Plot variability of biomass is higher at ‘Ōla‘a than 

at Nahuku, with coefficients of variation of 21.9% and 16.8%, respectively, which is likely the 

cause of the more diverse and uneven forest canopy at ‘Ōla‘a. Acknowledging the surveys may 

not wholly characterize the eddy covariance footprint at ‘Ōla‘a, results of biomass estimates are 

moderately consistent among plots (Table 2.1), and based on plot variability, the major tree 

species and approximate relative distributions of trees in the fetch of the eddy covariance 

sensors appear to be well represented in these plots. Invasive P. cattleianum accounted for 

21.7% of BF at ‘Ōla‘a, although stem density was nearly an order of magnitude higher than any 

other species at both sites. Table 3.2 presents mean biomass for each compartment of energy 

storage that TS was measured or TC modeled, showing the vertical and radial distribution of 

biomass at each site.  

 

 

3.2  Temperature Measurements and Modeling 

 

A sample 3-day period of M. polymorpha (Nahuku) and P. cattleianum (‘Ōla‘a) TS (four sensor 

average) and TC temperature measurements are shown in Figure 3.1, illustrating the large 

variability between sunny (7/19/2007) and cloudy days (7/21/2007). Table 3.3 presents the 

organization of measured temperature data used to predict QB for the annular portion of stem 



32 
 

volume for the duration of the analysis, including temperature sensor locations, mean diurnal 

temperature range, and parameters used to estimate QB for each compartment. Table 3.4 

presents data used to model the temperature at the weighted average depth of the center of 

mass of the core in each stem compartment at both sites, including the height range of stems 

(HtRANGE, m ), the height of the temperature measurements (HT, m), zTC, zTMC, TRMC, α, lag, CB, 

and for reference BS.  

 

 

3.3  Heat Storage flux in the Biomass, Air, and Soil 

 

Diurnal cycles of heat storage terms are shown in Figure 3.2 for both sites. At Nahuku the 

average maximum and minimum daily values of QB occur at 11:00 and 18:30 with values of 27.0 

± 17.1 W m-2 and –18.2 ± 9.9 W m-2, respectively. At ‘Ōla‘a, the average diurnal maxima and 

minima of QB are 48.3 ± 29.2 W m-2 at 09:30 and –29.3 ± 14.9 at 18:00, respectively. The earlier 

diurnal maximum at ‘Ōla‘a compared to Nahuku is presumably due to ‘Ōla‘a having a higher 

proportion of smaller stems, for which a greater proportion of biomass is near the outer surface. 

Figure 3.3 shows QB separated into its major components: native trees, tree ferns, foliage and 

epiphytes, dead organic matter, and P. cattleianum. While M. polymorpha largely dominates QB 

at Nahuku, a mixed contribution of biomass components characterizes QB aht the ‘Ōla‘a stand, 

with tree stems and foliage contributing more in the morning and lower canopy elements like 

tree ferns and dead organic matter contributing more in the middle of the day. At Nahuku, QA 

has a maximum of 14.1 ± 13.7 W m-2 at 08:00 and a minimum of –8.8 ± 9.8 W m-2 at 18:00, and 

at ‘Ōla‘a QA has a maximum of 15.1 ± 12.0 W m-2 at 08:00 and a minimum of –5.6 ± 5.6 W m-2 at 

18:30. Interestingly, on average QA is larger at ‘Ōla‘a than at Nahuku, although the Nahuku air 

layer below the instruments is 7 m thicker. While it is possible that QA is prone to error because 

humidity was assumed to be constant with height in the canopy when estimating QLE, humidity 

profile measurements are currently being installed at Nahuku to identify the error in QA caused 

by this assumption. As shown by Figure 3.2, G contributes a small but significant fraction of the 

total heat storage flux at both sites and the mean peak positive and negative fluxes are 

considerably delayed compared to QA and QB. At Nahuku, G reaches a maximum at 14:30 of 5.9 

± 3.6 W m-2 and a minimum of –4.0 ± 2.1 W m-2 at 06:30. At ‘Ōla‘a, G reaches a maximum at 

14:00 of 7.2 ± 3.2 W m-2 and a minimum of –5.2 ± 3.0 W m-2 at 07:00. The mean diurnal cycles of 
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heat storage in each of three vertical biomass layers and biomass and in the soil to QB above the 

heat flux plates is plotted in Figure 3.4. In Figure 3.5 the mean diurnal cycle of mass specific QB 

(W m-2 kg-1) is plotted for each vertical layer (biomass and upper soil layer). The mean diurnal 

cycles of the ratios of QB, QA and QSUM to RNET – G are plotted in Figure 3.6, with daytime and 

night-time data plotted separately. During the morning, heat storage in the air and biomass 

decreases the amount of energy available for turbulent fluxes. After 15:00, energy is released 

from the air and biomass, effectively increasing available energy through the night.  

 

 

3.4  Energy Closure and the Importance of Including Heat Storage 

 

To illustrate the effects of including energy storage terms in energy balance closure analysis, the 

mean diurnal cycles of the absolute energy imbalance are shown for RNET – LE + H, RNET – G – LE + 

H, and RNET – QSUM– LE + H for both sites in Figure 3.7. At Nahuku, inclusion of heat storage terms 

reduced the energy imbalance during the day. However a significant energy imbalance remains 

with a mean daytime EIABS value of 71.3 W m-2, corresponding to a daytime relative energy 

deficit of 19.5%. Because G is a minor component of the energy balance at these sites (Figures 

3.2, 3.7) and the purpose of this analysis is to determine improvement due to storage terms less 

often included in surface energy budget studies (QB and QA), the effect of subtracting G from 

RNET is not evaluated in regards to Ω. Figure 3.8 shows the improvement in Ω (moves closer to 

unity) as a result of including QB and QA. At Nahuku, Ω for all available data (day and night) 

increased modestly from 0.767 to 0.805 after inclusion of QB and QA. At ‘Ōla‘a Ω increased more 

significantly from 0.919 to 0.998 after inclusion of QB and QA, nearly double the estimated 

improvement at Nahuku.  

 

 

3.5  Effects of Environmental Variability on Energy Closure 

 

The mean diurnal cycles of u* and ξ are plotted in Figure 3.9, demonstrating how atmospheric 

conditions change throughout the day as well as differences in the atmospheric turbulence and 

stability characteristics at the two sites. At Nahuku, mean diurnal u* is considerably higher than 

at ‘Ōla‘a, due to higher average wind speed, a result of its more exposed location near the 
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summit of Kilauea Volcano.  While daytime ξ is similar at the two sites, ‘Ōla‘a is characterized by 

more stable night-time conditions as well as slightly more unstable conditions when instability is 

at its maximum in the mid to late morning.  

Figure 3.10a–d demonstrates the relationship between u* and Ω for daytime and night-

time periods at both sites. While Ω approaches 1 at ‘Ōla‘a after inclusion of QB and QA, Ω 

increases during daytime periods from 0.88 for the lowest u* bin to 1.02 as mean u* increases, 

reaching its maximum when u* is approximately 0.6 m s-1 before leveling off. At Nahuku, 

maximum Ω of 0.836 occurrs when u* is approximately 0.42 m s-1 after inclusion of QB and QA in 

the energy balance. In contrast, at Nahuku, where highly turbulent conditions represent 39.5% 

of available daytime periods, Ω decreases slightly to 0.802 for u* values greater than 0.75 m s-1. 

Relative energy closure plotted as a function of u* shows that the overall energy closure is 

reduced under low u* conditions, both at night and during the day. The coefficient of 

determination for all night-time data is very low (r2< 0.2), although for daytime periods the 

investigators have much higher confidence that the eddy covariance instruments are functioning 

properly (r2> 0.8 for all bins). Figure 3.10e–h shows the relationship between u* and EIABS for 

daytime and night-time periods at both sites. At Nahuku, the absolute value of EIABS was 

minimized during the night after inclusion of biomass and air heat storage, with the average 

night-time value changing from –25.6 ± 40.7 to –12.8 ± 41.1 W m-2. EIABS reaches –1.7 W m-2 

after including heat storage when u* is 0.43 m s-1, although the mean imbalance becomes more 

negative when u* is above or below this value. Conversely, at ‘Ola‘a, EIABS changes sign at night 

after inclusion of QSUM, changing from a mean nighttime value of –11.4 ± 44.7 Wm-2 to 10.1 ± 

44.2 W m-2. At ‘Ōla‘a, EIABS appears to be independent of u*, however standard deviations of 

EIABS increase for larger values of u*. 

While Ω is reduced for stable atmospheric conditions at both sites, the patterns of 

energy closure in relation to ξ are unique for each individual site (Figure 3.11a, b). At both sites 

Ω reaches a maximum for the most unstable conditions. However, Ω at ‘Ōla‘a is lower for a 

given value of ξ and u*, with a much greater diurnal range of variability than Nahuku where 

nocturnal Ω approaches nearly the same slope as during the day with u* above 0.35 m s-1 

(Figure 3.11a 

The mean absolute energy imbalance as a function of stability, with error bars set to ± 

one standard deviation (Figure 3.11c, d) reveals that the greatest reduction of EIABS occurs for 

the most unstable conditions, although both mean absolute and relative cases, errors increase 
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with increasing in Ω and EIABS resulting from inclusion of heat storage in the biomass and air 

occur during the most unstable conditions, and the smallest differences occur during less 

unstable conditions. For stable conditions however, there is no apparent trend in the effect of 

including heat storage terms on EIABS with varying atmospheric conditions. 

The diurnal cycle of Ω is plotted in Figure 3.12 for both treatments, RNET – G and RNET – 

QSUM.  At both sites, including heat storage had a positive influence on Ω in the morning, and a 

less pronounced negative influence in the evening. Including QB and QA for the period 08:00 to 

10:00 AM, increases Ω from 0.753 to 0.848 at Nahuku and from 0.854 to 1.031 at ‘Ōla‘a. 

Conversely, in the afternoon from 15:00 to 17:00, Ω decreases from 0.815 to 0.793 at Nahuku 

and from 0.974 to 0.914 at ‘Ōla‘a as a result of including heat storage. 
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CHAPTER 4.  DISCUSSION 

 

4.1 Evaluation of Fresh Biomass and Energy Storage Estimates 

 

The two forest sites discussed in this Thesis were found to have relatively high BF estimates for 

low to medium statured forests. Biomass components that are often neglected (i.e. litter, CWD, 

understory, and epiphytes) make up a significant proportion of BF at these sites (Table 3.2).  

Compared to other estimates of BF in forests (Table 4.1), the biomass at Nahuku and ‘Ōla‘a are 

high for their relatively low canopy height, 12–20 m and 6–16 m, respectively. Fresh biomass of 

a 40 m temperate eucalyptus stand in Australia (Haverd et al., 2007) and a 14–25 m tropical 

forest in the Amazon (Michiles and Gielow, 2008) with 66–73 kg m-2 and 72.4 kg m-2, 

respectively, was similar to that of Nahuku and ‘Ōla‘a. However, despite the lower canopy 

height at the two montane tropical rainforest sites discussed in this thesis,  M. polymorpha and 

P. cattleianum have relatively high wood density (both approximately 0.69 kg m-3),  and Nahuku 

is dominated by M. polymorpha. At ‘Ōla‘a, both M. polymorpha and P. cattleianum make up a 

considerable portion of the biomass. Abundant subcanopy Cibotium spp. and accumulated CWD 

contribute significantly to BF at ‘Ōla‘a, a very dense forest for its height. While M. polymorpha 

stems dominate QB at Nahuku, the substantial litter layer of approximately 10 cm depth is an 

important heat sink as well, absorbing heat that would otherwise penetrate the soil. Trees at 

Nahuku have larger mean DBH which translates to a higher proportion of insulated core biomass 

reducing the capacity to store heat compared to a forest of similar biomass with many small 

stems such as ‘Ōla‘a. The model predicted significantly more heat absorbed by the above 

ground biomass at ‘Ōla‘a (Figure 3.2), a result of the combination of slightly higher BF with 

numerous small P. cattleianum stems and fallen and standing Cibotium tree ferns. Haverd et al. 

(2007) predicted higher heat storage for smaller stems for a given biomass, consistent with the 

results of this study.  

The results of the analysis of heat storage by different biomass components indicate 

that each of the components shown in Figure 3.3 contribute significantly for different parts of 

the day, and site variability influences the magnitude and timing of heat storage fluxes. Biomass 

elements positioned higher up in the canopy with smaller diameter stems are more exposed to 

direct radiation and store and release more energy for a given mass. The contribution of the 

lowest biomass layer to QB is the highest among the three layers at both sites because of higher 
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biomass density near the surface, and the highest layer contributes significantly despite low 

biomass in the uppermost layer (Figures 3.4, 3.5). For example, at ‘Ōla‘a, while only 18% of BF is 

above 6 m (the highest layer), this layer contributes 32% of QB. At Nahuku, where only 10% of BF 

is above 12 m (the highest layer), this layer contributes 18% of QB. 

While dense forest canopies may limit productivity in the understory for many native 

plants, species that thrive in low light conditions such as P. cattleianum can thicken a forest 

compared to undisturbed native forest. However, since native species generally do not 

germinate in the presence of P. cattleianum due to dark shade and possible alleotropic activity 

at the soil surface, the mixed invaded forest ‘Ōla‘a is being slowly replaced by a monotypic stand 

of P. cattleianum.  

It was qualitatively reasoned that the major sources of error in determining QB and QA 

may be the predictive power of biomass allometric equations, the representativeness of 

biomass surveys and temperature measurements, and the lack of an air humidity profile.  

Tropical forests with mixed structure, such as ‘Ōla‘a are difficult to correctly scale survey and 

temperature measurements to the stand level. However, the method proposed in this study 

confronted the problem of limited survey capability and temperature measurements with a 

rigorous evaluation of biomass components, and an averaging method where temperature 

measurements are evaluated at the weighted average center of mass of a quantified volume.   

The standard deviations of BF between 10 x 10 m plots at Nahuku (8 plots) and ‘Ōla‘a (6 

plots) were used to run a sensitivity test of the effect on energy closure with changing BF, one of 

the possible sources of error described above.  Assuming the proportions of inner and outer 

biomass remain the same, QB is directly proportional to BF. At Nahuku and ‘Ōla‘a, the standard 

deviations of BF are 11.7 kg m-2and  16.6 kg m-2, which represent 16.8% and 21.9% of mean BF 

for each site. At Nahuku, this error corresponds to a change in Ω of ± 0.007, and the mean night-

time imbalance changes ± 2.3 W m-2. At ‘Ōla‘a, the error corresponds to a change in Ω of ± 

0.014, and the mean night-time imbalance changes ± 3.9 W m-2.  

 

 

4.2 Energy Closure in Relation to Environmental Variability 

 

When all components of biomass are considered in the energy balance on a sub-hourly basis the 

results indicate significant improvement of relative and mean absolute energy closure. The 
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greater improvement of Ω at ‘Ōla‘a is the result of the larger diurnal range of QB and QA at ‘Ōla‘a 

(Figure 3.2). However, the RMSE and r2 did not change significantly after heat storage 

corrections, i.e., including heat storage heat storage does not increase the predictive power of 

the regression between available energy and turbulent flux. However, the theoretical 

foundation of including heat storage stands despite this limitation. 

During unstable daytime conditions, convectively driven turbulence is sufficient for valid 

eddy covariance flux measurement at both sites. However at ‘Ōla‘a, somewhat higher frequency 

of lower wind speeds contribute to lower availability of data with sufficient u* to accurately 

measure LE and H (Figure 3.10b). Lower nocturnal Ω found at both sites (particularly at ‘Ōla‘a) is 

not anticipated to significantly influence results regarding direct ET measurements, as LE is 

expected to be low during the night when stable atmospheric conditions contribute to a 

reduced ability to measure fluxes. Unlike respiration which does not depend on atmospheric 

CO2 concentration, ET will be suppressed as water vapor concentration builds up within the 

canopy. However, because CO2 fluxes are often measured alongside water vapor fluxes using 

the same instrumentation, it is important to note that lower nocturnal energy closure may be 

indicative of a reduced ability to measure CO2 fluxes (Barr et al., 2006), which is of particular 

concern at ‘Ōla‘a. 

The magnitude of the remaining daytime EIABS after inclusion of heat storage at Nahuku 

implies that although some improvement is apparent, including heat storage does not close the 

energy balance at this site (Figure 3.7a). It is possible that larger turbulent structures described 

in section 1.2 are responsible for the lack of energy closure. Conversely at ‘Ōla‘a, while including 

heat storage increased Ω to near 1 over most environmental conditions during the day and 

reduced the absolute value of EIABS for all periods of the day, it also resulted in changing the sign 

of EIABS for both daytime and night-time periods (Figure 3.7b). The small mean energy surplus 

during the day and positive imbalance at night are possibly a result of overestimation of QB at 

this site, a consequence that cannot be ruled out due to the complexity of the forest described 

in section 2.1. The diversity and patchiness at the ‘Ōla‘a forest site introduces greater error 

when scaling up temperature and biomass from limited observations. Compared to ‘Ōla‘a, 

results at Nahuku are expected to be more reliable due to the uniformity of the M. polymorpha-

dominanted stand of similar age and structure, and availability of site- and species-specific 

allometry. Because it is possible that temperature measurements were not representative of the 

complex distribution of biomass at the ‘Ōla‘a site, or further that the limited surveys do not 
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accurately represent the average biomass distribution of the entire footprint of the turbulent 

flux measurements, estimates of energy storage at this site are subject to larger error. 

As in this study, Lindroth et al. (2010) also reported EIABS increasing from negative closer 

to zero after inclusion of QSUM (Figure 3.10g, h). The difference between mean night-time course 

of RNET – G and 0 may be a good indicator of the magnitude of heat storage terms. However, 

since turbulent fluxes are not well represented at night, it is not conclusive whether the 

magnitude of night-time EIABS before inclusion of QA and QB is a proper measure of those heat 

storage terms.   

Results from three boreal forest stands (Barr et al., 2006) found that, at all sites, 

daytime Ω continued to increase with increasing u* without reaching a maximum. In the present 

study, Ω levels off above a certain u* value, indicating that turbulence is sufficient for reliable 

eddy covariance measurements under most daytime conditions, especially at Nahuku (Figure 

3.10c, d). In the daytime at Nahuku, less than 10% of available data was affected by low u* 

below 0.2 m s-1, although slightly lower energy closure also occurs for higher u* values above 0.7 

m s-1. At ‘Ōla‘a Ω was reduced with u* below 0.5 m s-1, which represents approximately half of 

the available data at this site. While Ω improves with increasing u* until a threshold is met at 

both sites, EIABS is much larger for high u* values that generally occur during the day. However at 

‘Ōla‘a, EIABS remains comparatively steady with increasing u*. 

The variation in the effect of including heat storage on Ω according to the time of day at 

these sites is arguably one of the more significant findings of this analysis (Figure 3.12). Heat 

storage corrections provided a positive influence on Ω in the morning and a less pronounced 

negative influence in the evening, which is interpreted to be the result of the maximum rate of 

increase of stored heat in the biomass and air occurring early in the day, causing this to be the 

time of day when accounting for heat storage is most important. When QB and QA become 

negative in the afternoon, available energy is consequently reduced and, therefore, Ω decreases 

as a result of including heat storage.  

 

 

4.3  Gap-filling of Sensible and Latent Heat Fluxes 

 

Results of these analyses illustrate the need for concurrently measuring biomass and air 

temperature and humidity profiles when conducting field-based eddy covariance and energy 
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balance studies. Because of the large proportion of missing data due to wet sensors at the study 

sites, gap-filling of H and LE must be carefully considered in order to limit bias. In this study, the 

hypothesis was advanced that regression RNET – QSUM the independent variable would provide 

more reliable estimates of LE and H, for gap filling purposes for example, than would a 

regression based on   RNET – G. However, because it did not significantly change the predictive 

power of the regression, including QB and QA cannot be expected to significantly improve gap 

filling based on the regression method. However, it is important to note that the predictive 

power of the regression between available energy and H did improve somewhat after inclusion 

of heat storage, although the predictive power of the regression between available energy and 

LE was slightly lower. 

 

 

4.4  Evapotranspiration Adjustments Based on Energy Closure 

 

At Nahuku, while energy closure improvement due to inclusion of heat storage is and does not 

come close to closing the energy balance, the effects on annual ET estimates are more 

significant. The ratio 1/Ω is often used as a factor to adjust LE, and hence ET, usually upward to 

achieve energy closure. This correction assumes that radiation measurements and energy 

storage estimates are more accurate than turbulent flux measurements. The missing energy is 

attributed to underestimation of turbulent fluxes due to stable atmospheric conditions, low 

wind speeds, and higher and lower turbulent motions that eddy flux instruments can capture. 

Under this assumption, it is important to note that including heat storage will reduce the 

magnitude of the energy closure adjustment. However, because the discrepancy between the 

turbulent flux and energy balance measurements, and energy closure characteristics differ 

between sites, it might be better to report flux estimates at a particular site as a possible range 

of values, somewhere between the measurements and the energy-closure-adjusted values. 
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CHAPTER 5: CONCLUSIONS 

 

The significant findings of this study regarding the contribution of heat storage in biomass and 

air layers to the energy balance are as follows: 

 

 Estimates of BF at the two study sites are high for their respective canopy heights, and are at 

the higher range of biomass estimates of land covers where heat storage has been 

previously evaluated. 

 The amplitude of the mean diurnal course of biomass heat storage was estimated to be 30% 

larger at ‘Ōla‘a than at Nahuku despite only 9% higher estimated biomass, which is the 

result of a much higher proportion of small diameter stems at ‘Ōla‘a. 

 With the exception of highly stable night-time conditions with low u* at the ‘Ōla‘a site, 

inclusion of QB and QA in  the energy balance increased Ω, moving it closer to 1 and reduced 

the mean energy imbalance at both sites over the range of environmental conditions 

monitored.  

 After including biomass, air, and soil heat storage in the calculation of energy balance, the 

energy closure was approximately balanced at ‘Ōla‘a. However a relative energy closure 

deficit of 19.5% remained at Nahuku, an indication that while including commonly neglected 

heat storage sinks may be the main reason for lack of energy closure at some sites, other 

sites are subjected to flux losses that must be attributed to other factors, such as lower or 

higher frequency turbulent structures that the eddy covariance instruments fail to measure. 

 Environmental factors such as u*, ξ, and time of day all have unique relationships with Ω, 

and these relationships change after inclusion of QB and QA. 

 Inclusion of QB and QA in the energy balance was found to increase Ω the most under the 

following environmental conditions: in the early morning, the most unstable atmospheric 

conditions, for lower u* during the daytime and for higher u* at night. 

 At both sites after inclusion of all heat storage terms, Ω reaches a maximum for the most 

unstable atmospheric conditions and in the early morning, and the lowest Ω occurs during 

conditions of low u*.  

 

The results of this investigation suggest that site variability influences the turbulent flows above 

the canopy, affecting the instruments ability to measure fluxes. While the mechanism that 
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drives the remaining lack of energy closure after inclusion of heat storage at Nahuku is unclear, 

it is likely that ET should be adjusted upward to account for this loss. However, it is unclear if the 

assumption that missing turbulent fluxes are proportionally distributed between LE and H. The 

results of this study would be complemented by further analysis of specific reasons for the 

remaining energy closure deficit during the day at this site. 

It is interesting to note the differences between sites in the ability of eddy covariance 

measurements to accurately determine gas and energy exchange above a given land cover. 

While energy closure was better in the daytime at ‘Ōla‘a, highly stable night-time conditions 

with lower u* contributed to inferior night-time energy closure. In contrast to Nahuku, its more 

protected location may have contributed to near-ideal flux measurement during the day, but 

inhibited the ability of instruments to capture the fluxes at night. The results of this analysis will 

contribute to more accurate estimates of ET at these Hawaiian forest sites, and will add to the 

limited body of literature regarding canopy heat storage in relation to energy closure.
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TABLES 
 
Table 2.1.  Characteristics of canopy and subcanopy species in survey plots from two sites on the 
Big Island of Hawai‘i. 
 

Species Stem density Mean DBH DBH range BA Mean height 

a) Native Site - Nahuku n ha
-1

 cm cm cm
2
 m

-2
 m 

Metrosideros polymorpha 1675 16.8 (8.5) 5.2 – 51.2 46.13 12.7 (2.9) 

Ilex anomala 200 13.0 (11) 5.0 – 31.6   4.33 10.2 (4.7) 

Coprosma sp. 50   6.9 (1.1) 6.1 –   7.7   0.19   8.3 (0.9) 

Cibotium spp. 738 20.0 (8.6) 
A
 5.0 – 33.6 40.56   3.8 (1.3) 

Sadleria spp. 875    5.9 (1.1) 
A
 5.1 –   9.0   2.51   1.0 (0.3) 

      
b) Invaded Site - ‘Ōla‘a 

     Metrosideros polymorpha 300 17.5 (9.7)   5.6 – 39.5    9.29 11.4 (3.2) 

Ilex anomala 267 10.6 (6.3)   5.9 – 31.0    3.11   8.5 (2.0) 

Cheirodendron trigynum 333 13.9 (4.2)   8.3 – 24.0    5.50 10.5 (1.9) 

Psidium cattleianum 12467    4.2 (1.6)   2.0 – 11.7   20.44   5.5 (2.1) 

Cibotium spp.  
A
 3083  21.1 (5.2) 10.0 – 36.0 109.48   4.6 (1.6) 

 

DBH is the diameter at breast height (1.3 m) and BA is the basal area of each species, calculated  (DBH/2)
2
. Vegetation 

surveys encompassed 8 plots of 100 m
2
 and 6 plots of 100 m

2
 at Nahuku and ‘Ōla‘a, respectively. All stems greater 

than 5 cm included, individuals greater than 2 cm included for P. cattleianum. Standard deviation (in parentheses) 

represents combined plot variability for each species. 
A
 For Cibotium spp. and Sadleria spp., diameter measured at 

midpoint height of stem. 

 

 

Table 2.2.  Wood density (WD) and wet to dry ratio's (RWD) for stems and leaves. 

 

Species WD (g cm
-3

) Stem RWD Leaf RWD 

Metrosideros polymorpha 
A
 0.69 

A
 1.87

 B
 2.11

 B
 

Cheirodendron trigynum 
A
 0.47

 A
 1.95

 B
 3.01

 B
 

Ilex anomala
 A

 0.48
 A

 2.22
 B

 2.88
 B

 

Coprosma Spp.
 A

 0.48
 A

 2.20
 B

 2.51
 B

 

Cibotium glaucum 
 A

 0.22
 A

 2.72
 B

 3.16
 B

 

Psidium cattleianum 
B
 0.69

 A
 1.74

C 
       2.71

 C
 

 

A
 Asner et al. (2011);

 B
 Applet and Vitousek (1994); 

C
 F. Hughes, USDA Forest Service, Hilo, unpublished data
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Table 2.3.  Regressions developed from harvested Psidium cattleianum trees to predict vertical 

and radial compartments of stem fresh biomass (BS , g) from diameter at 1.3 m (DBH, cm). RMSE 

is the root mean square error of the model and r2 is the coefficient of determination. 

compartment allometric equation RMSE (g) r
2
 

0 – 4 m core BS = 1226 x DBH – 7070 626 0.95 

0 – 4 m skin BS =   587 x DBH
1.787

 2107 0.98 

4 – 6 m skin BS =   423 x DBH
1.488

 687 0.97 

6 – 10 skin BS =   248 x DBH
1.777

 1622 0.87 

All stems BS = 1072 x DBH
1.809

 2587 0.98 

 

 

Table 3.1.  Fresh biomass (kg m-2) by component at Nahuku (a) and ‘Ōla‘a (b). 

 
a) Native forest b) Invaded forest 

Species or Element Stems Foliage Stems Foliage 

Metrosideros polymorpha 49.4 (19.2)  2.00 (0.7) 10.1 (14.7) 0.4 (0.5) 

Ilex anomala 4.4 (4.0)     0.23 (0.18)  3.9 (4.2) 0.4 (0.4) 

Cheirodendron trigynum – –  2.5 (2.7) 0.2 (0.2) 

Psidium cattleianum – –   20.6 (12.9) 1.3 (0.9) 

Coprosma sp.   0.1 (0.13)    0.01 (0.01) – – 

Cibotium and Sadleria spp.   3.1 (1.50)    1.02 (0.61) 23.2 (3.4) 2.4 (1.4) 

CWD 1.84 (*)   8.2 (8.3) 

Litter 6.8 (2.7)   2.4 (1.0) 

Epiphytes     0.94 (0.29) 0.3 (*) 

Total 69.8 (11.7)    75.9 (16.6) 
CWD is coarse woody debris (stems larger than 5 cm diameter). Standard deviation in parentheses 

represents plot, subplot, or combined plot variability. *Only 2 plots measured, hence no standard 

deviation is given.
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Table 3.2.  Radial and vertical distribution of fresh biomass (BS, kg m-2) at Nahuku (a) and ‘Ōla‘a 
(b). 

Nahuku, native forest Core Skin Core Skin Core Skin BS 

Species 0–6 m  6–12 m  12–20 m  % of total 

Stem (native trees)   16.37 10.36 10.10 11.62 1.29 4.15 77.2 

Stem (ferns)  1.52    1.70 – – – – 4.5 

CWD  0.31  1.53 – – – – 2.6 

Litter  6.76 – – 9.7 

Foliage (ferns)  1.02 – – 1.5 

Foliage (native trees)  0.03 1.00 1.25 3.3 

Epiphytes  0.83 0.11 – 1.3 

Total 69.8 (11.7)   

 

       ‘Ōla‘a, invaded forest Core Skin Core Skin Core Skin BS 

Species 0–4 m 4–6 m 6–17 m % of total 

Stem (native trees)   4.56   3.00 0.54 0.94 2.35 5.16 21.8 

Stem (ferns) 11.80 11.45 – – – – 30.6 

Stem (P. cattleianum)    0.42 10.86 0.01 4.80 – 4.51 27.1 

CWD    4.76   3.42 – – – – 10.8 

Llitter  2.42 – – 3.2 

Foliage (ferns)  1.44 1.44 – 3.8 

Foliage (native trees) <0.01 0.05 0.81 1.1 

Foliage (P. cattleianum)  0.01 0.25 0.59 1.1 

Epiphytes  0.29 0.02 0.02 0.4 

Total 75.9 (16.6)   
 

"core" represents the inner cylinder of larger stems, and "skin" represents the annulus. CWD is coarse 

woody debris (fallen dead stems larger than 5 cm diameter). Standard deviation (in parentheses) 

represents plot variability (10 m x 10 m plots) of combined fresh biomass.
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Table 3.3.  Parameters used to estimate energy storage in the annular portions of biomass (skin), including height range of stem sections (HtRANGE), 

the height of temperature measurements (HtT), depth of temperature measurement in the stem (zTS), mean diurnal temperature range (TR), and 

parameters used to estimate biomass energy storage, including specific heat of biomass (CB) and fresh biomass (BS). 

 
Nahuku ‘Ōla‘a 

 

 
HtRANGE HtT zTS TR CB BS HtRANGE HtT zTS TR CB BS 

Component m m  cm ◦C J kg
-1

 °C
 -1

 kg m
-2

 m m  cm ◦C J kg
-1

 °C
 -1

 kg m
-2

 

Mp Skin 
A
    0–  6   3.0  1 3.09 2608 13.71   0–  4   3.0 

D
 1.0 

D
   4.70 

D
 2637  3.00 

Mp Skin 
A
    6–12   9.0  1 3.63 2608 15.82   4–  6   5.0 

D
 1.0 

D
   6.10 

D
 2637  0.94 

Mp Skin 
A
  12–20 15.0  1 5.31 2608   5.87   6–17   7.0 

D
 1.0 

D
   6.97 

D
 2637  5.16 

Cib_Skin    0–  3.5   0.5  1.5 2.65 3084   2.31   0–  4   0.5 1.5   2.62 3084 11.45 

Pc Skin – – – – – –   0–  4   3.0 1.0   4.70 2460 10.85 

Pc Skin – – – – – –   4–  6   5.0 1.0   6.10 2460   4.80 

Pc Skin – – – – – –   6–17   7.0 1.0   6.97 2460   4.51 

Foliage 
B 

   0–  6   3.0  0 4.63 2938   1.05   0–  4   3.0  0   5.13 3141   1.45 

Foliage 
B
    6–12   9.0  0 4.69 2938   1.00   4–  6   9.0  0   5.79 3141   1.74 

Foliage 
B
  12–20 25.0  0 4.80 2938   1.25   6–17 25.0  0   5.92 3141   1.40 

CWD Skin 
C
    0–  0.5   0.5  1.5 2.65 3185   1.53   0–  0.5   0.5 1.0   2.62 3185   3.42 

Litter 
C
    0–  0.1   0.5  1.5 2.65 3501   6.77   0–  0.1   0.5 1.5   2.62 3501   2.42 

Epiphytes 
B
    0–  6   3.0  0 4.63 3368   0.82   0–  4   3.0  0   5.13 3368   0.29 

Epiphytes 
B
    6–12   9.0  0 4.69 3368   0.12   4–  6   5.0  0   5.79 3368   0.02 

Epiphytes 
A
 – – – – – –   6–17   7.0  0   5.92 3368   0.02 

 

Mp = Metrosideros polymorpha, Pc = Psidium cattleianum ,Cib = Cibotium spp. 
A
Includes Ilex anomala and Coprosma spp., and Cheirodendron trigynum. 

B
 Leaf 

and epiphyte temperature assumed to be equivalent to air temperature. 
C
 CWD (fallen dead stems larger than 5 cm diameter) and litter temperature 

estimated from Cibotium spp. temperature at 1.5 cm. 
D
 native tree skin temperature estimated from Pc skin temperature at ‘Ōla‘a.
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Table 3.4.  Parameters used to model temperature and energy storage in the interior “core” volume of stems, including the height range that the 

temperature measurements were assumed to represent (HtRANGE) height of temperature measurements (HtT), depth of temperature 

measurement in the stem (zTc), the modeled depth of temperature measurement at the center of mass of the stem  core volume (zTMC), the 

modeled mean diurnal temperature range (TRMC), the time lag predicted by temperature sensors at two depths (lag), and parameters used to 

estimate biomass energy storage such as specific heat of biomass(CB), and fresh biomass (BS). 

Core Element HtRANGE HtT zTC zTMC TRMC α lag CB BS 

 
m m  cm cm ◦C unitless min cm

-1
 J kg

-1
 °C

 -1
 kg m

-2
 

Nahuku                   

Mp Core 
A
    0–  6   3.0  4.75 5.44 1.66   1.84E-07 40 2608 16.67 

Mp Core 
A
    6–12   9.0  6.0 4.82 2.81   8.06E-07 30 2608 10.28 

Mp Core 
A
 12–20 15.0  4.5 4.69 5.15   5.35E-05 17 2608    1.30 

Cib Core    0–  3.5   0.5  5.0 6.32 1.36   1.91E-07 34 3084    1.52 

CWD Core    0–  0.5   0.5  5.0 4.90 1.66   1.91E-07 
C
 34 3185    0.31 

‘Ōla‘a           
 

      

Mp Core 
B
   0–   4 3.0 4.75 5.39 1.67   1.84E-07 

D
 40 2637    4.56 

Mp Core 
B
   4–  6 5.0  6.0 5.15 2.75   8.06E-07 

D
 30 2637    0.54 

Mp Core 
B
   6–17 7.0  4.0 4.55 5.16   5.35E-05 

D
 17 2637    2.35 

Cib Core   0–  4 0.5  4.5 5.83 1.74   2.96E-07 22 3084 11.75 

Pc Core   0–  4 3.0  4.0 3.21 4.65   1.67E-04 15 2460    0.42 

Pc Core     – 5.0  3.0 No Core – – – –    0.00 

Pc Core     – 7.0  2.0 No Core – – – –    0.00 

CWD Core    0–  0.5 0.5  4.5 6.58 1.60 2.96E-07 
C
 22 3185    4.76 

 

Mp = Metrosideros polymorpha, Pc = Psidium cattleianum , Cib = Cibotium spp. 
A
Includes Ilex anomala and Coprosma spp. 

B
 Includes Ilex anomala and 

Cheirodendron trigynum. 
C
 α (thermal diffusivity) from thermocouple installed in tree fern used for CWD (fallen dead stems larger than 5 cm diameter) at both 

sites. 
D
 α for Nahuku used for M. polymorpha trees at ‘Ōla‘a.
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Table 4.1.  Summary of reported values of stand fresh biomass (BF), canopy height (HtCANOPY), eddy covariance observation height (HtOBS), heat 

storage terms, and energy closure improvements after inclusion of all heat storage terms. 

 
BF HtCANOPY HtOBS hourly max / min of mean diurnal cycle  (W m-2) Ω / offset (W m-2) / r2 

Vegetation  (kg m-2)  (m) (m) QB QH QLE QS QP QSUM  RNET - G  RNET - G - QSUM 
A

 crop - maize    0 - 9         3       8 22 – –       42 30     80 
K
 0.84 / 24 / 0.81  0.94  / 24 / 0.86 

A
 crop - soybean    0 - 3.5         0.9       8 7 – –       17 12     40 

K
 0.90 / 12 / 0.77  0.97  / 12 / 0.81 

B
 deciduous broadleaf       39       27     46 18 35 / -9    4   /  -4   35 / -9 

J
 – 69 / -30 

L
 –  0.72 / 0.96/ 0.92 

C
 temperate eucalyptus   66 - 73       40     71.5 61 / -44 47 / -66  27   / -29  48 / -54

J
 <3 51 / -55 

K
  0.90 / 0 / 0.88 

M
  1.01 / 0 / 0.87 

M
 

D
 mid latitude grassland        1.7        0.1       3.5 – – – – – –  0.90 / 0 / 0.95 

M
  0.96 / 0 / 0.97 

M
 

E
 tropical forest      72.4 14 - 25     53.1 39 /  -25 39 / -17 – – 65 / -35 

K
   0.82 / 7.04 / 0.89  0.90 / -4 / 0.92 

F
 Norway spruce- TH      39.9       30     42 14 / -10 15 / -11   4  /  -6    1 /   0    8 /   0  33 / -21 

K
   0.75 / 21.8 / 0.92  0.81 / 18.6 / 0.92 

F
 Norway spruce - RE      39.2 20 - 30     32 18 / -16 11 / -11   7  /  -6    5 /  -4    9 /   0  24 /  13 

K
   0.96 / 58.6 / 0.79  1.02   / 47.4 / 0.81 

F
 Norway spruce - WS      39.2       20     30  9 / -5   7 / -7   3  /  -3    3 /  -2    9 /   0  20 /   -7 

K
   0.67 / 16.0 / 0.92  0.70   / 14.9 / 0.92 

F
 pine and spruce - NO      47.5       25     33 19 / -16 16 / -13   7  /  -7    3 /  -2    9 /   0  28 / -19 

K
   0.90 / 32.7 / 0.90  1.00   / 25.0 / 0.90 

G 
pine and spruce - NO      43.4       28     35 22 / -20 15 / -14   5  / - 8   15 /  -4

J
        - 40 / -35 

L
   0.857 / 9.9 / 0.92  0.975 / -2.3 / 0.95 

H 
subalpine meadow  2.7 - 3.2       0.4       1.5 16 / -10   2 / -1   1  /  -2    8 / -10 12 / -13 19 / -13 

K
  0.860 / 0 / 0.97

 M
  0.894 / 0 / 0.97 

M
 

I
 tropical montane forest      69.8       17     25 27 / -18   8 / -6   7  /  -4 – – 38 / -26 

L
  0.767 / 0 / 0.93 

M
  0.805 / 0 / 0.93 

M
 

I
 invaded tropical forest      75.9       12.5     18.3  48 / -29   8 / -4   7  /  -3 – – 56 / -33 

L
  0.918 / 0 / 0.94 

M
  0.997 / 0 / 0.94 

M
 

A
 Meyers and Hollinger (2004), only daytime energy storage terms reported, therefore two hour maximum of mean diurnal cycle given; 

B
 Oliphant et al. (2004), 

dry biomass was given in the text, therefore fresh biomass was estimated by multiplying by 2. Mean diurnal cycle of storage terms is for April only; 
C 

Haverd et 

al. (2007), mean diurnal cycle of storage terms is only for day 73, 2005; 
D
 Jacobs et al. (2008); 

E
 Michiles and Gielow (2008), mean diurnal cycle of storage terms 

for the dry season only, heat flux plates were installed at 1 cm, hence QS was assumed to be small and therefore not measured; 
F 

Moderow et al. (2009), data 

from NO site from summer 2006; 
G 

Lindroth et al. (2010), data from same NO site from summer 1995; 
H
 Wang and Zhang (2011), 

I 
Nahuku and ‘Ōla‘a (this 

study). 
J
 includes G; 

K
 QSUM Does not include G; 

L
 QSUM includes G. 

M
 Y axis forced through zero. 

A dash means that either the variable was not measured or not given.  Some of the maximum and minimum hourly means of the diurnal cycle of storage terms 

were approximated from a figure in the relevant publication. 
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FIGURES 

 

 
 
Figure 2.1.  Stratified diagram of a mature Metrosideros polymorpha tree given by Gerrish 
(1988) (a), and the biomass height profile that was extrapolated from measurements of the 
stratified figure (b). 
 
 

 
 
Figure 2.2. Cross-section of stem including variables used in radial separation of biomass. TS (°C) 
are temperature measurements that are averaged to represent the annular portion of biomass 
(VSKIN, cm3), TMC (°C) is the modeled stem core temperature that represents the volume of the 
interior of stems (VCORE, cm3), zTS (1 cm in tree stems and 1.5 cm in Cibotium spp. stems) is the 
distance between the stem surface and the center of mass of VSKIN, zTMC (cm) is the distance 
between the stem surface and the center of mass of VCORE, R1 (cm) is the radius of the stem, R2 
(cm) is the radius of VCORE, RT1 (cm) is the distance between the center of the stem and the 
center of mass of VSKIN, and RT2 (cm) is the distance between the center of the stem and the 
center of mass of VCORE. 
 
 
 
 
 



57 
 

 
 
Figure 2.3.  Bivariate association between biomass of surveyed trees predicted from the Figure 1 
model with two published models of Metrosideros  at Nahuku. The dashed line represents a 1:1 
ratio between models. 
 
 

 
 

Figure 2.4.  Dry biomass vs. DBH (Diameter at 1.3 m) for all harvested P. cattleianum trees in this 
study (n=9) and in Mascaro et al. (2011). Trees harvested under open canopy (n=4) were not used 
in the allometric relationships described in Table 2.3. 
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Figure 3.1.  Three-day sample of stem temperature time series in a) Metrosideros polymorpha at 
Nahuku and b) Psidium cattleianum at ‘Ōla‘a. Mid-level tree stem temperature and Cibotium spp. 
stem temperature not shown. This period was chosen to exemplify large day-to-day variability. 
 

 
 
Figure 3.2.  Mean diurnal cycle of heat storage in the biomass (QB), sensible and latent energy 
storage in the air column below the eddy covariance sensors (QH and QLE, respectively), soil heat 
flux and energy storage in the top 8 cm of mineral soil (G), and all heat storage terms combined 
(QSUM) at Nahuku (a) and ‘Ōla‘a (b) averaged over the 34 months of analysis.  
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Figure 3.3.  Mean diurnal cycles of heat storage in various biomass elements at Nahuku (a) and 
‘Ōla‘a (b) averaged over the 34 months of analysis. 
 
 

 
 
Figure 3.4.  Mean diurnal cycles of the vertical distribution of heat storage in the biomass and 
the soil layer above the heat flux plates at Nahuku (a) and ‘Ōla‘a (b). 
 
  

 
 
Figure 3.5.  Mean diurnal cycle of mass specific heat storage at different levels in the canopy and 
the soil layer above the heat flux plates at Nahuku (a) and ‘Ōla‘a (b). 
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Figure 3.6.  Mean diurnal cycles of the ratio’s of the of heat storage in the biomass (QB, W m-2), 
heat storage in the air layer below the eddy covariance sensors (QA, W m-2), and all heat storage 
terms combined (QSUM) to the mean diurnal cycle of net radiation minus soil heat flux (RNET – G, 
W m-2) at both sites for day (a, c) and night (b, d). For reference, RNET – G is plotted on the right Y 
axis. Horizontal dotted line (a, c) represents a ratio of zero. 
 
 

  
 
Figure 3.7.  Mean diurnal cycles of absolute energy imbalance  (EIABS, W m-2) with and without 
heat storage terms at Nahuku (a) and ‘Ōla‘a (b). Horizontal dotted lines represent a mean 
energy imbalance of zero W m-2. 
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Figure  3.8.  Scatterplots of the sum of turbulent flux vs. two versions of available energy, net 
radiation minus soil heat flux (RNET – G) and net radiation minus the sum of energy storage in the 
soil, biomass, and air (RNET – QSUM) at Nahuku and ‘Ōla‘a. Relative energy closure (Ω) is 
determined as the slopes of the best-fit lines shown. Regression equations on the bottom right 
of each figure are forced through the origin to express Ω as one coefficient.  
 
 
 
 
 



62 
 

 
Figure 3.9.  Mean diurnal cycles of friction velocity (u*) and stability (ξ) at Nahuku and ‘Ōla‘a . 
The dashed line represents neutral stability.
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Figure 3.10.  Ω and EIABS as a function of u* for Nahuku (a, c, e, and g) and ‘Ōla‘a (b, d, f, and h) 
for two cases: available energy is set to net radiation minus soil heat flux (RNET – G, W m-2, gray 
circles) and available energy is set to net radiation minus the sum of energy storage in the soil, 
biomass, and air (RNET – QSUM, W m-2, black circles). Data are plotted for even sized bins (n=500 to 
1100). Daytime and night-time data are shown separately. Error bars for a, b, c, and d represent 
± one standard error of the slope (SB), and for e, f, g, and h, error bars represent ± one standard 
deviation. Horizontal dotted lines represent perfect energy closure. 
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Figure 3.11.  Relative energy closure (Ω) and the mean absolute energy imbalance (EIABS) as a 
function of stability (ξ ) at Nahuku (a, c) and ‘Ōla‘a (b, d) for two cases: available energy is set to 
net radiation minus soil heat flux  (RNET – G, W m-2, gray circles) and available energy is set to net 
radiation minus the sum of energy storage in the soil, biomass, and air (RNET – QSUM, W m-2, black 
circles) for even sized bins. Horizontal dotted lines represent perfect energy closure, and vertical 
dashed lines represent neutral atmospheric conditions. Error bars represent ± one standard 
error of the slope (SB) for a and b, and ± one standard deviation for c and d.  
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Figure 3.12.  Relative energy closure (Ω) according to time of day for Nahuku (a) and ‘Ōla‘a (b) 
for two cases: 1) available energy is set to net radiation minus soil heat flux (RNET – G, W m-2, gray 
circles), and available energy is set to net radiation minus the sum of energy storage in the soil, 
biomass, and air (RNET – QSUM, W m-2, black circles) for even sized bins. Horizontal dotted lines 
represent perfect energy closure. Error bars represent the standard error of the slope (SB).  
 


