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Abstract 

Freeze-thaw cycles, where temperatures fluctuate above and below 0°C, are the cause of elevated stem 
pressures that drive sap flow from within the sugar maple. This temperature-dependency has historically 
limited the production of maple syrup to select regions of North America. The plantation method of sap 
harvesting (which uses densely planted saplings instead of mature trees) now raises the possibility of a 
New Zealand-based maple syrup industry. In this study, a transient 2D heat transfer model was 
developed to predict freeze-thaw events in trees, and thereby evaluate potential plantation locations 
based on their climate. The heat transfer phenomena which have been modelled are bulk thermal 
diffusion, diffusion across discrete wood layers, convection, infrared radiation and solar radiation. 
Through experimental validation the model was found capable of predicting temperatures in real-life 
trees with high accuracy. Sensitive parameters were the bark absorptivity and sapwood diffusivity. 
Simulation results also indicate that the frequency of freeze-thaw cycles increase dramatically in 
saplings, as compared to mature trees, making maple syrup production potentially viable in locations 
that would otherwise fail when using traditional methods.  
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1. Introduction 
In the springtime, freezing and thawing of the sugar maple (Acer saccharum) gives rise to elevated stem 
pressures that, upon wounding of the tree, will cause its sap to flow readily. For producers of maple 
syrup, harvesting the sap is a simple matter of drilling a hole into the wood, inserting a tap and directing 
the exuded sap into a container, provided that the ambient temperature fluctuates above and below 0°C 
over a period of several consecutive days. This process is known as a ‘freeze-thaw cycle’. The sap is 
then boiled and concentrated into maple syrup. Currently, the world’s only commercial producers of 
maple syrup are found in the north-eastern United States and south-eastern Canada, wherein the sugar 
maple grows abundantly and the climate is conducive to sap exudation. In fact, 75% of the global maple 
syrup supply comes from Quebec alone [1]. Researchers in New Zealand are now interested in creating 
a domestic maple syrup industry, motivated by newly-discovered methods to harvest sap from the 
excised stems of sugar maple saplings (as opposed to mature trees) under vacuum [2]. The underlying 
assumption is that smaller diameter saplings will allow for reliable freeze-thaw cycles to be established 
in New Zealand’s milder climate. Not only would this venture diversify the maple syrup industry, which 
is currently susceptible to pests, disease and extreme weather events, as well as climate change [1], but 
it is also of economic interest [3]. The knowledge that freeze-thaw cycles are needed to induce sap flow 
in sugar maple lends itself towards a predictive heat transfer model, through which the importance of 
various meteorological factors can be assessed. 

The mechanism responsible for maple sap exudation has long been a source of debate. It is thought to 
be the combined effects of 1) a maple tree’s unique cellular structure, 2) the presence of dissolved 
sucrose in the sap and 3) ice formation during a freeze-thaw cycle. The leading theory was first proposed 
by Milburn and O’Malley [4] in 1984 and later expanded upon by Tyree [5] in 1995. Various 
mathematical models have since been developed in an attempt to validate their work [6-8]. Recently, 
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Graf, Ceseri and Stockie [8] were successful in replicating the pressure build-up in a black walnut tree 
(a closely-related species) when subjected to a freeze-thaw cycle. This was achieved by coupling a 
model of a sugar maple’s unique cellular structure with a 1-D tree heat transfer model using a technique 
known as periodic homogenisation. In the heat transfer model a number of simplifying assumptions 
were made. For example, radial symmetry was imposed on the tree, and the bark was assumed to be in 
thermal equilibrium with the surrounding air. However, conventional wisdom says that in the northern 
hemisphere, south facing tap-holes usually flow with greater volumes of sap due to their heightened 
sun exposure [9]. Clearly the pattern of sap flow is radially asymmetric and related to the short-term 
temperature history of the tree, including solar radiation. It appears that all models specific to maple 
sap exudation have failed to account for solar effects thus far. 

Other limited attempts have been made to model heat transfer within trees. In 1966 Derby and Gates 
[10] analysed temperatures in a two-dimensional cross section of an aspen tree using the finite-
difference method. The authors recognised both the heterogeneous and anisotropic nature of wood; 
bark, sapwood and heartwood each have different thermal properties, and conductivities in the axial 
direction are typically 2-2.5 times greater than in the radial or tangential directions [11]. External 
processes such as solar radiation, infrared radiation and convection were also modelled, but their 
analysis was limited by the computing power available at the time. Costa et al [12] developed a model 
to predict stem temperatures under fire conditions, utilising the finite-volume method and a similar 2D 
geometry. Chatziefstratiou et al [13] added further complexity by simulating the change in wood’s 
properties when exposed to high temperatures. Outside the realm of forest fires, however, tree heat 
transfer models have seen little advancement. The work of Potter and Andresen [14] in 2002 remains 
the most relevant to date. Their model was able to replicate some qualitative features, like the timing of 
peak temperatures in an aspen and pine tree, but the prediction itself deviated by up to 8°C. Furthermore, 
by their own admission the implementation of solar radiation was relatively crude. 

In this paper we present an updated finite-difference model of heat transfer within a tree. We place 
emphasis on simulating the natural processes that affect a tree’s diurnal temperature cycle, including 
that of incident solar radiation, infrared radiative exchange and convection. A solar angles calculator is 
used to apply appropriate boundary conditions given the time of day, aspect angle and measured 
sunlight intensity. The model is also designed to take minimal inputs and be compatible with 
meteorological data from weather stations, so that the climate in locations of interest may be simulated 
with relative ease. We then demonstrate a unique application; predicting the occurrence of freeze-thaw 
events in sugar maples. In doing so, we hope to not only provide a useful tool for optimising sap yields, 
but also contribute to the lack of research on heat transfer in trees in general. 

2. Theory 
2.1. Mathematical model 
This model considers transient heat transfer within a two-dimensional, horizontal cross-section of a tree 
stem. The geometry is shown in Figure 1. A recurring theme in the literature on tree stem heat transfer 
is to ignore axial thermal gradients, which may be caused by the ascent of sap and/or soil effects. This 
decision seems to be influenced by the observations of Herrington [11] that in most trees, thermal 
gradients in the axial direction diminish rapidly above 1 m. Accordingly, the position of the cross-
section is assumed to be high enough on the tree where axial gradients can be ignored. 
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Fig. 1. Geometry of the tree stem model. 

There are two distinct wood layers in the model tree: bark and sapwood. Sugar maple is different most 
other hardwood species in that it does not develop a ‘true’ heartwood, a term whose use has been 
discouraged in this context, since it is a gradual rather than an abrupt discolouration that separates the 
living wood cells from the dead wood cells [15]. Evidence of a high xylem content suggests that this 
feature may also contribute to their ability to exude sap [16]. It was therefore assumed that the interior 
of the tree consisted of sapwood only. Similarly, the bark layer represents both the inner and outer bark.  

Conduction of heat in polar coordinates is governed by the following equation 

1
𝛼
𝜕𝑇
𝜕𝑡

=
1
𝑟
𝜕
𝜕𝑟 (

𝑟
𝜕𝑇
𝜕𝑟)

+
1
𝑟
𝜕
𝜕𝜃 (

1
𝑟
𝜕𝑇
𝜕𝜃)

	 (1) 

The thermal diffusivity 𝛼 was assumed to be uniform in the radial and tangential directions of each 
respective wood layer. It is a function of density, thermal conductivity and heat capacity. These 
parameters were calculated using empirical relationships given by Simpson and TenWolde [17] for the 
properties of wood as function of moisture content. For the bark, which has a unique physical structure, 
appropriate thermal properties were retrieved from the literature.  

Conduction at the bark-sapwood interface is handled by satisfying continuity of radial heat flux and 
temperature. Both materials are assumed to be in perfect thermal contact. 

𝑇!"#/𝑅!"#, 𝜃, 𝑡2 = 𝑇$"%&/𝑅!"#, 𝜃, 𝑡2	 (2) 

𝑞',!"#5)!"#
= 𝑞',$"%&5)!"# (3) 

Despite the suggestions of Derby and Gates in 1966 [10], little progress has been made to understand 
convective heat transfer from the bark of trees, which is often scaly or fissured. As a consequence the 
tree’s surface was assumed to be perfectly smooth. For free or temperature-driven convection the 
Nusselt number is then given by 

Nu*%++ = 90.825 +
0.387	Ra,/.

[1 + (0.492/Pr)//,.]0/12
H
1

	 (4) 

which applies to a vertical plate. This correlation can be used to approximate a cylinder when the 
diameter is sufficiently large [18], as further detailed in Appendix A. A similar correlation is used for 
the forced convection 
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for smooth cylinders in cross flow [18]. Here wind direction is not taken into account, but instead its 
effect is assumed to be sufficiently captured by a single value for the heat transfer coefficient. 
Calculating a local heat transfer coefficient as a function of 𝜃 does not seem justified given the lack of 
empirical correlations available. Potter and Andresen [14] used one such correlation, but its suitability 
for high Reynolds numbers and surfaces in the lee of the wind is questionable, based on the experimental 
findings of Cengel [18].  

Equations for the properties of air, including the density driving force, were derived using linear 
regression in the temperature range of -10°C to 30°C (see Appendix A). The mixed heat transfer 
coefficient, combining the effects of both forced and free convection, is then given by 

ℎ9:;+5 = /ℎ*3%4+5
6 + ℎ*%++

6 2
,
6	 (6) 

Which gives the best agreement to experimental data for mixed convection on vertical surfaces [18]. 
The total convective flux is now calculated as:  

𝑞43<= = ℎ9:;+5(𝑇"9$ − 𝑇!>%*)	 (7) 

Potter and Andresen [14] used standard astronomical equations to calculate the incident solar radiation, 
requiring the atmospheric transmissivity and absorption to be suitably parameterised. The effect of 
cloud cover was then handled separately through estimates of the total and opaque cloud fractions. In 
the present model, incident solar radiation is instead derived from the measured global radiation, which 
has been translated into its direct, diffuse and reflected components per the method of Tian et al [19]. 
In this way a large portion of uncertainty associated with atmospheric modelling is eliminated in favour 
of single and readily accessible measurement, which by nature takes these effects into account.   

𝑞!3?"% = 𝐺P(1 − 𝐾%)𝑅@ + 𝑓A𝐾' + 𝐴B%3><5/1 − 𝑓A2T	 (8) 

𝑅@ =
cos 𝜃C
cos𝜙 	 (9) 

Here 𝑅@ is the ratio of direct radiation received on a vertical surface to that of a horizontal surface. This 
ratio varies over time and is unique to the angular position, or aspect, of the point on the tree’s surface. 
𝜃C is the incidence angle between a direct solar beam and the surface normal, while 𝜙 is the solar zenith 
angle. MATLAB code for a comprehensive solar angles calculator written by Abood [20] was adapted 
for a tree geometry and implemented into the model. The term 𝐾' is the ratio of diffuse radiation to 
global radiation, which varies with cloud cover according to an empirical relationship given for New 
Zealand in Ref. [21]. The sky view factor 𝑓A was assumed to be 0.5 for a vertical tree. 

Infrared radiation is exchanged with the surroundings by assuming the tree is a grey body surrounded 
by a large grey enclosure. The temperature of its surroundings is approximated by the ambient air 
temperature. The net infrared radiation is therefore given by 

𝑞:<*%"%+5 = 𝜀$"%&𝜎/𝑇"9$7 − 𝑇!>%*
7 2	 (10) 

The total heat flux at the tree’s surface is a Robin boundary condition of the form 

𝑞!>%* = 𝑞43<= + 𝑞:<*%"%+5 + 𝑎$"%&𝑞!3?"%	 (11) 

where 𝑎$"%& is the fraction of total incident solar radiation absorbed by the bark (or absorptivity).  

Lastly, freeze-thaw is simulated by assigning the sapwood a large pseudo-heat capacity over some finite 
temperature interval in which the phase change of the sap is assumed to occur [22]. In this way, the 
thermal diffusivity in Equation 1 is suitably reduced to account for the evolution of latent heat. The 
value of this pseudo heat capacity is calculated by 

𝑐D,#!+>53 =
𝐻E

𝑇1 − 𝑇,
+
1
2 /
𝑐D,*%3F+< + 𝑐D,GH"I+52	 (12) 
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where the temperature interval is bounded by 𝑇, and 𝑇1. The heat of fusion was estimated by multiplying 
the heat of fusion for pure water by the mass fraction of free water contained in the sapwood 
(approximately 20%). Sigmoidal functions are then used to smoothly connect the three discrete heat 
capacities into one continuous function of temperature, so as to improve numerical stability (see 
Appendix C). All other wood properties were assumed to be constant with respect to temperature.  

2.2. Numerical methods 
The tree is discretised into a series of 𝑀 nodes in the radial direction and 𝑁 nodes in the tangential 
direction. This yields cells of radial width ∆𝑟 = 𝑅/(𝑀 − 1) and angular width ∆𝜃 = 2𝜋/(𝑁 − 1). The 
model is also capable of separate radial grid spacing in the bark and sapwood layers. The grid spacing 
in the bark was made finer than the spacing in the sapwood, to reflect the large radial temperature 
gradients that are found near a tree’s surface.  

The numerical method of lines was used to solve the governing partial differential equation and 
associated boundary conditions [23]. Spatial derivatives are computed at each node using a first-order 
centred difference approximation. At the radial boundary, the solution methods described by Schiesser 
[23] were adopted. This involves specifying the temperature of a fictional node via the Robin boundary 
condition (Eq. 11) such that the first and second derivatives can be calculated using the standard centred 
difference formula. At the bark-sapwood interface, spatial derivatives are calculated by rearrangement 
of a Taylor series approximation to the interface temperature when constrained by Equations 2 and 3 
[24]. Treatment of the centre node (𝑟 = 0) also requires special consideration due to the 1/𝑟 term found 
in Equation 1. However, this singularity only appears due to the choice of a polar coordinate system. 
Following Chapter 14 of Schiesser [23], the heat equation was instead discretised and evaluated at the 
origin in Cartesian coordinates (where 𝜃 = π/2 corresponds to the x-axis and 𝜃 = 0 corresponds to the 
y-axis), thus avoiding the singularity. 

The method of lines thereby converts the partial differential equation into a system of ordinary 
differential equations (ODEs). The system is solved in MATLAB using ode15s, with absolute and 
relative tolerances set to their default values (1 × 10-6 and 1 × 10-3 respectively). The general solution 
procedure is shown in Figure 2. While the initial condition can be any choice of temperature, it was 
found that at midnight the temperature distribution in a tree is mostly uniform and well aligned with the 
ambient temperature. Starting the simulation at midnight and setting the initial temperature of the tree 
to the ambient temperature is therefore recommended. The required meteorological inputs to the model 
are the air temperature (°C), global radiation (W m-2) and wind speed (m s-1) for the period of interest. 
This information was taken from weather stations accessed through the NIWA CliFlo database [25]. 
Data are provided in an hourly format, and so cubic interpolation is used to supply the MATLAB solver 
with continuous inputs.  

 
Fig. 2. Solution procedure for the numerical model. 

2.3. Model parameters 
All the constant parameters used in the model are listed in Table 1. Data specific to sugar maple were 
used where possible.  
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Table 1. Model parameters. Values marked with a * were calculated via Ref. [17]. 

Parameter Symbol Value Units  Ref. 

Sapwood moisture content 𝑀𝐶!"# 72% - [17] 

Bark moisture content 𝑀𝐶$"%& 30% - [26] 

Sapwood density 𝜌!"# 963 kg m-3 * 

Bark density 𝜌$"%& 728 kg m-3 * 

Thawed sapwood heat capacity 𝑐D,!"#,GH"I+5 2395 J kg-1 K-1 * 

Frozen sapwood heat capacity 𝑐D,!"#,*%3F+< 2000 J kg-1 K-1 * 

Bark heat capacity 𝑐D,$"%& 1983 J kg-1 K-1 * 

Specific heat of air 𝑐D,":% 1006 J kg-1 K-1  

Latent heat of fusion 𝐻E,!"# 6.3 × 104 J kg-1  

Sapwood thermal conductivity 𝑘!"# 0.36 W m-1 K-1 * 

Bark thermal conductivity 𝑘$"%& 0.15 W m-1 K-1 [27] 

Emissivity of bark 𝜀$"%& 0.96 - [28] 

Solar absorptivity of bark 𝑎$"%& 0.45 - [29] 

Ground albedo 𝐴B%3><5 0.15 - [19] 

Stefan-Boltzmann constant 𝜎 5.67 × 10-8 W m-2 K-4  

Solar constant 𝐺JK 1367 W m-2  

3. Experimental methods 
A validation experiment was conducted on a Prunus serrulata, or Japanese cherry (DBH = 167 mm, 
stem height = 1.7 m) during the summer months in Christchurch, NZ, 2020. This tree was chosen 
because it received unfiltered sunlight from morning until afternoon. Its stem was also near-cylindrical 
with smooth bark, mirroring the geometric assumptions of the model. Its GPS coordinates were 43° 31' 
31.3" S and 172° 35' 10" E.  

Temperatures were measured using K-type thermocouples. These were calibrated at reference 
temperatures of 100°C and 0°C with boiling water and an ice-water slurry, respectively. Bark 
temperatures on the north, east and west aspects were measured by making a small indentation in the 
wood and inserting the thermocouple tip inside, such that constant compression was applied to the 
surface. Two thermocouples were placed at depths of 20 mm and 40 mm into the sapwood on the north 
aspect, inserted through horizontal drill holes and separated by a vertical distance of ~3 cm. A final 
thermocouple was used to measure air temperature. All six thermocouple wires were secured to the tree 
stem using a cable tie, as shown in Figure 3. Data from the experiments were transferred to a Raspberry 
Pi Model 3B by a Pico Technology TC-08 temperature logger. External power was supplied by a 20,000 
mAh USB battery, thus providing a maximum logging time of approximately 40 hours.   

According to the literature [10-12], it is desirable to drill the thermocouple holes at an angle from the 
horizontal in order to minimise conduction errors. This method makes it difficult to accurately estimate 
the position of the thermocouple tip, as is required to compare with the model. Furthermore, we 
predicted that any conduction errors would only be small given the narrow diameter of the hole (~1.5 
mm) and the PTFE insulation on the leads. For these reasons, the holes were simply drilled horizontally. 
A small amount of putty was also used to cover their exposed ends and prevent drafts, which would 
produce convective-type errors.  
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Fig. 3. Experimental set-up; a) photo of the tree stem and thermocouple arrangement; b) reference diagram 
for the thermocouple locations, shown as blue crosses and labelled 1-6. Thermocouple #4 on the east face is 
obscured from view in the photo. 
Temperatures were recorded over two days in total: February 20th and February 24th 2020. The duration 
of the recording on February 20th was from before sunrise to after sunset. On February 24th the recording 
was started some 2 hours earlier (at approximately 04:00 NZST) in order to measure overnight bark 
temperatures. The sample-rate was once per minute.   

Because the ambient air temperature was recorded on-site, that data was directly used as an input to the 
model. Hourly data for the global radiation and wind speed were taken from a local weather station, 
approximately 1.8 km to the southeast. The nature of the model is such that it can be applied to any 
species of tree, however, the thermophysical properties of Japanese cherry are relatively unknown, and 
so the parameters presented in Table 1 for sugar maple were used instead. The tree’s bark thickness was 
measured to be 1.5 mm. Finally, given that the tree was located in a parking lot, the ground albedo in 
Equation 8 was changed to 0.35 to account for the greater proportion of sunlight reflected by concrete, 
as opposed to soil or grass.  

It was too warm in February for the tree to undergo any kind of freeze-thaw cycle. In order to provide 
further data with which to validate the model, a second experiment was carried out where a freezing 
process was mimicked by placing a sugar maple sapling (DBH = 14 mm, stem height = 1 m) into a 
freezer at approximately -17°C. The wood temperature was measured by a single thermocouple inserted 
into the centre of the stem at a height of 620 mm. Another thermocouple used to measure the air 
temperature. The remaining two model inputs (solar radiation and wind speed) were estimated at a 
constant 0 W m-2 and 1 m s-1 respectively, the latter being produced by the freezer’s fan.  

In addition to the validation studies, Section 4.1 describes the results of some initial simulations that 
were carried out for verification and analysis purposes, using data captured by the Hanmer Forest 
weather station (42° 32' 4" S, 172° 51' 4" E) on June 25, 2019. This section draws attention to the nature 
of heat flow within small and large diameter trees, due to its relevance to the model’s chosen application 
and also for explaining the results of latter sections.   
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4. Results and Discussion 
4.1. Model verification 
Figure 4 shows simulated temperatures within a 0.3 m diameter sugar maple over the course of one day. 
The cell resolution 𝑀 ×𝑁 used for all simulations was 30 x 60. At this resolution grid convergence was 
achieved to satisfaction (see Appendix B). 

In the northern hemisphere, the sun progresses from east to west in the clockwise direction, whereas in 
New Zealand the sun moves anti-clockwise, meaning that north-facing surfaces receive the greatest 
amount of sunlight. This difference is clear from the temperature history of the tree in Figure 4. Before 
sunrise, the tree displayed a radially symmetric temperature distribution. Upon sunrise, temperatures 
increased slightly on the northeast aspect. By midday the temperature of the tree had risen globally, but 
the highest temperatures were seen on the north aspect. The south aspect of the tree, despite being in 
shadow, also received some heat from diffuse and reflected solar radiation. Prolonged sun exposure and 
warmer air temperatures in the afternoon caused the northwest aspects to achieve the highest daytime 
temperatures. However, temperatures dropped quickly after sunset, with heat being lost to the 
surroundings through a combination of convection and infrared radiation. The portion of heat that 
diffused inwards was responsible for a delayed increase in temperature at the stem’s centre. 

 

 
Fig. 4. Contour plots of temperature within a sugar maple on June 25, 2019, Hanmer Forest. The solid 
contour lines represent six equally-spaced isotherms. Tree diameter = 0.3 m. 

Energy fluxes for the same period are plotted in Figure 5. Solar radiation contributed heavily to the 
increase in temperature on both the north and south aspects. On the north aspect it was the only positive 
flux term during the course of the day, peaking at 390 W m-2 at 13:00 NZST. Both convection and 
infrared radiation contributed to heat losses. The south aspect warmed due to a combination of all three 
flux terms during the day, and cooled due to convection and infrared radiation at night. Again the solar 
flux dominated, with diffuse and reflected solar radiation peaking at 43 W m-2 at 13:00 NZST. These 
results further emphasise the need to account for solar radiation effects (even of the indirect type) in 
tree temperature models. Infrared radiation also cannot be ignored, as it acts similarly to the convective 
heat flux. The magnitude of the energy fluxes aligns closely with that reported by Potter and Andresen 
[14]. One noticeable difference in their study is that for the aspect oriented away from the sun (north in 
the northern hemisphere), solar radiation was relatively constant throughout the day, contradicting the 
result seen for the south aspect in Figure 5. This is likely due to the different solar radiation models 
employed.   
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Figure 5. Energy fluxes on the north aspect (left) and south aspect (right) of the modelled tree. Note the 10× 
reduction in the vertical axis scale on the right-hand graph. 

The simulation was repeated with a diameter of 0.05 m, corresponding to the typical size of a tree 
sapling. Comparisons were then drawn between the midday temperature distributions of the sapling and 
the mature tree, as shown in Figure 6. There is a notable difference between the two trees. In the sapling, 
heat diffused more readily through the tree’s cross section; though this is to be expected given its smaller 
thermal mass. The temperature difference between the north and south aspects was reduced significantly 
when compared to the mature tree. The temperature at the centre of the sapling was 10.5°C, exactly 
9.5°C warmer than the mature tree at the same time. We can infer that the smaller diameter of the 
sapling causes it to respond more rapidly to changes in sunlight intensity, ambient temperature and wind 
speed. Such patterns have been also been observed in tree branches [11]. This effect is further 
demonstrated in Figure 7, which compares diurnal temperature variations at an arbitrarily-chosen 
sapwood depth in trees ranging in diameter from 0.05 m to 0.50 m. This covers the approximate radial 
growth of a sugar maple during its lifetime.  

 
Fig. 6. Contour plots of modelled temperatures within a sugar maple at 12:00 NZST, 25 June 2019, Hanmer 
Forest. a) Sapling, diameter = 0.05 m. b) Mature tree, diameter = 0.3 m. (not to scale). 
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Fig. 7. Modelled temperatures at ½ radial depth in three maple trees of varying diameters (0.50, 0.30 and 
0.05 m) for the period 25-28 June 2019, Hanmer Forest.  

The period above was chosen since air temperatures fluctuated above and below 0°C, conditions that 
are traditionally considered ideal for sap harvesting. The model predicts that the sugar maple sapling 
will experience freeze-thaw on each day in that period. In the 0.03 m diameter tree, under the same 
initial conditions, freezing temperatures were only reached at the sampled location on the third day of 
consecutive freeze-thaw. In the largest tree, the sapwood temperature remained above freezing 
throughout the entire period. This result is consistent with the assumption that freeze-thaw cycles are 
more easily established in saplings as opposed to mature trees. 

4.2. Sensitivity analysis 
The temperature at the centre of the stem and on the north and south aspects were chosen as good 
indicators of model performance, as these points span the full diameter of the tree. Sensitivity was tested 
by making a +10% perturbation in each of the chosen parameters and recording the resulting change in 
the tree’s temperature at midday. Although the parameters themselves are likely to vary in their levels 
of accuracy, we felt it important to keep the percent perturbation consistent, and thus ± 10% was chosen 
to represent a ‘typical’ amount of measurement uncertainty. A sensitivity ratio was then calculated 
according to the method prescribed by Potter and Andresen [14] 

𝜆 =
𝑇#+%G − 𝑇$"!+

𝑇$"!+
(
𝑋#+%G − 𝑋$"!+

𝑋$"!+
)
L,

	 (13) 

where 𝑋 is the parameter of interest. Parameters tested were moisture content, thermal diffusivity (both 
bark and sapwood), bark emissivity, bark absorptivity, bark thickness and wind speed. Heat capacity, 
density or thermal conductivity were not individually tested since they were absorbed into the 
diffusivity term. Of the parameters tested, bark absorptivity, sapwood moisture content and sapwood 
diffusivity had the greatest effect on tree temperatures. Key results are listed in Table 2. 
Table 2. Sensitivity ratios for the model's key parameters. Tree diameter = 0.3 m. 

Parameter Sensitivity ratio 

Bark, north Bark, south Wood, centre 

Bark absorptivity 0.72 0.35 0.03 

Sapwood moisture content -0.09 -0.08 0.34 

Sapwood thermal diffusivity -0.07 -0.07 -0.88 

 

The sensitivity of the model to sapwood diffusivity is unsurprising, given that most of the tree’s cross-
section consists of sapwood. Increasing the diffusivity caused the temperature at the centre of the tree 
to decrease. This result can be explained by the fact that at midday, temperatures in the centre of the 
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tree were still decreasing in response to the overnight low. An increase in diffusivity caused this delay 
to be shortened, and thus, the coldest temperatures were reached in the sapwood earlier. Since the 
moisture content and diffusivity are inversely proportional, increasing the sapwood moisture content 
had the opposite effect, by increasing the sapwood temperature. Neither parameter had a large influence 
on bark temperatures. The absorptivity, on the other hand, greatly affected bark temperatures. Again 
this is unsurprising, since solar radiation is by far the largest energy flux term amount, particularly on 
the north aspect (see Figure 5). Ensuring the accuracy of these three parameters in future research should 
therefore be prioritised. It must be noted that although -0.88 is larger than any sensitivity ratio recorded 
by Potter and Andresen, it was not specified by how much each parameter was varied in their study, 
nor was the sensitivity at the centre of the tree evaluated. 

4.3. Validation experiments – cherry tree 
Figure 8 compares the measured bark temperatures from the Japanese cherry against the model’s 
prediction. These results are presented without any parameter modification.  

On February 20th the ambient temperature rose to a maximum of 19.6°C at around 15:00 NZST. Bark 
temperatures were mostly uniform in the morning, rising up to 2°C higher than surrounding air. At 
14:00 NZST the skies cleared, whereupon non-uniform heating of the tree was observed. The 
temperature on the west aspect increased most dramatically, peaking at 27.0°C. The north and east 
aspects peaked at temperatures of 23.4°C and 20.9°C respectively. This asymmetric distribution of heat 
was reflected in the model, which generally predicted bark temperatures with a good level of accuracy. 
Residual temperatures rarely exceeded 2°C and were never more than 5°C in magnitude. Modelled 
temperatures on the west aspect in particular showed a very good fit to the measured data.  

On the other two aspects analysed, afternoon temperatures were overestimated by the model. This trend 
was most significant on the north aspect, where the prediction deviated by up to 4°C at 16:30 NZST. A 
possible explanation for this is the wind direction, which on the 20th of February was north-easterly 
with a maximum speed of 5.2 m s-1. In the model the effect of forced convection is averaged into a 
single heat transfer coefficient for the tree’s entire circumference. In reality, flow across a cylindrical 
object results in a local variation of the heat transfer coefficient, the value of which peaks near the 
stagnation point in the path of the wind [18]. It follows that convective heat transfer on the north and 
east aspects would be underestimated by the ‘average’ value adopted in the model. The fact that actual 
bark temperatures were lower than predicted can be explained by convection being negative during the 
day. Finally, as solar radiation declined towards the end of the day the model again demonstrated high 
accuracy. 

Bark temperatures were consistently higher on the 24th of February. The air temperature peaked at 
21.7°C at 13:00 NZST, however, it was mainly due to the cloudless sky that bark temperatures exceeded 
those from four days prior. We see that the temperature increased immediately upon sunrise on the 
tree’s east aspect and reached a maximum of 28.2°C at 11:30 NZST, followed shortly by the north 
aspect, which peaked at 29.9°C at 13:00 NZST. The west aspect did not receive any direct sunlight until 
approximately 14:00 NZST, after which there was also a noticeable increase in temperature. The 
maximum temperature was 30.0°C at 17:20 NZST. Once again the model predicted bark temperatures 
within ±5°C over the course of the day. The timing of the peaks is also fairly accurate, if slightly delayed 
on the north aspect. This lag may have been caused by a discrepancy in the thermocouple placement 
(for example, if the thermocouple was placed slightly to the east of true north). In other instances when 
the model deviated, it tended to overestimate bark temperatures, particularly in the afternoon on the 
north and east aspects. The wind direction and magnitude on February 24th was similar to February 20th 
(north-easterly), which again may have caused the model to underestimate convective heat transfer on 
those aspects. Between 16:00 and 19:00 NZST the sun passed behind some neighbouring trees. Since 
the model assumes an unobstructed horizon, temperatures on the west aspect were understandably 
overestimated here. 
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Fig. 8. Modelled bark temperatures (solid coloured line) vs measured hourly bark temperatures (dashed 
line with diamonds) for the two test days, where ambient air temperature is given by the solid black line. 
Night-time is indicated by the shaded regions. The residual difference between the prediction and the 
measured temperature is plotted underneath each of the respective graphs. 

It has been noted that on nights with clear skies, the temperature of wood can be up to 8°C colder than 
the surrounding air [30]. This phenomenon is caused by loss of heat to the sky through infrared 
radiation. On February 24, bark temperatures indeed remained below the ambient temperature until 
sunrise. Bark temperatures in the model also started below ambient, but only because of the choice of 
initial condition, and they immediately approached the ambient condition thereafter. It is possible to 
estimate the amount of heat lost to the sky by modifying Equation 10 with an equivalent ‘sky 

Time [NZST] Time [NZST] 

20 Feb 24 Feb 
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temperature’, as described in Ref. [30]. However, this requires data on the fractional cloud coverage, a 
measure which is not commonly available from weather stations. 

There was a noticeably worse agreement between the model and experimental data for the two interior 
thermocouples. While their residuals remained within a ±5°C margin, the model consistently 
underestimated sapwood temperatures, as shown in Figure 9. The prediction at the 20 mm depth was 
particularly poor.  

 
Fig. 9. Simulated (solid line) vs measured temperatures at depths of 20 mm (dashed line with square 
marker) and 40 mm (dashed line with triangle marker) on the tree’s north aspect, where ambient air 
temperature is given by the solid black line. The residual difference between the prediction and the 
measured temperature is plotted underneath each of the respective graphs. 

Table 2 shows that temperatures nearer the centre of the tree are highly sensitive to the choice of 
sapwood diffusivity. Given that the estimated properties of sugar maple were used in place of any 
known properties for Japanese cherry, this result is not overly surprising. More importantly, both the 
model and experimental data demonstrated the same lagging effect in the radial direction, where the 
temperature oscillations became delayed as the distance from the bark increased. This behaviour is 
known to occur in trees alongside a reduction in the oscillation amplitude [11]. On February 24th, the 
bark temperature on the north aspect peaked at 13:00 NZST. The corresponding peaks for the 20 mm 
and 40 mm depths were recorded at approximately 14:06 NZST and 15:10 NZST. In the model the 
same peaks were recorded almost one hour later, at 15:14 NZST and 16:17 NZST, indicating that the 
wood’s actual diffusivity was greater than the chosen diffusivity (1.55 × 10-7 m2 s-1). This difference 

Time [NZST] Time [NZST] 
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would also explain the larger amplitude of the measured temperature oscillations. It should be noted 
however, that on both February 20th and 24th the temperatures in the sapwood matched or exceeded bark 
temperatures on the north aspect. On February 24th the maximum temperature at the 20 mm 
thermocouple in fact exceeded bark temperatures on any aspect by 1.7°C. Such a result cannot be 
replicated by the model, since the temperature of the sapwood in the absence of internal heating is 
thermodynamically limited by the maximum temperature of the bark. One possible source of this heat 
is from the tree’s natural metabolism (a net exothermic reaction). Herrington [11], however, predicted 
that wood temperatures would only be raised by some 0.5°C in actively growing tissue. Another 
possibility is that the thermocouple readings were simply incorrect. The most likely source of error is 
the bark thermocouples, which could not be applied directly to the surface without some of the sensor 
being exposed to air. Even when inserted just under the bark’s surface, the entire sensor was in shade, 
and so temperatures may have been underestimated. Measurements taken by an IR sensor shortly after 
noon on February 24th returned bark temperatures 1-5°C higher than the thermocouples at the same 
time, however, this instrument also has a greater associated error. 

Two parameter optimisation exercises were carried out to identify the likely source of the discrepancy: 
one where bark temperatures were optimised (Scenario 1) and one where sapwood temperatures were 
optimised (Scenario 2). Only the two most sensitive parameters in the model where varied, being the 
bark absorptivity and sapwood diffusivity. Optimisation was carried out in MATLAB using fminsearch 
by minimising the sum of the squared differences in temperature between the experimental data and the 
model. The period analysed was February 24th, since this was a clear day, with less dependence on 
empirically-defined parameters for cloudy conditions. Presented in Table 3 are the fitted parameters 
and the root-mean-square error (RMSE) for each case.  
Table 3. Model parameters and root-mean-square errors on February 24th following optimisation with 
fminsearch. In Scenario 1 the bark temperatures were optimised. In Scenario 2 the sapwood temperatures 
were optimised. 

Regression parameter Base case Scenario 1  Scenario 2  

𝑎$"%& (-) 0.45 0.41 0.55 

𝛼!"# (m2 s-1)  1.55 × 10-7 1.68 × 10-7 2.79 × 10-7 

RMSE (°C) Base case Scenario 1  Scenario 2  

North, bark 1.9 1.6 − 

East, bark 1.1 1.0 − 

West, bark 1.0 0.8 − 

North, 20 mm 2.5 − 0.9 

North, 40 mm 1.8 − 0.8 

 

In Scenario 1 the bark absorptivity decreased slightly, while the sapwood diffusivity increased. Root-
mean-square errors on the east and west aspects were less than 1°C. A larger diffusivity would suggest 
that the tree’s sapwood had a lower moisture content than first estimated. On the other hand, the minimal 
change in the absorptivity is not surprising given the good initial fit that was observed in Figure 8. When 
optimising the sapwood temperatures in Scenario 2, both the absorptivity and diffusivity increased. 
Again the root-mean-square error was less than 1°C. However, the diffusivity of wood derived using 
empirical relationships [17] cannot be greater than 1.93 × 10-7 m2 s-1, where the moisture content is 0%. 
The optimised diffusivity was 2.79 × 10-7 m2 s-1. From this result we can hypothesise that the conduction 
errors in the sapwood temperature measurement were not insignificant, as was initially predicted, or 
that a large amount of heat was produced by internal metabolism. Clearly there is a need for further 
testing. In any case, these findings demonstrate that the model can predict temperatures of real trees 
with reasonable accuracy, which is especially impressive given its minimal number of inputs. 
Comparing with Potter and Andresen’s model [14] shows a marked improvement in the RMSE; ranging 
1.8-5.6°C in that study and just 1.0-2.5°C (before optimisation) in the present work. Most of this 
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improvement can likely be attributed to the use of directly-measured global radiation in calculating the 
incident solar radiation upon the tree. 

4.4. Simulated freeze – sugar maple 
Figure 10 compares the model’s prediction to the thermocouple readings from the centre of the sugar 
maple sapling during the freezer experiment.  

The values of 𝑇1 and 𝑇, in Equation 12 used to define the phase change interval were -0.11°C and -2°C, 
respectively. This is compared to a model solution of maple sap (2% sucrose and water) which freezes 
between the temperatures of -0.11°C and -13.9°C [31]. However, the majority of the latent heat is 
removed within the first few degrees of cooling (see Appendix C), and therefore, -2°C was deemed an 
appropriate temperature at which to end the phase change.  

 
Fig. 10. Modelled and measured temperatures during an artificially-imposed freezing process at the centre 
of a 14 mm diameter sugar maple sapling. The freezer air temperature is given by the dashed line.  

The assumption of a small phase change interval is justified by the experimental results. The first sub-
zero temperatures occurred in the sapling after just 4 minutes, at which point the temperature plateaued, 
indicating the start of a phase change process. The total duration of this phase change was approximately 
10 minutes. Temperatures then rapidly progressed towards equilibrium in a characteristic first-order 
response. It is interesting to note that the sapling increased slightly in temperature after first falling 
below 0°C, causing the overall phase change to take place between approximately 0.55°C and -0.94°C. 
Whether this was caused by the large spike in ambient temperature at the same time or some other 
phenomenon, such as sap supercooling (as evidenced by Tyree [32]), is unknown.  

Nonetheless, the model was able to accurately simulate the freezing process, with a RMSE of 0.9°C. 
The pseudo-heat capacity and the latent heat of fusion appear to be suitably parameterised, as the slope 
and duration of the phase change matches that seen in the sapling. The largest deviations that were seen 
occurred in the frozen region. Here the model sapling approached the ambient temperature at a faster 
rate than the real sapling, which suggests that the estimated thermal diffusivity was too large. More 
data, however, is needed before this can be confirmed. In the future we hope to conduct additional tests 
on live trees exposed to winter conditions, which will also allow the freeze-thaw component of the 
model to be validated in a non-artificial environment, where the results may differ.   

4.5. Applications to domestic maple syrup production 
Winter-long simulations (June 1 – September 1) were carried out using data from the NIWA CliFlo 
climate database for four different locations in New Zealand: Hanmer Forest, Lake Tekapo and Ranfurly 
in the South Island, and Motu in the North Island. These were previously identified as having 
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environmental growth factors suitable for a population of sugar maple [3]. In South Island locations the 
winter of 2015 was simulated, which had temperatures on-par with the national average. There were 
insufficient data for this period in Motu, and so data from 2016 were used instead. Temperature was 
sampled at ¼ radial depth on the north aspect, representing the approximate end position of a tap. Three 
trees of different diameters (0.05 m, 0.30 m and 0.50 m) were then compared at each of the four New 
Zealand locations, yielding a total of 12 simulations. Figure 11 shows the total number of days with 
freeze-thaw events, wherein wood temperatures rose above 0°C from a frozen state. It should be noted 
that for reasons of efficiency phase-changes were disabled in these simulations. Therefore, the 
following results are of qualitative value only. 

 
Fig. 11. Total number of days with freeze-thaw recorded at tap-depth during the winter-long simulation. 
*Data for Motu was taken from 2016 instead of 2015.  

Analysis of the 0.5 m diameter tree shows that only those in South Island locations underwent a 
complete freeze-thaw at tap depth. Lake Tekapo had the greatest number of freeze-thaw days at 16. 
This number rose to 26 and then 56 in the 0.3 m and 0.05 m diameter trees respectively. While the 
highest numbers were seen at Lake Tekapo throughout, other locations saw greater relative 
improvements in their freeze-thaw potential. When going from mature tree to sapling (a 10 times 
reduction in diameter), the number of freeze-thaw days increased by 7.9 times in Hanmer Forest and 
6.4 times in Ranfurly, compared to only 3.5 times in Lake Tekapo. Motu in the North Island has a much 
warmer climate, and unsurprisingly there were no days with freeze-thaw in the largest tree. Under these 
conditions it would be impossible to support a maple syrup industry via traditional tapping methods. In 
the sapling, however, there were 30 total days with freeze-thaw. For reference, the North-American 
sugaring season lasts on average 6 weeks (or 42 days) [33].  

Table 4 lists the percentage of the total sub-zero days that had corresponding sub-zero temperatures at 
tap depth. The purpose of this analysis was to eliminate some of the location bias. 
Table 4. Proportion of sub-zero days in winter with freeze-thaw (all locations and tree diameters). 

Location Total days with 
sub-zero temps 

Percent with freeze-thaw 

0.5 m 0.3 m 0.05 m 

Hanmer Forest 59 12% 34% 93% 

Lake Tekapo 56 29% 46% 100% 

Ranfurly 48 15% 38% 94% 

Motu 32 0% 19% 94% 

Total 195 15% 36% 95% 
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The largest tree experienced freeze-thaw at tap depth on just 15% of the total days with sub-zero 
temperatures. Either temperatures were not cold enough or not sustained for long enough to reach the 
inner sapwood. As the diameter lessened, the tree’s tendency to freeze went up, while the variability 
between the locations went down. In the sapling there was freeze-thaw on 95% of the total days with 
sub-zero temperatures. No location had less than 93%. In other words, a smaller diameter tree does not 
need to experience the same temperatures lows in order to initiate sapwood freezing. A smaller diameter 
tree may also be desirable when the ambient temperature is extremely low, in which case larger trees 
would not be able to thaw. Evidence of this is the period June 21 – 25 in Lake Tekapo, where overnight 
temperatures fell below -10°C. Our model predicts that during this time, the largest tree would freeze 
at tap depth at approximately 23:00 NZST on June 22 and not thaw again until 14:00 NZST on June 
26, or 87 hours later. In comparison the sapling is predicted to thaw on each day of that period, despite 
ambient temperatures not rising above freezing, as a result of solar heat flux. It is clear that diurnal 
temperature oscillations are more greatly amplified in small trees. Therefore, not only will the plantation 
method favour an increase in the frequency of freeze-thaw cycles, but it will most likely expand the 
range of locations that have winter temperatures conducive to sap exudation.   

It cannot be said definitively whether any location can support a maple syrup industry. To do so would 
require a model of stem pressure, as it is the true driving force behind sap exudation. A possible route 
forward is to link the cellular models of sugar maple wood [6-8] with a more comprehensive heat 
transfer model, such as the one presented in this paper, in order to ultimately predict sap yields. There 
also remain unanswered questions about the plantation method itself, such as the longevity of saplings 
with an excised stem, the quality of the syrup produced and whether the timing of sap flow in New 
Zealand will coincide with the highest sugar concentrations, which typically occur in spring and not in 
winter [34]. Suitable locations in which to grow test saplings are currently being sought after. 
Nevertheless, these results indicate that a plantation-based method should be pursued if the number of 
freeze-thaw cycles are to be maximised in New Zealand’s climate. 

4.6. Model limitations 
The model assumes sunlight reaches the surface of the tree unobstructed. This assumption is likely to 
hold true in winter when the crown is leafless and the sun angle is low. The same applies to saplings 
which have not yet developed a large crown. However, trees located in a dense stand will be shaded 
year-round, and light penetrating the forest canopy will become more diffuse due to scattering. In this 
case the model is likely to overestimate tree temperatures.  

Bark properties were the most difficult to parameterise. The model is highly sensitive to solar 
absorptivity, but there exists very little data on the spectral properties of tree bark. It is known that 
colour can play a role in determining a materials absorptivity [30], and since the bark of Acer saccharum 
is silvery-brown we might expect it to reflect more light than an average tree. The experimental findings 
indicate the adopted value of 0.45 was a good estimate for a Japanese cherry, although its suitability for 
sugar maple is untested. Another source of uncertainty is in the estimation of the convective heat transfer 
coefficient. As trees age, their bark may develop fissures or scales which change how air interacts at 
the surface. The assumption of a smooth cylinder in the calculation of the heat transfer coefficient is 
unlikely to hold for a tree of an advanced age. Furthermore, fissured or scaly bark creates shadowed 
regions that are shielded from direct sunlight, and so the temperature within is suitably reduced [29]. 
Clearly more research needs to be conducted in this area. 

It needs to be stressed that the model remains unvalidated for a thawing processes. Until suitable data 
is generated against which the model can be validated, like for the freezing process in Figure 10, its 
accuracy over a broader range of temperatures, including freezing and thawing in a natural environment, 
also remains unknown.  

5. Conclusions 
We have developed a simple and efficient 2D transient model of heat transfer within a tree stem. It is 
capable of simulating diurnal tree temperatures in New Zealand for any period of time given sufficient 
meteorological data. Meanwhile, comparison of the model’s performance to thermocouples mounted 
on a Japanese cherry showed that the root-mean-square error between the simulated tree temperatures 
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and measured temperatures over two summer days was less than 2.5°C. With further refinement, the 
error was reduced below 1.5°C. Inputs which the model accepts (ambient air temperature, global 
radiation and wind speed) are both minimal and readily available from climate databases, making the 
prediction particularly impressive.  

In a qualitative sense, these simulations can give insight into the potential of a domestic maple syrup 
industry. Harvesting sap via traditional methods (i.e. tapping mature trees) is unlikely to be feasible due 
to New Zealand’s milder climate, which makes it difficult to establish freeze-thaw cycles in large trees. 
By instead utilising the small diameter of densely planted saplings, freeze-thaw cycles can be achieved 
much more frequently and at a wider range of locations. This makes the plantation method a potentially 
viable option for reasons other than efficiency of land use. In order to make a more quantitative 
assessment, the nature of the phase change that occurs within the tree and its relation to sap flow needs 
to be better understood and implemented into the model. Of particular interest is linking this model with 
cellular-level models so that the sap pressure, and therefore the seasonal yield of syrup, can ultimately 
be estimated. In spite of this, the present work provides a useful platform on which to optimise the sap 
flow from sugar maples based on their location and size.  

The model has yet to be extensively validated in freeze-thaw scenarios, and so additional data from 
trees during the winter is greatly anticipated. Wind direction has been shown to have a non-uniform 
effect on bark temperature, highlighting the need to calculate a local heat transfer coefficient with 
respect to 𝜃 (or aspect angle). Questions have also been raised on metabolism and whether it affects 
internal tree temperatures. Addressing these matters is a priority for future research.  
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Appendix A: Mathematical equations 

According to Ref. [18], Equation 4 can be used for a vertical cylinder when:  

𝐷 ≥
35𝐻
Gr,/7	

	 (A. 1) 

where 𝐷 is the diameter and 𝐻 is the height. For a tree size corresponding to a sapling (D = 0.05 m) this 
condition is rarely satisfied. However, applying a correction factor to Equation 4 for slender cylinders 
was found to have a negligible effect on global wood temperatures (0.8°C deviation at most), and for 
this reason the flat plate correlation was used unmodified.   

Data for the density, dynamic viscosity and thermal conductivity of air in the temperature range -10°C 
to 30°C were retrieved from Engineering Toolbox (www.engineeringtoolbox.com). Linear regression 
was then used to yield equations of the form: 

𝜌":% = 2.5 − 4.4 × 10L6𝑇	 (A. 2)	   

𝜇":% = 3.8 × 10L. + 4.9 × 10L0𝑇	 (A. 3) 

𝑘":% = 3.7 × 10L6 + 7.6 × 10L8𝑇	 (A. 4) 

Where 𝑇 is the average temperature between the tree’s surface and the air, otherwise known as the film 
temperature, measured in Kelvin.  

 

Appendix B: Grid convergence 

Fig. B1 shows the radial temperature distribution in a 0.3 m diameter tree on June 25, Hanmer Forest, 
at 17:00 NZST. The cell resolution was gradually increased until there was no discernible change in the 
temperature profile, which occurred at 1500 total nodal points.  

 
Fig. B.1. Radial temperature profile with increasing cell resolution on the north aspect at 17:00 NZST, June 
25, Hanmer Forest. Tree diameter = 0.3 m 
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Appendix C: Phase change implementation 

The effective heat capacity is given by the function 

𝑐D(𝑇) = 𝑐D,*%3F+</1 − S,(𝑇)2 + 𝑐D,#!+>53	S,(𝑇)/1 − S1(𝑇)2 + 𝑐D,GH"I+5S1(𝑇)	 (C. 1) 

where the sigmoidal functions have the form 

S,(𝑇) =
1

1 + 𝑒LN$(PLP$)
	 (C. 2) 

S1(𝑇) =
1

1 + 𝑒LN%(PLP%)
	 (C. 3) 

A sigmoid is a step function that goes from 0 to 1. The parameter 𝑎 is used to decrease the gradient of 
the step change (where smaller values correspond to a smoother curve), and thus, the values of 𝑎, and 
𝑎1 can be optimised to allow the effective heat capacity to approximate the shape of the temperature-
enthalpy curve for sucrose in water (as shown in Fig. C1). 

 
Fig. C.1. Temperature-enthalpy curve for a 2% sucrose solution in water. The effective heat capacity has 
been optimised to best fit the rate of enthalpy change with respect to temperature (dH/dT). 
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Nomenclature 

Parameters 

𝑎 solar absorptivity 𝑁 number of angular nodes 

𝑐D specific heat capacity 𝑅 radius 

𝑓A sky view factor 𝑅@ beam radiation surface ratio 

ℎ heat transfer coefficient 𝑇 temperature 

𝑘 thermal conductivity   

𝑞 Heat flux 𝛼 thermal diffusivity 

𝑟 radial position 𝜀 emissivity 

𝑡 time 𝜃 aspect angle (from north)  

  𝜃C incidence angle  

𝐴 albedo 𝜆 sensitivity ratio 

𝐺 global radiation 𝜇 dynamic viscosity 

𝐻E latent heat of fusion 𝜌  density 

𝐾' diffuse/global radiation ratio 𝜎 Stefan-Boltzmann constant 

𝑀 number of radial nodes 𝜙 zenith angle 

𝑀𝐶 moisture content   

Dimensionless numbers 

Nu Nusselt number Ra Rayleigh number 

Pr Prandtl number Re Reynolds number 

Subscripts   

amb ambient air frozen frozen wood 
conv convection thawed thawed wood 
forced forced convection surf surface of tree 
free free (natural) convection sap sapwood 

 


