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ARTICLE INFO ABSTRACT

Growing interest in methods for estimating plant stem/trunk sap-flux density and thermal properties include the
use of heated needles inserted into the plant. A penta-needle heat-pulse probe (PHPP) coupled with an on-chip
integrated INV-WATFLX algorithm was newly developed for inverse estimation of isotropic porous media
thermal-diffusivity, «, -conductivity, A, and heat velocity, V;, (converted to water-flux density, J), thus heat
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ii\;;w:l: :LX capacity, C (=\/x), and water content could also be derived. This integrated sensor, however, has yet to be
PHPPP applied in anisotropic sapwood sensing. Here, we conducted a numerical simulation of the PHPP heat pulse and
Anisotropy a deviation analysis when using an INV-WATFLX code developed by Yang and Jones [Comput. Geosci.—UK. 35

(2009) 2250] in anisotropic porous media. Deviations in J were up to +40% and as low as -30%, and within
12% in x, A and C at static conditions for varied PHPP installation angles, a, in sapwood. We developed a
correction of anisotropy effects, and followed up with a field test of the sensors installed on standing poplar
(Populus simonii Carr.) trees using a = 0°, 15° and 30°. Field tests showed the corrected J estimated using PHPPs
at @ = 15° and 30° both agreed well with J from thermal dissipation probes (TDPs) in 1:1 line (R* = 0.87 and
0.83, P < 0.01). The corrected J at a = 0° showed an apparent 30% underestimate (R*=0.87, P < 0.01),
which was assumed to be due to wound effects. All PHPP estimates exhibited similar and stable x, A and C at
night, but showed a diurnal fluctuation in J to varying extents likely due to the flow turbulence by inserted
needles.

1. Introduction recorded travel time for the temperatures to peak, t,,, in the upright

temperature needle. They originate from a widespread analytical so-

Sap flow measurement facilitates a unique and practical tool for
investigating whole-plant transpiration and plant-water relations
(David et al., 2013). It is of growing interest in advancing techniques for
accurately estimating sap flow and stem thermal properties by using the
heated needles inserted into plant xylem. These techniques derive sap
flow via tracing the heat transported through the mobile sap, by in-
jecting an exogenous heat source and measuring the resulting changes
in temperature field around the heater. The family of current sap flow
techniques mainly comprises the continuous heating based heat bal-
ance, thermal dissipation probe (TDP) and heat field deformation
methods, and a wide range of heat pulse (HP) methods. Within them,
most of current HP techniques — including compensation heat pulse
velocity (CHP), Tmax and heat ratio (HR) methods — quantify sap-flux
density (J) by measuring the velocity of heat (V},) introduced into
sapwood; Tmax method can also resolve thermal diffusivity () from the

lution of the fundamental heat convection-conduction equation on an
assumption of instantaneous infinite line source of heat (IILS) in iso-
tropic media given by Marshall (1958). In practice, however, they apply
a pulsed infinite line source of heat (PILS) with heating durations up to
10 s, rather than the relatively small heating duration (0.25-1.5 s) used
by Cohen et al. (1981), to relieve the possible excessive heating damage
to plant at heater position. Kluitenberg and Ham (2004) had focused on
such severe violations against the IILS assumption, and improved
theory for calculating sap flow with PILS theory, inspired by the work of
Ren et al. (2000). The improved theory can avoid underestimates in
calculated x and Vj, up to 10 and 20%, respectively, in the case of a
typical probe configuration (i.e., 8-s heating duration and 0.6-cm
needle spacing) by Schaeffer et al. (2000). For methods, for instance HR
method, the requisite k and sapwood water content (6) are mostly de-
termined from destructive wood core measurement. Wood cores are
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usually taken from tree only once and the estimated x and 6 are taken as
constants in J estimation during the entire sap flow observation period.
There would be a loss of accuracy from neglecting temporal variations
in ¥ and 6, probably resulted from plant water-status and seasonal
changes. Moreover, deriving x from wood core measurement, linked to
the measured wood density and 0, often misinterprets the correct
context and neglects the anisotropic nature of sapwood properties
(Vandegehuchte and Steppe, 2012a, b; Vandegehuchte and Steppe,
20124d).

Wood is clearly an anisotropic material with vascular structure, an
adaption to axial water and nutrient transport in xylem (Backman and
Lindberg, 2001). As early as six decades ago, Marshall (1958) had
stated that wood is not isotropic, there is a distinct difference between
thermal conductivity in axial direction (A\,,) and in tangential direction
(\tg). As stated by Vandegehuchte and Steppe (2012d), A are smaller,
on average, 54 * 7.5% of A, cross all dry wood densities and water
contents, by applying the equations as mentioned in Swanson (1983).
As in literatures where HR methods are applied, the equations of
Swanson (1983) have also been widely used to derive thermal diffu-
sivity (kx = A/C), however, only in axial direction is taken into account.
Similarly, Tmax method can estimate k as aforesaid directly in axial
direction, and it is also adopted in the external heat ratio method
(Clearwater et al., 2009) for thin stems, pedicels and petioles. Never-
theless, these HP techniques are still based on the key equations of heat
conduction-convection in isotropic media.

Only recently were concerns with respect to the application of the
isotropic equation for heat transport in anisotropic media raised
(Vandegehuchte and Steppe, 2012c, d). Vandegehuchte and Steppe
(2012d) proposed an analytical solution of heat conduction-convection
equation with IILS considering anisotropy. They numerically simulated
the heat transport in the anisotropic sapwood, and confirmed the
temperature field around the heater are clearly different due to the
difference in axial- and tangential thermal diffusivity (i.e., kax and x,
respectively), with the isotropic « taken as the geometric mean of x,y
and k. Such difference in temperature field leads to a difference in t,
for the Tmax method, and clearly influences the ratio of temperature
changes for the HR method. Vandegehuchte and Steppe (2012d) further
stated that, if the anisotropic .y is coupled to temperatures simulated
by the isotropic equation, or if the otherwise « is considered isotropic
and the anisotropic equation is applied, erroneous results will emerge in
determining J for both Tmax and HR methods. Vandegehuchte and
Steppe (2012d) deduced that, existing HP methods based on the in-
accurate, isotropic equation — for instance, Tmax and HR methods —
remain valid as if the correct anisotropic theory is applied. However, for
numerical simulations or the use of inverse optimization techniques,
etc., where anisotropic effect can’t be canceled out, a solid basis of
anisotropic equation must be required.

Vandegehuchte and Steppe (2012c¢) updated the analytical solution
of heat transport equation considering both the finite heating duration
and anisotropy, by combining the work of Kluitenberg and Ham (2004)
and Vandegehuchte and Steppe (2012d). This theoretical updates di-
rectly led to the development of a novel “sapflow +” technique using a
four-needle heat pulse sensor, enabling non-empirical J and 6 de-
terminations. Yang and Jones (2009) and Yang et al. (2013) developed
an inverse method for simultaneous determination of porous media k, A.
and Vj, using a penta-needle heat-pulse probe (PHPP) with an INV-
WATFLX code based on two-dimensional heat conduction-convection
equation in isotropic media by Ren et al. (2000). Sheng et al. (2016)
provided a technical instruction to this PHPP and coupled it with an
electromagnetic sensor for porous media multi-functional sensing. This
smart probe communicates with an SDI-12 interface and performs on-
board parameter optimization (Sheng et al., 2016), which is more user-
friendly and suitable for general scientific use without expertise in HP
measurement techniques. The extension of these smart sensors to in-
clude sensing in anisotropic porous media, for instance sapwood,
should be of great interest, once the anisotropic effect is carefully
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considered.

The objectives of this study were to numerically and physically
evaluate the impact of anisotropy and PHPP installation angle when
determining sapwood sap-flux density and thermal properties.
Numerical simulations of heat-pulse measurements using prescribed
thermal properties and heat velocities under anisotropic conditions
were employed. Numerically derived data were set as input conditions
in INV-WATFLX code to retrieve the estimated parameters to match
PHPP performance in an anisotropic medium. Field tests were also
conducted using six PHPPs on poplar trees with a = 0°, 15° and 30°
installation angles.

2. Materials and methods
2.1. Theoretical considerations

Two-dimensional heat conduction-convection (assuming conductive
heat dominates over convective effects) for uniform transport of water
in an incompressible isotropic porous medium can be expressed as

ot
a2’

9T

oT oT
x(=— +

o oy e))
where T is temperature (°C), t is time (s), x is thermal diffusivity
m?s™ b, x and y are spatial coordinates in a plane normal to the
needles (m) as shown in Fig. 1, V, and V,, are components of heat ve-
locity Vi, (m s™1), in the respective coordinates. An analytical solution
to a PILS injected into an infinite and isotropic medium is given by Ren
et al. (2000) and Yang et al. (2013):

y
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Fig. 1. Schematic illustration of the locations of the heater needle (red) and
four thermistor needles (S1-S4) of the penta-needle heat-pulse probe (PHPP) in
a coordinate system within a plane normal to the probe axis. Symbols Vy and V,,
are the two components of the heat velocity (Vi,, ms™!). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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where ¢' is the heat input per unit length per unit time (Jm~'s™ 1), Cis
heat capacity (J m~3°C™Y) and ¢, is the heat pulse duration (s). Here-
after we refer to Eq. (2) as the isotropic equation. The temperature at
each thermistor needle can be expressed by substituting the coordinates
of its location into Eq. (2). The advantage of employing four thermistor
needles is the ability to qualify both magnitude and direction of sub-
strate water-flux density and thermal properties in four directions be-
tween the heater and each thermistor needle within the sensor’s two-
dimensional plane illustrated in Fig. 1.

The magnitude and direction of V} can be obtained from its com-
ponents, Vy and Vy, as

Vo= JVi2 + W2 ®3
or as
Vh=Vysina + V; cos a 4)

where the angle o denotes a clockwise rotation from the y-axis re-
ference (°) as shown in Fig. 1, written

a = tan’! [&]
14 ()

The magnitude of water-flux density (J, m s™1) is obtained from Vi
as

P

Cw (6)

where C,, is the heat capacity of water Jm™~°C™ 1. The water content
of a porous medium (6, cm®em~3) can be derived from (Yang et al.,
2013)
o= —

1
(C_prb]

Cw

—30

)

where c,, is the specific heat capacity of water (J kg °C ~1), and py, and
cp, are bulk density (kg m™>) and specific heat capacity (Jkg°C ~') of
the dry porous medium, respectively.

When it comes to the heat transport in anisotropic media, such as
sapwood, the correct two-dimensional heat conduction-convection re-
lationship for uniform water transport in the axial direction of an ani-
sotropic porous medium, can be expressed as:
oT o*T T

— =K HKax—5 —
a Eax2 g2

T
dy (8)
where «,, and kg are axial- and tangential thermal diffusivity, respec-
tively. Correspondingly, the correct analytical solution for PILS in an
infinite and anisotropic medium becomes (Vandegehuchte and Steppe,
2012c):
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T(x,y, t)=
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We now refer to Eq. (9) as the anisotropic equation.
2.2. Penta-needle heat pulse probe (PHPP)
The PHPP is comprised of a main circuit board with all the elec-

tronic elements soldered to the head circuit board housing five stainless
needles. The central heater needle (o0.d. 2.1 mm, outer length 28 mm) is
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surrounded by four thermistor needles (o.d. 1.27 mm, outer length
16 mm) orthogonally arranged with an equal radial distance 6.5 mm to
the heater needle. In practice, it doesn’t generate an ideal infinite line
source due to finite needle length (L) and diameter (d). However,
Blackwell, 1956 stated that the axial-flow error is less than 1%, if it
satisfies L/d > 25. Later, Kluitenberg et al. (1995) indicated that errors
of estimated k and C are less than 2%, if it satisfies L/d > 4.4 and d/
r < 0.26. The PHPP operating under the INV-WATFLX code is based on
isotropic theory for simultaneous inverse estimation of Vy, Vy, x and A
within a plane normal to the needles. Subsequently C is calculated and 6
is determined, across a range of J up to 300 cmh ™. The code is in-
sensitive to the influence of a in isotropic porous media (Sheng et al.,
2016; Yang and Jones, 2009; Yang et al., 2013). The on-board micro-
controller controls the inverse optimization of parameters «, A, V, and
Vy by fitting a sequence of measured temperature rise data following a
heat pulse injection. The default heat-pulse duration is 8s and tem-
perature is recorded over 120 s at each of the four thermistor needles.
The optimization fits Eq. (2) to temperature rise data by adjusting the
thermal properties and heat velocities, employing the robust Gauss-
Newton-Levenberg-Marquardt method (see Yang and Jones, 2009;
Yang et al., 2013; Sheng et al., 2016).

2.3. Numerical simulation of INV-WATFLX application in anisotropic
media

Numerical simulation software (Mathematica 11.0, Wolfram
Research http://www.wolfram.com) was applied to model PHPP heat-
pulse measurement using the isotropic equation in anisotropic media as
illustrated in the flowchart of Fig. 2. Prescribed initial thermal prop-
erties were taken from a softwood (dry wood density = 350 kgm™5;
water content = 1.3kgkg™?, in water weight per unit dry wood
weight) calculated from Burgess et al. (2001), and V}, varied between 0
and 210cmh ™! in increments of 30 cm h™!. The corresponding range
of J calculated from Eq. (6) is from 0 to 130 cmh ™ 1 which is within the
natural sap-flux density range (0-110cmh™?'), according to
Vandegehuchte and Steppe (2012c) and Vertessy et al. (1997). Simu-
lations also included prescribed installation angles, a, from 0° to 90° at
intervals of 5°. Anisotropy degree, K /xax, varied between 0.5 to 1 at
intervals of 0.05 (Table 1), where for a given k,/kax value, ki and Ky
were resolved from the overall k. Prescribed a (Fig. 1) dictated posi-
tions of the four thermistors (§1-S4) and facilitated decomposition of
W into its two components Vy (= V} sin a) and Vy (= Vj cos a). The
coordinate system was defined with the y-axis positive upward (axial
direction) and the x-axis positive to the right (tangential direction).
Simulation of the PHPP heat pulse required further prescription of
sensor-related parameters, such as i) heater-thermistor spacing, r, ii)
heating strength, ¢', and iii) heat pulse duration, ty, (i.e., based on heat
pulse sensor technical specifications). Eq. (9) was subsequently used to
simulate heat pulse-based temperature rise data at 1 s intervals for 120 s
at each of the 4 thermistor positions, S1 - S4. Subsequently the co-
ordinate system transitions from the numerical model to the probe
needle-face coordinate system shown in Fig. 1, which is next employed
by the INV-WATFX algorithm. The temperature rise data are subse-
quently used as input to the INV-WATFLX code, which was repro-
grammed in Mathematica language following the algorithm instruction
provided by Yang and Jones (2009) and Yang et al. (2013), to inversely
optimize x, A, Vy and V, and imitate the PHPP function. This allowed
comparison of the optimized «, A, Vi and V;, values in the PHPP code
and their prescribed values in order to evaluate the impact of aniso-
tropy and a. We expected to develop a correction model following the
numerical simulation, and to apply to sap-flux density and thermal
properties estimation for anisotropic media.

2.4. Field experiments

Field tests were performed on a poplar (Populus simonii Carr.) tree in
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Fig. 2. Flowchart of the numerical simulation process for applying INV-WATFLX algorithm in anisotropic media. Subscript i is time lag and S1-S4 represent
thermistor coordinate positions shown within the cylinders. Additionally, S1’-S4’ represent their positions within the probe’s needle-face coordinate system (see
Fig. 1). Subscript r indicates parameters optimized using the INV-WATFLX algorithm.

Table 1

Conditions used to simulate heat transport in the anisotropic sapwood, where
kg and k., represent tangential- and axial thermal diffusivity, respectively, and
the axial direction of heat velocity is upward. When k;/x.x = 1 isotropic con-
ditions applies; for ki;/kax < 1, the degree of anisotropy increases as the ratio
decreases.

Parameters, units Symbol Value Intervals
Installation angle, ° a 0-90 5
Degree of anisotropy Ktg/Kax 1.0-0.5 0.05
Overall thermal conductivity, Wm~2°C~! A 0.5

Overall thermal diffusivity, 10"®m?s ™! K 0.2

Magnitude of heat velocity, cmh™* Vi 0 to 210 30

the Liudaogou catchment (1200 m altitude, 38.78°N, 110.35°E) of
Shenmu County, Shaanxi Province, China. The catchment is within the
Loess Plateau referred to as the “water-wind erosion crisscross region”.
The selected poplar tree was planted in a check-dam system about 40
years ago and was healthy and exhibiting robust growth and develop-
ment, with average tree height 27.8 m and diameter at breast height
50.9 cm. The surrounding soil conditions provided ample root water
from both natural rainfall and abundant shallow groundwater. The
main soil type was a loess soil, consisting of 52.5% sand (> 0.05 mm),
35.8% silt (0.002-0.05 mm) and 11.7% clay (< 0.002 mm).

Before PHPPs were applied in field sap flow experiment, the effec-
tive distance between the heater- and each temperature needle (i.e.,
needle spacing) was carefully calibrated within a static saturated sand
(0.1-0.25 mm particle diameter) column. Specific heat capacity of the
dry sand sample was measured by differential scanning calorimetry
using a STA 449 F3 Jupiter’ simultaneous thermal analyzer (Netzsch
Group, Selb, Germany). Water content of the saturated sand were
measured, and then C was derived according to Eq. (7) in Sheng et al.
(2016). Six PHPPs were installed in the sand column, and spacing ca-
libration was triggered by calibration command with assigned user-
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defined C through CR1000 measurement system (Campbell Scientific,
Logan, UT). See spacing calibration details in Sheng et al. (2016).

The six PHPPs were then removed from sand column and installed
within the same aspect of the tree trunk at breast height. Before in-
stallation, the coarse bark was removed, and an electric drill and jig
were used to bore five vertically aligned holes to tightly match the
PHPP’s needle geometry. Three installation angles of a = 0°, 15° and
30° were employed, with duplicates of each angle. Probes were axially
arranged with a spacing of 10 cm, with no overlapping probes in the
vertical sap flow pathway. They were connected to a CR850 data logger
(Campbell Scientific, Logan, UT), and A, x, Vy and V, were fitted and
recorded at hourly intervals. Values of C obtained through the re-
lationship C = A/k, and V;, and J were calculated from Egs. (4) and (6),
respectively. Deviations of these estimated parameters from anisotropy
effects would be removed through a correction model expected to be
developed in this study.

Three TDPs were inserted in sapwood 20 cm above the uppermost
PHPPs to provide additional J estimates for comparison. TDP method is
one of most commonly used empirical sap flow approaches owing to its
simplicity, the high degree of accuracy and reliability, and its relatively
low-cost (Lu et al., 2004). Early calibration experiments of TDPs on two
common types of stem species, i.e., diffuse-porous trees and ring-porous
trees, reported generally good agreement with the original calibration
of Granier (1987) for diffuse-porous species (Bush et al., 2010), de-
scribing the poplar trees used here. Details concerning TDP construc-
tion and methodology are given in our previous study by Peng et al.
(2015). They were connected to a CR1000 data logger, and J was col-
lected at hourly intervals.

3. Results
3.1. Heat field discrepancy in anisotropic media

An anisotropic medium such as sapwood exhibits a higher axial
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Fig. 3. Examples of fitted temperature rise using the isotropic Eq. (2) for simulated T versus time (s) data in anisotropic media. Prescribed parameters are: a = 15°,
k=2x10"7 m?®s L, A=05Wm ‘s, C=25%x10""Jm 3C} V, =90cmh~! and Kg/Kax = 0.9 (a), 0.7 (b) and 0.5 (c). Four symbols denote simulated
temperature rise versus time data in anisotropic media in a heat pulse measurement at four thermistor positions (S1-S4). In (a)-(c), lines with four different colors
represent fitted temperature rises (T, °C) at four thermistor positions (S1-S4); in (d)—(f), lines describe the corresponding temperature discrepancies (AT, °C) between
the fitting curves using isotropic Eq. (2) and simulated temperature rise using anisotropic Eq. (9) at four thermistor positions.

thermal diffusivity than its tangential thermal diffusivity, causing a
disparity in heat conduction axially versus tangentially within a given
trunk ring (e.g., from a line heat source inserted horizontally into the
trunk). As the difference of thermal diffusivity in two directions grows
(i.e., a smaller k/Kax), relatively less heat is transported tangentially,
resulting in a narrower and axially longer heat field. Fig. 3(a—c) shows
examples of heat transport signatures measured at the four thermistors
(S1-S4) of a PHPP for a = 15° using three different «/x.x scenarios.
Temperature difference between S1 and S3, which are closer to the
axial flow direction, are larger than temperature difference between S2
and S4, which are closer to the tangential direction. Discrepancies of
fitted temperature rise for each needle, show a substantial increase as
Kig/Kax Decomes smaller (greater anisotropy). The maximum dis-
crepancies at S3 and S1 were 0.47 and 0.37 °C, and at S2 and S4 were
—0.29 and —0.38°C for ky/kax = 0.5. Fig. 3(d-f) describe the differ-
ences between the isotropic and anisotropic temperature rise for ./
Kax = 0.9, 07 and 0.5. The difference climbs to approximately 0.5 °C for
Kg/Kax = 0.5, while it is less than 0.1 °C and shows good agreement for
Kig/Kax = 0.9. Thus, large errors may arise even without considering the
anisotropic conditions found in sapwood.

3.2. Deviation analyses of the applied INV-WATFLX algorithm in
anisotropic media

Heat velocities, Vj, inversely estimated from application of the INV-
WATFLX code, exhibit significant linear correlation with the prescribed
Vy, that varied between 0-210cmh ™! (R?> > 0.99 and P < 0.01), as
Kig/Kax varied from 1.0 to 0.5 and a varied between 0° and 90°. Fig. 3
shows a comparison of V}, estimated and prescribed under different g/
Kax and o scenarios. Fig. 4 further illustrates a slope change as Vj, is
compared for a increasing from 0° to 45°. There we see the gradual
transition from a slope above 1.0 to a slope less than 1.0, indicating an
overestimate that transitions to an underestimate in V},. Digging deeper,
for kig/kax = 0.8, the slope range is from 1.099 to 0.907, while for «z/
Kax = 0.5, the range extends to between 1.396 and 0.708 considering
the selected a values shown in Fig. 4. The greater the anisotropy (lower
value of k,/%,y), the higher the deviation in the V;, estimate.
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Estimated x, A and thus C are also affected by anisotropy. Fig. 5
illustrates the intensity of deviations (%) of estimated thermal proper-
ties as influenced by both a and V}, at «/kax = 0.5. The deviation is the
difference in fitted properties applying the INV-WATFLX algorithm in
anisotropic media. Summarizing these effects, a contributes to a sharper
deviation than V;, on estimated k, A and C, and the deviation is sym-
metric around a = 45°. Deviations in C transit from a slight under-
estimate at 0° and 90° to a higher overestimate at 45° and using higher
values of V},, while A exhibits the opposite trend with underestimates at
45° and overestimates at the extents. On the other hand, k only shows
overestimates, which increase with V;, and extending from 45° each
way.

Fig. 6 gives a more comprehensive perspective of the impact of
anisotropy on estimated V4, J, C, k and A. For kiy/%ax = 1, i.e., in iso-
tropic media, no deviations occur when applying the INV-WATFLX code
regardless of the value of a. However, as ky/k.x gets smaller, parameter
deviations subsequently emerge and enlarge, and show stronger influ-
ence from a. Deviations in V}, (Fig. 6a) and J (Fig. 6b) are similar up to
nearly 40% and as low as -30% for ky/%.x = 0.5. Deviations in C, x and
A are far smaller, in most cases < 10%, under static conditions as
shown in Fig. 6(c—e). Given the growing interest for application of
PHPP in porous media such as sapwood, which exhibit different degrees
of anisotropy coupled with diverse possible installation angles, there is
a need for a correction algorithm that can provide reliable probe cali-
bration in terms of known k,/k.x and a values. We therefore developed
a function according to simulation results to describe the relationship
between these relative deviations (e, %) and k/k. and a, written:

1 — ®g/Kax

b
¢ = 100-a [ ] (cosda + ¢)

1+ ®g/Kax (10)
where ¢ denotes the relative deviation (%) of estimated V;, (including
components within the coordinate systems), J, C, k and A.. Coefficient b
is assigned according to specific evaluated properties, and a, c are
coefficients from non-linear regression fitting of Eq. (10) using the si-
mulation results. These coefficients are listed in Table 2.

If we use p, to symbolize the specific raw parameters listed in



S. Wang et al.
300
(a) K,glxax=0.8
- 250 -
=
§ 200 -
x o
o 150 o 10°
= A 20°
< v 300
;. 100 o 4r°
> — 0° 3 1.099x, R*-1.000
= - = = 10° y=1.076, R*=1.000
= 90+ - = 20° y=1.018x, R*=1.000
> —-=- 30°y=0.95Lx, R*=1.000
0- 40° y=0.907x, R™=1.000
1:1 line

T T

50 160 150
Prescribed V, (cm h™)

o

T T
200 250 300

Agricultural and Forest Meteorology 263 (2018) 399-408

300
a
f/o
250 -
A
200
v
150 -
100 ~
0° y=1.396x, R*=0.992
o - = = 10°3=1.312x, R*=0.995
50 - 20° 3~1.076x, R*~1.000
—-=- 30° 3=0.859x, R>=1.000
04 o 40° y-0.708x, R*-1.000
1.7 1:1 line
T T T T T T
0 50 100 150 200 250 300

Prescribed V, (cm h™)

Fig. 4. Examples of heat velocity (Vy,, cmh ') inversely estimated by applying the INV-WATFLX code using installation angles, a, of between 0°~40° in 10° intervals
versus the prescribed Vj, values in anisotropic media using k/k.x = 0.8 (a) and = 0.5 (b), respectively. Regression functions (lines) and R? values are also listed.

Table 2 before anisotropy effect correction and p. to symbolize the
corresponding corrected parameters, then p. is given as

p c= A-pr an

where A denotes the relevant correction multiplier. The relationship
between A and ¢ is expressed as

1

~ 1001 (12)

As to sapwood, the value of /.y is approximately equal to 0.5. A
set of values of ¢ and A under different installation angles can be cal-
culated and to apply to anisotropy effect correction in sap-flux density
and thermal properties determination.

3.3. Field tests

Field tests were conducted from June 5 to July 24, 2017, lasting 50
days. The value of kg /kax Obtained in the poplar (Populus simonii C.)
sapwood was 0.524 * 0.007, determined from PHPP measurements
using individual thermal property parameter optimization at 0° in-
stallation angle (not discussed in this paper, see Sheng et al., 2016). It
agreed well with the range of sapwood «4/%.x given by Vandegehuchte
and Steppe (2012d). Table 3 shows values of the correction multiplier,

a) Deviations in C (%
(a) (%)

(b) Deviations in k (%)

A, used to adjust PHPP-based parameter estimates obtained in the po-
plar sapwood for each of the three installation angles. Raw parameter
estimates from the PHPPs were corrected with Eq. (11) and the multi-
pliers shown in Table 3. Fig. 7 shows the corrected hourly V, and V,
dynamics. For a = 0°, V, ranged from —0.78 to 3.05cmh™! and
averaged 0.74cmh™?, V, values ranged from —1.54 to 39.73 cm h~!
and averaged 12.64cmh™!, confirming that the heat velocity dis-
tribution was mainly oriented along the y-axis as expected. For a = 15°,
V, ranged from —0.89 to 18.48 cmh ™' and averaged 6.36cmh ™", V,
ranged from —1.31 to 61.12cmh ™! and averaged 16.80 cmh™!. For
a=30°, V, ranged from —1.07 to 30.44cmh~! and averaged
8.45cmh™", V, extended from —2.74 to 46.34cmh ™' and averaged
14.72 cmh ™. The difference between the x- and y-axis heat velocity
values decreased as a increased.

Dynamics of corrected k, A and C are illustrated in Fig. 8(a-c),
where all show diurnal fluctuations to different extents. Comprehen-
sively, estimated values of k, A and C at a = 0° were steadier and re-
vealed lower fluctuations than at 15° and 30°. For a = 0°, the daily
maximum fluctuations in kx, A and C were 1.7%, 22.4% and 28.7%,
respectively. Fluctuations for a = 15° were 32.7%, 56.0% and 17.2%
and for a = 30° they were 26.6%, 56.6% and 22.9%, respectively.
Hourly thermal properties before dawn 3:00-5:00 a.m., (i.e., during
assumed zero-flow conditions), were relatively stable for days at a time

(c) Deviations in A (%)
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Fig. 5. Contour plots of the deviation (%) of estimated heat capacity, C (a), thermal diffusivity, k (b), and thermal conductivity, A (c), by applying the INV-WATFLX
code as affected by both heat velocity, V;, (cm h™1), and installation angle, a (%), at kg/ka = 0.5.
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Fig. 6. Contour plots of the deviation (%) of heat velocity, Vi, (a), water-flux density J (b) under non-static conditions and the deviation (%) of heat capacity, C (c),
thermal diffusivity, k (d) and thermal conductivity, A (e) under static conditions estimated by applying the INV-WATFLX code as affected by the degree of anisotropy,

Kg/Kax, and installation angle, a (°).

Table 2

Coefficients of deviation function. i.e., Eq. (10), obtained from estimated
parameters; heat velocity (V},), water-flux density (J), heat capacity (C), thermal
diffusivity (x) and thermal conductivity (A).

Parameters estimated Coefficients Statistics
a b c RMSE R?
Vi, Vx and Vy, 1.417 1.25 0.078 0.006 0.997
J 1.297 1.25 0.122 0.008 0.995
C —0.362 2.00 —0.499 0.001 0.999
K 0.789 2.00 0.322 0.001 0.998
A 0.429 2.00 0.990 0.001 0.999
Table 3

Correction multipliers, A, in Eq. (12), used to adjust PHPP parameter estimates
obtained in poplar (Populus simonii C.) sapwood. Corrected parameters included
heat velocity (V},), water-flux density (J), heat capacity (C), thermal diffusivity
(x) and thermal conductivity (A). The estimated sapwood anisotropy was kg/
Kax = 0.524 and three installation angles, a = 0°, 15° and 30° were used.

Parameters estimated Installation angle, a

0° 15° 30°
Vi, Vi and Vy 0.737 0.839 1.162
J 0.746 0.841 1.129
C 1.018 1.000 0.966
K 0.908 0.940 1.014
A 0.923 0.941 0.980

over the measurement period. Only slight undulations emerged from
nocturnal sap flow in late June and early July as seen in Fig. 7. Such
nocturnal sap flow occurred in period as daytime sap-flux density
climbed high and as nighttime vapor pressure deficit (VPD) was very
high from our observations (data were not shown). Trees might absorb
water from soil in nighttime to recover from water deficit in stems due
to strong transpiration in daytime, or nocturnal transpiration may occur
under high VPD conditions. Green sapwood was sampled on June 13
and July 16, where the bulk density of the dry sapwood, p,, was
0.349 + 0.013kgm 3. The sampled sapwood water contents for these

dates were 0.468 + 0.027 and 0.549 + 0.032cm®cm ™3, respectively.
Errors of 3.4% and 6.5%, respectively, were found when comparing the
two sample dates with water contents derived from Eq. (7) using the
obtained heat capacity.

Sap-flux density, J, derived from three installation angles (a = 0°,
15° and 30°) showed accordant trends and strong diurnal variation.
Most nighttime sap-flux density readings were close to zero with a few
readings in late June and early July of up to 5cmh™'. The maximum J
values were 27.2, 39.1 and 37.2cmh™! for @ = 0°, 15° and 30°, re-
spectively. The corresponding average J values were 8.6, 12.2 and
11.9 cmh™? (Fig. 9a). There was an extremely higher linear correlation
of J for the PHPPs among the different installation angles, and R* was as
high as 0.98 (Fig. 9b). Fig. 10(a) and (b) show the correlation analyses
between J determined from PHPPs before and after model calibrations
using Egs. (10)—(12) and J values estimated using TDPs. The PHPP-
based values of J were linearly correlated (P < 0.01) with TDPs, but R?
values were approximately 0.8. The linear regression of corrected J at
a = 15° and 30° with the TDP data yielded slopes of nearly 1 (1.01 and
0.984, respectively) while for @ = 0°, the slope was 0.69, indicating an
apparent underestimate.

4. Discussions

The penta-needle heat pulse probe operating under the INV-
WATFLX code has been verified as a robust and user-friendly integrated
multi-functional sensor in isotropic porous media sensing (Sheng et al.,
2016; Yang and Jones, 2009; Yang et al., 2013). Yang and Jones (2009)
reported that this PHPP can work properly and the optimized para-
meters are unaffected even if one in the four thermistor needles is out of
use. They showed that this PHPP coupled with INV-WATFLX code is
insensitive to the influence of a in isotropic porous media, such as soils.
However, from both our numerical simulation and field tests, the direct
use of PHPP in sapwood sensing will inevitably cause non-negligible
errors in optimized parameters due to anisotropic nature of sapwood.
Under a typical case, as sapwood kg/kKax = 0.5 (Steinhagen, 1977),
deviations of raw sap-flux density estimated from PHPPs are within a
wide range of from —31% to 40%, while x, A and C under static con-
ditions attributes a smaller deviation < 10%, differing across installa-
tion angles, a, which vary from 0° to 90° (Fig. 7).
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Selection of the installation angle, @, for multi-needle heat pulse
probes has rarely been a focus in soils and other porous media sensing.
Theoretically water flux and thermal property estimations is immune to
the effects of insertion angle in isotropic media. However, all five
parameters are intensely affected by a under heat field deformation
owing to anisotropy (Figs. 4-7). The numerical correction models we
developed in Egs. (10)-(12) with coefficients listed in Table 2, provide
an effective way to minimize PHPP parameter estimation errors due to

anisotropy. This model is ideally suited to the PHPP configuration for
anisotropy values in the range of 0.5 < k;/kax < 1 and for any value of
a. In addition, porous medium anisotropy can be estimated from PHPP
measurements leading to individual thermal property parameter opti-
mization (not discussed in this paper, see Sheng et al., 2016) with 0°
installation under static conditions. Inaccuracy in a determination
possess another potential error source. A 1° error in probe installation
angle will generate a theoretical maximum error of 2.5% in J at
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Fig. 8. Corrected thermal properties, C, k and A, calibrated with Egs. (10)-(12), using raw data from PHPPs with installation angle a = 0°, 15° and 30°. Panels (a)-(c)
list the continuous hourly data, while panels (d)-(f) report only daily data between 3:00-5:00 am when zero-flow conditions are expected.
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a = ~22° or ~68°, the sensitivities of x, A and C to a errors are much
smaller. Those errors also decrease rapidly as a deviates from values of
22° and 68°. From the deviation analysis in Fig. 5, thermal properties
are more sensitive than sap-flux density (heat velocity) to variations in
installation angle, especially at high velocities for a < 15° or > 75°
compared to values within ranges of 15°-30° and 60°-75°. However, we
should recognize that, the correction model we developed still remain
empirical rather than an analytical model, which could resolve the
rationale behind it and greatly promote developments in anisotropic
media sensing techniques. Nevertheless, seeking an analytic correction
model seems challenging. The analytical solutions of heat transport
equation for PILS, i.e., Egs. (2) and (9), contains the transcendental
exponential integral, and numerical solution methods seem the most
effective instruments, as “sapflow +” technique and INV-WATFLX al-
gorithm both use. Alternatively, replacing the isotropic equation with
anisotropic equation within INV-WATFLX code, and developing an
“anisotropic” version of INV-WATFLX algorithm is needed. But it may

require updating and improving the probe processing performance,
because the “anisotropic” version involves much more parameters in
inverse optimization than the “isotropic” version.

Insertion of five needles (PHPP) into a small area of the trunk or
stem would damage the sapwood structure and disturb sap flow
pathway and cause flow turbulence especially at high sap-flux density
(Fig. 8). Flow pathway distortion is a possible cause of fluctuations in
inversely optimized x, A and C under dynamic sap flow conditions.
However, under static conditions, estimated k, A. and C were observed
highly steady for all three tested installation angles. We have a hy-
pothesis that, some sap flow pathways may distort rather than keep
vertical around the sensor insertion position, within which heat trans-
port was distinctly more complex than heat transport described in Eq.
(9) and resulted in fluctuations in optimized thermal properties at high
flow conditions. During field tests, J was underestimated by more than
30% at @ = 0° as compared with a = 15° and 30°, and results of TDPs.
From the PHPP construction structure, the center heater needle is
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Fig. 10. Correlation analyses between sap-flux densities estimated from TDPs (Jrpp, cm h™1) and (a) raw- and (b) corrected sap-flux density using Egs. (10)—(12)
from PHPPs (J; and J,, respectively; cmh™?) under different installation angles, a = 0°, 15° and 30°. Symbols ** represent P < 0.01.
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remarkably 65% larger than the adjacent thermistor needles in dia-
meter, and there may generate a small less hydraulically active zone,
straight up and down the inserted heater. When PHPP is inserted at a =
0°, as two thermistor needles sit straight up and down the center heater,
large underestimation in J occurs. Heretofore, heat-pulse based sap flow
methods, including CHP, Tmax, HR and “sapflow+” method, have
employed probes needles aligned vertically. They were widely observed
underestimating J, and utilized numerical correlations with respect to
wound size, especially for CHP and HR methods (Burgess et al., 2001;
Green et al., 2003; Steppe et al., 2010; Swanson and Whitfield, 1981).
However, Using the PHPP coupled with the INV-WATFLX algorithm
accommodates rotation from vertically aligned needle installation and
provides a two-dimensional heat velocity and thermal property inverse
fitting routine. Though the calibration model we developed potentially
minimizes errors due to application of the isotropy equation in sap-
wood, the PHPP still faces potential estimation errors derived from flow
turbulence, which is more complex to model. Now, systematic studies
concerning sap flow disturbance/turbulence caused by inserted needles
are still rare. In future, flow distribution map around inserted needles
can be traced by techniques such as nuclear magnetic resonance (Nybo
et al., 2018) to provide a perceptive approach to investigate their im-
pacts. This study has presented a general introduction of the PHPP
measurement and modeling for anisotropic sapwood sensing. Further
means of testing such as gravimetric validation experiments and higher
resolution measurement approaches should be applied to develop a
more systematic and comprehensive awareness of sap/water flux and
thermal property estimation in anisotropic media.
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