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Soil heat flux (G) is important for studying the energy balance at the soil-atmosphere interface. In most cases, a
reference flux (true value) is not available for soil heat flux. The heat flux plate method and the heat pulse sensor
gradient method are two commonly used methods to measure soil heat flux. Both methods have inherent
shortcomings that lead to unavoidable measurement errors. There is a need for a theoretical analysis to identify
the origin of errors associated with the gradient method. In this study, by introducing a plane heater of known
heating strength to generate a one-dimensional heat flux, we compared the measurements of soil heat flux by
both methods at different soil moisture contents for laboratory (indoor) and field (outdoor) experiments, as well
as computer simulations for a sandy soil. Differences between the COMSOL simulation results and the indoor
measurements were less than 15%, indicating that the COMSOL simulated soil heat flux results were reliable. The
indoor experiments provided close agreement between the heat flux plate method and the gradient method
(Pearson’s correlation coefficient r > 0.993). The results of the field experiments showed that the correlation
coefficient of the two methods decreased by at least 9.3%. Our field measurements indicated that the gradient
method is not suitable for measuring G in the presence of alternating freezing-thawing soil conditions. Although
heat flux plates have several short-comings, they may perform better than the heat pulse sensor gradient method
in partially frozen soils. The finite difference approximation of nonlinear thermal gradients causes errors in the
gradient method heat flux values. However, this gradient method error could be eliminated by altering the heat
pulse probe positioning with depth to provide finer scale measurements of temperature with depth.

1. Introduction

Surface energy balance is an important area of research in agricul-
ture, forestry, meteorology and ecology (Mauder et al., 2020). Soil heat
flux (G) is a particularly important component of the surface energy
balance of bare soils (Choudhury et al., 1987; Idso et al., 1975), areas
without dense vegetation, and forests. Difficulties in energy balance
closure have been reported, i.e., the sum of net radiation and surface
heat fluxes is found to be greater than the sum of turbulent fluxes in
several cases (Foken et al., 1995; Foken, 2008; Wilson et al., 2002).
Errors in G measurements as well as errors in soil heat storage (Leuning
et al., 2012) are two factors that warrant further consideration.
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Two common methods to measure G are the soil heat flux plate
method (Sauer, 2002) and the gradient method (Cobos and Baker,
2003). Although, Peng et al. (2015) chose the values of the gradient
method as a standard, the validation of their choice requires further
testing. In addition, for most experiments, a known reference value of G
is not available (Russell et al., 2015). As a result, there is uncertainty on
the accuracies of the heat flux plate and gradient methods (Wu et al.,
2020). For example, without verification and lacking a reference G,
Peng et al. (2015) assume that the gradient method is more accurate
than the heat flux plate method. Although there are experiments
designed to evaluate the performance of various kinds of heat flux plates
with a reference G value, most of the experiments were performed under
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steady state conditions (Sauer et al., 2007, 2008; van Loon et al., 1998;
Watts et al., 1990). To our knowledge, there are few transient experi-
ments (Fuchs and Tanner, 1968; Howell and Tolk, 1990) that use known
reference G values (by using a plane heater to set soil heat fluxes to some
given values), and no research has evaluated the accuracy of the heat
flux plate method and the gradient method simultaneously with a
known reference G (true value of G).

Although the heat flux plate method is more popular than the
gradient method for measuring G (Mayocchi and Bristow, 1995; van
Loon et al., 1998; Watts et al., 1990), some assert the gradient method is
superior to the heat flux plate method (Lu et al., 2016; Peng et al., 2015),
mainly because heat flux plates alter the natural soil environment by
disrupting liquid and vapor movement. To our knowledge, few studies
have explored the potential errors in G measurements with the gradient
method. There are several sources of error when using a dual needle heat
pulse (DPHP) probe measurements to make gradient method de-
terminations. First, the DPHP sensor probe spacing is prone to change
over time which compromises the performance. The theoretical analysis
of Liu et al. (2008) demonstrated that, for both heating and temperature
probes of DPHP method, 1° deflections of the probes, led to > 10% errors
in thermal conductivity and heat capacity. In addition, the thermal
contact resistance (Liu et al., 2017) between the soil and the DPHP
needle can lead to an overestimation of the dry soil specific heat (c) by at
least 20% (Liu et al., 2012; Ren et al., 1999). Wind above the surface
(Sang et al., 2020, 2021), and spatial heterogeneity can lead to errors in
thermal property measurements. The influence of thermal property
measurement errors on the accuracy of G measurements will be dis-
cussed and analyzed extensively in this paper.

In addition to measurements, numerical simulations
(Faucher-Giguere et al., 2008) provide a means to evaluate the perfor-
mance of the gradient method and heat flux plates. Finite element
simulations have been used to study DPHP probes (Liu et al., 2013,
2016; Sang et al., 2020). Numerical simulations (e.g., COMSOL, Hydrus)
have advantages that cannot be matched by physical experiments. Un-
like physical experiments which are limited to a few points of mea-
surement, numerical software can simulate a temperature field or fluid
field with spatial distributions of various physical parameters. In addi-
tion, simulations avoid the effects of various unknown factors in field
tests, such as soil spatial heterogeneity (Wu et al., 2020), inhomogeneity
of the temperature field (Jury and Bellantuoni, 1976), and stochastic
surface wind speeds (Sang et al., 2020). Unlike traditional experiments
(heat flux plate measurements and gradient method measurements)
which are time consuming and labor intensive, computer simulations
are fast and accurate. To the best of our knowledge, few COMSOL sim-
ulations have been used to simulate soil heat flux plates and the gradient
method.

In this study, our objectives are to: (1) Use a plane heater film with a
specific heating strength and use COMSOL simulations to test the hy-
pothesis of Peng et al. (2015) that the gradient method provides stan-
dard values of G. (2) Evaluate the measurement errors of the heat flux
plate method and the gradient method under indoor and outdoor con-
ditions. (3) Examine the feasibility of using COMSOL simulations of G to
evaluate the performance of several commonly used soil heat flux plates.

2. Materials and methods
2.1. Theoretical G expression and philip’s correction equation

We derived a theoretical G value based on an analytical solution of
heat conduction. In this way, we can use the analytical value of G as the
reference to evaluate the performances of the gradient method and the
heat flux plate method. In a semi-infinite soil with zero initial temper-
ature, denoting the heat flux at z = 0 cm as Fp (W m2), then

G(0.1) = Fy e))

This heat flow will cause the following temperature, T, distribution
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as a function of depth, z, and time, t (Eq. (7) of Carslaw and Jaeger
(1959: p75)

2F, [rani 2z z
e =2 e Seres @

where a (m? s) is the soil thermal diffusivity, 4 (W m™ K1) is the soil
thermal conductivity. The soil heat flux as a function of depth and time is
(Eq. (4) of Carslaw and Jaeger (1959: p75))

Z
2\t

Here, erfc(x) is the error function. For a specific heat flux density Fy at
2z =0 cm, Eq. (3) gives the theoretical value of the soil heat flux at depth
2, which will used as the reference value of G for specific indoor
experiments.

In order to reduce measurement errors due to temperature field
distortions near a heat flux plate (Sauer et al., 2003; Watts et al., 1990),
the correction formula of Philip (1961) was applied. By approximating
the heat flux plate as an ellipsoid, Philip (1961) derived the heat flux
correction parameter (f)

G(z,1) = Fyerfc 3

€
f= T+ (c—DH @
where € is the ratio of the thermal conductivity of the heat flux plate to
the thermal conductivity of the soil, and H is a shape factor which de-
pends on the geometric characteristics of the heat flux plate (diameter,
width, thickness, etc.). For a thin circular plate with diameter a and
thickness b, H satisfies

H=1- 1.92é 5)
a

Soil heat flux after applying Philip’s correction method is

Gy =G /f ©)

2.2. Indoor experiments

For laboratory (indoor) experiments, we used a sandy soil (98.2%
sand, 1.7% silt, 0.1% clay). The specific heat of the sandy soil measured
by a differential scanning calorimetry (Q2000 DSC, TA Instruments,
New Castle, DE) is 751 J kg™! K. The bulk density (p) of the sandy soil
for the indoor experiments was 1650 kg m™. We mixed dry soil and
distilled water to establish three soil water contents, 0 g g}, 0.02 g g!
and 0.15 g g. To ensure uniform spatial distributions of soil water,
moistened samples were sealed in plastic bags for 48 h and then packed
into cylindrical Plexiglas containers (12 cm diameter and 10 cm height).
Each container had a lid to prevent evaporation. Soil thermal conduc-
tivity (1) and specific heat capacity (c) were measured in each packed
container with a DPHP probe. The results are shown in Table 1.

By using soil thermal conductivity values computed a from theoret-
ical model, Kimball et al. (1976) demonstrated that when used properly,
the gradient method can provide reliable surface soil-heat flux values. A
DPHP sensor has been used to measure soil heat flux with the gradient
method (Ochsner et al., 2006; Heitman et al., 2008; Peng et al., 2015).
The gradient method is based on Fourier’slaw G = - 1 VT (Kimball et al.,
1976; Heitman et al., 2008), G is calculated approximately as:

Table. 1
Measured sandy soil thermal conductivity, 4, and specific heat capacity at
various water contents.

Water content A Specific heat capacity
gg! wm'!K! JkglK!

0 0.30+0.01 751+2

0.02 0.80+0.01 803+8

0.15 1.46+0.05 1175+15
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Detailed information on the procedure to calculate G (Eq. (7)) based
on the gradient method is given by Heitman et al. (2008). The gradient
method has several advantages over the heat flux plate method,
including less soil disturbance during installation (Heitman et al., 2008),
less blockage to infiltrating water, and less blockage to vapor movement
(Heitman et al., 2008). Eq. (7) is most accurate when the spatial reso-
lution of the probe is small, i.e. Az — 0. According to Fourier’s law and
the Taylor expansion for analytical functions (Thomas et al., 2014),
using Eq. (7) will have a truncation error. In the results and discussion
section, we will illustrate the error caused by using the finite difference
approximation.

A thermo-TDR sensor similar the one described by Wen et al. (2018)
is used in this study for gradient method measurements. The
thermo-TDR probe consists of three small parallel probes (1.27 mm
diameter and 4.5 cm in length). Each temperature probe used in this test
contains a thermistor for temperature measurement (0.46 mm diameter,
10 KQ at 25 °C, Betatherm Inc., MA), and the heating probe is filled with
a resistance wire (Ni-Cr alloy, 0.079 mm diameter, 205 Q m™!, Pelican
Wire Inc., FL). Prior to the experiments, the probe spacing was cali-
brated using three repeated measurements in dry quartz sand with
known thermal properties (Sang et al., 2021). The average value was
used as the probe spacing. 4 was obtained by fitting an analytical model
to the DPHP temperature response curve (Liu and Si, 2008). In addition,
we also used the heat flux plate HFPO1 to measure G:

G=-2 8)
where V), (mV) is the output voltage of the HFPO1, and E (mV wlm?)is
the calibration constant provided by the manufacturer.

In order to compare the measurement accuracy of the heat flux plate
method and the gradient method, it is necessary to have a reference G

() - -

>
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(true value) (by creating a boundary condition where the true value of
the heat flux is known (Fuchs and Tanner, 1968; Howell and Tolk, 1990;
Sauer et al., 2007, 2008; van Loon et al., 1998; Watts et al., 1990)).
Because the steady state method is time consuming (Sauer, 2002, Pages:
1245-1246; Sauer et al., 2007, 2008; van Loon et al., 1998; Watts et al.,
1990), we deployed the transient design of Fuchs and Tanner (1968) and
Howell and Tolk (1990). By using a plane heater to maintain a reference
G value, we designed an indoor experiment setup as shown in Fig. 1(a): a
thin heating film (12 cm diameter, 0.27 mm thickness and 31.8 Q) was
placed horizontally at a depth of 5 cm in the Plexiglas container filled
with soil. The heat flux plate and the thermo-TDR sensor were placed
horizontally 2 cm above and below the heating film. The burial depth of
both the heat flux plate (Mayocchi and Bristow, 1995; Sauer, 2002) and
the DPHP probe (Heitman et al., 2008; Ochsner and Baker, 2008; Peng
et al., 2017a) were similar to common field installations. A data logger
(CR3000, Campbell Scientific, Inc., Logan, Utah) was used to record
temperature and output voltage of the heat flux plate for 300 s at 1 s
interval. The heating film divided the soil sample into two parts verti-
cally. The heat released from the film propagated both upwards and
downwards. In this way, constant heat flux boundary conditions were
achieved. The heating film was connected to a DC power supply to
provide a constant heating strength. The heat flux density of the heated
film was set to 400 W m2,

2.3. Computer simulation

We performed COMSOL simulations to avoid the effects of various
factors that impact experiments (e.g., variable wind speed (Sang et al.,
2020), non-homogeneous soil structure and soil moisture distribution,
vegetation (Hui et al., 2018), solar radiation fluctuations (Sang et al.,
2021), non-uniform temperature field (Jury and Bellantuoni, 1976),
thermal contact resistance (Liu et al., 2012) between the DPHP probe
and the soil), by considering only one factor at a time. In simulations all
soil physics properties, such as ¢, 4, a and p, can be defined as a function

Yl Z:

Heat flux plate————>E |

_ ~l&—— Container

DPHP —»

A

Heating film

<« Solil

Fig. 1. (a) Schematic diagram of the indoor 3-dimensional experiment setup (not to scale); (b) The 2-dimensional cross section of Fig. 1(a) (not to scale); (c) Heat
flow distortion at the end of the heat flux plate (solid lines represent isotherm curves, and arrows represent the direction of heat transfer). Here, Fig. 1(c) was the

result of a 2-dimensional COMSOL simulation.
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of either temperature or position. Because the COMSOL simulations
provided heat flux values at selected positions without the disturbing
effects of instrumentation, we can have reference values of G for com-
parisons. With COMSOL simulations it is possible to perform finite
element calculations for materials with nonlinear material properties
under complex geometrical boundaries.

Despite the advantages of computer simulations (Liu et al., 2006,
20165 Sang et al., 2020), to our knowledge, no other studies have used
simulation methods to explore the sources of error in soil heat flux
measurements. We used COMSOL (Version 6.0, COMSOL, Inc. Burling-
ton, MA 01,803 USA) to simulate soil heat flux in indoor experiments
(Fig. 1(a)). In the simulations, we set the vertical distance from the
center of the heat flux plate to the heating film as 2 cm. Simulated
temperatures at 1.4 cm, 2 cm, and 2.6 cm below the heating film were
used to mimic the gradient method. The COMSOL simulations consist of
five simplified processes, which are presented below:

1) Because the heat flux plate is circumferentially symmetrical, we
simplify the 3D model to a 2D axisymmetric model, which greatly
reduces the computational load and makes it possible to improve
simulation accuracy by selecting a fine 2D mesh.

2) Compared to the model dimensions (12 ¢cm in diameter and 10 cm
high), the heating needle (1.27 mm in diameter) of the thermo-TDR/
DPHP probe is simplified as a cylindrical surface heat source.

3) The thickness of the heating film (0.27 mm) is small and is approx-
imated as a planar heat source (Fig. 1(b)).

4) We assume that the internal structure of the heat flux plate is a ho-
mogeneous medium and ignore the internal configuration and
structure.

5) We ignore the convection heat transfer across the external walls of
the plastic container, and set the walls as an adiabatic boundary.

In order to simulate the diurnal transient fluctuation of heat fluxes
caused by solar radiation on cloudless days (Cobos and Baker, 2003;
Peng et al., 2015; Sauer et al., 2007), we selected a time-varying heat
flux boundary (Collares-Pereira and Rabl, 1979) at the soil-atmosphere
interface

Gh T
G, 2 (a+ bcosw)

COS® — COSMW,
)

Sinw,; — W;COSW;

where G (W m?) represents the hourly solar radiation and Gp (W m?)is
the total daily solar radiation. @ and s represent the solar angle and the
sunset angle, respectively. Both a and b are functions of ws. We set 5:00
am as the sunrise time and 19:00 pm as the sunset time, and Gp = 1000
W m2. For a detailed calculation description, refer to Eq. (12) and (14)
of Collares-Pereira and Rabl (1979). In order to simulate the scenario
closer to our field environment (uneven soil temperature profile), we set
the air-soil heat transfer coefficient at 4 W m2 K™ (Kosky et al., 2021;
Whitaker, 1972) (an approximate 0.1 m s'! breeze for our simulated soil
properties) to model the existing of air convection or wind at the
soil-atmosphere interface. The pre-simulated soil temperature profile at
6:00 am on the fourth day was used as the initial soil temperature profile
for the final simulations.

Heat flux plates of different manufacturers have various dimensions
and thermal property values (thermal conductivity A and specific heat
capacity c). As a result, plates cause various heat flow distortions (Fig. 1
(c)). Four commercially available heat flux plates (Table. 2) were
selected for our simulation. The filling material of these heat flux plates
is epoxy resin. Because the density (p) and c are not provided in the
product manuals, in our simulations, we kept p and ¢ constant for all of
the heat flux plates (p = 1700 kg m'>, ¢ = 1300 J kg* K'1).

2.4. Field experiments

Field experiments were performed at the research station of China
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Table. 2
Geometry and thermal property values of four different circular heat flux plates.
Model Diameter Thickness Filling AW Producer
m m Material m?
K—l
610 0.025 0.0026 epoxy 0.33 Thornthwaite
Associates, Elmer,
NJ
HFPO1 0.08 0.0054 epoxy 0.8 Hukseflux Thermal
Sensors, Delft, the
Netherlands
HFT1.1  0.038 0.0039 epoxy 1.0 Radiation and
Energy Balance
Systems, Seattle,
WA.
HFT3.1  0.038 0.0039 epoxy 1.22 Radiation and

Energy Balance
Systems, Seattle,
WA.

Agricultural University (40°1'N, 116°16'E). The experimental setup is
shown in Fig. 2. To minimize the effect of heterogeneous soil texture we
used the same sandy soil as in the indoor experiment. Soil was oven-
dried at 105 °C and passed through a 2 mm sieve before being packed
into a cylindrical container (50 cm in diameter and 20 cm deep). Similar
to Sang et al. (2021), a radiometer (NR-LITE2, OTT Hydromet, Inc.,
Lindbergh Dr. Loveland) was used to measure incoming solar radiation
(Sang et al., 2020) during the daytime. We installed the radiometer at a
height of 2 cm above the soil surface to minimize the shading effect of a
nearby greenhouse. In this way, the shading and the shading related
temperature redistribution were reduced significantly. As a tradeoff, the
solar radiation measured during the night was discarded. The 2-m
elevation wind speed data were obtained from a nearby weather sta-
tion. Because the HFPO1SC self-calibrating heat flux plate released heat
during operation (Hukseflux Thermal Sensors, 2021), it caused a
disturbance in the soil temperature field (Peng et al., 2015). Therefore,
for the field experiments, we used a HFPO1 instead of a HFPO1SC.
Although typical installation depths for heat flux plates are 5 cm or
deeper to avoid blocking liquid and vapor fluxes, to explore the feasi-
bility of the DPHP method at shallow depths (less than 5 cm), a heat flux
plate was buried at the same depth as the DPHP probes. Mayocchi and
Bristow (1995) placed a heat flux plate at a depth of 2 cm (z = 2 cm).
Therefore, a HFPO1 was installed at z = 2 c¢m, similar to Anandakumar
(1999), Mayocchi and Bristow (1995), and Sauer et al. (2007), along
with a thermo-TDR probe (Wen et al., 2018). Each hour, data were
collected continuously for 3 min by CR3000 (Campbell Scientific, Inc.,

ﬁ? DPHP &= HFP0I | a’f/ﬁj

«=ss-~~ Net radiometer

o

Meteorological station

Fig. 2. Schematic diagram of the field experiment setup (not drawn to scale).
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Logan, Utah) with an extension panel (AM16/32, Campbell Scientific,
Inc., Logan, Utah).

2.5. Statistical analysis

To evaluate the performance of the two methods (heat flux plate and
gradient method), both root mean square error (RMSE) and mean ab-
solute error (MAE) were used,

Z:’I:I(Yi — ?)2

n

RMSE = (10)

 p— I
MAE = ;Zizl Y, — Y| 1)

Here Y; and Y; represent the heat flux plate measured and the
gradient method determined values of G, respectively. In this study, we
use Gurpo1 (the result of HFPO1) as Y;, Ggradient (the result of gradient

method) as /17,-, and n is the number of data points.
3. Results and discussion
3.1. Accuracy of COMSOL simulations

By comparing both the theoretical results of Carslaw and Jaeger
(1959) (Fig. 3(a)) and the indoor experiment results (Fig. 3(b), (c)) with
COMSOL simulations, we examined the feasibility of using COMSOL
simulations for soil heat flux research. The accuracy of COMSOL simu-
lations is shown in Fig. 3. For soil at two 6 values (0 g g and 0.15g g™%),
z =2 cm and a constant heat flux boundary Fp = 200 W rn'z, we obtained
the theoretical values of G from the analytical solution of Carslaw and
Jaeger (1959, Eq. (3)). A comparison of the theoretical values with the
COMSOL simulations shows that the theoretical values of G agree almost
perfectly with the COMSOL finite element simulations (Pearson’s cor-
relation coefficient r ~ 1.00). This indicates that COMSOL simulation
errors are negligible.

To further evaluate the feasibility of using COMSOL simulations, we
compared the heat flux plate and gradient method measured results with
the COMSOL simulation results (Fig. 3(b), (c)). The differences between
the simulated results and the measured values were less than 12%. Fig. 3
(b), (c) indicates that there are some differences among the theoretical
values, the measurements, and the simulations. This may be due to the
deviation of the depth (distance between the heating film and the heat
flux plate, and the distance between the heating film and the thermo-
TDR probe) from the pre-set value (z = 2 cm). With an experiment, it
is difficult to keep the distance or depth within an accuracy of 1 mm. In
addition, the thermal contact resistance between the soil and heating
film (the heat flux plate and the thermo-TDR probe as well) can also
cause Eq. (3) values to be off (Sauer et al., 2007). Although the theo-
retical, experimental, and simulated values in Fig. 3(b), (c) do not
exactly match, the three values are similar to each other, thus Fig. 3 hints
that COMSOL can accurately and reliably simulate soil heat fluxes. For
more general soil types beyond our research, the bulk density, heat ca-
pacity, as well as thermal conductivity are the key parameter inputs
needed for the COMSOL heat conduction module.

3.2. Indoor experiments and COMSOL simulations: evaluation of two
heat flux measurement methods

COMSOL simulation results are compared to the heat flux plate
method and gradient method indoor experiment results. Because the soil
A values for the indoor experiments are known, we also used the Philip
(1961) correction for the heat flux plate. Then we compared the
measured heat flux results to the simulated values. Unlike Peng et al.
(2015), who assume that the gradient method is more accurate than the
heat flux plate method and use the gradient method as the reference G
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Fig. 3. (a) Comparison of G calculated by an analytical solution of Carslaw and
Jaeger (1959, Eq, (3)) with G results from COMSOL simulations at two different
6 values. Comparison of G measured for indoor experiments with COMSOL
simulations for the heat flux plate (b) and the gradient method (c), respectively.

(true value), we perform an unbiased comparison between the gradient
method and the heat flux plate method. Because, we can specify the true
value of the heat flux by either using a heating film with a given heating
strength, or by setting and selecting the true value in the COSMOL
simulations.

The results of the indoor experiments for soil at different soil water
contents 6 (0 g g'l, 0.02 g g'1 and 0.15 g g'l) (Fig. 4(a), (b), (c)) show
that, the heat flux plate method and the gradient method fluctuate
around the theoretical value (Eq. (3)) and distribute around the 1:1 line.
When 6 = 0 g g}, both the gradient method and the heat flux plate
method overestimate the magnitude of G. Actually, the results of the
gradient method are closer to the theoretical value than those of the heat
flux plate. At @ = 0.02 g g’} the gradient method and the heat flux plate
also overestimate the magnitude of G, but the heat flux plate performs
better than the gradient method. This may be due to the fact that the
thermal conductivity of the heat flux plate is closer to that of the soil at
this moisture content (and thus the temperature field is less distorted at
the edges of the heat flux plate). For @ = 0.15 g g}, the gradient method
overestimates G, and the heat flux plate underestimates G. For three
different 0 values, the overall Pearson’s correlation coefficient between
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the heat flux plate method and the gradient method indicates a strong
linear correlation (r > 0.993).

Fig. 4(d), (e), (f) present the COMSOL simulation results of the heat
flux plate method and the gradient method for the same soil at three
different 0 (Fig. 3). The burial depth z and F were set to be the same as
the measured values. The basic trends and patterns of the COMSOL
simulation results (Fig. 4(d), (e), (f)) follow the trends of the indoor
experiments (Fig. 4(a), (b), (c)). At 0 g g"1 water content, both the
gradient method and the heat flux plate overestimate the magnitude of
G. The results of the gradient method are closer to the theoretical value
than those of the heat flux plate. When @ = 0.02 g g}, the gradient
method overestimates G and the heat flux plate underestimates it, and
the results of the heat flux plate are closer to the theoretical value than
the gradient method. At a moisture content of 0.15 g g™, the gradient
method overestimates G and the heat flux plate underestimates it, and
the gradient method is closer to the theoretical value than the heat flux
plate. Fig. 4 further verifies the findings displayed in Fig. 3, i.e., the
COMSOL simulations and the indoor experimental results match, and
thus the COMSOL simulations can be used for probing error sources of
heat flux measurements. Fig. 4 also shows that the Philip correction
reduces the error of the HFPO1 heat flux plate by 8% to 10% for 0 =0g g
1and 0.15 g g1 At 6 = 0.02 g g’} the difference between the results

Reference value (W m'z)

before and after the Philip correction is small because the thermal
conductivity of the plate is close to the soil thermal conductivity at this
time which gives a correction parameter f ~ 1. The Philip correction
formula, which can improve the measurement accuracy of the heat flux
plate within a certain moisture content range, is consistent with the
conclusion of Sauer et al. (2003) and Tong et al. (2019).

Because Figs. 3 and 4 illustrated the accuracy and reliability of
COMSOL simulations, we used COMSOL simulations to analyze the ef-
fect of solar radiation on heat flux measurements (Fig. 5). We simulated
four types of heat flux plates (Table. 2). Fig. 5 presents the simulation
results for heat flux plates and for the gradient method. For ideal, clear
sky conditions with the diurnal solar radiation following Eq. (9), the
heat flux plate method and the gradient method can accurately measure
G. Fig. 5(a) shows that 610 and HFPO1 and the gradient method are close
to the reference G (true value) when 6 =0g g"1 (MAEs equal to 0.50 W
m'z, 0.91 Wm?2 0.49 Wm?, respectively). When § = 0.15 g g’1 (Fig. 5
(b)), HFT3.1, HFPO1 plates are close to the reference G with MAEs
values of 0.26 W m™, 0.64 W m?, respectively, while HFT1.1 and the
gradient method are less accurate with MAEs of 1.30 W m2 and 1.60 W
m'2, respectively. In Fig. 5, the Pearson’s correlation coefficient between
the gradient method and the heat flux plate is r ~ 1.00. This indicates
that the responses of both the heat flux plate and the gradient method to
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Fig. 5. COMSOL simulated G of four different heat flux plates and the G of the
gradient method at 0 = 0 g g (a) and 0.15 g g (b). Here, the temperature
distribution in the soil profile is uneven and the heat flux at the soil-atmosphere

interface is set to the transient periodically varying boundary conditions given
by Eq. (9).
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the variations of solar radiation are perfectly synchronized. Combined
with the results in Figs.4 and 5, further shows that with ideal clear sky
diurnal solar radiation conditions, both the heat flux plate and the
gradient method provide accurate values of G.

3.3. Comparative analysis of two methods in the field and a theoretical
explanation for the main gradient method error

The results in Sections 3.1 and 3.2 show that the heat flux plate and
the gradient method are in good agreement with each other for mea-
surements (or simulations) under indoor controlled conditions, and both
methods can be used to obtain accurate G in barren sand. However, field
conditions are more complex than controlled indoor conditions. The
field temperature distribution or the soil temperature profile is not
uniform (Sang et al., 2020). The soil heat flux at the soil-atmosphere
interface is neither stable nor smooth, and it can randomly rise and
fall. The presence of wind related convective heat transfer across the
atmosphere-soil boundary (Sang et al., 2021) will violate the infinite
solid assumption of both the gradient method and the DPHP method
(Liu et al., 2017). In order to consider the effects of these factors on heat
flux measurements, field experiments are necessary.

Field experiment results are displayed in Fig. 6. Fig. 6(a) shows the
daily net radiation variation, the incoming direction of R, gradually
reverses at 8:00AM, and the heat flow changes from outflow to inflow.
Between 8:00AM and 10:00AM is the time of the day when R, rises
fastest, and the peak of R, occurs daily between 11:00AM and 13:00PM.
Fig. 6(b) shows the results of the heat flux plate method and the gradient
method. The peak values of G obtained by both methods also occur
between 11:00AM and 13:00PM. Differences between G values
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Fig. 6. Time series of field measurements (DOY317-330) of soil thermal properties and meteorological data. (a) net radiation R,; (b) heat flux G measured at z = 2
cm; (c) hourly soil thermal conductivity (Error bars represent one standard deviation). (d) wind speed v; (e) deviation of the heat flux plate results from the gradient
method results (Guppo1-Ggradiens); (f) soil temperature measured by two temperature probes (z = 1.4 cm and z = 2.6 cm) of the thermo-TDR probe at z = 2 cm. Green

hatched areas indicate freezing periods, i.e. T < 0 °C.
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measured by the two methods were between 0 and 120 W m™2, which
exceeded the differences in (< 30 W m'z) in Fig. 5. The maximum dif-
ference occurred between 9:00AM and 11:00AM, due in part to the
sensitivity of the DPHP method to radiation fluctuations and soil back-
ground temperature fluctuations (Sang et al., 2020). In this study, we
used a linear background temperature de-trending method (Sang et al.,
2020). Sang et al. (2021) reported that the DPHP method had the largest
errors when used near noon, due in part to violations of the linear
temperature trend assumption (Jury and Bellantuoni, 1976). Similar
observations have also been reported by Peng et al. (2015), Sang et al.
(2020), and Sang et al. (2021). The failure of the linear trend assumption
may be related to solar radiation variations, background temperature
fluctuations, or to transient evolution of the soil temperature profile.
Because the gradient method requires accurate soil thermal conductivity
values, errors in soil thermal conductivity measured by a DPHP probe
will reduce the accuracy of G measured by the gradient method. As a
result of the midday DPHP thermal conductivity errors, the gradient
method has a larger heat flux measurement error than the heat flux plate
method, especially during the midday period when the solar radiation is
strong and sometimes chaotic, as can be seen in Fig. 6(c), which shows
the hourly average thermal conductivity values. The increase in thermal
conductivity during the midday is not due to actual physical processes,
and it most likely originates from fluctuations in solar radiation and
drastic changes in the soil temperature profile (Sang et al., 2020, 2021).
To avoid this type of gradient method error, one should not perform
midday DPHP thermal conductivity measurements. As an alternative,
the early morning and evening DPHP thermal conductivity values might
be used with the ambient soil temperature measurements to calculate
accurate midday heat flux values. In the following section, we will
provide an explanation for another potential gradient method error
source and provide a theoretical way to eliminate the error.

It is well known that using a finite difference to approximate a de-
rivative may lead to systematic errors (Thomas et al., 2014). Fig. 7
shows that all seven temperature profiles between two points (A and B)
have the same finite difference value, i.e. AT/Az. However, as shown in
Fig. 7(b), the errors in the derivative estimations caused by the finite
difference computation are not negligible. The red line indicates the
special case for temperature varying linearly with depth. In this case
only, the finite difference approximation produces no error. For the
other six temperature profiles, the errors in the derivative estimation
may reach 50% or even 100%. It is known that the seven soil temper-
ature profiles can occur in real field soils (Chapter 4 and Chapter 6 of
Van Wijk, 1963). Therefore, using the finite difference approximation
(Eq. (7)) can cause errors, especially when the temperature profile de-
viates from a linear function. One way to reduce the error is to reduce
the value of Az between the temperature sensing probes. The probe
spacing of a DPHP sensor can be reduced, additional temperature probes
can be included, or a DPHP can be placed at an angle, so the depth
between the temperature probes is reduced, to minimize the error
caused by using finite difference (Eq. (7)) to approximate the derivative
(vD.

The effect of reducing Az on gradient method errors is demonstrated
in Fig. 7(c): when three more temperature measurement points (i.e.,
locations corresponding to the gray dashed line) are added between AB,
the error in the derivative calculation caused by using finite differences
is significantly reduced compared to (b), and the error near point B is
less than 25%. The error of the gradient method can be further reduced
by adding temperature probes, i.e., reducing the value of Az. Based on
the above analysis, the error related to the gradient method is expected
to be relatively large, when the soil temperature changes rapidly with
depth (shallow buried probes). This is one possible explanation for the
large deviations between the gradient method results and the heat flux
plate results (Peng et al., 2015).

In addition to solar radiation changes causing surface temperature
fluctuations, soil property variations with depth can add to temperature
profile complexity (Kurylyk et al., 2015) (i.e., the soil temperature
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Fig 7. Illustration of the influence of soil temperature profiles (or soil tem-
perature distribution as a function of depth) on G measurement errors of the
gradient method. (a) Seven possible different soil temperature profiles between
point A and point B with the red line indicating a linear temperature profile. (b)
Errors with the gradient method caused by using the finite difference (Eq. (7))
to approximate the derivatives or gradients (VT) of the soil temperature curves
of (a). (c) Similar to (b) except that the temperature probe spacing Az is 25%
of (b).

profile is not a monotonic increasing or decreasing function, but a
function with local minimum or maximum). Nonuniform thermal
properties and nonlinear temperature profiles decrease the accuracy of
the gradient method.

Free-thaw processes can also impact heat flux measurements. The
black box in Fig. 6(c) includes thermal conductivity values measured
when the background temperature is near 0 °C (Fig. 6(f)). Because ac-
curate soil thermal conductivity values are not obtained by typical DPHP
probe measurements in partially frozen soils (Ochsner and Baker, 2008),
gradient method heat fluxes are affected. Fig. 6(e) shows that the
gradient method heat flux values deviate from the heat flux plate values
during freeze-thaw periods, especially when the soil temperature is near
0 °C. Thus, there is a need to improve the DPHP method, so that it can be



T. Zhao et al.

used to determine accurate thermal property values and heat flux values
under frozen conditions. For freeze-thaw soil conditions, we think that
heat flux plate (HFPO1) measurements may provide a better heat flux
benchmark than gradient method values.

Fig. 6(d) shows the wind speed v < 3.5 m s’, except for DOY317,
DOY325 and DOY326. According to Sang et al. (2020), for depths of z >
16 mm, the effect of wind speed is negligible, which agrees with our soil
heat flux results (Fig. 6(b)) at z = 2 cm.

From Fig. 8(b), (c), (d) we see that the laboratory (indoor) experi-
ments have R? > 0.98, RMSE < 11.6 W m%, and MAE < 11.4 W m™ for
the two methods at three different 6 values. RMSE and MAE are at their
lowest when§=0g g'l. The field results (Fig. 8(a)) are more noisy than
the laboratory results (R2 = 0.71 is much smaller than the laboratory
result R > 0.98), which indicates multiple sources of error in the field
experiment. For example, Fig. 6(c), (e) shows that large midday radia-
tion values and freeze-thaw soil conditions can significantly reduce the
accuracy of DPHP 4 values. This can cause gradient method errors to be
larger in the field than in the laboratory (Fig. 8(b), (c), (d)), and
sometimes larger gradient method errors than heat flux plate HFPO1
errors. The field measurements had larger RMSE and MAE values than
the laboratory measurements.

The correlation between the heat flux plate method and the gradient
method was smaller for field conditions than for laboratory conditions
(Fig. 8(b), (c), (d)). The r decreased from r > 0.99 to r ~ 0.90. Our
COMSOL simulations for ideal solar radiation conditions (Fig. 5, Eq. (9))
demonstrated that there was a near perfect correlation between the heat
flux plate method and the gradient method, that isr ~ 1. This was similar
to the agreement found in the laboratory results. There was a large gap
between the field and the laboratory results (and the COMSOL simula-
tion). The solar radiation described by Eq. (9) deviated from the actual
radiation (Fig. 6(a)). Eq. (9) should be used with caution to simulate G.
In the future, simulations based on the actual net radiation R,, should be
performed.

To clarify the sources of error in Fig. 8(a), we first compared the
measurements between the heat flux plate method and the gradient
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method by using data collected during freeze-thaw conditions. Fig. 9
shows that for field conditions the gradient method significantly un-
derestimates G relative to the heat flux plate method. In addition, Fig. 9
(a) also shows that the two methods are highly correlated in the absence
of freeze-thaw (DOY317-DOY325) relative to the measurements during
the freeze-thaw conditions (DOY326-DOY330). The corresponding
Pearson’s correlation coefficient r increases from 0.85 (DOY326-
DOY330) to 0.97 (DOY317-DOY325), which is very close to the labo-
ratory results (r > 0.99) and the results of computer simulation under
ideal solar radiation conditions (r =~ 1). In addition, the RMSE and MAE
were reduced by 58.9% and 53.5%, respectively. The freeze-thaw pro-
cess corresponds to a solid-liquid phase change, and the ILS (infinite line
source) model, i.e., the theoretical basis of the gradient method, does not
take ice melting into account. As a result, the fitted curve of the thermo-
TDR probe deviates severely from the measured temperature response
values (Zhang et al., 2011). Therefore, DPHP does not accurately
determine 4 values during freeze-thaw conditions (Ochsner and Baker,
2008). However, when the gradient method is used to measure G, it is
necessary to have accurate values of both 1 (Peng et al., 2017b) and AT.
During the field experiments from DOY326 to DOY330 the temperature
atz =2 cm is close to 0 °C, causing the thermo-TDR to obtain inaccurate
4 values (the black boxed area in Fig. 6(c)). The limits of the DPHP
method around 0 °C (Zhang et al., 2011), causes errors in the gradient
method measurements of G. To avoid these errors in the gradient
method, the errors associated with DPHP measurements in partially
frozen soil must be reduced or eliminated. This can be done either by
replacing the inaccurate 1 values with reasonable 1 model estimates, or,
in the future, developing an improved DPHP analysis method based on
introducing a moving solid-liquid interface into the existing ILS model.

Another potential error source of heat flux measurements results
from variations in solar radiation. Fig. 9(b) shows that during non-
freeze-thaw days (DOY317-325), that in the 09:00AM-15:00PM
period the heat flux plate method and gradient method are in good
agreement, relative to the 16:00PM-08:00AM time period. The slope
increases from 0. 58 to close to 1 (1.06), and the RMSE and MAE
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Fig. 8. Comparison of soil heat flux measurements by the heat flux plate method and the gradient method (z = 2 cm). (a) Results of field G measurements (DOY317-
DOY330); (b) (¢) (d) Indoor G measurements at different moisture contents (0 g g%, 0.02 g g, 0.15 g g!). (Note, the units of both RMSE and MAE are W m'2.).
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Fig. 9. Correlations between heat flux plate measurements and gradient
method measurements at z = 2 cm for the field experiments. (a) G measure-
ments including freeze-thaw conditions (DOY326-DOY330) and without freeze-
thaw conditions (DOY317-DOY325); (b) G measurements at two different daily
time periods (09:00AM-15:00PM and 16:00PM-08:00AM) during DOY317-
DOY325. (Note: r denotes Pearson’s correlation coefficient; the units of both
RMSE and MAE are W m'2.).

decrease by 78.5% and 81.5%, respectively. Each day the period from
09:00AM to 15:00PM has relatively high wind speeds (Fig. 6(d)),
implying that wind influences the results. Under field conditions, surface
soils undergo periodic heating and cooling in response to daily varia-
tions in solar radiation. Our experiments (Fig. 6(e)) show that the daily
absolute error between the heat flux plate and the gradient method has a
regular pattern: the maximum relative errors occur coincidently with
the daily G peak (9:00AM to 15:00PM). Solar radiation heats the soil
surface, and warmer soil can promote air circulation, which can lead to
an increase in surface air flow. Wind can effect the transient evolution of
the soil temperature profile, causing a non-linear background temper-
ature trend to develop, Which leads to errors in soil thermal property
determination (Sang et al., 2020, 2021). In addition, a varying surface
temperature is more likely to cause the soil temperature profiles to
deviate from the linear profile assumed by the gradient method (Eq. (5)),
which can also lead to systematic errors in the application of the finite
difference approximation to the thermal gradient term in Fourier’s law.
A similar conclusion by Gao et al. (2017) supports our deduction. They
found that G is sensitive to changes in soil thermal conductivity and soil
thermal diffusivity during daytime measurements. To our knowledge,
no other study (Ochsner et al., 2006; Peng et al., 2015; 2017b) included
an error analysis on, the effects of wind or air convection on heat flux G
determinations based on DPHP measurements. The effects of wind or air
convection need further clarification by performing high resolution soil
temperature profile measurements.

In the absence of freeze-thaw (DOY317-DOY325), R, is strongly
correlated with the HFPO1 measured G, with Pearson’s correlation co-
efficient r = 0.96 (Fig. 10(a)). Even though the gradient method uses the

10

Agricultural and Forest Meteorology 334 (2023) 109436

150 T— . . . .
y=032x-5.79 (R*=0.914) (a)
1204 »=0.956 ® o 1
. 1y=041x+287 (R*= 0.863),
L 904, = .
= r=0.929 .’ o
2 60- °
)
~ 301 -
(o)
&
= 01 T
-304 DOY317-DOY325 -
e DOY326-DOY330
60 +— . . : .
y=0.23x- 14.19 (R?=0.805) (b)
904 »=0.897 4
o |y=018x-14.71 (R?=0.547) S
g (o]r=0745 °© e '
60 -
2
© 304 ]
=
8
g 0 1
S
2304 .
60 +— . . . .
-100 0 100 200 300 400
2
R, (W m?)

Fig. 10. Correlation analyses of net radiation R, with (a) HPFO1 values of field
heat flux and (b) gradient method values of field heat flux. (Note: r denotes
Pearson’s correlation coefficient).

erroneous midday A values, the r value is quite large at 0.90 (Fig. 10(b)).
The r values would be even larger if the early morning and evening A
values are used during the midday period. During freeze-thaw condi-
tions, r decreases for both methods, however, for the heat flux plate
method r decreases by only 2.8%, while, for the gradient method, r
decreases by 16.9%. Thus, the freeze-thaw process significantly reduces
the measurement accuracy of the gradient method, which is consistent
with the results presented in Fig. 9(a).

Based on COMSOL simulations using ideal solar radiation conditions
(Eq. (9)), correlation coefficient r values were determined for R, and G
for both the gradient method and the heat flux plate method. The results
show that r > 0.97 for both the flux plate method and the gradient
method. This hints that under ideal solar radiation conditions given by
Eq. (9), the heat flux plate and gradient methods perform similarly. In
practice, heat flux plates are buried 5 cm or deeper to avoid distorting
soil water content profiles due to disruptions of liquid and vapor fluxes.
So, heat flux plates and DPHP gradient methods both have strengths and
weaknesses. Our results indicate that heat flux plates are preferred
during freeze-thaw conditions. When using DPHP sensors for gradient
method determinations, the early morning or evening 4 values should be
used for calculations. In addition, by reducing the number of heating
periods per day, we can minimize heat distortions from DPHP sensors.

Precipitation did not occur during the field study, water infiltration
was negligible. Thus, water infiltration and its effects on heat flux plate
measurements were not considered in this experiment. There are other
potential sources of errors for heat flux plates, such as the contact
thermal resistance between the plate and soil particles (Sauer et al.,
2007), and changes in soil bulk density (Ochsner et al. (2006); Peng
et al. (2017b)). All of these issues can be further studied in the future.
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4. Conclusions

There exists a need for an effective method to compare and assess the
measurement errors and performance of the heat flux plate method and
the gradient method. In this study, the performances of the two heat flux
measurement methods are compared and analyzed through laboratory
(indoor) experiments, field (outdoor) experiments, and computer sim-
ulations. For laboratory experiments, we controlled the soil heat flux by
using a heating film with a given heating strength. The laboratory cor-
relation coefficients between the heat flux plate method and the gradient
method G measurements are r > 0.99. However, the field measurements
had r of 0.90. The DPHP-based gradient method is not able to determine
G accurately during freezing and thawing soil conditions, because the
DPHP method does not determine A of partially frozen soil accurately. In
order for the DPHP-based gradient method to perform well as during the
midday when the solar radiation is strong and more chaotic, the early
morning or evening A values should be used. We recommend the use of a
heat flux plate to measure G under freeze-thaw conditions. As to the
gradient method, we demonstrated that increasing the spatial resolution
of temperature measurement by reducing probe spacing Az can improve
the accuracy of this method to measure G. The laboratory measured
values are similar to the COMSOL simulation results (relative deviation
< 12%), which indicates that the G simulations are reliable. Future soil
heat flux measurements should be evaluated for a range of soil types and
vegetations.
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