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ABSTRACT

It is well established that amplitude decays and phase shifts as a function of depth, frequency,

and thermal diffusivity when a periodic surface temperature signal conducts into the ground. In

historical practice, this principle has often been employed to estimate soil thermal diffusivity

using observations of the dominant diurnal and annual temperature signals. We describe and

demonstrate a method to infer thermal diffusivity over a broad bandwidth in the frequency

domain using high fidelity time-series ground temperature records. We draw information from

thermal signals generated by meteorological events over weeks and months, as well as the

dominant diurnal signal. Both the decay in amplitude and shift in phase of each frequency band

contribute points to plots that define linear functions relative to a parameter that incorporates

frequency and depth. Linear regression through the points gives the magnitude and uncer-

tainty of the slope of the function, where the slope is equal to the inverse square root of

the average thermal diffusivity over the sampled time-period and depth interval. This allows

statistical quantification of the uncertainty in the thermal diffusivity estimate. Furthermore, our

method delineates depth intervals where nonconductive processes significantly affect heat

transfer. Examples are presented for a dry desert soil in South Australia and the floor of a

tropical alpine forest in Mexico.

Keywords

soil thermal diffusivity, Fourier analysis, ground temperature records

Introduction

Thermal diffusivity is the physical property that controls the rate at which the temperature

of a medium changes in response to an applied heat source (or sink). It is often denoted by

the Greek κ and is expressed in units of area per unit of time: square meters per second
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(m2/s). ASTM E1461, Standard Test Method for Thermal Diffusivity by the Flash Method (ASTM International

2013), and ASTM E1952, Standard Test Method for Thermal Conductivity and Thermal Diffusivity by Modulated

Temperature Differential Scanning Calorimetry (ASTM International 2017), describe standard test methods for

measuring the thermal diffusivity of homogeneous, nonporous, isotropic solid materials under laboratory con-

ditions. Soil rarely, if ever, meets these conditions. Thermal diffusivity of competent rock and soil specimens can

be directly measured under laboratory conditions using optical scanning techniques (e.g., Popov et al. 2016),

probes that introduce and monitor transient heat pulses (e.g., Singh and Rao 1998), observations of heat pulses

through slabs (e.g., Middleton 1993), or other techniques. Alternatively, ASTM D4612, Standard Test Method for

Calculating Thermal Diffusivity of Rock and Soil, and (for example) Bording, Nielsen, and Balling (2016) describe

methods to calculate thermal diffusivity from independent measurements of thermal conductivity (k, W/(m K))

and volumetric heat capacity (ρ · cp, J/(m
3 K)), where:

κ =
k

ðρ · cpÞ
(1)

Laboratory-based measurements of recovered core specimens are often the only practical way to characterize

the thermal diffusivity of very thick or deep intervals of rock, but specimens of soil or rock exhumed and trans-

ported to a laboratory provide, at best, an estimate of thermal diffusivity at a specific time and point in space. Such

specimens may not represent the full interval of interest, and their temperature, porosity, and fluid saturation

might change from in situ conditions during exhumation, transport, and preparation. This is particularly the case

when an interval of interest is strongly heterogeneous, poorly consolidated, prone to temporal variation, or a

combination of these factors. The near-surface layers of the Earth often fall into these categories, so in situ mea-

surements of thermal diffusivity of the shallow subsurface are preferable.

Koo and Song (2008) and Rajeeva and Kodikara (2015) summarized the value and challenges of determining

the in situ thermal diffusivity of the top several meters of soil. They described applications for such measurements

in agricultural engineering, designing ground heat exchange systems, and understanding energy fluxes for climate

modeling. Singh and Rao (1998) noted other applications related to laying underground power cables and oil/gas

pipelines. While rarely, if ever, explicitly discussed, we infer that half an order of magnitude is probably acceptable

precision for diffusivity estimates for these applications. Saavedra and Takahashi (2017) showed soil thermal

diffusivity to be an important variable for predicting the course of frost events, and Cheng et al. (2014) illustrated

its importance for modeling freeze-thaw cycles. More precise estimates of diffusivity on the order of ±25 % might

be required for meaningful predictions for these applications. Our own work was motivated by a need to predict

the diffusion of time-varying surface temperature to a depth of 1.10 m with a precision and accuracy on the order

of millikelvin, for which we need diffusivity estimates with uncertainties less than ± 5 %. We will report on those

experiments in a future article. This article presents a methodology for an explicit determination of in situ thermal

diffusivity and uncertainty for the shallow subsurface.

Rajeeva and Kodikara (2015) summarized five previously published methods for estimating in situ thermal

diffusivity of soil based on analytical solutions of the one-dimensional heat flow equation. They obtained their

most accurate results (relative to values obtained from laboratory measurements of thermal conductivity and

volumetric heat capacity, coupled with in-field soil moisture records) from a “harmonic equation” method that

jointly assessed the behavior of the first three harmonic components of the Fourier series of concurrent time-

temperature records from different depths to 2 m. They primarily interpreted the annual temperature cycle

sampled at 10-minute intervals over one full year. They did not quote uncertainties for their results but rather

validated their inferred values of thermal diffusivity by predicting the diffusion of the subsequent year of recorded

surface temperatures, comparing their predictions against observed subsurface temperatures. They found abso-

lute average differences less than 1°C betweenmeasured and predicted temperatures, which, for them, represented

“very good agreement over the measured period at all the depths.”However, ±1°C precision is two to three orders

of magnitude too coarse for our own application in which we aim to detect and quantify the geothermal gradient
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upon which the diffused surface signal is superimposed. Given that the geothermal gradient should typically

be less than 0.1°C/m in the top meter of soil, we require an absolute accuracy on the order of ±0.01°C in

our temperature predictions and even greater precision.

Two of the methods assessed by Rajeeva and Kodikara (2015) related to quantifying and interpreting the

decay in amplitude and shift in phase, respectively, of a regular sinusoidal temperature signal applied to the

surface of a purely conductive half-space. They concluded that these two techniques often yielded different es-

timates of thermal diffusivity, especially at shallow depths. Koo and Song (2008) applied the same two methods to

interpret thermal diffusivity to a depth of 5 m using temperature data recorded daily in a series of boreholes in

South Korea over a 21-year period from 1981 to 2002. They also found that the phase and amplitude methods

gave significantly different results shallower than 0.5 m but were relatively consistent at greater depths. Koo and

Song (2008) did not explicitly report the precision or accuracy of their derived thermal diffusivity values.

Specifications of our application that distinguish it from previous studies include:

• Our temperature records extend for months, rather than years,
• We aim for ±1 % precision and accuracy in thermal diffusivity,
• We only monitor the top 1.10 m of the ground.

The conclusions of prior studies, i.e., that phase and amplitude of cyclic temperature signals behave in a

manner inconsistent with a single value of thermal diffusivity at shallow depths, were important for our work.

However, given that we do not adequately sample the dominant annual temperature signal in our application, we

required a new methodology based on sampling periods of weeks to months.

Theoretical Basis of Method

When a sinusoidal periodic temperature cycle is applied to the surface of a purely conductive half-space, the

amplitude and phase of the induced temperature signal at depth, z, within the medium can be shown to be related

according to:

ln

�
A0

Az

�
= Δϕ =

1ffiffiffi
κ

p ·
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 · π · f

q
(2)

where:

z= depth, m,

A0= amplitude of the surface temperature cycle, K,

Az= amplitude of the temperature cycle induced at depth z, K,

Δϕ= phase lag of the induced cycle relative to the surface cycle, radians,

f= frequency of the surface cycle, Hz, and

κ= thermal diffusivity of the medium, m2/s.

In principle, the z= 0 “surface” can lie at any arbitrary depth, so equation (2) provides a theoretical basis

from which to infer the average thermal diffusivity between any two temperature sensors recording over the same

time period and frequency range.

Equation (2) describes two linear functions. The first is between the natural log of the inverse of amplitude

decay and
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 · π · f

p
, and the second is between phase shift and

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 · π · f

p
. For a purely conductive medium,

the two relationships have the same slope, are equal to 1/
p
κ, and pass through the origin. Amplitude or phase

information for a single frequency is sufficient to estimate κ, but a single frequency provides no information

about uncertainty. Simultaneously evaluating amplitude or phase data for more than one frequency allows

statistical quantification of the mean and standard error of the calculated diffusivity. Increasing the number

of individual frequencies evaluated would normally narrow the uncertainty range and increase confidence in

the result.
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A temperature signal sampled at regular intervals over a finite period can be decomposed into discrete fre-

quency components using a discrete Fourier transform. A discrete Fourier transform converts a sample of N

temperatures recorded at a constant rate of fs Hz into N frequency bins at steps of Δf Hz where:

Δf = f s=N (3)

The bins cover a frequency range from −(N/2)·Δf – (N/2− 1)·Δf if N is even, or −((N− 1)/2)·Δf – ((N− 1)/

2)·Δf if N is odd. For example, a data set of temperatures sampled at regular 6-hour intervals

(fs= 4.6296 × 10−5 Hz) for exactly 100 d would containN= 401 samples (the first sample at time-zero). A discrete

Fourier transform of this data set would produce 401 frequency bins at steps of Δf= 1.1545 × 10−7 Hz and would

span a spectrum from −2.3090 × 10−5 Hz – 2.3090 × 10−5 Hz.

Recorded temperatures are always “real” values, so only N/2 frequency bins, if N is even, or (N+ 1)/2 bins, if

N is odd, hold useful information. These bins correspond to a constant value at zero frequency, plus all the positive

frequencies that define the variation of the signal from that constant value over time. Negative frequency bins are

complex conjugates of the positive frequencies. They hold redundant information and can be ignored. Each positive

bin is characterized by a complex number, a+ ib, the magnitude (
p
(a2+b2)) of which is “amplitude” in kelvin, the

angle ðtan−1ðbaÞÞ of which is “phase” in radians. Frequency, amplitude, and phase together define a harmonic cosine

wave. When normalized by a factor of 2/N (where N is the number of samples in the original time series), the

amplitudes represent the true magnitude of each frequency’s contribution to the original signal. All waves with

amplitudes greater than “background noise” are potentially useful for estimating thermal diffusivity.

Diurnal and annual cycles dominate the near-surface temperature signal in most locations. However, chaotic

weather patterns introduce a wide range of other harmonic frequencies to the surface temperature signal. We

show that several months of temperature records contain significant information across many frequencies from

which estimates of in situ soil thermal diffusivity can be derived with quantified uncertainty.

Equipment and Processing Methodology

EQUIPMENT

Beardsmore (2012), Beardsmore and Antriasian (2015), and Beardsmore et al. (2017) described the design

and calibration of the instruments we used to record ground temperature. Deployment involved inserting

a 16-mm-diameter hollow stainless steel casing vertically into the ground (fig. 1A), filling the casing with

mineral oil, and inserting a string of temperature sensors into the casing. Each sensor contained a thermistor

positioned to 0.001 of 0.00 m, 0.10, 0.30, 0.50, 0.70, 0.90, or 1.10 m subsurface. Each thermistor was integrated

onto an independent electronic circuit board measuring 9.5 × 58.5 mm (fig. 1B) and containing a Wheatstone

bridge circuit, digital controller, and analog-digital converter. The temperature signal was fully digitized in situ

and only power and digital signals were passed in series along the sensor string to and from an externally

mounted battery, controller, and memory unit (fig. 1C). In this way, random signal noise inherent in measuring

resistance across thermistors through copper wires was avoided, yielding high-fidelity temperature measure-

ments. The digital response of each circuit board to temperature was empirically calibrated against a precision

digital thermometer in a temperature-controlled oil bath following the procedure described by Beardsmore and

Antriasian (2015), to provide ±0.0003 K precision and ±0.003 K absolute accuracy on temperature measure-

ments over the range 0°C–50°C.

PROCESSING METHODOLOGY

Our data sets consisted of temperatures measured simultaneously at precise depths (0.00, 0.10, 0.30, 0.50, 0.70,

0.90, and 1.10 m) at a single location every 900 s (15 minutes). Our processing approach was to apply discrete

Fourier transforms to the records, to identify frequencies with significant amplitudes, to apply equation (2) to the

phases and amplitudes of those frequencies, and to chart the relationships versus
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 · π · f

p
.
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Fourier transform methods interpret finite time-series data as infinite repetitions of the record. Significant

offsets in signal magnitude or trend between the start and end of a temperature record can introduce spectral

artifacts in the frequency domain. We trialed several standard approaches to minimize this effect on our signals

and found that applying a Hanning window (as described by Harris 1978) to our temperature records prior to the

Fourier transform offered the best results for minimizing spectral noise.

A Hanning window produces a modified temperature signal by tapering the beginning and end of the tem-

perature record to zero magnitude with a smooth cosine function:

THðnÞ = TðnÞ · 1
2

�
1 − cos

�
2πn
N − 1

��
(4)

where:

TH(n)=modified temperature of the nth sample,

T(n)= initial temperature of the nth sample, and

N= total number of samples in the record.

While minimizing spectral noise, a Hanning window overprints the lower frequency features of the original

signal. We found that this had minimal impact on our results as most information lay in the midfrequency bands

of our signals.

FIG. 1 (A) Drilling 16-mm-diameter hollow casing into the ground, (B) digital temperature sensor circuit measuring

58.5 × 9.5 mm, (C) inserting string of sensors and logger unit into casing.
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After applying a Hanning window to each temperature series, we transformed the modified records into the

frequency domain using the Python module for Fast Fourier Transforms (FFT), numpy.fft. Our records at each

depth were collected using the same sampling interval over the same period, so the resulting amplitude and phase

spectra comprised the same set of frequency bins for each depth. We retained only the positive frequency parts of

the complex conjugates for further processing. From these, we identified and retained frequencies with ampli-

tudes exceeding a subjectively determined minimum amplitude, as described in greater detail in the Results sec-

tion below. For different pairs of sensors, we calculated the natural log of the amplitude ratio and the apparent

phase shifts of each retained frequency.

The final processing steps involved charting amplitude decay and phase shift against
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 · π · f

p
and fitting a

line of best fit through each set of points using the Python module for least squares linear regression, numpy.-

linalg.lstsq. The inverse square of the slope of each line yielded the apparent thermal diffusivity value for the

associated parameter (amplitude or phase) and depth interval as defined by equation (2), whereas the uncertainty

in the slope provided information on the uncertainty in the diffusivity value.

Data

We tested the methodology for two sites selected from the limited data sets available to us. We selected the two

sites to confirm that the methodology would work across very different climates, regolith types, and record

lengths. Knowledge of the soil type and layer thicknesses are not required to calculate thermal diffusivity profiles

using our methodology, although such knowledge would aid in attributing physical causes to the results.

The first set of data (“Carrapateena”; 31.21808°S, 137.49747°E; Beardsmore 2018a) was from desert terrain

covered by low and sparse salt bush and rock fragments up to cobble size near the Carrapateena mine develop-

ment camp in South Australia (fig. 2). The climate was semiarid with summer daytime maximum temperatures

exceeding 45°C, winter nighttime minimum temperatures less than 10°C, and low rainfall. Craig (2013) char-

acterized the topsoil at the site as “terrestrial regolith including undifferentiated sediments of mixed colluvial,

alluvial, aeolian, lacustrine or unknown origin, some Cenozoic and palaeo-channel sediments.” The site was not

augured and no other information was available about the exact type or thickness of soil layers, although traces of

red clay and silcrete returned to the surface as we drilled our instrument into the soil.

Temperature was recorded at six depths between 0.10 and 1.10 m over eight and a half months from

December 2012 – August 2013 (fig. 3). The data set consisted of N= 24,931 measurements for each depth.

The 0.10 m sensor recorded daily peak–trough temperature amplitudes of about 10 K, and a summer–winter

difference in mean temperature close to 20 K.

The second set of data (“Puebla”; 19.92216°N, 98.12475°W; Beardsmore 2018b) was obtained from a pine

forest on the outskirts of the township of Cruz Colorada, Puebla, Mexico, over a 5-month period from March –

September 2015. The site was on a steep slope almost entirely shaded by the pine trees (fig. 4). The site was not

augured and no other information was available about the exact type or thickness of soil layers, although

FIG. 2

The site in South

Australia at which the

Carrapateena data set

was collected.
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fragments of pine needle humus then rocky soil returned to the surface as we drilled our instrument into the soil.

Seven temperature records were collected from 0.00 – 1.10 m subsurface (fig. 5).

The data set consisted of N= 16,314 measurements for each depth. The 0.00-m sensor recorded a daily

temperature cycle with an amplitude of 5–10 K and showed little evidence of any significant annual temperature

cycle.

Results

From the Fourier spectra of the signals for each site, we identified frequencies with amplitudes greater than back-

ground noise. For those frequencies, we investigated the amplitude, lnðA0
Az
Þ, and phase, Δϕ, trends with respect toffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

z2 · π · f
p

, for pairs of signals.

FIG. 3 The Carrapateena temperature record. Data from Beardsmore (2018a).

FIG. 4

The site in Mexico at

which the Puebla data

set was collected.
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CARRAPATEENA

Figure 6 shows the Carrapateena temperature record in the frequency domain in the form of amplitude versus

period (inverse of frequency) spectra for three of the six depths. The diurnal (one-day) signal stands out with an

amplitude about one and a half orders of magnitude above the trend at all depths. 12-, 8-, and 6-h harmonics are

also prominent at all depths; a 4.8-h harmonic is detected at 0.50 m and a 4-h harmonic at 0.10 m. All signals

descend into “noise” at amplitudes between about 1 × 10−3 K and 3 × 10−2 K at the short period (high frequency)

ends of the spectra. The lowest amplitudes correlate with the resolution of the digital sensors; about 2 × 10−4 K. As

noted above, when normalized by a factor of 2/N (where N is the number of samples in the original time series),

the amplitudes represent the “true” magnitude of each frequency’s contribution to the original signal. Summing

the normalized amplitudes of periods between 23.5 and 24.5 hr, for example, suggests a diurnal signal amplitude

(half peak–trough) of 5.2 K at 0.10 m (fig. 6A), which is consistent with the qualitative assessment of figure 3

above. The normalized amplitudes suggest that the diurnal signal decayed to 0.11 K at 0.50 m (fig. 6B) and

6 × 10−4 K at 1.10 m (fig. 6C).

Figure 7 presents charts of lnðA0
Az
Þ and Δϕ versus

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 · π · f

p
for frequency components with amplitudes

(nonnormalized) greater than 0.1 K and for depth intervals of 0.10–0.50 m (fig. 7A) and 0.10–1.10 m (fig. 7B).

Each chart includes the linear regression lines of best fit through the origin for both the amplitude and phase

points and also notes their slopes and standard errors. Figure 7B shows a noticeable scatter in the points at the

highest frequency (right-hand) end of the chart. Increasing the threshold amplitude to 0.5 K (fig. 7C) reduced the

scatter and improved the precision (lowered the standard error) of the calculated amplitude slope but decreased

the precision of the phase slope.

Figure 8 presents charts of lnðA0
Az
Þ and Δϕ versus

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 · π · f

p
for amplitudes greater than 0.1 K for intervals

0.10–0.30 m (fig. 8A), 0.50–0.70 m (fig. 8B), and 0.90–1.10 m (fig. 8C). Each chart also shows the linear re-

gression lines of best fit through the origin for both the amplitude and phase points and notes their slopes and

standard errors. Figure 8D shows the chart for amplitudes> 0.5 K over the 0.90–1.10 m depth interval for com-

parison with figure 7C.

The lowest frequency points lie on the x-axis to the right of the origin on all charts on figures 7 and 8. This is

an artifact of the Hanning window (equation (4)), which effectively overprinted every record with a uniform low-

frequency cosine wave before the FFT. We display the affected low frequency points on figures 7 and 8 for

FIG. 5 The Puebla temperature record. Data from Beardsmore (2018b).
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illustrative purposes and because they have minimal impact on the regression lines. The low-frequency points

should, however, be excluded from subsequent slope calculations to maximize precision.

We note a constant offset between the phase and amplitude points on figure 8C and 8D. If not forced

through the origin, the linear regression line of best fit through the amplitude points has a slope equivalent

FIG. 6

Nonnormalized

amplitude versus period

spectra on log-log axes

for Carrapateena at

depths (A) 0.10 m, (B)

0.50 m, and (C) 1.10 m.

Horizontal axis is period

in days. Vertical axis is

amplitude in kelvin. Each

dot represents a single

frequency component of

the signal.
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FIG. 7

lnðA0
Az
Þ (green circles) and

Δϕ (blue triangles)

versus
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 · π · f

p
charts for

Carrapateena. (A) Depth

interval 0.10–0.50 m for

amplitudes greater than

0.1 K, (B) depth interval

0.10–1.10m for amplitudes

greater than 0.1 K, (C)

depth interval 0.10–1.10 m

for amplitudes greater

than 0.5 K. Slopes and

standard errors of lines of

best fit through the origin

are given on each chart.
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to that through the phase points, but crosses the y-axis at 0.0382. We have not investigated the cause of this in

detail, so it remains unclear whether the offset is due to a physical mechanism or a numerical artifact.

According to equation (2), the slopes of the lines in figures 7 and 8 are equal to 1ffiffi
κ

p . Table 1 lists the thermal

diffusivity values and standard errors calculated for nine different depth intervals from both amplitude and phase

data, and it also includes results for the slope both forced and not forced through the origin for the 0.9 –1.10 m

interval. The standard errors are less than 1 % of the diffusivity values over most 0.20 m intervals, and a maximum

of 1.5 % for the phase diffusivity of the 0.70–0.90 m interval. Table 1 also lists the averages of the two values for

0.20 m depth intervals between 0.30 and 1.10 m. The values are within ±3 % of their averages between 0.30 and

0.90 m, and within ± 6 % of their average for 0.90–1.10 m. The observed variance between phase and amplitude

values might not reflect physical properties of the soil, but might instead be a computational artifact of forcing the

regression lines through the origin. The phase and amplitude estimates of diffusivity for the 0.90–1.10 m interval

converge to within ±2 % of their average if the slope of the amplitude points is not forced through the origin. In all

cases, however, the precision is comparable to that reported by Popov et al. (2016) for laboratory measurements of

thermal diffusivity.

Figure 9 shows the thermal diffusivity results as depth profiles with 95 % confidence intervals. Both phase

and amplitude diffusivity were relatively consistent around 4 × 10−7 m2/s between 0.30 and 0.90 m but

FIG. 8 lnðA0
Az
Þ (green circles) and Δϕ (blue triangles) versus

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 · π · f

p
for Carrapateena. (A) Depth interval 0.10–0.30 m for

amplitudes greater than 0.1 K, (B) depth interval 0.50–0.70 m for amplitudes greater than 0.1 K, (C) depth interval

0.90–1.10 m for amplitudes greater than 0.1 K, and (D) depth interval 0.90–1.10 m for amplitudes greater than 0.5 K.

Slopes and standard errors of lines of best fit through the origin are given on each chart.
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significantly higher between 0.90 and 1.10 m. As noted earlier, we did not collect a soil profile at the site, so the

cause of the step change is speculative. However, it suggests a significant boundary between lithology or water

content at about 0.90 m depth.

Diffusivity calculated from amplitude data is 23 ± 1 % lower than that calculated from phase data over the

0.10–0.30 m interval, and lower to lesser degrees over deeper intervals (for example, 1 ± 0.5 % lower from 0.30–

0.50 m; 4 ± 1 % lower from 0.50–0.70 m; 5 ± 2.5 % lower from 0.70–0.90 m). In physical terms, that means the

amplitude of the temperature signal decayed to a greater degree than would be expected from the observed phase

lag. It could be explained by nonconductive heat exchange with the atmosphere during our measurements, con-

sistent with the previous observations of Koo and Song (2008) and Rajeeva and Kodikara (2015), within 0.50 m of

the ground surface. Mechanisms for nonconductive heat exchange include infrared radiation, bioturbation,

TABLE 1
Thermal diffusivity and uncertainty derived from amplitude, phase, and standard error at the Carrapateena site

Interval, m Amplitude Diffusivity, m2/s Phase Diffusivity, m2/s Average Diffusivitya, m2/s

0.10–0.30 3.708 (±0.010) × 10−7 4.828 (±0.037) × 10−7

0.10–0.50 3.948 (±0.010) × 10−7 4.377 (±0.021) × 10−7

0.10–0.70 3.827 (±0.009) × 10−7 4.176 (±0.020) × 10−7

0.10–0.90 3.778 (±0.014) × 10−7 4.103 (±0.025) × 10−7

0.10–1.10b 3.922 (±0.016) × 10−7 4.315 (±0.038) × 10−7

0.30–0.50 4.199 (±0.009) × 10−7 4.245 (±0.010) × 10−7 4.22 × 10−7

0.50–0.70 3.762 (±0.016) × 10−7 3.916 (±0.018) × 10−7 3.84 × 10−7

0.70–0.90 3.837 (±0.043) × 10−7 4.044 (±0.062) × 10−7 3.94 × 10−7

0.90–1.10b 5.138 (±0.029) × 10−7 5.795 (±0.067) × 10−7 5.47 × 10−7

0.90–1.10b 5.946 (±0.098)c × 10−7 5.795 (±0.067) × 10−7 5.87c × 10−7

Note: a For depth intervals with no clear evidence of nonconductive heat exchange; b These values calculated for amplitudes >0.5 K; c Amplitude value
calculated from the slope of best fit line not forced through the origin.

FIG. 9 Amplitude (thin green) and phase (thick blue) diffusivity versus depth for the Carrapateena site, from Table 1.
Dashed lines show 95% confidence intervals. Red dashed lines over 0.90–1.10m interval show amplitude diffusivity

calculated from the best fit line not forced through the origin.

Geotechnical Testing Journal

BEARDSMORE ET AL. ON THERMAL DIFFUSIVITY OF SOIL IN SITU 

Copyright by ASTM Int'l (all rights reserved); Mon Jul 15 20:40:23 EDT 2019
Downloaded/printed by
Graeme Beardsmore (University of Melbourne) pursuant to License Agreement. No further reproductions authorized.



transpiration, evaporation, condensation, air convection, and others. It is outside the scope of this article to in-

terpret the relative contributions of each of these mechanisms, but they collectively enhance the exchange of heat

between the soil and the atmosphere.

The relative contribution of nonconductive to conductive heat transport can be represented by the Peclet

number (e.g., Beardsmore and Cull 2001). If we assume that nonconductive heat exchange affects the amplitude of

each frequency component but not its phase, the Peclet number can be calculated from the difference between the

amplitude and phase diffusivity estimates:

Pe =
κp − κa
κp

(5)

where:

Pe= Peclet number, dimensionless,

κp= phase diffusivity, m2/s, and

κa= amplitude diffusivity, m2/s.

It is implicit in this assumption that the quantifiable component of nonconductive heat exchange is effec-

tively instantaneous relative to the frequency band being interpreted. For example, the highest frequency com-

ponent plotted on figure 8A for the 0.10–0.30 m interval at Carrapateena corresponds to a period of about 3 hr.

Therefore, the nonconductive heat exchange assumed over this depth interval is the component that fully re-

sponded to soil temperature changes within approximately 1 hr. It follows that the quantifiable discrepancy be-

tween amplitude and phase responses is more likely to reflect the effects of radiation, evaporation, and

condensation (rapid phenomena) rather than convection or transpiration (slower phenomena). The latter mech-

anisms would contribute to scatter on the plots.

In the case of the Carrapateena 0.10–0.30 m interval, Pe= 0.232. Including one standard error uncertainties,

this implies that 23.2 ± 0.4 % (one standard deviation) of thermal energy was exchanged with the atmosphere

from this depth interval by rapid nonconductive mechanisms.

PUEBLA

Figure 10 shows all seven amplitude (nonnormalized) spectra for the Puebla site. The 0.30 m, 0.50 m and 0.70 m

spectra (fig. 10C–E) are notably different to the others, and probable causes are discussed below. When nor-

malized by a factor of 2/N, the diurnal signal amplitude (half peak–trough) is 2.65 K at 0.00 m (fig. 10A), decaying

to 0.058 K at 0.30 m (fig. 10C) and 8 × 10−5 K at 1.10 m (fig. 10G).

Figure 11 shows two charts of lnðA0
Az
Þ and Δϕ versus

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 · π · f

p
for each sensor interval. The left-hand charts

show signals uniformly filtered for amplitudes greater than 0.8 K. The right-hand charts show signals filtered to

amplitudes that minimize noise and standard errors, as listed in the figure caption.

The points on the Puebla charts (fig. 11) are more scattered than the Carrapateena charts (fig. 8). Several

factors contribute to this. Firstly, the normalized magnitude of the Puebla signal at 0.10 m was about 30 % weaker

than the Carrapateena signal across all frequencies. Secondly, the rate of amplitude attenuation with depth was

higher at Puebla, meaning that the already-weak (relative to Carrapateena) surface signal became even weaker

with depth. Thirdly, the record at Puebla was shorter than at Carrapateena, resulting in fewer frequency bins.

Lastly, the Puebla temperature record was affected by at least four short-lived but prominent negative temperature

spikes (evident in the 0.10 m record on fig. 5), which probably explain the unusual character of the amplitude

spectra on figure 10C–E. So, the Puebla data set was smaller (shorter record), lower quality (affected by temper-

ature spikes), and contained less information (weaker amplitudes) than the Carrapateena data set. These

differences resulted in higher uncertainties in the thermal diffusivity values.

Table 2 lists the thermal diffusivity values and standard errors calculated from the right-hand set of charts in

figure 11. The standard errors of the diffusivities are between 4 and 13 % of their values over all depth intervals

below 0.10 m. The averages are within 15 % of the individual estimates deeper than 0.10 m. The precision is

significantly lower than the Carrapateena example, but acceptable for many applications.
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FIG. 10 Nonnormalized amplitude versus period spectra on log-log axes for Puebla depths as labeled. Horizontal axis is

period in days. Vertical axis is amplitude in kelvin. Each dot represents a single frequency component of the signal.
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Figure 12 shows the amplitude and phase diffusivity depth profiles with 95 % confidence intervals.

The confidence intervals of the two profiles overlap at all depths except 0.00–0.10 m. The thermal diffusivity

between the surface and 0.70-m depth was significantly lower than at Carrapateena, consistent with the

FIG. 11 lnðA0
Az
Þ (green circles) and Δϕ (blue triangles) versus

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 · π · f

p
for Puebla depth intervals and amplitudes as follows:

(A) 0.00–0.10 m, >0.8 K; (B) 0.00–0.10 m, >800 K; (C) 0.10–0.30 m, >0.8 K; (D) 0.10–0.30 m, >200 K; (E) 0.30–

0.50 m, >0.8 K; (F) 0.30–0.50 m, >80 K; (G) 0.50–0.70 m, >0.8 K; (H) 0.50–0.70 m, >8 K; (I) 0.70–0.90 m, >0.8 K;

(J) 0.70–0.90 m, >8 K; (K) 0.90–1.10 m, >0.8 K; (L) 0.90–1.10 m, >0.8 K. Slopes and standard errors of lines of best

fit are noted on each chart.
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surface medium at Puebla—pine needle humus. Santoni et al. (2014) provided approximate thermal

conductivity, density, and specific heat capacity values for the surface layer of forest beds beneath three

different species of pine. Table 3 presents thermal diffusivity of pine humus calculated from these values

using equation (1). Low thermal diffusivity to a depth of 0.70 m at the Puebla site is consistent with com-

pacted pine needle humus. The interface between the humus and underlying rocky soil probably lies at

about 0.70 m.

FIG. 11 Continued
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The Peclet number (equation (5)) calculated using the values and standard errors in Table 2 suggests that

between 27 and 75 % of thermal energy was exchanged with the atmosphere from the top 0.10 m of the Puebla site

through radiation, evaporation, and condensation, with a most likely figure of 68 %.

TABLE 2
Thermal diffusivity and uncertainty derived from amplitude and phase data at the Puebla site

Interval, m Amplitude Diffusivity, m2/s Phase Diffusivity, m2/s Average Diffusivitya, m2/s

0.00–0.10 1.150 (±0.159) × 10−7 2.763 (±1.050) × 10−7

0.10–0.30 2.998 (±0.197) × 10−7 3.748 (±0.489) × 10−7 3.37 × 10−7

0.30–0.50 2.153 (±0.184) × 10−7 2.907 (±0.297) × 10−7 2.53 × 10−7

0.50–0.70 2.767 (±0.162) × 10−7 2.400 (±0.145) × 10−7 2.58 × 10−7

0.70–0.90 4.541 (±0.315) × 10−7 3.847 (±0.266) × 10−7 4.19 × 10−7

0.90–1.10 4.590 (±0.173) × 10−7 4.182 (±0.169) × 10−7 4.39 × 10−7

Note: a For depth intervals with no clear evidence of nonconductive heat exchange.

FIG. 12 Amplitude (green) and phase (blue) diffusivity versus depth for the Puebla site, from Table 2. Dashed lines show

95 % confidence intervals.

TABLE 3
Thermal properties of pine needles and thermal diffusivity calculated from equation (1)

Pine Species Thermal Conductivity, W/(m K) Specific Heat Capacity, J/(kg K) Density kg/m3 Thermal Diffusivity m2/s

Pinus halepensis 0.1 ± 0.02a 2,017 ± 20b 789 ± 19c 0.63 ± 0.15 × 10−7

Pinus laricio 0.1 ± 0.02a 1,827 ± 18b 485 ± 39c 1.13 ± 0.33 × 10−7

Pinus pinaster 0.1 ± 0.02a 1,868 ± 19b 511 ± 34c 1.05 ± 0.29 × 10−7

Note: Data from Santoni et al. (2014); a Assumed 20 % uncertainty; b Assumed 1 % uncertainty; c Uncertainty stated by Santoni et al. (2014).
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Thermal Diffusivity versus Time

The 260-d Carrapateena data set provided an opportunity to investigate the relationship between record length

and the precision of thermal diffusivity calculations. Twenty-five samples were randomly selected from the full

record for each of progressively greater sample lengths from 14 – 180 d. FFTs were performed on each sample,

and diffusivities were calculated from the amplitude and phase components of the 0.10–0.30 m and 0.50–0.70 m

depth intervals.

The standard errors (fig. 13) decreased with increasing sample length because longer samples captured a

richer spectrum of frequencies to constrain the regression lines. The standard errors of the phase diffusivities were

four times higher (a factor of four less precise) than the amplitude diffusivities over the 0.10–0.30 m interval

(fig. 13A and 13B), but both recorded equal precision over the 0.50–0.70 m interval (fig. 13C and 13D).

There was little improvement in precision at either depth beyond a sample length of 90 d.

Longer samples resulted in smaller variance in calculated thermal diffusivity (fig. 14). Over both depth in-

tervals, the twenty-five 14-d samples gave a spread of values about ±0.3 × 10−7 m2/s around the median amplitude

diffusivity (fig. 14A and 14C) and ±0.5 × 10−7 m2/s around the median phase diffusivity (fig. 14B and 14D). The

results for 90-d samples were biased toward overestimating diffusivity relative to the median values, with the bias

more pronounced for amplitude values. Amplitude diffusivity covered a range of about 0.3 × 10−7 m2/s over the

0.10–0.30 m interval (fig. 14A) and 0.4 × 10−7 m2/s over the 0.50–0.70 m interval (fig. 14C). Phase diffusivity

covered ranges of about 0.6 × 10−7 m2/s and 0.2 × 10−7 m2/s over the 0.10–0.30 m (fig. 14B) and 0.50–0.70 m

(fig. 14D) intervals, respectively.

FIG. 13 Standard errors of diffusivity calculated from 25 random samples of the Carrapateena record for each sample

length from 14 – 180 d: (A) amplitude diffusivities, 0.10–0.30 m depth interval; (B) phase diffusivities, 0.10–0.30 m

depth interval; (C) amplitude diffusivities, 0.50–0.70 m depth interval; and (D) phase diffusivities, 0.50–0.70 m

depth interval. Solid lines are median values for each sample length.
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It is evident from figures 13 and 14 that the variance in calculated diffusivities at different times greatly

exceeded the standard errors of the measurements for all sample lengths. This suggests that at least part of the

variance was due to variation in thermal diffusivity over time rather than measurement uncertainty. Furthermore,

the plots in figure 14 suggest that the phase and amplitude diffusivities varied between end-member values. For

example, mean amplitude diffusivity between 0.10–0.30 m depth (fig. 14A) over 21-d periods varied between

about 3.5 × 10−7 m2/s and 4.1 × 10−7 m2/s, whereas phase diffusivity (fig. 14B) varied between about

4.3 × 10−7 m2/s and 5.2 × 10−7 m2/s over the same depth and time intervals. These end-member values could

represent the characteristic thermal diffusivity values for the soil under different physical conditions; for example,

dry versus fully saturated soil, with diffusivities varying through time as soil moisture content varied between the

two extremes.

To investigate this possibility, we calculated the amplitude and phase thermal diffusivities for a moving

3-week sample through time from the beginning to end of the Carrapateena record. Figure 15 charts the

results, with 95 % confidence intervals, for the 0.10–0.30 m (fig. 15A) and 0.50–0.70 m (fig. 15B) depth

intervals.

Figure 15A indicates statistically significant changes in both amplitude and phase diffusivity through time.

Although the variation through time of the two diffusivity estimates is not closely correlated, phase diffusivity

remained consistently higher than the amplitude diffusivity over the record period. Figure 15B indicates uniform

and equal amplitude and phase diffusivity (within 95 % confidence range) through time. It is beyond the scope of

this article to analyze the results in detail, but the following observations are examples of the possible information

content of the data.

FIG. 14 Diffusivity calculated from 25 random samples of the Carrapateena record for each sample length from 14 – 180 d:

(A) amplitude diffusivities, 0.10–0.30 m depth interval; (B) phase diffusivities, 0.10–0.30 m depth interval; (C)

amplitude diffusivities, 0.50–0.70 m depth interval; and (D) phase diffusivities, 0.50–0.70 m depth interval. Solid

lines are median values for each sample length.

Geotechnical Testing Journal

BEARDSMORE ET AL. ON THERMAL DIFFUSIVITY OF SOIL IN SITU 

Copyright by ASTM Int'l (all rights reserved); Mon Jul 15 20:40:23 EDT 2019
Downloaded/printed by
Graeme Beardsmore (University of Melbourne) pursuant to License Agreement. No further reproductions authorized.



Figure 15A plots the average rainfall recorded across the Arcoona (31.02°S, 137.05°E), Pernatty (31.48°S,

137.48°E), and South Gap (31.63°S, 137.62°E) weather stations, 48 km WNW, 29 km S, and 47 km SSE, respec-

tively, of the Carrapateena site (Bureau of Meteorology 2019a, 2019b, 2019c) as an approximation of local rainfall,

FIG. 15 Amplitude (thin green) and phase (thick blue) diffusivity with shaded 95 % confidence intervals for 21-d samples

finishing on the indicated date for the Carrapateena 0.10–0.30 m (top) and 0.50–0.70 m (bottom) depth

intervals. Red dashed lines are the Peclet number (right axis) calculated from the mean diffusivities. Black spikes

on the top chart show approximate daily rainfall (mm; right axis).
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for which no records exist. There is an apparent correlation between rainfall and increases in phase diffusivity in

figure 15A, but no observed correlation in figure 15B. This is consistent with phase diffusivity being closely and

positively correlated to soil moisture content, which was likely affected by rainfall more rapidly and strongly at

shallower depths. The relationship between rainfall and amplitude diffusivity is more ambiguous, with some

rainfall events associated in time with the onset of increases in amplitude diffusivity and others with the onset

of decreases. This ambiguity could be due to overprinted effects of increased soil moisture and changes in evapo-

rative and radiative processes.

The Peclet number mirrors the trend of phase diffusivity on figure 15A and suggests an increase in non-

conductive heat exchange with the atmosphere after rainfall. This is consistent with increased evaporation from

shallow depths after rainfall.

Concluding Remarks

The results indicate that ground temperature records collected over periods of weeks to months can constrain

thermal diffusivity profiles through the top meter of ground to a precision comparable to laboratory measure-

ments under controlled conditions. When interpreted in the frequency domain, a significant number of frequency

bins with periods of days to weeks can be characterized in terms of amplitude and phase. The different frequency

bins conform to the predictions of theoretical heat conduction equations to give consistent values of thermal

diffusivity with confidence intervals of a few percentage points in both data sets we examined, representing differ-

ent regolith types and climate zones. Furthermore, changes in thermal diffusivity over time can be monitored by

interpreting moving, multiweek samples.

Values of thermal diffusivity quantified from amplitude information over the shallowest depth intervals

were significantly lower than values quantified from phase information in the data sets we examined. The

divergence can be attributed to nonconductive heat exchange with the atmosphere at the shallowest levels,

and the proportion of heat exchanged with the atmosphere by radiation, evaporation, and condensation

can be estimated at about 70 % from the top 0.10 m at Puebla and about 23 % from the 0.10–0.30 m interval

at Carrapateena.

Our temperature data sets were high quality in terms of subhour sampling rate, millikelvin accuracy, and

submillikelvin precision. Although not described in this article, we repeated our analyses using the same data sets

rounded to the nearest centikelvin and decikelvin, and were able to reproduce the same values of thermal dif-

fusivity within error range. Furthermore, the component frequencies that provided the most information in the

data sets we examined corresponded to wavelengths of days to weeks, implying that sampling intervals of several

hours could provide the same information as our subhourly sampling intervals. For these reasons, the method we

describe should be broadly applicable to new or existing ground temperature data sets collected globally using off-

the-shelf temperature sensors and data loggers.

The in situ soil thermal diffusivity values reported in this article were not independently validated. We de-

veloped our processing methodology long after the temperature data sets were collected. It was impractical to

revisit the sites, but future work will seek to compare in situ measurements with laboratory measurements of

recovered physical specimens.

Our results confirmed the observations of earlier researchers that phase and amplitude information from

time-series ground temperature data may be inconsistent with a single value of thermal diffusivity, especially at

shallow depths. The question of which thermal diffusivity estimate (phase or amplitude) is best could have differ-

ent answers depending on the application. The magnitude of subsurface temperature variations in response to a

periodic surface signal would be best modeled using the apparent thermal diffusivity inferred from amplitude

data, which we interpret to incorporate the effects of rapid nonconductive heat exchange with the atmosphere.

The timing of subsurface temperature events would be best modeled using the thermal diffusivity inferred from

phase data. If both magnitude and timing are important, then the effective thermal diffusivities for both the

amplitude and phase components of the temperature signal should be independently quantified and modeled.
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Our methodology provides a new avenue to investigate the complex energy and mass exchanges between the

atmosphere and soil. Our methodology could be applied to investigate relationships between thermal diffusivity

(phase and amplitude components) and soil moisture as well as radiation and evaporation over time using suites

of appropriate sensors alongside temperature sensors.
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