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Plot-scale assessment of soil freeze/thaw detection and
variability with impedance probes: implications for
remote sensing validation networks
Matthew Williamson, Justin R. Adams, Aaron A. Berg, Chris Derksen,
Peter Toose and Anne Walker

ABSTRACT
Several large in-situ soil moisture-monitoring networks currently exist over seasonally frozen regions
that may have use for the validation of remote sensing soil freeze/thaw (F/T) products. However,
further understanding of how the existing network instrumentation responds to changes in near
surface soil F/T is recommended. This case study describes the results of a small plot-scale (7 × 7 m)
study from November 2013 through April 2014 instrumented with 36 impedance probes. Soil
0

temperature and real dielectric permittivity (ϵr ) were measured every 15 minutes during F/T
transition periods at shallow soil depths (0–10 cm). Categorical soil temperature and real dielectric
permittivity techniques were used to deﬁne the soil F/T state during these periods. Results
demonstrate that both methods for detecting soil F/T have strong agreement (84.7–95.6%) during the
fall freeze but weak agreement (53.3–60.9%) during the spring thaw. Bootstrapping results
0

demonstrated both techniques showed a mean difference within ±1.0 C and ±1.4 ϵr between the
W
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standard 5 cm below surface measurement depth and probes at 2, 10 and integrated 0–5.7 cm
depths installed within the same study plot. Overall this study demonstrates that the Hydra Probe
offers promise for near surface soil F/T detection using existing soil moisture monitoring networks
particularly for the fall freeze.
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INTRODUCTION
The seasonal occurrence of vadose zone soil freezing and

heterogeneity of soil and landscape factors as well as atmos-

thawing (F/T) has a major control on land-surface hydrology

pheric forcing which in turn inﬂuences the timing and depth

and climate over seasonally frozen regions (Hayashi ).

of soil F/T.

Freezing soils are characterized by a phase change of

Remote sensing studies have been conducted at micro-

liquid water content to ice in response to air and ground

wave frequencies to understand the response of radar

temperatures at or below 0 C. Over seasonally frozen

backscatter (e.g. Podest et al. ; Du et al. ) and radio-

regions, monitoring the timing and extent of F/T is

meter brightness temperatures (Tb) (e.g. Zhao et al. ;

W

especially critical for predicting spring runoff and soil inﬁl-

Rautiainen et al. ; Roy et al. ) to soil F/T. Microwave

tration capacity (Gray et al. ) and for soil-atmosphere

response to non-frozen soils is strongly inﬂuenced by the

biogeochemical cycling (Wagner-Riddle et al. ). Moni-

dielectric permittivity (εr ) which is directly related to

toring F/T over large scales is complex due to the

the amount of liquid water (e.g. εr  ¼ 80, distilled water at
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20 C and frequency 50 MHz-5 GHz) held in near-surface

have potential to be used for F/T validation (e.g. Champagne

soil layers and is distinct from air (εr  ¼ 1) or dry soil

et al. ; Colliander et al. ). These networks are instru-

media (εr  ¼ 35) (Ulaby et al. ; Seyfried & Murdock

mented with soil moisture probes which measure the

). As liquid soil water content freezes the free rotation

dielectric permittivity (also known as the complex dielectric

of water molecules is impeded and εr  is reduced to

permittivity) of a soil volume. The dielectric permittivity is

resemble that of dry soil. This dramatic change in dielectric

deﬁned by real (εr ) and imaginary (εr ) components. Typi-

permittivity can be observed in radar measured backscatter

cally, most devices used at these networks rely exclusively

intensities and radiometer measured brightness tempera-

on the real component due to the established relationship

tures (Wegmuller ). NASA’s L-band (1.41 GHz) Soil

between εr and volumetric soil moisture (Topp et al. ).

Moisture Active Passive (SMAP) mission is producing

However, these networks do not typically utilize εr measure-

daily binary F/T classiﬁcation of near-surface soils (depth

ments

0

0

0

during

the

winter

period,

although

these

<5 cm) for land areas north of 45N (Entekhabi et al.

measurements have potential application for the soil F/T

). The target accuracy of the SMAP F/T product is

detection. Speciﬁcally, soil moisture probes are able to

80% (Dunbar et al. ). Because the SMAP radar experi-

detect soil freezing or thawing by the change in real dielec-

enced a major anomaly in July 2015, F/T retrievals will

tric permittivity that occurs at 0 C. This distinct signal is

W

continue to be produced from the radiometer data stream

then reclassiﬁed using a thresholding approach which

at a coarser spatial resolution of 36 kilometers.

involves a site speciﬁc εr threshold for frozen and thawed

0

With the launch of SMAP, extensive post-launch vali-

soils. Typically, a real dielectric permittivity threshold of a

dation is necessary for conﬁrmation of the satellite’s F/T

frozen soil is between 3–10, and 15–30 for a thawed soil

product in order to achieve the mission’s accuracy target.

(Watanabe & Wake ; Rautiainen et al. ; Du et al.

A review of F/T studies suggests that remote sensing vali-

).

dation

is

typically

conducted

using

many

different

In Canada, there are two soil moisture networks particu-

techniques such as frost tubes (Rautiainen et al. ), land

larly well suited for F/T validation: (1) the Environment

surface models (Bateni et al. ), air temperature (Collian-

Canada/University of Guelph network in the Brightwater

der et al. ), proxy data (e.g. CO2 eddy ﬂux towers and

Creek watershed in Saskatchewan (36 stations) and (2) the

Normalized Difference Vegetation Index (NDVI) images)

Agriculture and Agri-food Canada network in the Brunkild

(Kim et al. ), soil temperature (Du et al. ) and soil

sub-watershed in Manitoba (nine stations) (Champagne

moisture probes (Khaldoune et al. ). Although many

et al. ). Both networks are currently used for satellite

techniques exist for the validation of remote sensing F/T

soil moisture product validation for missions such as

products, the most common in-ground approaches use soil

SMAP (Colliander et al. ), the Advanced Microwave

temperature and soil moisture probes. Typical remote sen-

Scanning Radiometer-2, and the Soil Moisture and Ocean

sing soil F/T validations use in-situ air or soil temperature

Salinity mission. The networks consist of monitoring

measurements and a threshold of 0 C to identify frozen

stations established in or adjacent to agricultural ﬁelds,

soils (Podest et al. ; Roy et al. ; McColl et al. ).

each utilizing a proﬁle of permanently installed Stevens

This allows for soils to be classiﬁed into a binary F/T state

Hydra Probe II soil moisture sensors (also referred to as

which then can be compared to the satellite retrievals. The

the Hydra Probe). The Hydra Probes measure soil tempera-

second, slightly less common approach uses soil moisture

ture and real dielectric permittivity, installed at standard

probes which measure the dielectric permittivity of a soil

World Meteorological Organization (WMO) soil monitoring

volume. These devices consider the soil freeze/thaw state

depths of 5, 20, and 50 cm below ground (Dorigo et al. ).

based on the distinct decrease and increase in the dielectric

Over the United States there is also potential to utilize a

permittivity of the soil measured during the freezing and

number of soil moisture networks for F/T validation. Speciﬁ-

thawing process (Watanabe & Wake ).

cally, the Snow Telemetry (381 stations), Soil Moisture

W

Currently there are a number of large-scale soil moisture

Analysis Network (182 stations) and US Climate Reference

monitoring networks which exist over North America that

Network (113 stations) could also provide a broad-scale
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validation of satellite F/T products across much of Alaska

1. Assess and compare the sensitivity and performance of

and north-western or north-eastern United States (Dorigo

Hydra Probe soil temperature and real dielectric

et al. ). These networks are also instrumented with the

approaches for detecting soil F/T.

Hydra Probe at standard World Meteorological Organiz-

2. Examine the inter-sensor variance of Hydra Probe soil

ation instrument depths. Like the Canadian networks, soil

temperature and real dielectric measurements within a

moisture probe data from these networks are largely under-

small plot at different near-surface depths relative to the

utilized during F/T periods and during the winter, yet there

WMO standard soil monitoring network probe installa-

is obvious potential to utilize Hydra Probe observations in

tion depth of 5 cm below ground.

support of satellite F/T validation (i.e. SMAP).
The use of time-domain reﬂectometry, frequencydomain reﬂectometry and impedance devices has been

MATERIALS AND METHODS

investigated for use in soil freezing conditions (Spaans &
Baker , ; Yoshikawa & Overduin ; Watanabe

Description of Stevens Hydra Probe II soil moisture

& Wake ; Kelleners & Norton ; He & Dyck ).

sensor

Although the Hydra Probe has been evaluated for use
under soil freezing conditions, there are two key uncertain-

The Stevens Hydra Probe II is designed primarily for the

ties related to the application of the Hydra Probe for

measurement of soil dielectric permittivity, electrical con-

validation of F/T remote sensing products. First of all, categ-

ductivity and temperature and is one of the most

orical F/T signals produced from the Hydra Probe using

commonly used devices in soil moisture networks world-

both a soil temperature threshold and real dielectric permit-

wide (Dorigo et al. ). The most common application of

tivity (hereafter referred to as real dielectric) measurements

these sensors is to monitor soil moisture (Stevens Water

have not been thoroughly evaluated or compared. The

Content Monitoring ). The Hydra Probe sensor has

second uncertainty regarding in-situ validation of remote

four metal tines, each approximately 5.7 cm in length and

sensing F/T products is the 5 cm below ground standard

0.3 cm in diameter, for an integrated measurement diameter

installation depth of the Hydra Probe at existing soil moist-

of 2.4 cm (Vaz et al. ). It operates by transmitting a

ure monitoring networks. The penetration depth of the

50 MHz radio wave along the length of the metal tines

L-band wavelength used by satellites such as SMAP for

and in turn measures the reﬂection of this standing wave

soil moisture retrievals was found to be ∼2 cm, with drier

in the form of three voltages. These raw voltages received

soils potentially having deeper penetration (Escorihuela

by the sensor are based on impedance properties of the

et al. ). Determining if a discrepancy in soil temperature

probe and dielectric permittivity (εr ) of the soil media (Sey-

and real dielectric exists between the standard 5 cm horizon-

fried & Grant ). Voltages and the impedance of a probe

tal probe installation and the near surface (0–5 cm) soil

are then used to calculate dielectric permittivity (εr and εr )

properties is important to ensure that satellite F/T product

values using internal manufacturer conversions described

validation can be corroborated with representative in-situ

in detail in Kelleners et al. (). Although both εr and

observations. If a signiﬁcant difference exists in the soil

εr are measured by the Hydra Probe, εr is the focus of

temperature and real dielectric in the near surface soil

this study since εr is a loss term and not typically reported.

layers (0–5 cm), this may contribute to F/T classiﬁcation

The accuracy of real (εr ) dielectric measurements is ±0.5

errors using the network standard 5 cm instrument depth.

or ±1% (whichever is greater), although the instrument is

With this in mind, the purpose of this study is to examine soil temperature and real dielectric observations from

0

0

0

0

known to show a high degree of precision as documented
in a study by Seyfried & Murdock ().

near-surface soil layers over a small research plot to address

The Hydra Probe measures soil temperature from two

two main research objectives with implications for prospec-

different thermistors. A diode thermistor is located inside

tive microwave satellite F/T validation using current soil

the head of the instrument while the other is on the exposed

moisture networks:

faceplate of the instrument. The thermistor located inside
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the casing of the instrument was not included in the study as

November 15, 2013 to April 22, 2014. Over this period,

it is less representative of true soil temperature since the

monthly air temperatures were below normal with the

thermistor is not in direct contact with the soil and is not

exception of November which saw temperatures just slightly

commonly logged in the large-scale Canadian soil monitor-

above the historic average (Environment Canada ).

ing networks. Instead, temperatures in this study are

Snow depth was also considerably above historic averages

measured from the thermistor on the faceplate of the

for the 2013–14 winter. The 7 × 7 m instrumented plot was

Hydra Probe. These measurements are internally calibrated

located on a gently sloping grass covered ﬁeld. The soil tex-

and do not require further processing. The accuracy of these

tural class of the footprint was determined to be loamy sand

temperature data is reported to be ±0.6 C (Stevens Water

(82.5% sand, 14.75% silt, 2.75% clay) according to hydro-

Content Monitoring ).

meter and mechanical sieve analysis (Bowles ).

W

Numerous ﬁeld and laboratory studies have been conducted to describe reliability and calibration of the Hydra

Site instrumentation

Probe for soil moisture determination (Seyfried et al. ).
Volumetric soil moisture can accurately be determined

A total of nine Hydra Probe measurement proﬁles were ran-

using Hydra Probe’s real dielectric measurements via lab-

domly distributed within the 7 × 7 m footprint, each

oratory calibrations (Burns et al. ). In the case of

consisting of four Hydra Probes (Figure 1). At each proﬁle,

freezing soils, liquid water content may remain depending

three Hydra Probes were installed horizontally (H) in the

on the hydraulic and chemical properties of the soil (Haya-

soil at depths centered at 2, 5 and 10 cm below ground

shi ). In these conditions, calibration equations relating

recording an integrated soil measurement from 0.5–3.5,

εr  to water content (e.g. Burns et al. ) are not transfer-

3.5–6.5 and 8.5–11.5 cm below ground respectively. The

able for quantifying water content in freezing soils without

fourth Hydra Probe was inserted vertically (V) at the soil

adding considerable uncertainty (Yoshikawa & Overduin

surface (0–5.7 cm) measuring an integrated real dielectric

; Kahimba & Ranjan ; Seybold et al. ; Kelleners

measurement over the depths 0–5.7 cm below ground

& Norton ). This is because standard dry-down cali-

(Adams et al. ). However, it is important to note that

bration techniques rely on the difference between the

the soil temperature measurement from these vertically

dielectric permittivity of water (εr  ¼ 80 at 20 C) and air

installed probes are not integrated over the 0–5.7 cm

(εr  ¼ 1) rather than the difference between water and ice

depths, and instead are more representative of the tempera-

((εr  ¼ 3) (Spaans & Baker ). Applying these cali-

tures at the air/soil interface. Hydra Probe data were

bration techniques to frozen soils also presumes that

recorded to a Stevens Datalogger 3000 at 15 minute inter-

dielectric permittivity is not temperature dependent which

vals during two periods: November 15 to December 18,

could further add to the uncertainty as laboratory calibra-

2013 (fall freeze) and March 20 to April 22, 2014 (spring

tions are normally conducted at room temperature

thaw). Following the initial recording period, data loggers

(Kahimba & Ranjan ). With this in mind volumetric

and batteries were removed to recharge low batteries and

soil moisture measurements were not reported in this

prevent damage to equipment over the winter. The Hydra

study during soil freezing conditions.

Probes remained installed in the ground undisturbed prior

W

to reconnection to data loggers in March. Seven of the
Study site

nine stations (28 Hydra Probes) successfully recorded data
over the entire study period. Issues with power supply (i.e.

The small plot-scale study was undertaken at Environment

batteries) compromised the operation of the other two

and Climate Change Canada’s Centre for Atmospheric

stations. Of note, these power supply issues would not be

W

encountered at permanent monitoring stations which are

Research Experiments (CARE) in Egbert, Ontario (44

140 N, 79 470 W, 250 m ASL). The CARE site was chosen
W

generally outﬁtted with re-chargeable power systems.

as it is intensively instrumented for meteorological and

In addition to the Hydra Probes installed within the

soil measurement. The measurements were acquired from

footprint, a snow depth sensor, an air temperature sensor,
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Field station schematic and Hydra Probe installation depths (bottom right).

and six additional independent soil temperature sensors

Data analysis

were installed roughly in the center of the small plot.
These sensors recorded their respective measurements con-

Soil temperature and real dielectric measurements were

tinuously from November 15, 2013 through to April 22,

compared between Hydra Probes during both transition

2014. Snow depth within the site was recorded using a

periods. A sample standard deviation was calculated for

Campbell SR50 sonic ranging snow depth sensor (accuracy:

each measurement parameter every 15 minutes to determine

±1 cm or 0.4%) (Campbell Scientific ). Air temperature

the inter-sensor variability. This was calculated at each of

at the site was recorded using a Campbell HMP45 air temp-

the four soil instrument depths from all available oper-

erature sensor (accuracy: ±0.5 C) located two metres above

ational

the soil surface (Campbell Scientific ). Six Campbell

Kolmogorov-Smirnov test was conducted on the soil temp-

109 temperature sensors (accuracy: ±0.25 C between

erature and real dielectric measurements for both periods

10 C and 70 C) were installed in the center of the small

to determine the normality of the datasets. Results of this

plot in a single soil proﬁle at depths of 0, 2.5, 5, 10, 20

test were used to determine the appropriate correlation test.

and 40 cm below ground (Campbell Scientific ). The

In order to compare soil temperature and real dielectric

temperature sensor installed at the 5 cm depth malfunc-

approaches for F/T detection, individual probes were classi-

tioned for the entire study period.

ﬁed categorically into a binary frozen or thawed state.

W

W

W

W
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this study, average real dielectric of frozen and thawed soils

temperature threshold of 0 C to classify frozen/unfrozen

were found to be 5 and 14, respectively. These are very similar

conditions (Kimball et al. ; Khaldoune et al. ; Col-

to thresholds of frozen and thawed real dielectric values found

liander et al. ; Podest et al. ). Previous work by

for sand in Watanabe & Wake (). Next the scale factor was

Watanabe & Wake () showed that their dielectric

then used to classify soils as frozen or thawed relative to a

mixing model was most effective in sandy soils and resulted

threshold (T ) using Equation (2).

in soils experiencing a sharp decrease in real dielectric
between 0 and 0.01 C. However, the study also noted
W

that volumetric water contents decreased more gradually

Δ(t) > T(thawed soil)
Δ(t)  T (frozen soil)

(2)

between 0 and 10 C in ﬁner textured soils, suggesting
W

that a threshold of 0 C is likely to be less robust in these

To optimize the F/T threshold (T ) using the scale factor Δ

soil types. With the low electrical conductivities found and

(t), an iterative approach was used where the threshold value

the coarse texture of the soil (loamy sand) a soil freezing

(T ) was increased by 0.05 between 0.1 and 0.9. This optimiz-

W

W

ation was conducted for the duration of both transition

threshold of 0 C was chosen for this study.
Examining the soil’s electrical conductivity is important as

periods using the footprint averaged soil temperature. More

the presence of soluble salts such as sodium have been shown

speciﬁcally, the binary F/T state produced by the given value

to affect the temperature at which soils freeze (Drotz et al.

of T was then compared to the soil temperature (0 cm) F/T

). Soil electrical conductivities from the Hydra Probes

state allowing for a percent accuracy to be calculated. The

were examined during both transition periods to verify the

threshold with the highest overall accuracy for the combined

W

applicability of this 0 C threshold. Electrical conductivities

soil depths was then chosen. For this study, the best matched

from the Hydra Probes were consistently well below 0.11 S/m,

F/T threshold (T) was found to be 0.75 for the real dielectric

suggesting non-saline conditions (Whitney ).

measurements using the modiﬁed seasonal threshold algor-

Real dielectric data were also used to classify soils as

ithm. This threshold suggests a slight weighting towards soils

frozen or thawed using a modiﬁed seasonal threshold algor-

being frozen (Podest et al. ). Caution should be applied

ithm described in McDonald & Kimball (). The modiﬁed

to the adoption of the threshold to different soil textures.

algorithm compares the time sequence of real dielectric

Upon classifying all Hydra Probe soil measurements as

measurements to seasonal reference states of frozen and

frozen or thawed using the soil temperature and real dielec-

non-frozen soil conditions for the identiﬁcation of temporal

tric approaches described above, a percent frozen statistic

changes in dielectric permittivity that occur as the soils tran-

was computed using Equation (3) every 15 minutes from

sition between mainly frozen and non-frozen conditions. The

all available stations. The average agreement between the

modiﬁed seasonal threshold algorithm (Equation (1)) was

soil temperature and real dielectric binary F/T signal was

0

used where Δ(t) is a dimensionless scale factor, εr (t) is the

calculated using Equation (4) for the duration of each

real dielectric at time (t), εr0 fr is the average real dielectric of

period.

frozen soil and ε
0

r0 th

is the average real dielectric of thawed soil.
% Frozen ¼

0

ε (t)  εr fr
Δ(t) ¼ r0
εr th  εr 0 fr

Number of Stations Frozen
Total Operational Stations

(3)

(1)

The average real dielectric of thawed soil was determined

% Average Agreement ¼

Identical Signal
Number of Samples

(4)

during a week in early November 2013 when average air tempW

W

eratures were 6.3 C and soil temperature at 2 cm was 5.3 C.

Correlations (between soil temperature and real dielec-

Similarly, the real dielectric frozen reference was taken

tric measurements among sensors and sensor depths) were

during two weeks in December 2013 when air temperature

conducted using the Spearman’s rank correlation coefﬁcient

was 10.4 C and soil temperature at 2 cm was 0.5 C. For

test as a signiﬁcant Kolmogorov-Smirnov test indicated a

W
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non-normal distribution. Inter-sensor variability was evalu-

temperatures became less variable. This trend continued

ated between Hydra Probes installed vertically at 0–5.7 cm

until December 5 when a short melting period eliminated

and horizontally at 2 and 10 cm and depths relative to the

snow cover. From December 6 onward, soil temperature

horizontal instrument at 5 cm depth. Inter-sensor variability

at 0, 2 and 5 cm dropped below 0 C for a continuous

W

(differences) in soil temperature and real dielectric measure-

period (Figure 2(b)). The vertically installed Hydra Probe

ments was assessed during the two transition periods using a

(0 cm), which measures air/soil or snow/soil interface temp-

bootstrapping procedure. The bootstrapping technique was

erature, was initially most responsive to freezing air

chosen as it allows robust statistical conﬁdence intervals

temperatures and was therefore most temporally variable

to be obtained without the need to assume population nor-

over this period. The temporal variability of each Hydra

mality (Good ). The bootstrapping process involved

Probe decreased with increased measurement depth. The

randomly sub-sampling 30 uniformly distributed obser-

real dielectric values during non-freezing conditions in late

vations from the original dataset, determining the mean

November and early December varied as a function of soil

difference of each sub-sample and repeating the sampling

water content but began to decline from December 6 to 9

procedure 1000 times. The mean differences were then

generally coinciding with the decreases in soil temperature

ranked so that the 25th and 975th values represented the

(after the disappearance of the overlying snow cover), and

95% conﬁdence interval. Lastly, a footprint mean difference

consistent freezing air temperatures. A site speciﬁc real

was calculated, also using a bootstrapping procedure, where

dielectric to volumetric soil water content calibration

the average of all operational stations within the footprint

relationship derived from Burns et al. () indicated an

was determined and then resampled 1000 times with the

average soil moisture of 0.17 m3m3 in the period leading

conﬁdence limits determined as described above.

up to soil freeze. Following this period real dielectric
values were between 5 and 8 which indicated a very dry
soil. However, in this case the low real dielectric values

RESULTS AND DISCUSSION

were indicative of frozen soils.
Observations of the Hydra Probe soil temperature and

Summary of data collected over study period

real dielectric measurements were less coherent during the
thaw period. During the spring thaw, Hydra Probe tempera-

The plot-scale measured variables are summarized in

ture data for all depths remained relatively static at just

Figure 2. A consistent snowpack was present between

below 0 C until melting approximately between April 5

December 15 and April 4 with an average depth of 26 cm

and 9 (Figure 2(c)). During this period real dielectric data

and a maximum depth of 46 cm recorded on January 7

ﬂuctuated between 10 and 15. Unlike in the freeze period

(Figure 2(a)). Prior to December 15 a shallow and variable

where the real dielectric measurements dropped in response

snow pack (<10 cm) was observed. Except for several

to freezing soil temperature, the real dielectric values during

short periods, the air temperature was consistently below

the thaw period initially increased from the added liquid

W

0 C from November 22 to March 26. Figure 2(a) illustrates

W

water content due to snow melting and then after complete

the similarity in diurnal and seasonal patterns of temperatures

disappearance of the snow cover for a short period ﬂuctu-

between the air temperature and Campbell thermistors

ated on a diurnal F/T cycle responding to the freezing and

installed in the soil at 0 and 2.5 cm depths before the onset

thawing of the soils. These rapid changes were further

of snow and following snowmelt (Figure 2(a)). Soil tempera-

demonstrated by the larger variability in the real dielectric

ture measurements were relatively static during periods of

during the thaw shown in Figure 3(b) where Hydra Probes

snowcover, with temperature values hovering at or just

showed a higher median standard deviation and interquar-

W

below 0 C.

tile range between stations. Of note, Hydra Probe soil

The Hydra Probe soil temperature initially matched air

temperature standard deviation does not exhibit a similar

temperature ﬂuctuations until approximately November 24

degree of inter-sensor variability during the spring thaw

when a shallow snow cover of ∼10 cm developed and soil

(Figure 3(a)).
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(a) Top: air temperature and snow depth from November 15, 2013 to April 22, 2014; bottom: soil temperature at the 0, 2.5 and 10 cm depths recorded by the Campbell
thermistors, (b) footprint mean of Hydra Probe measured soil temperature (solid lines) and real dielectric (dashed lines) at 0–5.7, 2, 5 and 10 cm depths during the fall freeze and
(c) spring thaw.

Comparison of soil temperature and real dielectric

0.714 and 0.497 for the vertical, 2, 5 and 10 cm probes

approaches

between the soil temperature and real dielectric measurements (Table 1). However, during the spring thaw,

Signiﬁcant ( p < 0.01) correlation (r) results in the fall

correlations showed weak to no relationship between

demonstrated a strong relationship of 0.727, 0.761,

parameters with correlations of 0.332, 0.103, 0.413 and
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Sample standard deviation of all operational Hydra Probes by depth for (a) soil temperature and (b) real dielectric measurements from November 15 to December 18, 2013 (fall
freeze) and March 20 to April 22, 2014 (spring thaw) estimated every 15 minutes. The maximum and minimum standard deviation: black whiskers, interquartile range (Q3-Q1)
shown as the box and median as a black line.

Table 1

|

Spearman’s rank correlation coefﬁcient (r) between soil temperature and soil
real dielectric during the fall and spring transition periods

(0–5.7 cm) and the 0 cm temperature show the lowest level
of agreement (76.7%) which is likely associated with the
depth discrepancy of the measurements.

Correlation between soil temperature vs
real dielectric at soil depths

Fall freeze (r)
(n ¼ 3209)

Spring thaw (r)
(n ¼ 3161)

(A) 0 cm vs. 0–5.7 cm (vertical)

0.727

0.332

ably weaker in the spring, with agreement ranging

The agreement between detection methods is consider-

(B) 2 cm (horizontal)

0.761

0.103

between 53.3% and 60.9%. As in the fall, it is again clear

(C) 5 cm (horizontal)

0.714

0.413

that short episodic freeze/thaw cycles were detected using

(D) 10 cm (horizontal)

0.497

0.260

the soil temperature method but are missed by real dielectric
measurements. Additionally, it can be seen that the soil

All correlations signiﬁcant to p < 0.01.

temperature method also shows a strong agreement between
stations, indicating soils to be consistently frozen until April
0.260

for

the

vertical,

2,

5

and

10 cm

probes

respectively.

9. Interestingly, it is clear that the real dielectric approach
indicates that the ground may not be as thoroughly frozen

Results comparing soil temperature and real dielectric

as the temperature approach suggests. This onset of thawing

approaches for detecting frozen soils are shown in Figure 4

registered by the real dielectric approach is likely a result of

for the freeze and thaw periods. During the fall freeze, both

snowmelt inﬁltration on March 29 (Figure 4(b), 4(d), 4(f)

the soil temperature and real dielectric approaches show a

and 4(h)). A similar ﬁnding in Iwata et al. () noted

76.7–95.6% agreement for the four probe depths, with the

that the onset of snowmelt inﬁltration also resulted in an

strength of this agreement weakening as soil depth

increase in soil moisture despite soil temperatures hovering

increases. The highest agreement in the F/T signal is

below zero.

95.6% in the 2 cm soil depth followed by 93.6% and

During the fall freeze it is evident that both detection

84.7% in the 5 and 10 cm horizontal probes. From Figure 4

methods show a strong agreement across all soil depths.

it is also clear that the soil temperature approach reacts

This ﬁnding suggests satellite F/T validation may be more

slightly sooner to short (typically diurnal) F/T cycles. Of

robust during

note, in Figure 4(a) the integrated real dielectric measure

approaches. However, the results show a poor agreement

Downloaded from http://iwaponline.com/hr/article-pdf/49/1/1/196521/nh0490001.pdf
by guest

the fall

freeze using

both of these

10

Figure 4

M. Williamson et al.

|

|

Detection of soil freeze/thaw using impedance probes

Hydrology Research

|

49.1

|

2018

Soil temperature (gray) and real dielectric (black) and approaches showing percentage of frozen stations (y-axis) during the fall freeze and spring thaw. The percentage of
agreement in the soil F/T detection between the two soil temperatures and real dielectric techniques is listed in the legend of each graph. The results for the different sensor
depths are illustrated as follows: for the vertical probe (a and b), 2 cm (c and d), 5 cm (e and f) and 10 cm (g and h) soil probes.

Downloaded from http://iwaponline.com/hr/article-pdf/49/1/1/196521/nh0490001.pdf
by guest

11

M. Williamson et al.

|

Detection of soil freeze/thaw using impedance probes

Hydrology Research

|

49.1

|

2018

in F/T signal between the methods during the spring thaw.

Mean differences between Hydra Probe measurements

This lack of agreement underscores that it may be particu-

relative to 5 cm depth

larly challenging to accurately validate remote sensing F/T
products with the Hydra Probe during this period. Future

Figure 5 shows the mean difference in soil temperature

work should attempt to verify this ﬁnding using a small

between the 0, 2 and 10 cm probes relative to the shallowest

scale radiometer/radar study. Ideally, this future study

network standard depth of 5 cm. During the fall freeze a

would address if there is a preferred in-situ validation

mean difference of 1.0 C, 0.3 C and 0.7 C was noted

approach that corresponds best to remote sensing data

between the vertical, 2 and 10 cm probes relative to the net-

during transition periods. The ﬁnding of this study may

work standard 5 cm. Conversely, in the spring period these

further complicate remote sensing F/T retrieval during

trends are reversed. This is denoted by a mean difference

the spring period which is already challenged due to the

of 0.4 C, 0.5 C and 0.1 C respectively. The soil temp-

W

W

W

W

W

W

inﬂuence of wet snow conditions on L-band emission

erature bootstrapping results shown in Figure 5 indicate

(Roy et al. ).

that soil temperatures are relatively homogenous throughout

The use of a categorical F/T approach using soil temp-

the small-scale 7 m × 7 m plot, though it was apparent that

erature and real dielectric has a number of limitations.

there are slight variations in soil temperature with depth.

W

Foremost, the soil freezing temperature of 0 C commonly

Comparisons between individual stations and the plot aver-

used in remote sensing studies may introduce uncertainty

age show that 20/21 and 21/21 stations were within the soil

as it assumes soil freezing temperature to be a static

temperature conﬁdence interval during the fall freeze and

threshold and may result in the incorrect categorization

the spring thaw respectively (Figure 5). It was also evident

of the F/T state during remote sensing validations, as it

that soil temperatures were slightly more variable during

is very likely that water will be in both liquid and solid

the spring thaw, denoted by the larger conﬁdence interval.

form at this threshold temperature. It is still nonetheless

Overall, the mean differences during both transition periods

important to underscore that this threshold may vary

were all within ±1 C with the majority of differences well

depending on the properties of the soil (Drotz et al.

inside the sensor resolution of ±0.6. This homogenous

; Colliander et al. ; He & Dyck ). One of

nature of soil temperature across meter-scale study plots

the largest sources of uncertainty with regard to using

has also been noted in Iwata et al. ().

soil

temperature

measurements

to

detect

the

W

F/T

Results from the real dielectric bootstrapping found a

threshold is likely the sensor resolution which can

mean difference of 0.7, 0.1 and 1.4 εr during the fall

record temperatures within ±0.6 C level of accuracy

freeze and 0.8, 1.2 and 0.7 εr during the spring thaw

W

0

0

which can be the difference between detecting frozen/

between the vertical 0–5.7, 2 and 10 cm probes relative to

unfrozen conditions during transition periods. Similar to

the shallowest network standard depth of 5 cm. This ﬁnding

the

dielectric

suggests that the mean differences in real dielectric measure-

method also has its limitations. In particular, this tech-

soil

temperature

technique,

the

real

ments from different layer depths are slightly greater than

nique may result in a false frozen signal during periods

the instrument resolution (εr ± 0.5 or 1%). It is also apparent

in which soils are very dry as seen in Figure 4 (Zhao

from Figure 6 that individual stations show a larger spread

et al. ; Bateni et al. ). This is further complicated

relative to the plot average, which suggests that the real

by use of a thresholding approach. Further, the real dielec-

dielectric measurements were more variable compared to

tric method may be inﬂuenced by water present in frozen

measured soil temperatures. This is documented during

W

0

soils below 0 C due to increasing capillary and adsorptive

both transition periods where 14 of 21 stations were

forces as soil water freezes (Miller ; Spaans & Baker

within the real dielectric conﬁdence interval of the plot aver-

). This is especially true for soil temperatures between

age (black and orange stations in Figure 6). It is also clear

1 and 0 C where liquid soil water content is changing

that the real dielectric was more variable during the spring

rapidly (Roth & Boike ; Watanabe & Wake ;

period, signiﬁed by the greater spread between individual

Wen et al. ).

stations and the plot average. This ﬁnding is also conﬁrmed

W
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Soil temperature bootstrapping results computed for stations one to nine for (a and b) 5 vs 0 cm, (c and d) 5 vs 2 cm and (e and f) 5 vs 10 cm in addition to the footprint (red)
during the freeze (left column) and thaw (right column) periods. The rectangles and black vertical lines correspond to the bootstrapping mean and conﬁdence interval of
individual stations. The conﬁdence interval of the footprint is denoted above by the shaded gray regions. Please refer to the online version of this paper to see this ﬁgure in
color: http://dx.doi.org.10.2166/nh.2017.183.

in Figure 3(b) by the larger interquartile range in standard

A comparison between the 5 cm network standard

deviation found in the real dielectric during the spring

probe depth and the vertical (0–5.7) and 2 cm probes for

thaw. Finally, it should be noted that stations that were

both the soil temperature versus real dielectric techniques

representative of the footprint average during the fall

for identifying soil F/T dates showed a difference in the

freeze were not necessarily representative during the thaw

timing of soil freezing in the near surface (0–5.7 cm). It

(Figure 6), again highlighting the spatial complexity of the

was found that the network standard 5 cm horizontal

representation of this process. A study by Iwata et al.

probe may result in the potential misrepresentation of

() also previously documented this same dynamic pro-

near surface F/T status during the fall freeze by up to 3

cess of variable inﬂuxes in soil moisture due to snow pack

days if validating with temperature data, and up to

melt at small scales. The dynamic and heterogeneous

11 days if validating with real dielectric measurements.

nature of the real dielectric in the plot during both periods

Future work should explore this issue in more detail as it

has been shown in numerous studies (e.g. Famiglietti et al.

remains unclear if this temporal discrepancy also occurred

) which have shown soil moisture to be highly variable

during the spring thaw, as a clear F/T signal was not as

even at small scale.

obvious.
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Real dielectric bootstrapping results computed for stations one to nine for (a and b) 5 vs 0 cm, (c and d) 5 vs 2 cm and (e and f) 5 vs 10 cm in addition to the footprint (red) during the freeze
(left column) and thaw (right column) periods. The rectangles and black vertical lines correspond to the bootstrapping mean and conﬁdence interval of individual stations. The conﬁdence
interval of the footprint is denoted above by the shaded gray regions. Please refer to the online version of this paper to see this ﬁgure in color: http://dx.doi.org.10.2166/nh.2017.183.

CONCLUSIONS

in the upper layers of the soil surface, even during periods
W

below 0 C soil temperatures. The results of the study also
This research has a number of key implications for the in-

suggest that the real dielectric measurements were slightly

situ validation of microwave remote sensing F/T products

more spatially variable than the soil temperature measure-

using the Hydra Probe. Chieﬂy, the study suggests that

ments in the footprint. Results from the bootstrapping

both the soil temperature and real dielectric techniques for

analysis also show a mean difference of within ±1.0 C

detecting F/T are reasonably effective during the fall

and ±1.4εr for both soil temperature and real dielectric

freeze. It is also apparent that during the spring transition

between the 5 cm horizontal and the 0–5.7, 2 and 10 cm

period a discrepancy in F/T signal was noted between the

instrument depths, suggesting that the use of the 5 cm

methods. This likely means that satellite validation of soil

network standard depth may result in a small bias in near-

F/T state will be more uncertain during the spring period

surface F/T status. Overall, ﬁndings from this study demon-

using the Hydra Probe, especially with the presence of an

strate that the Hydra Probe offers promise for use in remote

overlying wet snow which is likely a source of liquid water

sensing soil F/T product validations/calibrations, though
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future examination of the device is particularly warranted
during the spring thaw.
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