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Abstract: Passive microwave measurements from space are known to be sensitive to the freeze/thaw
(F/T) state of the land surface. These measurements are at a coarse spatial resolution (~15–50 km)
and the spatial variability of the microwave emissions within a pixel can have important effects
on the interpretation of the signal. An L-band ground-based microwave radiometer campaign was
conducted in the Canadian Prairies during winter 2014–2015 to examine the spatial variability of
surface emissions during frozen and thawed periods. Seven different sites within the Kenaston
soil monitoring network were sampled five times between October 2014 and April 2015 with a
mobile ground-based L-band radiometer system at approximately monthly intervals. The radiometer
measurements showed that in a seemingly homogenous prairie landscape, the spatial variability
of brightness temperature (TB) is non-negligible during both frozen and unfrozen soil conditions.
Under frozen soil conditions, TB was negatively correlated with soil permittivity (εG). This correlation
was related to soil moisture conditions before the main freezing event, showing that the soil ice
volumetric content at least partly affects TB. However, because of the effect of snow on L-Band
emission, the correlation between TB and εG decreased with snow accumulation. When compared
to satellite measurements, the average TB of the seven plots were well correlated with the Soil
Moisture Ocean Salinity (SMOS) TB with a root mean square difference of 8.1 K and consistent
representation of the strong F/T signal (i.e., TB increases and decreases when soil freezing and
thawing, respectively). This study allows better quantitative understanding of the spatial variability
in L-Band emissions related to landscape F/T, and will help the calibration and validation of
satellite-based F/T retrieval algorithms.
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1. Introduction

The freeze/thaw (F/T) state plays a crucial role in biogeochemical cycling [1,2], vegetation
growth [3], permafrost evolution [4] and hydrology [5,6]. The strong dielectric contrast between
ice and water at L-Band passive microwave frequencies (≈1.4 GHz [7]) allows for monitoring
of global F/T processes using data from passive microwave L-Band satellite missions. Soil F/T
processes have been observed using recent passive L-Band missions including: the National
Aeronautics and Space Administration (NASA) Satellite de Aplicaciones Cientificas (SAC-D) Aquarius
mission ([8]; 2011–2015), the European Space Agency Soil Moisture Ocean Salinity (SMOS) mission
([9]; 2011–present), and the NASA Soil Moisture Active Passive (SMAP) mission ([10]; 2015–present).
However, satellite passive microwave (PMW) observations generally have a coarse spatial resolution
at L-Band (nominal resolution of about 40 km) and spatial heterogeneity within PMW pixels limits
the development and validation of F/T retrieval algorithms [11]. At these spatial scales, different
ground cover components, including water bodies and vegetation types, can interfere with the soil
F/T signal. Recent studies also showed that snow density significantly impacts the L-Band signal in
winter [12,13]. Therefore, ground-based radiometers are used to better understand and isolate the
sub-pixel contributions to the F/T signal [12–14].

Paradoxically, one of the limitations related to the use of ground-based radiometer measurements
is our capacity to translate these measurements at the plot scale to the satellite-borne sensors,
where the large footprint combines large landscape variability within one observation. For example,
Wigneron et al. [15] showed that despite the relatively large number of ground-based measurements
in support of the development and improvement of the SMOS soil moisture (SM) retrieval algorithms,
the operational algorithm remains relatively simple compared to all the knowledge that comes from
these ground-based observations. One of the challenges is to translate small radiometer footprints
(≈2 m) with homogenous surfaces and site specific conditions, to the more heterogeneous footprint of
satellite observations. Hence, a better understanding of the spatial variability in L-Band emissions
within a pixel of about 40 km of nominal resolution could help apply the ground-based radiometer
observations to satellite-borne applications, but also inform ground-based radiometer campaigns how
to optimize the data gathering for satellite-scale algorithm calibration and validation. This issue is true
for SM retrieval at L-Band (including algorithm development and calibration/validation e.g., [16]),
but can also be applied to other passive microwave based retrievals of snow water equivalent [17,18]
and soil freeze/thaw status [3,9].

This study aims to (1) quantify the spatial variability of L-Band emissions during the 2014–2015
F/T season (fall, winter and spring) in a prairie environment from ground-based radiometer
measurements recorded across the Kenaston/Brightwater Creek Soil Monitoring Network (KSMN),
SK [19,20]; (2) link that spatial variability to measured soil and snow properties; and (3) compare
that spatial variability to satellite-scale SMOS observations. Between October 2014 and April 2015,
seven distributed plots across a single SMOS pixel were visited five times with a mobile ground-based
L-Band radiometer system. This paper first describes the ground-based L-Band radiometer dataset
gathered during this campaign. The measured TB are compared to an in situ soil monitoring network
dataset and snow measurements gathered during the campaign. The observed spatial variability of
TB is then compared to spaceborne SMOS observations, before discussing the implications of using
L-Band ground-based radiometers for the calibration and validation of satellite-based F/T algorithms.

2. Method

2.1. Soil Monitoring Network Measurements

Between October 2014 and April 2015 the KSMN (51.4◦N; −106.4◦W) was visited on five occasions
(19–20 October, 10–12 November, 9–10 December, 11–13 January, 12–13 April), to acquire mobile
ground-based L-Band radiometer measurements. The KSMN [19] is a densely instrumented site across
a region of approximately 30 km × 30 km for SM monitoring in a prairie environment (Figure 1).
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The network is jointly operated by three different organizations: Agriculture and Agri-Food Canada
(AAFC), Environment and Climate Change Canada (ECCC), and the University of Guelph. The KSMN
site was visited at seven different plots with the mobile ground-based L-Band radiometer system.
Each radiometer measurement plot within the KSMN was close to a permanently installed soil and
meteorological monitoring station (see Section 2.2). At each soil station, four Steven’s Hydra Probes II
(Stevens Water Monitoring Systems, Inc., Portland, OR, USA) for volumetric SM measurements were
installed horizontally, centred at depths of 5 cm, 20 cm and 50 cm, with the fourth probe installed
vertically integrating measurements between 0 cm and 5.7 cm below the ground surface. The Hydra
Probe measures the soil relative real permittivity (εG) at 50 MHz. Using the measured εG, volumetric
soil moisture (SM; %) was calculated based on calibration made at each station [21]. The meteorological
measurements were recorded at 30-min intervals. In addition to the Hydra Probe soil measurements,
air temperature (HMP45C, Campbell Scientific, Logan, UT, USA) and snow depth using an acoustic
distance sensor (SR-50AT, Campbell Scientific) were measured at six of the seven plots.
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Figure 1. The location of the discrete radiometer and snow survey measurement plots within the
Kenaston/Brightwater Creek Soil Monitoring Network (KSMN).

2.2. Distributed L-Band Measurements

L-Band measurements at the seven monitoring plots were acquired by a surface-based,
hyperspectral, 385 channel, dual polarization, L-Band Fourier transform, radio frequency interference
(RFI) detecting radiometer (Radiometrics Corporation©, Boulder, CO, USA) with a frequency range
from 1400 to ≈1550 MHz (see [22] for a complete description of the instrument). For the present
campaign, the radiometer system was mounted on a mobile manual forklift in order to be moved
between plots, with the ability to adjust the height above ground to a standard acquisition height of
2.75 m above the surface at each measurement plot. The integration time of the radiometer was set to
acquire 1 measurement every ≈3.9 s for all 385 channels at each polarization [22].

Toose et al. [22] developed a method to remove RFI contamination. To find an RFI-free TB value
representative of the observed spectrum, a 3rd order polynomial of sort-rank versus TB is calculated,
and the 2nd derivative of the slope of this cubic polynomial is derived. The RFI-free TB value of the
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scene is the TB at the inflection point where the 2nd derivative transitions from negative to positive.
During the campaign (see also [13]), 16 three-point calibrations were conducted to calibrate the
radiometer including the measurements of sky at zenith (estimated at ≈5 K: [12,23]), an ambient black
body target and a heated warm black body target (≈340 K). Independent sky and calibration target
measurements (91 in total, including 21 taken within the KSMN), show that the mean absolute error of
the calibration accuracy (MAE) was between 1.0 and 1.5 K over the course of the entire campaign [22].

The seven distributed radiometer plots were located within a single SMOS pixel (Figure 1).
The measurement locations were chosen to characterize the satellite-scale spatial variability in the
radiometric signal during different stages of freeze-up and thaw over different fields with varying
vegetation, SM, soil texture, and snow accumulation. To assist in the upscaling of these measurements
from point-scale to satellite-scale, the land cover within the SMOS pixel was determined using the
2014 AAFC annual crop inventory [24]. The results of this 30 m land cover classification (produced
from analyzing a time series of Landsat-8 and Radarsat-2 imagery) was simplified by combining the
specific land cover classes into more general categories that include the following major land cover
classes within the SMOS pixel: cropland, pasture, wetlands, urban and water (Table 1). The SMOS
pixel is mainly composed of crops (83.1%), wetlands (6.1%) and pasture (4.6%). The specific cropland
classes were further subdivided into two classes (high vs. low stubble; 34.5% and 49.1%, respectively)
with similar post-harvest crop residue characteristics. Cereal crops tend to have tall and robust crop
residue and thus were grouped into the high stubble class along with other classes with a standing
vegetation height of at least 10 cm. The oilseed and pulse crops tend to have much less residue, which
may also break down during threshing [25], and thus were grouped into the low stubble class along
with bare soils. These two contrasting stubble heights are known to influence the amount of snow
retention within agricultural fields, with deeper snow (and hence greater soil insulation) present in
fields with taller stubble [26].

Table 1. Ground-based radiometer measurement plots within the KSMN and their measured soil
properties (SM = soil moisture, %; εG = soil permittivity, unitless; RMS = soil surface roughness root
mean square height) during the visit at 5 cm (see Figure 1).

Plot Land Cover Class Stubble Height SM Oct. SM Apr. εG Nov. εG Dec. εG Jan. RMS (m)

NE25 Crop high 0.19 0.22 7.31 7.34 6.32 0.062
NW07 Pasture - 0.22 0.21 3.89 6.76 4.59 0.084
NW29 Crop low 0.26 0.32 7.80 7.97 5.49 0.039
NE36 Crop high 0.27 0.34 8.73 8.11 6.84 0.055
Plot18 Crop high 0.24 0.19 10.05 10.03 8.62 0.040
SW31 Crop low 0.18 0.35 6.43 6.52 6.10 0.020
Plot15 Grass - 0.34 0.22 11.62 8.42 8.42 0.035

The radiometer plots were flagged to ensure consistent measurement locations and three adjacent
(2.5 m spacing) L-Band radiometer measurements were recorded at four incidence angles (30-40-50-60◦)
during each plot visit. The set of adjacent radiometer measurements were conducted to gain a sense of
the plot-scale variability in observed brightness temperatures (TB) present within each field. Careful
positioning of the radiometer ensured that the field-of-view was consistent for the entire campaign,
reducing the possibility that observed TB differences were due to positional errors. At every plot,
terrestrial-based Light Detection and Ranging (LiDAR) scans were conducted in October and April
(pre- and post-snow), to obtain a quantitative measurement of soil surface roughness, which influences
the microwave emissivity of the surface [27]. The soil surface roughness parameter root mean square
height (RMS) was calculated based on the approach of [28]. The October and April calculated RMS
heights were very similar (r2 = 0.93), and thus, the average values of both scans were utilized for
each plot.

To identify the variability in TB across the soil monitoring network and within one SMOS pixel
(see Section 2.4), the average of the three adjacent L-Band radiometer measurements were calculated
for each incidence angle (θ) at each field plot (p) for each visit (TBp,θ). To upscale the ground-based
measurements for direct comparison with the SMOS data (see Section 2.4), the averaged TB were
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processed using two different methods: (1) the arithmetic average of all seven field plots (TB-Rad,θ) was
calculated for each monthly visit:

TB-Rad,θ =
1
N ∑

p
TB p,θ (1)

where N is the number of sites. (2) a land cover-weighted average of the radiometer measurements.
This method calculated the land cover-specific average measurement, and weighted (W) this average
by the land cover proportion found within the SMOS pixel (TB-Rad-W,θ),

TB-Rad-W,θ = ∑
i

(
1
Ni

∑
pi

TB p,θ

)
· Fi (2)

where i is the land cover where radiometer measurements were acquired (e.g., high stubble crop
[Ni = 3], low stubble [Ni = 2] crop and pasture [Ni = 1]; see Table 1) and F is the fraction of each
class. Because measurements were acquired only within three land cover classes, F is calculated
based only on these three classes, with fractions increasing to absorb the land cover types with low
representation. The new land cover fractions are: Crop, high stubble = 0.38, Crop, low stubble = 0.54,
Pasture = 0.08. Also, Plot15 (grass) is underrepresented in the SMOS pixel; it was removed from the
TB-Rad-W,θ calculations.

2.3. Snow Measurements

Comprehensive snow surveys were conducted in December, January and February at the seven
radiometer plots in the KSMN, including snow pit measurements to document profiles of snow
temperature and density (ρs) for the major snow layers within the pack. The density was measured
using a 100-cm3 density cutter, and samples were weighed with a digital scale with an accuracy of
±0.1 g. The snow and soil temperature were measured with a digital temperature probe (±0.1 ◦C).
In addition to snow pit measurements, distributed snow depths surveys, using a GPS enabled Magna
Probe™, were conducted to capture the range of snow depths in the vicinity of the plot with transects
(≈100 m in length), and by measuring snow depth grids (≈10 m × 20 m) at ≈1 m spacing.

2.4. SMOS Observations

The ground-based measurements were compared with SMOS TB from the Level 3 brightness
temperature product (L3TB version 3.0) available on the Centre Aval de Traitement des Données SMOS
(CATDS) website (http://www.catds.fr/sipad). The Level 3 TBs are a reconstructed daily global TB at
top-of-the-atmosphere product, arranged by incidence angle values, in full polarization. It includes
all brightness temperatures acquired that day, transformed to a ground polarization reference frame
(H and V polarization), binned and averaged into fixed angle classes [29]. SMOS crosses the equatorial
node at 06:00 LT during the ascending pass and 18:00 LT during the descending pass.

Variations in the angular profiles related to different errors in the SMOS measurements
(including RFI, radiometric noise, TB reconstruction) have been observed in other studies [29].
Hence, a smoothing of the angular profiles was performed by applying a best fit 2nd polynomial
function on SMOS brightness temperature V- and H-polarization (TBV and TBH, respectively)
measurements. To assure the robustness of the fit, it was performed only if at least seven angular
observations were available. Otherwise, the data were discarded. From the fit, the brightness
temperatures of SMOS (TB-SMOS) were re-calculated for the same incidence angle as the ground-based
radiometer observations (30-40-50-60◦).

http://www.catds.fr/sipad
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3. Results

3.1. Site Meteorology and Snow Measurements

The air temperature (Tair) remained above 0 ◦C for the majority of October with only a few nights
falling below freezing. The warm Tair resulted in 5 cm soil temperature (Tsoil) remaining unfrozen for
the entire month (Figure 2). The primary freeze event occurred on 7 November when Tair dropped
below −15 ◦C and soil at 5 cm froze except for Plot15, where the soil froze on 10 November. Some
ephemeral snow accumulation began at the end of October, but it should be noted that the noisy snow
depth signal present in Figure 2 at plot NW07 during October and April is related to the presence
of tall grass and shrubs found within the pasture land cover and is not associated with actual snow
accumulation. In addition, the very small amounts of snow reported at all sites in April and May are
an artifact of soil frost heave and the subsequent change in the reference background height of the
soil, and therefore does not represent snow on the ground. The first significant snowfall occurred
on 28 November, depositing approximately 10 cm of snow. During the winter, several melt events
occurred when Tair exceeded 0 ◦C, although soil temperatures remained below 0 ◦C. During the coldest
winter periods, a large amount of variability in Tsoil at 5 cm across all plots was observed (Figure 2).
This variability is likely due to variability in snow depth (wind redistribution is a key process in
this prairie environment; Fang and Pomeroy, 2009). Plot15 and Plot18 had the warmest Tsoil and the
corresponding deepest snow depths. The snow began to melt in mid-March, at which point the Tsoil
at 5 cm began to fluctuate around 0 ◦C, before remaining above 0 ◦C during the day from the end of
March onwards. Table 2 summarizes the plot/soil condition as observed during the five radiometer
and snow survey visits.
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Table 2. Soil surface conditions during radiometer visits.

Date of Visit Plot/Soil Conditions

19–20 October Unfrozen soil—no snow
10–12 November Frozen soil—no snow
9–10 December Frozen soil—snow
11–13 January Frozen soil—snow

12–13 April Unfrozen soil—no snow

In general, the snowpack consisted of low density depth hoar near the bottom of the pack, overlaid
with mixed rounded and faceted grains (Figure 3). These depth hoar and mixed rounded/faceted
grains are created by kinetic snow metamorphism related to a strong temperature gradient within
the snowpack [30]. Above these layers, there was typically a wind slab layer characterized by small
rounded grains and high snow density due to strong wind compaction processes [31]. These high
density wind slab layers were notably absent from the pasture plot (NW07) because the long grass and
emergent vegetation protruding from the snowpack greatly reduced the wind velocity at the snow
surface, thereby limiting wind compaction processes. Several melt events in December and January
created melt/ice crusts layers near the surface of the snowpack, which were subsequently buried by
new snow in February.
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Figure 3. Snow pit measurements during December, January and February illustrating the snow
stratigraphy and grain type for each layer. The snow density (kg m−3) of the bottom 10 cm of the
snowpack for each snow pit is provided, along with the average snow depth (SD Avg), ±1 standard
deviation (STDEV) as measured by with a Magna Probe™ for the site surrounding the survey location.

The Magna Probe snow depth surveys at each plot highlight both the meter-scale spatial variability
of snow depth within each plot (high standard deviation relative to average snow depth), in addition
to the different snow accumulation patterns in different fields associated with high and low crop
stubble (deep snow vs. shallow snow). For this analysis, Plot NW07 was considered as high stubble,
while Plot15 was excluded from the snow depth analysis because the site was not representative of
either a high stubble or low stubble crop field. The difference in snow accumulation between high and
low stubble fields (average and standard deviation for all plots of a given stubble type) increases as
the season progresses, starting with only 2 cm difference in average snow depth in December, and
increasing to 16.8 cm difference in February (Table 3). The average coefficient-of-variation (CV) of 0.53
is very close to the 0.5 found for prairie snow in [32]. The correlation coefficient (R) between CV and
snow depth show a decrease in CV with increasing snow depth (R = 0.63 and slope = −0.015), meaning
the snow depth variance becomes smaller relative to snow depth with increasing accumulation.
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Table 3. Average, standard (STDEV) deviation, coefficient of variation (CV = STDEV/Average),
minimum (MIN) and maximum (MAX) snow depths measured at all radiometer plots for high vs. low
stubble fields.

Visits: Stubbles # Meas. Average (cm) STDEV CV MIN (cm) MAX (cm)

December–January–February: high stubble 1444 12.0 6.4 0.53 0.1 42.9
December–January–February: Low stubble 1144 8.6 5.4 0.63 0.2 33.6

December: high stubble 1018 10.4 5.1 0.49 0.1 25.5
January: high stubble 319 13.8 6.0 0.43 2.6 33.1

February: high stubble 107 21.9 8.6 0.39 1.7 42.9
December: Low stubble 733 8.0 4.6 0.56 0.2 23.8

January: Low stubble 383 9.8 6.6 0.67 1.3 33.6
February: Low stubble 102 5.1 3.1 0.61 0.6 13.9

3.2. Meter-Scale TB Spatial Variability

The three parallel adjacent L-Band radiometer measurements (2.5 m apart) conducted at each
plot provide the opportunity to evaluate the local variability in observed TB present within each plot
location/field type. The standard deviation of the three adjacent L-Band radiometer measurements
(σTB) was calculated for each plot and visit. Figure 4 shows that the σTB is generally higher at H-pol
(and greater than the precision of the radiometer) and in some cases the σTB exceeded 5 K (i.e., at NW07;
Figure 4). The local variability is also greater in April because of the variable SM conditions present
within the fields soon after snowmelt. The high σTB at NW07 is likely related to the higher surface
roughness (Table 1). At V-pol, the σTB is generally under 2 K, and even smaller during freeze periods
which is close to the precision of the radiometer system.
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Figure 4. (a) Boxplots (the central red mark is the median, the horizontal blue edges of the box are the
25th and 75th percentiles, the whiskers extend to the most extreme data points not considered outliers,
and outliers [value that is more than three scaled median absolute deviations away from the median]
are plotted individually) of the standard deviation of the three parallel adjacent L-Band radiometer
measurements (σTB) at the seven radiometer plots and four incidence angles. (b) Box plot of σTB for
the five visits and four incidence angles.

3.3. TB Relationships with Soil and Snow In Situ Measurements

Radiometer TB measurements (averaged from the three adjacent measurements described in
Section 3.2) at the seven different prairie plots were compared to in situ measurements of soil moisture,
permittivity, snow density, and surface roughness (Figure 5). For the three visits during frozen
conditions, there are negative correlations between TB at 40◦ and the permittivity (εG) (Figure 5b,d,f).
However, the correlation of TB with εG is only significant (p-value < 0.05) during the initial freeze-up
in November. The subsequent weakening of the correlation between TB and εG in December and
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January can be attributed to the presence of snow on the ground. Schwank et al. [33] presented model
results that show the bottom ≈10 cm layer of the snowpack can have an effect on increasing emission
on H-pol TB as a result of refraction and impedance matching caused by dry snow in contact with
the ground. These refraction and impedance matching effects increase as the snow density of the
bottom layer increases up to ≈400 kg m−3 [13]. However, in the present study, the measured snow
density of the bottom 10 cm of snowpack had low correlations with H-pol TB at the ground-based
radiometer plots (Figure 5e–g). This lack of correlation is likely due to a combination of the plot scale
variability in measured H-pol TB (Figure 4), and the high local scale spatial variability in snow depths
(Table 3), which controls the thickness and snow density of the bottom 10 cm of the pack. Therefore,
the overlying snow still contributed to the weaker correlation of εG with TB in December and January
compared to November, even though the relationship with measured bottom layer snow density
was weak.
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sample size means the correlation is not statistically significant (p-value > 0.05) However, the 
consistency of the positive correlations indicates that the surface roughness contributes to the 
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the frozen soil emission. The low correlation values in April at both polarizations are linked to the 
fact that the SM signal overrides the surface roughness effect. 

Figure 5. Correlations between surface variables (SM = soil moisture; εG = soil permittivity; ρs = snow
density) and ground based brightness temperature (TB) at 40◦ for different plot visits. * indicates
p-value < 0.05. Blue: V-pol and Red: H-pol. (a) ground permittivity vs. TB in November; (b) ground
permittivity vs. TB in December; (c) ground permittivity vs. TB in January; (d) TB in November (frozen
ground) vs. pre-freeze soil moisture on 7 November; (e) Soil moisture vs. TB in October; (f) Soil
moisture vs. TB in April; (g) Snow density vs. TB in December; (h) Snow density and TB in January.

In April, the TB is highly correlated with SM (Figure 5h). However, the correlation is weak in
October (Figure 5a), possibly due to the drier soil conditions. The correlation between pre-freeze SM
conditions measured on 7 November and the TB of frozen ground measured from 10th November to
12th are strong (Figure 5d). Considering the pre-frozen soil moisture measurements as a proxy for soil
ice fraction content over the course of three days, this suggests that the amount of ice in the soil greatly
influences the magnitude of frozen ground TB. Figure 6 shows that the surface roughness also has a
positive correlation with TB. There is a moderate strength in the correlations, but the small sample
size means the correlation is not statistically significant (p-value > 0.05) However, the consistency of
the positive correlations indicates that the surface roughness contributes to the observed variability in
TB at both polarizations. The correlation coefficients with soil roughness decrease in December and
January mostly at H-pol, related to the effect of snow which interferes with the frozen soil emission.
The low correlation values in April at both polarizations are linked to the fact that the SM signal
overrides the surface roughness effect.
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3.4. SMOS Sub-Pixel Heterogeneity

The agreement between the averaged ground-based measurements and SMOS observations
are generally good with the observed SMOS TB typically falling within the standard deviation of
ground-based radiometer TB (Figure 7). When the 60◦ incidence angles are excluded, the root mean
square difference between (RMSD) TB-SMOS and TB-Rad is 8.4 K. Both datasets show a clear difference
in TB at H-pol in October (unfrozen soil), relative to November (frozen soil with no snow). This H-pol
increase is dependent on incidence angle, with larger differences in unfrozen compared to frozen TB

observed at larger incidence angles [11]. The V-pol is less sensitive to the transition from unfrozen to
frozen soil conditions, with only a small increase observed in V-pol SMOS TB at 30◦ and 40◦. The winter
SMOS observations show relatively stable TB throughout the frozen season at all angles, with a few
exceptions during which strong TB fluctuations are related to freeze/thaw events (see Figure 2 for
periods when Tair < 0 ◦C). The radiometer TB at V-pol are also stable throughout the winter, however
some variability at H-pol is observed. There is a reduction in radiometer observed H-pol TB in January
compared to December and November, and the standard deviation increases as the season progresses
and incidence angles increase. In March, a strong decrease in SMOS TB is related to the onset of snow
melt and the presence of liquid water within and on the snow pack or at the soil surface. In April, as
the soil dries down, there is again good agreement between the average ground-based radiometer
and SMOS TB. The ground-based radiometer observed a much higher range of TB in April, which is
likely attributed to plot-scale variability in snow melt and dry down of the soils across the SMOS pixel.
The largest discrepancies between SMOS and the ground-based radiometer observations are seen at
V-pol for an incidence angle of 60◦. The TB-Rad-W are 8.5 to 22.9 K bellow the satellite observations
(Table 4). At incidence angles, larger than 60◦, Lemmetyinen et al. [12] showed that V-pol TB undergoes
a strong decrease in magnitude. In our study, the radiometer system has a larger beamwidth (30◦).
The radiometer is effectively viewing the surface with an incidence angle in the far range of up to
75◦, which may be exaggerating the influence of high incidence angles on reducing the magnitude of
V-pol TB.

The standard deviation of TB between the seven radiometer plots is much larger when the soil
surface is thawed in October and April. In October, the standard deviation is larger at H-pol (between
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15 and 25 K) than V-pol (between 5.9 and 8.1 K), while both are high in April. The high TB standard
deviation in V-pol in April is likely related to the spatial variability of SM conditions related to the
snowmelt. When the soil is frozen (November, December, and January) the spatial variability is lower,
but remains significant (higher than radiometer precision) at H-pol mostly for higher incidence angle.
The standard deviations are between 2.7 K and 16.4 K at H-pol and 0.8 K and 3.1 K at V-pol.

In comparison to TB-Rad, when 60◦ is excluded, the RMSD between TB-SMOS and TB-Rad-W is 12.4 K
(8.4 K with TB-Rad). This suggests that the land cover type proportional weighting does not improve
the results. The weighted approach generally has a higher bias when compared to TB-SMOS. It suggests
that the lower values at Plot15 compensate for the fact that wetlands and water bodies, which have
lower TB values, are not considered in the weighting approach. In terms of the difference between
σRad and σRad-W, the average in winter and summer are similar at around 3 K. The lowest values of
σRad-W show that part of the spatial variability is related to the TB measured at Plot15 (considered
as not representative because of the low coverage of this type of land cover) and NW07 (pasture).
However, despite the effect of plot NW07 and Plot15 on spatial variability of TB, the spatial variability
across the five visited crop plots remains high.

Remote Sens. 2017, 9, 894  11 of 16 

 

The standard deviation of TB between the seven radiometer plots is much larger when the soil 
surface is thawed in October and April. In October, the standard deviation is larger at H-pol (between 
15 and 25 K) than V-pol (between 5.9 and 8.1 K), while both are high in April. The high TB standard 
deviation in V-pol in April is likely related to the spatial variability of SM conditions related to the 
snowmelt. When the soil is frozen (November, December, and January) the spatial variability is 
lower, but remains significant (higher than radiometer precision) at H-pol mostly for higher incidence 
angle. The standard deviations are between 2.7 K and 16.4 K at H-pol and 0.8 K and 3.1 K at V-pol. 

In comparison to TB-Rad, when 60° is excluded, the RMSD between TB-SMOS and TB-Rad-W is 12.4 K 
(8.4 K with TB-Rad). This suggests that the land cover type proportional weighting does not improve 
the results. The weighted approach generally has a higher bias when compared to TB-SMOS. It suggests 
that the lower values at Plot15 compensate for the fact that wetlands and water bodies, which have 
lower TB values, are not considered in the weighting approach. In terms of the difference between 
σRad and σRad-W, the average in winter and summer are similar at around 3 K. The lowest values of σRad-

W show that part of the spatial variability is related to the TB measured at Plot15 (considered as not 
representative because of the low coverage of this type of land cover) and NW07 (pasture). However, 
despite the effect of plot NW07 and Plot15 on spatial variability of TB, the spatial variability across 
the five visited crop plots remains high. 

 
Figure 7. KSMN visits mean ground-based radiometer TB and standard deviation over the seven plots 
at H-pol (red square) and V-pol (blue diamond) at four incidence angles (a) 30°, (b) 40°, (c) 50° and 
(d) 60°. The dots represent the angularly smoothed SMOS TB (ascending and descending passes). Red 
square and blue diamonds are the arithmetic average TB of all seven field plots (Equation (1)) and 
hollowed black square and diamond are land cover-weighted average TB (Equation (2)). 

  

Figure 7. KSMN visits mean ground-based radiometer TB and standard deviation over the seven plots
at H-pol (red square) and V-pol (blue diamond) at four incidence angles (a) 30◦, (b) 40◦, (c) 50◦ and
(d) 60◦. The dots represent the angularly smoothed SMOS TB (ascending and descending passes).
Red square and blue diamonds are the arithmetic average TB of all seven field plots (Equation (1)) and
hollowed black square and diamond are land cover-weighted average TB (Equation (2)).
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Table 4. Differences between TB-SMOS and TB-Rad & TB-Rad-W (in K) as well as differences between
standard deviation of ground-based radiometer observations (σ).

Months Parameters
30◦ 40◦ 50◦ 60◦

H V H V H V H V

October
TB-SMOS-TB-Rad 5.3 1.9 −4.7 2.1 9.1 1.7 10.4 1.9

TB-SMOS-TB-Rad-W 3.2 −7.1 −5.9 −3.8 11.8 4.5 22.1 22.5
σRad-σRad-W 0.7 −0.4 4.9 −0.4 6.4 0.0 10.4 1.3

November
TB-SMOS-TB-Rad −1.6 −1.1 −6.5 −0.9 −0.7 −0.3 0.7 0.6

TB-SMOS-TB-Rad-W −2.3 −4.7 −11.7 −2.0 −7.7 3.7 −2.1 17.0
σRad-σRad-W 2.5 2.1 3.6 1.5 4.7 1.4 7.7 0.3

December
TB-SMOS-TB-Rad −3.0 −1.5 −8.6 −1.0 −5.8 −0.1 −6.0 1.6

TB-SMOS-TB-Rad-W −2.9 −3.3 −9.4 −1.1 −7.7 4.1 −8.1 15.7
σRad-σRad-W 4.5 2.5 7.7 1.9 9.8 0.4 14.7 1.3

January
TB-SMOS-TB-Rad 2.2 0.4 10.2 0.2 3.2 −0.5 2.4 −1.6

TB-SMOS-TB-Rad-W 2.9 1.3 −2.3 4.0 8.2 9.5 12.6 20.7
σRad-σRad-W 1.9 0.7 4.2 0.6 4.5 0.8 5.1 1.3

April
TB-SMOS-TB-Rad 6.8 5.1 14.1 3.3 6.4 1.7 6.4 0.0

TB-SMOS-TB-Rad-W −0.9 −6.9 −7.6 −5.1 2.2 −1.5 7.9 10.5
σRad-σRad-W 10.5 9.0 8.4 6.3 5.7 2.8 4.2 2.0

4. Discussion

For each plot and each date, three adjacent radiometer measurements (2.5 m) were conducted
to gain a sense of the local variability in observed brightness temperatures present within each plot
location. In some cases, the standard deviations of these measurements were over 5 K at H-pol both
for both frozen and thawed conditions. These higher values are related to the increased sensitivity
of H-pol to surface roughness [27]. These results highlight the local-scale H-pol TB variability found
within the prairie environment and the importance to make adjacent measurements to take account of
variations in parameters such as surface roughness and SM.

As expected, the spatial variability of ground-based TB across the KSNM network in April was
well correlated with SM and, to lesser degree, with surface roughness. More surprising was the
correlation of TB during frozen conditions with εG. These correlations indicate that the variable
characteristics of frozen soils in a prairie environment, including the ice fraction of the soil, can have
an impact on TB and there may be further information in this signal beyond the binary freeze versus
thaw signal that nearly all algorithms produce. These results should be taken into consideration with
respect to satellite-based L-Band observations under frozen conditions. For instance, in the SMOS SM
algorithm, the frozen soil permittivity is generally considered as a constant [29]. Instead, retrieval
approaches that include frozen ground permittivity should be considered for implementation in such
algorithms [12]. This increases the importance of frozen ground permittivity models (e.g., [34,35]).
As demonstrated in previous studies [12,13,33,36], snow has a non-negligible effect on the TB at H-pol.
However, in this study, the correlation of TB with measured bottom layer snow density was low, but we
infer the importance of snow through weaker correlation of TB with εG and with roughness during the
dry snow cover period. Furthermore, ice lenses formed during the ephemeral F/T events in winter can
lead to important dielectric discontinuities in the snowpack, causing also possible coherence effects
that can have a notable impact on TB [37–39]. Further evaluation using multi-layer snow radiative
transfer models [40,41] need to better quantify and understand these variations.

The measurements presented in this study show that even if the Canadian Prairies are considered
a relatively homogenous landscape, the spatial variability of TB at H-pol is important. However,
the spatial variability is significantly lower when the surface is frozen (around 10 K in frozen conditions
vs. 20 K in thawed conditions). This strong spatial variability shows the limitation of using point
ground-based measurements to validate/calibrate satellite based F/T and SM products. It was also
shown that the average TB of the seven plots are well correlated with the SMOS TB and the strong F/T
signal (increase of TB when soil freezes and decrease in TB when soil thaws) is also well represented.
Thus, averaged L-Band ground-based measurements can represent a large footprint satellite-based TB

if sites are reasonably selected to account for the spatial variability. However, it should be noted that
there are differences in measurement characteristics between SMOS and ground-based radiometers.
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First, the SMOS observations are done in the morning (ascending pass) or in the evening (descending
pass). With ground-based radiometer, the measurements were acquired during the day from 6 am
to 5 pm. Hence there could be some surface changes (temperature, moisture, snow) between SMOS
and ground-based acquisition. However, it was shown that in the prairies, when the soil is frozen,
the TB is relatively stable in time because the soil temperature is stable due to the snow insulation [13].
Nevertheless, it should be considered that in general, difference in TB could be related to the acquisition
time differences. Secondly, SMOS provides TB at the top of the atmosphere, that is not measured by
ground-based radiometer. However, De Lannoy et al. [42] showed that the atmospheric contribution is
limited to less than 2 K in H-pol and less than 1 K in V-pol. In this study, it was shown that the L-Band
emissivity of the surface can vary significantly even over bare soil surfaces. Hence, ground-based
radiometer campaigns should make sure that all dominant land cover classes are well represented.
Ideally, multiple measurements within a given land cover should also be taken to make sure that
measurements are not skewed by local-scale TB spatial variability. Furthermore, this study focused on
the vegetation-free season, but it is known that the crop growth cycle had an important impact on the
L-Band signal in summer [43] during which even greater sub-pixel variability is expected.

5. Conclusions

Sub-pixel heterogeneity is a well-known difficulty for passive microwave satellite-borne land
product calibration and validation. In this study, an L-Band ground-based radiometer campaign was
conducted across a densely instrumented Canadian Prairies site during winter 2014–2015 to measure
the spatial variability of surface emission during frozen and unfrozen soil conditions. Radiometer
measurements were acquired five times during the freeze/thaw season (October, November, December,
January, April) distributed across a single SMOS pixel.

This study provides the first measurements of the spatial variability in L-Band emission using
a ground-based radiometer for comparison with satellite observations during frozen and unfrozen
conditions. We show that the spatial variability of TB at H-pol within a SMOS subpixel is important in
both frozen and unfrozen conditions, with standard deviation up to 25 K. However, we showed that
compared to satellite measurements, the average TB of the seven plots were well correlated with the
SMOS TB with a root mean square difference of 8.1 K and consistent representation of the strong F/T
signal. Hence, ground-based measurements can be representative of satellite-based observations, if
multiple spatially distributed measurements are taken to take into account the spatial variability of
surface emission. The spatial variability is mostly related to the measured soil permittivity, which is
related to SM in unfrozen conditions (R of 0.90 and 0.91 between TB and εG in April for V-pol and H-pol
respectively) and to ice fraction in frozen conditions (R of 0.89 and 0.79 between TB and εG in November
for V-pol and H-pol respectively). This shows that the ice fraction of the soil can have an impact on
TB and should be taken into consideration with respect to satellite-based L-Band observations under
frozen conditions. The study highlights the limitations in using single point observations (either of soil
state characteristics or emission) in algorithm development studies and satellite validation, as sub-pixel
variability has an important impact. However, it should be noted that the study is limited to the prairie
environment and studies in other landscapes would be important to understand the spatial variability
of L-Band emission in various ecosystems.
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