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Regional soil moisture monitoring from satellite platforms can inform our understanding of climate 

change in the Canadian Arctic.  These sensors require ground-based validation to ensure product 

accuracy, which can be achieved by upscaling cosmic-ray probe derived soil moisture 

measurements from an intermediate footprint.  Calibration of the cosmic-ray probe installed at 

Trail Valley Creek, NWT was performed and resulted in an accuracy of 0.019 m3 m-3 RMSE.  In 

addition, a preliminary validation of the Soil Moisture Active Passive (SMAP) soil moisture 

product was performed.  Results indicate a SMAP dry bias at this study site (>0.09 m3 m-3 RMSE). 

A forward model was employed to determine if SMAP’s bias is a projection or algorithm issue, 

and results indicate a statistically significant correlation between SMAP brightness temperature 

and in situ network brightness temperature (r = 0.44).  This demonstrates the potential accuracy 

improvement made by projecting SMAP soil moisture data on a polar grid in northern latitudes. 
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1. Introduction  

Permafrost is an integral part of the Arctic environment and is vulnerable to changing 

climatic conditions (Burn & Kokelj, 2009).  A 3.0 °C increase in temperature was observed 

between 1950 and 1998 in some parts of the Canadian Arctic, predominantly in the northwest, 

where the impacts of climate change are most pronounced (Zhang et al., 2000).  In addition to 

warming temperatures, changes in terrestrial hydrology have been observed in many parts of the 

Arctic and further impacts are anticipated (Pohl et al., 2007).  Climate models are predicting that 

the North will experience changes to temperature and precipitation regimes, resulting in a 

shortened snow cover season, changes in the timing and volume of snowmelt runoff, and perhaps 

most significantly, deepening of the active layer (the zone above permafrost which freezes and 

thaws annually with changes in ground temperature) (Permafrost Subcommittee, 1988).  

Furthermore, it is anticipated that climate change will reduce the overall area underlain by 

permafrost, which will result in a northward shift of the continuous, discontinuous, and sporadic 

permafrost zonal boundaries.  It is anticipated that the ecology and built infrastructure in the 

North will be affected by permafrost thaw in the next few decades in response to climate change 

(Burn & Zhang, 2009).  Additionally, permafrost thaw and subsequent increase in nutrient 

availability that was formerly locked in ice, will affect the carbon cycle by increasing carbon 

accumulation, and will be followed by a temporary increase in CO2 released into the atmosphere 

(Waelbroeck et al., 1997; Holden, 2005).   

To better predict potential environmental shifts in the Arctic associated with climate 

change, it is essential to understand soil hydrology as it is a moderating factor for many of the 

environmental responses discussed above.  Soil moisture is one factor controlling temperature 

and melt energy within the soil, and is therefore a key variable to aid in our understanding of 



2 

 

permafrost thaw (Woo & Marsh, 1990).  Additionally, changes in soil moisture have been linked 

to the northward vegetation shift in the Arctic and sub-Arctic regions (Western & Blöschl, 1999; 

Rodriguez-Iturbe, 2000; Holtmeier & Broll, 2005; Lantz et al., 2013).  Northward plant 

proliferation will accelerate and this change in vegetation will affect the thermal regime in the 

soil (Holtmeier & Broll, 2005).  Lantz et al. (2013) have reported that continued increases in 

shrub proliferation will affect local climate and hydrology, permafrost temperatures, as well as 

terrain stability in this sensitive ecosystem. 

Observations of soil moisture in the Arctic are challenging, largely due to the remoteness 

of the region and lack of of ground-based monitoring networks, but also due to the high spatial 

variability in soil moisture at a range of scales.  Long-term monitoring using in situ probe 

networks is logistically challenging as these networks are both expensive to install and require 

regular maintenance (Seneviratne et al., 2010), the latter of which is impractical for wide scale 

monitoring on the tundra.  As a result, the use of novel remote sensing techniques such as the 

SMAP (Soil Moisture Active Passive) satellite program can provide long term, regional scale 

monitoring of near surface soil moisture across the Arctic tundra, offering significant value in 

progressing the current understanding of soil moisture in this region.  However, remote sensing 

techniques require ground-based validation to ensure that the products are representative of near 

surface soil moisture within the footprint. 

Currently, ground-based measurements of soil moisture can be obtained at point-scale 

using in situ probe measurements, but micro-scale variations in soil moisture due to variability in 

soil texture, micro-topography, and vegetation coverage, make upscaling these measurements 

difficult (Zreda et al., 2008).  Further complicating soil hydrology in this region is the soil’s 

physical properties, which are highly variable with depth as well as horizontally over short 

distances (less than one metre), and are challenging to accurately represent using point-scale 
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measurements.  An alternative approach to ground-based soil moisture monitoring is the cosmic-

ray probe (Zreda et al., 2012), which provides ground-based measurements of average soil 

moisture at the intermediate field-scale, and is better suited for upscaling to satellite products 

than point-scale in situ probes.  A site-specific calibration of the cosmic-ray probe is required 

before this sensor can be used in validation campaigns. 

This thesis is organized around two of these themes.  First, an investigation of calibrating a 

cosmic-ray probe using an in situ network for intermediate scale soil moisture observation in the 

Arctic tundra will be described.  Second, the cosmic-ray probe and in situ network products are 

used to make a preliminary assessment of the SMAP soil moisture product over an Arctic tundra 

environment. 

1.1. Research Aims and Objectives  

Limited investigation into the applicability of remote sensing techniques to monitor soil 

moisture in Arctic tundra environments leads to this research question: Can remote sensing 

techniques developed to estimate soil moisture in homogeneous mineral soil environments be 

effectively implemented in a non-homogeneous Arctic tundra environment underlain by 

continuous permafrost?  Based on the above research opportunities, this research addressed two 

main objectives. 

1.1.1. Objective 1: Cosmic-ray Probe Calibration and Validation 

Part one of this research aims to evaluate the use of a cosmic-ray probe as a means to 

monitor soil moisture at an intermediate field-scale (100s of metres) in an Arctic tundra 

landscape underlain by continuous permafrost.  This will be undertaken by calibrating and 

validating a stationary cosmic-ray probe using a dense in situ soil moisture network.  The 

calibration and use of cosmic-ray probes has been researched extensively in agricultural 
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environments dominated by mineral soils, however assessments in more heterogeneous soil 

environments with heavily organic soils such as those found across much of the Arctic is non-

existent.      

1.1.2. Objective 2: SMAP Validation 

Part two of this research aims to perform a preliminary evaluation of the SMAP (Soil 

Moisture Active Passive) spaceborne sensor’s soil moisture product in the Canadian Arctic.  

SMAP successfully launched in January of 2015 with a combined microwave L-band high 

resolution radar and high accuracy radiometer, providing soil moisture estimates for the top ~5 

cm of soil in a 2-3 day repeat cycle global product.  On July 7th 2015, the radar sensor failed, 

leaving a 36 km radiometer product available for validation.  The SMAP soil moisture products 

have been evaluated in many mineral soil environments (Chan et al., 2016); however, the 

accuracy of SMAP in typical Arctic tundra has not yet been investigated.  The baseline 

requirement for SMAP is an estimate of soil moisture in the top ~5 cm of soil with an unbiased 

Root Mean Square Error of no greater than 0.04 m3 m-3 volumetric water content (Entekhabi et 

al., 2010).  The Ease-2 grid used globally to project SMAP soil moisture in a 36 km resolution 

product is heavily distorted at northern latitudes.  As a result, soil moisture data collected by the 

sensor within a 36 x 36 km area is being projected in an approximately 85 km by 15 km pixel in 

the North, raising concerns of the accuracy and representativeness of the 36 km soil moisture 

product in this region.  This research aims to evaluate the accuracy of SMAP to monitor soil 

moisture in the same Arctic tundra environment using the cosmic-ray probe calibrated in 

objective 1, as well as a dense in situ network.   
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1.2. Thesis Outline 

This thesis contains three subsequent chapters addressing the objectives listed above. 

Chapter 2 addresses the first objective of the thesis and its sub-objectives: calibrating and 

validating a cosmic-ray probe in mixed mineral and organic soil in the continuous permafrost 

zone. This manuscript includes the motivation for this study, the methods carried out in the 

research, the results, and a discussion of the results and their overall relevance.  Chapter 3 

addresses the second objective, and sub-objectives, of the thesis: to perform a preliminary 

validation of the SMAP 36 km soil moisture product in mixed mineral and organic soil in the 

continuous permafrost zone.  This manuscript is separated into study rationale, the methods used, 

and the results with a discussion of their relevance. Chapter 4 concludes with a summary of the 

major thesis findings, including recommendations for future research. 
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2. Calibration of a Cosmic-ray Soil Moisture Probe in the Western Canadian 

Arctic 

Abstract 

The cosmic-ray probe (CRP) is a unique in situ technology for soil moisture monitoring that can 

support ground-based validation of satellite products from an intermediate scale aerial footprint 

(~600 m diameter), which is favourable for upscaling to a regional satellite product over point-

scale in situ measurements.  Research is needed to evaluate cosmic-ray probe performance in an 

Arctic tundra environment underlain by continuous permafrost, as well as to establish the effective 

influence of other sources of water (surficial vegetation, root biomass, and lattice water) on the 

sensor’s estimate of soil moisture in this environment, and correct for this bias.  The objective of 

this study is to evaluate the use of a cosmic-ray probe in a mixed peat and mineral soil environment 

by conducting a calibration and validation study.  Research was conducted at Trail Valley Creek, 

NWT from July to August 2014, and June to August 2015.  In 2015 two calibration techniques 

were used: first, a single-day calibration was performed using volumetric soil cores, and second, 

the probe was calibrated using a time series from a temporary in situ network instrumented with 

Stevens Hydra Probes.  The single-day calibration produced an accuracy of 0.134 m3 m-3 RMSE 

with substantial deviations in the soil moisture signal that did not correspond with rain events.  The 

time series in situ network calibration resulted in an accuracy of 0.019 m3 m-3 RMSE, and was 

chosen as the preferred method for cosmic-ray probe calibration in this study.  The time series 

calibration was validated using an independent data series of in situ soil moisture measurements 

collected in 2014 to an accuracy of 0.045 m3 m-3 RMSE. 
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2.1. Introduction 

The effects of climate change are anticipated to be significantly more pronounced in polar 

regions, with permafrost degradation currently occurring in response to changes in temperature 

and precipitation regimes due to climate change in the Canadian Arctic.  Near surface soil 

moisture observations can be used as a primary indicator for permafrost degradation, as soil 

moisture influences the thermal regime and ice content of the ground, which are important 

factors controlling the sensitivity of permafrost to climate change (Hinkel et al., 2001; Smith et 

al., 2010; Pellet et al., 2016).  Wide scale observations of soil moisture can be made using 

satellite platforms; however, these satellite products require intensive ground-based validation 

campaigns that are often carried out using point-scale in situ monitoring networks.  These 

networks have a critical shortcoming when upscaled for satellite product validation, as they may 

not be representative of the true spatial heterogeneity of soil moisture in the surrounding area 

(Western & Blöschl, 1999).  Spatial scaling is important to consider when designing validation 

campaigns, as the nature of spatial variations in soil moisture may change with spatial scale 

(Petrone et al., 2004).  Until recently, there has been a clear gap in intermediate (100s of metres) 

field-scale measurement capabilities which would be better suited for satellite product validation 

than temporary in situ monitoring networks (Zreda et al., 2008; Hornbuckle et al., 2012). 

To address spatial heterogeneity and scaling issues for satellite validation, the cosmic-ray 

probe (CRP) was introduced to provide field-scale area-averaged soil moisture estimations from 

a stationary tower.  This is a viable technique to be used for validation of satellite-derived soil 

moisture retrievals in agricultural regions (Coopersmith et al., 2014) as well as regions with high 

leaf litter (Bogena et al., 2013); however, there is still uncertainty in how this methodology 

translates to a tundra location.  The complexity of mixed organic and mineral soil textures, 

hummocky micro-topography, shallow frost table depth, and shallow water table, which can 
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result in water ponding in inter-hummock regions, have had limited investigation for CRP 

performance.  Additionally, there is uncertainty in the actual zone of influence of the sensor 

regarding depth sensitivity in mixed organic and mineral soils.  Based on these uncertainties, our 

study is designed to examine the following objectives: 

 to investigate the viability of a CRP calibration approach that has proven successful in 

agricultural soils, in a complex tundra environment following the method recommended by 

Zreda et al. (2012); 

 to investigate an alternative field calibration approach for the CRP using a time series of in 

situ network measurements following Franz et al. (2012b) and assess how well this 

calibration holds from year to year; 

 to estimate CRP effective sensing depth in this environment following Bogena et al. (2013) 

and compare this result to what has been observed in other environments; 

 and to test the transferability of the established calibration between CRPs located in similar 

tundra sites approximately 10 km apart. 

2.2. The Cosmic-ray Probe (CRP) 

The use of cosmic rays to estimate soil moisture was first tested by Kodama et al. (1985) 

using sensors positioned in the soil, producing an area-average soil moisture with horizontal 

sensitivity of decimetres; however, this method was not used extensively in the following years.  

Zreda et al. (2008) demonstrated that placing a cosmic-ray probe above the soil increased the 

horizontal sensitivity of the sensor to hectometres and implemented these probes into an 

extensive Cosmic-ray Soil Moisture Observing System (COSMOS) network across the United 

States of America. This version of a cosmic-ray soil moisture probe (CRS-1000B, Hydroinnova, 

Albuquerque, USA) is used in the current study.  All cosmic ray soil moisture probes measure 
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soil moisture indirectly, utilizing interactions between naturally occurring fast neutrons and water 

near Earth’s surface.  The fast neutrons are produced in particle cascades triggered by galactic 

cosmic rays that enter the atmosphere and interact with the air and soil. Fast neutrons can pass 

back and forth between the air and soil, colliding with atomic nuclei and losing kinetic energy in 

the process.  After repeated collisions, the neutrons are gradually slowed to equilibrium with 

their surroundings or are captured by nuclei.  Hydrogen nuclei are the most effective at 

moderating and scattering fast neutrons in soil, and the density of moderated fast neutrons 

formed around the probe is approximately proportional to the concentration of hydrogen in the 

soil.  As hydrogen is a major component of water, this is approximately proportional to the 

volumetric water content present in the soil (Zreda et al., 2012).   

The CRS-1000B consists of two neutron detectors: a bare detector that responds to 

thermalized neutrons, and a polyethylene-shielded detector that responds mainly to moderated 

neutrons (Zreda et al., 2012), and an integrated data logger and satellite communication system 

allowing real time download of data.  Each detector records the number of neutrons colliding 

with the sensor over a given time period, usually set to one hour.  Incoming neutrons vary 

regionally due to latitude, as cosmic ray flux is modulated by Earth’s magnetic field, so that the 

poles receive much higher neutron intensity than the equator.  Additionally, cosmic ray flux 

decreases towards sea level due to higher air density.  These effects are accounted for with the 

use of a local calibration, which defines the relationship between soil moisture and the corrected 

moderated neutron intensity recorded by the sensor.  The corrections account for variations in 

barometric pressure, atmospheric water vapour, and solar activity (Zreda et al., 2012).  

Corrections applied to normalize counts for these variations are summarized in Appendix A.1.  

The CRP is mounted to a stationary tower approximately two metres above the surface and 

collects average measurements of soil moisture over a hectometre-scale radius.  Desilets and 
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Zreda (2013) report a footprint radius of ~300 m at sea level for dry-air reference conditions 

while Kohli et al. (2015) found that the footprint radius was ~240 m for bare soil and purely dry 

conditions at sea level.  There are a number of factors that control such differences in footprint 

radius, including atmospheric pressure, humidity and soil moisture.  Atmospheric water vapour 

shortens the mean free path for neutrons in the air so that the effective footprint decreases 

slightly with increased vapour pressure.  Furthermore, the footprint is inversely related to air 

density, so that the radius is also dependent on site elevation, while Desilets and Zreda (2013) 

found that soil moisture in the area surrounding the sensor also has a weak influence on the 

effective footprint radius.  They suggest that while interactions of neutrons with wetter ground 

should lead to more moderation, limiting the range of neutrons and making the footprint smaller, 

this influence seems to be minor compared to atmospheric conditions.   

In contrast to the CRP horizontal footprint, effective sensing depth is strongly dependent on 

soil moisture.  Under dry mineral soil conditions (i.e. zero volumetric water content), the 

effective depth can be upwards of ~70 cm.  The sensing depth is nonlinearly reduced to ~12 cm 

in mineral or sandy soils under saturated or near saturated soil conditions.  In these saturated soils 

the sensing depth is independent of air pressure (Zreda et al. 2008; Franz et al., 2012b; Zreda et 

al., 2012).  Further complicating this is the influence of additional sources of hydrogen such as 

lattice water in soil minerals, water in soil organic matter including roots, as well as hydrogen in 

soil organic carbon, which can strongly influence measurements in soils with high organic 

content by reducing the effective sensing depth of the instrument (Zreda et al., 2012).  Shallow 

frost table depth should not influence CRP readings, as Desilets et al. (2010) demonstrated that 

measurements of neutron fluxes are representative of land surface water in both liquid and solid 

states.  
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2.3. Methods 

2.3.1. Study Area  

Research was conducted at the Trail Valley Creek (TVC) research watershed (Figure 1).  

TVC is an established research basin (58 km2 in area) in an Arctic tundra environment in the 

continuous permafrost zone, and is located approximately 50 km northeast of Inuvik, NWT.  The 

region is characterized by low relief interior plains with some deeply incised river valleys (Pohl 

& Marsh, 2006) and sporadic coverage of thermokarst lakes and ice wedges (Marsh & Pomeroy, 

1996). The landscape consists of complex micro-topography due to frost action and is 

characterized by mineral earth hummocks that cover approximately 50 per cent of the ground 

surface (Figure 2).  Mean hummock diameter spans between 0.4 and 1.0 m, and mean height is 

between 0.1 and 0.4 m (Quinton & Marsh, 1999; Endrizzi et al., 2011).  Hummocks are typically 

composed of densely packed mineral earth overlain by a thin layer of organic soil at the surface, 

whereas inter-hummocks are typically composed of organic soil to the frost table (Quinton & 

Marsh, 1999; Quinton et al., 2000).  Refer to the cross-sectional hummock and inter-hummock 

schematic provided in Humphrey (2015) as a detailed visual aid. Within TVC, extensive data 

collection occurred in the vicinity of the TVC Main Meteorological station (TMM) and the TVC 

Upper Plateau (TUP) station.  Both TMM and TUP are located north of the northern fringe of the 

forest-tundra transition zone, with ground coverage typically composed of grasses and lichens on 

the raised tops of hummocks, and mosses and small vascular plants residing in the inter-

hummock regions (Burn & Kokelj, 2009).   
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Figure 1 Trail Valley Creek Upper Plateau (TUP) and Main 

Meteorological (TMM) research stations, located east of the Mackenzie 

Delta. 

 

The TMM and TUP stations each included a CRS-1000B (Figure 3) as well as a full 

meteorological station that collected measurements of air temperature, relative humidity, wind 

speed and direction, radiation balance, and precipitation.   

Field research was conducted over two summer field campaigns, spanning July through 

August in 2014 at TMM and TUP, and June through August in 2015 at TMM.  This research was 

limited to the snow-free season when the active layer was deep enough to install in situ stations, 

as well as to limit the complexity of snow cover, which can significantly alter the CRP signal, as 

the sensor is sensitive to hydrogen in snow. 
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Figure 2 Mineral earth hummocks are visible from the air and give 

the surface a speckled appearance due to raised micro-topography and 

vegetation coverage which differs from inter-hummock areas. 
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a) .
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b) . 
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Figure 3 CRS-1000B cosmic-ray probe, meteorological station, and 

general terrain for (a) TUP and (b) TMM study sites. 

 



15 

 

2.3.2. In situ Network 

In 2015, a three-month volumetric water content (θvn) time series was collected from a 

temporary network of five in situ sampling stations positioned within a radius of 200 m from the 

CRP (Figure 4) and within the estimated lateral footprint of the instrument as suggested by 

Desilets and Zreda (2013).  Each in situ station was instrumented with three Stevens Hydra Probe 

Soil Moisture sensors (Stevens Water Monitoring Systems Inc., Portland, Oregon) positioned 

horizontally within the soil stacked at 5, 10, and 20 cm depths to closely follow Franz et al. 

(2012b), while accounting for the shallow frost table in this location.  For operating principles of 

the Hydra Probe sensor, please refer to Stevens Water Monitoring System, Inc. (2008).  At each 

station, the soil’s real dielectric constant (RDC) and temperature were recorded hourly.  In situ 

stations were distributed in both hummock and inter-hummock locations to approximate the 

proportion of each within the CRP footprint, so that some stations were positioned in mineral 

earth hummocks and others were positioned in organic inter-hummocks.  This ratio of stations in 

hummocks and inter-hummocks was established using a 50 m transect within the CRP footprint, 

marking the length of each hummock and inter-hummock along the transect, establishing an 

approximate 77% hummock coverage and 23% inter-hummock coverage at this location. 
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Figure 4 2015 in situ soil moisture monitoring network 

(green) and CRP (red) positioned within the approximate 

CRP footprint (shaded grey) at TMM. 

 

To illustrate soil moisture variability in the top 20 cm of soil within the CRP footprint, a 

time series of Hydra Probe volumetric water content (θvn) recorded from the 2015 TMM in situ 

network is presented in Appendix A.3 (Figure 21).  We found that the greatest soil moisture 

signal changes occurred in the top 5 cm of soil in response to precipitation events, with the 

lowest signal response occurring in the profile at 20 cm depth.   

Soil moisture data sets used to validate the CRP calibration were established through the 

installation of temporary soil moisture monitoring networks installed during the 2014 summer 

field season from July 25th to August 23rd at TMM.  During 2014, the in situ network consisted of 

six stations located within the CRP footprint (Figure 5).   
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Figure 5 2014 in situ soil moisture monitoring network 

(yellow) and CRP (red) positioned within the 

approximate CRP footprint (shaded grey) for TMM (a 

similar sampling pattern was established for TUP). 

 

2.3.3. Data Computations and Statistical Analysis 

In situ Network Corrections 

The RDC values recorded by each of the 2015 network’s Hydra Probes were converted to 

θvn using individual calibration equations derived using soil cores and the dry-down method 

described in Burns et al. (2014).  All individual calibrations produced for both mineral and 

organic soils reported accuracies <0.04 m3 m-3.  For the 2014 data set, individual cores were not 

available at each of the sites, therefore in a second technique, a general mineral or organic 

calibration equation produced by averaging 2015 mineral or organic dry-down calibrations was 

applied.  A study by Rowlandson et al. (2013) reports that the accuracy of a soil-specific 

approach is higher than when a general mineral or organic equation is used; however, it 

introduces greater error (>0.04 m3 m-3) than when individual calibration equations established for 

each probe location are used for mineral soils.  The general organic equation for TVC was 
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developed using gravimetric soil cores of known volume collected in 2014 and 2015, which were 

sampled with a POGO Portable Soil Sensor (Stevens Water Monitoring Systems Inc., Portland, 

Oregon) prior to extraction. The POGO probe measured the soil’s RDC and is integrated for the 

top 5.7 cm of soil. 

The robustness of the general mineral or organic equations developed for the 2015 Hydra 

Probes was examined through a leave-one-out assessment.  This approach involves establishing a 

calibration equation for a soil core using data collected for all other cores of that soil type in a 

regression analysis, and omitting data from the core that is being calibrated.  Results of the 

general mineral or organic calibration equation yielded a root mean square error (RMSE) of 0.05 

m3 m-3 for organic soils and 0.06 m3 m-3 for mineral soils.  The organic equation was robust, as 

the average of the slope and intercept for all of the calibration equations produced in the leave-

one-out technique were statistically the same as the organic equation established using all cores.  

The mineral equation was not robust however, as the average slope and intercept were 

statistically different.  This is thought to be due to the small sample size available for calibration.   

In situ Hydra Probe representativeness was assessed using a Spearman’s r correlation 

matrix.  Probes reporting weak or no correlation to the rest of the network were removed from 

the cosmic-ray probe time series calibration as well as all validation assessments. In total, one 

probe (2-5) was removed from the 2015 5 cm in situ network average, and two probes (1-5 and 

3-5) were removed from the 2014 5 cm in situ network average, leaving four probes in the 5 cm 

network each year. 

Cosmic-ray Probe Computations 

The following analyses were used for CRP calibration, validation, and transferability 

assessments: 
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The mathematical calibration model used to convert corrected neutron counts (CORR) to an 

estimate of soil moisture is defined in Desilets et al. (2010) as:  

𝜃𝑔𝑐 =
𝑎0

(
𝐶𝑂𝑅𝑅
𝑁0

) − 𝑎1

− 𝑎2 
 

[1] 

where θgc is the CRP’s gravimetric water content [g g-1], N0 is the count rate over dry soil [h-1], 

and a0, a1, a2 are fitting parameters.  As network Hydra Probes report volumetric water content 

(θvn) [m
3 m-3], cosmic-ray probe θgc was converted to θvc following Bogena et al. (2013):  

𝜃𝑣𝑐 = (𝑎0 ∙ 𝜌𝑏𝑑) (
𝐶𝑂𝑅𝑅

𝑁0
− 𝑎1)

−1

− (𝑎2 ∙ 𝜌𝑏𝑑) 
 

[2] 

 

where, ρbd is the dry soil bulk density obtained from soil core samples collected within the CRP 

footprint [g cm-3].  Known area-average soil moisture established through ground sampling was 

substituted in the equation for θvc during calibration to fit N0.   

Statistical Analysis 

Calibration performance was quantified through assessment of the model’s RMSE when θvc 

was compared to the area-average estimate used for calibration, as well as when validated against 

the 2014 in situ network θvn time series using the equation:   

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑(𝑀𝑖 − 𝑂𝑖)2
𝑁

𝑖=1

 

 

[3] 

   

where N is the number of verifying data points, Mi is the modeled θvc at time i, and Oi is the 

observed θvn at time i. Low RMSE values represent a strong relationship between observed in 

situ network θvn and modelled CRP θvc and indicate a high model performance. 
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2.3.4. Single-Day Calibration 

Calibration 

The first approach used for CRP calibration followed the technique described by Zreda et 

al. (2012), wherein gravimetric soil core samples were collected to estimate a single value of 

area-average soil moisture within the CRP sensing footprint. Using this approach, 72 soil cores 

were collected in a single day in June, 2015 at three radial distances from the probe (25, 75, and 

175 m) and in six radial directions (every 60°), from 0 to 20 cm in 5 cm increments to capture the 

soil moisture profiles.  Core collection was limited to 20 cm rather than 30 cm depth, as is 

recommended by Zreda et al. (2012), as the shallow frost table depth prevented collection to 30 

cm.  Following Franz et al. (2012b) and Zreda et al. (2012), all coring locations were given equal 

weight for computing area-average soil moisture.  As the core collection took approximately 8 h 

to complete, we used an 8-h average corrected neutron count (CORR) over the same period to 

determine N0 in [1].  Universal constants a0 (- 0.0808), a1 (0.372), and a2 (0.115) (Desilets et al., 

2010) were used in [1] to determine N0. 

Validation 

 This calibration was validated against the 2015 in situ network θvn time series, to test how 

well the single day calibration performed over the three-month network data set.   CRP θvc 

estimates obtained from the model were compared against the 2015 network area-average soil 

moisture and the resulting RMSE was assessed to determine the accuracy of this calibration. 

2.3.5. Time Series Calibration and Validation 

Calibration 

The second technique used for CRP calibration followed Franz et al. (2012b).  Model 

calibration to determine the optimal N0 and fitting parameter a0, a1, and a2 values in [1] was 

performed and was fitted to the time period June 15th to August 20th of the 2015 in situ network 
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θvn observations. This calibration required modification of the “a” fitting parameters in addition 

to calibrating the N0 parameter, as application of the standard values for the “a” fitting 

parameters (Desilets et al., 2010) resulted in an accuracy in this case greatly exceeding the <0.04 

m3 m-3 RMSE required for SMAP product validation.  This is consistent with methods used by 

Franz et al. (2012b), who note that hydrogen in the mineral structure of soil could significantly 

differ among soil types, so that the relationship between fast neutrons and θv in pore space may 

be affected.  As a result, modification of the “a” fitting parameters might solve for additional 

hydrogen not accounted for explicitly in the N0 parameter. 

Area-average soil moisture used in this time series calibration was achieved by integrating 

Hydra Probe soil moisture estimates from all in situ stations within the CRP footprint to produce 

an area-average estimate for each hourly time step of the three-month sampling.  This averaging 

was performed for various probe depth combinations (Table 1), which were each used in 

different calibration tests to determine the optimal calibration model.  In all tests, arithmetic 

average was calculated horizontally, while both arithmetic and linear weighted average (Franz et 

al., 2012b) were calculated vertically in independent tests to account for the differing influence 

of probes at depth on area-average soil moisture.  The calibration test producing the lowest 

RMSE and therefore highest accuracy was selected as the optimal calibration model.   

Validation 

The optimal calibration model was then validated using an independent in situ network θvn 

time series that was collected at TMM in 2014.  Area-average soil moisture within the CRP 

footprint was established using the same probe depths from the in situ network employed for the 

optimal calibration model above. CRP θvc estimates obtained from the model were compared to 

the 2014 network area-average soil moisture and the resulting RMSE was assessed to determine 

the accuracy of this calibration from year to year. 
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2.3.6. Effective Sensing Depth 

To account for additional sources of hydrogen influencing CRP sensing depth, core 

samples of root biomass, lattice water content, and soil organic matter (SOM) were sampled at 

six randomly selected sites of the total 18 sites used for single day soil moisture calibration 

within the estimated CRP lateral footprint.  These cores were collected from 0 to 20 cm depth 

and segmented into 5 cm increments to establish average hydrogen content within the soil 

profile.  At each of these core sample sites a 20 x 20 cm surface vegetation water content sample 

was also collected following Bogena et al. (2013).  Samples of lattice water, root biomass, and 

SOM were collected once at the time of CRP calibration as they were not expected to change 

significantly over the growing season.  Lattice water content analysis was performed at Actlabs, 

Ontario, Canada.  Lattice water is defined as the amount of water released when soil that has 

previously been dried at 105°C is ground and heated to 1000°C (Franz et al., 2012b).  Root 

biomass was determined following the washed soil coring method described in (Gregory, 2006) 

in which roots are extracted from cores of known volume, washed, oven dried, and weighed.  

SOM was determined following the loss on ignition methods described in Hoogsteen et al. 

(2015), in which ground soil samples are dried for one hour at 100°C and weighed, then dried at 

550°C for four hours, cooled in a desiccator and reweighed at room temperature. 

To determine CRP effective sensing depth, the function published in Bogena et al. (2013) 

and modified from the original function published in Franz et al. (2012b), was used:   

𝑧∗ = 5.8(𝜌𝑤
−1𝐻𝑝 + 0.0829)−1 [4] 

where z* is the effective measurement depth, ρw is the density of liquid water [g cm-3], and Hp is 

the total belowground hydrogen pool.  The coefficient 5.8 represents the 86% cumulative 

sensitivity depth (in cm) of low-energy neutrons in liquid water, and 0.0829 represents the slope 

of the relationship, which is controlled by the nuclear cross-sections of silicon dioxide (Franz et 
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al., 2012b).  Hp quantifies the combined influence of belowground hydrogen pools on measured 

neutron intensity using the equation: 

𝐻𝑝 = 𝐿𝑊 + 𝑆𝑂𝑀 + 𝑅𝐵 + 𝜌𝑤𝜃𝑣𝑐 [5] 

where LW is lattice water held in mineral grains [g cm-3], SOM is water in organic matter [g cm-

3], RB is water held in root biomass [g cm-3], ρw is the density of liquid water [g cm-3], and θvc is 

the soil’s volumetric water content [m3 m-3] (Bogena et al., 2013). 

2.3.7. Calibration Transferability 

To test calibration model transferability between CRPs in similar tundra locations for the 

sensors at TMM and TUP, the calibration established using 2015 data at TMM was applied to 

2014 TUP corrected neutron counts.  This calibration was validated at TUP using an in situ soil 

moisture network that was established during the 2014 summer field campaign from July 23rd to 

August 23rd at TUP.  This was accomplished using the same network configuration as at TMM in 

2014.  The same mineral and organic Hydra Probe calibrations used for the TMM 2014 date set 

were also applied to all RDC observations recorded in 2014 at TUP.  Calibration goodness of fit 

was determined through RMSE and linear regression (R2) assessment.   

2.4. Results and Discussion  

2.4.1. Single-Day Coring Calibration 

The first approach tested for CRP calibration was the single-day calibration using 

gravimetric cores following Zreda et al. (2012).  Prior to calibration, moderated neutron counts 

were averaged over a 24h period to remove the diurnal pattern in counts inherent to the probes.  

This is consistent with methodology from Irvin (2013) and Zreda (personal communication, 

2014).  In this instance, daily averaging was necessary as it also reduced extreme fluctuations in 

counts (which would have resulted in CRP outputs over 500% θvc).  Using hourly neutron counts 

resulted in 0.19 m3 m-3 RMSE and daily averaging reduced this error to 0.134 m3 m-3 RMSE.  
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Despite the improvement made from daily averaging, it was determined that this calibration 

technique was not ideal, with the following examples showing that the CRP soil moisture output 

did not follow precipitation patterns as would be expected.  A time series plot of the single-day 

coring calibrated CRP soil moisture output and the 2015 5 cm depth in situ network soil moisture 

are presented in Figure 6a.  On June 28th there was a rain event totalling 10.5 mm that resulted in 

no discernable change in θvc readings from the CRP, while on July 7th there was an increase in θvc 

of approximately 0.6 m3 m-3 that does not correspond to a substantial rain event.  By comparison, 

the in situ network responded to precipitation events with minor increases in soil moisture at 5 

cm depth.  It is hypothesized that this is due to high porosity in the upper organic layer of the 

soil, resulting in fast initial drainage from this layer which then ponds and flows along the 

surface of the impermeable frost table.  The water retention curve for peat in early stages of 

decomposition has high initial drainage due to high porosity and then levels off to retain much of 

the water remaining (Verry et al., 2011), which helps to explain the fairly consistent soil moisture 

signal in this layer between precipitation events throughout the monitoring period.  As this initial 

drainage is a rapid process, daily averaging of the soil moisture product removes much of this 

signal from initial hourly soil moisture measurements recorded by the 5 cm in situ network 

(Figure 20 in Appendix A.2). 
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a) 

 
  

b) 

 
Figure 6 (a) Mean daily observed in situ network θvn and modelled CRP θvc using the 2015 single-day 

coring calibration. (b) Correlation between the 2015 single-day coring θvn and CRP θvc derived from 

the 2015 single-day coring calibration. 
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2.4.2. Time Series Calibration and Validation 

Calibration 

The second technique for CRP calibration employed a time series of θvn measurements 

collected from the 2015 in situ network at TMM, wherein the calibration model’s N0 and “a” 

parameters in [1] were fit to the time series of area-average soil moisture estimates derived from 

the temporary network.  Additionally, daily mean as opposed to hourly θvn was used for 

calibration as it removed sensor noise not related to changes in soil moisture from both in situ 

and CRP data sets. To establish network average soil moisture that would reflect the vertical 

sensitivity of the CRP, a number of combinations of Hydra Probes measurements from 5, 10, and 

20 cm depths were tested to determine which soil layer the CRP signal was most sensitive to.  

This was determined by evaluating which calibration produced the lowest RMSE.  In all 

calibration tests, to compute area-average θvn, arithmetic average was used horizontally with all 

stations, whereas vertically both linear and arithmetic averages were tested following Franz et al.  

(2012b). 

It was determined that the CRP signal was most sensitive to soil moisture in the top 5 cm of 

soil, resulting in a calibration accuracy of 0.019 m3 m-3 RMSE when daily mean data was 

assessed (Figure 7a).  Calibration results for all tested probe combinations are presented in Table 

1.  The 5 cm time series calibration resulted in a CRP θvc that more closely followed precipitation 

trends and best fit the 5 cm probe θvn signal.  There are some anomalies in the CRP time series, 

such as the decrease in soil moisture on August 10th despite many days of rain, but these 

anomalies are characteristic of the initial cosmic-ray neutron intensities recorded by the sensor 

and therefore persist after calibration despite daily averaging, regardless of the probe depths used 

to calibrate the sensor.  Correlation (R2) between the 2015 5 cm in situ network θvn and CRP θvc 

derived from the 2015 5 cm in situ time series calibration is weak in this case, both due to the 
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lack of substantial variability in measurements throughout the three months as well as the 

anomalies in initial CRP neutron measurements (Figure 7b).   

 

a) 

 
  

b) 

 
Figure 7 (a) Mean daily observed 5 cm in situ network θvn and modelled CRP θvc the using the 

2015 5 cm in situ time series calibration. (b) Correlation between the 2015 5 cm in situ network 

θvn and CRP θvc derived from the 2015 5 cm in situ time series calibration.  A different scale was 

used in this correlation plot than in Figure 6b as CRP soil moisture was much lower using the 

time series calibration technique.  
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Table 1 CRP calibration results using different combinations of 

probe depths and averaging techniques with depth. 
 

Probe Depths 

Included 

[cm] 

Averaging 

Technique  

with Depth 

RMSE 

Hourly 

[m3 m-3] 

RMSE 

Daily 

[m3 m-3] 

5 --- 0.022 0.019 

10 --- 0.258 0.257 

20 --- 0.238 0.238 

5 + 10 Arithmetic 0.205 0.205 

5 + 10 + 20 Arithmetic 0.215 0.215 

10 + 20 Arithmetic 0.247 0.247 

5 + 10 Linear Weighted 0.174 0.174 

5 + 10 + 20 Linear Weighted 0.177 0.177 

10 + 20 Linear Weighted 0.253 0.253 

 

Validation 

The 2015 5 cm CRP θvc calibration was validated against an independent θvn dataset from 

the 5 cm 2014 in situ network.  This validation resulted in an accuracy of 0.045 m3 m-3 RMSE. It 

is hypothesized that the discrepancy in accuracy between the two data sets is due to a higher 

proportion of stations positioned in organic soil at 5 cm depth for the 2014 network, which would 

reduce the representativeness of the network relative to the CRP.  Five out of the six 5 cm Hydra 

Probes in the 2014 TMM network were positioned in organic soil, compared to three out of five 

in organic soil in the 2015 network.  As there was approximately 77% hummock coverage with 

hummocks comprised of mostly mineral soil, the 2015 network could be considered more 

representative than the 2014 network, which should be kept in mind when evaluating the 

validation results.  A table presenting the soil type (organic or mineral) at each Hydra Probe 

location for both 2014 and 2015 in situ networks is presented in Appendix A.3 (Table 5).   
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The CRP reported θvc values that closely approximated the same θvn output from the 2014 5 

cm in situ network, however there were still CRP anomalies that did not reflect precipitation 

patterns despite daily averaging (Figure 8a).  R2 was marginally higher in validation than initial 

calibration, however is still very weak; again due to lack of measurement variability within the 

time series as well as CRP measurement anomalies (Figure 8b).   
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b) 

 
Figure 8 (a) Validation of the 2015 5 cm CRP θvc calibration applied to 2014 corrected neutron 

counts using an independent 2014 5 cm in situ network θvn time series. (b) Correlation between 

the 2014 5 cm in situ network θvn and CRP θvc derived from the 2015 5 cm in situ time series 

calibration. 

 

2.4.3. Effective Sensing Depth 

Mean soil properties within the TMM CRP footprint used to estimate belowground 

hydrogen pools are presented in Table 2.  Plots presenting the variability of these pools within 

each soil layer are presented in Appendix A.4 (Figure 22). 

 

Table 2 Mean Trail Valley Creek Main Meteorological station soil properties derived from soil 

samples within the CPR footprint, collected according to the COSMOS sampling scheme. 
 

Depth  

(cm) 

Vegetation 

Water 

Content 

[kg m-2] 

Particle 

Density  

[g cm-3] 

Bulk 

Density  

[g cm-3] 

Porosity  

[%] 

Lattice 

Water  

[g cm-3] 

Root 

Biomass  

[g cm-3] 

Soil 

Organic 

Matter  

[g cm-3] 

Surface Vegetation 0.889 --- --- --- --- --- --- 

0-5 --- 0.23 0.14 68.32 0.020 0.028 0.083 

5-10 --- 0.83 0.38 48.50 0.029 0.041 0.114 

10-15 --- 1.25 0.64 48.43 0.042 0.028 0.119 

15-20 --- 2.17 0.91 46.63 0.053 0.009 0.139 
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The modified function for effective sensing depth [4] used by Bogena et al. (2013) is 

required for this environment, as the function accounts for the influence of additional hydrogen 

pools on CRP effective sensing depth.  Hydrogen pools within the soil have a significant 

influence on the effective sensing depth of a CRP, as increased hydrogen content including non-

liquid water, attenuates high energy cosmic-ray neutrons faster and at shallower depths, and is 

substantial in this environment due to the abundance of near-surface organic soils.  This is clear 

in the effective sensing depth estimation for TMM, as the mean sensing depth for the three-

month period studied was reduced from 15.1 cm when only liquid water was accounted for, to 

10.4 cm with the inclusion of all belowground hydrogen pools (Figure 9).  This is much 

shallower than estimates from other CRPs as Franz et al. (2012b) reported observing 20-40 cm 

sensing depth in sandy loam soils, but is consistent with findings from Franz et al. (2012a) that 

conditions with deep organic layers and high lattice water led to small effective depths 

approaching at times as shallow as 6 cm.  Uncertainty in our estimate is raised when considering 

why the CRP was most sensitive to the shallower 5 cm in situ network and not the 10 cm probes 

as this estimate suggests.  It is hypothesized that the CRP could be influenced by other sources of 

hydrogen not accounted for in this estimate such as soil organic carbon, which could aid in 

explaining this inconsistency as plant carbon is also a neutron moderator (Desilets et al., 2010).  

Further research is needed to evaluate the influence of this source on CRP effective sensing depth 

in tundra locations with significant soil organic carbon pools. 
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Figure 9 CRP effective sensing depth estimated using only θvc in [4] as well as effective 

sensing depth estimated using all belowground hydrogen pools in [4].  The variability in 

effective sensing depth through time coincides with deviations in CRP soil moisture 

measurements (red). 

 

2.4.4. Calibration Transferability 

The transferability of the 2015 CRP model calibrated for the TMM CRP was tested by 

applying the model to the TUP CRP located at a similar tundra location approximately 10 km 

from TMM.  This transferability test was validated using the 2014 5 cm in situ network time 

series collected within the TUP CRP footprint.  This validation resulted in a 0.17 m3 m-3 RMSE, 

indicating that a site-specific calibration must be applied to each individual CRP, regardless of 

location proximity or likeness, if the sensor is to be used for satellite validation purposes.  This 

CRP reported less amplified measurement anomalies than the TMM CRP and more closely 

followed precipitation patterns; however, the TMM CRP calibration consistently underestimated 

θvc when compared to the 5 cm in situ network θvn estimate (Figure 10). As with the 2014 TMM 

validation network, some discrepancy in accuracy between the two data sets could be due to a 

higher proportion of stations located in organic soil for the 2014 TUP network.  All six of six 
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Hydra Probes at 5 cm depth were positioned in organic soil, leading to a degree of uncertainty in 

the representativeness of this network for transferability validation purposes.   

a) 

 
  

b) 

 
Figure 10 (a) Transferability of the TMM CRP 5 cm time series calibration to the TUP CRP 

validated using the observed 2014 TUP 5 cm in situ network. (b) Correlation between the 2014 

TUP 5 cm in situ network θvn and TUP CRP θvc derived from the 2015 TMM 5 cm in situ time 

series calibration. 
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2.5. Conclusions 

This research investigated the calibration of a CRP to produce area-average soil moisture 

estimations in a mixed soil tundra environment in the Western Canadian Arctic that is 

complicated by permafrost and seasonally varying active layer depth.  We compared two 

different calibration techniques, first using the single-day gravimetric core calibration, and 

second using a three-month time series of soil moisture measurements collected from in situ 

stations within the CRP footprint.  It was determined that the time series calibration was a more 

appropriate choice for this environment and this method was calibrated within the <0.04 m3 m-3 

RMSE accuracy required for SMAP soil moisture product validation.  Validation error was 

slightly higher with 0.045 m3 m-3 RMSE; however, this increase in error may be due to an in situ 

network that was not representative of the true soil moisture content within the CRP footprint due 

to over sampling in organic soils (Table 5).  

It was established that the CRP was most sensitive to the moisture signal in the top 

approximately 5 cm of soil, and as a result, the CRP was calibrated using the 5 cm depth Hydra 

Probe network.  This finding was contradictory to the effective sensing depth estimation, which 

indicated an approximately 10 cm effective sensing depth, on average, when belowground 

hydrogen pools were accounted for.  This discrepancy may stem from a missing hydrogen source 

that was not accounted for in this estimate such as soil organic carbon, which we suggest should 

be investigated in more detail in future studies.   

Lastly, it was determined that the calibration produced in this study is site-specific and 

cannot be transferred to other CRPs in similar tundra locations as we were unable to achieve the 

minimum accuracy required for the SMAP satellite product validation campaign.  However, this 

result could be limited to CRPs in tundra locations and therefore we recommend calibration 
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transferability should be further investigated in future studies to assess CRPs located in 

environments with more homogeneous mineral soils. 
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3. Validation of the Soil Moisture Active Passive (SMAP) Satellite Soil 

Moisture Retrieval in the Western Canadian Arctic 

Abstract 

Permafrost degradation in the Canadian Arctic is a significant consequence of variations in 

temperature and precipitation regimes associated with climate change in this region. Soil moisture 

is a controlling variable for the rate of permafrost thaw within the soil, and is therefore a key 

variable to aid in our understanding of permafrost degradation.  Consequently, establishing reliable 

methods to monitor active layer soil moisture is increasingly important.  The Soil Moisture Active 

Passive (SMAP) mission has shown promise for use in agricultural mineral soils; however, 

investigation into the performance of this technology over mixed porous organic peat and mineral 

soil found in the Arctic tundra has been limited. The objective of this study is to evaluate the current 

SMAP soil moisture processing algorithm in mixed mineral and organic soils.  Research was 

conducted at Trail Valley Creek (TVC), NWT, from June through August 2015. Ten temporary in 

situ soil moisture monitoring stations and one permanent stationary cosmic-ray probe were 

employed within a SMAP 36 x 36 km radiometer pixel. Steven’s Hydra Probe soil moisture sensors 

were installed at each in situ station measuring soil moisture, temperature and dielectric 

permittivity at 5 cm and 20 cm depths. Additionally, measurements of vegetation water content, 

frost table depth, and precipitation were collected throughout the campaign to assess potential 

influences of variability in these measurements on SMAP soil moisture product accuracy.  Results 

indicate a consistent dry bias of the SMAP soil moisture product at this study site.  The RMSE 

between the SMAP soil moisture and the network derived soil moisture is >0.09 m3m-3, and >0.014 

m3m-3 between SMAP and the cosmic-ray probe, both with virtually no correlation.  There is 

currently a concern regarding the accuracy of the SMAP soil moisture product due to significant 

distortion of the product when processed to the EASE-2 grid in northern latitudes.  The Community 
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Microwave Emission Model (CMEM) was employed using ground-based soil moisture inputs to 

determine if poor SMAP accuracy is a projection issue that could be solved by reprocessing the 

soil moisture product on a more locally appropriate polar grid in northern latitudes, or if it is an 

algorithm problem.  Results of this analysis indicate a moderate positive correlation between 

SMAP brightness temperature and the 5 cm in situ network (r = 0.44), and warrants further 

investigation into reprocessing the soil moisture data on the polar grid for successful application 

in Arctic regions.     

3.1. Introduction 

High latitude regions are very vulnerable to climate change, and are expected to experience 

substantial shifts in temperature and precipitation regimes.  Permafrost degradation is a 

significant consequence of this change in the Canadian Arctic, and both warming of permafrost 

as well as loss in the overall area underlain by permafrost have already been observed. Soil 

moisture is a moderating factor for the rate of permafrost thaw within the soil, and is therefore a 

key variable to aid in our understanding of permafrost degradation.  Consequently, establishing 

reliable methods to monitor active layer soil moisture is increasingly important.  Due to the vast 

area underlain by permafrost and the inaccessibility of much of the North, long term soil 

moisture monitoring is best suited to remote sensing platforms.  Satellite platforms can offer 

global soil moisture products at fine temporal resolution to monitor near-daily trends in soil 

moisture variability.  The Soil Moisture Active Passive (SMAP) mission launched in 2015 with 

microwave L-band radar and radiometer, providing soil moisture estimates for the top ~5 cm of 

soil in a 2-3 day repeat cycle global product at 3 km, 9 km, and 36 km resolution (Entekhabi et 

al., 2010).  On July 7th 2015, the radar sensor failed, leaving a 36 km radiometer product 

available for validation.  As a global satellite product, SMAP has shown promise in preliminary 
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validation campaigns by meeting mission accuracy requirements in agricultural mineral soils.  

However, investigation of the sensor’s performance has been limited over complex mixed 

organic and mineral soils.  Further complicating accuracy assessments in Arctic regions are 

hummocky micro-topography, shallow frost table depth, and shallow water table, which can 

result in water ponding in inter-hummock regions that is difficult to quantify using in situ 

techniques.  Based on these uncertainties, our study is designed to examine the following 

objectives: 

 to evaluate the accuracy of the SMAP 36 km soil moisture product in a typical Arctic tundra 

environment using a stationary cosmic-ray probe and temporary in situ network; 

 to assess the temporal variability in SMAP soil moisture estimate error and attempt to 

determine the dominant ground controls on this error through time; 

 and to employ a forward model to estimate surface brightness temperature within the SMAP 

footprint and compare this to SMAP brightness temperature to determine if poor soil 

moisture product accuracy is a projection problem or an issue with retrieval algorithms. 

3.2. Passive Microwave Remote Sensing 

Passive microwave remote sensing can provide frequent global retrievals for mapping and 

monitoring soil moisture with time.  These regional scale measurements are particularly useful 

for weather and climate forecasting, as accurate soil moisture information enhances predictive 

skill and allows for improved seasonal climate predictions, benefitting climate-sensitive hazard 

monitoring (Entekhabi et al., 2010).  The availability of extensive global soil moisture records 

will also benefit future research campaigns that require information on long-term soil moisture 

trends (Mladenova et al., 2014).   
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Radiometer sensors offer significant value in that in the absence of dense vegetation cover, 

the received radiometer signal is dominated by the soil’s moisture content (Njoku & Entekhabi, 

1996).  Additionally, the retrieved signal is unaffected by both cloud cover and variable surface 

solar illumination.  Radiometers typically offer a much coarser resolution soil moisture product 

(in the tens of km scale) than active radar retrievals, however they produce higher retrieval 

accuracy than radar products because of their lower sensitivity to surface characteristics such as 

vegetation and micro-topography.  L-band microwave remote sensing in particular, has been 

shown to be the most sensitive to soil moisture and is frequently used in satellite and ground 

based applications, operating at 1.4 GHz.  An L-band sensor’s brightness temperature emission 

originates from approximately the top 5 cm of soil, with measurements sensitive to soil moisture 

through ~5 kg m-2 water content in the above vegetated layer.  Conversely, higher frequency 

radiometers, such as those operating in C-band (~6 GHz) or X-band (~10GHz), offer penetration 

depth for soil moisture measurements representative of only the top ~1 cm or less of soil, as well 

as greater attenuation of the signal when vegetation is present (Entekhabi et al., 2010).   

Passive microwave remote sensors obtain information about the Earth’s surface from 

naturally emitted low frequency microwave energy.  As such, the influence of land surface 

variables such as standing water, vegetation, surface roughness, and soil texture on the received 

microwave signal must be accounted for.  The soil moisture contribution to the retrieved signal is 

estimated by removing the effects of vegetation and the atmosphere which act to attenuate the 

emitted energy, and estimating surface emissivity using ancillary datasets (Mladenova et al., 

2014).  As one example, SMAP’s processing algorithm uses ancillary land cover data to 

discriminate both static and transient water bodies within a pixel and remove this influence from 

the received brightness temperature as a water fraction input (Kim et al., 2012).  Screening to 

flag unreliable data or conditions where reliable data acquisition is not possible, such as high 
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water fraction pixels or areas with dense vegetation, is conducted after ancillary data sets have 

been incorporated and if favourable, processing is performed.  Brightness temperature is then 

converted to a dielectric constant, and using a dielectric mixing model the final soil moisture 

estimate is made and output into the original resolution of the brightness temperature retrieval 

(Mladenova et al., 2014).   

3.3. Methods 

3.3.1. Study Area 

Research was conducted at Trail Valley Creek (TVC), located approximately 50 km 

northeast of Inuvik in the Northwest Territories.  TVC is in the forest-tundra transition zone, 

although primarily tundra, and is underlain by continuous permafrost, and periglacial features 

including hummocky micro-topography and ice-wedge polygons dominate the ground surface 

(Marsh & Pomeroy, 1996).  Active layer thickness can be upwards of 2 m in some locations in 

late summer, however this depth can vary substantially across large and micro-topographic 

features.  The soil profile is organic cryosols, consisting of predominantly silty clay mineral earth 

soil covered in a thin upper organic layer that includes peat, ranging in thickness from 0.2 to 0.5 

m (Quinton & Marsh, 1999; Pohl et al., 2007).  Vegetation coverage is predominantly upland 

open tundra and shrub tundra (Endrizzi & Marsh, 2010).  The climate is characterized by short, 

cool summers and long, cold winters, with mean daily temperature rising above 0 °C in late May 

and falling below 0 °C in early October (Endrizzi et al., 2011).  Most of the precipitation that 

falls as rain occurs in late summer (Endrizzi et al., 2011); however, much of the annual 

precipitation falls as snow (Pohl et al., 2007), and snowmelt in the region usually occurs during 

May and June (Pohl & Marsh, 2006). 
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Figure 11  Trail Valley Creek Upper Plateau (TUP) and Main 

Meteorological (TMM) research stations, located east of the Mackenzie 

Delta. 

 

3.3.2. In situ Network, Hand Sampling Network, and Cosmic-ray Probe 

In situ Network 

A two-month volumetric water content (θv) time series (June 19th through August 20th, 

2015) was collected from a dense temporary network of 10 in situ sampling stations.  In situ 

stations were installed in two distinct clusters (Figure 12) that were initially intended for 

validation of two SMAP 3 km radar product pixels; however, both network clusters are also 

encompassed within one SMAP 36 km radiometer pixel (Figure 13). Stations were distributed to 

represent, as much as possible, the heterogeneity in ground coverage within the pixel; however, it 

is acknowledged that no stations were located in the forested segment of the Mackenzie River 

Delta in the southwest portion of the pixel.  Because water bodies are masked by incorporating a 
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water fraction to retrieval algorithms, representing open water bodies in this validation was not 

necessary. 

This network exceeded the minimum number of stations (five stations) required to validate 

a SMAP 36 km soil moisture pixel, as recommended by Tom Jackson, member of the SMAP 

Science Definition Team at NASA (personal communication, date unspecified).  Each in situ 

station was instrumented with two Stevens Hydra Probe Soil Moisture sensors (Stevens Water 

Monitoring Systems Inc., Portland, Oregon) positioned horizontally within the soil at 5 and 20 

cm depths to closely follow the ideal validation network parameters outlined by Entekhabi et al. 

(2014), while accounting for the shallow frost table in this location.  For operating principles of 

the Hydra Probe sensor, please refer to Stevens Water Monitoring System, Inc. (2008).  Core 

validation sites for the SMAP campaign have used monitoring networks with probes at 5 cm 

depth as the primary means for product validation (Chan et al., 2016).  At each station, the soil’s 

real dielectric constant (RDC) and temperature were recorded hourly.  The RDC values recorded 

by each Hydra Probe were converted to θv using individual calibration equations derived using 

soil cores and the dry-down method described in Burns et al. (2014).  All individual calibrations 

produced for both mineral and organic soils reported accuracies <0.04 m3 m-3.   



43 

 

 
 

Figure 12 Temporary in situ soil moisture stations installed at 

Trail Valley Creek Main Meteorological (TMM) and Upper 

Plateau (TUP) research stations. Combined continuous 

monitoring and hand sampling stations are coloured blue, hand 

sampling-only stations are coloured green, and cosmic-ray probes 

are coloured red. 
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Figure 13 The 36 km SMAP pixel validated in this study 

(yellow).  Using a detailed visual inspection, it was determined 

that this pixel was comprised of 50% open shrubland, 20% 

forest, and 30% water. 

 

Hand Sampling Network 

 Additional near-surface soil moisture estimates were collected to establish soil moisture 

variability within the pixel by hand sampling using a portable Stevens POGO probe (Stevens 

Water Monitoring Systems Inc., Portland, Oregon), and FieldScout TDR 300 Soil Moisture 

Meter (Spectrum Technologies, Aurora, Illinois).  For operating principles of the Stevens POGO 

and FieldScout TDR 300 probes, please refer to Stevens Water Monitoring System, Inc. (2016) 

and Spectrum Technologies, Inc. (2011), respectively.  The soil’s RDC was measured using the 

POGO probe and is integrated for the top 5.7 cm of soil, and volumetric water content using the 

FieldScout probe is integrated for the top 20 cm of soil, at five in situ network stations and 20 



45 

 

additional hand sampling stations located at TMM (Figure 12).  The POGO’s recorded RDC was 

converted to θv using a generalized calibration equation applicable in both mineral and organic 

soils developed using gravimetric soil cores of known volume collected in 2014 and 2015.  The 

FieldScout’s manufacturer reported θv was calibrated for location specific soils using the same 

gravimetric soil core collection technique.  Both developed calibrations reported accuracies of 

0.05 m3 m-3 when used in both mineral and organic soils. 

Cosmic-ray Probe 

 The CRS-1000B cosmic-ray probe (Hydroinnova, Albuquerque, USA) installed at the 

TVC main meteorological research station was used to provide field-scale estimates (~600 m 

diameter around the probe) of soil moisture to be used in tandem with the in situ network for 

continuous monitoring of near-surface soil moisture for SMAP validation.  The cosmic-ray probe 

(CRP) produces an hourly volumetric water content (θv) product reprocessed to a daily product, 

with reported accuracies of 0.019 m3 m-3 (refer to Chapter 2.4.2). 

3.3.3. Evaluation of Radiometer Soil Moisture Product Performance 

Evaluation of SMAP performance was conducted for one 36 km radiometer soil moisture 

product pixel covering TVC.  To validate this product, both TMM and TUP in situ Hydra Probe 

networks, the hand sampling network, as well as the CRP located at TMM were employed as 

ground-based soil moisture estimates.  Six integrated regional average soil moisture estimates 

were produced using an arithmetic average for the TVC SMAP pixel, including the 5 and 20 cm 

in situ network, the 5 and 20 cm hand sampling network, the CRP, and a combined 5 cm in situ 

network and CRP estimate.  Daily averaging of ground-based measurements was employed for 

comparability to the daily SMAP overpass.  As it was difficult to determine which estimate was 

the most accurate or the most comparable to what SMAP was sensitive to, the SMAP soil 

moisture product was compared to each ground-based estimate to establish potential relationships 
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in soil moisture signals. SMAP performance was quantified through assessment of SMAP 

residual error when validated against the ground estimates in a Root Mean Square Error (RMSE) 

analysis.  Additionally, performance was quantified in a linear regression where SMAP soil 

moisture was compared the ground-based estimates for each SMAP overpass and assessment of 

the sensor’s correlation coefficient (r) took place.   

3.3.4. Controls on SMAP Soil Moisture Product Error 

To identify the source of the variability in SMAP’s soil moisture error through time, 

variables identified as potential ground controls were measured periodically throughout the field 

campaign and were compared to SMAP product error to find potential trends.  SMAP soil 

moisture underestimation was defined here as the underestimation from the 5 cm in situ network 

soil moisture measurements.  These ground variables included surficial vegetation water content 

(VWC) and frost table depth (FTD) measurements collected approximately weekly in situ, as 

well as daily precipitation obtained from the Trail Valley Creek main meteorological research 

station.   

VWC samples were collected using destructive sampling from 10 sites including all five in 

situ stations at TMM and from an additional five randomly selected hand sampling stations.  

Destructive sampling involved collecting all surface vegetation within a 20 cm x 20 cm plot, 

recording the sample’s wet weight, oven drying, and reweighing the sample to determine the 

weight of water within the plot.  At each site the samples were collected in large areas of 

homogeneous plant coverage to maintain comparability between samples through time at the 

same site.  All 10 VWC measurements were then averaged to produce a regional-average VWC 

for each day of sampling. 

FTD measurements were collected using a 1.2 m frost probe, and were collected at all 25 

hand sampling stations.  Three FTD measurements were taken in the same flagged hummock, 



47 

 

hollow, and inter-hummock locations at each station, to maintain comparability between 

sampling days as well as account for the variability in FTD due to micro-topography at each site. 

All 25 station hummock, hollow, and inter-hummock measurements were then averaged to 

produce a regional-average FTD for each day of sampling. 

A residual correlation analysis was used in the determination of dominant ground controls 

on the SMAP’s soil moisture error variability through time.  This analysis involved an 

assessment of the underestimation bias, or residual error, for every SMAP overpass produced 

when compared to the corresponding ground estimate of soil moisture produced by the 5 cm in 

situ network, which represented a benchmark for SMAP underestimation.  This error was then 

evaluated in a linear regression against the potential dominant control variables in question.  

Dominant ground controls on SMAP error were determined through assessment of the 

regression’s correlation coefficient (r), whereby variables that produced strong correlations to 

SMAP error through time could justify further investigation into potential influences on SMAP 

error. 

3.3.5. SMAP and Forward Model Brightness Temperature Comparison 

SMAP radiometer retrievals are currently processed to the EASE-2 grid providing a 36 km 

x 36 km resolution soil moisture product at lower latitudes; however, this processing results in 

significant distortion in northern latitudes (Figure 14).  Because of this distortion, each pixel of 

the soil moisture product is not representative of the true area that the satellite brightness 

temperature is retrieved from (which is approximately 36 x 36 km, globally).  Reprocessing the 

soil moisture product to a more regionally appropriate polar grid for northern latitudes is a 

substantial undertaking, and therefore requires justification to do so. 
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a) 

 

b) 

 
 

Figure 14 SMAP 36 km resolution radiometer retrievals processed for soil moisture products in 

northern latitudes using (a) EASE-2 grid cells and (b) proposed polar grid.   

 

To evaluate SMAP brightness temperature retrievals, the Community Microwave Emission 

Modelling Platform (CMEM) was employed.  CMEM was developed as a forward model for low 

frequency passive microwave brightness temperatures (from 1GHz to 20 GHz) of the surface (de 

Rosnay et al., 2009).  Using known soil moisture inputs measured in situ, CMEM can derive a 

brightness temperature estimate that can be compared to satellite retrievals from the same 

wavelength, including SMAP.  CMEM parameters used in this analysis are presented in Table 3. 

 

 

 

 

 

 

 

15 km 

85 km 

36 km 

36 km 



49 

 

Table 3 CMEM Platform parameters and inputs for the TVC model.  Land cover 

classification for the SMAP pixel was derived from a detailed visual inspection.  Snow 

depth, snow density, and surface radiative temperature were derived from Canadian Land 

Surface Scheme (CLASS) model simulations. 
 

Model Parameters Values 

Polarization V-polarization 

Incidence Angle 40° 

Microwave Frequency 1.4 GHz 

Dielectric Model Mirnov 

Number of Soil Layers One 

Land Cover Classification 50% Open Shrubland, 20% Forest, 30% Water 

Snow Depth 0 m (Derived from CLASS Simulations) 

Snow Density 0 kg m-3 (Derived from CLASS Simulations) 

Surface Radiative Temperature Variable (Derived from CLASS Simulations) 

Soil Moisture Variable (Derived from 5 cm in situ and 5 cm 

hand sampling networks) 

 

3.4. Results and Discussion 

3.4.1. Evaluation of Radiometer Soil Moisture Product Performance 

The SMAP soil moisture product was compared to all ground-based soil moisture estimates 

to assess SMAP accuracy during the two-month study.  Substantial disagreement was observed 

in near-surface soil moisture estimates between the various ground-based instruments used in 

SMAP accuracy analysis, due to different sensing volumes of each instrument (Figure 15a).  

Additionally, a high degree of variability was also present spatially across short distances using 

the same instrument, as was noted in the highly variable soil moisture estimates from the 25-

station hand sampling network recorded within a single day of sampling (Figure 15b).  All 

ground-based measurement techniques were statistically significantly correlated to the other 

measurement techniques to a 99% confidence interval with the exception of the CRP, which was 

not statistically significantly correlated to any other ground-based measurement technique. 
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a) 

 
b) 

 
Figure 15 (a) Time series of soil moisture from the TMM CRP, 5 and 20 cm in situ network, 5 

and 20 cm hand sampling network, and SMAP soil moisture product for the two-month study in 

summer 2015. (b) Soil moisture variability within the 5 cm hand sampling network.  At each 

station, soil moisture was recorded in the same hummock, hollow, and inter-hummock location 

for the duration of the campaign. 
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Results from this study indicate a consistent dry bias of the SMAP soil moisture product 

when compared to all ground-based measurement techniques (Figure 16).  This finding is 

consistent with Shellito et al. (2016), who found that in 17 core validation sites analyzed, the 

modelled median SMAP drying timescale was 44% shorter and the magnitude of drying was 

35% greater than in situ measurements.  It should be noted however, that none of these core 

validation sites are located in tundra regions and most are positioned in grasslands or croplands.  

Results from each comparison in this study are presented below in Figure 17 and Table 4.  

Temporally, soil moisture reported by SMAP varied little over the course of the study period 

which was consistent with ground-based measurements, however the RMSE between the 5 cm in 

situ network derived soil moisture and SMAP was >0.09 m3 m-3, with virtually no correlation 

(Figure 17a).  Furthermore, the RMSE between SMAP and the 5 cm hand sampling network 

derived soil moisture was >0.19 m3 m-3, again with no correlation.  This result is different from 

preliminary validation of core validation sites described in Chan et al. (2016), who demonstrated 

that initial SMAP soil moisture retrievals reported strong correlations between in situ networks 

and SMAP, and reported an average RMSE of 0.038 m3 m-3, meeting the mission target of <0.04 

m3 m-3 RMSE.  As mentioned previously, however, none of these core validation sites are located 

in tundra regions. 

A moderate negative correlation was observed between the CRP and SMAP (r = -0.31), 

and the RMSE in this case was >0.14 m3 m-3, while both the 20 cm in situ network and 20 cm 

hand sampling had even larger RMSE’s and reported no correlation and moderate negative 

correlation with SMAP, respectively.  Results of the 20 cm in situ network and 20 cm hand 

sampling comparisons were likely lower correlation and higher RMSE due to the difference in 

depth sensitivity between these methods and SMAP.  L-band is sensitive to the top ~5 cm of soil, 

although this depth is variable with soil moisture content, whereas the 20 cm in situ network was 
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sensitive to soil moisture within 18.5-21.5 cm depth, and the FieldScout TDR 300 Soil Moisture 

Meter was sensitive to the top integrated 20 cm of soil. Therefore, much of the observed 

differences are likely related to differences in sensing depth. 

 
Figure 16 Time series of SMAP radiometer soil moisture product underestimation when 

compared to the 5 cm in situ network soil moisture estimate. 
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a) 

 

b) 

 
    

c) 

 

d) 

 
    

e) 

 

f) 

 
 

Figure 17 Correlation between SMAP-derived soil moisture product and all 

ground-derived estimates of soil moisture. 
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Table 4 Correlation coefficient (r) between SMAP-derived soil moisture 

product and all ground-derived soil moisture estimates. 
 

Ground-based Soil Moisture Estimate r 
RMSE 

[m3 m-3] 

5 cm In situ Network -0.06 0.093 

20 cm In situ Network 0.12 0.264 

Cosmic-ray Probe -0.31 0.149 

5 cm In situ + Cosmic-ray Probe Average -0.09 0.098 

5 cm Hand Sampling Network -0.16 0.198 

20 cm Hand Sampling Network -0.30 0.272 

 

 

Currently, great caution should be taken regarding the use of SMAP’s soil moisture product 

in tundra regions, as the reliability of this product in reporting true ground conditions is 

questionable.  It is crucial to optimize SMAP’s soil moisture processing algorithms to make them 

more regionally appropriate before SMAP can be routinely used in climate studies at a global 

scale. 

3.4.2. Controls on SMAP Soil Moisture Product Error 

Results from the assessment of controls on SMAP soil moisture product error show that 

variability in SMAP soil moisture error cannot conclusively be linked to any of the three 

variables considered in this study.  No relationship was observed between SMAP soil moisture 

error and precipitation (r = -0.06) or VWC (r = 0.16).  A moderate positive correlation was 

observed between SMAP soil moisture error and frost table depth (r = 0.46); however, given the 

small sample size in frost table measurements throughout the season this result is not statistically 

significant.  In reality, SMAP estimate error is more likely a result of soil moisture processing 

algorithms that were not designed specifically for Arctic tundra retrievals, and would require 

further modification in this environment.   
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a) 

 

b) 

 
    

c) 

 

 

Figure 18 Correlation between SMAP 

soil moisture underestimation and (a) 

precipitation, (b) average frost table 

depth, and (c) surficial vegetation water 

content. SMAP soil moisture 

underestimation was defined here as the 

underestimation from the 5 cm in situ 

network soil moisture measurements 

established in Figure 16. 

 

3.4.3. SMAP and Forward Model Brightness Temperature Comparison 

SMAP brightness temperature retrievals were compared to CMEM modelled brightness 

temperature to determine if the use of in situ soil moisture data in the model could produce 

brightness temperature values similar to those measured by SMAP.  This would indicate that the 

derivation of the soil moisture product on the EASE-2 grid is a major source of error, and not 

solely due to the retrieval algorithm.  Results from this comparison indicate a moderate positive 

correlation between SMAP brightness temperature and CMEM derived brightness temperature 

from both the 5 cm in situ network (r = 0.44) and hand sampling network (r = 0.55), and are 
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statistically significant to 99% and 95% confidence, respectively.  This relationship is strong 

enough to warrant investigation into reprocessing SMAP products to the more locally appropriate 

polar grid in northern latitudes.  This has the potential to significantly improve the 

representativeness of SMAP products in this region, which are currently reported in a grid system 

that is heavily distorted in northern latitudes. 

a) 

 

b) 

 
    

Figure 19 Correlation coefficient (r) between SMAP v-polarization brightness temperature and 

CMEM v-polarization brightness temperature derived from (a) the 5 cm in situ network and (b) 

5 cm hand sampling network.  CMEM brightness temperature was modelled using the Mirnov 

dielectric model with one soil layer. Snow depth, snow density and surface radiative temperature 

inputs were derived from CLASS (Canadian LAnd Surface Scheme) simulations, and land cover 

classification was derived from a detailed visual inspection. 

 

 

3.5. Conclusions 

This study investigated the accuracy of the SMAP 36 km soil moisture product in open 

tundra in the Western Canadian Arctic.  We compared the SMAP product to six ground-based 

measurement techniques and it was determined that the SMAP product reported a consistent dry 

bias of >0.09 m3 m-3 and was not correlated to the 5 cm in situ network. This error was upwards 

of >0.27 m3 m-3, with weak or no correlation when compared to the remaining ground-based 

measurements, including the cosmic-ray probe.  This result is different from preliminary 
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assessments at SMAP core validation sites, which reported higher accuracy than was achieved in 

this study.  There remains a question of in situ network representativeness when up-scaled to a 

satellite footprint, particularly in a heterogeneous landscape such as the tundra; however, this is 

currently the most comprehensive and commonly used approach in satellite validation 

campaigns.   

This study also assessed potential variables influencing temporal variability in SMAP soil 

moisture accuracy at Trail Valley Creek.  We performed a correlation analysis on SMAP 

underestimation error and precipitation, vegetation water content, and frost table depth.  It was 

determined that there was no relationship between SMAP error and precipitation or vegetation 

water content.  A moderate positive correlation was observed between SMAP error and frost 

table depth (r = 0.46); however, due to the small sample size of frost table measurements this 

result was statistically insignificant.   

Lastly, this study employed the Community Microwave Emission Model (CMEM) using 

ground-based soil moisture inputs to determine if poor SMAP accuracy was a projection issue 

that could be solved by reprocessing the soil moisture product on a more locally appropriate 

polar grid in northern latitudes, or if it was an algorithm problem.  It was determined that SMAP 

and CMEM brightness temperatures were statistically significantly correlated (r = 0.55 when the 

5 cm hand sampling network soil moisture was input into the model and r = 0.44 when the 5 cm 

in situ network was used).  This relationship is strong enough to warrant investigation into the 

potential to reprocess SMAP products to the more locally appropriate polar grid in northern 

latitudes.   
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4. Conclusions 

This thesis addressed two main research objectives that are essential for supporting 

regional coverage of soil moisture monitoring across the Canadian Arctic.  First, a calibration 

and validation study was performed for the cosmic-ray probe located at Trail Valley Creek, 

NWT, with the intention of utilizing this sensor for satellite product validation.  It was 

determined that time series in situ measurements performed better for cosmic-ray probe 

calibration in this environment than single-day gravimetric sampling, and resulted in an accuracy 

of 0.019 m3 m-3 RMSE.  Validation error was slightly higher with 0.045 m3 m-3 RMSE for the 

cosmic-ray probe; however, this increase in error may be due to an in situ network that was not 

representative of the true soil moisture content within the CRP footprint due to over sampling in 

organic soils in 2014.  It was also determined that the cosmic-ray probe was sensitive to soil 

moisture in the top ~10 cm of soil, however this estimate does not account for the influence of 

soil organic carbon, which would effectively reduce the depth sensitivity of the instrument and 

must be accounted for accurate representation.  The final component of this analysis was to 

assess the transferability of soil moisture calibrations to other cosmic-ray probes in similar 

environments.  It was determined that a site-specific calibration must be applied to each 

individual CRP, regardless of location proximity or likeness, if the sensor is to be used for 

satellite validation purposes, as this calibration resulted in a 0.17 m3 m-3 RMSE when applied to a 

second cosmic-ray probe.  Similar to the validation experiment, there was a degree of uncertainty 

in the representativeness of the in situ network used for transferability validation, and should be 

re-evaluated in future studies.   

The second objective of this thesis was to perform a preliminary validation of the SMAP 

36 km soil moisture product over the Arctic tundra using the calibrated cosmic-ray probe and a 

temporary in situ network.  It was determined that the SMAP product reported a consistent dry 
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bias of >0.09 m3 m-3 with no correlation to the in situ network at 5 cm depth, while a moderate 

negative correlation and dry bias of >0.14 m3 m-3 was observed when compared to the cosmic-ray 

probe.  This study also assessed potential controls on SMAP product accuracy through time by 

performing a correlation analysis on SMAP underestimation error and precipitation, vegetation 

water content, and frost table depth.  No correlation was observed between SMAP error and 

precipitation or vegetation; however, a moderate, but not statistically significant positive 

correlation was observed between SMAP error and frost table depth (r = 0.46). The final 

component of this study was to employ a forward model to determine if the SMAP accuracy 

reported in this study could be improved within this region based on reprocessing the soil 

moisture product to the proposed polar grid in northern latitudes.  To achieve this, the 

Community Microwave Emission Model (CMEM) was employed using ground-based soil 

parameters and soil moisture to model L-Band surface brightness temperature.  SMAP brightness 

temperature was moderately correlated to CMEM brightness temperature when the 5 cm in situ 

network (r = 0.44) and 5 cm hand sampling network (r = 0.55) were used as soil moisture inputs 

into the model. This encouraging result supports investigation into reprocessing the SMAP soil 

moisture product to the more locally appropriate polar grid from the EASE-2 grid in northern 

latitudes for improved product accuracy. 

It is anticipated that these results will facilitate future validation experiments in northern 

latitudes by identifying potential sources of error or uncertainty inherent to the Arctic tundra.   

This is important for conducting quality validation campaigns using, as best as possible, 

representative ground-based measurements to facilitate reporting the true accuracy of satellite 

products.  Additionally, these results illustrate the current error associated with SMAP product 

projections in the North and the need to rectify this before SMAP soil moisture measurements 

can be used with confidence in Arctic climate change studies.   
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4.1. Future Research Opportunities 

From the results presented in this thesis it is recommended that future research campaigns 

focus on:  

 quantifying the influence of organic carbon on the effective sensing depth of cosmic-ray 

probes in organic soils.  It is believed that soil organic carbon will be a significant source of 

hydrogen and greatly reduce the current estimate of effective sensing depth in this region; 

 continuing to conduct complete calibration and validation campaigns for the remaining 

uncalibrated cosmic-ray probes installed in Canada’s North for better coverage for satellite 

product validation; 

 conducting a more comprehensive study of frost table dynamics over the monitoring period 

for validation in order to be able to draw a statistical conclusion regarding its influence on 

SMAP estimate error in permafrost regions; 

 reprocessing the SMAP soil moisture product to the proposed polar grid in northern latitudes 

to improve the accuracy and representativeness of the product; 

 and continuing to validate SMAP products in northern latitudes in the interest of developing 

a reliable global soil moisture product for climate change studies in the North. 
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Appendix A: Methods 

A.1. Neutron Count Corrections 

 

Initial processing of raw CRP neutron counts followed Zreda et al. (2012) to account for the 

variations in atmospheric conditions and solar activity.  Briefly, the Zreda et al. (2012) method 

includes a correction factor to normalize neutron count rates to standard atmospheric pressure 

using:  

𝑓𝑝 = 𝑒𝑥𝑝 (
𝑃0 − 𝑃

𝐿
) 

[6] 

where fp is the pressure correction factor [-], P0 represents an arbitrary average reference 

pressure [mb], P is the actual pressure [mb], and L is the mass attenuation length for high-energy 

neutrons [mb].   

A correction factor is applied to limit the influence of atmospheric water vapour on the 

estimate of soil moisture made by the CRP using: 

𝑓𝑤𝑣 = 1 + 0.0054 ∙ ∆𝜌𝑣0 [7] 

where fvw is the atmospheric water vapour correction factor and Δρv0 is the difference in the 

absolute humidity at time of measurement and reference time [g m-3].   

The CRP neutron counts are corrected for neutron flux intensity related to natural variations 

due to sunspot cycles and diurnal fluctuations.  Neutron flux intensity correction fi is calculated 

as: 

𝑓𝑖 =
𝐼𝑚
𝐼0

 
[8] 

where Im is the measured neutron intensity [h-1], and I0 is the baseline reference neutron intensity 

[h-1].  Neutron intensity is computed following Zreda et al. (2012) using neutron monitor data 

from the Jungfraujoch neutron monitor in Switzerland (www.nmdb.eu). 
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The probe count rate corrected for all scaling factors CORR is computed following Zreda et 

al. (2012): 

)/()( iwvp fSCALEfSANPEfPROBEMODCORR   9]

where MOD is the moderated fast neutron count [h-1], PROBE is the scaling factor that accounts 

for different probe designs [-], SANPE is the scaling factor that relates other sites to the San 

Pedro COSMOS site [-], and SCALE is the scaling factor accounting for effects of local altitude 

and geomagnetic latitude. 

A.2. Hourly 5 cm In situ Soil Moisture  

 
Figure 20 Hourly 2015 in situ Hydra Probe network soil moisture variability at 5 cm depth. 

Red series indicate organic soil, and blue series indicate mineral soil. 
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A.3. In situ Network Soil Moisture Variability and Soil Type 

a) 

 
b) 

 
c) 

 
Figure 21 2015 in situ Hydra Probe network soil moisture variability at (a) 5 cm, (b) 10 cm, and 

(c) 20 cm depth.  Red series indicate organic soil, and blue series indicate mineral soil. 
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Table 5 Soil type at each Hydra Probe location for all 2014 and 2015 Trail Valley Creek 

temporary in situ networks. 
 

In situ Network 
Year of 

Installation 
Station ID 5 cm 10 cm 20 cm 

TMM 2014 1 Organic --- Mineral 

  2 Mineral --- Mineral 

  3 Organic --- Organic 

  4 Organic --- Organic 

  5 Organic --- Organic 

  6 Organic --- Organic 

TMM 2015 1 Organic Mineral Mineral 

  2 Organic Organic Organic 

  3 Mineral Mineral Mineral 

  4 Mineral Mineral Mineral 

  5 Organic Organic Organic 

TUP 2014 1 Organic --- Organic 

  2 Organic --- Mineral 

  3 Organic --- Organic 

  4 Organic --- Mineral 

  5 Organic --- Mineral 

  6 Organic --- Organic 
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A.4. Effective Sensing Depth 

 

a) 

 

b) 

 
c) 

 

d) 

 
Figure 22 Belowground hydrogen content variability within the CRP footprint with depth for (a) 

volumetric water content, (b) root biomass, (c) lattice water content, and (d) soil organic matter. 
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