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Abstract

Soil moisture is an important aspect of the Earths hydrological system. Accurate
monitoring of soil moisture is essential for advancing our knowledge of its influence
on Earth system processes. Cosmic-Ray Neutron Sensing (CRNS) offers an opportunity
to fill the knowledge gap between point-scale sensors and large-scale sensors (i.e.,
satellite remote sensing) by capturing field scale, root-zone soil moisture. However,
increasing global deployment of CRNS in regional networks has led to disparate
processing methods across the sensors, hindering the use of these sensors in broad

scale global studies.

This thesis explores the opportunities presented in utilising CRNS stations from across
the globe as a harmonized global network of sensors. Firstly, an open-source python
processing tool was developed to facilitate a much-needed harmonization of CRNS
data from 163 stations from across multiple networks. Using this tool, we demonstrate
the problems that can come from a non-harmonized set of sensors in global studies.
Utilizing this harmonized dataset, we conducted a comparative study against a
satellite-derived soil moisture product (ESA-CCI) and a reanalysis product (ERA5-Land).
Our analysis reveals residual biases between these products and CRNS values, which
notably increases at the extremes of wet and dry conditions, whilst correlation
differences increase under moderate conditions. Lastly, machine learning models were
used to evaluate the role of soil moisture spatial representation in predictions of land
surface fluxes of water (evapotranspiration) and photosynthesis (gross primary
productivity). Our findings indicate that in-situ soil moisture data is particularly
important for accurate predictions of evapotranspiration in water stressed regions.,
when compared to indirect estimates from empirical models or satellite remote
sensing. Unlike evapotranspiration, we observe that the contribution of deeper soil
moisture, in the form of soil moisture memory, plays a more significant role in
predicting photosynthesis, pointing to the importance of identifying distinct

mechanisms driving water and carbon fluxes at the land-atmosphere interface. Overall,



this thesis demonstrates the value of CRNS being treated as a harmonized and global
network, reveals the importance of soil moisture spatial representation in modelling of

land-atmosphere processes, and highlights where future soil moisture sensor

deployment can be most beneficial.
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FIGURE 4.5: THE PROPORTION OF UNCERTAINTY BETWEEN CRNS AND SATELLITE SM ATTRIBUTED TO EXTREME VALUES OF SOIL
MOISTURE (HIGHEST AND LOWEST 10™ PERCENTILE OF ESTIMATES). SITES ARE GROUPED INTO DRY, MODERATE, AND WET
BASED ON THEIR AVERAGE CRINS SIM VALUES. ..ciiiiiiiiiiiiecceeeeceeeeeee ettt ettt et e e e et e e v e ae e ea e satesasesesasesesasesasasasasasnnnen -97-

FIGURE 4.6 SHOWS THE INFLUENCE OF RESCALING METHODS ON DATA. 4.6A AND 4.68 SHOW THE CRNS vs ESA-CCI SM AND
CRNS vs ERA5-LAND SM RESPECTIVELY. THE DATA IS THE SAME AS IN FIGURE 4.4 ALTHOUGH NOT NORMALIZED. FIGURE
4.6C SHOWS A COMPARISON OF CRNS DATA WITH ESA-CCI DATA THAT HAS BEEN CDF MATCHED TO ERAS5-LAND DATA.
FIGURE 4.6D SHOWS A COMPARISON OF ERA5-LAND SM DATA AND THE ESA-CCI DATA CDF MATCHED WITH ERA5-LAND
5] VPPN ERROR! BOOKMARK NOT DEFINED.

FIGURE 4.7 SHOWS THE ACTUAL TIME SERIES OF THREE SITES ONE FROM EACH OF THE GROUPS: WET, MODERATE, AND DRY. FIG 4.7A
SHOWS THE SEMI-ARID SANTA RITA CREOSOTE, USA. FIG 4.7B SHOWS THE MODERATE HOLME LAcY, UK, AND FIG 4.7¢C
SHOWS A WET SITE REDMERE, UK. THE BLUE LINE REPRESENTS ESA-CCI SM DATA, ORANGE IS ERA5-LAND SM DATA, GREEN
IS THE ESA-CCI DATA CDF MATCHED TO ERA5-LAND AND THE GREY REPRESENTS THE CRNS DATA AT EACH SITE. ....... -101-

FIGURE 5.1 AVERAGE PERFORMANCE OF ET PREDICTIONS AT EACH SITE USING NRMSE OBTAINED FROM DIFFERENT SPATIAL
REPRESENTATIONS OF SOIL MOISTURE. THE SITES ARE ORDERED FROM MOST HUMID (LEFT) TO MOST ARID (RIGHT) ACCORDING
TO ARIDITY INDEX CLASSES SHOWN IN THE BACKGROUND. THE COUNTRY OF ORIGIN FOR EACH SITE IS GIVEN IN THE NAME WITH
SITES BEING LOCATED IN USA (USA), AuSTRALIA (AUS), GERMANY (DEU), AND BRAZIL (BRZ)......uvvveecivieeeeiieeennns -120-

FIGURE 5.2 AVERAGE PERFORMANCE OF GPP PREDICTIONS AT EACH SITE USING NRMSE OBTAINED FROM DIFFERENT SPATIAL
REPRESENTATIONS OF SOIL MOISTURE WITHOUT (A) AND WITH (B) THE ADDITION OF A SOIL MOISTURE MEMORY TERM. THE
SITES ARE ORDERED FROM MOST HUMID (LEFT) TO MOST ARID (RIGHT) ACCORDING TO ARIDITY INDEX CLASSES SHOWN IN THE
BACKGROUND. NOTE FEWER SITES SHOWN HERE DUE TO UNAVAILABILITY OF DATA. THE COUNTRY OF ORIGIN FOR EACH SITE IS
GIVEN IN THE NAME WITH SITES BEING LOCATED IN USA (USA), AUSTRALIA (AUS), GERMANY (DEU), AND BRrAzIL (BRZ).... -
121-

FIGURE 5.3 (A) MODEL PERFORMANCE (NRMSE) IN PREDICTING GPP FOR INCREASING LENGTH OF SOIL MOISTURE MEMORY. (B)
RELATIVE REDUCTION IN NRMSE WHEN COMPARED TO SAME MODEL PERFORMANCE WITH NO SOIL MOISTURE MEMORY
PROVIDED (1.E., DAILY SOIL MOISTURE ONLY). INDIVIDUAL LINES REPRESENT ONE SITE, COLOUR-CODED BY THEIR ARIDITY
CLASSES. THE CRNS SOIL MOISTURE DATA WERE USED FOR THIS ANALYSIS. ..vuuuuuuuuuuunnnnnnnnnasesesesssesssesssssssssesasaeens -123-

FIGURE 5.4. EXAMPLE FROM SELECTED SITES OF DAILY SOIL MOISTURE TIME-SERIES OBTAINED WITH POINT-SCALE TIME DOMAIN
REFLECTOMETERS (TDR), Cosmic-RAY NEUTRON SENSOR (CRNS), AND THE ESA CCI SoiL MOISTURE SATELLITE PRODUCT

(SATELLITE). 1eteiettte e ettt e e ettt e eeett e e e e ettt e e e ettt e e eettbeeeeetsaee e s sbaaeaasbseaeeasssaeeessaaaeantseseessaseeanssaaeeantaeaeanssaeeeansnes -130-
FIGURE 5.5. GEOGRAPHIC LOCATION OF THE SITES USED IN THIS STUDY. PLEASE REFER TO TABLE 1 IN THE MAIN MANUSCRIPT FOR SITE
SUMMARY.. 11ttutuvurererernrnsnsesesessnssenssnnnsasasnnesassnanssasssnsssssssssssssssssessssesssssssssssesessesasasssasasesesssesesesesesesssesesesenees -131-

FIGURE 5.6. THE FIRST TWO PANELS (A) AND (B) ARE THE SAME AS SHOWN IN FIGURE 2: AVERAGE PERFORMANCE OF GPP
PREDICTIONS AT EACH SITE WITHOUT (A) AND WITH (B) THE ADDITION OF A SOIL MOISTURE MEMORY TERM. THE BOTTOM
PANEL (C) SHOWS THE AVERAGE PERFORMANCE OF GPP PREDICTIONS AT EACH SITE WITH THE ADDITION OF A 30-DAY RAINFALL
MEMORY ATTRIBUTE INSTEAD OF A SIM IMEMORY ..ciiiiiiiiiittteeeeeseiitteteeeeeeeaunteeeeeeesesaabenteeeeeeesannnreeeeeeesenannnees -133-

FIGURE 5.6 ET PREDICTIONS USING THE STANDARD FEATURE SETS (A) AND INCLUDING A 30-DAY SOIL MOISTURE MEMORY (B).
WHILST WE FIND BROAD IMPROVEMENTS IN MODEL PERFORMANCE WHEN INCLUDING THE SM MEMORY FEATURE (B), WE
STILL FIND AN ADDITIONAL IMPROVEMENT FROM INCLUDING DAILY IN SITU SOIL MOISTURE VALUES, (E.G., AT SITES USA11,
USA23, USABO, AND USATLD). ..eeeiurieeieeiiieeieeeiiteesiteesiteessteesseesasessseesssesesssesssssensssessseasssessnsessssessnsessssesn -134-

FIGURE A1 RENORMALIZED COSMIC-RAY SOIL MOISTURE OBSERVING SYSTEM DATA FROM SEVEN STATIONS DURING GROUND LEVEL
ENHANCEMENT (GLE72) IN SEPTEMBER 2017 (LINES WITH DOTTED POINTS). EQUIVALENT RENORMALIZED COUNT RATES
FROM THE INUVIK (INVK) NEUTRON MONITOR STATION ARE ALSO PLOTTED (RED LINE). GLE72 IS REPRESENTED BY A DASHED
VERTICAL BLACK LINE. 1eteeteetuuuuttteeeeseaaaunteeeeeeeseaaausaseeeeeeaesaasnseeeeeeeeaaaasbaeeeeaeaesaaasssaeeeeeesaaannbeeaeeeesesaanssnneeeens -142 -

FIGURE A2 SHOWS RECOMMENDATIONS FOR 7 DIFFERENT REANALYSIS PRODUCTS BASED ON THEIR PERFORMANCE UNDER VARIOUS
REGIONS, CLIMATES, LAND COVER, AND TOPOGRAPHIC SLOPE CONDITIONS. ..veeervreeresireeessurreesssreesssseeesssnsneessneees -144 -

FIGURE A3 SHOWS A SCHEMATIC DIAGRAM OF HOW THE WHOLE COSMIC-SWAMP ECOSYSTEM WILL WORK. STOWELL (2021)..... -
145 -
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1 Introduction

oil moisture is an important component of the Earth system having a direct

impact on numerous environmental processes. It directly influences the

partitioning of water at the land surface, thereby affecting hydrological
processes. Similarly, by impacting the partitioning of solar energy from the sun, it
influences atmospheric processes. These interactions themselves create feedback
loops that not only affect soil moisture itself but also have broader implications on the
climate (Seneviratne 2010, Qiao et al,, 2023). Recent research suggests that as climate
change progresses, the influence of soil moisture on Earth system processes, such as
through its direct coupling to evapotranspiration, is likely to intensify (Hsu and
Dirmeyer 2023). Soil moisture also serves as the primary water source for plants,
indicating that changes in soil moisture quantity or dynamics will directly affect both
ecosystem function, as well as agricultural productivity. Given its important role, global
efforts to measure and monitor soil moisture continue to grow (Romano 2014), leading
to a growing source of soil moisture datasets across the globe. This growing source of
data opens new avenues for a large sample hydrology approach, aiming to enhance
our global understanding of soil moisture's numerous roles in global environments.
Large global datasets provide opportunities to better understand the world through
detailed analysis (Luo et al., 2022), validation of satellite derived soil moisture products
(Crow et al., 2012), and the application of cutting-edge machine learning techniques

for predictive tasks (O and Orth 2022). However, before beginning any kind of study



with soil moisture it's important to first decide on the most suitable source of soil
moisture data for the desired task. Numerous methods for measuring soil moisture
now exist, each representing soil moisture in distinct spatial and temporal domains,
and the number of available methods continues to expand. A more comprehensive
discussion on various soil moisture measurement methods and their unique
characteristics is presented in Chapter 2. Central to this thesis is the Cosmic-Ray
Neutron Sensor (CRNS), an increasingly popular sensor that provides field scale, root-
zone soil moisture values at hourly intervals (Desilets et al., 2010, Zreda et al., 2012).
The spatial domain of these sensors, positioned between point-scale sensors and
broader satellite remote sensing, offers new ways of understanding soil moistures role
in environmental processes. In particular, it offers avenues to explore the role of spatial
scaling, that is the volume of soil being represented in data, has on earth system
processes. By now, these sensors have been in operation for over a decade in some
cases, and their networks are expanding globally (Hawdon et al., 2017; Cooper et al.,
2021; Bogena et al,, 2022). Given the growing global spread and this unique spatial
scale, the CRNS leads to exciting opportunities for studies into the role of soil moisture

in earth system processes globally.

However, despite the opportunities presented by the growing number of CRNS
stations across the globe, no studies have yet utilized a large sample hydrology
approach using this globally spanning dataset. One of the key barriers to such research
is the regionalisation of different CRNS networks, which can lead to inconsistencies in
data processing steps across regions. As networks of these sensors have grown, so too
has our understanding of the sensor technology itself. With this growing
understanding, improved methods to process the raw CRNS data into soil moisture
estimates have been developed. However, up to date methods have not been applied
uniformly across all the networks, and in some cases, there are differences in opinion
on the best practice for processing itself. These inconsistencies make it challenging to

treat the increasing number of sensors as a unified network. Two main issues



contribute to this. Firstly, data structure such as the naming conventions differ between
networks, adding a layer of complexity to combining datasets. Second, and more
critically, is the different outputs expected when using different methods for
converting raw data into soil moisture estimates. As a result, these variations could
influence the outcomes of subsequent research, limiting the reach and applicability of
the findings. Until these issues are resolved, the full potential of a global CRNS dataset

remains largely untapped.

With this in mind, there are clear opportunities to facilitate large sample hydrology
type studies that will pr