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The constant increase of human population put more and more pressure on
agricultural production systems (FAO, 2018a). Agriculture in last several decades
adopted more intensive practices for productivity increase on the already
cultivated lands. Moreover, new lands have been included in cultivation. This
increased pressure on lands and cultivation of new lands by wrong agricultural
practices lead to many environmental problems. Likely outcomes on the negative
side are a continuing rise in groundwater nitrate levels from poor fertilizer
management, further land and yield losses through salinization, and growing air

and water pollution from livestock (FAO, 2003). One of these problems, namely soil

salinization, is the focus if this thesis.

Soil salinization is a process during which concentration of water-soluble salts is
increasing to the levels that negatively influence plant growth and development. It
can happen as a consequence of natural processes, like weathering of a parent
material (primary salinization), but on cultivated areas more often this is a
consequence of human activity (secondary salinization). One of the examples of
such an activity is a massive expansion of irrigated cotton growing areas in the
Soviet Central Asia in the 1950s. The turning point was the Golodnaya (Hunger)
steppe irrigation project which was the first one in a row of large scale irrigation
projects (Ghassemi etal., 1995). The implementation of this and following irrigation
projects had several problems which after decades of development lead to soil
salinization. Water use has been inefficient and excessive, climatic and
hydrogeological conditions of the area were not taken into account to the necessary
degree, drainage problems and mistakes in water management allowed highly
saline return flows to be discharged to the rivers (Ghassemi et al.,, 1995). Nowadays
the area of this irrigation project and those that followed are suffering severe soil

salinization and, therefore, decreased productivity.
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1.1 Salt stress in plants

Decreased productivity is a result of the plant responses to salt stress. Salt stress is
very similar to drought stress, but not completely. Plant response to salt stress
consists of two phases (Figure 1.1): osmotic phase (very similar to drought stress),

and ion toxicity phase (specific for each ion) (Munns, 1993).

Salt in soil solution inhibits plant growth for two reasons. First, it reduces the
plant’s ability to take up water, and this leads to slower growth. This is the osmotic
or water-deficit effect of salinity. Second, it may enter the transpiration stream and
eventually injure cells in the transpiring leaves, further reducing growth. This is the
salt-specific or ion-excess effect of salinity (Munns, 2005). In general, ion toxicity

effects (Figure 1.1) show greater variation between species than osmotic effects

(Munns, 2002).
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Figure 1.1. Illustration of the two phase growth response to salt for three varieties of a
given species that differ in salt tolerance: sensitive (S), moderately tolerant (M) and

tolerant (T). From Munns (1993).
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All this together leads to many negative effects (Figure 1.2), one of which is
photosynthetic inhibition. Total photosynthesis decreases due to inhibited leaf
development and expansion, as well as early leaf abscission, and as salt stress is
prolonged, ion toxicity, membrane disruption, and complete stomatal closure
become the prime factors responsible for photosynthetic inhibition (Farooq et al,,
2015). When photosynthesis is expressed on a unit chlorophyll basis, rather than a
leaf area basis, a reduction due to salinity can usually be measured. In any case, the
reduction in leaf area due to salinity means that photosynthesis per plant is always
reduced (Munns and Tester, 2008). Salinity leads to chlorophyll degradation (Don
etal.,, 2010) and decrease in pigment content, including chlorophyll a and b (Manaa

etal, 2011).

/ Salinity \
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nutrition (e.g. Ca, P — —| (crusting, reduced
and K) infiltration, poor
aeration)

Figure 1.2. Effects of salinity on plants (From Lauchli and Grattan (2012)).

Changes in plant morphology in response to salinity also can be observed. Leaves
from salt-treated plants have a higher weight/area ratio, which means that their
transpiration efficiency is higher (more carbon fixed per water lost), a feature that

is common in plants adapted to dry and to saline soil (Shabala and Munns, 2012).
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Curiously, shoot growth is more sensitive than root growth, a phenomenon that
also occurs in drying soils and for which there is yet no mechanistic explanation.
The benefit is that a reduction in leaf area development relative to root growth
would decrease the water use by the plant, thus allowing it to conserve soil
moisture and prevent an escalation in the salt concentration in the soil (Shabala and
Munns, 2012). But in an experiment of Gama et al. (2009) on common bean there
was a marked reduction in root/shoot ratios. Some reports showed that root
biomass increased with salinity in some species (Hester et al., 2001), indicating that
roots grows faster to adjust to water deficit. But their data agreed that the root dry
weight was considerably decreased as salinity intensified. Root-to-shoot ratio was
able to differentiate population salt tolerance; under salinity stress the most salt
tolerant populations of the same species displayed smaller root-to-shoot ratios
than the least salt-tolerant populations (Hester et al., 2001). So morphological

changes depend on plant species and salt concentration in growing media.

1.2 Canopy temperature change in response to soil
salinity

Besides the effects mentioned above, the stress response in crops due to soil salinity
is evident in decreased stomatal conductance (Alvarez and Sanchez-Blanco, 2014;
Biber, 2006; Hussain et al., 2012; James et al., 2002; Munns and Tester, 2008;
Rahnama et al., 2010). As a result of stomatal closure, significant changes in canopy
temperature can be observed. Multiple controlled laboratory and greenhouse
studies have examined changes in canopy temperature in response to soil salinity
at the plant level. The crops studied were euonymus (Gémez-Bellot et al., 2015),
Syngonium podophyllum and Philodendron erubescens (Urrestarazu, 2013),
grapevine (Grant et al., 2007), barley (Pefuelas et al., 1997), wheat (Hackl et al,,
2012), sorghum (Kluitenberg and Biggar, 1992) and cotton (Howell et al., 1984). All
these studies concluded that temperature change can be used as an indicator of

salinity stress in plants. Observed differences in canopy temperature varied from
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less than one degree (Urrestarazu, 2013) to 1-3°C (Hackl et al.,, 2012; Kluitenberg
and Biggar, 1992) and even 8°C (Pefiuelas et al., 1997).

1.3 Extent of the problem

Soil salinity is a globally widespread problem. About a third of all agricultural lands
are increasingly saline, encompassing more than 100 countries and spanning all
types of climates. While statistics vary on the extent of salt-affected lands, estimates
suggest that close to 1 billion hectares worldwide are salinized (Squires and Glenn,
2004; Szabolcs, 1989). Soil salinization is spreading at a rate of up to 2 million
hectares per year, offsetting a significant proportion of crop production (Abbas et

al, 2013).

Having such a big spatial extent, soil salinization is more and more often monitored
and assessed by remote sensing methods. The extensive overview of broad range
of methods and sensor types used for this is given in Metternicht and Zinck (2009).

Here I will mention the most important groups of the approaches used.

1.4 Remote sensing in soil salinity assessment!

The methods applied in remote sensing of soil salinity can be divided in two big
groups. The first group, which might be called direct estimation, uses the
reflectance of the soil when it is free of vegetation to assess salinity. The second
group, termed indirect estimation, uses vegetation reflectance as an indicator of soil
salinity; salinity stress is thus inferred via the spectral response of vegetation and
crop cover. For both approaches, multiple techniques and methods exist, though

most use salinity indices, calculated for bare soil or vegetated areas.

1 This section is partially based on the extracts from Ivushkin, K., Bartholomeus, H., Bregt, A.K,,
Pulatov, A., 2017. Satellite Thermography for Soil Salinity Assessment of Cropped Areas in Uzbekistan.
Land Degradation & Development 28, 870-877.10.1002/1dr.2670
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Numerous indices exist and have been applied with a various degrees of success in
arid and semi-arid areas across the world (Abbas et al., 2013; Al-Khaier, 2003;
Allbed et al., 2014a; Douaoui et al.,, 2006; Hamzeh et al., 2013). Few studies have
gone on to test these indices in a variety of regions and for different soil types than
those for which they were developed. Those doing so have found much lower
correlations and predictive power than reported for the initial applications (Allbed

et al,, 2014a; Douaoui et al., 2006).

Alarger body of research has explored the sensitivity of spectral data to soil salinity
and proposed classification techniques based on sensitivity data. These studies -
based both on laboratory and field spectrometry of soils and on aerial and satellite
imagery analysis - have shown good performance for bare soil areas. As a result,
some sensitive spectral features and spectral bands have been defined. Most
mentioned among these are the near-infrared (NIR) and short wave infrared
(SWIR) bands of Landsat and other multispectral satellites (Setia et al., 2013b;
Sidike et al,, 2014; Yu et al., 2010) and the narrower absorption features of the same
(NIR and SWIR) spectral region (Bannari et al., 2007; Farifteh et al., 2008; Howari,
2003; Mashimbye et al., 2012; Melendez-Pastor et al,, 2010; Wang et al.,, 2012).
Some authors have proposed use of visible spectra in addition to infrared (IR)
(Noroozietal.,, 2012; Setia et al,, 2013b; Zhang et al., 2012). Karavanova et al. (2001)
noted that dry saline soils have increased overall reflectance compared to
unaffected soils. Similar findings were mentioned by Abbas et al. (2013) and
Howari (2003), and this is considered useful in soil salinity delineation. Almost all

currently available spectral bands have been evaluated for soil salinity analysis.

A number of researchers have investigated the use of vegetation as an indirect
indicator for soil salinity (Akramova, 2008; Dehni and Lounis, 2012; Ding et al,,
2011; Elhaddad and Garcia, 2009; Fernandez-Buces et al., 2006; Scudiero et al.,
2015; Wang et al.,, 2013). Salinity undermines plant growth and diminishes yields,
and these effects can be detected by remote sensing. In general, reduced reflectance
in the NIR band compared to the Red band is indicative of vegetation health and as
such could provide an indirect measure of salinity levels. As any indirect indicator,

however, use of vegetation data for soil salinity assessments introduces additional
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inaccuracies. For example, a reduced normalized difference vegetation index
(NDVI) can be caused by many factors, including limited water availability and poor
management. It is also difficult to find vegetation indices that can be accurately
correlated with salinity levels for specific soils and vegetation species. A diversity
of approaches have been used, including averaging vegetation index values per field
(Akramova, 2008) and decision tree classification (Ding et al., 2011). None,
however, has proven universally applicable, with performance tested in different

areas.

1.5 Problem statement and research questions

Widespread distribution and severity of soil salinity problem requires up to date
and spatially explicit information on the extent of the problem. This information is
required on the scales from local to global. Traditionally, soil salinity assessment
has been done by analysing soil samples, either by defining total dissolved solids
content or by measuring electrical conductivity of soil saturated paste (ECe).
Though these methods are accurate and reliable, their high cost and spatial non-

continuity are serious drawbacks.

Though remote sensing approaches are used, they still have drawbacks that make
them not universally applicable. Therefore, it made us looking into the question of

developing an approach that will be more universal.

To base it on direct estimation, using the soil reflectance itself, seemed to be less
promising. The main reason of this is the wide range of soil spectral responses
influenced by many other factors except soil salinity. That would require the
approach calibration on many occasions to suit it for each soil type and probably
for many other soil properties. Moreover, the direct estimation will characterise
salt content only on the surface, but not in the root layer, which is of highest interest

for agriculture.

The indirect assessment by using vegetation signal as a proxy has higher potential,

especially on cultivated areas. There the variety of species grown is limited,
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therefore tailoring the methods to different areas will require less time. Moreover,
the plants’ responses to many stressors are similar among majority of plants, and
soil salinity is not an exception here. Among these responses I considered canopy
temperature change having a potential to constitute a base for the development of

a more universal remote sensing approach.

Most previous studies of canopy temperature changes in response to soil salinity
were done at the individual plant level. The use of satellite or aerial thermography
for this purpose has not yet been investigated. Therefore, the overall objective of
this thesis is to investigate the potential of thermal imagery analysis as an approach

for soil salinity assessment in cropped areas at different scales.
To achieve it the next research questions have been developed:

1. Can remotely sensed canopy temperature be used as an indicator of soil
salinity in cropped areas?

2. Do UAV based observations show comparable result to satellite based
observations?

3. How robust is the thermography approach when applied on study areas
with different crops grown in both rainfed and irrigated conditions?

4. Canacombination of soil properties maps and thermal imagery allow us to

track the development of soil salinity in space and time on global scale?

1.6 Thesis outline

This thesis consists of 6 chapters. The first introductory chapter focuses on the
background information and the line of reasoning that brought me to the

development of the thermography approach.

Chapter 2 represents a proof of concept where the first results of application on the
study area in Uzbekistan are presented. The chapter addresses research question 1

and shows the applicability of the thermography approach.

Chapter 3 describes the thermography approach validation on local (plot) scale in

the Netherlands. Moreover, it discusses the specifics of UAV use and remote sensing
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data integration. Therefore, this chapter addresses question 2. The auxiliary line of
research described in this chapter is the specificities of application on salt tolerant

crops (quinoa).

Chapter 4 is devoted to the validation of the thermography approach on regional
scale and a robustness test, by applying the approach in several different locations
of Australia where different crops are grown both in irrigated and rainfed

conditions. This way research question 3 is addressed.

Chapter 5 describes the validation on the global scale and issues of temporal
development of the soil salinization problem. Comparison with several studies
describing soil salinity change presented in the chapter together with global

assessment of affected lands and its change in the period from 1986 to 2016.

Chapter 6 synthesises the findings from all the chapters, puts them into a broader
perspective and reflects on implications, methods and data used. Moreover,

suggestions for further research are given.

The general overview of the structure is given in Figure 1.3.

Validation of
the approach

Figure 1.3. Structure of the thesis.
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Chapter 2

Satellite thermography for soil salinity
assessment of cropped areas in Uzbekistan

This chapter is based on:

Ivushkin, K., Bartholomeus, H. Bregt, A.K, Pulatov, A, 2017. Satellite
Thermography for Soil Salinity Assessment of Cropped Areas in Uzbekistan. Land
Degradation & Development 28, 870-877.10.1002/1dr.2670.
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Abstract

A change of canopy temperature can indicate stress in vegetation. Use of canopy
temperature to assess salt stress in specific plant species has been well studied in
laboratory and greenhouse experiments, but its potential for use in landscape-level
studies using remote sensing techniques has not yet been explored. Our study
investigated the application of satellite thermography to assess soil salinity of
cropped areas at the landscape level. The study region was Syrdarya Province, a
salt-affected, irrigated semi-arid province of Uzbekistan planted mainly to cotton
and wheat. We used moderate-resolution imaging spectroradiometer (MODIS)
satellite images as an indicator for canopy temperature and the provincial soil
salinity map as a ground truth dataset. Using analysis of variance (ANOVA), we
examined relations between the soil salinity map and canopy temperature,
normalized difference vegetation index (NDVI), enhanced vegetation index (EVI),
and digital elevation model (DEM). The results showed significant correlations
between soil salinity and canopy temperature, but the strength of the relation
varied over the year. The strongest relation was observed for cotton in September.
The calculated F-values were higher for canopy temperature than for the other
indicators investigated. Our results suggest that satellite thermography is a
valuable landscape-level approach for detecting soil salinity in areas under

agricultural crops.
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2.1 Introduction

Soil salinization is a major driver of land degradation, which usually goes hand in
hand with accelerated soil erosion rates, agricultural mismanagement, overgrazing,
mining, and deforestation (Goémez-Acata et al., 2016; Novara et al., 2015; Seutloali
and Beckedahl, 2015). Salinization of soils is a consequence of both natural
processes and human interference (Hack-ten Broeke et al., 2016; Oo et al.,, 2015;
Panagea et al,, 2016; Young et al,, 2015). Salinity particularly affects arid and semi-
arid regions. Globally, about a third of all agricultural lands are increasingly saline,
encompassing more than 100 countries and spanning all types of climates. While
statistics vary on the extent of salt-affected areas, estimates suggest that close to 1
billion hectares worldwide are salinized, including 77 million hectares salinized as
a result of human activity (secondary salinization) (Squires and Glenn, 2004). Soil
salinization is spreading at a rate of up to 2 million hectares per year, offsetting a

significant proportion of crop production (Abbas et al., 2013).

Central Asia has large expanses of salinized lands. Of this region’s 7.8 million
irrigated hectares, about 50% is saline, of which 29% has a moderate to high
salinity level. Indeed, soil salinity is one of major factors in diminishing agricultural
production in Central Asia (Shirokova et al., 2000). In Uzbekistan, 51% of irrigated
land is affected by some degree of soil salinity (Bucknall et al.,, 2003). There are
nearly 2 million hectares of highly saline areas, costing Uzbekistan some US $1

billion annually (UNDP, 2009; World Bank, 2007).

Current information on soil salinity is vital for initiating appropriate management
practices and reclamation strategies. Especially valuable in this regard is data at a
high spatial and temporal resolution. Conventional soil sampling and associated
laboratory analyses are slow, expensive, and unsuitable for providing high
temporal and spatial specificity (Zribi et al., 2011). In Uzbekistan, for example, soil
mapping is executed every five years at a sampling density of at least one soil profile
per 100 hectares (V.V. Dokuchaev Soil Science Institute, 1970). In view of the

considerable variability of soil salinity, in both spatial and temporal terms, there is
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an urgent need for improved salinity mapping of soils in cropped areas. We set out

to explore the use of remote sensing for this purpose.

Remote sensing has been employed to assess soil salinity for some three decades
(Metternicht and Zinck, 2009). Two groups of remote sensing techniques have been
applied. The first group, called direct estimation, uses the reflectance of the soil
when it is free of vegetation to assess salinity. The second group, termed indirect
estimation, uses vegetation reflectance as an indicator of soil salinity; salinity stress
is thus inferred via the spectral response of vegetation and crop cover. For both
approaches, multiple techniques and methods exist, though most use salinity
indices, calculated for bare soil or vegetated areas. Numerous such indices exist and
have been applied with a various degrees of success in arid and semi-arid areas
across the world (Abbas et al., 2013; Al-Khaier, 2003; Allbed et al., 2014a; Douaoui
et al,, 2006; Hamzeh et al., 2013). Few studies have gone on to test these indices in
a variety of regions and for different soil types than those for which they were
developed. Those doing so have found much lower correlations and predictive
power than reported for the initial applications (Allbed et al., 2014a; Douaoui et al.,
2006). A larger body of research has explored the sensitivity of spectral data to soil
salinity and proposed classification techniques based on sensitivity data. These
studies - based both on laboratory and field spectrometry of soils and on aerial and
satellite imagery analysis - have shown good performance for bare soil areas. As a
result, some sensitive spectral features and spectral bands have been defined. Most
mentioned among these are the near-infrared (NIR) and short wave infrared
(SWIR) bands of Landsat and other multispectral satellites (Setia et al., 2013b;
Sidike et al.,, 2014; Yu et al., 2010) and the narrower absorption features of the same
(NIR and SWIR) spectral region (Bannari et al., 2007; Farifteh et al., 2008; Howari,
2003; Mashimbye et al., 2012; Melendez-Pastor et al,, 2010; Wang et al.,, 2012).
Some authors have proposed use of visible spectra in addition to infrared (IR)
(Noroozietal, 2012; Setia et al,, 2013b; Zhang et al., 2012). Karavanova et al. (2001)
noted that dry saline soils have increased overall reflectance compared to

unaffected soils. Similar findings were mentioned by Abbas et al. (2013) and
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Howari (2003), and this is considered useful in soil salinity delineation. Almost all

currently available spectral bands have been evaluated for soil salinity analysis.

A number of researchers have investigated the use of vegetation as an indirect
indicator for soil salinity (Akramova, 2008; Dehni and Lounis, 2012; Ding et al,,
2011; Elhaddad and Garcia, 2009; Fernandez-Buces et al., 2006; Wang et al., 2013).
Salinity undermines plant growth and diminishes yields, and these effects can be
detected by remote sensing. In general, reduced reflectance in the NIR band
compared to the Red band is indicative of vegetation health and as such could
provide an indirect measure of salinity levels. As any indirect indicator, however,
use of vegetation data for soil salinity assessments introduces additional
inaccuracies. For example, a reduced normalized difference vegetation index
(NDVI) can be caused by many factors, including limited water availability and poor
management. It is also difficult to find vegetation indices that can be accurately
correlated with salinity levels for specific soils and vegetation species. A diversity
of approaches have been used, including averaging vegetation index values per field
(Akramova, 2008) and decision tree classification (Ding et al, 2011). None,
however, has proven universally applicable, with performance tested in different

areas.

Our study was done in a semi-arid cropped area where losses due to soil salinity
are particularly high. The stress response in crops due to soil salinity is evident in
decreased chlorophyll fluorescence (Biber, 2006; Jimenez et al., 1997; Li et al,
2010; Percival, 2005; Wankhade et al., 2013) and stomatal conductance (Alvarez
and Sanchez-Blanco, 2014; Biber, 2006; Hussain et al., 2012; James et al., 2002;
Munns and Tester, 2008; Rahnama et al., 2010). As a result of stomatal closure,
significant changes in canopy temperature can be observed. Multiple controlled
laboratory and greenhouse studies have examined changes in canopy temperature
in response to soil salinity at the plant level. The crops studied were euonymus
(Gémez-Bellot et al., 2015), Syngonium podophyllum and Philodendron erubescens
(Urrestarazu, 2013), grapevine (Grant et al., 2007), barley (Pefiuelas et al., 1997),
wheat (Hackl et al,, 2012), sorghum (Kluitenberg and Biggar, 1992) and cotton
(Howell et al., 1984). All these studies concluded that temperature change can be



16 Chapter 2

used as an indicator of salinity stress in plants. Observed differences in canopy
temperature varied from less than one degree (Urrestarazu, 2013) to 1-3°C (Hackl

et al,, 2012; Kluitenberg and Biggar, 1992) and even 8°C (Pefiuelas et al., 1997).

Most previous studies of changes in canopy temperature in response to soil salinity
were done at the individual plant level. To the best of our knowledge, use of satellite
thermography for this purpose has not yet been investigated. In the current study
we therefore investigated the potential of thermal imagery as a non-destructive and
rapid method of soil salinity assessment in cropped areas at the landscape level. We
furthermore compared the performance of thermal imagery with other approaches
previously used, particularly NDVI, the enhanced vegetation index (EVI), and

terrain properties.

2.2 Methods and materials

2.2.1 Study area

The study area is Syrdarya Province of Uzbekistan, which is a highly salt affected
semi-arid region. Syrdarya Province is located at the centre of the country on a vast
piedmont plain on the west bank of the Syrdarya River. On the terraces above the
floodplain the water table depth is 1-2.5 m, while in the central plain it increases to
2-3 m. In depressions and hollows, water table depth is 0.5-1 m. High groundwater
levels are also observed on the Syrdarya River floodplains (0.5-1 m)
(Goskomgeodezkadastr, 2010). Most agricultural lands in the province are affected
by various degrees of salinity: 9% is extremely saline, 60% is highly saline, and 21%
has moderately saline soils (State Research Institute of Soil Science and
Agrochemistry, 2005). The area has a mean annual temperature of -5°C in winter
and +28°C in summer and an average annual precipitation of 180-220 mm. Crops
are furrow irrigated. The main crops are cotton (Gossypium hirsutum L.) and winter

wheat (Triticum aestivum L.).



2.2 Methods and materials 17

2.2.2 Soil salinity map

For our core dataset we used 2005 provincial soil salinity data and maps based on
Goskomgeodezkadastr (2010) and the State Research Institute of Soil Science and
Agrochemistry (2005) sources. Maps from 2005 were chosen, as they were the
latest with coverage of the whole study area. The maps were created in accordance
with methodological guidelines for melioration of solonetz soils and accounting of
salt affected soils (V.V. Dokuchaev Soil Science Institute, 1970). According to these
guidelines, at least one soil profile of 2 m deep is analysed for each square kilometre
of area. Salinity classification was based on the content of Cl and SO4 ions (Table
2.1). Four soil salinity classes were distinguished: non-saline, slightly saline,
moderately saline, and highly saline (Figure 2.1a). According to the maps, the

slightly saline class was most abundant in the area.

Table 2.1. Classification of saline soils used in the ground truth map (V.V. Dokuchaev

Soil Science Institute, 1970).

Salinity level Cl content (%) | SO4 content (%)
Non saline <0.01 <0.006

Slightly saline 0.01-0.03 0.006-0.02
Moderately 0.03-0.10 0.02-0.06

saline

Highly saline 0.10-0.25 0.06-0.13

2.2.3 Satellite imagery analysis

For this research we used satellite imagery captured by the moderate-resolution
imaging spectroradiometer (MODIS) sensor aboard the Aqua satellite, which passes
at around 13:30 local time. We selected the Aqua satellite instead of the Terra
because Gomez-Bellot et al. (2015) observed the best correlation between canopy

temperature and salinity treatment at midday.
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First, all datasets were projected to the WGS 1984 UTM Zone 42N coordinate
system and clipped to the extent of the study area. After that, we used an NDVI mask
to extract the vegetated areas. Using the MOD13A2 vegetation index with an NDVI
threshold of 0.3, we distinguished vegetated from non-vegetated pixels. All further
analysis, both on thermal data and other remote sensing datasets, was done on the
vegetated areas only (NDVI > 0.3). For elevation analysis, we used the Shuttle Radar
Topography Mission digital elevation model (DEM) with 30 m resolution (accessed
through EarthExplorer of the US Geological Survey). For every unit of the soil
salinity map, we calculated mean values for the different parameters (surface
temperature (T), NDVI, EVI, and elevation). Statistical analysis was performed using
the SPSS Statistics software (IBM Corp, 2015). Analysis of variance (ANOVA) was
our main method, with F-values compared to evaluate the different indicators’

performance.

For cropped areas, the point of time of monitoring is important. To determine the
best time for salinity monitoring we repeated our analysis at different points during
the growing season. All images available for the period from April to September

were analysed, and F-values were calculated for T, NDVI, and EVI.

2.3 Results

To determine the best time for soil salinity monitoring, we analysed images
throughout the growing season (April-September). Figure 2.2 presents temporal
profiles of NDVI and EVI. Two vegetation peaks are clearly evident, for wheat in
May and for cotton in August. The difference between salinity classes is obvious, as
both NDVI and EVI decrease when moving from non-saline to highly saline classes.
The cotton season data is clearer and demonstrates greater differences between
salinity classes. The canopy temperature time series (Figure 2.3) also shows a clear
and consistent distinctions between salinity classes. The highest temperatures are
observed in highly saline areas and the lowest temperatures in non-saline areas.
The figure presents averaged data for the whole study area. The standard deviation

of the thermal data for different periods varies from 1 to 2°C.
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B tion-saline areas
- Slightly saline areas
- Moderalely saline areas

Bl Highly saline areas

04 8

Figure 2.1 Comparison of soil salinity, canopy temperature, normalized difference

vegetation index, and enhanced vegetation index maps of Syrdarya province in
Uzbekistan: (a) soil salinity map in 2005; (b) canopy temperature (°C) map on 14
September 2005; (c) normalized difference vegetation index map on 13 August 2005;
(d) enhanced vegetation index map on 28 July 2005.

According to the results of our ANOVA test, the best relation between the soil
salinity map and thermal imagery occurs from end August to mid-September (Table
2.2). For NDVI and EVI, the strongest relation is found from end July to mid-August.
In general, F-values are high for the whole period of maximum cotton development,

which is from end July to mid-September. This indicates that cotton is influenced
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most by soil salinity in this period. The F-values during wheat season are much

lower, but still significant, meaning that wheat was less salt-affected.
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Figure 2.2 Time series of normalized difference vegetation index and enhanced

vegetation index for Syrdarya province in Uzbekistan (averaged for the whole study

area).
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Figure 2.3 Time series of canopy temperature for Syrdarya province in Uzbekistan

(averaged for the whole study area).
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Table 2.2. F-values of ANOVA tests between soil salinity map and MODIS thermal
imagery, NDVI, and EVI for Syrdarya Province in Uzbekistan (all p-values are less than
0.01, except for elevation data).

T O e A B A L A Dt o
Canopy T | 18.6 274 | 163 | 296 | 361 | 251 | 376 304 | 390 |[417 | 205
NDVI 8.9 17.6 | 194 | 208 | 231 | 337 | 371 | 394 | 273 | 340 | 219
EVI 5.9 162 | 121 | 79 133 | 202 | 292 | 279 | 234 | 262 | 129
Elevation 0.3 (p-value = 0.87)

Figure 2.4 presents the differences in means between the salinity classes. Higher F-

values are indicative of larger differences between salinity classes.
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Figure 2.4 Boxplots of canopy temperature, NDVI, EV], and elevation data versus

salinity levels for Syrdarya province in Uzbekistan.




22 Chapter 2

In general, data variability is high, but similar for all the evaluated variables. The
classes do show overlap, but the means are significantly different. The boxplots in
the figure show that mean temperatures increased with increased salinity level, in
line with previous plant-level studies (Gémez-Bellot et al., 2015; Hackl et al.,, 2012;
Howell et al., 1984). However, we found only small differences between the slight
and the moderate salinity classes. Distinguishing these classes will therefore be

difficult.

Differences in means were also observed in the boxplots of NDVI and EVI for the
different salinity classes, but here we see a decrease in NDVI and EVI as salinity
level increases, indicating that NDVI and EVI also respond to changes in soil salinity.
ANOVA results for NDVI and EVI data indicate significant differences between
salinity classes (p-value <0.01), but F-values are smaller than those found using
thermal imagery analysis, especially in the case of the EVLI. It is interesting to note
that the maximum F-values for NDVI and EVI were observed in different months
than for canopy temperature. For canopy temperature the strongest correlation
with the salinity map occurs from end August to mid-September, while for NDVI

and EVI itis from end July to mid-August.

DEM analysis results suggest that elevation is not a good predictor of soil salinity
(Figure 2.4). ANOVA results (Table 2.2) show an F-value of 0.245 and a p-value of
0.865, indicating no significant relation between altitude and salinity. We also
analysed derivatives of the DEM (slope and aspect) and found no significant

relations for these either.

A visual comparison of the soil salinity map and the canopy temperature map
revealed some similar spatial patterns (Figure 2.1a and b). The central part of the
province, where the most highly saline areas are located, had higher canopy
temperatures. Visual interpretation of the NDVI and EVI maps revealed a random,
noisy pattern, which was less pronounced on the thermal map. This is surprising,
considering the ANOVA results and boxplots. We would expect more similarity with
salinity, since these vegetation indices were previously used for salinity monitoring

and other studies found high correlations.
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2.4 Discussion

The main goal of our research was to investigate the potential of thermal imagery
as a rapid, non-destructive landscape-level method for assessing the soil salinity of
areas under crops. Our results confirm that remotely sensed canopy temperature
at the landscape level is significantly related to soil salinity. Statistical analysis
showed significant differences between salinity classes. Differences between
salinity classes were also pronounced in the thermography time series graph
(Figure 2.3), despite a standard deviation of 1-2°C in the dataset. Interestingly, the
ANOVA of canopy temperature was higher than that of vegetation indices, as seen
in the larger F-values. Many previous studies have used vegetation indices, and
often found strong correlations with soil salinity (Aldakheel et al., 2006; Brunner et
al,, 2007; Platonov et al., 2013). Several factors may explain why we found canopy
temperature to perform better and show more statistically significant differences
between salinity classes. First, our study area was a uniform agricultural province,
the vast majority of which was covered by only one crop ata particular point in time
(wheat in spring and cotton in summer). This uniformity allowed us to use MODIS
data with a 1 km resolution. The coarse data resolution and large size of the study
area might have masked other factors that could influence the temperature, like
irrigation schedule and management differences. These features might have made
of our study area amenable to aggregation over larger areas and allowed
identification of patterns that might not have been visible with more detailed data.
However, the coarse resolution of the MODIS data could impose limitations as well.
The large pixel size might mix vegetation and soil signals, mediating temperature
values. In this respect, use of Landsat data may be a worthwhile path for future
research. The Landsat archive provides continuous data for most of the Earth
starting from the 1970s. Moreover, Landsat data’s potential for use in soil salinity
monitoring has already been shown at the regional level (Judkins and Myint, 2012;
Scudiero et al., 2015) and at the local level (Akramova, 2008; Hamzeh et al., 2016;
Setia et al., 2013b).
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We found the strongest correlation between thermal data and soil salinity from end
August to mid-September. This confirms Metternicht and Zinck (2003), who found
the end of a dry season to be the best time for monitoring. However, their study
used optical remote sensing for bare soil rather than canopy thermography.
Nevertheless, their explanation is also plausible in our case. In Syrdarya Province,
leaching of salts occurs from December to February. Thus, in May, when winter
wheat is fully developed and at peak biomass, the salt content in the root zone is
low because of recent leaching. As a result, no strong correlation between canopy
temperature and soil salinity is observed. The influence of salts is greater closer to
the end of a dry season due to the capillary rise of saline groundwater. Therefore,
despite the fact that cotton is considered to be more salt tolerant than wheat (Ayers
and Westcot, 1985), we observed a stronger correlation between canopy
temperature and salinity during cotton season. Considering cotton’s relatively high
salt tolerance (Ayers and Westcot, 1985), we would expect less salt-tolerant crops
(e.g., rice, corn, vegetables) to show an even stronger relation between canopy

temperature and soil salinity.

Our DEM analysis did not reveal any influence of topography on soil salinity, even
though topography and micro relief are known to be significant factors in soil
salinity distribution (Akramkhanov, 2005; Hillel and Feinerman, 2000; US Salinity
Laboratory Staff, 1954). A plausible explanation for this finding is that our study

area was overall relatively flat.

The methods applied in this study were simple, which favours further practical
applications and dissemination of the approach to other areas. Of course, the
simplicity raises issues as well, like the problem of differentiating the signals from
soil and vegetation and the need to take irrigation schedule into account, as
irrigation will influence temperature. These issues can also be considered potential
directions for future studies. As an additional path for future research we suggest
inclusion of auxiliary data in the analyses, such as data on soil types and
groundwater level. Inclusion of auxiliary data could help create a soil salinity
assessment method for agricultural areas that is flexible enough for application in

various different arid and semi-arid regions of the world. The methods we used
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here were straightforward, and the data are open and universally available. We
therefore consider this research a first step towards development of a more widely

applicable approach for soil salinity assessment.

2.5 Conclusions

The present study explored the potential of canopy temperature as an indicator of
soil salinity at the landscape level, and compared the performance of this indicator
with NDVI, EVI, and elevation. We concluded that satellite thermography data is
significantly correlated to soil salinity. Our satellite thermography data clearly
distinguished between salinity classes, producing F-values higher than those for the
other indicators investigated. Moreover, visual examination of maps showed that
actual salinity patterns were more similar to the canopy temperature map than to
the map produced using vegetation indices. Satellite thermography thus appears to
harbour substantial potential for salinity monitoring on cropped areas. However,
the timing of monitoring is important. Thermal images taken in September
produced the highest F-values, meaning they had the greatest predictive power.
Nevertheless, for the whole period from end July to mid-September, F-values were
fairly steady and showed significant relations, indicating considerable potential for
use in monitoring. In our study region of Syrdarya Province, the highest F-values
corresponded with the period of maximum crop development at the end of the dry
season. Maximum F-values for vegetation indices were observed a bit earlier in the
season, in July and August, when cotton’s green biomass was close to its maximum.
Therefore, the point of maximum vegetation development after the dry season can

be considered the best time for application of the methods we used.

Similarly, we found promising results for use of satellite thermography to detect
soil salinity on irrigated croplands for our study area in Uzbekistan. A promising
path of future research might be evaluation of the general applicability of the

proposed approach in terms of different crops and regions.
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Abstract

Increased soil salinity is a significant agricultural problem that decreases yields for
common agricultural crops. Its dynamics require cost and labour effective
measurement techniques and widely acknowledged methods are not present yet.
We investigated the potential of Unmanned Aerial Vehicle (UAV) remote sensing to
measure salt stress in quinoa plants. Three different UAV sensors were used: a
WIRIS thermal camera, a Rikola hyperspectral camera and a Riegl VUX-SYS Light
Detection and Ranging (LiDAR) scanner. Several vegetation indices, canopy
temperature and LiDAR measured plant height were derived from the remote
sensing data and their relation with ground measured parameters like salt
treatment, stomatal conductance and actual plant height is analysed. The results
show that widely used multispectral vegetation indices are not efficient in
discriminating between salt affected and control quinoa plants. The hyperspectral
Physiological Reflectance Index (PRI) performed best and showed a clear
distinction between salt affected and treated plants. This distinction is also visible
for LiIDAR measured plant height, where salt treated plants were on average 10
centimetres shorter than control plants. Canopy temperature was significantly
affected, though detection of this required an additional step in analysis -
Normalised difference Vegetation Index (NDVI) clustering. This step assured
temperature comparison for equally vegetated pixels. Data combination of all three
sensors in a multiple linear regression model increased the prediction power and
for the whole dataset R2 reached 0.46, with some subgroups reaching an R2 of 0.64.
We conclude that UAV borne remote sensing is useful for measuring salt stress in
plants and a combination of multiple measurement techniques is advised to

increase the accuracy.



3.1 Infroduction 29

3.1 Introduction

Increased soil salinity is a significant agricultural problem that decreases yields for
common agricultural crops (Maas and Grattan, 1999). Moreover, soil salinity is a
dynamic phenomenon which makes timely soil salinity data essential for
agricultural management of affected regions. Remote sensing can provide the
necessary spatial and temporal resolution, but widely acknowledged methods and
techniques for soil salinity monitoring of cropland using remote sensing are not
present yet. Most of them propose to use vegetation indices, Normalised Difference
Vegetation Index (NDVI) being the most popular(Rahmati and Hamzehpour, 2017;
Zhang et al, 2015). Other plant parameters, like remotely sensed canopy
temperature (Ivushkin et al.,, 2017; Ivushkin et al.,, 2018), have been applied as a
proxy for soil salinity. Bare soil remote sensing was also used, though less often (Bai
et al,, 2016; Nawar et al., 2014). This can be explained by the fact that upper layer
of soil does not reflect actual salinity levels in root zone, which is the most

important information for agriculture.

Though the above mentioned studies reported high correlations and accuracies of
prediction in some situations, their application on other study areas did not show
the same usability and accuracy (Allbed et al., 2014a; Douaoui et al, 2006).
Moreover, widely available satellite images cannot provide high spatial resolution
and temporal flexibility of data acquisition, which are important for agricultural

application.

One of the solutions to overcome the issues of scale, resolution and temporal
flexibility is the use of Unmanned Aerial Vehicles (UAV) as a sensor platform. UAV-
based remote sensing is currently used for a wide range of applications in
agriculture and soil science. These applications include but are not limited to: soil
erosion monitoring (Oleire-Oltmanns et al., 2012), crop and soil mapping for
precision farming (Honkavaara et al., 2013; Sona et al., 2016), quantifying field-
based plant-soil feedback (van der Meij et al., 2017) and measuring physiological
indicators of crops (Domingues Franceschini et al., 2017; Roosjen et al., 2018).

There is an increasing amount of operational UAV service providers in agriculture
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industry and many farmers start to maintain their own fleet. All this makes UAV’s
widely available remote sensing platforms with vast potential applications,

including soil salinity monitoring.

Several studies discuss the potential of UAV-borne remote sensing for soil salinity
and water deficit stresses, which often leads to a similar stress response in plants.
Romero-Trigueros et al. (2017) investigated Citrus species grown under deficit
irrigation with reclaimed water of increased salinity. They found that Red and Near
Infrared spectral bands are significantly correlated with the chlorophyll content,
stomatal conductance and net photosynthesis and concluded on the feasibility of an
UAV-borne imagery to assess physiological and structural properties of Citrus
under water and saline stress. Quebrajo et al. (2018) used thermal imagery from a
UAV mounted camera to detect water stress in sugar beet plants. They concluded
that this a reliable method to monitor the spatio-temporal variations of crop water
use in sugar beet fields, but further research is required to propose optimal

recommendations for a specific plant species.

These examples show that effects of salt and water stress in plants are definitely
detectable by UAV remote sensing systems, but UAV’s specific application for
salinity stress was investigated only in one of them (Romero-Trigueros et al., 2017)
and with the focus on water stress rather than salinity stress. Therefore,
considering that available research on the topic is limited, we have formulated two

research questions:

1. Do the UAV sensed variables significantly change in salt treated plants on

plot scale?
2. Does a combination of the different variables have an added value?

To answer them we have conducted our research using UAV platforms with three
significantly different sensors: thermal camera, hyperspectral camera and Light
Detection and Ranging sensor (LiDAR). The research was conducted in the frame of
a bigger experiment on salt tolerance of quinoa crop which has been set up on the

experimental field at Wageningen University & Research, the Netherlands.
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3.2 Methods and materials

3.2.1 Planting experiment set-up

The experiment was set up on the experimental farm of Wageningen University &
Research located in the central part of the Netherlands. Plants for the experimental
trial were sown on March 28, 2017 in a greenhouse, the plants were put outside for
cold acclimation on April 21, 2017 and were planted in the field on April 24, 2017
(salt trial) and April 25, 2017 (control trial).

Salt
treated
plot

_Pasto

Red Carina :

Figure 3.1 Planting experiment spatial layout. The planting units are marked by the

coloured squares on an aerial photo background. Each variety is colour coded.
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The two experimental plots of 13 x 13 m were planted with in total 97 different
genotypes and varieties of quinoa Figure 3.1. The three varieties were Atlas, Red
Carina and Pasto. The other 94 genotypes were F3-families of a cross between Atlas
and Red Carina. Each plot consists of 110 planting units measuring 60x70 cm with
a gap between the units of 40 cm (gross unit size = 100 x 110 cm). In the unit, the
inner 60 x 70 cm was planted with 42 plants spaced at 10 x 10 cm. The southern
plot is treated with salt and the northern plot is used as control plot. Around each
plot of 110 planting units, an edge row of Pasto plants was planted in order to make
sure the light conditions of the experimental edge rows were similar to that further

away from the edge.

Salt was applied to the salt treated plot in 14 steps to create a final EC of just above
30 dS/m (equivalent to 300 mM NaCl) by adding irrigation water with NaCl, initially
at 200 mM and later at 400 mM NacCl (Table 3.1). In the end natural rainfall occurred
so frequently, that prior to a rainfall event an equivalent amount of salt was added
equal to the amount applied with each 400 mM NacCl irrigation application. These
solid applications quickly dissolved in the rainwater and infiltrated in less than 24

hours.

Table 3.1. Salt applications. From 11/5 to 30/6 each application was given in

irrigation water as 5 L of solution at the mentioned concentration of NaCl.

Date mM, concentration of g NaCl/planting unit
NaCl solutions

11/5/2017 200 58
15/5/2017 400 117
17/5/2017 400 117
24/5/2017 400 117
2/6/2017 400 117
9/6/2017 400 117
16/6/2017 400 117
30/6/2017 400 117
11/7/2017 as solid 120
14/7/2017 as solid 240
17/7/2017 as solid 240
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21/7/2017 as solid 240
Total (g per planting unit) 1717
Total (g per m2) 1561

Electrical conductivity was measured at 0-10, 10-20 and 20-30 cm soil depth
regularly. For each planting unit, three locations were sampled. Soil samples were
weighed fresh and dried in order to see humidity of the current soil. Following this,
electric conductivity meter (ProfiLine Cond 315i, Xylem Analytics, Germany) was
used to measure the concentration of salts in saturated soil. Twenty grams of soil
and 160 ml of water (1:8) were mixed and EC of the solution measured by EC meter.
During the salt applications, soil samples were taken three days after the
treatments. The EC values increased from about 2 dS/m (the same level as in the
control plot at the start of the season after fertilisation) to about 40 dS/m in the
layer 0-10 cm, 15 dS/m in the layer 10-20 cm and 18 dS/m in the layer 20-30 cm of
soil depth (at flowering, after June 16, 2017). EC-levels were variable as they were
higher just after application and lower after rainfall events, but gradually increased
as mentioned. The level of 40 dS/m in the top layer exactly reflects the NaCl
concentration of 400 mM used in the application. The surface soil salinity of 40
dS/m corresponds to extremely saline conditions (>16dS/m) and 10-20 cm values
of up to 15 correspond to highly saline conditions (8-16 dS/m). In general,
experimental setup corresponds to highly-extremely saline conditions where only

tolerant species can grow.

The total irrigation plus rainfall from planting to harvest (on August 7, 2017) was
229 mm. The initial soil moisture content was about 100 mm (30 % relative water
content taken over the first 30 cm soil). At harvest the relative water content was
about 20-25 % (or 60-75 mm in the first 30 cm of soil). So, on average the total

water use (soil evaporation and transpiration) was about 260-270 mm.
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3.2.2 Field measurements of plant variables

3.2.2.1 Stomatal conductance measurements

The stomatal conductance measurements were taken on two consecutive days from
two leaves per one plant in each planting unit twice a day, in the morning and the
afternoon using a Decagon SC-1 porometer. The morning measurement took place
from 10 to 12 o‘clock and afternoon from 13 to 15 o’clock. The standard deviation
between the units on control plot is 68 mmol/m?/s and on salt treated plot 28
mmol/m?/s. In our analysis we have used the average value of these four
measurements as an estimate of the midday values to ensure best comparison with
the UAV flight data which were taken at midday. The stomatal conductance map
(Figure 3.2) is based on these ground measurements and is produced for

visualisation and spatial analysis.

3.2.2.2 Plant height measurements

Final plant height was measured after the final harvest (on August 7, 2017) by
taking the 90 % quantile of the plant height (so from the 42 plants the longest four
plants were excluded, so the length of the 5% longest plant was taken). Plant height
was measured from the base of the plant to the top of the head on the main stem

using regular ruler.

3.2.2.3 Biomass and grain measurements

After the final harvest, the plants were split into stem (plus some remaining leaves,
but most were dead and/or fallen off) and head. The head was dried at 35°C until
the weight was stable (about 4 days) prior to separating grain and residual head in
order to obtain viable seeds for follow-up experiments. The weight of residual head
and grain were determined after being dried at 35°C and from these dried materials
subsamples were taken to determine dry weights after 24h drying at 105°C. Stem
weights were also determined after drying at 105°C. The total biomass (dry weight)
is the sum of the dry grain weight, the dry residual head weight and the stem dry

weight.
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Figure 3.2. Stomatal conductance map showing the average stomatal conductance

per planting unit. Units of stomatal conductance are mmol/m2/s.

3.2.3 UAV data acquisition and processing

The UAV data used were acquired on 20t of June 2017. Two flights were made with
an Altura AT8, one carrying the hyperspectral camera and the other one with the
thermal camera on board. A third flight was conducted with the Riegl Ricopter
system, carrying the Riegl VUX-SYS LiDAR system. The systems and data are

described in more detail below.
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3.2.3.1 Hyperspectral data system and processing

A light weight hyperspectral camera (Rikola Ltd., Oulu, Finland) based on a Fabry-
Perot interferometer (FPI) (Honkavaara et al.,, 2013; Roosjen et al., 2017) has been
used. The image produced has a resolution of 1010x1010 pixels. In total 16 bands
were sampled in a range of 515-870 nm with full width at half maximum (FWHM)
varying between 13 and 17 nm, as described in Table 3.2.

Table 3.2. Characterization of the spectral bands of the camera.

Spectral
bands n =3 o o =3 o =} =3 =3 = =) = o =3 o o
= ™ n = ™ = @ I S = Q < ) @ S =
centre n 1) n n © © © ) ~ ~ ~ ~ ~ ~ @ )
(nm)

FWHM 14 | 14 | 13 13 13 13 13 13 13 13 13 13 13 13 13 17
(nm)

The area of the 2 plots was captured in 4 flight lines, parallel to the longest side of
the area. The flight height was 20 meters above ground level and the flight speed
was 2 meters/second. The overlap between flight lines was approximately 80%,
within the flight line the overlap between images is approximately 60%. The images
were acquired with a ground sampling distance of 0.015 m. The flight lines were
constructed with the Unmanned Ground Control Software mission planning

software (UGCS, 2017).

Due to intrinsic sensor characteristics, images corresponding to different
wavelengths were not registered at the same time, since changes in the
wavelengths measured depend on internal adjustment of the sensor system. The
mismatch between images corresponding to different wavelengths was solved
during photogrammetric processing of the images in Agisoft PhotoScan software
(Agisoft LLC, 2017). This procedure depends on implementation of the Structure
from Motion (SfM) algorithm, with feature matching, self-calibrating bundle
adjustment and image-to-image registration based on overlapping imagery
(Harwin et al,, 2015). For that, image alignment and dense point cloud derivation
were performed using the original resolution of the images (i.e., setting quality to
‘high’ and ‘ultra-high’ during these steps in the software processing chain,

respectively).
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Conversion of digital numbers (registered with 12-bit radiometric resolution) to
radiance, in mW*sr*m2*nm-, was performed based on dark -current
measurements, which were taken before the flight, using proprietary software
provided with the camera (Hyperspectrallmager version 2.0). Radiance values
were then converted into reflectance factor through the empirical line approach
using images, also acquired before the flight, of a Spectralon reference panel with
50% reflectance (LabSphere Inc., North Sutton, NH, USA), under same general

illumination conditions observed during the data acquisition.

3.2.3.2 Thermal data processing

The thermal camera used is a Workswell WIRIS 640 (Workswell s.r.o., Praha, Czech
Republic). This thermal camera captures images with 640x512 pixels resolution,
and has a temperature sensitivity of 0.05°C, with a spectral range of 7.5-13.5 pm.
The default setting for emissivity of 0.95 was used. The thermal camera captures

calibrated images which means that the actual temperature is recorded.

The area of the 2 plots was captured in 4 flight lines, parallel to the longest side of
the area. The flight height was 20 meters above ground level and the flight speed
was 2 meters/second. The overlap between flight lines was approximately 80%,
within the flight line the overlap between images is approximately 60%. The images
were acquired with a ground sampling distance of 0.025 m. The flight lines were
constructed with the Unmanned Ground Control Software mission planning

software (UGCS, 2017).

The calibrated images were processed with Agisoft PhotoScan software (Agisoft
LLC, 2017) where a mosaic for the whole trial has been constructed. Unfortunately,
the GPS malfunctioned during the acquisition, so no GPS coordinates were available
for the imagery. Since the images were captured with sufficient overlap (70%),
PhotoScan still can construct a mosaic applying the Structure from Motion (SfM)
algorithm, but the result is without geo-reference. The geo-referencing was done
manually in ArcMap (ESRI, 2016) by selecting recognizable locations on the

thermal mosaic and a georeferenced hyperspectral image of the area.
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3.2.3.3 Llidar height measurements and data processing

The RIEGL RiCOPTER with VUX®-1UAV (RIEGL Laser Measurement Systems
GmbH, Horn, Austria) integrated UAV and sensor system has been used for LiDAR
data acquisition. The RiICOPTER is a battery-driven octocopter with an empty
weight (no batteries and equipment) of 9 kg that can carry a payload of up to 8 kg.
Together with the VUX®-1UAV scanner (3.75 kg), the system controller (0.9 kg),
the IMU (0.7 kg) and optional cameras the total system weights just under 25 kg.
The batteries allow flight times of up to 30 min at 30 km/h maximum cruise speed.
This allows flying multiple overlapping flight lines to increase target coverage

(Brede etal., 2017).

The VUX®-1UAV is a survey-grade laser scanner that is mounted underneath the
RiCOPTER. It uses a rotating mirror with a rotation axis in flight direction to direct
the laser pulses and achieve an across-track Field Of View (FOV) of 330°
perpendicular to the flight direction. This means that lateral flight line overlap is
only restricted by the maximum operating range of the laser. An Applanix AP20 IMU
attached to the VUX®-1UAV and Global Navigation Satellite System (GNSS)
antennas on top of the RiICOPTER record flight orientation and GNSS data. The on-
board instrument controller manages all sensors’ data streams and includes a

220GB SSD storage, which is sufficient for several missions (Brede et al., 2017).

The area of the 2 plots was captured in 6 flight lines, 3 parallel to the longest side of
the area, situated to the left, middle and right of the plots and 3 parallel to the
shortest side of the area, also situated to the left, middle and right of the plots. This
way, the quinoa plants are scanned from all sides. For each flight line a scan line is
captured. The flight lines were constructed with the Unmanned Ground Control

Software mission planning software (UGCS, 2017).

Pre-processing of the trajectory data (flight orientation and GNSS data) was
performed with the POSPac Mobile Mapping Suite (Applanix, 2017) using base
station data provided by 06-GPS (06-GPS, 2017). This makes it possible to achieve

centimetre accuracy for the geo-location of the laser data.
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Processing of the raw scanning data was done with the RIEGL RiPROCESS software
which is the default software tool for processing data from the VUX®-1UAV
scanner. With RiPROCESS, the raw data is converted to a geo-referenced point cloud
using the pre-processed trajectory data for accurate geo-positioning. Internal co-
registering of the different scan line data was carried out with the RiPRECISION
tool. This tool finds matching control planes between scan lines and performs the
co-registration. The resulting LiDAR point cloud data was exported as LAS files for

further processing with the LAStools software (rapidlasso GmbH, 2017).

Classification of ground points and calculation of the plant height was done with the
LAStools software suite. For ground point classification, the lasground_new tool
was used with the wilderness option. This enables the detection of smaller features
on the ground in high resolution LiDAR. The results were visually evaluated and the
pattern of the ground classification was found accurate enough for further
processing. Next, the height of all points above the ground was calculated with the
lasheight tool. The result is still a point cloud with the Z value of each point is the
relative height above the ground. The Z value for ground points is 0. This point cloud
was rasterized into a raster file with the lasgrid tool using the highest option with
a step size of 2.5 cm. This means that within a grid cell of 2.5 by 2.5 centimetres the
highest Z value of LiDAR points that fall within this grid is assigned as value to the
grid cell. The result is a raster file covering the whole plot area with the maximum
height of the vegetation per 2.5 by 2.5 cm’s. This file is used to derive statistical

information about the plant height for each planting unit.

3.2.4 Vegetation indices calculation

Three vegetation indices were calculated for the research. The first one is well

known and broadly used Normalised Difference Vegetation Index (NDVI):
npvi = R~ R 1
" NIR+R @

The second one is Optimized Soil Adjusted Vegetation Index (OSAVI) (Rondeaux et
al,, 1996), calculated as:
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osavi = — MR~ R 2
" NIR+R+0.16 (2)

In our calculation NIR is the reflectance at 870 nm and R is reflectance at 690 nm
spectral band. The third index is PRI (Gamon et al, 1992), calculated as:

_ R531-R570
" R531 + R570

where Rx is the reflectance on the corresponding wavelength in nm. PRI is known

PRI (3)

to be responsive to salinity stress in plants (Zinnert et al., 2012).

3.2.5 NDVI clustering

To filter out the influence of the total biomass on a UAV measured temperature we
applied NDVI clustering. In this way we ensure that we compare the temperatures
of the equal amount of a plant material per pixel. The clusters were created by
sorting the plant units based on their average NDVI value and assigning them into
groups of equal size. A total 5 clusters were established each containing 24 planting
units, which means that 120 planting units were included into regression analysis.

NDVI ranges for each class are indicated in Table 3.3.

3.2.6 Further geospatial and statistical analysis

Further geospatial analysis was implemented in ArcGIS Pro software package
(ESRI, 2017). That analysis consisted of calculating average NDVI, PRI, OSAVI and
temperature values for each planting unit using Zonal Statistic as Table tool. Then
importing of the table into the readable form for IBM SPSS Statistics software (IBM
Corp, 2015) for further statistical analysis and plotting. In SPSS correlation
coefficients of Table 3.4 were calculated and boxplots were created. The Multiple
Linear Regression model also has been calculated in SPSS software package. For
that, functionality of Linear Regression tool has been applied, where canopy
temperature, PRI and LiDAR measured plant height were chosen as independent
variables. All statistical analysis has been implemented on a planting unit level,
therefore average pixel values per planting units were used for producing boxplot

graphs and calculating regression and correlation coefficients.
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3.3 Results and discussion

3.3.1 Vegetation indices analysis

The multispectral indices did not show significant differences between control and
salt treated plots, and to some extent even show an inverted correlation, where
both NDVI and OSAVI showed slightly higher values for salt treated planting units
(Figure 3.3). We connect this outcome with adaptation mechanisms of quinoa
plants. Since quinoa is a well-known halophyte, it can increase its fresh weight
under salinity stress and leaves show the highest increase in weight (Koyro et al.,
2008). This means that multispectral vegetation indices that mainly relate to the
greenness and green biomass will not be useful for salt tolerant plants like quinoa,

where relationship of salt stress and biomass are not straightforward.
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Figure 3.3. NDVI and OSAVI boxplots of control and salt treated quinoa plots.

Even though the total biomass of salt affected plants was slightly higher than for the
control, the actual yield was lower (i.e. the harvest index was reduced by the salt
treatment), which means that there are certain negative physiological responses
even in such salt tolerant plants as quinoa. To detect these responses we have
investigated Physiological Reflectance Index (PRI) values, which is known to be
influenced by salinity stress (Zinnert et al., 2012). In this case results were more in
line with previous studies and showed that PRI values of salt treated plants were

lower than for the control (Figure 3.4). This confirms that actual photosynthetic
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efficiency has decreased
because of the salt stress.
Visual assessment of the
PRI map in Figure 3.6
shows these differences,
with more reddish colours
(higher PRI) on the control
plot and more yellow
(lower PRI) on salt treated
plot. The map also shows
that there are quite some
inconsistencies and
sometimes very low values

in control plot and very

PRI
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Figure 3.4. Physiological Reflectance Index
(PRI) boxplot.

high in the treated one. Because of this, the differences between two means reached

only 0.005. Suspecting that these inconsistencies appear because of the differences

in canopy cover per pixel and not because of actual performance of the plant at the

moment of measurement, we applied NDVI clustering (ranges per cluster are in

Table 3.3), as described in the Methods section. This allowed us to compare planting

units with comparable canopy cover.

In Figure 3.5 it is visible that application of NDVI clustering increased the

differences of means on average twofold, now reaching 0.01, which leads to a

clearer distinction between control and salt treated plants. Therefore, NDVI

clustering appears to be a useful step in the analysis for plants with non-common

salinity stress responses, like quinoa.
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Figure 3.5. Physiological Reflectance Index (PRI) boxplot for different NDVI clusters
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Figure 3.7. Physiological Reflectance Index (PRI) boxplot clustered by variety.

In addition to differences between control and salt treated plants, PRI was quite
variable between different quinoa varieties (Figure 3.7). Pasto variety showed the
most remarkable result because of the inverted relation - salt treated plant showed
higher PRI values than control, which suggests that Pasto is the most salt tolerant
variety among the three. These values correspond well with ground measured
indicators of plant performance. Red Carina’s mean PRI is also slightly higher on
salttreated plot, but this difference is barely reaching 0.001 and the general boxplot
distribution shows that the majority of the values are in the lower range, therefore
PRI values in the case of Red Carina are not significantly different between control
and salt affected plants. Atlas variety followed a general pattern of reduced PRI on

salt treated plants compared to control.
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3.3.2 Canopy temperature analysis
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on a plot scale.
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The fact that a higher correlation is observed only after NDVI clustering, suggests
that even though the canopy temperature is influenced by soil salinity, the amount

of vegetation in each pixel is crucial for valid soil salinity assessment.

Moreover, this connection between canopy temperature and soil salinity can be
observed in salt tolerant crop, which is a surprising finding, taking into account that
salt tolerant and salt sensitive plants have different salt stress adaptation
mechanisms (Shabala and Munns, 2012). In this trial this distinguishing was
possible by applying additional step in the analysis - NDVI stratification. Therefore,
canopy temperature increase in response to salinity stress can be observed in salt
tolerant plants, though the effect is less pronounced compared to conventional

crops (Ivushkin et al., 2017; Ivushkin et al.,, 2018).

Canopy temperature generally depends on stomatal conductance. Figure 3.10 and
Table 3.3 show how they correspond in our case. When the dataset is analysed
without any clustering the correlation between stomatal conductance and UAV
recorded temperature was -0.188. This is quite surprising considering that
stomatal conductance ground measurements have a clear spatial distribution
(Figure 3.2) which shows significantly lower stomatal conductance on the salt
affected plot. The reason for this is the different amount of vegetation signal per
pixel and specifics of adaptation mechanism of quinoa, as described before. In this
case, though stomatal conductance is decreased with a higher salinity level, the
increase in total amount of vegetation per pixel (and, as a result total amount of
stomata per pixel) leads to temperature compensation and there is no difference
between control and salt affected plot observed in remote sensing data. But when
the analysis was done on the NDVI clustered dataset the correlation coefficient
reached -0.657 and 3 out of 5 coefficients are significant. However, the two marginal
clusters (first and the last) showed low correlation coefficients. This suggests that
plants with highest and lowest green biomass of the study area are less suitable for

the thermal monitoring of salt induced stress.
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Table 3.3. Correlation coefficients between stomatal conductance and UAV measured

canopy temperature per NDVI cluster (correlation is significant at the *0.05 or **0.01

level).
NDVI rank 1 2 3 4 5 NDVI unclustered
NDVIrange | <0.781 | 0.781-0.800 | 0.800-0.809 | 0.809-0.816 | 0.816-0.840 -
Correlation -0.285 -0.445" -0.406" -0.657" 0.008 -0.188"
coefficient

Canopy temperature (°C)
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Figure 3.10. Stomatal conductance vs. canopy temperature scatterplot. Different

colours represent different NDVI clusters. Lines are the best fit lines for each cluster.
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3.3.3 LiDAR height measurements analysis
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Figure 3.11. Scatterplot of plant height measured by Lidar and by hand 48 days later.

The line is 1:1 line.

LiDAR measurements of plant height were compared with actual ground
measurements. The results show that LiDAR can accurately predict plant height
with the R2 of 0.78. This is remarkably good as the height measurements of the
LiDAR predict the height of the crop at the harvest 48 days later. That means that
LiDAR data has a potential for plant height prediction at the time of harvest, which

can further be used for yield prediction.

Moreover, the RZ most likely has been decreased by the fact that not every single
plant has been measured by ground measurements, but only the 90 % quantile of
the plant height of 42 plants was determined, while LiDAR provided an average of

every plant’s height in each planting unit.
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The plant height was
significantly affected by salt
treatment. The salt treated
plants are on average 10 cm
shorter than the control
plants (Figure 3.12).
However, this is not true for
the Pasto variety, which
showed a reversed
correlation and salt affected
plants are 5-10 cm higher

than control. This can clearly

LIDAR measured plant height (m)

Chapter 3
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Figure 3.12. Lidar measured plant height.

be seen on the LiDAR height map, where Pasto can be identified by its difference in

height compared to the neighbouring planting units of other varieties (Figure 3.13).

Considering that plant height is usually affected by salt stress, LIDAR systems have

an added value in soil salinity monitoring allowing to obtain plant height

measurements over big areas in short period of time. Adding this data into

multivariable analysis will increase the prediction power and accuracy of the

results, which is demonstrated in the next subsection.
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Figure 3.13. Lidar measured plant height (m) map (Pasto planting units are marked

by the circles).

3.3.4 Multiple Linear Regression

Application of Multiple linear regression has showed higher regression coefficient
compared to the cases when only a single predictor is used. When data from all
three sensors were used (thermal, hyperspectral, LIDAR) the R2reached 0.64 (0.58
R2 adjusted) for the fourth NDVI class (Table 3.4) and 0.46 for all classes combined
(Figure 3.14). The predictors in this case were PRI, canopy temperature and LIDAR
measured plant height. Though the average regression coefficient has been

increased by application of multiple linear regression, the deviations of the
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regression coefficients between different NDVI clusters are quite high and RZvaries

from 0.1 to 0.64 (Table 3.4) so there is a room for improvement on the consistency

of the results.

Table 3.4. Determination coefficients (R%) for different indicators vs. stomatal

conductance (MLR combines PRI, canopy temperature and LIDAR measured plant

height).
NDVI rank 1 2 3 4 5 NDVI unclustered
MLR .590 .376 410 .638 .104 241
Canopy temperature .081 .198 .165 431 .000 .035
PRI 434 184 .200 .263 .043 142
LIDAR measured plant height 487 .218 .263 417 .079 213
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Figure 3.14. Scatterplot of MLR predicted vs measured stomatal conductance values.

The line is 1:1 line.
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It is fully conceivable that the remote sensing data could be more accurate than the
actual stomatal conductance measurements, which were only done using
measurements on four leaves and on two different days in a morning and afternoon
part. The amount of work does not allow to finish this large number of stomatal
conductance measurements on a larger number of leaves within a few hours. This
might add bias and residual error in the stomatal conductance measurements. The
remote sensing data have been collected in a much shorter period (less bias
between different parts of the experiment) and on the whole planting unit instead

of only on four leaves per planting unit.

In addition to salt stress, stomatal conductance can be used as an indicator of other
stresses, like water stress. Its effective measurements using such cost and labour
effective technique as UAV remote sensing can be useful as a component of a
precision agriculture systems. In general, remote sensing measurements methods
for different plant properties, might be a useful addition for modern agricultural

management system, where UAVs are already playing an important role.

Among the directions for a future research we suggest investigating the application
of the method to other crops. Itis likely that other crops might have different degree
of responses and with more sensitive crops the data analysis might be more
efficient by skipping the NDVI stratification step. Though we are sure that the trend
will be the same, since general physiological mechanisms are similar in most of the
plants. Taking into account that salt treatments in this experiment correspond to
highly and extremely affected lands we see an added value in conducting
experiment with lesser concentrations, which will correspond to salinity conditions

that are more widespread on cultivated lands.

3.4 Conclusions

This study investigated plot scale assessment of soil salinity using three different
UAV mounted sensors: thermal camera, hyperspectral camera and LiDAR. The
results showed that an increase of canopy temperature in response to salt stress is

also happening in salt tolerant plants, like quinoa, though this increase is less



54 Chapter 3

pronounced. The other variables investigated, namely Physiological Reflectance
Index and LiDAR measured plant height, are also affected by soil salinity stress.
Physiological Reflectance Index of quinoa plant is significantly decreased because
of the increased soil salinity and seems to be a valuable indicator of salt stress, in
opposite to multispectral indices like NDVI or OSAVI, which showed insignificant
differences between control and salt treated plants, with even reverted
correlations. LIDAR measured height of quinoa plant is significantly decreased
because of the increased soil salinity. Stratification of an area by NDVI values
ensures the equal amount of vegetation per pixel and, therefore, increases the
correlation’s strength between soil salinity level and remotely sensed physiological
variables like PRI and canopy temperature. The combination of multiple remote
sensing variables in Multiple Linear Regression model has improved regression
coefficient and therefore we conclude that implementation of multiple
measurement techniques bears a lot of potential for soil salinity monitoring of

cropland by remote sensing.
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Soil salinity assessment through satellite
thermography for different irrigated and rainfed
crops

This chapter is based on:

Ivushkin, K., Bartholomeus, H., Bregt, A.K,, Pulatov, A., Bui, E.N., Wilford, ]., 2018.
Soil salinity assessment through satellite thermography for different irrigated and
rainfed crops. International Journal of Applied Earth Observation and

Geoinformation 68, 230-237.10.1016/j.jag.2018.02.004.
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Abstract

The use of canopy thermography is an innovative approach for salinity stress
detection in plants. But its applicability for landscape scale studies using satellite
sensors is still not well investigated. The aim of this research is to test the satellite
thermography soil salinity assessment approach on a study area with different
crops, grown both in irrigated and rainfed conditions, to evaluate whether the
approach has general applicability. Four study areas in four different states of
Australia were selected to give broad representation of different crops cultivated
under irrigated and rainfed conditions. The soil salinity map was prepared by the
staff of Geoscience Australia and CSIRO Land and Water and it is based on thorough
soil sampling together with environmental modelling. Remote sensing data was
captured by the Landsat 5 TM satellite. In the analysis we used vegetation indices
and brightness temperature as an indicator for canopy temperature. Applying
analysis of variance and time series we have investigated the applicability of
satellite remote sensing of canopy temperature as an approach of soil salinity
assessment for different crops grown under irrigated and rainfed conditions. We
concluded that in all cases average canopy temperatures were significantly
correlated with soil salinity of the area. This relation is valid for all investigated
crops, grown both irrigated and rainfed. Nevertheless, crop type does influence the
strength of the relations. In our case cotton shows only minor temperature
difference compared to other vegetation classes. The strongest relations between
canopy temperature and soil salinity were observed at the moment of a maximum
green biomass of the crops which is thus considered to be the best time for

application of the approach.
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4.1 Introduction

Soil salinity is one of the severe land degradation problems that affects 1 billion
hectares in more than 100 countries (Squires and Glenn, 2004). Moreover, it will
increase at a rate of 2 million hectares per year (Abbas et al., 2013) because of the
continuing global warming, resulting in desertification and sea water intrusion
(Dasgupta et al., 2014). The causes of soil salinity differ from place to place and can
be both natural and anthropogenic. There are areas where soils naturally has an
increased content of soluble salt because of the weathering process and areas
where the main cause is secondary salinization of irrigated areas because of
inefficient irrigation schemes and absence or malfunction of a drainage system
(Ghassemi et al., 1995). The effect of soil salinity on agricultural crops are extremely
negative as it leads to leaf necrosis, altered phenology and ultimately plant death

(Volkmar et al., 1998)

Most often soil salinity is measured by the use of geophysical instruments that
measure soil or soil water extract electrical conductivity. That is done either in the
field or in the lab, if soil saturated paste extract should be prepared. With a proper
calibration this is considered a standard measurement procedure in most of the
countries that produce regular soil salinity surveys. The more classical chemical
analysis of samples are still used sometimes, but less and less because of the high
costs associated and the amount of time required. There is a rich body of literature
on the topic of soil salinity assessment by field and laboratory analysis and main
points are well summarised in FAO Irrigation and Drainage Paper #57 by Rhoades

etal. (1999).

Nevertheless, even improved methods of assessment, like the use of geophysical
instruments mentioned earlier, are labour and cost intensive and cannot be
implemented several times per season or even early on a big scale. Given this
situation, timely monitoring of the problem is crucial. Remote sensing is widely
used for the monitoring of different environmental phenomena, including soil
salinity (Metternicht and Zinck, 2009). Both the spectra of bare soils and vegetation

have been used, the latter more widely. Assessment of bare soil salinity has been
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implemented mainly as a two-step process where firstly soil samples are spectrally
analysed in laboratory conditions and a predictive model is built to relate the
laboratory measurements to satellite spectral data which is subsequently applied
for landscape scale assessments (Aldabaa et al., 2015; Bai et al,, 2016; Nawar et al,,
2014; Sidike et al,, 2014). The vegetation canopy has been studied mainly by
calculating different vegetation indices, from which normalised difference
vegetation index (NDVI), enhanced vegetation index (EVI) and soil-adjusted
vegetation index (SAVI) are the most popular ones (Elhag and Bahrawi, 2017;
Hamzeh et al., 2016; Muller and van Niekerk, 2016; Rahmati and Hamzehpour,
2017; Scudiero etal., 2015). But current methods using vegetation indices and bare
soil reflectance are site specific and do not demonstrate good performance on

different study areas (Allbed et al., 2014b).

The use of canopy thermography is an innovative approach for salinity stress
detection in plants (Ishimwe et al., 2014; Urrestarazu, 2013). The mechanism of the
temperature change is based on plant salt stress response. One of the first
components of this response is stomatal closure, which leads to reduced
transpiration of a plant and increase of its canopy temperature (Munns and Tester,
2008). The effectiveness of canopy thermography was proven in laboratory and
small scale field trials for many plants, including wheat, cotton, barley, euonymus
(Gomez-Bellot et al., 2015; Hackl et al., 2012; Howell et al., 1984; Pefiuelas et al.,
1997), but its applicability for landscape scale studies using satellite sensors is still

not well investigated.

Ivushkin et al. (2017) demonstrated that there is a significant correlation between
satellite-derived canopy temperature and soil salinity levels, using MODIS satellite
thermal images together with NDVI and EVI vegetation indices and a soil salinity
map. Using an NDVI threshold they selected only cropped areas and implemented
an ANOVA analysis on series of images for the growing season of wheat and cotton
(April-October) in Syrdarya province of Uzbekistan. That study showed that
satellite thermography data is significantly correlated to soil salinity and has a
potential application in soil salinity mapping. Moreover, the F-values were higher

for the thermography data then for commonly used vegetation indices. Despite the
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positive outcome, the research had some limitations. It was conducted on a
homogeneous irrigated area with mainly two crops grown in one climatic zone. As
a result, questions about the method’s applicability in different arid and semi-arid

regions of the world and on different crops remained.

Therefore, the aim of this research is to test the satellite thermography soil salinity
assessment approach (Ivushkin et al,, 2017) on a different study area with different
crops, grown both in irrigated and rainfed conditions, to evaluate whether the
approach has general applicability. Three research questions are addressed. Does
the satellite thermography soil salinity assessment approach apply to study areas
different from the one on which it was developed? Is it applicable for different

crops? Does it apply to both irrigated and rainfed agriculture?

4.2 Methods and materials

4.2.1 Study area

Among many affected areas of the world we have chosen Australia as a test area.
This continent has vast salt-affected areas and a thriving agriculture sector where
different crops are grown, both under irrigated and rainfed conditions. Moreover,
Australia has an extensive database of land cover and soil salinity data, which
allows us to answer our research questions about applicability of the technique for
different crops and different agricultural practices (rainfed and irrigated) together

with the question about application on different study areas.

Four study areas in four different states were selected to give broad representation
of different crops cultivated under irrigated and rainfed conditions (Figure 4.1 and

Table 4.2).
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Figure 4.1. Study areas marked on soil salinity map of Australia (soil salinity data

source: CSIRO Land and Water, Geoscience Australia).

The Western Australian study area is located to the North of Esperance and is the
most arid area among the 4 selected locations (Table 4.1). Main crops grown here
are wheat, barley and rapeseed. The main soil type is Sodosols. The other three
study areas have comparable rainfall and temperature characteristics with mean
annual rainfall of 500-600 mm. The South Australian study area is located on Yorke
Peninsula, known as the barley capital of Australia. Main crops here are barley and
wheat, with small part of areas for rapeseed. The most abundant soil type is
Calcarasols with some areas covered by Rudosols, Tenosols and Sodosols. The New
South Wales study area is located between Moree and Dubbo. Most of the cropped
areas here are sown by wheat with small part for barley, irrigated and rainfed
cotton. The area has diverse soil cover with an extensive cover of Vertosols and

Sodosols and some areas of Kandosols, Ferrosols and Tenosols. The Queensland
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study area is located to the west of Brisbane and sown mainly with sorghum and
wheat, with small areas of irrigated and rainfed cotton. The most abundant soil

types are Vertosols and Sodosols with smaller areas of Tenosols and Chromosols.

Table 4.1. Climatic characteristics of the study areas (Australian Bureau of

Meteorology, 2017).

Study area Mean annual Mean minimum | Mean High rainfall Average soil

state maximum temperature (°C) | rainfall, months salinity on the
temperature (°C) mm area investigated

Queensland 26.8 11.9 602 Dec, Jan, Feb Slightly

New South 26.7 11.6 646 Dec, Jan, Feb Slightly

Wales

South 21.7 11.3 506 May, Jun, Jul, Slightly to

Australia Aug moderate

Western 23.4 9.0 355 May, Jun, Jul, Moderately

Australia Aug

4.2.2 Land use data

All land use data was accessed through the Australian Bureau of Agricultural and
Resource Economics and Sciences website (ABARES, 2008a, b, 2009, 2012). Cotton
was explicitly marked in the land use dataset and the class of (Irrigated) Cropping
and Cereals were assumed to be either wheat or barley based on statistical data on
agricultural lands areas from Australian Bureau of Statistics (2008). The data was
collected in a period from 2006 to 2010. Based on the available land use classes we

were able to analyse nine ‘crop - study area’ combinations (Table 4.2).

Table 4.2. Investigated ‘crop - study area’ combinations and their areas (ha).

Irrigated | Rainfed | Rainfed Irrigated | Rainfed
cropping | cropping | cereals cotton cotton
Queensland 117877 1338606 - 62056 19742
South Australia - 418656 406920 - -
Western Australia - 149037 - - -
New South Wales 89329 - - 107145 -

4.2.3 Description of soil salinity data

The soil salinity data was prepared by the staff of Geoscience Australia and CSIRO
Land and Water. The sampling campaign lasted from mid-2007 till the end of 2009,

1315 sites were sampled over Australia and EC values of 1:5 soil:water extract for
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the 0-80 cm layer were measured (de Caritat and Cooper, 2011). Then log-
transformed ECi:s for the whole continent were predicted using decision tree
models that used climate variables, elevation and terrain attributes, soil and
lithology classes, geophysics, and MODIS vegetation indices extracted at the same
locations as the EC points. Values from 71 predictor variables in total were
extracted from spatially co-registered 90-m grids. The machine learning software
‘Cubist’ (www.rulequest.com) was used as the inference engine for the modelling.
Cubist builds piecewise linear regression trees. Models take the form: if
[condition(s)], then [linear model], e.g., if [clim_etaaann > 259 and clim_rainsum <=
106.2 and soil_asc in (4, 6)], then log10 EC = [linear model]. A 90 : 10 training : test
set data split was used to validate results, and 100 randomly sampled trees were
built using the training data (Bui et al., 2017). The method is similar to the one used
for mapping calcium carbonate across Australia, documented in Wilford et al.
(2015). To use the currently most common classification of US Salinity Laboratory
Staff (1954) ECu:s values were converted into ECe values by applying appropriate
coefficients depending on soil texture. The final map we used is in a form of a raster
grid with x90m resolution (Figure 4.1). Soil salinity classes used are based on FAO

bulletin by Abrol et al. (1988) and described in Table 4.3.

Table 4.3. Soil salinity classes.

Soil salinity class ECe (dS/m) Effect on crops

Non saline 0-2 Salinity effects negligible

Slightly saline 2-4 Yields of sensitive crops may be restricted

Moderately saline 4-8 Yields of many crops are restricted

Highly saline 8-16 Only tolerant crops yield satisfactorily

Extremely saline >16 Only a few very tolerant crops yield
satisfactorily

4.2.4 Description of Remote Sensing data

For analysis we used two kinds of satellite images products of Landsat 5 TM
satellite. To mask out non-vegetated areas we used the NDVI product and to derive
canopy temperature we used the Brightness Temperature product (USGS, 2017a).

The NDVI product has a resolution of 30m and the Brightness Temperature has
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120m resolution originally, but the system resamples it to 30m. To keep the data
closer to its original resolution, both products has been ordered in 100m resolution
and further analysis was implemented on a 100m grid. The Brightness temperature
provided in kelvins with the accuracy up to one decimal place. All the products were
downloaded through the ‘On Demand Interface of Earth Science Processing
Architecture’, U.S. Geological Survey (USGS, 2017b). In total we analysed 118
images (38 for Queensland, 36 for New South Wales, 14 for South Australia and 30
for Western Australia) for the period from January 2007 to December 2009. These
years were selected to have the best correspondence with the soil salinity map,
which also was produced as a result of the sampling in the period from mid-2007

until the end of 2009.

4.2.5 Data analysis

First, images were clipped to the extent of the study area. After that, NDVI masks
were applied to extract only vegetated areas for further analysis. The NDVI
threshold we used is 0.3. This value was chosen after series of trials and ensures
reasonable area coverage together with assurance that the area is vegetated.
Further, all the images were clipped based on ‘crop - study area’ combinations
(Table 4.1) to separately analyse different vegetation types. A special step was
included for Western Australia because many small waterbodies were spread over
the study area. To avoid their influence on canopy temperature data we buffered all
waterbodies from the land use dataset by 200m and applied this buffer to the
thermal data so only pixels farther then 200m from waterbody were used in the
analysis. In the next stage all pixel values of all rasters (soil salinity, temperature,
NDVI) were combined into database tables and relations between canopy
temperature and salinity levels were statistically analysed by applying Analysis of
Variance (ANOVA). The total amount of records analysed for each ‘crop - study area’

combination can be seen in Table 4.2, since the pixel size we used is equal to 1 ha.

All geodata was processed by means of a Python script in combination with ArcGIS

software package through arcpy library (ESRI, 2016). Statistical analysis and data
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visualisation was implemented with Python scripts and SPSS software (IBM Corp,

2015).

The analysis was implemented for different times during a growing season. That
allowed us to investigate seasonality of the relationship between canopy

temperature and soil salinity.

To enable a graphical comparison between different dates, study areas, and crops,
we have plotted not the absolute temperature values but the deviation from the
mean average temperature value for the scene under consideration (Figure 4.2).

The schematic workflow is available in the Supplement material.

4.3 Results

Though we analysed the satellite images for three years, the data from 2007
demonstrated the most conclusive results and that is why here we show mainly
results from that year. The data from 2008 and 2009 suffered from image quality
issues, because of the intensive cloud cover, and being quite distant in time from

the sampling dates, they were not included here.

There is a clear trend of temperature increase as soil salinity increases, as shown in
the boxplots in Figure 4.2. The trend is more pronounced in the case of rainfed
agriculture (Figure 4.2, South Australia and Queensland graphs), where differences
between adjoining classes are usually more than 1°C. Irrigated vegetation on
average shows less pronounced differences though the pattern is not significantly
different from rainfed vegetation. Queensland graphs in Figure 4.2 demonstrate
this as well, where the images for both areas (irrigated and rainfed) were captured
on the same day. The irrigated and rainfed cotton boxplots also show identical
patterns, but here the results are less conclusive, since we had only two salinity
classes. Nevertheless, these results mean that the satellite thermography approach

to assess soil salinity is applicable for both rainfed and irrigated agriculture.
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Figure 4.2. Canopy temperature boxplots for different study areas. All p-values < 0.01.

Between vegetation types there are also some differences. Under cotton, both
rainfed and irrigated, there are lower mean temperature differences, which rarely
reach 0.5 °C. This is an anticipated result and means that crop species under
investigation should be taken into account and that less salt-tolerant crops will

exhibit higher temperature differences.

Between study areas there are no significant differences, the trends are ascending
in all 4 cases. This indicates that soil salinity leads to a general increase in canopy

temperature independent of the crop type and presence or absence of irrigation.

The F-values, which are testing the relationship between canopy temperature and
salinity level, and between canopy temperature and NDVI time series show that

there is seasonality in the correlation (Figure 4.3). Highest F-values (the full ANOVA
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tables are in the Supplement materials) are usually observed from August to
October, which is a period of maximum green biomass for the main winter crops in
Australia (wheat, barley, canola, rapeseed). On two study areas, where cotton is
present, we detected a second peak of high correlations in March, when cotton is at
its peak of green biomass. In most of the cases the peaks of NDVI and F-values
coincide, which tells us that development stage of the crop is an important factor

for the strength of the correlation.

In Figure 4.4 you can see and compare the soil salinity and canopy temperature map
for the Yorke Peninsula. The general pattern is that high salinity values correspond
quite well with high temperature values. For example, in the circles near the coast
we can observe both high salinity and temperature values. In the map low salinity
values corresponds overall also quite well with low temperature values. This is also

clearly illustrated in the circle in the North-East part of the peninsula.

The Figure 4.5 also shows two maps of the soil salinity and canopy temperature for
study areas in Queensland. The general pattern visible here is the difference
between North and South parts. Highest temperatures are observed in the North
part, the same as the highest salinity values. In the South there are less salt affected

areas and also the lowest canopy temperature is observed.
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4.4 Discussion

The aim of the research was to test general applicability of satellite thermography
to assess soil salinity on different areas. Australian study areas provided us with
diverse set of environments in a range of arid and semi-arid climatic zones.
Moreover, here we were able to investigate the method applicability for different
crops including wheat, cotton, barley and rapeseed under different climatological

and management conditions.

The temperature differences between salinity classes (Figure 4.2) are present in all
study areas and for all crops, which suggests that soil salinity significantly
influenced the crop temperature. These findings are in line with what was
described in Ivushkin et al. (2017). However, in our current research cotton
exhibited only a slight increase in canopy temperature as salinity increases while
in Uzbekistan cotton was more sensitive to soil salinity compared to wheat. But that
is explained by the leaching regime on the study area in Uzbekistan and its timing.
In general, cotton is more salt tolerant than wheat and most other cereals (Ayers
and Westcot, 1985). That is what we see in the Australian results, where cotton,
both irrigated and rainfed, shows only a slight temperature increase, compared to

other crops.

The investigation of seasonality suggests that the approach is not equally applicable
all year round. Figure 4.3 shows that highest F-values in most of the cases
corresponds with NDVI peaks, but there are some inconsistencies. To avoid them
in the future we suggest to increase the NDVI threshold used from 0.3 to 0.5 on
study areas with dense vegetation. We did not do it in the current study to be able
to investigate seasonality patterns of the phenomena. But in operational application
that will provide more clear results because then only highly developed vegetation

at the peak of green biomass will be included into analysis.

The approach is universal in terms of thermal satellite images used. MODIS
(Ivushkin et al, 2017) and now Landsat data show similar patterns and
relationships between soil salinity and canopy temperature. Which means that both

coarse resolution of MODIS (1km) and medium resolution of Landsat (120m) can
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be effectively used. Though Landsat would be more applicable for farm and field
scales, and MODIS for landscape scale, to characterise soil salinity in the whole

province, for example.

Obviously, there might be other factors influencing canopy temperature, water
bodies for example most likely will decrease canopy temperature in their vicinity.
To mitigate this effect, we removed pixels adjacent to surface water bodies from the
analysis in the Western Australia study area. Some other interfering factors like
irrigation and irregular management may be irrelevant depending on scale.
Irrigation schedule is unlikely to significantly influence temperatures on a regional
scale, although definitely should be taken into account when farm or field scale

assessment is implemented. The same is true for uniformity of land management.

Moreover, even when correct canopy temperature readings are obtained, there
might be other stress factors that lead to canopy temperature increase. The most
common of these factors is the water stress, which causes a response which is
similar to salinity stress. Most of the work about canopy temperature which we
referred to in the introduction are mentioning water stress as an important factor
defining canopy temperature (Gémez-Bellot et al., 2015; Hackl et al, 2012).
Mitigating this influence is possible by making sure that water stress is not present,
or that its effect is negligible. That can be done by obtaining the water status of the
investigated area. In case of irrigated agriculture this is less of a problem since most
of the time crops will avoid water stress, and in case of rainfed agriculture the data
on precipitation might be used. Moreover, water stress will change the
measurements a lot in case of multitemporal or broad scale assessment, where
multiple scenes will be used, but inside one scene plants’ water status will be
similar, even if stressed, and influence of water stress on the measurements will be

nullified.

Of course, the ultimate goal of these kind of research would be an inversion model,
which will allow conversion of temperature values into soil salinity values. Though
additional factors of increased thermal energy dissipation, like macro and

micronutrient deficiencies or metal toxicities should be accounted for (Morales et
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al,, 2014). The outcomes of the research suggest that inversion model could be done
if auxiliary data is available. Preliminary data on the study area will be required.
The extent to which an area is affected by salinity should be known to properly
calibrate the model. Application without any prior knowledge and ground truth
data will hardly lead to any meaningful assessment. Also, it is obvious that cropping
pattern will matter, because of different salt tolerance of crops. The management
practices data will also positively contribute to the model accuracy, temperature
decrease caused by recent irrigation must be considered. That will especially
matter in case of small scale assessment (several fields). In case of rainfed
agriculture rainfall data will be of use. In general, we see potential for predictive
models in case auxiliary data are available and contemporary computational

capabilities, like machine learning, are applied.

4.5 Conclusions

The current study investigated the applicability of satellite remote sensing of
canopy temperature as an approach of soil salinity assessment for different crops
grown under irrigated and rainfed conditions. We concluded that in all cases
average canopy temperatures were significantly correlated with soil salinity of the
area (in the period of green biomass peak all p-values<0.01). It is valid for all
investigated crops, grown both irrigated and rainfed. Nevertheless, crop type does
influence the strength of the relations. In our case cotton, as salt tolerant plant,
shows only minor temperature difference compared to other vegetation classes
which suggests that less salt tolerant species will demonstrate higher temperature

differences and will allow a more accurate assessment of soil salinity.

The approach is also flexible in terms of thermal imagery used. It has been applied
using both MODIS and Landsat data and, in both cases, similar patterns and trends

were present, despite the very different spatial resolution of these two sensors.

Up to now the method has been tested in two different parts of the world:

Uzbekistan and Australia. In both cases soil salinity significantly defined canopy
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temperature of the crops grown. That allows us to conclude that the method can be

applied in other arid and semi-arid parts of the world.

Since the method is based on canopy temperature measurements, there is an
obvious limitation for timing of the monitoring. The strongest relations between
canopy temperature and soil salinity were observed at the moment of a maximum

green biomass of the crops thus that is the best time for application of the approach.
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Global mapping of soil salinity change

This chapter is based on:

Ivushkin, K., Bartholomeus, H., Bregt, A.K,, Pulatov, A, Kempen, B., de Sousa, L.
Global mapping of soil salinity change. Submitted to Remote Sensing of

Environment.
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Abstract

Soil salinity increase is a serious global threat to agricultural production. The only
database that currently provides soil salinity data with global coverage is the
Harmonized World Soil Database, but it has several limitations when it comes to
soil salinity assessment. Therefore, a new assessment is required. We hypothesized
that combining soil properties maps with thermal infrared imagery and a large set
of field observations within a machine learning framework will yield a global soil
salinity map. The thermal infrared imagery acts as a dynamic variable and allows
us to characterize the soil salinity change. For this purpose we used Google Earth
Engine computational environment. The random forest classifier was trained using
7 soil properties maps, thermal infrared imagery and the ECe point data from the
WoSIS database. In total, six maps were produced for 1986, 2000, 2002, 2005, 2009,
2016 respectively. The validation accuracy of the resulting maps was in the range
of 67-70%. The total area of salt affected lands by our assessment is around 1 billion
hectares, with a clear increasing trend. Comparison with 3 studies investigating
local trends of soil salinity change showed that our assessment was in
correspondence with 2 of these studies. The global map of soil salinity change
between 1986 and 2016 was produced to characterize the spatial distribution of
the change. We conclude that combining of soil properties maps and thermal
infrared imagery allows mapping of soil salinity development in space and time on

global scale.
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5.1 Introduction

Soil salinity increase is a serious global threat to agricultural production. It affects
an area of more than 1 billion hectares in more than 100 countries all over the world
and these numbers are constantly growing (Abbas et al., 2013; FAO and ITPS, 2015;
Squires and Glenn, 2004; Szabolcs, 1989). Besides this estimate of the global area
affected by soil salinity, several others are available which differ in the extent of the
affected area, sometimes quite dramatically (IAEA, 1995; Oldeman et al., 1991).
Therefore, only a rough approximation of salt affected areas globally can be given.
FAO (2018b) recognises this issue and stresses that the divergence of current
estimations of the extent of salt affected areas are quite often the result of
differences in methods for collecting and aggregating statistics. They specifically
state that there is a need for data on the rate of change in areas affected by
salinization at regional and global level (FAO, 2018b). Status of the World’s Soil
Resources report by FAO and ITPS (2015) also mentions that information on the

extent and characteristics of salt-affected soils is very scattered.

The only database that currently provides soil salinity data with global coverage is
the Harmonized World Soil Database. This database is an important source of soil
data for global studies, but it has several limitations when it comes to the soil
salinity assessment. First, the database consists of soil mapping units, rather than
continuous grid with soil properties’ values unique for each pixel. It has > 15,000 of
such units and has only a single soil salinity value per unit, of which some are
stretching for hundreds of kilometres. So, although the spatial resolution of the
maps produced from this database is around 1 km, the actual spatial resolution in
case of soil salinity is much coarser. Second, though the database was updated
several times in the past (last time in 2012; version 1.2), most of it is based on the
FAO/UNESCO Soil Map of the World created in 1970-1981, which can be considered
outdated given the highly dynamic nature of soil salinity. Lack of spatial detail and

outdated data illustrate the need for an updated global soil salinity map.

Having up to date information on spatial distribution and severity of soil salinity is

crucial for agricultural management of affected areas, to take necessary measures
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to reduce or even avoid economical losses and restore the productivity of the soil.
Mapping dynamic soil properties like salinity has challenges compared with other,
less dynamic properties. Soil salinity can rapidly change after irrigation or a rainfall
event. Drought on the other hand might increase salinity in the course of several
weeks. Therefore, monitoring by traditional methods will require sampling
frequently in time, which can be cost-prohibitive. That is one of the reasons why
remote sensing methods are now used more and more often for soil salinity

monitoring and mapping (Allbed and Kumar, 2013).

Remote sensing is used for soil salinity mapping already for years (Metternicht and
Zinck, 2009). Nevertheless, there are still no universally acceptable methods to
derive soil salinity parameters from remote sensing data that can be used for
different environments. On field and local scales many studies have been conducted
that proposed conversion models from remote sensing variables to soil salinity
levels on the ground. Nevertheless, these models usually do not demonstrate the
same high accuracy in different parts of the world (Allbed et al., 2014a; Allbed et al,,
2014b; Douaoui et al., 2006), which means that scaling up to global scale is

problematic.

Recently, thermal infrared imagery was used to distinguish between different levels
of soil salinity on agricultural lands (Ivushkin et al., 2017; Ivushkin et al.,, 2018). The
principle behind this approach is that the canopy temperature of the plants grown
on the affected area will be higher than of plants growing in a non-affected area.
The approach has been tested on regional and local scales and showed its
robustness in different climatic conditions and on areas covered with different

crops. Therefore, it seems promising for use on a global scale.

We foresee, however, that scaling up to the global level will bring additional
challenges like the issue of different climatic zones. The thermal approach has been
previously applied to areas small enough to presume a constant air temperature
per single satellite image acquisition scene, therefore there was no need to
normalise the values. On the global scale this will be impossible because of the

different climatic zones and extreme temperature differences between regions; and
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use without normalisation will just lead to characterisation of a climate, rather than
soil salinity. But even with some kind of normalisation using only the thermal data
on the global scale will be insufficient because of other factors that will influence

the temperature.

Here we propose to tackle that challenge by using auxiliary data. It is known that
other soil properties are correlated with soil salinity. For example, Al-Busaidi and
Cookson (2003) described the interrelations of pH and soil salinity, Setia et al.
(2013a) studied the influence of soil salinity on the soil organic carbon content. A
connection between cation exchange capacity and soil salinity has also been
reported (Saidi, 2012). Moreover, bulk density and soil texture can have some
auxiliary information for soil salinity monitoring. Often saline and alkaline soils are
affected by compaction and lower water retention in sandy soils will make them
less prone to salinity problems. Global maps of properties relevant for soil salinity

mapping are available from the SoilGrids portal? (Hengl et al.,, 2017).

We hypothesize that combining these maps together with the thermal infrared
imagery and a large set of field observations on soil salinity indicators, such as the
electrical conductivity within a machine learning framework will yield a global soil
salinity map. Moreover, since the SoilGrids data is static, using the thermal data
from different time periods will enable us to assess soil salinity change in the area
of interest over time. Therefore, the overall aim of this study is to investigate if
combination of soil properties maps and thermal imagery will allow us to map the
development of soil salinity in space and time on global scale and measure how

accurate these estimates will be.

5.2 Methods and materials

Because our study was implemented at global scale, we decided to use Google Earth

Engine (GEE) as freely available platform especially tailored for analysis and

2 https://soilgrids.org
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processing of geodata at global scale. Among GEE advantages are the extensive
library of geospatial datasets, including the widely used satellite imagery, and
computational power enough to process these data on the global scale. GEE has
already been used for soil properties mapping. For example for soil moisture
mapping (Sazib et al,, 2018) or soil type and soil organic carbon mapping (Padarian

etal, 2015). Therefore, it became our platform of choice for a further analysis.

5.2.1 Ground truth data

As ground truth we used the WoSIS Soil Profile Database (Ribeiro et al., 2015),
which is maintained by ISRIC - World Soil Information and includes over 100,000
georeferenced soil profiles. For our study we selected soil profiles containing
electrical conductivity (ECe) values for upper soil layer, which varied from 0-5 cm
to 0-60 cm. In total, 15,188 data points were selected and used in further analysis.

The spatial distribution of the data points is shown in Figure 5.1.

The ECe values were classified into Non saline (12,160 points), Slightly saline
(2,106 points), Moderately saline (440 points) , Highly saline (232 points) and
Extremely saline (250 points) classes according to the widely used classification of

Abrol et al. (1988).

Table 5.1. Soil salinity classification used.

Salinity class Non-saline | Slightly | Moderately | Highly | Extremely
ECe, ds/m <2 2-4 4-8 8-16 >16
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5.2.2 Data processing and analysis

5.2.2.1 Thermal remole sensing data pre-processing

Two thermal datasets were used. The first one is the USGS Landsat 5 Surface
Reflectance Tier 1 collection and second is the USGS Landsat 8 Surface Reflectance
Tier 1 collection, both of which are available from the GEE data catalogue. Both
collections provide orthorectified brightness temperature acquired in wavelength
range from 10.4 to 12.5 micrometres. Landsat 8 data were used in this study for the
year 2016, Landsat 5 data were used for 1986, 2000, 2002, 2005, 2009. In these
years average mosaics from available cloud-free images in the period from March
to September were calculated on per-pixel basis and used in further analysis. As an
input variable for our modelling we chose to work with the temperature anomaly
instead of the absolute temperature to harmonise the data for the global analysis.
This means that for each pixel the recorded temperature value was subtracted from
the long-term temperature average for this pixel. This was done for each global
layer in our thermal time series. The long term average dataset have been
constructed from the Landsat 5 GEE dataset mentioned before by calculating the
average in the period from 1999 to 2012 from all available cloud-free images on

per-pixel basis.

5.2.2.2 Data modelling

We used the temperature difference layers together with several SoilGrids layers.
SoilGrids is a collection of global soil class and soil properties maps (Hengl et al,,
2017). In our analysis we used seven grids that contain information indirectly
connected with soil salinity: sand content, silt content, clay content, pH in H20,
cation exchange capacity, bulk density, organic carbon content. These grids are
available for seven depths up to two metres. Here we used the top layer (0 cm). The
Landsat thermal images have been resampled during the processing to 250 m by a

built-in functionality of GEE.

The random forest classifier was trained using the eight variables mentioned and
the ECe data from the WoSIS database. The random forest algorithm constructs an

ensemble of decision trees and lets them “vote” for the most probable class
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(Breiman, 2001; Strobl et al.,, 2009). We set the number of trees parameter to 50
and mtry parameter (variablesPerSplit argument in GEE) to the square root of the
number of variables. This number of trees was chosen after a set of trial runs during
which we established that further increase in the number of trees does not bring

any significant increase in the map validation accuracy.

In total six models were trained and six maps were produced. For each model we
used thermal imagery from a different year. The maps have been produced for six
time steps: 1986, 2000, 2002, 2005, 2009, 2016. These years have been selected to
correspond with other studies describing temporal changes in soil salinity (Fan et

al,, 2012; Taghadosi and Hasanlou, 2017; Wang et al., 2008).

In the learning stage we used around 3500 points from the WoSIS database. They
were selected by random stratified sampling, preserving the relative salinity class
distribution in the ground-truth dataset. Meaning that the non saline class will be
the most abundant and the highly and extremely saline classes will be less abundant
in the training dataset. The final learning dataset consisted of 2,000 points of Non
saline class, 1,000 of Slightly saline, 210 of Moderately saline, 105 of Highly saline
and 110 of Extremely saline classes. The trained classifier was applied to the eight

layers mentioned earlier to produce the final global map of soil salinity.

The map was validated by selecting randomly 100 points of each class from the
WoSIS database. The 100 was selected as a maximum because of the limited amount
of points in Highly and Extremely saline classes. A higher number would lead to
significant overlap between learning and validation points in these classes. For the
selection of validation points a different randomisation seed was used than for the
learning stage. The equal amount of points for each class ensures that the final
validation accuracy represents the accuracy throughout the entire range of salt
affected areas. We expected that the Non-saline class will have the highest
classification accuracy and using non-stratified selection of validation points will
unjustly overestimate the accuracy. During the validation we compared the salinity
class at the validation site with the mapped values. The same validation set has been

used for maps of all years by using the same seed in random stratified sampling
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function. The main accuracy metrics calculated are provided further in the results
and these are confusion matrix, overall accuracy, user’s accuracy and producer’s

accuracy.

We did not select more than 3500 points because attempts to increase the number
of training points lead to critical errors in most runs, and for runs where the
computation did finish the increase in validation accuracy was not significant.

Therefore 3500 has been selected as a number of data points for all further runs.

The resolution of the final maps is 250 m, which is similar to the resolution of the

SoilGrids input layers.

5.3 Results and discussion

5.3.1 Global distribution of soil salinity

Figure 5.2 shows a global map of soil salinity classes using the thermal image of
2016. It highlights main salt affected areas in North America, Central Asia, Middle

East.

Global statistics of affected area for all six time steps are presented in Figure 5.3 and
Table 5.2. Our analysis shows that the total area of salt affected lands increased with
more than 100 Mha between 1986 and 2016, though some natural variation is
present. The majority of the increase is the increase in slightly saline area. This
suggests that more and more previously unaffected areas are starting to suffer from
soil salinization. That is supported by the fact that the total area of affected lands is
continuing to increase. The actual area of Moderately saline areas has decreased,

while Highly and Extremely saline are more volatile in time.
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Figure 5.3. Salt affected lands composition in different years (y-axis uses offset).

Table 5.2. The world salt affected area as predicted from ground truth data, thermal

satellite imagery and soil property maps for different years, Mha.

Slightly Moderately | Highly | Extremely | Total

saline saline saline saline
May/86 | 877.9 30.3 2.1 5.2 915.5
May/00 809.6 27.7 3.8 7.7 848.8
May/02 919.5 20.0 2.7 4.5 946.7
May/05 888.3 22.2 2.0 5.8 918.3
May/09 1,028.2 19.8 23 7.4 1,057.7
May/16 1,036.2 24.8 2.5 5.8 1,069.3

We found two sources referring to a global distribution of salt affected lands.

Szabolcs (1989) assessed the total area of salt affected lands globally to be around

955 Mha, which is not far from our assessment of 914 Mha in 1986. The second

source is the review by Squires and Glenn (2004) where the salt affected area

approximately covers 1 billion hectare. We consider correspondence of other
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studies with our assessment quite encouraging, since 68% validation accuracy
(Table 5.3) and unequal distribution of training and validation data might suggest

bigger discrepancy with other assessments that were based more on field studies.

Another interesting observation from the global map in Figure 5.2 is that affected
areas in Central Asia have been captured. We had almost no training points in that
area (Figure 5.1), but the region is known to be one of the most severely affected by
soil salinization. In our opinion, this finding is supporting the principal validity of
the method. However, we acknowledge that comparison with ground truth data
from this area is required to further assess how well the maps produced here

represent the spatial soil salinity patterns in Central Asia.

The map generally captures known hotspots in salinity-affected regions, which we
further discuss towards the end of this section, but also shows overestimation of
salt-affected areas. For example, the map shows that Mexico is almost completely
salt affected, which is an overestimation. Szabolcs (1989) states that 1.65 Mha is
the area of salt affected lands in Mexico. This number would increase to this time,
but still would be far from the total area of the country. We supposed that one of
the reasons for this overestimation is an underrepresentation of Non saline class
data points in the samples collected in Mexico. But after scrutinizing the sample
dataset this appeared not to be the case. A vast majority of these samples (77%)
belong to the Non saline class, which is comparable with the distribution in the
dataset for the whole world. Moreover, trial maps produced with different seed
numbers still had the same overestimation for Mexico. Therefore, it is not the result
of a sampling bias, but probably the specific combination of values in soil properties
maps we used for prediction thatlead to this overestimation. In global affected area
assessments this overestimation was probably negated by some cases of
underestimation, like in Australia, where only few patches of salt affected lands are

shown.

The validation accuracy of this map is 68%. For different time steps classification is

in a range of 67-70%, depending on the date of thermal images used. In general,
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highest accuracy of 70% has been achieved when thermal images of 2000-2002

were used.

Most of the classification errors appear in highly and extremely saline classes
(Table 5.3). Those are the less common classes globally and they represented only
a small fraction of WoSIS database, therefore we presume that using a larger
number of highly and extremely saline training points might increase the accuracy.
The influence of the amount of training points is especially visible if you compare
the accuracy of two classes. The highly saline class is even less abundant in WoSIS
database than Extremely saline. Therefore, less training points for the Highly saline
class have been used and accuracy for it is less than for Extremely saline, though in

reality Highly saline areas are more widespread than Extremely saline ones.

The important result is that when a point is misclassified, in most cases this point
is still in a saline class, though maybe of different degree, and only rarely is assigned
to the Non saline class. When only two classes are considered (saline and non
saline) producer’s accuracy raises up to 89%. That suggests that the approach is
quite useful in distinguishing between salt affected and non affected lands, and only

the definition of the degree of salinity remains challenging.

Table 5.3. Confusion matrix and accuracy statistics of 2016 map.

Predicted
Salinity class Non Slightly Moderately Highly Extremely Total Producer’s
saline | saline saline saline saline accuracy, %
Non saline 90 10 0 0 0 100 90
- Slightly saline 10 88 1 0 1 100 88
g Moderately saline | 11 28 61 0 0 100 61
2 [ Highly saline 15 34 4 47 0 100 | 47
O [ Bxtremely saline | 18 29 1 0 52 100 | 52
Total 144 189 67 47 53 500
User’s accuracy, % 62.5 46.6 91 100 98.1

Together with random forest algorithm we checked two other classifiers available
in GEE that are based on machine learning principles. The Support Vector Machine
did not produce any meaningful results in our case. Almost the whole map has been
classified as non-saline area. Classification and Regression Trees (CART) algorithm

showed some better results, but still worse than the Random Forest algorithm. The
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accuracy was around 50% and the map unrealistically overestimated highly and

extremely saline areas.

As we mentioned previously in this section, the global maps captured known soil
salinization hotspots. One of them is Grand Forks county on the border of North
Dakota and Minnesota in the United States. It is a known salt affected area (Seelig,
2000) and it has been depicted on the map we produced (Figure 5.4). In Seelig
(2000) this area is marked as an area of frequent inclusion in productive land,

which correspond to areas marked as Moderately saline in Figure 5.4.

One of a few countries in Europe affected by inland soil salinity problem is Hungary.
Our map of the area in Figure 5.5 shows some slightly affected areas, which is
correct for the area where ECe values are just slightly higher than 2 ds/m (Kovacs
etal., 2006). Though some areas have been correctly identified, the big areas in the
east of Hungary have been missed. The probable cause is that most of the areas with
higher salinity are grasslands and croplands with more tolerant species, therefore
our method, which includes crop canopy temperature metric, did not capture those

areas.
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5.3.2 Local soil salinity change

To verify our hypothesis that integration of thermal infrared imagery from different
periods of time will allow us to asses temporal change in soil salinity, we compared
our maps with outcomes of several studies where such change is assessed for

certain areas.

Figure 5.6 shows the soil salinity map for study area in Xinjiang Province, China.
According to Wang et al. (2008) this area in a period from 1983 to 2005 suffered an
increase in soil salinity due to irrigation and a rise in the shallow water table. A

similar increase is shown by the maps.

Another area of interest we found data on is the Bakhtegan Salt Lake region in Iran.
According to Taghadosi and Hasanlou (2017) more that 76% of vegetated areas of
this region experienced increase in soil salinity from 2000 to 2016. This is in
accordance with the maps shown in Figure 5.7, where the map from 2016 shows

significantly more salt affected areas compared with the map from 2000.

The next area we investigated is the Yellow river delta in China. Fan et al. (2012)
have researched the dynamics of the soil salinization in the region for the period
from 1985 to 2006. Their results show that while in 1985 salt affected areas were
mostly located in the immediate vicinity of the river, in 2006 the majority of salt
affected areas have been mapped around the coast. In general, during those two

decades the area suffered rapid increase in soil salinity.
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Figure 5.6. Soil salinity maps (upper from 1986 and lower from 2005) of the Fubei
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region of Xinjiang Province, China. According to Wang et al. (2008) soil salinity

increased in this area.
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Figure 5.7. Soil salinity maps (upper from 2000 and lower from 2016) of the
Bakhtegan Salt Lake region in Iran. According to Taghadosi and Hasanlou (2017)

soil salinity increased in this area.
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Figure 5.8. Soil salinity maps (upper from 1986 and lower from 2005) of the Yellow
River Delta, China. According to Fan et al. (2012) the soil salinity increased in this

area.
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On contrary to the cases described previously, our map of the Yellow River Delta is
not in complete accordance with the reference. In Figure 5.8 the map from 1986
shows visibly more salt affected areas compared with the map from 2005.
Nevertheless, some of the changes seem to be captured. For example, from 1986 to
2005 salt affected areas in immediate vicinity of the Yellow river have decreased.
Moreover, some highly affected spots appeared on the coastal area in the north of

the 2005 map. Both of which is in accordance with the results of Fan et al. (2012).

The probable reason of the discrepancy in this result is the specifics of soil salinity
development in this area. Here the main reason is the seawater intrusion, while in
previous cases we looked into the problem of inland, dryland salinity. Moreover,

close proximity of the sea could also influence the thermal data results.

5.3.3 Global changes map

To understand the spatial distribution of soil salinity change we produced a soil
salinity change map (Figure 5.9). That is a difference map between 1986 and 2016
maps. In accordance with the statistics presented earlier (Table 5.2, Figure 5.3) the
map shows mainly an increase in soil salinity. Yellow colours, representing the
increase, are prevalent, while only few areas of the decrease can be seen. The
majority of the salt affected areas experienced a change to a neighbouring class (i.e.
from Non saline to Slightly saline or from Extremely saline to Highly saline) that is
why only two colours are shown in the map. However, there are some areas of
interest where more dramatic changes appeared. Those are marked by circles on
the map. The area in Kazakhstan experienced an increase in soil salinity severity of
up to 3 classes up and areas in the North of the US have experienced a decrease of

up to two classes.



25

5.3 Results and discussion

‘(eseaaoap Aulfes [10S MOYS SIpeYS

U213 pue aseaoul £JUIfes [I0S MOYS Sapeys MO[[94) 9T0Z 03 986T wo.lj dew sagueyd Ayulfes [10S [eqO[D "6'G 2In31]

1. 000L | BL0Z@ =Ep dep

aseasdul juesyiubis . y aseaJdap juedyiubis
joeaseayr | : 10 BRIB BYL




96 Chapter 5

5.3.4 Discussion of the method and implications

The trend in soil salinity increase over time we showed was in most of the cases in
accordance with other studies (Taghadosi and Hasanlou, 2017; Wang et al., 2008).
However, a comparison with studies that describe soil salinity decrease over time
would provide better validity of the method. Though areas where soil salinity
decreased in time might exist, they definitely would not be widespread. Overall
consensus among experts is that soil salinization is expanding on global scale,
probably at a rate of 2 Mha per year (Abbas et al., 2013). As a result, we could not
find a study describing soil salinity decrease through time. Without it, the trend
might also represent general trend of global warming. Interestingly enough, even if
so, our change maps still might be valid. Climate change is promoting soil
salinization through more frequent drought events, seawater intrusion in coastal
areas and general increase in temperature (Dasgupta et al., 2015; Varallyay, 1994).
Therefore, we can assume that many areas suffering from climate change would be

prone to soil salinization.

The basis of thermal infrared imagery approach we used is described in Ivushkin et
al. (2017); Ivushkin et al. (2018); Ivushkin et al. (2019). In those studies certain pre-
processing has been done to assure that the thermal infrared data used in the
analysis were coming from cropped areas vegetated above a certain threshold of
vegetation cover. Therefore, that thermal infrared data could be related to canopy
temperature. In our case we did not do such a pre-processing because of issues that
are the consequence of a global scale study, like vegetation season spanning all year
round. Nevertheless, since increase in canopy temperature is a universal response
to salt stress for a vast majority of plants (Munns, 1993, 2002), we assume that it
will hold for other vegetation covers. In case of extremely saline areas where no
vegetation is present, the surface temperature will be affected anyway, because

open soil at a day time will have higher temperature than vegetated areas.

One of the limitations of the WoSIS dataset we used is the quite unequal sample
distribution spatially. That might be one of the reasons why the amount of salt

affected lands in Mexico is overestimated. On the other hand, our approach was able
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to map salt affected areas in regions where training data were absent, like Central
Asia. Therefore, we conclude that the unequal spatial distribution of training points

did influence the results, but did not influence them significantly.

Though Google Earth Engine is a powerful tool that provides access to the biggest
library of open earth observation data and computational power to process it, the
scientific community is quite cautious in adopting it. The main reason is that exact
implementation of different functions, including random forest we used, is not
always known. Moreover, these implementations can be changed at any moment,
leading to different results even if you use the same functions to compute these
results later. We recognise this issue. Nevertheless, its free of charge access and rich
earth observation data archive makes GEE a useful tool for global assessments of

different kinds.

As we mentioned before, assessments of salt affected soils on global scale are quite
limited and approximate. Though the knowledge about the total affected area and
its change would be an important information to improve global food security. The
economic costs of soil salinity are also impressive. For example, just 2 million
hectares of salt affected lands are costing Uzbekistan about US $1 billion annually
(UNDP, 2009; World Bank, 2007). On global scale the economic losses are just
tremendous. A proper inventory of the affected lands would allow proper
mitigation measures to be applied and cut the losses to the minimum. We hope that

our study will contribute to this cause.

5.4 Conclusions

The results show that GEE random forest classifier is a useful tool for the global
assessment of soils salinity. The resulting global soil salinity maps have a validation
accuracy of up to 70% with several known hotspots captured by the maps. The
assessment of global area affected is comparable with the assessments of other
authors. The addition of thermal infrared imagery into the analysis can act as a
dynamic variable that allow to capture the trend of soil salinity change. That was

confirmed in 2 out of 3 investigated cases. The one case where our results were
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different from the referred study had soil salinity of different origin and we suspect
that this might be the reason why the method did not perform well in this case. The
method we applied allowed to predict affected areas even in the areas where
training data were unavailable. Therefore, we conclude that a combination of soil
properties maps and thermal infrared imagery can allow mapping of soil salinity

development in space and time on global scale.

The code and data used to produce the global soil salinity maps can be accessed by
registered Google Earth Engine users at

https://code.earthengine.google.com/d43e5a92aeldeed32a0929f57b572756.
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6.1 Main results

The overall objective of this thesis is to investigate the potential of thermal imagery
analysis as an approach to soil salinity assessment in cropped areas at different
scales. To achieve this objective, four research questions have been formulated and

researched. Following are the main findings for each question.

6.1.1 Can remotely sensed canopy temperature be used as an

indicator of soil salinity in cropped areas?

The majority of the previous studies investigated canopy temperature mainly on a
small scale and using ground thermal cameras. Only few of them are focused on soil

salinity specifically and no studies on landscape scale are described.

In Chapter 2 I explored the potential of canopy temperature as an indicator of soil
salinity at landscape scale and compared its performance with more traditionally
used indicators like Normalised Difference Vegetation Index, Enhanced Vegetation
Index, and elevation. To do this, I investigated the relationship between a high
accuracy soil salinity map and thermal data on a salt affected agricultural area in
Uzbekistan, where 51% of irrigated land is affected by some degree of soil salinity.
The Syrdarya province of Uzbekistan, which was selected as a study area, is an
agricultural province with large irrigated fields, where mainly two crops (wheat
and cotton) are grown under uniform management. I considered this province as

an appropriate area for a proof-of-concept study of the thermography approach.

From the results of this study, I conclude that satellite thermography data is
significantly correlated to soil salinity. Statistical analysis showed that satellite
thermography data clearly distinguished between salinity classes, producing F-
values higher than those for NDVI and EVI. Moreover, visual examination of maps
showed that actual salinity patterns were more similar to the canopy temperature
map than to the map produced using vegetation indices. Overall, the first step in
this thesis confirmed that the satellite thermography approach has substantial

potential for salinity monitoring on cropped areas.
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Another finding of this study was that the timing of the assessment is important.
Thermal images taken in September produced the highest F-values, meaning they
have the greatest predictive power. Nevertheless, for the whole vegetation period
from end July to mid-September, F-values were steady and showed significant
relations, indicating considerable potential for use in monitoring. In the study area
the highest F-values corresponded with the period of maximum crop development
at the end of the dry season. Maximum F-values for vegetation indices were
observed a bit earlier in the season, in July and August, when cotton’s green biomass
was close to its maximum. Therefore, I conclude that the point of maximum
vegetation development after the dry season can be considered the best time for

application of the thermography approach.

Summarizing all above, I can answer the question of this section with yes; remotely
sensed canopy temperature can be used as an indicator of soil salinity in cropped

areas.

So, I confirmed that satellite based thermography is indeed useful in soil salinity
monitoring, but other sensor platforms are also used in agriculture. A platform that

becomes more and more popular is the Unmanned Aerial Vehicle (UAV).

6.1.2 Do UAV based observations show comparable result to

satellite based observations?

The UAV becomes more and more popular in the fields like surveying, media
industry, and agriculture. Therefore, investigating if the thermography approach is
applicable to UAV based sensors is of vital importance for the operationalisation of

the approach.

For this I implemented plot scale assessment of soil salinity using UAV based
thermal camera (Chapter 3). The study set up included two test plots, one control
and one salt treated plot, where quinoa plants were grown. The plots’ areas were
0.1 ha, which made them quite suitable for multiple UAV surveys. A remarkable
feature of this experimental setup is that quinoa plant is very salt tolerant, and

testing if the thermography approach is applicable to salt tolerant plants became
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an additional goal. This is important because more and more halophyte varieties
are proposed as a viable alternative for cultivation on salt affected lands, where

conventional crops are no longer economically feasible.

The results showed that an increase of canopy temperature in response to salt
stress is also detectable using UAV based thermal camera. Moreover, in this study |
also confirmed that it is happening in salt tolerant plants, like quinoa, though this
increase is less pronounced. The detection of this increase required an additional
step in the analysis - NDVI clustering - which ensures that the temperatures of the
equal amount of a plant material per pixel are compared. In addition to thermal data
the Physiological Reflectance Index and LiDAR measured plant height were

investigated, which were also affected by soil salinity stress.

The Physiological Reflectance Index of quinoa plants was significantly decreased
because of the increased soil salinity and seems to be a valuable indicator of salt
stress, in opposite to multispectral indices like NDVI or OSAVI, which showed
insignificant differences between control and salt treated plants, with even
reverted correlations. LIDAR measured height of quinoa plant was significantly

decreased because of the increased soil salinity.

The UAV is a universal platform, which allows mounting of different sensors in
short period of time, so integration of different kind of data is possible. In case of
this study the combination of multiple remote sensing variables in a Multiple Linear
Regression model has improved R? values and therefore I concluded that
implementation of multiple measurement techniques bears a lot of potential for soil

salinity monitoring of cropland by remote sensing.

All aspects considered, I can say that UAV based thermal observations show
comparable results to satellite based observations and have the same usability in

soil salinity assessment.

In this section I described that the thermography approach is working in the case
of a single crop grown in small plot under controlled, irrigated conditions. But a
robustness test is required, where several different crops are grown under both

irrigated and rainfed conditions.
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6.1.3 How robust is the thermography approach when applied on
study areas with different crops grown in both rainfed and

irigated conditions?

While answering previous questions the selected study areas had irrigated
cultivation. Irrigation schedule and water stress in plants may influence the thermal
measurements. Therefore, understanding how applicable the thermography
approach is in case of rainfed agriculture is important. Moreover, the crop species
would also influence the results. Testing the thermography approach on as many

different crop species as possible would strengthen my argument.

In Chapter 4 I investigated the robustness of the thermography approach. It has
been done by applying the approach on a regional scale for different crops grown
under irrigated and rainfed conditions in 4 Australian states. The main crops grown
there are wheat, barley, rapeseed and cotton. For most of them, [ was able to make
a comparison between irrigated and rainfed cultivation. The results showed that in
all cases average canopy temperatures were significantly correlated with soil
salinity of the area. In the period of green biomass peak all p-values were <0.01.
These findings are valid for all investigated crops, grown both irrigated and rainfed.
Nevertheless, crop type does influence the strength of the relations. Cotton, as a
relatively salt tolerant plant, shows only minor temperature difference compared
to other vegetation classes which suggests that less salt tolerant species will
demonstrate higher temperature differences and will allow a more accurate

assessment of soil salinity.

During this study in Australia it is demonstrated that the thermography approach
is also flexible in terms of satellite sensors used. It has been applied using both
MODIS and Landsat data and, in both cases, similar patterns and trends were

present, despite very different spatial resolution of these two sensors.

The results from Chapter 4 allow me to conclude that the thermography approach
is robust in relation to different study areas and different crops in both rainfed and

irrigated conditions.
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In the questions answered up to now the scale of the application consistently
decreased. Therefore, the last question deals with the ultimate scale for earth

observation sciences - global scale.

6.1.4 Can a combination of soil properties maps and thermal
imagery allow us to track the development of soil salinity in

space and time on global scale?

Having tested the thermography approach on different scales while answering the
three previous questions I dared to implement a global assessment. It was clear that
too many influencing factors on global scale would make the use of thermal data
alone insufficient. Therefore, in this study the main role of thermal data is to
introduce a dynamic component into the analysis and allow us to track the

evolution of soil salinity in time.

The main base in the analysis were maps of soil properties correlated with soil
salinity. These maps together with global thermal mosaics of different time periods,
were processed in Google Earth Engine environment to produce global soil salinity
maps for different periods in time. The results showed that Google Earth Engine
random forest classifier is a useful tool for the global assessment of soils salinity.
The resulting global soil salinity maps have a validation accuracy of up to 70% with
several known hotspots captured on them. The assessment of global area affected
was comparable with the assessment of other authors and summed up to 1 billion

hectares.

The addition of thermal imagery into the analysis can act as a dynamic variable that
allows to capture the trend of soil salinity change. That was confirmed in 2 out of 3
investigated cases. The one case where my results were inconsistent with the
referred study had soil salinity of different origin and I suspect this is the reason of
the disagreement in the results. The approach applied, allowed us to predict
affected areas even in the regions where training data were unavailable. Therefore,
I can conclude that a combination of soil properties maps and thermal imagery

allows mapping of soil salinity development in space and time on global scale.
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6.2 Reflection and outlook

The increasing demand on food production and non-food agricultural products will
lead to a greater pressure on agricultural ecosystems (FAO, 2018a). Majority of this
pressure will result in a more intensive use of already cultivated lands, rather than
in cultivation of new lands. In this case, problems that are often the consequence of

wrong intensification practices, like soil salinization, will exacerbate.

To prevent this, first the severity and spatial extent of the problem should be
known. Considering the dynamic nature of soil salinity, remote sensing assessment
techniques will play an increasingly important role (Metternicht and Zinck, 2003).
The traditional methods of soil survey are much more labour and cost intensive
compared to remote sensing. Therefore, they are barely done on a required
temporal and spatial resolution for soil salinity, which can differ dramatically at the

beginning and end of a vegetation season.

Nevertheless, remote sensing approaches have their limitations and can in the
current stage of development hardly be applied without using ground truth data of
more traditional soil surveys. One of the reasons for this is that current remote
sensing methods for soil properties are quite site specific. Therefore, this thesis is
about developing a remote sensing approach that can be more universal, producing

a comparable soil salinity assessment in different parts of the world.

6.2.1 Isthe overall objective achieved?

The overall objective of this thesis was to investigate the potential of thermal
imagery analysis as an approach to soil salinity assessment in cropped areas at
different scales. This objective was achieved by developing and applying the
thermography approach where the relationship between satellite/UAV-borne
thermal images and soil salinity of the area were investigated. The investigation
was done on local, regional and global scales and on study areas located in
Uzbekistan, the Netherlands and Australia. The results confirmed that remotely

sensed canopy temperature of plants is significantly correlated with soil salinity of
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the soil they are grown on. That was observed on local and global scales on study
areas in different parts of the world, where different crops were cultivated under
rainfed and irrigated conditions. On the global scale the thermography approach
was adjusted, therefore direct comparison is not possible. The added value of
thermal imagery on global scale was characterization of temporal soil salinity

change.

One of the important characteristics for a successful assessment approach is
universality of application in different environments. Lack of it is the main
drawback of the existing assessment approaches. Therefore, universality of the
approach was an important criterion of success. The proposed thermography
approach has this universality trait. This is shown by application on different crops,
including the case of salt tolerant crop described in Chapter 3, where the advantage

of the proposed approach over traditional vegetation indices is especially clear.

All in all, I can say that thermography approach has a significant potential for soil
salinity assessment and worth further development to the stage of

operationalisation.

6.2.2 On operationalisation of the thermography approach

One of the concerns I often hear as a response to the proposed approach of using
remote sensing in soil salinity assessment is the difficulty of operationalisation and
the associated cost. It is true that currently the thermography approach proposed
in the previous parts of this book will require certain skills in remote sensing data
analysis and software for this analysis. This expertise is mainly provided by private
companies as a ready to use product (like eLEAF or AgroCares in the Netherlands).
The problem I see here is that only a few of these companies are operational in
developing countries, where the majority of salt affected areas are located. Among
developed countries, where earth observation services are more developed, only a
few of them are dealing with soil salinity (FAO and ITPS, 2015), therefore
operationalisation of soil salinity assessment by remote sensing is not among their

priorities.
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Nevertheless, I think that in a few years time, growth of precision agriculture will
increase the demand for spatially and temporally precise monitoring of soil
properties. This monitoring will include a strong remote sensing component, be it
satellite or UAV based remote sensing. In the areas affected by soil salinization, soil
salinity assessment will be an important part of this monitoring. Therefore, I see
the most probable model for operationalisation of soil salinity remote sensing as a
part of a more complex monitoring approach that will characterise an area in
question by general usability for cropping. This kind of product would be more

attractive for farmers.

But farmers would be not the only potential users. Local and national governments
might be also interested in the assessment of the extent and severity of soil
salinization on their area. The expected economic losses in case of salinization
might reach billions of dollars (UNDP, 2009; World Bank, 2007). Therefore, there is
a clear incentive for governments to steer water management and guide

investments to fight soil salinization.

International organisations and agencies might be more interested in global
assessment. And on this scale operationalisation might be not so straightforward,
as [ encountered issues myself while upscaling the thermography approach to

global scale.

6.2.3 Global scale issues

The information on the extent of salt affected lands is very scattered and existing
assessments are mainly rough approximation (FAO, 2018b; FAO and ITPS, 2015).
Therefore, the need exists for accurate and up to date assessment, which I attempt

to provide in Chapter 5.

The assessment is based on the same principle of canopy temperature increase
under salt stress (Gémez-Bellot et al., 2015; Hackl et al., 2012). When I applied the
thermography approach on local and regional scales, I ensured that I measure
canopy temperature by using thermal data only from pixels that are above a certain

NDVI threshold. But implementation of the same technique on global scale proved
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to be unfeasible. The vegetation season on global scale stretched through the whole
year, therefore the application of the same technique with NDVI thresholds would
lead to a global thermal mosaic with radically different temperatures collected with
the difference in time of up to one year. Though being quite a cumbersome task,
such a mosaic could have been produced, but another global scale issue would

render it irrelevant.

The canopy temperature is firstly controlled by the ambient air temperature, and
only secondly by other factors like stress responses of a plant. Therefore, absolute
canopy temperature does not tell us anything about soil salinity and only difference
in canopy temperature inside one scene, where air temperature is stable, will
indicate salt affected areas. On local and regional scales, | assumed stable air
temperature per scene and analysis was quite straightforward. But on global scale
this is clearly impossible, so normalisation was required. To achieve this, it was
decided to use the temperature difference from the long-term average for each
pixel. That removed the influence of climate and allowed to focus more on spatial

differences and anomalies in the year(s) of interest.

Therefore, on the global scale thermal data acted as a dynamic variable that allowed
tracking of the soil salinity change in space and time, while basic information on soil

salinity was modelled using soil properties maps, as described in Chapter 5.

6.2.4 Bare soil vs. vegetation as a proxy approach

The two principally different approaches used in monitoring of soil salinity are the
use of soil remote sensing signal or vegetation remote sensing signal as a proxy. |

see more potential in the latter.

My affinity with vegetation as a proxy approach stems from the applicability in
specific conditions of cropped areas. Though naturally saline areas have their
importance, the more pressing issues of soil salinity are in the agricultural sector.
The focus of this thesis is on cropped areas because of the societal and economic

importance of the problem in this setting.
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Use of bare soil assessment is useful when soil salinization progressed to the
extreme degree, which means that saline crusts are formed on the surface of the
soil (Aldabaa et al., 2015; Bai et al., 2016; Nawar et al.,, 2014). In this situation no
crops can be grown and land is lost for agriculture. But when the situation is still
manageable, bare soil remote sensing can hardly provide any useful information to

characterise soil salinization of the area.

When land is still suitable for cropping to some degree, the use of the plant signal
as a proxy is a better choice (Elhag and Bahrawi, 2017; Hamzeh et al, 2016;
Scudiero et al.,, 2015). Firstly, if we are talking about cultivated land, most of the
time the soil surface will be covered by a crop. Therefore, using the plant signal will
allow more time for assessment, while only a short window of opportunity will be
available in case of bare soil monitoring. Secondly, the plant signal will reveal soil
conditions in the whole root zone (0-30 cm), which is the most valuable information
in agriculture. Bare soil remote sensing will only characterise the surface of the soil,
which can be misleading, since soil salinity on the surface can be quite different than
soil salinity 10 cm below. Thirdly, many factors influence the spectral signature of
a soil. This might be environmental factors, like soil moisture or ploughing, and

intrinsic properties of soil, like texture or colour (Dwivedi, 2017).

Allin all, I propose to use vegetation as a proxy for soil salinity assessment.

6.2.5 Discussion of methods and materials used

To a large extent the methods described in this thesis are newly proposed and have

not been tested previously. This introduced certain specificities to it:

1. For example, the proposed thermography approach can be applied only on
vegetated, preferably cropped, areas. What are the challenges when it is

applied on different land cover types?

2. Another specificity is the timing of the monitoring. The results show that
the best moment of application is close to the end of a vegetation season.
That limits the frequency of assessment to once or twice per year. This

would be sufficient in most cases, but on areas where special measures are
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in progress to reduce soil salinization more frequent assessment might be

required.

3. One of the key questions about the methods used in the global scale
research (Chapter 5) is the question of climate. Namely, are we measuring
the change in soil salinity or a change in climate? Since consensus is that
soil salinity is increasing on global scale, the same is air temperature, it is
hard to distinguish between these two phenomena. Comparison with a
study describing soil salinity decrease in time would help to distinguish
between these two phenomena, but no such studies were found at the
moment of this thesis publication. However, on local and regional scales

the thermal differences are clearly driven by differences in soil salinity.

Next to the specificities mentioned above, there were some consequences of
satellite sensors systems currently used. In remote sensing a trade-off between
temporal and spatial resolution is always present. It is even more so with infrared
thermography, because of the lower energy of the wavelengths used (Rodriguez-
Galiano et al,, 2011). Therefore, the global assessment using current sensors would
always be spread in time (Landsat), or low resolution (MODIS). In Chapter 5 the
choice was made in favour of resolution, since 1km soil salinity map would have
limited use because of the patchy character of soil salinization in general.
Nevertheless, it meant that images with acquisition dates differences of up to 6
months were combined in one mosaic and used in one model. That might lead to
blurring of the resulting map and loss of details, especially on smaller scales.
Therefore, a sensor platform combining spatial resolution of Landsat and temporal
resolution of MODIS would be more optimal and would provide more detailed

assessment of global soil salinity change.

6.3 Further research

From the outcomes of this thesis I suggest the directions for a further research:
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1.

The global assessment chapter of this thesis has several questions left that
require further research. The global soil salinity map proposed in that
chapter had cases of local overestimation and underestimation, which
probably were the consequence of the training dataset used. I used
probably the fullest dataset on soil salinity currently available,
nevertheless it has almost no points in Central Asia, which is one of the
most severely affected regions of the world, and only few points in
Australia. Moreover, the question of extracting canopy temperature from
surface temperature on global scale will require further research for

operationalisation of the thermography approach.

In this thesis I did not focus on the socio-economic side of soil salinity
assessment, which will be required for operationalisation of the
thermography approach. Therefore, questions like economic benefits from
having up-to date information on soil salinity and its influence on the
effectiveness of mitigation measures should be investigated. I expect that
timely information on soil salinity situation will allow application of
mitigation measures in a more spatially targeted manner. That will reduce
expenditure on those measures. Or, it will even lead to a decision to plant
more salt tolerant crop or variety in coming season, which again will help
to reduce losses. All these measures would positively influence the
wellbeing of farming communities living on affected areas. In developing
countries it can even prevent migration from the affected areas, which

often happens when soil salinization degrade lands to an extreme degree.

Despite all the efforts to stop its progression, soil salinization still
continues and more and more lands are affected. Therefore, adaptation
measures also should be taken. One of the most effective among them is
biosaline agriculture, which is a cultivation of salt tolerant species and salt
tolerant varieties of traditional crops (Abdelly et al., 2008; Oztiirk et al.,
2006). Further research in this direction will help to mitigate soil
salinization impact and adapt farmers communities of affected regions to

a new way of practicing agriculture on salinized lands.
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Summary

Increased soil salinity is a significant agricultural problem that decreases yields for
common crops. It is quite dynamic in time, which makes timely soil salinity data a
crucial point in agricultural management. Remote sensing can provide the
necessary spatial and temporal resolution, but widely accepted methods and

techniques for soil salinity monitoring using remote sensing are not present yet.

Canopy temperature change is one of the stress indicators in plants. Its behaviour
in response to salt stress on individual plant level is well studied, but its potential
for field or landscape scale studies is not investigated yet. In this study, potential of
satellite and UAV thermography for plot, regional and global scale soil salinity

assessment was investigated.

Chapter 1 is the introductory chapter where main terms and definitions are given
and the extent of the problem is described. Moreover, the line of reasoning thatlead
to the selection of canopy temperature as a potential indicator of soil salinity is
provided. Fundamental reasons of why canopy temperature is affected by salt

stress are described and thermography approach is proposed.

In Chapter 2 a proof-of-concept study is described, where first application of the
thermography approach is made. This study was done in the Syrdarya province of
Uzbekistan, which consists of salt affected irrigated croplands of mainly cotton and
wheat. Moderate-resolution imaging spectroradiometer (MODIS) satellite images
were used for canopy temperature measurements and the provincial soil salinity
map as a ground truth dataset. Analysis of variance (ANOVA) was used to analyse
relations between the soil salinity map and canopy temperature, normalised
difference vegetation index (NDVI), enhanced vegetation index (EVI), and digital
elevation model (DEM). The results showed significant relation between soil
salinity and canopy temperature, but the strength of this relation varied over the
year. The strongest relation between soil salinity and canopy temperature was
observed for cotton in September. The calculated F-values were higher for canopy

temperature than for all other compared indicators. Satellite thermography
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appeared to be a valuable approach for detecting soil salinity under agricultural

crops at landscape scale.

Chapter 3 is devoted to the application of the thermography approach on the plot
scale and the use of Unmanned Aerial Vehicles for this. Three different UAV sensors
were used: a WIRIS thermal camera, a Rikola hyperspectral camera and a Riegl
VUX-SYS Light Detection and Ranging (LiDAR) scanner. Canopy temperature,
several vegetation indices and LiDAR measured plant height were derived from the
remote sensing data and their relations with ground measured parameters like salt
treatment, stomatal conductance and actual plant height were analysed. The results
showed that widely used multispectral vegetation indices are not efficient in
discriminating between salt affected and control quinoa plants. The hyperspectral
Physiological Reflectance Index (PRI) performed better and showed a clear
distinction between salt affected and control plants. This distinction is also visible
for LiDAR measured plant height, where salt treated plants were on average 10
centimetres shorter than control plants. Canopy temperature was significantly
affected, though detection of this required an additional step in the analysis -
Normalised Difference Vegetation Index (NDVI) clustering. This step assured
temperature comparison for equally vegetated pixels. Data combination of all three
sensors in a multiple linear regression model increased the prediction power and
for the whole dataset R? reached 0.46, with some subgroups reaching an R? of 0.64.
The UAV borne remote sensing proved to be useful for measuring salt stress in
plants and a combination of multiple measurement techniques is advised to

increase the accuracy.

In chapter 4 the thermography approach is applied on regional scale and its
robustness was tested. Four study areas in four different states of Australia were
selected to give a broad representation of different crops cultivated under irrigated
and rainfed conditions. In the analysis vegetation indices and brightness
temperature were used as an indicator for canopy temperature. Applying analysis
of variance and time series analysis | investigated the applicability of satellite
remote sensing of canopy temperature as an approach of soil salinity assessment

for different crops grown under irrigated and rainfed conditions. In all cases
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average canopy temperature was significantly correlated with soil salinity of the
area. This relation is valid for all investigated crops, grown both irrigated and
rainfed. Nevertheless, crop type did influence the strength of the relations. Cotton
showed only minor temperature difference compared to other vegetation classes.
The strongest relations between canopy temperature and soil salinity were
observed at the moment of a maximum green biomass of the crops, which is thus

considered to be the best time for application of the thermography approach.

In chapter 5 global scale assessment is presented. The only database that currently
provides soil salinity information with global coverage is the Harmonized World
Soil Database, but it has several limitations when it comes to soil salinity
assessment. Therefore, a new assessment is required. I hypothesized that
combining soil properties maps together with the thermal infrared imagery and a
large set of field observations within a machine learning framework will yield a
global soil salinity map. The thermal infrared imagery would act as a dynamic
variable that will characterize the change. For this purpose, Google Earth Engine
computational environment was used. The random forest classifier was trained
using 7 soil properties maps, thermal infrared imagery and the ECe point data from
the WoSIS database. In total six maps were produced for 1986, 2000, 2002, 2005,
2009, 2016. The validation accuracy of the resulting maps was in the range of 67-
70%. The total area of salt affected lands by the presented assessment is around 1
billion hectares, with a clear increasing trend. Comparison with 3 studies
investigating local trends of soil salinity change showed that presented assessment
was in correspondence with 2 of these studies. The global map of soil salinity
change between 1986 and 2016 was produced to characterize the spatial
distribution of the change. I conclude that the combination of soil properties maps
and thermal infrared imagery can allow mapping of soil salinity development in

space and time on a global scale.

Chapter 6 synthesises the findings from all previous chapters, puts them into a
broader perspective and reflects on implications, methods and data used.

Moreover, suggestions for further research are given.
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KpaTtkoe coaepXxaHue

3aC0JIEHHOCTD MOYBBI SBJISIETCS CEPbe3HOMN CeJIbCKOX03HCTBEHHON MPOO6JIEMOH,
KOTOpasi CHWXKAaeT YPOXXKaHHOCTb MHOTUX KyJbTyp. @®eHOMeH J0BOJIbHO
JUHAMU4YEeH BO BPEMEHHM, YTO JleJIaeT CBOEBPEMEHHbIE JlaHHbIE O 3aCOJIeHUHU
HOYBbl  BaXKHbIM  (AKTOPOM B  VIpaBJIEHUU  CEJbCKUM  XO3SHCTBOM.
JlucTaHIOHHOE 30HIUpPOBaHUE MOXET 00€eCIevYuThb Heo6XoJuMoe
NPOCTPAHCTBEHHOE U BpeMeHHOe pa3pellleHHe, HO OOIIeNPUHATbIe METOIbI JJIst
MOHUTOpPUHIA 3aCOJIEHHOCTHU TMOYBbl C WCIHOJIb30BAHUEM JUCTAHI[MOHHOIO

30H/MPOBAHUSA CETOJHSA OTCYTCTBYIOT.

WsMeHeHMe TeMmepaTypbl HaA3eMHOM 4acTH pacTeHUs SABJSAETCA OJHUM U3
nokasareJieil crpecca. 0COGEHHOCTH 3TOU peaKI[MK Ha COJIEBOM CTPECC Ha YPOBHE
OTZeJIbHbIX PAacTeHUH XOpOLIO M3y4eHbl, HO MOTeHIMas [JJisi IpPUMEHeHHS B
MaclTabax 11e/10ro 1noJis Uad JaHaumadTa elle He UccaejoBaH. B pa6oTe nsydyex
NOTeHIMa/]l CIYyTHUKOBOW TepMorpaduu U TepMorpadHu C HCHOJIb30BAHUEM
6eCUJIOTHOTO JieTaTesbHOro anmnapata (BIIJIA) a5 oLleHKH 3aCOJIEeHHOCTU MOYB

B pervMoHa/IbHOM U IJI06aJbHOM MacuiTabe.

['naBa 1 ABJ1sieTCs BBOHOH IJ1aBOH, B KOTOPOH NpHBe/ieHbl OCHOBHbIE TEPMUHBI U
olnpejie/ieHus], a TakKe ONMCaHbl MaclITa6bbl Npo6JeMsl. boJiee Toro, onucaH xo/
paccykZieHUH, KOTopble NpPHUBEJHM K BbIGOPY TeMIepaTypbl pacTeHUs Kak
INOTEHIMAJBbHOTO  HMHAUKATOpAa  3aCOJIEHHOCTH  MOYBBL.  [lepednciieHbl
byHaMeHTa/IbHble IPUYUHBI TOr'0, IOYEeMy TeMIlepaTypa pacTeHHUsl 3aBUCHUT OT

COJIEBOTO CTPECCA, ¥ PeJI0KeH TepMorpaduyecKUil MOAXOA,

B I'naBe 2 onuceiBaeTcs UCCIefOBaHUe JJi MPOBEPKU KOHLENLHUH, B KOTOPOM
BIlepBble NpPUMeHsAETCs TepMorpadudeckud MoAxoJ. ITO HcCje[oBaHUEe GbLIO
npoBesieHo B CbIpZlapbMHCKON 06J1acTH Y36eKkucTaHa, 60Jbllas YacTb KOTOPOH
COCTOMT U3 3aCOJIEHHBIX NAXOTHbIX 3eMeJib, TJle OCHOBHBIMU KyJbTYpaMH
SIBJISIETCS XJIONMOK U MieHuna. CHUMKY co ciiyTHUKA MODIS 6b114 ncnosib30BaHbl
[l M3MepeHHUsl TeMIlepaTypbl PAacTHUTENbHOrO NOKpPOBa MU aHAJHW3UPOBAJIUCH
BMeCcTe C KapTaMHM 3acOJIeHHOCTH IO4YBbl, NPOM3BEJeHHbIX TPaAULMOHHBIMU

MetonaMu. [JucnepcuoHHbid aHanu3 (ANOVA) ucnosnb3oBaH [Js1 BbISIBJEHUS
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CBsI3ell Mex/ly KapTaMU 3aCOJIEHHOCTH MOYBbI U TeMIlepaTypoi pacTHUTEJbHOIO
MOKPOBa, HOPMHUPOBAHHBIM PA3HOCTHBIM HHJAEKCOM pacTtutenbHocTu (NDVI),
yJAydlleHHbIM UHJeKcoM pacTuTeabHocTH (EVI) n nudposoit Mogenbio pesbeda
(DEM). PesysnbTaTbl NOKa3add 3HAYUTEJbHYI0 3aBHCHUMOCTb TeMIlepaTyphl
pacTUTeJbHOT0 MOKPOBAa OT CTeNeHM 3acoJieHUsl MOYBbl, HO 3Ta 3aBUCHUMOCTb
MeHsJ1ach B Te4eHue rojja. Hanubosiee Beipa>keHHOM OHa OblIa B CEHTSI6pe B clyyae
c xj0nKoM. PaccunTanHble F-3HaueHus GbLIM Bbllle JJ1s TeMIepaTyphl, 4eM AJs
BCeX JpYyTUX CpaBHMBaeMblXx MHAMKATOpoB. CHyTHUKOBasg TepMmorpadus
OKasaJlacb MHOT006ellaol M [T0X0/40M JiJIsl OTIpe/iesIeHHs 3aC0JIeHHOCTH II0YBbI

noj CeJIbCKOX03AUCTBEHHBIMU KyJIbTypaMH B peTrMOHaJIbHOM MacuiTaoe.

['n1aBa 3 nocesllleHa NMpUMeHEHHI0 TepMorpaduyeckoro nojxoja B Maciutabe
OJZHOTO TOJI U UCHO0JIb30BaHUI0 g 3Toro BIIJIA. Ucnosib30oBainuch TpU pa3HbIX
ceHcopa, MOHTUpoBaHHbIXx Ha bIIJIA: TensioBusuonHasa kamepa WIRIS,
runepcnekTpasbHast kamepa Rikola un sazepHbiéi ckanep Riegl VUX-SYS Light
Detection and Ranging (LiDAR). TemnepaTypa pacTUTEJbHOrO IOKPOB3,
HECKOJIbKO HMHJEKCOB  pacTuTesbHOCTU U LiDAR-usMepeHHass  BbIicOTa
pacTUTeJbHOr0 NOKPOBa ObIJIM pacCUUTAHbl HA OCHOBE JJaHHBIX JUCTAHLLUOHHOTO
30H/MPOBAHUSA, W ObLIM NPOAHAJIU3UPOBAHbl HUX CBSISM C TAaKUMH I0JIEBBIMU
JIAHHBIMH, KaK YPOBeHb 3aCO/IEHHOCTH, YCTbUYHAsA NPOBOAUMOCTD U paKTHYecKas
BbICOTA pacTeHUsA. Pe3yibTaThl IOKas3aJd, 4YTO WIHMPOKO HCIHOJb3yeMble
MYJIbTUCIEKTPa/JIbHbIEe HHJEKChl PAaCTUTEJbHOCTH He 3PQOEeKTUBHBI IS
pas/ivdeHUs MOpPaXKEHHBIX COJIbI0 MU KOHTPOJIBHBIX pacTeHWH KuHoa. UHjekc
dusumosornueckol orpaxaresbHod cnocobHoctu (PRI) mokasan sydimne
pe3y/JbTaTbl W pasjdyde B 3HAYEHUSAX MeXAy I[OpaKeHHbIMHU COJIbI0 U
KOHTPOJIbHBIMU pacTeHUSAMHU. JTO pasjMyue TakKe 3aMeTHO U B HU3MEPEeHMsX
BBICOTHI pacTeHUH, NoIydyeHHbIX npu nomouiu LiDAR, rjie o6pa6oTaHHbIe COJIBIO
pacTeHuss 6bLIM B cpefjHeM Ha 10 caHTHMeTpPOB KOpode KOHTPOJIbHBIX.
3HauyuTe/bHble U3BMEHEHUs IpeTepliesia U TeMIlepaTypa pacTUTEeJbHOr0 IOKPOBa,
XOTsl OOHApyXeHHe 3TOro MOTpPeGOBasJo JONOJHUTEJbHOrO 3Tala aHajadsa -
kaactepusanuu NDVI. 3ToT mar rapaHTHUpOBas CpaBHEHUE TeMIlepaTyphbl MeXay

MUKCEJSIMU C aHAJIOTUYHOH IJIoaAbl0 PACTUTEJIbBHOTO IIOKPOBA. KOM6I/IH3LU/IH
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JaHHBIX BCEX TpeX CEHCOPOB B MOJeEeJM MHOXECTBEHHOM JINHEHHON perpeccuu
noBbicuIa 3PpPEeKTUBHOCTD MPOrHO3UPOBAHUS U /111 BCero Habopa HabJI0JeHUM
perpeccuoHHBIH Ko3dduuueHT R2 moctur 0,46, B HEKOTOPBIX MoArpymnmnax R2
poctur 0,64. /luctaHuuMoHHOEe 30HAMpoBaHUe ¢ momolibio BIIJIA okasasnock
NMoJIe3HbIM MOAX0J0OM [iJI1 HW3MepeHUsl COJIeBOTO0 cTpecca pacTeHuu. s
NOBBIIIEHHUS] TOYHOCTH pPEKOMEHJAyeTCsl COYeTaHHe HEeCKOJbKHUX METO/I0B

H3MEepEeHHH.

B riaBe 4 TepMorpaduueckuil MoAxoJ NMpUMeHsIeTC B MacliTabe HeCKOJIbKUX
peruoHoB. YeTblpe perMoHa B 4eTblpex pas/IMYHbIX IITaTax ABCTPaUM ObLIU
BBIOPAHbI JJIS1 TOr'O, YTOObI B MCCJeJJOBAHUU ObLIM NpejAcTaB/eHbl pa3/HyHble
KyJbTypbl, BblpallliBaeMble Kak B OOrapHbIX YCJIOBUAX, TaK M B YCJOBHUAX
opolIaeMoro 3eMJejenus. B aHann3ze KOMOGHMHALMA UH/EKCOB PACTUTENBHOCTH U
TepMaJIbHbIX CIYTHUKOBBIX CHUMKOB HCII0JIb30Bajlach B KayecTBe MHAUKaTOpa
TeMIepaTypbl pacTUTEJbHOIO MOKpoBa. Mcnosb3ysa AUCIEPCHOHHBIN aHAIWU3 U
aHa/Iu3 BpEeMeHHbIX psAJOB, HCCAeJ0BaHAa NPUMEHUMOCTb CIHYTHUKOBOHN
TepMorpaduu A5 OLeHKH 3aCOJIEHHOCTH NMOYBbI 10/, Pa3/JIMYHBIMU KYJIbTYpPaMH,
BblpalllMBaeMbIX KaK B OOrapHbIX YCJOBUSX, TaK U B YCJOBUSAX OpOILAEMOTO
3eMJieflenvs. Bo Bcex ciydasx, cpefiHSIA TeMIepaTypa pacTUTeJbHOIO NMOKPOBa
JIOCTOBEDHO KOppeJIMpOBajia C 3acOJIeHHOCTbIO MOYBBI B 3TOM paioHe. JTa
B3aUMOCBf3b CIIpaBe/JIMBa JJ/151 BCeX UCC/Iel0BaHHbIX KYJIbTYP, BbIpallleHHbIX KaK
Ha OpoLIaeMbIX, TaK U Ha 60rapHbIX y4yacTKax. TeM He MeHee, BU/L KYJIbTYPbl BJIUSLI
Ha CTelneHb 3TOM B3aUMOCBsI3H. XJIONOK I10Ka3aJl JIMLIb HE3HAYUTEbHYI0 Pa3HULY
TeMIepaTyp M0 CPaBHEHUIO C JAPYTMMH KyJabTypaMu. Haubosee cubHBIE
3aBUCUMOCTH MeX/Jy TeMIepaTypol pacTHUTeJbHOro IMOKpOBa W 3acOJieHHEM
MOYBbl HAG/IOJANMCh B MOMEHT IMKa 3eJleHOW 6uomMacchl pacteHui. Takum
06pa3oM 3TOT MepHoJ; MOXET CUYUTAETC ONTHUMAJbHBIM /JIsl TIPUMEHEHUS

OIIMChIBaeMoOro TepMorpacl)quCKoro noaxoja.

B rsiiaBe 5 mpejicTaBisieHa OlleHKa B rjio6asibHOM Maciutabe. EquHcTBeHHas 6asa
JaHHBIX, KOTOpas B HacCTosllee BpeMs NpeaoCcTaBasieT WHOOPMAIUI O
3aCOJIEHHOCTH TOYB C IJIO6aJIbHBIM O0XBAaTOM 3T0 ['apMoHU3UpoBaHHasg MupoBas

[louBenHass baza rZlaHHl:IX, HO OHa HMeeT HEeCKOJIbBKO OI‘paHI/I‘{eHI/Iﬁ B CJjiydae
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OIIEHKH 32COJIEHHOCTH MOYB. B cBsI3U ¢ 3THM, Heo6X0iMa 0GHOBJIEHHAS OIleHKa.
f npennosioku, 4YTO 06'beJUHEHHE KAPT CBOMCTB MOYBbI BMECTE C TEIJIOBHIMU
MHPpPAKPACHBIMHM CHUMKaMH U OOJIbIIMM HAaGOpOM MOJIeBbIX HAOJIOZEHUHN B
paMKax ajJropuTMa MalIMHHOTO O6y4YeHUs], MO3BOJIUT MHOJYYUTb TJI06AJTbHYIO
KapTy 3acoJieHHOCTH TMo4Bbl. TemsoBble WHQpPaKpacHble CHUMKH OyAyT
JeHCTBOBaTh KaK JJUHAMUYecKasi lepeMeHHas, KoTopas Oy/leT XxapaKTepHU30BaTh
M3MeHeHHUd BO BpeMeHHU. /Il 3TOM 1eJ11 MCI0JIb30BaJlach BEIYMCIMTE/IbHAsA cpesia
Google Earth Engine. Kiaccudukatop ciydyailHbIX JiecOB OblI 00y4eH C
HCII0JIb30BaHUEM 7 KapT CBONCTB MOYBHI, TEMJIOBbIX HHPPAKPACHBIX CHUMKOB U
3HayeHHUH anekTponpoBoauMocTy nouBbl (ECe) u3 6a3bl ganHbix WoSIS. Becero
OBLJI0 TOATOTOBJIEHO LIECTh KapT 3a 1986, 2000, 2002, 2005, 2009 u 2016 roasl.
TodyHOCTH BaJWJALMU MOJYYEHHBIX KapT HaxojujJacb B JuamnasoHe 67-70%.
O61mas maowaib 3aCoJEHHBIX 3eMeJIb, [10 Pe/ICTaBJIEHHOMN OLlEHKE, COCTaBJIsIET
okoso 1 muapa. a, ¢ sBHOW TeHJeHLUMeld K yBeaudeHuto. CpaBHeHHe C 3
WCCIeJOBaHUSIMY, U3y4alOLMMU JIOKaJbHble U3MeHEeHHUs 3aCOJIEHHOCTU IOYBBHI,
MoKa3aJjio, 4YTO IMpeJCTaBJeHHash OIleHKa COOTBETCTBOBaja JBYM M3 3THUX
vcciaefoBaHuil. brla coctaBieHa rio6asibHas KapTa U3MEHEHUH 3aC0JIEHHOCTH
noyB B nepuo/ ¢ 1986 no 2016 rr. M3 nosiyueHHbIX pe3yJbTaTOB MOXKHO C/€eJaTh
BBIBOJI, UTO KOMOWHAIMsI KapT CBOHCTB MOYBbI M TEIJVIOBbIX HMHQpPaAKpacHBIX
CHUMKOB MOeT 03BOJIUTh KAPTUPOBATD MPOILeCChl Pa3BUTHS 3aCOJIEHHUS TTOYBBI

B IIPOCTPAHCTBE U BpEME€HHU B rJio6aJbHOM MacluTaobe.

B rsiaBe 6 0600611€HbI PE3yJIbTAThI BCEX MPEABIAYLINX IJIaB, OHU PAaCCMOTPEHBI B
boJiee IIMPOKOM mepcrnekTuBe. [lpeJCcTaBleHO KpUTHYECKOEe OOCYXKAEeHUE
METOLOB M HCIOJIb30BaHHBIX AaHHBIX. Bosiee Toro, marTcs NpeasioKeHUs IO

I[{2:1.}'[bHeI‘/JII_UI/IM HCCIeJO0BaHUAM.
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