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ABSTRACT

OPPORTUNITIES AND CHALLENGES IN USING SOIL MOISTURE
FROM COSMIC RAY NEUTRON SENSING FOR RAINFALL-RUNOFF
MODELLING

Duygu, Mustafa Berk
Ph.D., Department of Civil Engineering
Supervisor: Prof. Dr. Zuhal Akyiirek

September 2021, pages

Retrieving or estimating soil moisture is one of the most important elements of hy-
drology, since most of the hydrological studies consider the absence (drought) or
excessiveness (flood) of water stored in the soil. Water stored in a basin has a very
strong relation with the amount of soil moisture thus knowing the soil moisture sig-
nificantly facilitates the estimation of other parameters of the hydrological cycle. For
agricultural decision making systems, it is also vital to know whether the plants re-
ceive the amount of water necessary for their growth, which can be indicated by the
amount of soil moisture. There are various ways of measuring soil moisture, where
each technique has its own advantages and disadvantages. Some of these methods can
provide very accurate measurements with very high costs or they may have very high
temporal resolutions with limited spatial coverages. Among different methods, soil
moisture measurement from recently invented Cosmic Ray Neutron Probes (CRNPs)
has a good potential to be used in hydrological studies due to its larger spatial cov-
erage, low cost and high temporal resolution. It is also possible to use this product

together with satellite soil moisture products to obtain reliable soil moisture informa-



tion with even more spatial coverage. The aim of this study is to assess the effective-
ness of CRNPs in determination of soil moisture at basin scale, to validate satellite
soil moisture products and to use the soil moisture information derived from CRNP
and satellite products for improving hydrological modeling. For this study, the first
CRNP of Turkey has been installed in Cakit Basin, south of Turkey, and the neutron
counts obtained from the CRNP have been converted into soil moisture values af-
ter a series of correction and conversion processes. The CRNP based soil moisture
data have been used in the validation of different soil moisture satellite products to
test the effectiveness of CRNPs in satellite product validation and assess the poten-
tial of using CRNPs in conjunction with satellite soil moisture products for studies
covering relatively larger areas. The relation between soil moisture and evaporation
is also investigated through CRNP soil moisture values. Finally, CRNP based soil
moisture data have been introduced into the calibration of a conceptual hydrological
model and it has been found that introducing CRNP soil moisture data into NAM
conceptual model improves the model statistics of Cakit Basin (421 km?) and one
of its sub basins, Darbogaz sub-basin (121 km?). Using CRNP based soil moisture
data to calibrate the NAM model increased the Kling-Gupta Efficiency score for the
discharge data of Cakit Basin from 0.56 (Calibration) and 0.42 (Validation) to 0.81
(Calibration) and 0.64 (Validation). Similar improvements were noted for most of the

statistical measures for both Cakit Basin and Darbogaz sub-basin.

Keywords: Cosmic Ray Neutron Sensing, Soil Moisture, NAM Conceptual Model,

Satellite Soil Moisture Products
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YAGIS-AKIS MODELLEMESI ICIN KOZMIK ISIN NOTRON
ALGILAMASI ILE ELDE EDILEN TOPRAK NEMINININ
KULLANILMASINDAKI FIRSATLAR VE ZORLUKLAR

Duygu, Mustafa Berk
Doktora, Ingaat Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Zuhal Akyiirek

Eylil 2021 , sayfa

Toprak nemini 6lgmek veya tahmin etmek, hidrolojinin en 6nemli unsurlarindan olup
hidrolojik calismalarin ¢cogu toprakta depolanan suyun yoklugunu (kuraklik) veya
fazlaligim (tagkin) dikkate alir. Bir havzada depolanan suyun toprak nemi miktari
ile cok giiclii bir iligkisi vardir, bu nedenle toprak nemini bilmek hidrolojik don-
giiniin diger parametrelerinin tahminini 6nemli 6l¢iide kolaylastirir. Tarimsal karar
verme sistemlerinde, bitkilerin biiylimeleri i¢in gerekli olan miktarda su alip alma-
diklarin1 bilmek de hayati 6nem tagimakla birlikte bu bilgi toprak nem miktari ile ol-
dukca iligkilidir. Her teknik kendi avantaj ve dezavantajlarina sahip olmakla birlikte,
toprak nemini 6l¢gmenin ¢esitli yollar1 vardir. Bu yontemlerden bazilar ¢ok yiiksek
maliyetlerle ¢cok dogru dlciimler saglayabilir veya sinirli mekansal kapsama alaniyla
cok yiiksek zamansal ¢oziiniirliiklere sahip olabilir. Farkli yontemler arasinda, ya-
kin zamanda icat edilen Kozmik Isin Notron Sayaclarindan (CRNP’ler) toprak nemi
Olctimleri, daha genis mekansal kapsami, diisiik maliyeti ve yiiksek zamansal ¢ozii-

niirliigii nedeniyle hidrolojik ¢alismalarda kullanilmak icin 1yi bir potansiyele sahip-
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tir. Bu iirinii uydu toprak nemi iiriinleri ile birlikte kullanarak daha fazla mekansal
kapsama ile giivenilir toprak nemi bilgisi elde etmek de miimkiindiir. Bu calismanin
amacl, havza 0Olceginde toprak nemi tayininde CRNP’lerin etkinligini degerlendir-
mek, uydu toprak nemi iiriinlerini dogrulamak ve CRNP ile uydu iiriinlerinden elde
edilen toprak nemi bilgilerini hidrolojik modellemeyi gelistirmek i¢in kullanmaktir.
Bu caligma icin Tiirkiye nin ilk CRNP’si Tiirkiye’nin giineyindeki Cakit Havzasi’na
kurulmus ve CRNP’den elde edilen nétron sayilari bir dizi diizeltme ve doniistiirme
isleminden sonra toprak nem degerlerine doniistiiriilmiistiir. CRNP’ye dayal1 toprak
nemi verileri, uydu dogrulamasinda CRNP’lerin etkinligini test etmek ve nispeten
daha genis alanlar1 kapsayan caligmalar i¢in uydu toprak nemi iirtinleri ile birlikte
CRNP’leri kullanma potansiyelini degerlendirmek i¢in farkli toprak nemi uydu iiriin-
lerinin dogrulamasinda kullanilmigtir. Toprak nemi ile buharlagma arasindaki iligki
de CRNP toprak nemi degerleri tizerinden arastirilmistir. Son olarak, kavramsal bir
hidrolojik modelin kalibrasyonuna CRNP bazli toprak nemi verileri dahil edilmig
ve CRNP toprak nemi verilerinin NAM kavramsal modeline dahil edilmesinin Cakit
Havzasi’nda (421 km?) ve alt havzalarindan biri olan Darbogaz alt havzasi’nda (121
km?) model istatistiklerini gelistirdigi sonucuna ulasilmistir. NAM modelini kalibre
etmek icin CRNP bazli toprak nemi verilerinin kullanilmasi, Cakit Havzasi debi veri-
leri i¢in Kling-Gupta Verimlilik skorunu 0,56 (Kalibrasyon) ve 0,42 (Dogrulama)’dan
0,81 (Kalibrasyon) ve 0,64 (Dogrulama)’ya yiikseltmistir. Hem Cakit Havzasi hem de
Darbogaz Alt Havzas icin istatistiksel ol¢iitlerin cogunda benzer gelismeler kayde-

dilmistir.

Anahtar Kelimeler: Kozmik Isin Notron Algilama, Toprak Nemi, NAM Kavramsal
Modeli, Uydu Toprak Nemi Uriinleri
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CHAPTER 1

INTRODUCTION

1.1 General

Soil moisture measurement is the key element of hydrological cycle, since knowing
the soil moisture helps calculation of the other unknowns of the hydrological cycle
such as evaporation and infiltration. From an agricultural point of view, soil moisture
is the most important element for decision making processes of irrigation systems.
Soil moisture measurements are also vital for prediction and assessment of water re-
lated disasters such as floods and droughts. Measurement of soil moisture is possible
via several methods, which differ by certain factors such as spatio-temporal accuracy,
ease of application and environmental friendliness. Among many other methods, as
one of the most recently invented method, Cosmic Ray Neutron Probes (CRNPs) [l1]
proposes a promising alternative for providing the valuable soil moisture informa-
tion required for the basin scale hydrological studies. Measurement of soil moisture
amount using CRNPs solely depends on the inverse relation between the amount of
water available within the measurement range of CRNP and the decelerated neutron
counts. The dynamics of the inverse relation depends on environmental and atmo-
spheric factors as well as the intensity of the incoming cosmic rays. Although CRNP
is not the first device exploiting the above mentioned relation between neutron counts
and water availability, it is the first device of this type that does not include any ra-
dioactive content, which makes it possible to measure soil moisture continuously by

leaving the device unattended at study area.

The first neutron counting device is known to be developed after the World War II [2]

and the first appearance of the relation between neutron counts and soil moisture in



literature was in 1952 ([3]). The main principle of determination of soil moisture by
using neutron probes is as follows; fast neutrons which are generated by a neutron
source are decelerated by soil moisture and then counted by a neutron probe. In
a previously prepared calibration curve, the amount of soil moisture corresponding
to the number of decelerated neutrons can be obtained directly. For conventional
neutron probes, radioactive materials are used as a fast neutron source. Radioactive
material, usually a mixture of americium beryllium, must be buried to the depth at
which moisture is measured. The difficulty and risk of controlling the radioactive

substances by means of environmental aspects limit the use of these devices.

Cosmic rays, which include high energy atomic particles and originate from the outer
space, were first discovered in 1912 [4]. The secondary particles that emerge as a
result of the contact between atmospheric cosmic rays and earth were discovered in
1952 [5]. The effect of soil moisture on low-energy (1 keV) neutron intensity at the
lower layer of atmosphere was presented theoretically by Bethe and coworkers [6]
and practically using cosmic ray neutrons by Hendrick and Edge [7]. The inverse re-
lation between cosmic ray neutron intensity and soil moisture was shown by Kodama
and coworkers [8]]. The required methodology of measuring low energy cosmogenic

neutrons via proportional counters was presented by Knoll [9].

In order to overcome the limitation for neutron probes, a non-radioactive and clean
source of neutron had to be found. As an environmentally friendly alternative, a re-
cently invented CRNP uses cosmic rays as the neutron source [1]]. With this approach,
soil moisture content can be inferred from the measurements of low-energy cosmic
ray neutrons that are generated within soil, moderated mainly by hydrogen atoms,
and diffused back to the atmosphere. Neutron intensity above the surface is inversely
correlated with the hydrogen content of the soil and hydrogen content is a good indi-
cator of water (H5Q) availability [1]. Since this method does not have environmental
limitations such as the conventional one, the probes can be carried easily and left in
the field unattended. This feature enables continuous monitoring of soil moisture and
computerized automatizing of measurements. Furthermore, relatively large footprint
of CRNP (approximately a circle having a diameter of 670m) enables soil moisture
monitoring on a hectometer scale [10]. This method is also capable of detecting all of

the parameters of hydrological cycle (such as precipitation, infiltration, snow, runoff



and biomass) except evaporation and transpiration [11].

1.2 Problem Statement

As one of the key elements of the hydrological cycle, soil moisture data are vital
for all kinds of applications which involve hydrology. Most of the applications in
hydrology, such as flood or drought early warning and agricultural management sys-
tems rely on the soil moisture data. Despite its crucial importance, in most of the
cases, it is still challenging to obtain reliable soil moisture information for such stud-
ies, since measuring soil moisture within the desired time and spatial scales of an
hydrological application, either requires a great workload and financial support or
is inaccurate/insufficient to be used for decision making. For example, it is vital to
accurately estimate the discharge for flood forecasting which often requires a hydro-
logical model involving reliable precipitation, evaporation and, in some cases, the
soil moisture data. The above mentioned variables are all related to each other, hence
the efficiency of an hydrological model is expected to be increased by involving as
many variables as possible. However, the performance of such models depend on the
quality of the input data. Hydrological studies are often conducted in a basin scale
where the spatial representation of point scale data is not sufficient. Remote sensing
data can be also widely used in hydrological studies however, the spatial resolution of
these products is usually too coarse for hydrological studies and temporal resolution

is too sparse.

Soil moisture data that should be used in an hydrological application have to be tem-
porally continuous and spatially representative. In 2008, in order to meet the specified
need, a group of researchers have invented a new technique of soil moisture determi-
nation, which is called the Cosmic Ray Neutron Sensing (CRNS) [[1]. This technique
is based on the inverse relation between low-energy cosmic ray neutrons and the pres-
ence of Hydrogen atoms. In the soil structure, hydrogen is primarily in the form of
H50 and most of the times the amount of hydrogen is negligible in forms other than
water. Consequently, inferring soil moisture is possible by measuring decelerated
cosmic ray neutrons and making use of the above-mentioned inverse relation. There

are two main advantages of using CRNPs in hydrological modelling, firstly the rel-



atively large footprint of CRNP (approximately a circle having a diameter of 670m)
enables soil moisture monitoring on a hectometer scale [10] which helps preventing
the irregularities in the field properties from creating misleading results as in the case
of point scale measurement techniques; secondly the probes contain solar panels and
remote communication devices, in other words they are self sufficient and can be car-
ried easily and left in the field unattended which allows it to produce data with high

temporal resolution in real time.

Advances in satellite technology in recent years have enabled satellite soil moisture
products to be used in many hydrological studies [12, 113} 14]. However, validation of
satellite soil moisture products is a necessity due to low spatial and temporal resolu-
tion of satellite soil moisture data especially to produce reliable hydrological data for
ungauged locations, thus there are numerous studies involving validation of satellite
products by using in-situ soil moisture observations [15,116}17]. The relatively larger
horizontal footprint of CRNPs and their ability to provide continuous data creates an
important opportunity to use their promising spatial and temporal resolution in the
validation of soil moisture satellite products [18]. The above mentioned ability of

CRNPs are also discussed in our previously published paper [19].

In addition to the direct measurement of hydrological cycle parameters such as stream
flow and soil moisture, estimation of these parameters with a modeling approach
based on their interrelationship is also a very important tool for the science of hy-
drology. Among various types of hydrological models, conceptual models are one
of the most common tools to mimic the rainfall runoff relation of a specific basin.
While these type of models are calibrated through observed discharge values, includ-
ing other parameters of the hydrological cycle has also been discussed in many studies
[20, 21} 22} 23]]. Basin or sub-basin scale coverage of CRNP uniquely suits to the task

of improving conceptual hydrological models [24]].

1.3 Objectives

The aim of this study is to assess the effectiveness of Cosmic Ray Neutron Probes

(CRNPs) in determination of soil moisture from neutron counts at intermediate scale



and making use of them in hydrological models. The effectiveness of CRNPs in
validation of soil moisture satellite products has also been tested against different
satellite products to further assess the potential of using CRNPs in satellite product

validation. The main objectives of this study are listed below:

e To retrieve soil moisture data by making use of the neutron counts with CRNP
and evaluate the obtained soil moisture values by other sources of information

on soil moisture.

e To validate remote sensing based soil moisture data and land surface models by

using several CRNPs installed all around the world.
e To investigate the relation between evaporation and CRNP based soil moisture.

e To make use of soil moisture data obtained from CRNPs in hydrological mod-

eling.

1.3.1 Thesis Outline

In this study, an application with Cosmic Ray Neutron Sensing (CRNS), which is one
of the most promising soil moisture sensing techniques, is presented. The detailed
descriptions of various soil moisture retrieval methods including CRNS are given
in Chapter 2] In this thesis, studies are conducted by making use of the datasets
obtained for Cakit Basin, which is located at the southern part of Turkey. Detailed
information for the basin and the datasets used in this study are provided in Chapter[3]
CRNS has a promising potential to be used for satellite validation due its intermediate
scale footprint. Validation of satellite soil moisture products with CRNP’s of the
COSMOS database and Cakit Basin CRNP are provided in Chapter 4, The relation
between CRNP soil moisture and evaporation has also been thoroughly investigated
in Chapter[5] In Chapter|[6] the use of CRNP in rainfall-runoff modeling is presented.
The related literature reviews and discussions are provided in each chapter, namely
Chapter [, Chapter[S]and Chapter [6] Conclusions and recommendations are provided
in Chapter[7]






CHAPTER 2

METHODS OF SOIL MOISTURE DETERMINATION AND COSMIC RAY
NEUTRON SENSING

2.1 General

Soil moisture is the amount of water that is kept by the soil medium. Understanding
the soil moisture and its relation with other elements of water cycle is an essential
part of hydrology. In practical applications such as flood or drought management,
knowing the amount of water inside the soil is vital for the decision making systems.
Correspondingly, the importance of knowing the soil moisture lead researchers de-
velop several techniques to measure or infer soil moisture. A few of the most well
known techniques are explained in Section [2.2] Models are often used in hydrology
to estimate unknown or future conditions (e.g. run-off) based on other elements of
the cycle. Various types of models used in hydrology and the intrusion of CRNP soil

moisture data into these models are discussed in Section

2.2 Methods of Obtaining Soil Moisture Data

Measurement of soil moisture is possible via several methods including: laboratory
tests and time domain reflectometers (having high accuracies but smaller measure-
ment footprints), ground penetrating radar and remote sensing methods (having large
measurement footprints but lower accuracies and resolutions). More recently in-
vented Cosmic Ray Neutron Probes (CRNPs) propose an intermediate alternative to
the above mentioned methods with a footprint of a circle having a diameter of approx-

imately 670m. There are numerous methods to obtain information on soil moisture



including but not limited to the ones mentioned in this thesis.

2.2.1 Determination of Soil Moisture by Laboratory Testing (Direct Method)

The properties of different states of soil moisture and measurement of soil moisture
via laboratory testing were presented more than a century ago [25)]. Within the long
process after the first presentation of the calculation of soil moisture by gravimetric
methods, numerous different soil moisture detection methods have been developed.
However, measurement of soil moisture via the direct method is still the most reli-
able method of measurement by means of its accuracy. On the other hand, the high
accuracy of this technique comes with a great cost, it requires enormous amount of
workforce and resources to obtain soil moisture compared to the other methods. Spa-
tial scale of the measurements are very limited, thus obtaining soil moisture at basin
scale requires measurements in several different locations of the basin. The mea-
surements with laboratory testing provide information for a single point in time, thus
continuous monitoring with acceptable temporal resolution is not possible with this

method.

2.2.2 Determination of Soil Moisture by Using the Capillary Tension in Soil

Measurement of soil moisture is also possible via measuring the changes in hydro-
static pressure inside the soil by using tensiometers [26} 27]. Although hydrostatic
pressure is a direct indicator of soil moisture availability, tensiometers can only mea-
sure low hydrostatic pressures properly, thus measurements with this technique can
not be made for higher soil moisture values and they are only available for a limited
range of low values [28]. Besides the disadvantage on data availability, workforce
and resources required for this technique are much lower than the direct method, and

if regularly maintained, the same probe can be used repeatedly.



2.2.3 Determination of Soil Moisture Using the Dielectric Properties of Soil

(TDR, FDR and GPR)

Methods of using the dielectric properties of soil depends on the predefined relation
between the dielectric constant and wetness of the soil. In other words, soil moisture
can be inferred through measuring the dielectric constant [29]. Time Domain Reflec-
tometry (TDR) and Frequency Domain Reflectometry (FDR) are the two main meth-
ods exploiting the relation between dielectric constant and soil moisture. There is a
temporal delay between the emitted and reflected electromagnetic pulses produced
by TDR within the soil. The dielectric permeability of the soil can be determined by
measuring the amount of this delay [30]. TDR provides great ease for studies require
high temporal resolution since measurements with the same probe can be made re-
peatedly and it is possible to automate the measurement process [31]. FDR, on the
other hand, is a capacitive technique which depends on the charging time of a capac-
itor which is formed by the electrodes embedded in the soil [32, 33]]. The capacitor is
connected to an oscillator to form an electric circuit. The operating frequency of the
circuit indicates the dielectric constant, thus the soil moisture content. Unlike TDR,
FDR depends on the soil properties and requires calibration before usage [34]. After
the invention of earth observation radars which transmit pulses underground and mea-
sure the travel speeds of the waves, the Ground Penetrating Radar (GPR) technology
was adopted to infer soil moisture data. GPR provide information about the perme-
ability and dielectric constant of the soil by measuring the reflection speeds of high
frequency electromagnetic waves beneath the soil [35)]. This non-invasive technique
is capable of measuring soil moisture content at high spatial and temporal resolution.
The downside of this technique is, it may not work properly for conductive soil types,
and interpretation of the data obtained requires expertise of end-users thus automation

of the process is rather difficult with respect to the other methods [36].

2.2.4 Determination of Soil Moisture by Using the Heat Capacity of Soil

Another method to detect soil moisture, albeit indirectly, is to measure the heat dis-
sipation or heat capacity of the soil. Devices using this technique depend on the

predefined relation between heat capacity and the soil moisture[37]. There are vari-



ous devices, which function on the above-mentioned relation including heat pulse and

heat flux sensors and thermal dissipation blocks [38139].

2.2.5 Determination of Soil Moisture by Using Micro Electro Mechanical Sys-
tem (MEMS)

A recently invented MEMS uses high technology nano-sensors to measure temper-
ature and soil moisture at point scale indirectly via measuring the shear resistance
occurs on the sensor [40]. Recent studies using MEMS technique suggest that in-
situ soil moisture measurements by using sensors fabricated using MEMS technique

produce highly reliable results by means of soil moisture and temperature [41]].

2.2.6 Determination of Soil Moisture by Using Neutron Scattering Techniques

Soil moisture measurements via neutron meters depend on the ability of Hydrogen
atoms to decelerate scattered fast neutrons more than any other element of the periodic
table since hydrogen atoms and neutrons have similar weights and collision of fast
neutrons and hydrogen atoms greatly reduces the energy of the neutron [42]. In other
words, there exist an inverse relation between the amount of water and decelerated
neutrons, thus, soil moisture can be inferred indirectly through counting the slow
neutrons by using neutron moisture meters [3l]. Conventional techniques of neutron
scattering requires radioactive neutron sources, which raises serious safety concerns
and it is very costly to make continuous measurements with conventional neutron

meters due to their radioactive natures [43]].

2.2.6.1 Cosmic Ray Neutron Sensing (CRNS)

CRNS uses a similar approach with conventional neutron meters without using any
radioactive neutron source. The neutron source in this case is the cosmic ray neutrons,
which hit the surface of the earth [1]. In this method, before converting decelerated
neutron counts to soil moisture, several corrections must be applied to neutron counts

due to changes in environmental conditions such as atmospheric pressure, water vapor
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and intensity of incoming cosmic rays. More calculation details on determining soil
moisture with CRNS are provided in Section [3.2.1] of this thesis. Unlike most of the
other soil moisture determination techniques, neutron scattering methods including
CRNP is capable of measuring soil moisture in hectare scale [44]. Soil moisture
retrieval by using CRNPs in large areas are also possible via attaching the device
to a rover [45]. The same technique can also be used to estimate the snowpack via

attaching the device to an uncrewed aerial vehicle (UAV) [46].

2.2.7 Determination of Soil Moisture by Using Gamma Rays

Similar to the pre-definable inverse relation between decelerated neutrons and water
availability, the inverse relation between gamma rays and soil moisture can also be
used in determination of the soil moisture content [47]]. This method is known as the
Proximal Gamma Ray Spectroscopy Sensing (PGR), which has been used in many
studies involving measurement of continuous soil moisture data [48], 49]. However,
techniques including working with gamma rays is even more unsafe than using con-

ventional neutron meters [36]].

2.2.8 Remote Sensing of Soil Moisture

As a result of the developments in satellite technologies and optics, studies of deter-
mining soil moisture using satellite images have gained importance in recent years.
Remote sensing of soil moisture mainly depends on measuring the difference be-
tween incoming rays to the Earth surface and the reflected ones. [50]. Polarized
light technique and near infrared techniques are the most common approaches in re-
mote sensing [S1]. There are two main approaches in remote sensing of soil mois-
ture: active and passive microwave sensing. In active microwave sensing, radiation
is emitted from satellite to Earth surface and the reflection from the Earth surface
is measured, whereas in passive microwave sensing, natural radiation coming from
the earth surface is measured. METOP-A/B Advanced Scatterometer (ASCAT) [52]]
and Soil Moisture Active and Passive (SMAP) [53] are the examples of active re-

mote sensing based soil moisture products, on the other hand, Soil Moisture and

11



Ocean Salinity (SMOS) [54], Advanced Microwave Scanning Radiometer (AMSR)
[S3]] are the examples of passive remote sensing based soil moisture products. These
products are used alone or in combination in various studies. Climate Change Ini-
tiative (CCI) dataset of European Space Agency (ESA) combines available satellite
based soil moisture products to be used in studies involving satellite soil moisture

(56,157, 58]

12



CHAPTER 3

STUDY AREA, DATASETS AND METHODOLOGY

3.1 Description of the Study Area

The research study carried out within the scope of this thesis was conducted for Cakit
basin, which is located in the south of Turkey. Darbogaz sub-basin, which is one of
the sub-basins of Cakit Basin was also investigated for the hydrological studies. Cakit
Basin has 526 km? area and it is located in elevations between 963 m and 3450 m.
Location of the basin is shown in Figure Proportion of land at various elevations

for both basins are shown with the hypsometric curves provided in Figure [3.2]

A CRS200B type Cosmic Ray Neutron Probe (Hydroinnova, USA) has been installed
in the Cakit Basin (Figure [3.3)) within the scope of TUBITAK project (115Y041) at
37.5155E°-34.4979N°. The CRNP can count decelerated neutrons up to 335 meters
away, in other words the horizontal footprint is within a 670m diameter [1]] circle
which corresponds to an area of approximately 35 hectares. Horizontal footprint has
been determined by comparing the cumulative fraction of neutron counts and the
distance from the device for both dry and wet soil [1]] and as shown in Figure |3.4a

the horizontal footprint does not depend on the soil moisture. On the other hand,
vertical footprint of the device is sensitive to soil moisture changes (Figure [3.4b] [1]])
and this issue will be further discussed in Chapter [6] Inside the area of the theoretical
horizontal footprint of Cakit Basin CRNP, the natural vegetation mainly consists of

short bushes, there are also young cherry trees planted in 2016.
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Figure 3.2: Hypsometric curves of Cakit Basin and Darbogaz sub-basin

Figure 3.3: CRNP Located at the Cakit Basin

15



Cumulative fraction of counts

Depth (cm)

1.0

o
oo
]

o
o
]

o
.
]

o
ha
|

Cumulative fraction of counts

(b)

0.0 I I I I
0 200 400 600 800 1000
Diameter (m)
(a)
0 . T —
_____________________ “_““::~_I,\
20 by
Lo
40 -
60 —
so- T ,
100 I I I —
0.0 0.2 0.4 0.6 0.8 1.0
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footprint of a CRNP, b) The cumulative fraction of neutron counts and depth beneath

the soil for both dry and wet soil indicating the vertical footprint of a CRNP [1]
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3.2 Data

3.2.1 Cosmic Ray Neutron Probe (CRNP) Data

Although CRNP is considered as a soil moisture measurement device, what it actually
measures is the decelerated neutrons which should be converted into soil moisture
estimates through a series of correction conversion process. Volumetric soil moisture
from CRNP can be estimated by using Eq[3.1} where V is the neutron counting rate
corrected by environmental factors, @ is the volumetric water content, Ny is the dry
soil neutron counting rate under the same reference conditions. ag, a; and a, are the
calibration constants which are taken as 0.0808, 0.372 and 0.115 in accordance with
[59]. Eq3.1 has been further developed to take into account the lattice water [45]]
and the amount of organic matter in the soil [60]. The formulation established by
considering these additional considerations is shown in Eq[3.2] where py, is the bulk
density of soil (g/cm?), wyq is lattice water and w,,, is the water available in organic
matter. In this study, w;,; and w,, values are assumed to be negligible due to arid

characteristics of the study area and Eq[3.1]is used in soil moisture calculations.

— a2) pua 3.1

~ oy~ Wi — wsom) Pbd (3.2)
N) — @

Ny value is obtained from the initial calibration and sampling study. For Cakit Basin,
this study has been done on 3-5 December 2016. Soil samples were obtained for
the horizontal footprint of CRNP as shown in Figure [61]. As it is suggested in
[62]], soil sampling has been made for six soil depths (5cm, 10cm, 15¢m, 20cm, 25¢m

and 30cm) at 18 locations within the footprint. In total, there are 108 different soil

samples that has been obtained during the initial calibration study.
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(@ (b)

Figure 3.5: a) Sampling locations for initial calibration of CRNP b) One of the soil
samples obtained during the initial calibration study [61]]

As a result of the initial calibration study, mean bulk density of soil py,; is found as
1.495g/cm?, mean volumetric soil moisture has been found as 0.148, porosity is found

as Payg=0.51 and the reference neutron counting rate /N has been found as 1933.4cph.

In codes for calculation of soil moisture values from neutron counts and the raw

data have been provided.

3.2.1.1 Correction of Neutron Counts

Relationship between soil moisture and decelerated neutron counts are examined with
Eq[3.1] However, in order to apply this formulation, it is necessary to eliminate the
effects of environmental factors from neutron count rates obtained from CRNPs. In
other words, the neutrons counted with CRNP may vary in accordance with the field
characteristics in terms of air pressure, absolute humidity and intensity of incoming
cosmic rays. fpar, frum and fi,; are the correction factors for air pressure, humidity

and incoming cosmic neutron intensity respectively. Corrected neutron counts that
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can be used in equations [3.1] and [3.2] are calculated by using Eq. [3.3] where, N is

the corrected neutron flux and N, 1S the raw neutron count data obtained from the
CRNP.

The water stored in the vegetation may also vary in time and affect the response of
CRNPs and should also be corrected accordingly [64]. However in the Cakit Basin

study area, the vegetation is sparse enough to neglect the effects of vegetation.

N = (fbar ' fhum : fint) ' Nr‘aw (33)

Correction factor for atmospheric pressure variation fy,, is calculated by using Eq[3.4]
[65], correction factor for absolute humidity fy..,, is calculated by using Eq [[66]]

and correction factor for the intensity of the cosmic rays by using Eq[3.6|[62]],

Frar = P E=Frer) (3.4)

Frum = 1+ 0.0054(pyo — ple) (3.5)
ITE

fimt = I—f (3.6)

where; P: Atmospheric pressure (mb), F,.s: Reference atmospheric pressure at sea
level (1013.25 hPa), 3: Atmospheric attenuation coefficient (crn2g~! or mb™1), pre/:
Reference absolute humidity (gm~3), p,o: Near-surface absolute humidity (gm—2),
I,.s: Reference counting rate for the same neutron monitor from an arbitrary fixed
point in time, [,,: Selected neutron monitor counting rate at any desired point in

time.

Calculation of f;,; is based on the fact that the cosmic-ray based high-energy sec-
ondary neutron flux is not affected by soil moisture unlike decelerated neutrons. High
energy neutron flux is measured with various stations by Neutron Monitor Database
(NMDB) [67] which is founded under the European Union’s FP7 programme (con-
tact no. 213007) [60]. Neutron intensity values measured via NMDB stations can be

used to determine /,,, value for the calculation of f;,,. It is important to choose the
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NMDB station, which has similar geomagnetic cutoff rigidity with the location where
the CRNP has been installed since the magnetic field of the Earth affects the neutron
intensity [62]. Selecting a neutron monitor station with a different geomagnetic cutoff
rigidity than CRNP is also possible and this approach is also applied to the CRNPs in
the COSMOS database [68] (Section[3.2.2) for intensity correction of neutron counts
[62]]. In this approach, correction for all probes are made by one neutron monitor at
Jungfraujoch, Switzerland and to account for the difference in geomagnetic cut-off
rigidities, a further correction has been made as it is provided in [60]. However, for
this study conducted at the Cakit Basin, Athens NMDB station has been selected for
the neutron monitor station, which has geomagnetic cutoff rigidity (8§ GV). As it can
be seen in Figure [3.6] [69], which shows the distribution of vertical cutoff rigidities
among the globe, Athens and Cakit Basin have approximately the same cutoff rigidity

value.

VERTICAL CUTOFF RIGIDITIES (GV)
2000 IGRF

LATITUDE

FETEREREEERI AR RN F R R EA AR RE R TA RN AR EETEAEEETE FEEREE PET RN PR

0 30 60 90 120 150 180 210 240 270 300 330 360
EAST LONGITUDE

Figure 3.6: Iso-rigidity contours for vertical geomagnetic cutoff rigidities [69]
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3.2.1.2 Obtaining Soil Moisture Data from Cakit Basin CRNP

The CRNP located in the Cakit basin had been providing real time neutron count
data since November 11, 2016. Alongside the CRNP, there is also a TDR sensor
which is installed 100m away from CRNP and at Scm depth to monitor soil moisture.
Meteorological parameters needed for the neutron correction operation mentioned in
Section [3.2.1.1 has been obtained from the nearest meteorological observation sta-
tion (Figure located in the Cakit Basin. Neutron counts obtained from CRNP,
soil moisture obtained from TDR and precipitation, mean temperature, soil tempera-
ture, snow depth data obtained from the meteorological observation station are shown
in Figure neutron counts and calculated soil moisture values are shown in Figure
@ [19]. Due to excessive snow cover, a part of the neutron data can not be obtained
for a short and snowy period between 2016-12-30 and 2017-01-03, which is explic-
itly shown in the previous study [19]]. Correction factors have been calculated by

following the procedure described in Section and are presented in Figure [3.§]
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Figure 3.8: a) Correction factors for pressure, humidity and cosmic ray intensity, b)

Combination of environmental correction factors
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3.2.2 CRNP Networks

Besides individual efforts on inferring soil moisture through neutron monitoring via
CRNPs, there are several global networks of CRNP stations. The COsmic-ray Soil
Moisture Observing System (COSMOS) [62,168] is a CRNP network, which provides
real time soil moisture data. COSMOS has more than hundred stations, most of
which are located in the USA. Similarly, COSMOS-UK [70, /1] is a CRNP network
for stations located in the United Kingdom. TERENO is a terrestrial observation
network including CRNPs in Germany [72, [73]. CosmOz is a network of CRNP
stations located in Australia [[60, [74]. Besides these data networks, a new initiative
has been recently started for the European CRNPs, where long term soil moisture
measurements recorded by 65 CRNPs (including the the CRNP that has been installed
in the Cakit basin) operated by 23 institutions and distributed across major climate

zones in Europe [735]].

In this study, data of COSMOS network has been utilized to validate satellite products
and compare the findings with the Cakit Basin CRNP data. Data of all 104 stations
of COSMOS [68,162]] have been obtained and used for satellite product validation.

3.2.3 Satellite Soil Moisture Data

In this study, five different sources of remote sensing soil moisture products have
been used for validation and comparison purposes. These products are namely, AS-
CAT, SMOS, SMAP, AMSR and CCI. Besides these soil moisture products, GLDAS
data have also been used since it also constitutes a global soil moisture database and

partially makes use of satellite based information for the land surface modelling.

3.2.3.1 METOP-A/B Advanced Scatterometer (ASCAT)

ASCAT is an active microwave remote sensing instrument and the name of it is the ab-
breviation for advanced scatterometer. Main purpose of ASCAT is to provide satellite
based data for weather prediction [52]]. Soil moisture processing and dissemination

service for ASCAT has been developed by joint efforts of European Organisation for
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the Exploitation of Meteorological Satellites (EUMETSAT) and Vienna University
of Technology. Soil moisture data of ASCAT have been obtained from the website
of EUMETSAT Satellite Application Facility on Support to Operational Hydrology
and Water Management (H-SAF) [76]. H113 and H114 soil moisture products were
used in comparison and validation studies. These data have been provided as satu-
ration index values unlike other products, which have been provided as volumetric
soil moisture. In order to have comparable values, saturation index values obtained
from ASCAT have been converted to volumetric soil moisture values by multiplying
these values with the porosity of the samples (pq,4). Soil moisture data of ASCAT
product for the location of the CRNPs of the COSMOS database have been obtained
by multiplying the ASCAT soil moisture value with the average values of the porosity

data obtained from GLDAS [77]] and HWSDB [78]].

3.2.3.2 Soil Moisture and Ocean Salinity (SMOS)

SMOS is a passive microwave remote sensing instrument, which is one of the satel-
lite missions of European Space Agency (ESA) and it was launched in November
2009 [54]. SMOS stands for the Soil Moisture and Ocean Salinity and as its name
implies, the main purpose of this mission is to provide spaceborne soil moisture and
ocean salinity data [[/9]. Microwave Imaging Radiometer using Aperture Synthesis
(MIRAS) has been used to pick up faint microwave emissions from Earth’s surface.
Level 3 SMOS data have been retrieved from Barcelona Experts Center (BEC) as
daily volumetric soil moisture values. As SMOS is a passive sensor, it has ascending
and descending nodes, which were retrieved separately. SMOS Level 3 soil moisture

data have been produced and disseminated by BEC [80].

3.2.3.3 Soil Moisture Active and Passive (SMAP)

SMAP is a mission of NASA for providing various types of spaceborne data including
soil moisture. SMAP stands for Soil Moisture Active Passive and as its name implies
that it observes soil moisture via active and passive microwave sensing techniques.

It mainly infers soil moisture at the top few centimeters of the soil, however, level
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4 product of SMAP, where level 3 data have been highly enriched by utilizing land
surface modeling [81]], provides soil moisture estimates for the root zone. SMAP L4 9
km EASE-Grid Surface and Root Zone Soil Moisture Analysis products, which have
been obtained from NASA’s Earth Observing System Data and Information System
(EOSDIS) [82], has been providing 3 hourly continuous soil moisture data which
means it can also provide data for the days with snow cover [83,53]. Although this
product has higher temporal resolution (3 hourly), in order to have comparable data
with other satellite datasets, daily average products have been obtained for descending
and ascending orbits. According to the recent studies on satellite soil moisture product
validation with CRNPs, especially for arid and semi-arid areas, SMAP soil moisture
products have the best accuracy and least uncertainty among all of the other satellite

products [19, [18].

3.2.3.4 Advanced Microwave Scanning Radiometer (AMSR)

AMSR is a passive microwave sensor which is one of the satellite missions of Japan
Aerospace Exploration Agency (JAXA). AMSR has various versions and in this study
AMSR 2 data have been used, which are mainly based on AMSR-E product. AMSR
stands for Advanced Microwave Scanning Radiometer which can infer soil moisture
through observed brightness and temperature values. For this purpose, it utilizes the
Land Parameter Retrieval Model (LPRM) [55]]. For this study C-band (6.93 GHz) soil
moisture products of AMSR2 were used for both descending and ascending nodes.

Soil moisture data of AMSR?2 have also been retrieved from EOSDIS [82].

3.2.3.5 Climate Change Initiative (CCI)

CCI is not a satellite soil moisture product, it is rather a combination of different
spaceborne soil moisture products, which are disseminated through ESA’s Climate
Change Initiative [84} 158, 56, I57]. In this study, CCI soil moisture datasets were
retrieved from ESA’s Climate Change Initiative [84]] as active, passive and combined

products separately.
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3.2.3.6 Global Land Data Assimilation System (GLDAS) and Noah LSM

GLDAS provides a global dataset of calculated soil moisture values from land surface
with different land surface models [[85]]. In this study, Cakit Basin CRNP and CRNPs
of COSMOS database have been used for the validation of GLDAS Noah LSM Level
4 product which is obtained from EOSDIS [82]]. GLDAS Noah LSM Level 4 product
has a temporal resolution of 3 hours and daily average values have been used in the
studies. Unlike the satellite products which mainly provides soil moisture data for a
thin top layer of the soil, GLDAS Noah LSM product provides soil moisture informa-
tion for 10cm, 40cm, 100cm and 200cm depth of soil layers. In this study, only the
first 10cm soil layer data have been used. Noah LSM is also used in this study as a
stand alone physical model as it is described in Section[6.2.2]and a standalone version
of Noah LSM has also been run within the scope of this study using in-situ meteo-
rological data obtained from Ulukigla meteorological station. Noah LSM requires
forcing variables as input, which are shown in Figure[3.10] The required atmospheric
forcing variables are precipitation, wind speed, air temperature, relative humidity,
surface pressure. Meteorological observation data obtained from the nearby meteoro-
logical station have been re-scaled temporally to match 30min temporal resolution of
the Noah LSM. The radiative forcing variables are solar radiation and longwave radi-
ation. Downward solar radiation has been obtained from an Eddy-Covariance sensor
located at the close vicinity of the CRNP (Figure [3.1) and longwave radiation has
been estimated by utilizing the Stefan Boltzmann law with the formulation provided
by [86]. The analyses start at the first day of the water year of 2016 (October 1, 2016)
and ends at the last day of the water year of 2017 (September 30, 2018) Four different
soil layers have been defined which have 10cm, 30cm, 60cm and 100cm depths. For

comparison studies, top soil layer with 10cm depth has been used.
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3.2.4 Discharge Data

In this study, hydrological studies have been performed for Cakit Basin and one of
its sub-basins; Darbogaz sub-basin as shown in Figure [3.1] Discharge is the most
obvious and the most important output of a hydrological process, thus the basis of the
hydrological modeling approach is to simulate the flow as closely as it is observed.
For this purpose, two streamflow gauging stations have been installed at the exit lo-
cations of Cakit Basin and Darbogaz sub-basin. The correlation between these two
datasets is very high since they are affected from the same conditions and represent
similar basins (Figure [3.T1)). Total precipitation measured for 2016-2017 water year
1s 350mm and the maximum snow depth is 1.03m, total precipitation measured for
2017-2018 water year is 454mm and the maximum snow depth is 0.49m, total precip-
itation measured for 2019-2020 water year is 409mm and the maximum snow depth
1s 0.31m. Due to the effects of snow melting, 2016-2017 water year is wetter than the
other years as it is shown in Figure

i 3
15 Discharge (m?3/s)

—— Cakit Basin

—— Darbogaz Sub-Basin
10 4
5 4
0 T oA .

T T T
2016-12 2017-04 2017-08 2017-12 2018-04 2018-08 2018-12 2019-04 2019-08

Figure 3.11: Discharge Data of Cakit Basin and Darbogaz Sub-Basin

3.3 Methodology

In this study, the methodology to fulfill the objectives defined in Chapter [I] are sum-
marized with the flowchart provided in Figure The neutron data obtained from

CRNP have been converted into soil moisture values and compared with TDR and
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Noah LSM soil moisture outputs. CRNP soil moisture values have been used for
the validation of satellite soil moisture products. Evaporation data have also been
compared with CRNP soil moisture data to assess the relation between evaporation
and soil moisture. Finally, soil moisture data have been used in a conceptual model,

namely NAM, to improve the model statistics.

3.4 Statistical Measures Used In this Study

In this study, statistical measures are used for the comparison between different soil
moisture products, comparisons between soil moisture and evaporation data and eval-
uation of the discharge simulations of the conceptual model. Coefficient of deter-
mination (r?), root mean square error (RMSE) and unbiased root mean square error

(ubRMSE) are used for statistical measures of validation of satellite products.

The calibration of the parameters defined in conceptual models rely on simulating
the hydrological variables (discharge, soil moisture) as similar as possible with the
observed ones. The similarity between two datasets can be measured via several sta-
tistical methods and few of the most commonly used ones are presented in this thesis.
Nash Sutcliffe Efficiency (NSE), Logarithmic Nash Sutcliffe Efficiency (logNSE),
Root Mean Square Error (RMSE), Percent Bias (PBIAS), Coefficient of Determi-
nation (1), Relative Volume Error (VE) and Kling-Gupta Efficiency (KGE) are the

statistical measures that are used in this study for calibration of the model.

3.4.1 Nash Sutcliffe Efficiency (NSE) and Logarithmic Nash Sutcliffe Efficiency
(logNSE)

Nash Sutcliffe Efficiency (NSE) is commonly used in hydrological modelling to in-
dicate the error of estimation [87]]. A perfect estimation would yield NSE=1, which
means the estimation of the model is improving if NSE value is getting closer to 1.
Logarithmic NSE (logNSE) is generally used to estimate low flow conditions and hy-
drological modelling in drought conditions. NSE is calculated by using Eq. and
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logNSE is calculated by using Eq. [3.8

T 2
NSExy =1— Zt:; (Xsim(t) — )(_ch(t)Q) 3.7)
Zt:l (Xobs(t) - Xobs)
T 2
togN§ s — 1 — St (Ko (8)) = In(Xips (1) 58

Z;f:l (ln(XobS(t)) - ln(yobS))Q

where; X ;.: Time series of observed variable, X ;,,,: Time series of model simulated
variable, X ,;: Mean of the observed variable, X ,;,,,: Mean of the simulated variable,
Xops(t): Observed value of the variable at time t, X;,,,(t): Model simulated value of

the variable at time t.

3.4.2 Root Mean Square Error (RMSE) and Unbiased Root Mean Square Er-
ror (ubRMSE)

Root Mean Square Error (RMSE) indicates the mean error of simulations [88]. A
perfect estimation would yield RMSE=0, which means the estimation of the model
is improving if RMSE value is getting closer to 0. RMSE is calculated by using Eq.
3.9 In this study in order to eliminate the bias effects and have more meaningful
results, unbiased version of root mean square error (ubRMSE) has also been used for

the validation of satellite products. ubRMSE is calculated by using Eq

N
RMSE = | =3 (i~ yi) (3.9)
t=1
N — —\12
WbRMSE = \/ 2z [(@i = ?\2 — (4: = 7)] (3.10)

where: x and y: The datasets, N: Number of data points, = and 3: The mean value of

x and y.
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3.4.3 Percent Bias (PBIAS)

Percent Bias (PBIAS) indicates the general tendency of simulations to differ from
observations [89]. A perfect estimation would yield PBIAS=0, which means the es-
timation of the model is improving if PBIAS value is getting closer to 0. PBIAS is
calculated by using Eq[3.11]

T T
X — X,
PB[ASX — Zt:l Obsng) Et:l 574m<t) X 100 (3'11)
Zt:1 Xsim(t)

3.4.4 Coefficient of Determination (r?)

Coefficient of Determination (r?) indicates the linear relation between two datasets
[90]. r? value of 1 indicates a perfect linear correlation, 0 indicates no linear corre-

lation, and -1 indicates a perfect inverse linear correlation. 72 is calculated by using

Eq.B.12

r2 = NY zy—> x>y 3.12)
VINE 22— ()] [N v? — (S )] |

3.4.5 Relative Volume Error (VE)

Relative Volume Error (VE) indicates the cumulative error in the estimation [91]. A
perfect estimation would yield VE=0, which means the estimation of the model is

improving if VE value is getting closer to 0. VE is calculated by using Eq

VEX _ Zstm — ZXobs
zXobs

(3.13)

3.4.6 Kling-Gupta Efficiency (KGE)

Kling-Gupta Efficiency (KGE) [92] is used in various hydrological studies and it

is basically the combination of three different indicators namely linear relation (7),
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bias ratio (o) and ratio of standard deviations (). A perfect estimation would yield
KGE=1, which means the estimation of the model is improving if KGE value is get-
ting closer to 1. r is calculated by using Eq. [3.14] («) is calculated by using Eq. [3.15]
and [ is calculated by using Eq. KGE is calculated by using Eq.

Xm sim;Xmo S
X = cov (X, ots) (3.14)

O-Xm4,sim O-Xm,obs

g
Uy = (3.15)
UXm,sim
ym obs
m= = 3.16
Bx, oo (3.16)

KGEx = 1=/ (rxm = 1+ (axm — 1) + (Bxm — 1> (17

where: X, os: Monthly average of observed values, X,, ;;,»: Monthly average of

simulated values, rx ,,,: Monthly pearson correlation coefficient.
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CHAPTER 4

VALIDATION OF SATELLITE BASED SOIL MOISTURE PRODUCTS

4.1 General

Soil moisture data provide significant information for most of the hydrological stud-
ies such as estimating floods and droughts or agricultural decision support systems.
CRNS is one of the most promising techniques for providing continuous data for such
studies at an applicable scale. Horizontal footprint of a CRNP constitutes a 670m di-
ameter circle according to [1]] and a 360-420m diameter circle according to [93]. In
a similar manner, satellite based soil moisture data can provide information for much
larger areas with relatively lower spatial and temporal resolution. Although CRNP is
able to infer soil moisture with a reliable accuracy, its spatial scale may not be suffi-
cient for greater study areas and a few hundred CRNPs may be required to fully cover
the site. Since having large numbers of CRNPs is not practical for such studies, soil
moisture information obtained from satellites can be used in conjunction with lesser
number of CRNPs to obtain the soil moisture information required for hydrological
studies. It is important to analyze the errors of the satellite products since it makes
the potential users of these products aware of the strong and weak sides of a product
and if they are known, these errors can be eliminated to some extent by improving
the soil moisture retrieval algorithms of satellite products [13]]. There has been sig-
nificant number of studies which focus on validation of soil moisture products with
CRNP based ground observations [[70, 94, 195, 196, 97]. The main approach of these
studies is determination of the correlation between ground and satellite observations
for a certain CRNP or a group of CRNPs located in the same hydrological basin. In
this study, in order to evaluate the possible support of space-borne satellite products

for filling the scale gap between the horizontal footprint of CRNPs and the area of
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hydrological study sites, various types of satellite based soil moisture products have
been validated with several CRNPs of COSMOS database [[68]] and the CRNP sta-
tion located in the study area which is mentioned in Chapter [3] CRNP based soil
moisture values were also compared with TDR measurements and Noah Land Sur-
face Model outputs. Although previous studies on passive microwave sensors suggest
that ascending products are more accurate than the descending ones [98], both prod-
ucts have been investigated in this study. Combination of different products is also
possible and it is suggested that combination of SMAP and ASCAT soil moisture
products more accurately matches with the ground observations [95]. Satellite prod-
ucts’ success also depends on the seasons that they operate and the vegetation on the
ground, for example it has been suggested that ASCAT performs better in colder and
wet seasons [99], whereas SMAP performs better in arid and semi arid locations [19].
Recent studies [19, 18] suggest that the SMAP product is more reliable than the other
satellite products when validated with the CRNPs.

4.2 Satellite Based Soil Moisture Products

In this study, Soil Moisture and Ocean Salinity (SMOS), the METOP-A/B Advanced
Scatterometer (ASCAT), Soil Moisture Active Passive (SMAP), Advanced Microwave
Scanning Radiometer 2 (AMSR?2), Climate Change Initiative (CCI) soil moisture
products have been used. Besides these products, Global Land Data Assimilation
System (GLDAS) Noah LSM products have also been used for the validation of soil
moisture products. In addition, a stand alone Noah LSM has been run for the study
area by using the measured atmospheric and radiative forcing data. The details of
these data have been provided in Section [3.2.3] For the Cakit Basin study site, the
grid cells of each product and their pixel sizes are provided in Table The sensing
depths of all products are not more than a few centimeters of the soil surface apart
from the rootzone product of SMAP. The revisit time of each product differs mostly
due to the operational schedules of the satellites. In general, active products have

better temporal resolution.
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Table 4.1: Satellite soil moisture products that are compared with Cakit Station CRNP

soil moisture content data.

Soil Moisture Product Pixel Size Coordinate of the Sensor

(km) Pixel Center (Clos- Type

est to Cakit CRNP)

METOP-A/B Advanced Scat- 12.5x12.5 37.597 °N 34.625 °E  Active
terometer (ASCAT) EUMET-
SAT H113-H114 SSM
Soil Moisture and Ocean 25x25 37.482 °N 34.484 °E  Passive
Salinity (SMOS) L3 1-day
Binned Product
Soil Moisture Active and Pas- 9x9 37.4746 °N 34.4969 Active and
sive (SMAP) L4 3-hourly °E Passive
EASE-Grid SSM
Advanced Microwave Scan- 9x9 37.55°N 34.45 °E Passive
ning Radiometer (AMSR2)
L3 1 day c band 6.9 Ghz
ESA Climate Change Initia- 25x25 37.5155 °N 34.4979 Active and
tive (CCI) v04.4 (Active, Pas- °E Passive
sive and Combined)
Global Land Data Assimila- 25x25 37.625 °N 34.375°E -

tion System (GLDAS) Noah
LSM L4 3 hourly V2.1

Besides Cakit basin, stations in the COSMOS database have also been analyzed with

the products shown in Table For this purpose, closest satellite grids to the CRNP

locations have been selected as it has been done for the Cakit Basin CRNP. Since the

data of CRNPs and the satellite products are compared directly, the soil moisture is

assumed to be homogeneously distributed in the grid cell no matter where the CRNP

is located. The comparisons were made with the existing data without filling the

missing data of satellite products or re-scaling them.
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SMAP is the most recent satellite mission which can provide data starting from
March, 2015. In order to have compatible comparisons, the time between March,
2015 and December 2018 is taken as the time period of the studies. In the COSMOS
database, there exist 82 stations, which have data in this period. For these stations,
days with snow cover has been excluded from the analyses since the CRNP is not able
to measure soil moisture in snow conditions [1]]. For this purpose, snow height data,
which have been obtained from SMAP [82, 81] and snow probabilities, which have
been obtained from ASCAT [[76] have been used. It is assumed that if the snow proba-
bility is greater than 10% and snow height data is greater than 8mm, the snow storage

affects CRNP measurements adversely and the data of these periods are excluded.

4.3 Methodology of Validation

Validation of satellite products have been evaluated through one-to-one comparisons
with statistical measures defined in Section[3.4l In order to account for the uncertain-
ties in different types of products (measured, model based and satellite based) triple
collocation analyses have been performed as it is explained in section In order
to directly compare the satellite based products and CRNP based soil moisture data,
the horizontal and vertical measurement scales of the satellite products are assumed

to be constant and compatible with those of CRNPs.

4.3.1 Triple Collocation

Triple collocation is a tool which is utilized to understand uncertainties of three

datasets indicating the same variable with different sources of information [[100].

For the triple collocation analyses, soil moisture information has been classified into
three groups: In-situ soil moisture measurements, soil moisture outputs of a land sur-
face model and satellite based soil moisture measurements. CRNP is used for in-situ
measurements and GLDAS is used for the land surface model outputs. SMAP is se-
lected to represent the satellite based soil moisture products due to its continuity. Both
SMAP rootzone and surface products have been utilized separately in the triple collo-

cation study, in other words, two different triplets of datasets have been investigated
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for each station in the COSMOS database [19]]. The scaling factor (3) is taken as 1
for CRNP product in order to calculate the 3 values for SMAP and GLDAS without
changing the CRNP data. Comparison of the results for two triplets with each other
is not valid since the errors produced depend on the datasets in the triplets [101] and

the results are examined for each triplet separately.

4.4 Comparison of Soil Moisture Products

4.4.1 Comparison of Soil Moisture Products for Cakit Basin

All soil moisture products have been re-sampled to obtain daily soil moisture time

series and shown in Figure 4.1

Anomalies of soil moisture time series with respect to their fifteen days averages
are provided in Figure 4.2] Figure [@.1] and Figure [4.2] indicate that SMAP, CCI and
ASCAT products can provide more continuous and more accurate soil moisture data
for Cakit Basin when compared to the other products. The direct relations between

soil moisture products examined in this study with in-situ soil moisture observations

are provided in Appendices [A] (Figures [A.THA.10).
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Figure 4.1: Comparisons of time series for different soil moisture products with
CRNP. CRNP soil moisture values are shown in black, excluded days due to snow

are shown in grey, other soil moisture products are shown in different colors.
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Figure 4.2: Comparisons of the anomalies (with respect to fifteen days averages) for
different soil moisture products with the anomalies of CRNP. CRNP soil moisture
values are shown in black, excluded days due to snow are shown in grey, other soil

moisture products are shown in different colors.
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4.4.2 Comparison of Soil Moisture Products for COSMOS Database

For all of the stations of COSMOS database, 72 values with the corresponding CRNPs
are shown in Appendix [B| (Figures for SMAP surface product, [B.2] for SMAP
root-zone product, for ASCAT, for SMOS (descending), for SMOS
(ascending), for AMSR (descending), for AMSR (ascending), and [B.§] for
GLDAS).

RMSE values with the corresponding CRNPs are shown in Appendix [B| (Figures [B.9]
for SMAP surface product, for SMAP root-zone product, for ASCAT,[B.12]
for SMOS (descending), for SMOS (ascending), for AMSR (descending),

for AMSR (ascending), and for GLDAS).

ubRMSE values with the corresponding CRNPs are shown in Appendix [B] (Figures
for SMAP surface product, [B.18] for SMAP root-zone product, for AS-
CAT, B.20] for SMOS (descending), [B.21] for SMOS (ascending), [B.22] for AMSR

(descending), for AMSR (ascending), and for GLDAS).

Statistical measures defined in Chapter have been utilized to all soil moisture
products and all stations of the COSMOS database including the Cakit Basin CRNP.
All of the stations’ r? values with the satellite products have been summarized in

Figure 4.3a] ubRMSE and RMSE values are shown in Figure - Figure and

Figure .44 - Figure [4.4b]

Mean and median values of statistical measures for all stations and satellite products

are summarized in Table 4.2l and Table 43|
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Figure 4.3: a) r? and b)RMSE values between Satellite and CRNP Based Soil Mois-
ture Data. Points in red indicate Cakit Basin CRNP, gray points indicate the other
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CRNP stations and pink lines indicate the average values.
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Figure 4.4: a) Bias and b)ubRMSE values between Satellite and CRNP Based Soil
Moisture Data. Points in red indicate Cakit Basin CRNP, gray points indicate the

other CRINP stations and pink lines indicate the average values.
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Table 4.2: Mean Values of 2, RMSE, ubRMSE and bias values of soil moisture
products with CRNPs

r>  RMSE ubRMSE Bias

SMAP-Rootzone 032 937 4.13 5.09
SMAP-Surface 0.37  9.06 4.24 5.10
ASCAT 0.31 10.94 6.64 2.61
GLDAS 0.36  9.23 4.04 5.27
SMOS-Ascending 0.27 16.98 4.06 -16.34
SMOS-Descending 0.25 17.31 4.19 -16.64
AMSR-Ascending 0.07 23.64 14.00 14.64
AMSR-Descending 0.17 19.18 11.12 10.12
CCI-Active 0.29 10.83 6.64 3.27
CCI-Passive 029 16.38 4.23 -15.67
CCI-Combined 0.33 16.83 3.85 -16.10

Table 4.3: Median Values of 72, RMSE, ubRMSE and bias values of soil moisture
products with CRNPs

r>  RMSE ubRMSE Bias

SMAP-RootZone 0.30 7.08 3.75 4.09
SMAP-Surface 033  6.95 4.02 3.17
ASCAT 0.28  9.05 6.81 0.76
GLDAS 0.34  8.40 3.69 5.00

SMOS-Ascending 024 1534 4.01 -14.40
SMOS-Descending 0.20 16.10 4.10 -15.24
AMSR2-Ascending 0.03 17.33 13.47 10.96
AMSR2-Descending 0.10 14.33 9.99 5.19

CCI-Active 026  8.87 6.41 1.10
CCI-Passive 0.24 15.23 4.20 -14.47
CCI-Combined 0.33 15.80 3.82 -14.87
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It is assumed that the main assumptions of triple collocation analyses [57]] are satisfied
for the soil moisture products used in this study and all products have reasonably
high r? values with low ubRMSE. Triple collocation studies have been performed for
the CRNP stations of COSMOS database and Cakit Basin CRNP and the results are
presented with Figure [4.5]for satellite based (SMAP surface and rootzone), observed
(CRNP) and modelled (GLDAS) products.

SMAP_Rootzone +—

CRNP A

0 1 2 3 4 5 6 7 8 9 10
Triple Collocation Errors (Volumetric Soil Moisture (%))

(a)

CRNP 1

0 1 2 3 4 5 6 7 8 9 10
Triple Collocation Errors (Volumetric Soil Moisture (%))

(b)
Figure 4.5: Triple collocation errors of soil moisture products of data triplets includ-

ing SMAP (a) rootzone and (b) surface products, average values are indicated with

pink lines.
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4.5 Summary and Discussion of the Results

In this study, the soil moisture data obtained from the Cakit Basin CRNP and all
of the available CRNPs in the COSMOS database have been used to validate the
most commonly used five spacaborne soil moisture products (ASCAT, SMAP, SMOS,
AMSR, CCI) and a global land surface model (GLDAS). The validations have been

made through direct comparisons and triple correlation tests.

Validation of different soil moisture products with CRNP’s shows that SMAP-surface
product has a remarkable coupling with the CRNP measurements having r%=0.82
m3/m3 and ubRMSE=2.1%. The coefficient of determination value between CRNP
and SMAP is the highest among all of the stations in the COSMOS database. Besides
the SMAP rootzone soil moisture product, all of the soil moisture products underes-

timates the CRNP measurements.

For the accuracy of ASCAT products, this study produces similar results with a
previous study [99] where ASCAT soil moisture products have been validated by
FLUXNET [102] data. This study also supports the findings of the previous studies
which suggest that the ascending node products of passive sensors are slightly more
accurate than the descending ones [98]. CCI-combined is a product which has been
developed by combining several active and passive sensor soil moisture products in-
cluding the ones that have been investigated in this study. CCI combined and CRNP
has a good coupling by means of coefficient of determination, yet SMAP surface
soil moisture product is still more accurate than CCI which indicates that even com-
bining all the products can not produce better results than SMAP surface product.
Both rootzone and surface products of SMAP has been found to be more accurate for
drier regions where vegetation is sparse. Adversely, ASCAT soil moisture products
produce better results for areas with denser vegetation. In general, the comparisons
of CRNPs of COSMOS database with ASCAT and SMAP surface products yield
equally good statistics supporting the findings of [95] [103]. It is also stated in a re-
cent study [18]] that SMAP surface is the most accurate satellite base soil moisture
product when compared to ground observations of CRNPs. By means of ubRMSE
metrics, all of the satellite soil moisture products except AMSR have similar values

with CRNP observations. Evaluation of bias values indicates that SMOS products
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and CCI passive products have a tendency to underestimate CRNP while the other
products estimations depends on the study sites. In general, satellite products with
passive microwave sensors such as SMOS and AMSR are much less successtful in
estimating in-situ soil moisture observations and they show much higher errors and
lower correlations. In addition to that, the temporal resolutions of these products are

highly limited thus making use of them in hydrological applications is not practical.

According to triple collocation statistics (Figure d.5), SMAP surface product has rela-
tively lower errors with observed and modelled soil moisture products. Signal to noise
ratios of SMAP products are greater than 1dB for most of the stations which indicates
the meaningful soil moisture signal is greater than the noise. CRNP has relatively less
errors for the triplets, which include the SMAP surface soil moisture data compared to
the triplets, which include the SMAP rootzone data. For Cakit Basin, signal to noise
ratios of SMAP rootzone and surface products are 1.69 and 6.42 respectively, in other
words the estimations of SMAP rootzone includes much more noise when compared
to SMAP surface product. SMAP surface product also has lower triple collocation

errors than GLDAS product supporting the findings of [[18]].

Although the horizontal footprint of CRNPs are much larger than many of its in-situ
counterparts, it still has a scale mismatch with the much larger grid cells of the satel-
lite products. Therefore the difference between horizontal and vertical measurement
scales of CRNPs and satellite products are considered to be one of the main source of
errors. The different algorithms and methods used for inferring soil moisture values
from satellite images also affects the difference between correlation statistics for soil
moisture products since the soil moisture retrieval methods of satellite products de-
pend on site conditions such as vegetation, topography, soil type, snow cover, temper-
ature and volume scattering properties [[13]. The reason of the inaccuracy of ASCAT
product for Cakit Basin is for example due to sub-surface scattering phenomena of

dry soil which is a problem mainly occurring in the Mediterranean region.

When the results of the soil moisture products other than the spaceborne ones are
investigated, it can be seen in Figure 4.1] that CRNP and TDR sensors have similar
trends with a slight underestimation on the CRNP side, which may be due to the ver-

tical footprint of CRNP (12-25cm) which is slightly deeper than that of TDR (5cm).
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Land surface models also produce highly reliable results when compared to Cakit
Basin CRNP. Noah LSM outputs of both GLDAS and the local model produce con-
sistent results where the local model is slightly better as it is expected since the local
model is forced with in-situ data and the grid size of GLDAS (625km?) is much larger
than the horizontal footprint of CRNP.

As a result, it can be stated that most of the spaceborne soil moisture products, espe-
cially the ones with active sensors, has a good potential to be used in conjunction with
CRNP observations especially for larger areas where in-situ validation is required.
The main disadvantage of CRNP is its inability to measure soil moisture, where there
exist snow cover. Although there are several attempts to overcome the disadvantages
of CRNP for unfavorable conditions, using satellite soil moisture data as a secondary
source of information can be beneficial for hydrological studies. Similarly, CRNP
data can be used to enhance the temporal and spatial resolutions of satellite products
and can be used in calibration of the soil moisture retrieval algorithms. Results of
validation highly depend on the site conditions and the areas where the CRNPs are
located, thus these types of studies should be conducted for areas having different
attributes. Although, CCI products, which are the combinations of different satellite
products, constitute a successful effort for many locations as they produce improved
statistics, for some locations including the Cakit Basin these products may produce
fairly poor results which is mainly due to selection of inaccurate soil moisture prod-

ucts for the combination process.
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CHAPTER 5

ASSESSMENT OF THE RELATION BETWEEN EVAPORATION AND
SOIL MOISTURE

5.1 General

Soil moisture and evapotranspiration are the two key elements of hydrological studies
having their own dynamics in relation with the water and energy exchanges between
different stages of the hydrological cycle. Understanding the behavior of terrestrial
evaporation and soil water is crucial in all fields of soil water studies including agri-
culture. However, being the most difficult variable to measure in the field makes our
knowledge on evaporation highly limited when compared to the knowledge on other
elements of the cycle. In addition to that, acquiring reliable information about soil
moisture content on large areas may require intensive effort due to the heterogeneous
nature of the soil. Soil evaporation has been studied for a long time by different re-
searches based on the concept of soil mechanics. Previous studies [104} [105] were
mostly focused on a very small scale and consist of theoretical conclusions, which
were very difficult to apply at the field, where recent studies were able to identify the
relation between soil moisture and evaporation at the field for certain soil types by
using several different methods such as measuring the changes in gas concentrations
above the soil [106, [107], by using thermal properties of soil and transforming heat
fluxes to soil evaporation [108},1109] and making use of conceptual models of dry soil
layers [110, [111]]. Many current techniques make use of eddy covariance sensors or
lysimeters to obtain evapotranspiration. However, spatial footprint of the volumetric
soil content is highly limited when compared to the spatial footprint of EC sensors
or other means of evaporation data. Comparing direct field measurements is very

challenging due to the scale mismatch between evaporation and soil moisture mea-
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surements. For this reason, the current studies investigating the relation between soil
moisture and evaporation are based mainly on proxy methods. The most common
approach is using satellite based observations for both soil moisture and evapora-
tion [112, 113]. In these types of analyses, drying rates of the upper soil layer are
investigated to model soil evaporation. On the other hand, soil moisture values ob-
tained from Cosmic Ray Neutron Sensing methodology was also used previously in
similar researches [114, [115] as it has been previously used in many other studies
involving satellite validation [[18} [19]. According to a study conducted in Australia
[L15], a direct relation between soil moisture and evaporation does not exist, on the
other hand, the probability distributions of these two variables are similar to each
other which means they cannot be considered separately. A previous study suggest
that the relation between these two variables are highly affected by soil heterogeneity
hence regional studies may yield different results than the local ones [116]. A simi-
lar study managed to achieve a formulation of evapotranspiration using soil moisture
and runoff information by utilizing a water balance approach [114]. There are various
studies in the literature trying to enhance land surface models by utilizing soil mois-
ture data [117, 118, [119, (120, 121}, 122}, 123} 124} [125} 126} 127, 128]. A study in
2013 [[129] modified Penman Monteith (PM) [130] by introducing soil moisture data
and MODIS-NDVI satellite information to the PM model. It has been shown that
the daily evaporation estimates are significantly improved. Another study in Aus-
tralia also suggests evaporation estimates of models can be slightly improved with
soil moisture data especially in drier locations [131]]. In a more recent study [113],
the researchers tried to improve the evapotranspiration calculations of PT-JPL ET
model by introducing SMAP satellite soil moisture information. They found out that
the errors of the model are significantly reduced if the soil moisture is integrated into
soil evaporation or transpiration especially in drier areas with large amounts of soil

evaporation.

5.2 Evaporation Data of the Study Area

For this study, soil moisture data are obtained from the Cosmic Ray Neutron Probes

of COSMOS database and the Cosmic Ray Sensor located in the Cakit Basin. The

54



details on obtaining CRNP based soil moisture dataset are provided in Section [3.2.1]
For Cakit Basin evaporation data have been obtained by three different sources. Evap-
otranspiration data have been obtained from Eddy covariance sensor based observa-
tions which serve as the only measurement based evapotranspiration estimates of the
site, whereas Actual Evapotranspiration (ETa) values retrieved from local Noah LSM
and GLDAS based Noah LSM evapotranspiration outputs provide model based evap-
otranspiration data. The time interval of the analyses is between October 1, 2016

and September 30, 2018. Time series of evapotranspiration products are provided in

Figure [5.1]

5.3 Methodology of Comparing Soil Moisture and Evaporation

Since soil moisture and evaporation data are defined in different units, all data which

are used in the studies were standardized by using the methodology given in [115]]

(Equation|[5.1)

r—x

(5.1

Tstd =

where; 7 is the mean value of the dataset and o is the standard deviation.

Snow filtering for soil moisture data was made as it is mentioned in Chapter[d] 69 sta-
tions from the COSMOS database have data between October 1, 2016 and September
30, 2018. 53 stations with more than 100 days of data from those stations were used
in the analysis. For Cakit Basin, relation between soil moisture and E7;, values are
further investigated by both comparing them directly and analyzing the similarities
between the cumulative distribution functions (cdf). Two different sources of evapo-
transpiration information are taken into account for the analyses. First one is based
on Eddy covariance system data and the second one is the Noah LSM output. Eddy
covariance system data are obtained from a study conducted for the Cakit Basin [132]
where the data had been converted to evapotranspiration by utilizing energy balance
methods at daily basis. Soil moisture data are obtained from the CRNP. The scaled

soil moisture and evapotranspiration products are provided in Figure[5.2]
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5.4 Results

5.4.1 The Relation Between Evapotranspiration and Soil Moisture Products of
GLDAS

Within the scope of this study, the relation between soil moisture and evaporation is
further investigated through comparing GLDAS Noah LSM soil moisture and evapo-
ration outputs for the entire planet. For the comparisons, 3 hourly actual evaporation
and 10cm depth soil moisture outputs of GLDAS Noah LSM have been utilized.
Since the evapotranspiration values are highly variable within a day, daily summation
of evapotranspiration values and daily averages of soil moisture values have been
used in the analyses. Time scale of the analyses is between March 2015 and Decem-
ber 2018. Figure shows the 2 values obtained for each GLDAS pixel, which has
25km width. 72 values obtained from monthly and weekly averages are provided in

Appendix |C| (Figure |C.1| and Figure |C.2). For each month r? values of soil moisture
and evaporation are provided in Appendix [C] (Figures[C.3|-[C.T4).

5.4.2 The Relation Between Evapotranspiration and CRNP Based Soil Mois-

ture

Direct relation between CRNP based soil moisture and evaporation estimates for
Cakit Basin are shown in Figures - For all of the stations of the COS-
MOS database, 2> and RMSE values (Section of CRNP based standardized soil
moisture and GLDAS based standardized actual evapotranspiration data have been
calculated and summarized in Figure and Figure [5.5b] where the red dot shows
the Cakit Station and the blue dot shows the local Noah model value for the same
station. Gray dots indicate stations in the COSMOS database. The r? values obtained
from the quantile-quantile values of the soil moisture data of each COSMOS station
with the corresponding GLDAS Noah LSM based evapotranspiration data are pro-
vided in Figure Distribution of 72 and RMSE values on the world map is shown

in Figure [5.6) and Figure
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Figure 5.5: a) % and b) RMSE c¢) r? of the quantiles of CRNP based standardized soil

moisture and GLDAS based standardized actual evapotranspiration data.
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Figure 5.7: a) r? values between standardized GLDAS evapotranspiration outputs and
soil moisture data of COSMOS stations shown on the world map b) Histogram of 72

values.

Cumulative distribution functions for soil moisture and ET are compared for each
season and shown in Figure [5.8] Daily changing values are the differences in values
between consecutive days, a similar analysis conducted by using the daily changing
values of ET and soil moisture are shown in Figure [5.9] The relation between soil
moisture and E'T), was further investigated by non parametric quantile-quantile plots
(Q-Q plots), which are presented in Figure [5.10] The similarity between the Q-Q

graph and the red line shows that the two data are sampled from the same distribution.
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Figure 5.8: Cumulative Distribution Functions of Soil Moisture (CRNP) and Evapo-
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5.5 Summary and Discussion of the Results

In this study, the relation between evapotranspiration and soil moisture is investigated
through comparing CRNP based soil moisture values with Eddy covariance and land
surface model based evapotranspiration values. For comparison purposes, soil mois-
ture and evapotranspiration data have been normalized to have the same unit of mea-
sures. Cumulative distribution functions and quantile-quantile plots of soil moisture
and evapotranspiration values have also been compared. GLDAS Noah LSM actual
evapotranspiration outputs have been used to calculate modelled evapotranspiration
with the soil moisture values obtained from CRNPs of the COSMOS database. In
addition to the CRNPs of the COSMOS database, the evapotanspiration outputs have

also been compared with the soil moisture outputs of GLDAS.

It has been found that evapotranspiration and soil moisture have a relatively predefin-
able relation thus further studies may focus on improvement of soil moisture outputs
of hydrological models via introducing evapotranspiration measurements into hydro-

logical models.

In the drier months, it can be seen that the relationship between soil moisture and
evaporation is stronger (Figures C.11). ET, calculated by Eddy covariance sys-

tem is higher than the other E'T}, products for the entire data series.

Both soil moisture and evapotranspiration data have similar cdf’s especially for the
daily changing values and summer season. It is reasonable for drier days to better
relate daily changing E'T;, and soil moisture since the lack of rain and runoff creates

a more direct relation between these two parameters by means of the water cycle.

The results of Noah LSM for Figures show that E'T, obtained from Noah
LSM has more similar distribution with the soil moisture data obtained from the

CRNP compared to the Eddy based E'T,,.

For Cakaut station it can be seen that the GLDAS based Noah LSM ET products have
much higher correlation than local Noah model products with soil moisture. There
are two main reasons for the difference of the results of two E'T}, products of Cakit

Basin. Firstly, GLDAS utilizes spatially coarser forcing data obtained from global
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datasets, and Noah LSM uses point data obtained directly from the site. Secondly,
the semi-arid condition of the basin has been emphasized more strongly in the local
Noah LSM, which makes the top soil layer dry much faster thus producing much
sharper changes in the daily £'T;, outputs.

The results of comparing GLDAS soil moisture and evapotranspiration data suggest
that in warmer climates the correlations are more prominent and for the Mediter-

ranean region the correlations are higher in summer and fall months.

68



CHAPTER 6

INTEGRATION OF SOIL MOISTURE DATA INTO HYDROLOGICAL
MODELLING

6.1 General

An hydrological process for a basin can be simplified as water entering the basin
(precipitation), stored in the basin (snow, soil moisture, groundwater) and leaving
the basin (evaporation and discharge). All of the elements of the hydrological cycle
are interrelated with each other in this process. Hydrological models try to mimic the
natural phenomena having their main focus on estimating the discharge accurately. In
practical hydrology, conceptual hydrological models have been widely used in many
studies such as flood estimation and drought monitoring. Conceptual models such as
NAM model [133] mostly rely on calibration of various parameters, which affect the
relation between rainfall and runoff, in order to estimate discharge accurately. On the
other hand, discharge is not the only product that can be estimated with a hydrological
model. It is possible to repeat the same process by using observed and simulated
soil moisture data instead of the discharge. However, soil moisture and discharge
are interrelated parameters, thus, considering both of them in the calibration process
should improve the estimates of the hydrological models. There are several studies
in literature that suggest improvement of hydrological models through soil moisture
data assimilation [[134} [135]]. Introducing soil moisture data into physically based
models such as Noah LSM is also possible. In this case, the model relies on the input
meteorological and atmospheric forcing affecting the provided initial conditions in
accordance with the laws of physics instead of calibration of the model with observed
variables. In other words, introducing soil moisture data to physically based models

are not made by calibration, but it is made via data assimilation to improve the soil
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moisture outputs. The most common approach is to use Ensemble Kalman Filter
(EnKF) approach [136]]. There are several studies in the literature, which manage
to improve soil moisture estimates of physical models by assimilating satellite based
soil moisture [[137, (138} [121]]. Most of the recent publications on this area utilizes
NASA’s Land Information System (LIS) [139], which provides several land surface
models and forcing fields as well as the one dimensional EnKF suite available for

researchers.

6.2 Hydrological Models

Hydrological models have been created in order to simulate the relationships between
parameters in the hydrological cycle. There are several types of hydrological mod-
els, which can be classified under three main headings namely metric, conceptual and
physical models [140]]. Metric models try to identify the rainfall-runoff relation of a
basin through empirical formulations such as unit hydrograph theory [141]], the ratio-
nal method [[142]] and Soil Conservation Services (SCS) Curve Number method [[143]],
which mostly rely on observations. Conceptual models utilize a system approach to
understand the inputs and outputs of a basin and simulate the rainfall-runoff relation
through the mathematical conceptualization of the relation between different water
storages in the system. Properties of each water storage are determined through cal-
ibration of the conceptual models to make simulated outputs similar to the observed
ones. Conceptual models are generally lumped models, in other words they represent
the study area with single values for site characteristics or meteorological variables.
HEC-HMS (Hydrologic Modeling System) [[144], HBV (Hydrologiska Byrans Vat-
tenbalansavdelning) [145] and NAM (NedborAfstromnings Model) [133] are just a
few of many examples of conceptual models. Physical models simulate the laws
of physics and calculate energy and water balance for the basin. Physical models
utilize the equations of conservation of mass and energy directly, and unlike con-
ceptual models, there is no parameter calibration for this type of models. On the
other hand, great amount of input data is required for physical models to represent
water and energy transfers between the elements of the hydrological cycle. MIKE-

SHE (Systeme Hydrologique Européen) [[146], SWAT (Soil and Water Assessment
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Tool) , VIC (Variable Infiltration Capacity) and Noah LSM (Land Surface
Model) [149, [130] are just few of many examples of physical models.

6.2.1 NAM Model

In this thesis, NAM model has been used as the conceptual model in order
to establish the relation between rainfall and runoff. NAM model has been used in
vast amount of hydrological studies[151], [157]. NAM model
considers the basin as a system consisting of four water storage units and formulates
the interrelations between different water storages. According to the NAM model,
water can be stored in the snow cover, on the surface of the basin, inside the vegetation
root zone or as groundwater. The assumed interrelations and the model structure of

the NAM model has been shown by [155]] as in Figure [6.1]

QOF
S.\'?W' Overland Flow
o] o =/
e STOIR?GE lP éhp | /s, -
(8)*—1— IF
|'Ps ,’ o
Umax SURFACE u | QIF
ke STORAGE ="
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GWL - CKBF BF
GROUNDWATER [ BaseFlow
STORAGE

Figure 6.1: Schematic Representation of Modeling with NAM

Snow storage represents the amount of water which is stored in the snow form. The

model assumes precipitation as snow if the air temperature is lower than the base

71



temperature parameter (7;) and if the air temperature is above than 7, NAM model
assumes the melting of the snow to surface storage (6.1]), where Cj,,,, is the degree-

day coefficient.

Csnow (T — T(]) for T > TO
QS = (6.1)
0 for T <'Tj

The second type of storage of water is the surface storage. Evapotranspiration occurs
from surface storage at the potential evapotranspiration rate (£,) if the amount of
water stored in the surface storage (U) is greater than or equal to the requirements
of £,. If this criterion is not met, actual evaporation rate (£) is calculated by using
Eql6.2] where L denotes the water stored in the root zone and L* is the maximum
amount of water that can be stored in the root zone. The third type of water storage is
the root zone water storage, which represents the amount of water stored at the lower
zone where the roots of plants can use and transform some of the available water to
transpiration. Excess amount of water is infiltrated to the last storage type, which is

the groundwater storage.

L
E,= (B, ~U) - 6.2)

Unar denotes the maximum possible water available at the surface storage before
the excess precipitation (Py) is transformed to the overland flow (QOF). QOF is
calculated by using (Eq[6.3)) where, the parameter CQQOF' is the coefficient of runoff

and the parameter 7T'OF' is the threshold value for overland flow.

CQOFLE_TOF D for [L/L* > TOF
QOF — QOF=gop P forL/ (6.3)
0 for L/L* < TOF

The remaining portion of U is transformed into £, interflow (1 F’) and infiltration
water to the groundwater storage (G). QI F is calculated by using Eq. [6.4] where the
parameter C'K I F' is the time constant, and the parameter 7'/ F is the threshold value
for interflow. Baseflow is also calculated with the same approach by using the param-

eter C K BF which is the time constant for baseflow. Overlandflow is calculated by
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using the same routing approach where the parameter C' K5 is the time constant of
overland flow and it is calculated by using Eq[6.5] OF,,in denotes the minimum over-
flow for linear routing and it is taken as 0.4mm/h. [ is the constant of the Manning

formula for flow routing and it is taken as 0.4.

CKIF) VEEZTIEGr gor [L/L* > TIF
Q]F _ ( ) 1-TIF / (6.4)
0 for L/L* < TIF

CK12 for OF < OFmin
-B
CKy ( OF ) for OF > OF .

OFmin

CK = (6.5)

G is calculated by using Eq. [6.6] where the parameter 7'G is the threshold value for

groundwater infiltration.

(Py — QOF) MEnac TG for [/ Linay > TG 66)
0 for L/ Linax < TG '

G =

Summation of interflow, outflow and baseflow gives the simulated discharge at each

time step (Qsim (1))

Soil moisture accumulated at the root zone for each time step ¢ is calculated by using

Eql6.7] where (AL) is the change in the soil moisture content which is calculated by

using Eql6.§]

L(t) = L(t — 1) + AL (6.7)

AL = Py — QOF — G (6.8)

Since NAM is a lumped conceptual model, the basin characteristics are represented
through several parameters as presented above (U425 Lz, CQOF, CKIF, C Ky,
TOF,TIF, TG, CKBF, Cy,.,) and calibration of these parameters is essential to

reduce the difference between observed and model-simulated outputs.
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Codes for NAM conceptual model are provided in [63]].

6.2.2 Noah Land Surface Model

In this thesis, NOAH Land Surface Model (NOAH LSM) [149] is investigated as
the physical model, which utilizes energy balance and water balance equations to
simulate the soil moisture by using the forcing variables namely, precipitation, wind
speed, air temperature, relative humidity, surface pressure, incoming shortwave ra-
diation and incoming longwave radiation. Noah LSM can simulate soil moisture
via multiple (preferably four) layers of soil moisture and considers the movement of
water through these layers [150]. Besides the 1-D column version of NOAH LSM,
there exist a global dataset named GLDAS [85]], which provides outputs of four dif-
ferent land surface models including NOAH LSM. Land surface models available at
GLDAS utilize a global dataset to produce their outputs at the global scale [[158]].

6.3 The Use of Soil Moisture Data in NAM Conceptual Hydrological Model

Elements of the hydrological cycle such as precipitation, runoff, soil moisture, evap-
oration have direct relation with each other, which indicates that having information
on more variables may help estimating the other ones. A single element of an hydro-
logical cycle can be estimated by using the other elements of the cycle and the same
result can be reached, which is also known as the equafinality [[159]]. Considering the
rainfall flow relationship in particular, there is a non-linearity in the relation [[160],
which is most probably due to the relation of runoff with the other elements of the
cycle such as soil moisture. In other ways, estimation of runoff through precipitation
can be enhanced via introducing the soil moisture data in the runoff estimation sys-
tem (hydrological model). This issue has been investigated in many other studies. For
example [20] investigated the usage of satellite based scatterometer data in a concep-
tual model to enhance the discharge estimates, [21]] used a similar approach with a
physical model. Improvement of discharge estimates through introduction of multiple
variables (soil moisture and evaporation) has also been discussed [22, 23]. A recent

study [24] investigated the introduction of CRNS based soil moisture in a conceptual
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hydrological model established for a vegetated study site and slight improvements of
discharge estimates are suggested. Conceptual hydrological models, such as NAM
model, continuously accounts the water stored in each water storage unit including
the root zone, thus introducing observed soil moisture data is expected to improve the

model results.

Water accounting scheme of the NAM model has been presented in Section [6.2.1]
The parameters that affect the mechanism of the hydrological cycle (U,uzs Limazs
CQOF, CKIF, CKy, TOF, TIF, TG, CKBF, C,,,) are calibrated by con-
sidering the model performance. The model performance can be assessed through

several statistical measures, which are presented in Section 3.4

6.3.1 Obtaining Soil Moisture Time Series for NAM

In this study, NAM model has been set up for Cakit Basin and Darbogaz sub-basin.
Unlike the common approach of calibrating parameters through discharge estimation
[133]], estimation of soil moisture values are also taken into account in the calibra-
tion process. However, utilizing the soil moisture values obtained from the CRNP
and SMAP directly to the NAM model is not possible because of three main reasons.
Firstly, there are periods of missing data that should be filled for CRNP dataset, sec-
ondly, the measurement depth of both products does not match the definition of soil
rootzone of NAM model, and lastly, the soil water accounting of NAM model is made
by calculating the stored water in the soil root zone as surface water index (SWI),
whereas CRNP and SMAP provides volumetric soil moisture. The latter problem is
the simplest one since SWI can be obtained by dividing volumetric soil moisture data
by the porosity value of the study area, which has been measured as 0.51 during the

initial calibration campaign of CRNP.

6.3.1.1 SMAP Based Soil Moisture Data for the Root Zone

Recent studies on satellite validation suggest that SMAP product is the most accurate
and reliable satellite based soil moisture product [19, [18]] and for Cakit Basin this

product shows very high correlation with Cakit Basin CRNP and proves to be an

75



accurate soil moisture data alternative for this region [[19]. SMAP L4 9 km EASE-
Grid Surface product [82] is able to provide continuous soil moisture inference of
the entire planet at 3 hour temporal resolution. These unique attributes make SMAP
soil moisture data a promising product to be used in hydrological modelling. In this
study, SMAP soil moisture product has been obtained from the six SMAP grids whose
center points are shown with red signs and one SMAP grid whose center point is

shown with purple sign in Figure 3.1

6.3.1.2 CRNP Based Continuous Soil Moisture Data for the Root Zone

There are gaps in the CRNP time series due to inability of CRNP to measure soil
moisture in snowy days since it can not distinguish snow and soil water [1]]. Nonethe-
less, having continuous time series of soil moisture data is essential for water account-
ing and for determination of the performance of model estimation. In order to obtain
continuous time series of soil moisture, the gaps have been filled with data of TDR
and Noah LSM soil moisture outputs. For the study area, root zone depth is theoreti-
cally between 80cm and 120cm [161]. Therefore, in this study, root zone is assumed
as the area between surface and one meter depth of soil. On the other hand, vertical
measurement depth of CRNP between 12 and 25cm for the study period at Cakit basin
is below the root zone depth. In order to obtain the root zone soil moisture, vertical
soil moisture profile has been obtained by using the well known Richard’s Equation

[162] for touchet silt loam type of soil.

6.3.2 Calculation of Root Zone Soil Moisture

For each time step soil moisture data measured by using CRNS at the effective depth
of CRNP has been converted into root zone soil moisture and the final time series
has been exponentially filtered in time domain [20] to account for the time needed
for the movement of water inside the soil. For exponential filtering, characteristic
time length (T) is used as 20 days as it has been proposed by [163] for soil depth of
0-100 cm. Root zone depth is assumed to be one meter in order to represent possible

various vegetation rooting depth which may range from 80cm to 120cm for the study
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area [[161]].

The effective depth of CRNP depends on the amount of soil water [164, 1635] as it is
also presented in Section [3.2.1] Figure [3.4b] Effective measurement depth of CRNP
can be calculated with EqJ6.9|[164].

5.8
. 6.9
© T T+ 6+ 0.0829 ©)

where: z*: Effective measurement depth of CRNP (cm), p,q: Dry bulk density of

soil (g/cm?), T: Weight fraction of lattice and bound water, : Soil moisture content

(m3/m?).

Root zone soil moisture values are estimated for each time step by using the soil
moisture profile given in Figure [6.2] Similarly, SMAP based surface soil moisture
data have also been converted into root zone soil moisture and estimated root zone

soil moisture data have been provided in Figure[6.3]
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Figure 6.2: Estimated Soil Moisture Profiles of Cakit Basin by Richards Equation

6.3.3 Calibration of the Parameters in NAM model

The calibration and validation of the model have been done by using rainfall, runoff,
potential evaporation and soil moisture data. The calibration period is between 2016-
10-01 and 2018-09-30 whereas the validation period is between 2018-10-01 and
2019-07-01. In this study, calibration of the NAM model has been done by using

three different approaches:
1. Calibration of NAM by using the observed discharge.
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2. Calibration of NAM by using the observed soil moisture.

3. Calibration of NAM by using the combination of observed discharge and soil

moisture.

For the first method, model simulated discharge data is made as similar as possi-
ble to the observed discharge values by changing the model parameters defined in
section [6.2.1] For this purpose, parameters that will create the Nash Sutcliffe Ef-
ficiency of discharge values (NSE(, Eq. have been selected. For the second
approach, a similar methodology is applied using soil moisture data instead of dis-
charge and parameters that will create the Nash Sutcliffe Efficiency of soil moisture
values (VS FEsy, Eq. have been selected. The third one is a hybrid calibration
approach that has been used in various hydrological studies involving calibration with
secondary datasets [[166]. In this approach, calibration of the model parameters has
been made by selecting the parameters which minimize the joint objective function
(Eq6.10). Fy, is the objective function representing the discharge and Fgy, is the
objective function representing the soil moisture data. The parameter a denotes the
weighting coefficient for discharge. In literature, the a value is taken as 5/7 in dif-
ferent studies [[167]. A sensitivity study that is conducted for Cakit and Darbogaz
basins also suggests that taking this value as 5/7 is reasonable (results of this study
are provided in Appendices [D). v (The transformation parameter) was taken as 0.3
and for future studies, a sensitivity analyses for this parameter can also be conducted.
For Fs,,, Nash Sutcliffe Efficiency of soil moisture values (NS FEg;,. Eq. is used
for the objective function. For F{, combination of various statistical measures have
been used as it is suggested by [166] (Eq. [6.11)). Although the magnitudes of each
objective function affecting F; may be different and a set of weighting factors could
be applied t0 Fiog ns+F BoxNs+F KkGEFFhias, In Order to stay in line with the previous

studies, additional weighing for sub-objective functions has not been utilized.

FJoint:a'FQ+(1_a)'F5M (610)

Fo = Fiogns + Foans + Frae + Frias (6.11)
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where: Fi,, ng: Logarithmic Nash Sutcliffe Efficiency (1ogNSE) based objective func-
tion (Eq. [6.12), Fipouns: Nash Sutcliffe Efficiency of Box-Cox transformed flows
based objecive function (Eq. [6.13), Fer: Kling-Gupta efficiency based objective
function (Eq. @, Fyiqs: Mean bias score based objective function (Eq. @

21 I ( Qi (£) + v) — In (Qops () + v)]

Flow s — < (6.12)
T 0 (Qun®) + ) = I @) + )]
Te / / 2
Ja o t=1 (QSZm(t) - obs,t) (6 13)
BoxNS — T, ) _, 2 .
t=1 < sim,t Qobs)
Y
som ) G\’
FKGE = (1 — T’)2 + (1 — O:j;:) + (1 — @8:;:> (615)
Qum Q ’
Fhias = {max <_m _ObS) - 1} (6.16)
Qobs Qsim

where, v : Smallest non-zero observed discharge value, ();: Box-Cox transformed
discharge (Eq. [6.14), v: The transformation parameter = 0.3 [168], r: Pearson corre-

lation coefficient value of observed and simulated discharges.

6.3.4 Setup of the NAM Model

For Cakit Basin and Darbogaz sub-basin, NAM model has been established by us-
ing precipitation and temperature data of Darbogaz Meteorological Observation Sta-
tion, potential evaporation data of Noah LSM outputs, discharge data of Cakit and
Darbogaz streamflow gauging stations as well as the soil moisture data, which are
obtained by using various methods as it is mentioned in Section The model
has been run for two basins in order to assess the representativeness of the CRNP

for basins with different sizes. All of the required input data for NAM model are
provided in Figure
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Figure 6.4: Effective depth of CRNP soil moisture observations, water balance, root

zone soil moisture along with the meteorological data for Cakit and Darbogaz Basins
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6.4 Results of the Hydrological Modelling

The results of NAM model have been obtained for three different calibration methods
applied to both basins. Calibration methods including soil moisture data are applied
for both CRNP and SMAP data separately, therefore there are five different parameter
sets that are obtained for five model runs as shown in Figure [6.5]for Cakit Basin and

in Figure [6.6|for Darbogaz sub-basin.

Maximum Surface Water Storage (U")

{ Ozl Maximum Root Zone Water Storage (L") 50.00 ‘
| 0 Runoff Coe§f>icient (CQOF) 1000 ‘
} 0.01 Time Constant for Interflow (CKI§) 0.90 ‘
+ 200 Time Constant ?or Overland Flow (CKj3) 1000 ‘
+ 10 Threshol(i(Value for Overland Flow (TOF) 50 ‘
+ 0.01 Root Zone Threshold Value for Interflow (TIF)‘ : 0.99 ‘
+ 0-<|01Threshold Value for Groundwater Infiltration from Root Zone (TG)O-é9 ‘
{ 0.01 Time Constant for Baseflow (CKBF) 0.99 ‘
{ 500 ) Degree-day Coefficient for Snow Accumulation (Csnon) 5000 ‘
{ 0 Base Temper<a>ture <f>or Snow Form:tion(°C) (To) 4 ‘
] - XX : |
i Calibration with Q & calibration with Q and SM (CRNP) Calibration with SM (SMAP)
Calibration with SM (CRNP) Calibration with Q and SM (SMAP)

Figure 6.5: Hydrological model parameters obtained from different calibration meth-

ods for Cakit Basin
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Maximum Surface Water Storage (U")

1 Ozl 4 Maximum Root Zoqe Water Storage (L") 50.00 |
] 0 Runoff Coji;?icient (CQOF) 1000 |
] 0.01 Time Constant for Interflow (CK:-'Q) 0.90 |
{ 200 Time Constani ﬁr Overland Flow (CK;3) 1000 I
+ 10 Thresho‘ld<\;alue for Overland Flow (TOF) 50 |
1 0.01 Root Zone Threshold Value for Interflow (TIF)C } 0.99 |
1 0.01Threshold Value f:r Groundwater Infiltration from Root Zone (TG)ggg |
1 031 ‘ Time Constant for Baseflow (CKBF) 0.99 |
1 500 “ Degree-day Coefficient for Snow Accumulation (Csnon) 5000 |
*
1 (? Base Temperature for Snow Formation(°C) (7o) a |
] - ¢ LK ) ¢ |
i Calibration with Q & calibration with Q and SM (CRNP) Calibration with SM (SMAP)
Calibration with SM (CRNP) Calibration with Q and SM (SMAP)

Figure 6.6: Hydrological model parameters obtained from different calibration meth-

ods for Darbogaz sub-basin

Maximum Surface Water Storage (U*), Degree-day Coefficient for Snow Accumu-
lation (Cj,0,,) and Base Temperature for Snow Formation (7}) are the parameters,
which are significantly different for Cakit Basin. In other words, calculations of snow
and surface water storage yields different results for different calibration types for
this basin. The parameters for Darbogaz sub-basin, on the other hand, much greatly
varies for each calibration type, which would affect water accounting of all water

storage types.

Finally, the model has been run by using the parameters obtained by calibration for
both basins for the entire duration including the validation period. Discharge time

series for two basins in calibration and validation periods are provided in Figure[6.7]
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and Figure [6.9] The same figures are also provided in log-scale with Figure [6.8 and

Figure [6.10]
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The relations between observed and simulated discharge values are investigated by
using the statistical measures which are defined in Section [3.4] The statistical mea-
sures are provided for calibration period (Figure [6.11] and Figure [6.13) and for vali-
dation period (Figures and for both Cakat basin and Darbogaz sub-basin.
In these figures, indicators which are closer to the right end of the graphs indicate
better performance of the model by means of estimating discharges. The statistical
measures are also provided with Table for Cakit Basin and Table for Dar-
bogaz sub-basin. In Figures [0.11]- [6.14]the values of VE and PBIAS are provided as
absolute values, whereas in Table [6.1]and Table [6.2] they are provided as percentages.

Table 6.1: Statistical Measures of NAM simulations with Respect to the Calibration
Methods - Cakit Basin

Calibration Period

Discharge Discharge
Soil Soil
) and Soil and Soil
Discharge Moisture Moisture
Moisture Moisture
(CRNP) (SMAP)
(CRNP) (SMAP)
NSE 0.680 0.724 0.685 0.697 0.629
log NSE 0.274 0.604 0.600 0.338 0.155
RMSE 1.098 1.020 1.090 1.068 1.182
PBIAS 32.678 2.290 -0.996 28.822 33.828
r? 0.895 0.856 0.835 0.893 0.859
VE (%) -32.7 2.3 1.0 -28.8 -33.8
KGE 0.559 0.812 0.762 0.593 0.548
Validation Period

NSE 0.172 0.458 0.049 0.097 0.552
log NSE -0.219 0.600 0.495 -0.285 0.060
RMSE 1.338 1.082 1.434 1.397 0.984
PBIAS 37.874 8.466 -7.869 35.394 30.862
r? 0.661 0.691 0.527 0.575 0.873
VE (%) -37.9 -8.5 7.9 -35.4 -30.9
KGE 0.423 0.643 0.533 0.405 0.561
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Table 6.2: Statistical Measures of NAM simulations with Respect to the Calibration
Methods - Darbogaz sub-basin

Calibration Period

Discharge Discharge
Soil Soil
) and Soil and Soil
Discharge Moisture Moisture
Moisture Moisture
(CRNP) (SMAP)
(CRNP) (SMAP)
NSE 0.836 0.803 0.454 0.831 0.797
log NSE 0.734 0.762 0.371 0.727 0.717
RMSE 0.173 0.190 0.316 0.176 0.193
PBIAS -1.360 1.951 40.321 4917 14.555
r? 0.914 0.896 0.802 0.913 0911
VE (%) 1.4 -2.0 -40.3 -4.9 -14.6
KGE 0.899 0.899 0.323 0.885 0.727
Validation Period

NSE 0.659 0.723 -0.369 -0.011 0.543
log NSE 0.729 0.669 -0.163 0.473 0.671
RMSE 0.182 0.164 0.364 0.313 0.210
PBIAS -12.944 -2.630 64.035 -40.595 18.237
r2 0.847 0.857 0.551 0.815 0.776
VE (%) 12.9 2.6 -64.0 40.6 -18.2
KGE 0.736 0.855 -0.066 0.316 0.569
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Figure 6.11: Statistical measures for Calibration period - Cakit Basin.
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Figure 6.12: Statistical measures for Validation period - Cakit Basin.
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Figure 6.13: Statistical measures for Calibration period - Darbogaz sub-basin.
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Figure 6.14: Statistical measures for Validation period - Darbogaz sub-basin.

6.5 Comparison of Basin Water Balance with Observed and Simulated Soil

Moisture Data

In addition to the water storage calculations through hydrologic modelling with NAM,
water balance of Cakit basin and Darbogaz sub-basin have been simply calculated by

using Equation

Swi(t) = Swp(t — 1)+ P(t) — Qus(t) — ET4(1) (6.17)

where; Sy p(t): Water storage at time t, P: Precipitation, (.s: Observed discharge,

E'T,:Actual evaporation output of local Noah LSM.

Variables used in the water balance calculations for Cakit Basin and Darbogaz sub-
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basin are shown in Figure[6.15]
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Figure 6.15: Variables of Water Balance Calculations for Cakit Basin and Darbogaz

sub-basin, vertical dashed line indicates the calibration and validation periods

Soil moisture outputs of NAM model for different calibration methods which are

given in Section [6.4]are compared with the water storage of the basin, which is calcu-

lated by using Equation[6.17] The comparisons of time series are provided in Figure

6.16f
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Figure 6.16: Comparison of Water Balance and Model Soil Moisture Outputs of Cakit

Basin and Darbogaz sub-basin

6.6 Summary and Discussion of the Results

In this study, soil moisture values obtained from CRNP located in the Cakit Basin and
SMAP soil moisture data have been used to improve the NAM conceptual hydrolog-
ical model. For this purpose, three different calibration schemes have been defined
where the first one is based on discharge, the second one is based on soil moisture
and the third one is based on the combination of discharge and soil moisture. The

NAM model has been run for both Cakit Basin and Darbogaz sub-basin for the pre-
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defined calibration options. The first two years of the time period have been used as
the calibration period and the remaining part is used for the validation. Root zone soil
moisture values of both soil moisture datasets are estimated by using a closed form

solution of Richard’s equation for the soil moisture profile.

The results show that the resulting statistics are better if soil moisture data are in-
troduced in the model together with the discharge data. NSE and KGE values are
significantly improved and using CRNP as the soil moisture data source rather than
SMAP makes the improvements slightly more prominent. When the two basins are
compared, it can be seen that the statistics became better for the Darbogaz sub-basin
when the soil moisture data is introduced in the calibration. Introducing SMAP soil
moisture data produced greater effect than CRNP for Cakit basin. For some statistical
measures, even using soil moisture data alone for the calibration improved the model
estimates, however, the best results are obtained when soil moisture and discharge

values are used in combination.

It should also be noted that the calibration period of the model spans two water years
which is a very limited time range for such studies. Despite lacking sufficient amount
of time for calibration, the model estimated discharge values quite accurately for
the validation period. If there was more time for calibration, the first few months
of calibration data could be excluded from the analyses to account for the warm up
period for the model and the resulting statistics could be much better. Additionally,
for this study, missing data of CRNP have been filled with the other source of soil
moisture data (TDR and Noah LSM), a full-scale usage of CRNP data may be more
efficient due to certain limitations of these two additional data sources. In addition,
the peak discharges occurring in the second year of calibration can not be properly
estimated by the modelling approach used in this study. NAM model is not capable
of modelling rain-on-snow phenomena [169]], which is assumed to accelerate snow
melting and change of state of water storage from snow storage to surface storage. In
spite of the above-mentioned flaws in the modelling study, NAM model performed
very well for both basins and the effect of joint calibration in improving the model

statistics is clear.

The findings of this study are in line with a recent study, which has been conducted
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by a similar manner with CRNP soil moisture data obtained from a study site located
in United Kingdom [24]], which also found that introducing soil moisture data into a
conceptual hydrological models improves model statistics. The difference of the two
studies is mainly the site characteristics, where [24] makes use of a vegetated site,
in this study, a semi-arid study site has been selected. Therefore, when the results
of these two studies are combined, it can be said that the CRNP based soil moisture
values are able to improve the model statistics of conceptual hydrological models for

dry or wet sites.

Besides the hydrological model, water stored in the basin has also been calculated
with water budget calculations. For Cakit Basin, calculated water storage values are
highly correlated with the model soil moisture outputs and the observed soil moisture
values for the entire time range of the analyses. In summary, it can be said that the
calculated water storages are in close coupling with the observed and simulated soil
moisture values for both basins and for both soil moisture data sources. When the
model outputs and the calculated water storages are compared, a certain time lag can
be seen between these two data, which is mostly due to the snow melting which could
not be adequately determined by the model. The time lag and the temperatures in the
melting season have an inverse relation, which shows the importance of snow storage

for the specific study area.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

In this thesis, CRNP neutron counts obtained from the CRNP station in Cakit Basin,
which is a semi-arid study site with sparse vegetation located in the south of Turkey,
constitute the starting point of all of the hydrological studies. After retrieving the soil
moisture data by using the neutron counts with necessary correction and conversion
processes, the data have been compared with TDR sensor data and Noah LSM soil
moisture outputs. For Cakit basin, CRNP soil moisture measurements are in line
with both soil moisture datasets. Although the correlation with CRNP and TDR is
very high (12=0.855), TDR soil moisture values are mostly larger (around 10%) than
CRNP soil moisture values. One of the reasons of this difference is probably due
to the difference of vertical footprints of TDR and CRNP where TDR is located at
Scm depth and the vertical measurement scale of CRNP is between 12 and 25cm
depending on the soil moisture content and in semi arid locations, the evaporation of

upper soil is more dominant than infiltration.

In the second part of this study, CRNP based soil moisture values are used in valida-
tion of satellite soil moisture products. Satellite soil moisture products have become
an important tool for hydrological studies due to the recent advancements in satel-
lite technology and retrieval algorithms. In this study, the effectiveness of CRNP
soil moisture measurements have also been investigated for validation of different
types of spaceborne soil moisture products. ASCAT, SMOS, SMAP, AMSR, CCI
and GLDAS soil moisture datasets have been validated by using CRNP soil moisture
data of several CRNP stations of COSMOS database and the Cakit Basin CRNP. This
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study revealed that the SMAP soil moisture products have higher correlations with
CRNPs at drier locations including Cakit basin and ASCAT soil moisture product
have higher correlations with CRNPs at vegetated areas. This differences are highly
due to entirely different retrieval algorithms and techniques used for these two satel-
lite products. When all of the stations of the COSMOS database is considered, Cakit
Basin CRNP produced better statistics for the validation of most of the products ex-
cept ASCAT product which is known to operate poorly in dry locations. In this study,
soil moisture values were also obtained from a local Noah Land Surface Model. The
outputs of this model are also in line with the CRNP and TDR measurements. Al-
though local Noah Model produced slightly better results than global Noah LSM of
GLDAS for Cakit Basin, GLDAS Noah LSM was able to produce statistics as good
as the local model. In summary, it has been found that SMAP surface soil moisture
product and GLDAS Noah LSM product have very well correlation with most of the
CRNPs. Since having continuous soil moisture data is highly important for hydrolog-
ical studies, these two products have very good potentials to be used in these kind of
applications. Using these products in conjunction with in-situ soil moisture products

such as CRNPs will make them more effective.

As the third part of this study, the relation between evaporation and soil moisture have
been investigated through CRNP soil moisture measurements. Eddy covariance based
evapotranspiration estimates and Noah LSM actual evapotranspiration outputs have
been used for the evaporation data. Although the correlations are not very strong, both
datasets have similar cumulative distribution functions. In drier months the correla-
tions between soil moisture and evaporation are stronger. Daily changing values of
soil moisture and evaporation has also been investigated and for drier days, it makes
sense to better correlate soil moisture with the daily varying E'T;, because the absence
of rain and runoff create a more direct relationship between these two parameters
through the hydrological cycle. For global investigations on soil moisture and evapo-
ration, GLDAS Noah LSM actual evapotranspiration values have been compared with
the CRNP soil moisture measurements of COSMOS database. In order to account for
the locations without CRNP observations, GLDAS based soil moisture and evapo-
transpiration values have also been compared with each other for each GLDAS pixel

on Earth. The results indicate that in drier locations and periods, the correlations are
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more pronounced. In Mediterranean region where the Cakit CRNP is located, corre-

lations with soil moisture and evaporation depend on the study months and periods.

In the final part of this study, CRNP based soil moisture values have been used to im-
prove hydrological modeling. Improvement of conceptual rainfall-runoff models by
introducing soil moisture data obtained from CRNPs is a very recent research topic.
It is found in this study that, introducing CRNP and SMAP based soil moisture values
improve the resulting statistics of NAM conceptual model when used in combination
with the discharge data in calibration. Using CRNP instead of SMAP based soil mois-
ture data creates slightly better results. The resulting statistics for Darbogaz sub-basin
is more improved than Cakit basin when the soil moisture is introduced in calibration.
One of the reasons of this difference is thought to be the areal coverage of the CRNP
being more representative for Darbogaz sub-basin than Cakit basin. One must note
that the model has been managed to be improved by using only two years of cali-
bration data. With available long term data, it is also possible to calibrate the model
covering wet and dry periods of the basin which will likely to produce more effective
results. One additional possible source of error for this study is the need for filling
the missing data of CRNP with TDR measurements and Noah LSM outputs. With-
out this need, introducing CRNP to the conceptual hydrological model may be more
effective. In this study, it has been shown that introducing CRNP based soil moisture
data in a semi-arid study area of Turkey positively affected the performance of NAM
conceptual model. Comparisons of the soil moisture outputs of NAM model with the
water balance calculations yield very high correlations for both Cakit and Darbogaz
basins. When basin water balance calculations are compared with the soil moisture
data and model outputs, calculated water balances are also in-line with CRNP based
soil moisture values indicating the potential of CRNPs to be used in basin scale hy-
drological studies. For both basins, the soil moisture observations and the model
outputs have certain time lags where the lagging duration is inversely correlated with
the temperature at the snow melting season indicating the prominence of the snow
storage and melting and the snow melting physics are most probably depend on more
complex relations such as the rain on snow phenomena which can not be modeled

through NAM conceptual model.
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7.2 Recommendations

The first application of CRNP in Turkey has been presented in this study through
validation of satellite soil moisture products and introducing soil moisture values into
hydrological model calibration. The number of CRNPs in the Mediterranean region
is very limited and in this region satellite soil moisture products may show different
characteristics from the other locations of the world. It is also found that the rela-
tion between evaporation and soil moisture is not constant and depends on the study
period for this area. Also for agricultural studies and applications, knowing soil mois-
ture in large areas is essential for reaching the optimum yield and water management.
For this type of studies, CRNP has an important potential to be used in improving
the accuracies of satellite soil moisture products. For hydrological studies cover-
ing large basins, using several CRNPs together with reliable satellite soil moisture
products would produce the required soil moisture data at the required temporal and
spatial scale. For further studies, the CRNP network should be expanded in such areas
and performance of satellite products should be further investigated. In this respect,
CRNP observation networks should be established to provide reliable and consistent

data for hydrological and agricultural studies.

In this study, in order to convert CRNP neutron counts to soil moisture measurements,
Ny soil moisture method has been used and Richard’s equation have been used for
calculation of soil moisture at the root zone. For further studies, neutron transport
models can be studied together with data assimilation techniques to obtain soil mois-
ture values for different layers and rootzone soil moisture products and hydrological

model outputs can also be validated in this way.

The effect of vegetation on CRNP measurements are not discussed in this thesis due
to lack of vegetation in the study site. Future studies should also focus on correcting

neutron counts with respect to vegetation.

Studies regarding the introduction of soil moisture data into hydrological modelling,
including this thesis, use a joint calibration function for soil moisture and discharge
while calculation of the objective function of discharge depends on four distinct sta-

tistical measures which may have different weights on the calculations. For future
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studies, a multi-criteria decision making system may be developed to better represent

each one of the statistical measures defined for discharge calibration.

It has also been shown in this study that evapotranspiration and soil moisture has a
relation which can be used in further studies to improve the estimates of hydrologi-
cal models with introducing measured evaporation data in model calibration together

with discharge and soil moisture data.
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APPENDIX A

THE DIRECT RELATIONS BETWEEN SOIL MOISTURE PRODUCTS
EXAMINED IN THIS STUDY WITH IN-SITU SOIL MOISTURE
OBSERVATIONS
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Figure A.1: AMSR (ascending) soil moisture vs. a) CRNP and b) TDR
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Figure A.2: AMSR (descending) soil moisture vs. a) CRNP and b) TDR
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Figure A.3: SMOS (ascending) soil moisture vs. a) CRNP and b) TDR
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Figure A.4: SMOS (descending) soil moisture vs. a) CRNP and b) TDR
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Figure A.6: SMAP surface soil moisture vs. a) CRNP and b) TDR

Months

TDR Volumetric Soil Moisture (%)

129

u
=]
L

&
=)
L

w
=1
L

M
=3
L

T T
10 20 30 40
SMAP_S Volumetric Soil Moisture (%)

(b)

r’=0.722|

50

12

10

12

10

Months

Months



(%)

CRNP_snow_filtered Volumetric Soil Moisture

CRNP_snow_filtered Volumetric Soil Moisture (%)

50 4

r’=0.508|

T T T
[} 10 20 30 40 50
SMAP_RZ Volumetric Soil Moisture (%)

(a)

Figure A.7:

50 4

40 -

30

101

r’=0.078|
T T T y T
[} 10 20 30 40 50
CCl Volumetric Soil Moisture (%)

(a)

12

10

12

Months

Months

TDR Volumetric Seil Moisture (%)

TDR Volumetric Seil Moisture (%)

50 4

r’=0.631

T T T
10 20 30 40 50
SMAP_RZ Volumetric Soil Moisture (%)

(b)

SMAP rootzone soil moisture vs. a) CRNP and b) TDR

T T T
10 20 30 40 50
CCl Volumetric Soil Moisture (%)

(b)

Figure A.8: CCI soil moisture vs. a) CRNP and b) TDR
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Figure A.9: GLDAS soil moisture vs. a) CRNP and b) TDR
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Figure A.10: NOAH LSM soil moisture vs. a) CRNP and b) TDR
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APPENDIX B

MAPS OF STATISTICAL MEASURES FOR SATELLITE PRODUCTS VS.
COSMOS DATABASE
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Figure B.1: a) r? values between SMAP surface product and COSMOS stations

shown on the world map b) Histogram of 72 values between SMAP surface prod-

uct and COSMOS stations
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Figure B.2: a) r? values between SMAP rootzone product and COSMOS stations

shown on the world map b) Histogram of 7 values between SMAP rootzone product

and COSMOS stations
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Figure B.3: a) r? values between ASCAT and COSMOS stations shown on the world

map b) Histogram of 72 values between ASCAT and COSMOS stations
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Figure B.4: a) r? values between SMOS descending node product and COSMOS sta-
tions shown on the world map b) Histogram of 72 values between SMOS descending

node product and COSMOS stations
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Figure B.5: a) 2 values between SMOS ascending node product and COSMOS sta-
tions shown on the world map b) Histogram of r? values between SMOS ascending

node product and COSMOS stations
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Figure B.6: a) r? values between AMSR descending node product and COSMOS sta-
tions shown on the world map b) Histogram of 72 values between AMSR descending

node product and COSMOS stations
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Figure B.7: a) r? values between AMSR ascending node product and COSMOS sta-
tions shown on the world map b) Histogram of r? values between AMSR ascending

node product and COSMOS stations
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Figure B.8: a) r? values between GLDAS and COSMOS stations shown on the world
map b) Histogram of 72 values between GLDAS and COSMOS stations
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Figure B.9: a) RMSE values between SMAP surface product and COSMOS stations

shown on the world map b) Histogram of RMSE values between SMAP surface prod-

uct and COSMOS stations
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Figure B.10: a) RMSE values between SMAP rootzone product and COSMOS sta-
tions shown on the world map b) Histogram of RMSE values between SMAP root-
zone product and COSMOS stations
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Figure B.11: a) RMSE values between ASCAT and COSMOS stations shown on the
world map b) Histogram of RMSE values between ASCAT and COSMOS stations
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Figure B.12: a) RMSE values between SMOS descending node product and COS-
MOS stations shown on the world map b) Histogram of RMSE values between SMOS
descending node product and COSMOS stations
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Figure B.13: a) RMSE values between SMOS ascending node product and COSMOS

stations shown on the world map b) Histogram of RMSE values between SMOS

ascending node product and COSMOS stations
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Figure B.14: a) RMSE values between AMSR descending node product and COS-
MOS stations shown on the world map b) Histogram of RMSE values between AMSR
descending node product and COSMOS stations
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Figure B.15: a) RMSE values between AMSR ascending node product and COSMOS

stations shown on the world map b) Histogram of RMSE values between AMSR

ascending node product and COSMOS stations
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Figure B.16: a) RMSE values between GLDAS and COSMOS stations shown on the
world map b) Histogram of r? values between GLDAS and COSMOS stations
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Figure B.17: a) ubRMSE values between SMAP surface product and COSMOS sta-

tions shown on the world map b) Histogram of ubRMSE values between SMAP sur-

face product and COSMOS stations
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Figure B.18: a) ubRMSE values between SMAP rootzone product and COSMOS
stations shown on the world map b) Histogram of ubRMSE values between SMAP
rootzone product and COSMOS stations
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Figure B.19: a) ubRMSE values between ASCAT and COSMOS stations shown on
the world map b) Histogram of ubRMSE values between ASCAT and COSMOS sta-

tions
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Figure B.20: a) ubRMSE values between SMOS descending node product and COS-
MOS stations shown on the world map b) Histogram of ubRMSE values between
SMOS descending node product and COSMOS stations
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Figure B.21: a) ubRMSE values between SMOS ascending node product and COS-
MOS stations shown on the world map b) Histogram of ubRMSE values between
SMOS ascending node product and COSMOS stations
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Figure B.22: a) ubRMSE values between AMSR descending node product and COS-
MOS stations shown on the world map b) Histogram of ubRMSE values between
AMSR descending node product and COSMOS stations
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Figure B.23: a) ubRMSE values between AMSR ascending node product and COS-
MOS stations shown on the world map b) Histogram of ubRMSE values between
AMSR ascending node product and COSMOS stations
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Figure B.24: a) ubRMSE values between GLDAS and COSMOS stations shown on
the world map b) Histogram of ubRMSE values between GLDAS and COSMOS

stations
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APPENDIX C

EVAPORATION AND SOIL MOISTURE CORRELATION MAPS FOR
GLDAS
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Figure C.1: 72 values of the comparison between monthly averages of GLDAS Noah

LSM soil moisture and evapotranspiration outputs

157



920°W 0° 90°E

Figure C.2: r? values of the comparison between weekly averages of GLDAS Noah

LSM soil moisture and evapotranspiration outputs
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Figure C.3: r? values of the comparison between GLDAS Noah LSM soil moisture

and evapotranspiration outputs for January
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Figure C.4: r? values of the comparison between GLDAS Noah LSM soil moisture

and evapotranspiration outputs for February
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Figure C.5: r? values of the comparison between GLDAS Noah LSM soil moisture

and evapotranspiration outputs for March
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Figure C.6: 2 values of the comparison between GLDAS Noah LSM soil moisture

and evapotranspiration outputs for April

Figure C.7: r? values of the comparison between GLDAS Noah LSM soil moisture

and evapotranspiration outputs for May
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Figure C.8: 72 values of the comparison between GLDAS Noah LSM soil moisture

and evapotranspiration outputs for June

Figure C.9: r? values of the comparison between GLDAS Noah LSM soil moisture

and evapotranspiration outputs for July
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Figure C.10: 72 values of the comparison between GLDAS Noah LSM soil moisture

and evapotranspiration outputs for August
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Figure C.11: 72 values of the comparison between GLDAS Noah LSM soil moisture

and evapotranspiration outputs for September
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Figure C.12: 72 values of the comparison between GLDAS Noah LSM soil moisture

and evapotranspiration outputs for October
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Figure C.13: 72 values of the comparison between GLDAS Noah LSM soil moisture

and evapotranspiration outputs for November
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Figure C.14: 72 values of the comparison between GLDAS Noah LSM soil moisture

and evapotranspiration outputs December
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APPENDIX D

GRAPHS OF SENSITIVITY ANALYSIS FOR THE WEIGHT FACTOR

165



0.5

| =N T R o o

—0.5 1 /\

w —1.01
9
<
—1.54
_20 4
_25 4
0.0 0.2 0.4 0.6 08 1.0
a
—— Calibration Period_Q —— Validation Period_Q
—— Calibration Period_SM Validation Period_SM
(@)
1.0
0.8
0.6 1
0-41 W/W\W
w 0.2
g
0.0 1
— A M
-0.21 / RNV AV N N N \/‘\/’\\//\\//\V
—0.4 1
_06 4
0.0 0.2 0.4 0.6 08 1.0
a
—— Calibration Period_Q —— Validation Period_Q
—— Calibration Period_SM Validation Period_SM
(b)

Figure D.1: KGE Values for different weight factors used for joint calibration of
NAM model a) Cakit Basin b) Darbogaz Sub-Basin
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Figure D.3: NSE Values for different weight factors used for joint calibration of NAM
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Figure D.4: PBIAS Values for different weight factors used for joint calibration of
NAM model a) Cakit Basin b) Darbogaz Sub-Basin

169



0.94

0.8 1

0.7 1

0.6 1

0.5 1

0.4 1

0.3

0.2 1

0.1+

0.0 0.2 0.4

—— Calibration Period_Q
—— Calibration Period_SM

(a)

06 0.8 1.0
—— Validation Period_Q
Validation Period_SM

0.91

0.8 1

0.7 1

0.6 1

0.5 1

0.4 4

0.3

0.21

0.1

D ———

0.0 0.2 0.4

—— Calibration Period_Q
—— Calibration Period_SM

(b)
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Figure D.6: RMSE Values for different weight factors used for joint calibration of
NAM model a) Cakit Basin b) Darbogaz Sub-Basin
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