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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 Akyurek

September 202f, 174 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 ( ood) 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-
ni cantly 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-
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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 rst
CRNP of Turkey has been installed in Cak t 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 Cak t Basin (421 km?) and one
of its sub basins, Darlgaz sub-basin (121 km?2). Using CRNP based soil moisture
data to calibrate the NAM model increased the Kling-Gupta Ef ciency score for the
discharge data of Cak t 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 Cak t Basin and Dgexosub-basin.

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

Satellite Soil Moisture Products
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Oz

YAGIS-AKIS MODELLEMES | ICIN KOZM IK ISIN NOTRON
ALGILAMASI ILE ELDE ED ILEN TOPRAK NEM INININ
KULLANILMASINDAK | FIRSATLAR VE ZORLUKLAR

Duygu, Mustafa Berk
Doktora,Insaat Mihendisgi Bolumu
Tez Yoneticisi: Prof. Dr. Zuhal Akyirek

Eylul 2021 , 174 sayfa

Toprak nemini 6lgmek veya tahmin etmek, hidrolojinin en dnemli unsurlar ndan olup
hidrolojik ¢cal smalar n ¢cgu toprakta depolanan suyun yoglinu (kurakl k) veya
fazlalg n (task n) dikkate al r. Bir havzada depolanan suyun toprak nemi miktar
ile ¢cok guclu bir iliskisi vard r, bu nedenle toprak nemini bilmek hidrolojik don-
gundn dger parametrelerinin tahminini 6nemli dl¢ide kolaylast r r. Tar msal karar
verme sistemlerinde, bitkilerin btuyuimeleri icin gerekli olan miktarda su al p alma-
d klar n bilmek de hayati 6nem tas makla birlikte bu bilgi toprak nem miktar ile ol-
dukca iligkilidir. Her teknik kendi avantaj ve dezavantajlar na sahip olmakla birlikte,
toprak nemini 6lgmenin cegitli yollar vard r. Bu yontemlerden baz lar ¢ok yiksek
maliyetlerle cok dgru dlcimler sglayabilir veya s n rl mekansal kapsama alan yla
cok yuksek zamansal ¢ozunurliklere sahip olabilir. Farkl ydntemler aras nda, ya-
k n zamanda icat edilen Kozmik Is n Notron Sayagclar ndan (CRNP'ler) toprak nemi
Olcumleri, daha genis mekansal kapsam , distik maliyeti ve yliksek zamansal ¢6zu-

narliglu nedeniyle hidrolojik cal smalarda kullan Imak icin iyi bir potansiyele sahip-
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tir. Bu Urand uydu toprak nemi Urdnleri ile birlikte kullanarak daha fazla mekansal
kapsama ile guvenilir toprak nemi bilgisi elde etmek de mimkundur. Bu ¢al sman n
amac , havza olggnde toprak nemi tayininde CRNP'lerin etkiglni degerlendir-
mek, uydu toprak nemi drtinlerini doulamak ve CRNP ile uydu trunlerinden elde
edilen toprak nemi bilgilerini hidrolojik modellemeyi gelistirmek igin kullanmakt r.
Bu cal sma i¢in Tarkiye'nin ilk CRNP'si Turkiye'nin giineyindeki Cak t Havzas 'na
kurulmus ve CRNP'den elde edilen nétron say lar bir dizi dizeltme ve dondlstirme
isleminden sonra toprak nemgklerine dondsturdlmustir. CRNP'ye dayal toprak
nemi verileri, uydu dgrulamas nda CRNP'lerin etkimgini test etmek ve nispeten
daha genis alanlar kapsayan cal smalar icin uydu toprak nemi Uridnleri ile birlikte
CRNP'leri kullanma potansiyelini dgerlendirmek igin farkl toprak nemi uydu riin-
lerinin dogrulamas nda kullan Im st r. Toprak nemi ile buharlasma aras ndaki iligki
de CRNP toprak nemi d@gerleri Gizerinden arastr Im st r. Son olarak, kavramsal bir
hidrolojik modelin kalibrasyonuna CRNP bazl toprak nemi verileri dahil edilmis
ve CRNP toprak nemi verilerinin NAM kavramsal modeline dahil edilmesinin Cak t
Havzas 'nda (421 km?) ve alt havzalar ndan biri olan Dgdmoalt havzas 'nda (121
km2) model istatistiklerini gelistir@ji sonucuna ulag Im st r. NAM modelini kalibre
etmek icin CRNP bazl toprak nemi verilerinin kullan Imas , Cak t Havzas debi veri-
leri icin Kling-Gupta Verimlilik skorunu 0,56 (Kalibrasyon) ve 0,42 (Bmlama)‘'dan

0,81 (Kalibrasyon) ve 0,64 (yvulama)'ya yukseltmistir. Hem Cak t Havzas hem de
Darbagaz Alt Havzas igin istatistiksel dl¢utlerin ganda benzer gelismeler kayde-
dilmistir.

Anahtar Kelimeler: Kozmik Is n Notron Alg lama, Toprak Nemi, NAM Kavramsal
Modeli, Uydu Toprak Nemi Uruinleri

viii



To My Daughter Defne



ACKNOWLEDGMENTS

I would like to express my sincere gratitude to my supervisor Prof. Dr. Zuhal Akylrek
for her support and guidance throughout the research.

I would also like to thank to the jury members, Prof. Dsmail Yicel, Prof. Dr.
Mehmet Akif Sar kaya, Assoc. Prof. Dr. Koray K. YILMAZ and Dr. Arda Sorman

for their time and valuable comments that helped a lot to improve the thesis.

I am grateful to TUBITAK, the Scienti c and Technological Research Council of
Turkey, BIDEB 2211-A General National Doctorate Scholarship Program for the -

nancial support that has been received during the PhD education.

I would also like to express my appreciation to all of the directors of the General
Directorate of Water Management; General Director Bilal Dikmen, Deputy General
Director Maruf Aras, Head of Department Satukgsa F nd k and Head of Working
Group Ahmet Murat Ozalt n for encouraging me to conduct this study and providing
me great convenience and ease. | would also like thank all of my co-workers for their

support and motivation.

| owe many thanks to @a Karaman and Kenan Bolat for their invaluable techni-
cal supports. | would also like to thank my friend M.Kemal Agaofor his endless
support throughout my graduate education.

| also express my sincere appreciation to my parents and my brother for support-
ing me in the most dif cult times and motivating me to keep going no matter what.
Without their support and encouragement this thesis would not have been completed.
Saving the best for the last, my nal gratitude goes to my beloved daughter. It is

always a great honor to be her father.



TABLE OF CONTENTS

ABSTRACT . . . . . Vv
OZ . . vii
ACKNOWLEDGMENTS . . . . . . . . s X
TABLE OF CONTENTS . . . . . . . . . XI
LISTOFTABLES . . . . . . . . . . Xvi
LISTOFFIGURES . . . . . . . XVii
LISTOF ABBREVIATIONS . . . . . . . . . e XXVi
CHAPTERS
1 INTRODUCTION . . . . oo e e e 1
1.1 General . . . .. ... 1
1.2 Problem Statement . . . . . ... ...
1.3 Objectives. . . . . . . . 4
1.31 ThesisOutline . . . . .. ... ... . ... . ... ... ... 5

2 METHODS OF SOIL MOISTURE DETERMINATION AND COSMIC

RAY NEUTRON SENSING . . . . . . .. ... . .. 7
21 General . . ... 7
2.2 Methods of Obtaining Soil Moisture Data . . . . .. ... ... ...

2.2.1 Determination of Soil Moisture by Laboratory Testing (Direct
Method) . . . . .. ... .. ... .. 8

Xi



2.2.2

Determination of Soil Moisture by Using the Capillary Ten-
sion in Soll

........................... 8
2.2.3  Determination of Soil Moisture Using the Dielectric Proper-
ties of Soil (TDR, FDRandGPR) . . . . ... ... .. ... 9
2.2.4  Determination of Soil Moisture by Using the Heat Capacity of
Soil ... 9
2.2.5 Determination of Soil Moisture by Using Micro Electro Me-
chanical System (MEMS) . . . . . . .. ... .. ... .... 10
2.2.6  Determination of Soil Moisture by Using Neutron Scattering
Techniques. . . . . . . . . . 10
2.26.1 Cosmic Ray Neutron Sensing (CRNS) . . ... .. .. 10
2.2.7  Determination of Soil Moisture by Using Gamma Rays . . .. 11
2.2.8 Remote Sensing of Soil Moisture . . . . .. ... ... .. .. 11
3 STUDY AREA, DATASETS AND METHODOLOGY . . .. ... .. .. 13
3.1 Description ofthe Study Area . . . . .. ... .. ... ....... 13
32 Data. .. ... ... 17
3.2.1  Cosmic Ray Neutron Probe (CRNP)Data . . ... ... ... 17
3.21.1 Correction of NeutronCounts . . . . . ... ... ... 18
3.2.1.2 Obtaining Soil Moisture Data from Cak t Basin CRNP . 21
322 CRNPNetworks. . . . . .. .. ... . .. ... 24
3.23  Satellite Soil MoistureData . . . . . ... ... ........ 24
3.2.3.1 METOP-A/B Advanced Scatterometer (ASCAT) . . .. 24
3.2.3.2 Soil Moisture and Ocean Salinity (SMOS) . . . . ... 26
3.2.3.3 Soil Moisture Active and Passive (SMAP) . . . .. .. 26
3.2.34

Advanced Microwave Scanning Radiometer (AMSR) . 27

Xii



3.2.3.5 Climate Change Initiative (CCI) . . . .. .. ... ... 27

3.2.3.6 Global Land Data Assimilation System (GLDAS) and

NoahLSM . . . . ... ... .. . ... ... 28
3.24 DischargeData . .. ... ... ... .. .. ... ... ... 30
3.3 Methodology . . . .. ... .. ... ... 30
3.4 Statistical Measures Used InthisStudy . . . .. ... ........ 31
3.4.1 Nash Sutcliffe Ef ciency (NSE) and Logarithmic Nash Sut-
cliffe Efciency (logNSE) . . . . . . . ... ... ... .... 31

3.4.2 Root Mean Square Error (RMSE) and Unbiased Root Mean

Square Error (UbRMSE) . . . . . . . . ... o oo 33
3.43 PercentBias(PBIAS) . . . .. .. ... ... L. 34
3.4.4  Coefcient of Determinationr®) . . . .. ........... 34
3.4.5 Relative Volume Error (VE) . . . . . .. ... .. ... ..., 34
3.4.6 Kling-Gupta Efciency (KGE) . . ... ... ... ...... 34

4 VALIDATION OF SATELLITE BASED SOIL MOISTURE PRODUCTS . 37

4.1 General . . . ... 37
4.2 Satellite Based Soil Moisture Products . . . . . ... ... ...... 38
4.3 Methodology of Validation . . . . ... ... ............. 40
4.3.1 TripleCollocation . . . . .. ... ... ... .. ..., 40
4.4 Comparison of Soil Moisture Products . . . . . . ... .. ... ... 41
4.4.1  Comparison of Soil Moisture Products for CaktBasin . . .. 41

4.4.2  Comparison of Soil Moisture Products for COSMOS Database 44
4.5 Summary and Discussion of the Results

5 ASSESSMENT OF THE RELATION BETWEEN EVAPORATION AND
SOILMOISTURE . . . . . . . 53



5.1 General . . . . . . 53

5.2 Evaporation Data of the Study Area . . . . . ... ... ... .... 54
5.3 Methodology of Comparing Soil Moisture and Evaporation . . . . . 55
54 Results . .. ... e 58

5.4.1 The Relation Between Evapotranspiration and Soil Moisture
Products of GLDAS . . . . . . . . . . . .. ... 58

5.4.2 The Relation Between Evapotranspiration and CRNP Based
Soil Moisture . . . . . ... 58

5.5 Summary and Discussion oftheResults . . . . . .. ... ... ... 67

INTEGRATION OF SOIL MOISTURE DATA INTO HYDROLOGICAL

MODELLING . . . . . . e 69

6.1 General . . ... . . . 69

6.2 HydrologicalModels . . . .. ... ... ... ... ... ..., 70
6.2.1 NAMModel . . . . . .. . 71
6.2.2 Noah Land Surface Model . . .. ... ... ......... 74

6.3 The Use of Soil Moisture Data in NAM Conceptual Hydrological

Model . . . . . . . s 74
6.3.1  Obtaining Soil Moisture Time SeriesforNAM . . . . . . . .. 75
6.3.1.1 SMAP Based Soil Moisture Data for the Root Zone . . 75

6.3.1.2 CRNP Based Continuous Soil Moisture Data for the

RootZone . .. ... .. ... ... .. .. .. .. .. 76
6.3.2  Calculation of Root Zone Soil Moisture . . . . ... ... .. 76
6.3.3  Calibration of the Parameters in NAM model . . .. ... .. 78
6.3.4  SetupoftheNAMModel . .. ... ... ... ........ 81
6.4 Results of the Hydrological Modelling . . . . . .. ... ... .... 83

Xiv



6.5 Comparison of Basin Water Balance with Observed and Simulated

Soil MoistureData . . . . . . . . . . . 95

6.6 Summary and DiscussionoftheResults . . . . . .. ... ... ... 97
7 CONCLUSIONS AND RECOMMENDATIONS . . . . . . . ... ... .. 101

7.1 Conclusions . . . . . . . . .. 101

7.2 Recommendations . . . . . . . ... 104
REFERENCES . . . . . . . s 107
APPENDICES
A THE DIRECT RELATIONS BETWEEN SOIL MOISTURE PRODUCTS

EXAMINED IN THIS STUDY WITH IN-SITU SOIL MOISTURE OB-

SERVATIONS . . . . . 127
B MAPS OF STATISTICAL MEASURES FOR SATELLITE PRODUCTS

VS. COSMOS DATABASE . . . . . . . . . . 133
C EVAPORATION AND SOIL MOISTURE CORRELATION MAPS FOR

GLDAS . . . . 157

D

GRAPHS OF SENSITIVITY ANALYSIS FOR THE WEIGHT FACTOR . 165

CURRICULUMVITAE . . . . . e 173

XV



LIST OF TABLES

TABLES
Table 4.1 Satellite soil moisture products that are compared with Cak t Station
CRNP soil moisture contentdata. . . .. ... ... ............ 39

Table 4.2 Mean Values a2, RMSE, ubRMSE and bias values of soil mois-
ture productswithCRNPs . . . . . . . . .. ... .. .. .. ... ..., 47

Table 4.3 Median Values of, RMSE, ubRMSE and bias values of soil mois-
ture productswithCRNPs . . . . . .. .. ... .. ... .. ....... 47
Table 6.1 Statistical Measures of NAM simulations with Respect to the Cali-

bration Methods - CaktBasin . . . . . . ... ... ... ......... 90

Table 6.2 Statistical Measures of NAM simulations with Respect to the Cali-
bration Methods - Darlgaz sub-basin . . . . ... ... ......... 91

XVi



LIST OF FIGURES

FIGURES

Figure3.1  Study Area: Cak t Basin and Dagla Sub-Basin, CRNP, Stream-

ow Gauging Stations and SMAP pixels whose centers are within the

basin . . ... 14
Figure 3.2  Hypsometric curves of Cak t Basin and Dgdmosub-basin . . . 15
Figure 3.3  CRNP Located atthe CaktBasin . . . . .. ... ........ 15

Figure 3.4  a) The cumulative fraction of neutron counts and the distance
from the device for both dry (straight line) and wet (dashed line) soil
indicating the horizontal footprint of a CRNP, b) The cumulative frac-
tion of neutron counts and depth beneath the soil for both dry and wet

soil indicating the vertical footprintofa CRNP [1] . . . . . . . .. ... 16

Figure 3.5  a) Sampling locations for initial calibration of CRNP b) One of

the soil samples obtained during the initial calibration study [61] . . . . 18
Figure 3.6  Iso-rigidity contours for vertical geomagnetic cutoff rigidities [69] 20

Figure 3.7 Precipitation, mean temperature, soil moisture measurements

(TDR), soil temperature and snow height data observed at the site. . . . 22

Figure 3.8  a) Correction factors for pressure, humidity and cosmic ray in-

tensity, b) Combination of environmental correction factors . . . . . . . 23

Figure 3.9  Corrected neutron counts of CRNP (red) and corresponding soil

moisture time series (blue). . . . . . ... oo oo oL 25

Figure 3.10 Input Parameters of NOAH LSM that are used in the analyses . . 29

XVii



Figure 3.11 Discharge Data of Cak t Basin and DgdmoSub-Basin . . . . . 30

Figure 3.12 Schematic Representation of the Methodology . . . . . . . . .. 32

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 indifferentcolors. . . . . . . . . . .. ... 42

Figure 4.2  Comparisons of the anomalies (with respectto fteen days aver-
ages) 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 dif-

ferentcolors. . . . . . . ... 43

Figure 4.3  ay? and b)RMSE values between Satellite and CRNP Based
Soil Moisture Data. Points in red indicate Cak t Basin CRNP, gray
points indicate the other CRNP stations and pink lines indicate the av-

eragevalues. . . . . . . .. 45

Figure4.4  a)Bias and b)ubRMSE values between Satellite and CRNP Based
Soil Moisture Data. Points in red indicate Cak t Basin CRNP, gray
points indicate the other CRNP stations and pink lines indicate the av-

eragevalues. . . . . . . . 46

Figure 4.5  Triple collocation errors of soil moisture products of data triplets
including SMAP (a) rootzone and (b) surface products, average values

are indicated with pink lines. . . . . . ... ... .. ... ... ... 48

Figure5.1  Time series of actual daily evapotranspiration values of GLDAS,

Noah LSM and Eddy covariance sensor for CaktBasin.. . . . . . . .. 56

Figure 5.2  Time series of scaled soil moisture and evapotranspiration prod-
UCES. . . . . e e 57

Xviii



Figure 5.3  r? values of the comparison between GLDAS Noah LSM soil

moisture and evapotranspiration outputs . . . . ... ... ... ... 59

Figure 5.4  The relation between CRNP based daily volumetric soil mois-
ture and evaporation values based on a) GLDAS b) Local Noah LSM c)

Eddy Covariance Sensor. . . . . . . . . . .. . .. e 60

Figure 5.5  ay? and b) RMSE c)? of the quantiles of CRNP based stan-
dardized soil moisture and GLDAS based standardized actual evapo-
transpirationdata. . . . . . . . ... 61

Figure 5.6  a) RMSE values between standardized GLDAS evapotranspira-
tion outputs and soil moisture data of COSMOS stations shown on the
world map b) Histogram of RMSE values. . . . . .. ... .. ... .. 62

Figure 5.7  a)? values between standardized GLDAS evapotranspiration
outputs and soil moisture data of COSMOS stations shown on the world

map b) Histogramof2values. . . . . . ... ... ... ........ 63

Figure 5.8  Cumulative Distribution Functions of Soil Moisture (CRNP)
and Evapotranspiration (Noah LSM or Eddy). (Blue:Soil Moisture,
Red:Evapotranspiration) . . . .. .. .. .. ... ... .. .. ..., 64

Figure 5.9  Cumulative Distribution Functions of daily changing values for
Soil Moisture (CRNP) and Evapotranspiration (Noah LSM or Eddy).

(Blue:Soil Moisture, Red:Evapotranspiration) . . . ... .. ... ... 65
Figure5.10 Q-Q Plots of Soil Moisture (CRNP) and Evapotranspiration (Noah

LSM or Eddy). (Blue:Soil Moisture, Red:Evapotranspiration) . . . . . . 66
Figure 6.1  Schematic Representation of Modeling with NAM [155] . . . . . 71

Figure 6.2  Estimated Soil Moisture Pro les of Cakt Basin by Richards
Equation . . . . . . . e 78

Figure 6.3  Estimated root zone soil moisture values of CRNP and SMAP

based soil moisture . . . . . . . ... 79

XiX



Figure 6.4  Effective depth of CRNP soil moisture observations, water bal-
ance, root zone soil moisture along with the meteorological data for
CaktandDarbgazBasins . . . . .. . ... ... ... o 82

Figure 6.5  Hydrological model parameters obtained from different calibra-
tion methods for CaktBasin . . . . ... .. ... ........... 83

Figure 6.6 Hydrological model parameters obtained from different calibra-
tion methods for Darbgaz sub-basin . . . . ... ... ... ...... 84

Figure 6.7 Simulated and Observed Discharge Values for Cak t basin, ver-

tical dashed line indicates the calibration and validation periods . . . . . 86

Figure 6.8  Simulated and Observed Discharge Values for Cak t basin (Log-
arithmic Scale), vertical dashed line indicates the calibration and vali-

dationperiods . . . . . . ... 87

Figure 6.9  Simulated and Observed Discharge Values for Qabsub-

basin, vertical dashed line indicates the calibration and validation periods 88

Figure 6.10 Simulated and Observed Discharge Values for [gateub-

basin (Logarithmic Scale), vertical dashed line indicates the calibration

and validationperiods . . . . . . .. ... ... 89
Figure 6.11  Statistical measures for Calibration period - CaktBasin. . . .. 92
Figure 6.12  Statistical measures for Validation period - Cak t Basin. . . . . . 93

Figure 6.13  Statistical measures for Calibration period - Dgalacsub-basin. 94
Figure 6.14  Statistical measures for Validation period - Dgdzcsub-basin. . 95

Figure 6.15 Variables of Water Balance Calculations for Cak t Basin and
Darbaaz sub-basin, vertical dashed line indicates the calibration and

validationperiods . . . . . . . . . . .. e 96

Figure 6.16 Comparison of Water Balance and Model Soil Moisture Outputs
of Cak t Basin and Darlgaz sub-basin. . . . .. ... ......... 97

XX



Figure A.1  AMSR (ascending) soil moisture vs. a) CRNP and b) TDR . . . 127

Figure A.2 AMSR (descending) soil moisture vs. a) CRNP and b) TDR . . . 127

Figure A3  SMOS (ascending) soil moisture vs. a) CRNP and b) TDR . . . 128
Figure A4  SMOS (descending) soil moisture vs. a) CRNP and b) TDR . . . 128
Figure A5 ASCAT soil moisturevs. a) CRNPandb) TDR . . . . ... .. 129
Figure A.6 SMAP surface soil moisture vs. a) CRNP and b) TDR . . . . .. 129
Figure A.7  SMAP rootzone soil moisture vs. a) CRNP and b) TDR . . . . . 130
Figure A.8 CCI soil moisture vs. a) CRNPandb) TDR . . ... .. .. .. 130
Figure A.9  GLDAS soil moisture vs. a) CRNPandb) TDR . . . .. .. .. 131
Figure A.10 NOAH LSM soil moisture vs. a) CRNPandb) TDR . . . . . .. 131

Figure B.1  a)? values between SMAP surface product and COSMOS sta-
tions shown on the world map b) Histogranréfvalues between SMAP
surface product and COSMOS stations . . . . . .. .. .. ... .... 133

Figure B.2  a)r? values between SMAP rootzone product and COSMOS
stations shown on the world map b) Histogramr éfvalues between
SMAP rootzone product and COSMOS stations . . . . ... ... ... 134

Figure B.3  a)? values between ASCAT and COSMOS stations shown on
the world map b) Histogram af? values between ASCAT and COS-
MOSstations . . . . . . . . . . . . .. e 135

Figure B.4  ay?values between SMOS descending node product and COS-
MOS stations shown on the world map b) Histogranr dfalues be-
tween SMOS descending node product and COSMOS stations . . . . . 136

Figure B.5 a)2 values between SMOS ascending node product and COS-
MOS stations shown on the world map b) Histogranr df/alues be-
tween SMOS ascending node product and COSMOS stations . . . . . . 137

XXi



Figure B.6  a)?values between AMSR descending node product and COS-
MOS stations shown on the world map b) Histogranr df/alues be-
tween AMSR descending node product and COSMOS stations . . . . . 138

Figure B.7  a)? values between AMSR ascending node product and COS-
MOS stations shown on the world map b) Histogrant df/alues be-
tween AMSR ascending node product and COSMOS stations . . . . . . 139

Figure B.8  a)? values between GLDAS and COSMOS stations shown on
the world map b) Histogram af® values between GLDAS and COS-
MOS stations . . . . . . . . . e 140

Figure B.9 a) RMSE values between SMAP surface product and COSMOS
stations shown on the world map b) Histogram of RMSE values be-
tween SMAP surface product and COSMOS stations . . . ... .. .. 141

Figure B.10 a) RMSE values between SMAP rootzone product and COS-
MOS stations shown on the world map b) Histogram of RMSE values
between SMAP rootzone product and COSMOS stations . . . . . . .. 142

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 . . . . . . . . . . . 143

Figure B.12 a) RMSE values between SMOS descending node product and
COSMOS stations shown on the world map b) Histogram of RMSE
values between SMOS descending node product and COSMOS stations 144

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 . 145

Figure B.14 a) RMSE values between AMSR descending node product and
COSMOS stations shown on the world map b) Histogram of RMSE
values between AMSR descending node product and COSMOS stations 146

XXii



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 . 147

Figure B.16 a) RMSE values between GLDAS and COSMOS stations shown
on the world map b) Histogram of values between GLDAS and COS-
MOSstations . . . . .. . . . . . . . . e 148

Figure B.17 a) ubRMSE values between SMAP surface product and COS-
MOS stations shown on the world map b) Histogram of ubRMSE val-
ues between SMAP surface product and COSMOS stations . . . . . . . 149

Figure B.18 a) ubRMSE values between SMAP rootzone product and COS-
MOS stations shown on the world map b) Histogram of ubRMSE values
between SMAP rootzone product and COSMOS stations . . . . .. .. 150

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 stations . . . . . . . . . .. . . 151

Figure B.20 a) ubRMSE values between SMOS descending node product and
COSMOS stations shown on the world map b) Histogram of ubRMSE
values between SMOS descending node product and COSMOS stations 152

Figure B.21 a) ubRMSE values between SMOS ascending node product and
COSMOS stations shown on the world map b) Histogram of ubRMSE
values between SMOS ascending node product and COSMOS stations . 153

Figure B.22 a) ubRMSE values between AMSR descending node product
and COSMOS stations shown on the world map b) Histogram of ubRMSE
values between AMSR descending node product and COSMOS stations 154

Figure B.23 a) ubRMSE values between AMSR ascending node product and
COSMOS stations shown on the world map b) Histogram of ubRMSE
values between AMSR ascending node product and COSMOS stations . 155

XXii



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 . . . . . . . . . . . ... ... ... 156

Figure C.1 r2values of the comparison between monthly averages of GLDAS
Noah LSM soil moisture and evapotranspiration outputs . . . . . . .. 157

Figure C.2  r2values of the comparison between weekly averages of GLDAS

Noah LSM soil moisture and evapotranspiration outputs . . . . . . . . . 158

Figure C.3 r? values of the comparison between GLDAS Noah LSM soil
moisture and evapotranspiration outputs for January . . . . . . . .. .. 158

Figure C.4 r? values of the comparison between GLDAS Noah LSM soil

moisture and evapotranspiration outputs for February . . . ... .. .. 159

Figure C.5 r? values of the comparison between GLDAS Noah LSM soil

moisture and evapotranspiration outputs for March . . . . .. ... .. 159

Figure C.6 r? values of the comparison between GLDAS Noah LSM soil

moisture and evapotranspiration outputs for April . . . . .. ... ... 160

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

moisture and evapotranspiration outputs forMay . . . .. ... .. .. 160

Figure C.8 r? values of the comparison between GLDAS Noah LSM soil

moisture and evapotranspiration outputs forJune . . . .. ... .. .. 161

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

moisture and evapotranspiration outputsforJuly . . . . . . .. ... .. 161

Figure C.10 r? values of the comparison between GLDAS Noah LSM soil
moisture and evapotranspiration outputs for August . . . . . . ... .. 162

Figure C.11 r? values of the comparison between GLDAS Noah LSM soil
moisture and evapotranspiration outputs for September . . . . . . . .. 162

XXV



Figure C.12 r? values of the comparison between GLDAS Noah LSM soil

moisture and evapotranspiration outputs for October . . . . . . . . . .. 163

Figure C.13 r? values of the comparison between GLDAS Noah LSM soil

moisture and evapotranspiration outputs for November . . . . .. . .. 163

Figure C.14 r? values of the comparison between GLDAS Noah LSM soil

moisture and evapotranspiration outputs December . . . . . ... ... 164

Figure D.1  KGE Values for different weight factors used for joint calibra-
tion of NAM model a) Cak t Basin b) Darlgaz Sub-Basin . . . . . .. 166

Figure D.2  logNSE Values for different weight factors used for joint cali-
bration of NAM model a) Cak t Basin b) Dargaz Sub-Basin . . . . . 167

Figure D.3  NSE Values for different weight factors used for joint calibration
of NAM model a) Cak t Basin b) Darlgaz Sub-Basin. . . . . ... .. 168

Figure D.4  PBIAS Values for different weight factors used for joint calibra-
tion of NAM model a) Cak t Basin b) Darlgaz Sub-Basin . . . . . .. 169

Figure D.5 r2Values for different weight factors used for joint calibration of
NAM model a) Cak t Basin b) Darlgaz Sub-Basin . . . . .. ... .. 170

Figure D.6 RMSE Values for different weight factors used for joint calibra-
tion of NAM model a) Cak t Basin b) Darlgaz Sub-Basin . . . . . . . 171

Figure D.7  VE Values for different weight factors used for joint calibration
of NAM model a) Cak t Basin b) Darlgaz Sub-Basin. . . . . ... .. 172

XXV



AMSR
ASCAT
BEC

CCl
COSMOS
CRNP
CRNS
EOSDIS
ESA
EUMETSAT

GLDAS
H-SAF

HWSDB
JAXA
KGE

LIS
logNSE
NASA
NDVI
NMDB
NOAH LSM
NSE

LIST OF ABBREVIATIONS

Advanced Microwave Scanning Radiometer

METOP-A/B Advanced Scatterometer

Barcelona Experts Center

Climate Change Initiative

The COsmic-ray Soil Moisture Observing System

Cosmic Ray Neutron Probe

Cosmic Ray Neutron Sensing

NASA's Earth Observing System Data and Information System
European Space Agency

European Organisation for the Exploitation of Meteorological

Satellites
Global Land Data Assimilation System

EUMETSAT Satellite Application Facility on Support to Op-
erational Hydrology and Water Management

Harmonized World Soil Database

Japan Aerospace Exploration Agency

Kling-Gupta Ef ciency

Land Information System

Logarithmic Nash Sutcliffe Ef ciency

The National Aeronautics and Space Administration
Normalized Difference Vegetation Index

Neutron Monitor Database

NOAH Land Surface Model

Nash Sutcliffe Ef ciency

XXVi



PBIAS Percent Bias

RMSE Root Mean Square Error

SMAP Soil Moisture Active and Passive
SMOS Soil Moisture and Ocean Salinity
TERENO Terrestrial Observation Network
ubRMSE Unbiased Root Mean Square Error
VE Relative Volume Error

XXVii



XXVili



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 in Itration. 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 oods 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 (CRNPSs) [1]
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 rst device exploiting the above mentioned relation between neutron counts
and water availability, it is the rst 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 rst neutron counting device is known to be developed after the World War I [2]

and the rst 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 dif culty 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 rst 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 K1 ,0) 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 eld 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, in Itration, 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 ood 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 nancial support or

is inaccurate/insuf cient to be used for decision making. For example, it is vital to
accurately estimate the discharge for ood 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 ef ciency 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 suf cient. 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 speci ed
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
H,O 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, rstly 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 eld 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 suf cient and can be car-
ried easily and left in the eld 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, 13, 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, 16, 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
ow 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 speci c 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:

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.

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

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

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 Cak t 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 Cak t 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 4, Chapter 5 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 ood 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 soill

moisture data into these models are discussed in Section 6.3.

2.2 Methods of Obtaining Soil Moisture Data

Measurement of soil moisture is possible via several methods including: laboratory
tests and time domain re ectometers (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 (CRNPSs) 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 rst 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 prede ned 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 Re ec-
tometry (TDR) and Frequency Domain Re ectometry (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 re ected 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 re ection 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 dif cult 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

prede ned 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 ux sensors and thermal dissipation blocks [38, 39].

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 [3]. 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-de nable 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 re ected ones. [50]. Polarized
light technique and near infrared techniques are the most common approaches in re-
mote sensing [51]. 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 re ection 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
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Ocean Salinity (SMOS) [54], Advanced Microwave Scanning Radiometer (AMSR)
[55] 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 (CCl) dataset of European Space Agency (ESA) combines available satellite
based soil moisture products to be used in studies involving satellite soil moisture
[56, 57, 58].
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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 Cak t
basin, which is located in the south of Turkey. Daghm sub-basin, which is one of

the sub-basins of Cak t Basin was also investigated for the hydrological studies. Cak t
Basin has 526 kiarea and it is located in elevations between 963 m and 3450 m.
Location of the basin is shown in Figure 3.1. 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 Cak t 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 Cak t 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 Cak t Basin and Dgdmosub-basin

Figure 3.3: CRNP Located at the Cak t Basin
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(@)

(b)

Figure 3.4: a) The cumulative fraction of neutron counts and the distance from the
device for both dry (straight line) and wet (dashed line) soil indicating the horizontal
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, wheris the neutron counting rate
corrected by environmental factorsjs the volumetric water contenly, is the dry

soil neutron counting rate under the same reference conditégna; anda, are the
calibration constants which are taken as 0.0808, 0.372 and 0.115 in accordance with
[59]. Eq.3.1 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, whgiethe bulk
density of soig=cn?), w4 is lattice water angls, is the water available in organic
matter. In this studyw;; andwso, vValues are assumed to be negligible due to arid

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

(N) = m & bd (3.1)
(N): (’L\j_o;% ay Wi Wsom  bd (32)

N value is obtained from the initial calibration and sampling study. For Cak t 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 3.5 [61]. As it is suggested in
[62], soil sampling has been made for six soil depths (5cm, 10cm, 15¢cm, 20cm, 25¢cm
and 30cm) at 18 locations within the footprint. In total, there are 108 different soll

samples that has been obtained during the initial calibration study.
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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 sgilis found as
1.495g/cm, mean volumetric soil moisture has been found as 0.148, porosity is found

as avg=0.51 and the reference neutron counting Ngdas been found as 1933.4cph.

In [63] 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
Eqg.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 CRNPSs. In
other words, the neutrons counted with CRNP may vary in accordance with the eld
characteristics in terms of air pressure, absolute humidity and intensity of incoming
cosmic raysfuar, fhum andfi, 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 Eg. 3.3 Whese,
the corrected neutron ux and,,, is 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 Cak t Basin

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

N :(fbar f hum fint) N raw (33)

Correction factor for atmospheric pressure variafigy is calculated by using Eq.3.4
[65], correction factor for absolute humidity,, is calculated by using Eq.3.5 [66]

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

fbar = e (P Pref ) (34)
frum =1+0:00540,0 pP[3) (3.5)
g = et (3.6)

I'm

where;P: Atmospheric pressurenb), P,es : Reference atmospheric pressure at sea
level (1013.2%P a), : Atmospheric attenuation coef cientfi?g  ormb 1), (o :
Reference absolute humiditgrf 2), pyo: Near-surface absolute humiditgrf ),

lef : Reference counting rate for the same neutron monitor from an arbitrary xed
point in time, | ,,: Selected neutron monitor counting rate at any desired point in
time.

Calculation off,; is based on the fact that the cosmic-ray based high-energy sec-
ondary neutron ux is not affected by soil moisture unlike decelerated neutrons. High
energy neutron ux 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 determing,, value for the calculation ofj, . 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 eld 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 Cak t 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 Cak t Basin have approximately the same cutoff rigidity

value.

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 Cak t Basin CRNP

The CRNP located in the Cak t 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 5cm 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 3.1) located in the Cak t 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 3.7, neutron counts and calculated soil moisture values are shown in Figure
3.9 [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 3.2.1.1 and are presented in Figure 3.8.
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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, 68] 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, 71] 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 Cak t basin) operated by 23 institutions and distributed across major climate

zones in Europe [75].

In this study, data of COSMOS network has been utilized to validate satellite products
and compare the ndings with the Cak t Basin CRNP data. Data of all 104 stations
of COSMOS [68, 62] have been obtained and used for satellite product validation.

3.2.3 Satellite Soil Moisture Data

In this study, ve 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 sampleg{). 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 [79]. 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 NASAs 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) soll
moisture products of AMSR2 were used for both descending and ascending nodes.
Soil moisture data of AMSR2 have also been retrieved from EOSDIS [82].

3.2.3.5 Climate Change Initiative (CCI)

CCl is not a satellite soil moisture product, it is rather a combination of different
spaceborne soil moisture products, which are disseminated through ESAs Climate
Change Initiative [84, 58, 56, 57]. 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, Cak t 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
rst 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 Uluk sla 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 rst 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 de ned 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 Cak t Basin and one of
its sub-basins; Darlgaz 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 ow as closely as it is observed.
For this purpose, two stream ow gauging stations have been installed at the exit lo-
cations of Cak t Basin and Dargaz sub-basin. The correlation between these two
datasets is very high since they are affected from the same conditions and represent
similar basins (Figure 3.11). Total precipitation measured for 2016-2017 water year
is 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
is 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 3.11.

Figure 3.11: Discharge Data of Cak t Basin and DgdooSub-Basin

3.3 Methodology

In this study, the methodology to ful Il the objectives de ned in Chapter 1 are sum-
marized with the owchart provided in Figure 3.12. 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. Coef cient of deter-
mination ¢2), 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 de ned 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 Ef ciency (NSE), Logarithmic Nash Sutcliffe Ef ciency (IlogNSE),

Root Mean Square Error (RMSE), Percent Bias (PBIAS), Coef cient of Determi-
nation (?), Relative Volume Error (VE) and Kling-Gupta Ef ciency (KGE) are the

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

3.4.1 Nash Sutcliffe Ef ciency (NSE) and Logarithmic Nash Sutcliffe Ef ciency
(logNSE)

Nash Sutcliffe Ef ciency (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 ow conditions and hy-

drological modelling in drought conditions. NSE is calculated by using Eq. 3.7 and
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logNSE is calculated by using Eq. 3.8.

P T 2
_1 (Xsim (t Xops(t
NSEX =1 Pt_-% ( sm( ) obs( )2) (3.7)

t=1 X obs(t) Yobs

P 2
',:;:1 (In(X sim (t)) In(X obs(t)))

logNSEx =1 —
tT:1 ln(xobs(t)) In(X obs )2

(3.8)

where; X ops: Time series of observed variableg;, : Time series of model simulated
variable X .. Mean of the observed variabl¥ 4, : Mean of the simulated variable,
Xobs(t): Observed value of the variable at timeXt;, (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.3.10.

X
(Xi  ¥i)? (3.9)

t=1

<

1
RMSE =% —
N

S

TN %) 9P

bRMSE =
u N

(3.10)

where: x and y: The datasets, N: Number of data pomes)dy: The mean value of

x andy.
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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.

P, P,
t=1 X?Bs(t) t=1 Xsim (t)
121 Xsim (t)

PBIAS y = 100 (3.11)

3.4.4 Coef cient of Determination (r?)

Coef cient of Determination (%) 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 correlatidris calculated by using

Eq. 3.12.

(3.12)

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.3.13.

P
VEX - XS!B‘] xobs

X obs

(3.13)

3.4.6 Kling-Gupta Ef ciency (KGE)

Kling-Gupta Ef ciency (KGE) [92] is used in various hydrological studies and it
is basically the combination of three different indicators namely linear relatipn (
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bias ratio () 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 1r is calculated by using Eq. 3.14,)is calculated by using Eq. 3.15
and is calculated by using Eg. 3.16. KGE is calculated by using Eg. 3.17.

cov(X msim s Xm:
rX;m — ( m;sim m,obs) (3.14)
Xm;sim Xm;obs
X m:obs
: = 1
xm X m;sim (3 5)
Ym'obs
xm = o (3.16)
" X m;sim
q

where: X n.00s: Monthly average of observed values,sim : Monthly average of

simulated values,x., : Monthly pearson correlation coef cient.
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CHAPTER 4

VALIDATION OF SATELLITE BASED SOIL MOISTURE PRODUCTS

4.1 General

Soil moisture data provide signi cant information for most of the hydrological stud-
ies such as estimating oods 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 suf -
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, soll
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-
ni cant number of studies which focus on validation of soil moisture products with
CRNP based ground observations [70, 94, 95, 96, 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 lling 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 soill
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 (AMSR2), 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 soll
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 Cak t Basin study site, the
grid cells of each product and their pixel sizes are provided in Table 4.1. 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 Cak t Station CRNP

soil moisture content data.

Soil Moisture Product Pixel Size Coordinate of the Sensor
(km) Pixel Center (Clos- Type
estto Cakt CRNP)

METOP-A/B Advanced Scat- 12.5x12.5 37.597N 34.625 E Active
terometer (ASCAT) EUMET-

SAT H113-H114 SSM

Soil Moisture and Ocean?25x25 37.482N 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 37.55N34.45 E Passive

ning Radiometer (AMSR2)
L3 1 day c band 6.9 Ghz

ESA Climate Change Initia- 25x25 37.5155N 34.4979 Active and
tive (CCI) v04.4 (Active, Pas- E Passive
sive and Combined)

Global Land Data Assimila- 25x25 37.625N 34.375 E -

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

Besides Cak t basin, stations in the COSMOS database have also been analyzed with
the products shown in Table 4.1. For this purpose, closest satellite grids to the CRNP
locations have been selected as it has been done for the Cak t 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 lling 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. Itis 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 de ned in Section 3.4. 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 4.3.1. 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 classi ed 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 facjas faken as 1

for CRNP product in order to calculate thevalues 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 Cak t 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 fteen days averages
are provided in Figure 4.2. Figure 4.1 and Figure 4.2 indicate that SMAP, CCI and
ASCAT products can provide more continuous and more accurate soil moisture data
for Cak t 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.1-A.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 fteen 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 databaseyalues with the corresponding CRNPs
are shown in Appendix B (Figures B.1 for SMAP surface product, B.2 for SMAP
root-zone product, B.3 for ASCAT, B.4 for SMOS (descending), B.5 for SMOS
(ascending), B.6 for AMSR (descending), B.7 for AMSR (ascending), and B.8 for
GLDAS).

RMSE values with the corresponding CRNPs are shown in Appendix B (Figures B.9
for SMAP surface product, B.10 for SMAP root-zone product, B.11 for ASCAT, B.12
for SMOS (descending), B.13 for SMOS (ascending), B.14 for AMSR (descending),
B.15 for AMSR (ascending), and B.16 for GLDAS).

ubRMSE values with the corresponding CRNPs are shown in Appendix B (Figures
B.17 for SMAP surface product, B.18 for SMAP root-zone product, B.19 for AS-
CAT, B.20 for SMOS (descending), B.21 for SMOS (ascending), B.22 for AMSR
(descending), B.23 for AMSR (ascending), and B.24 for GLDAS).

Statistical measures de ned in Chapter 3.4 have been utilized to all soil moisture
products and all stations of the COSMOS database including the Cak t 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 4.3a - Figure 4.3b and
Figure 4.4a - Figure 4.4b.

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

are summarized in Table 4.2 and Table 4.3.
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Figure 4.3: ay? and b)RMSE values between Satellite and CRNP Based Soil Mois-
ture Data. Points in red indicate Cak t Basin CRNP, gray points indicate the other

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 Cak t Basin CRNP, gray points indicate the

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

r2  RMSE ubRMSE Bias

SMAP-Rootzone  0.32 9.37 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
CClI-Active 0.29 10.83 6.64 3.27
CCl-Passive 0.29 16.38 4.23 -15.67
CCI-Combined 0.33 16.83 3.85 -16.10

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

r2 RMSE ubRMSE Bias

SMAP-RootZone 0.30 7.08 3.75 4.09

SMAP-Surface 0.33 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 0.24 15.34 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

CClI-Active 0.26 8.87 6.41 1.10
CCl-Passive 0.24 15.23 4.20 -14.47
CCIl-Combined 0.33 15.80 3.82 -14.87
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Itis assumed that the main assumptions of triple collocation analyses [57] are satis ed
for the soil moisture products used in this study and all products have reasonably
highr? values with low ubRMSE. Triple collocation studies have been performed for
the CRNP stations of COSMOS database and Cak t Basin CRNP and the results are
presented with Figure 4.5 for satellite based (SMAP surface and rootzone), observed
(CRNP) and modelled (GLDAS) products.

(@)

(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 Cak t Basin CRNP and all
of the available CRNPs in the COSMOS database have been used to validate the
most commonly used ve 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 hat#0g32
m3=m® and ubRMSE=2.1%. The coef cient 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 ndings of the previous studies
which suggest that the ascending node products of passive sensors are slightly more
accurate than the descending ones [98]. CCl-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. CCl combined and CRNP
has a good coupling by means of coef cient 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 ndings 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 successful 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 4.5), 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 Cak t 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 ndings 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 Cak t 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 Cak t
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 bene cial 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 Cak t 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 elds of soil water studies including agri-
culture. However, being the most dif cult variable to measure in the eld 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 dif cult to apply at the eld, where recent studies were able to identify the
relation between soil moisture and evaporation at the eld 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
uxes to soil evaporation [108, 109] 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 eld 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 soll
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
[115], 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] modi ed 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 signi cantly 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 signi cantly 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 Cak t Basin. The
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details on obtaining CRNP based soil moisture dataset are provided in Section 3.2.1.
For Cak t 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 de ned in different units, all data which
are used in the studies were standardized by using the methodology given in [115]
(Equation 5.1)

X X

Xstd = (5.1)

where;x is the mean value of the dataset ani the standard deviation.

Snow ltering for soil moisture data was made as it is mentioned in Chapter 4. 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 Cak t Basin, relation between soil moistureEBhdvalues 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 Cak t 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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Figure 5.2: Time series of scaled soil moisture and evapotranspiration products.
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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 5.3 shows thévalues obtained for each GLDAS pixel, which has
25km width. r? values obtained from monthly and weekly averages are provided in
Appendix C (Figure C.1 and Figure C.2). For each montlalues of soil moisture

and evaporation are provided in Appendix C (Figures C.3 - C.14).

5.4.2 The Relation Between Evapotranspiration and CRNP Based Soil Mois-
ture

Direct relation between CRNP based soil moisture and evaporation estimates for
Cak t Basin are shown in Figures 5.4a - 5.4c. For all of the stations of the COS-
MOS database,? and RMSE values (Section 3.4) of CRNP based standardized soil
moisture and GLDAS based standardized actual evapotranspiration data have been
calculated and summarized in Figure 5.5a and Figure 5.5b, where the red dot shows
the Cak t Station and the blue dot shows the local Noah model value for the same
station. Gray dots indicate stations in the COSMOS database.>Madues 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 5.5c. Distribution af? and RMSE values on the world map is shown

in Figure 5.6 and Figure 5.7.
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(b)
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Figure 5.5: a)y? and b) RMSE c)?2 of the quantiles of CRNP based standardized soil

moisture and GLDAS based standardized actual evapotranspiration data.
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(b)

Figure 5.6: a) RMSE values between standardized GLDAS evapotranspiration out-
puts and soil moisture data of COSMOS stations shown on the world map b) His-

togram of RMSE values.
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Figure 5.7: a2 values between standardized GLDAS evapotranspiration outputs and
soil moisture data of COSMOS stations shown on the world map b) Histogram of

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 andET, 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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(a) Noah LSM - all data (b) Eddy - all data

(c) Noah LSM - Fall (d) Eddy - Fall
(e) Noah LSM - Spring (f) Eddy - Spring
(g) Noah LSM - Summer (h) Eddy - Summer

Figure 5.8: Cumulative Distribution Functions of Soil Moisture (CRNP) and Evapo-

transpiration (Noah LSM or Eddy). (Blue:Soil Moisture, Red:Evapotranspiration)
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