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Abstract

Surface soil moisture plays a key role in hydrologymate and agriculture; however the conventional
in-situ point measurements are not appropriatepsesent areal soil moisture in long term, due to
high spatial and temporal variability. Remote segdior example Advanced Microwave Scanning

Radiometer (AMSR-E) can give soil moisture inforioat of the surface layer at large scales

throughout a long period, however the validatiorttafse products is very critical, because of scale
“jlump” problem between in situ measurements anctersensing products.

In this study, soil moisture measurements from twedworks, one in Twente (the Netherlands)
consisting of 17 stations with available data dyritudy period (from L April to 15" November),
and the other in Maqu (China) consisting of 20istat from 38' June 2008 to 12May 2009 were
used to do upscaling for AMSR-E soil moisture pradwalidation.

First, the representativity of stations installedider grassland in the Twente region with
heterogeneous land cover types was tested by gs5fadwork with intensive sampling at 8 stations
during September and October 2009.All but 2(stasidid and station st17) stations were proved to be
representative. At footprint scale, soil moistuesdd on stations in this region can represent this
region.

Geostatistical interpolation and temporal stabigihalysis were both to estimate soil moisture apati

distribution. Geostatistical interpolation cannasid in this study due to short soil moisture spatia
correlation lengths (<250m) obtained by variogramalgsis and big errors caused by interpolation
While after applying temporal stability analysisrfdong term and for different seasons.

Representative stations nstl3, cst2 and st03,istMaqu and Twente were identified. Correlations
between different stations support the results.

Point measurements based on representative statom upscaled to areal soil moisture, by using
absolute differences, linear regression and higirder regression, the results was evaluated by
RMSE, BIAS, R.

The best upscaling algorithms were applied to @idAMSR-E soil moisture products by using R

and RMSE for evaluation. In the Maqu region, atcdesling time high correlation of 0.73 and low

RMSE 4.21%(vol /vol) were observed while quite laerrelation and big RMSE 0.003 and

12.53%(vol /vol) for ascending. In the Twente regioorrelation at descending time was high about
0.7, while RMSE is 10.18 % (vol/vol), for ascerglimode , correlation was also high 0.67, but
RMSE was big about 16.32% (vol /vol).
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SOIL MOISTURE TEMPORAL STABILITY AND ITS APPLICATION IN REMOTE SENSING PRODUCTS VALIDATION

1. Introduction

Soil moisture plays a key role in hydrology, weathed agriculture. It influences the amount
of surface runoff, and is an important medium cérofical and physical processes in the soil.
It is used in many coupled hydrology-climate mod&isegional or even global scale. Soll
moisture is an influential predictor for agricukilidrought extent and floods. Water content
in the soil is a significant factor for plant grdwtinformation about it helps to schedule

irrigation.

Due to the applications mentioned above, time sesfesoil moisture content from field to
continental scale is required. The most accurat&tinmeasurement method is based on
sampling that can be considered as point dataigbpatiability of soil moisture is caused by
many variables such as topography, soil texturé |and cover so in most cases it is difficult
to characterize it with a finite number of in-situeasurements. Furthermore, these discrete

measurements are time-consuming, so this methaat igractical for long term monitoring.

Active and passive microwave satellite sensors sashthe Advanced Scatterometer,
ASCAT(Bartalis et al. 2007), Advanced Microwave Suag Radiometer, AMSR-E(Njoku
et al. 2003), and SMOS (ESA's Soil Moisture and @c8alinity) can give soil moisture
information of the surface layer at large scalemubhout a long period. However the
validation of these products is very critical(Priget al. 2005). For validation, a coarse-scale
areal mean is required based on the in situ measumts, since there is a scale “jump”
problem, between the satellite data, such as AMS&E ASCAT (>30km) and point

measurements (Cosh et al. 2004).

1.1. Problem definition

The present work focuses on the following problems:
e Scale mismatch makes validation of remote sensasgdb on soil moisture data by
point measurements difficult.
e« Land cover, soil properties, heterogeneous prextipit and topography causes a
spatial variability of the soil moisture, which @ss uncertainties in the
representativity of in situ measurements for laaggas.
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e Spatial soil moisture distribution may change awere because of the influence of

weather and land cover.

1.2. Literature review

Upscaling means transferring information from snwdhle to large scale and typically
includes two steps: distributing and aggregatinipgghl et al. 1995). This concept has been
widely used to estimate hydrological parametergherpurpose of modeling and validation.
The spatial soil moisture variability is influencby different variables such as topography,
soil texture, land cover, precipitation, porosigjl temperature, and organic matter, and can
be represented by a stochastic framework. Poinsanements have to be distributed over an
area to visualize spatial distribution, then maatgland geostatistical algorithms can be used
to aggregate the distributed information to onaugaln this study geostatistical algorithms

are used for estimation.
1.2.1. Geostatistical interpolation

Geostatistical analysis is usually applied to g#brimation about a variable’s spatial
distribution information with tools such as semiegram and kriging (Burgess et al. 1980;
Nancy F. Glenn 2003; Bi et al. 2009), spline intdation (Baxter 2004), moving
polynomials, etc. For large area, (Bloschl et @@3)demonstrate that if the stations are too
far away to make a reliable estimation, a covamaieh has a more clear spatial distribution
can be used.

However, since interpolation for soil moisture wiitgh spatial variability requires a dense
network sampling network (Chen et al. 1995), as alas proved by (Bi et al. 2009) who
analyzed the spatial variability of soil moistuneai 400 rharea with 313 samples pointed out
that at a small scaled area with uniform vegetatsmil type and climate condition, geo
statistical interpolation can be applied to estamapatial distribution of soil moisture.
However it is costly in labour and finance to apfilis method in large-scale soil moisture
analysis.

1.2.2. Temporal stability analysis

To limit sample size while save the major soil maie information, (Vachaud et al. 1985)
tested time stability in a 2000°narea in Grenoble, France, and introduced this oaeth
which is built on the idea that although soil moist is changing the spatial distribution
which presented by locational differences of sadisture is constant, and the rank of water
content for each point is also constant in cumuatiensity function. If a stable spatial
distribution can be identified, statistical vari@ablsuch as mean, standard deviation can be
related to some points in space. Then it was redm@eno use one or more points which have

the minimum bias and variability from the spatiaéege value compared to other points, to
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predict soil moisture in a certain area. In thedseaarch this idea had be proved by
experiment, and they thought that soil structureghis main factor that influences soil
moisture level.

From then on the feasibility of this method hadrbegamined by many scientists. However
there are many problems to be solved before thihiadeis probably used. How to identify
the relative point that can present the statistiaaiable efficiently? Are there any spatial and
temporal limitations for this stability? Which factcontributes to this stability?

e Scaleeffects
(Grayson et al. 1998) examined the area ranging Bdl to 27 krhand demonstrated that

spatial scales should be considered for tempoahllgy analysis. (X.Xin. et al. 2008) tested
soil moisture temporal stability within two scal@2knt and 0.05krf) and found that it was
possible to find such stability on both of the ssalbut better results got from the smaller
one. On the other hand, they pointed out thatatiog affects temporal stability a lot. To
heal the gaps between point measurements and resmoséng products, (Cosh et al. 2004)
examined how temporal stability analysis works aniatershed scale about 10Gkduring
two months and good temporal stability was obsemwétin uniform precipitation events.
When precipitation cannot cover the whole studwaattee spatial distribution changed.

e Land cover effects
(Cosh et al. 2005) test soil moisture temporalibtalmn grassland only, and suggested that

the stability should be identified for diverse vidgmn seasonally. (Bosch et al. 2006)
conducted an experiment at South Central GeorgiheotJS, where the areas was combined
by forest, cotton, peanut and pasture, and thegddhat soil moisture under different land
covers followed a similar trend, and temporal digbtan be found at this region.

e Topography effects

(Cosh et al. 2005) made his experiment in a rollinga and demonstrate that it is not a
significant effect on temporal stability distribomi. While a different conclusion has be
drawn by (Jacobs et al. 2004) after analyzingdhescape position with soil moisture time
stability. He suggested that the most stable si@sbe found in mild slopes especially when
combined with moderate to moderately high clay entit(Mohanty et al. 2001) examined
spatial and temporal variability and temporal digbbf soil moisture with different land
covers and terrain on southern Great Plains ne&ahOkia. They demonstrated that largest
spatio-temporal variability and lowest temporalbdity was shown on flat topography

especially with split wheat and grass fields.

Based on the publications above, geostatisticalpaiation is quite sensitive to scale effects
and sample density, while temporal stability analyss less limitation with sample size, but

scale, vegetation and topography have considecainigibutes to temporal variability of soll
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moisture. Therefore these effects should be takém account when applying upscaling

methods.

1.3. Research objectives

1.3.1. General objective

Investigate the temporal stability and the spadiatribution of soil moisture in a humid
(Twente, the Netherlands) and cold (Maqu, Chinajrenment. Use the result for upscaling
field observations for the validation of coarseotason AMSR-E soil moisture products.

1.3.2. Specific objectives

o Examine representativity of the 17 stations in Tigeegion

o Estimate the spatial distribution of soil moistimewo large areas (Twente, Maqu)
based on in situ measurements;

« Evaluate seasonal changes of spatial soil moisfigtgbution;

« Identify one or more stations which can represieatthole area.

e Find an appropriate method to characterize thersoisture dynamics of the whole
area based on point measurements;

e Use upscaled soil moisture to validate remote sgrmioducts

1.4. Research questions

e Are the 17 stations in Twente network are repregivat of the whole study area?

e Can the spatial distribution of soil moisture bepped in detail with the existing
observations at the two study areas?

o Does the spatial distribution of soil moisture aparsignificantly during the study
period?

« Whether it is possible to identify the representattations?

e Which algorithm can be used to well estimate thié moisture dynamics of the
selected study areas?

e Is it possible to validate AMSR-E using the upsdadeil moisture obtained from

field measurements?

1.5. Hypothesis

e The 17 stations in Twente network are represemtatithe whole area;

e With the stations in two networks it is possiblectaracterize the spatial dynamics
of soil moisture in each study area;

e« A stable spatial soil moisture distribution can digained by field measurements

under certain conditions;
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« Representative stations can be identified;
e There is a suitable algorithms used for aggregdlirgsoil moisture measurements;

e The upscaling result can be used for AMSR-E soiktuoe validation.

1.6. Thesis outlines

This thesis contains 5 chapters and the out lireasfollows:

Chapterl is a brief introduction to present thekgemund, objectives of the study. Chapter 2
describes study areas, data availability and fieddk. Chapter 3 introduces the methods use
in this study. First, representativity of soil moie measured by stations in Twente network
at station scale and footprint scale were testestdiystical indicators. Then, the application
of both geostatistical interpolation and tempotabgity analysis on identifying soil moisture
spatial distribution are examined. After that temgbcstability is applied again to analyze
seasonal change of spatial distribution. Lateniltesof upcaling algorithms are compared
and applied to validate the AMSR-E products. Chaptehows the results and discussion of
the analysis. Conclusion and recommendation aigepted in chapter 5.
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2. Study area and fieldwork

In this chapter, the two study areas are brieftyonuced, including location, topography,
climate land cover types and soil properties. Theldwork in Twente region to obtain

intensive soil moisture measurements is presented.

2.1. Description of networks at study areas

In this study, two areas, Twente (the Netherlangqu (China) are selected to validate
AMSR-E soil moisture products. Because these twmns have different land cover types,
climate conditions, soil properties and topograpagd these effects were identified to
influence surface soil moisture levels and alsd swisture spatial distribution. In both

regions, a network was installed. Details of the tvetworks are presented in 2.1.1 and 2.1.2.
2.1.1. Twente region

The Twente region is located in the eastern pathefNetherlands Figure 2-1 covering an
area of 50km by 35 km. The Twente network has lestalled by L. Dente in the frame of
her PhD research program “Retrieval of soil moistat global scale from satellite data
acquired by passive and active microwave sens@@sstations with ECH20 EC-TM Probes
installed to collect soil moisture data every 15 wmés. 19 stations out of 20 were installed
under grassland while the other one was in fofdsist of the probes took measurements
since April 2009. The study period is frorfi April 2009 to 18’ November 2009. Because of
the problems of probes (st4, st19) and limitatidndata availability (st20) during study
period, soil moisture at 17 stations, which alltétied under grassland were used in this
study. Soil moisture data collected by Twente nekaocalibrated and pre-processed, have

been delivered by L. Dente and used in this study.




SOIL MOISTURE TEMPORAL STABILITY AND ITS APPLICATION IN REMOTE SENSING PRODUCTS VALIDATION

Tilburg, GERMANY
Elﬁdhnven
BELGIUM -
RN st
ﬂ.
DEM of Twente "
&S00 E SN0 00 E EEROGOT E TG0 65 E ‘*‘
£ . =
: é
& ik
[ty
00
TR0
T g T e Fn ]
EUITI0O0E GTO0FE TRTM0O0E o
Coordinates systerm: GCS W3S _ 1984 Daturme D_WGS_1554 3008

Figure 2-1 Location and DEM of Twenteregion
2.1.1.1. Topography

The Twente region is flat. Figure 2-1 shows the D&l with the most important drainage
of this region, based on SRTM 90 using hydro prsicgstools in llwis. Table 2-1 gives the
information of altitude and slope of each statiostélled in this region as extracted from the
DEM.
Table 2-1 Topogr aphy of stationsin the Twenteregion
Station ID  Altitude (m) Slope degreeSlope percentage
ST-01 22 1 1.89
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ST-02 29 0.6 1

ST-03 12 0 0.0
ST-04 49 1 1.7
ST-05 19 11 1.4
ST-06 9 11 2.0
ST-07 23 0.8 14
ST-08 33 2.8 4.9
ST-09 35 0.5 0.9
ST-10 17 0.4 0.7
ST-11 12 0.2 0.3
ST-12 14 0 0.0
ST-13 11 0.1 0.1
ST-14 10 0 0.0
ST-15 11 0.4 0.7
ST-16 9 0.3 0.6
ST-17 10 0.5 1

ST-18 7 0.3 0.7
ST-19 9 0.5 0.9
ST-20 33 0.8 14

2.1.1.2. Climate

The Twente region has a mean temperature of aboGt ib the summer and’@ in the
winter. Precipitation is homogenously distributédoughout the year and it is, on average,
about 760 mm. In this region, 12 rain gauges of KN recording daily precipitation and
the data are available online (http://www.knmi.hiflatologie/monv/reeksen/).

Figure 2-2 describes average temperature and egmp condition of this region in 2009.
The x- axis is different months and left y-axipi®gcipitation presented in mm, and right y-
axis ix temperature ifC. The precipitation data was calculated based orait2gauges and
weighed by Thiessen polygon method. During stuglyopl, April was the driest month with
precipitation less than 25 mm and more than 125wa% recorded in July. Temperature of

the whole year ranged from'0 in winter to 20C in summer.
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Figure 2-2 Monthly averaged precipitation and temperaturein Twente
2.1.1.3. Land cover

Land cover in Twente region is quite heterogeneattls grassland, corn, forest, bare land
and urban area. Figure 2-3 is the land map bas&tDd with pixel size 250m downloaded
from (http://rapidfire.sci.gsfc.nasa.gov/subsets’)21st September 2009. From this map it is
difficult to point out different land cover typeke reason may be because the resolution is
low and NDVI of different land covers were mixedtin one pixel. In Figure2-4, typical

land cover types were shown.
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Figure 2-3 Land cover map of Maqu region
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Figure 2-4 Typical land cover typesin Twenteregion, Corn fieldsand grassland(a), forest(b),

bareland(c)
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2.1.1.4. Soil properties

The soil properties of stations on top layer in mteenetwork are listed in Table 2-2. The
procedures of measurements are presented in Appéndihe measurements were taken in
ITC laboratory. Soil properties of stl are nothe tist because of no data. On top layer, very
high sand content about 90% was experienced atdhjisn. Organic content at this region
was varies from about 2% to 7% at most statioregid®t st16 has the highest content, about
10%.

Table 2-2 Soil properties of stationsin Twenteregion

Station ID Sand Silt Clay Organic matter Soil texture
(%) (%) (%) (%)
st2 86.9 9.3 3.8 5.2 sand
st3 80.1 9.4 10.5 4.9 loamy sand
st4 82.3 12.9 4.8 3.3 loamy sand
st 85.1 9.2 5.8 7.4 loamy sand
st6 88.7 8.6 2.7 5.8 sand
st7 84.7 7.8 7.5 2.4 loamy sand
st8 95.0 3.2 1.8 6.9 sand
st9 88.4 8.6 3.0 4.6 sand
stl10 88.4 9.9 1.6 4.1 sand
stll 85.5 11.0 35 5.2 loamy sand
st12 90.8 6.1 3.1 2.0 sand
st13 89.9 7.2 2.9 7.0 sand
stl4 73.1 19.0 7.9 3.6 loamy sand
st15 90.8 9.2 0.0 5.1 sand
st16 83.9 16.1 0.0 10.4 sand
stl7 94.8 3.9 1.2 1.9 sand
st18 83.9 13.8 2.3 2.2 loamy sand
st19 88.4 10.2 1.4 4.3 sand
st20 98.2 1.8 0.0 4.4 sand

2.1.2. Maqu region

The Maqu region is located at the first meandethef Yellow River in southeast of Maqu
city, Gansu Province in China. The Yellow Riverdats tributaries, the black river and the
Lang River pass through this region figure 2-5dvers about 80 km by 45 km. The Maqu
network has been installed by L. Dente, Z. Vekeadyg the CAREERI-CAS institute in the
frame of the research program “Retrieval of soiishoe at global scale from satellite data
acquired by passive and active microwave sensonsl' the CEOP-AEGIS project. 20
stations with ECH20 EC-TM Probes installed to adlleoil moisture data every 15 minutes.
Soil moisture data at 5 stations (cstl-csts) wewmdlable since May 2008, and 15 stations
(nstl-nst15)were installed in June 2008. In thigaw, study period is from 30th June 2008

11
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to 12 May 2009. The data collected by Maqu netwogtibrated and pre-processed, have
been delivered by L. Dente and used in this study.
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Figure 2-5 Location and DEM of Maqu region
2.1.2.1. Topography

Topography at the eastern and central part of tlaguvregion is rolling or flat with an
average elevation of 3100 m a.m.s.l., whilst tleate is mountainous in the west with peaks
up to 4664m. The DEM and drainage map (Figure @4his region was based on SRTM 90
using the hydro processing tool in llwis.

Table 2-3 Topography in Maqu region

Station ID  Landscape Altitude Slope degre&lope percentage  Slope aspect

12
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NST-01 river_valley 3430 0.5 0.9 E
NST-02 river_valley 3434 2 3.4 NE
NST-03 hill_slope 3513 3.0 5.3 E
NST-04 river_valley 3447 1.8 3.1 NE
NST-05 hill_slope 3476 6.7 11.8 S
NST-06 river_valley 3428 3.0 5.2 E
NST-07 river_valley 3429 4.0 7.1 NE
NST-08 valley 3473 2.3 4.2 SE
NST-09 river_valley 3433 2.0 3.5 NW
NST-10 hill_slope 3511 10.5 18.5 w
NST-11 river_valley 3442 1.3 2.3 S
NST-12 river_valley 3440 0.9 1.8 SE
NST-13 valley 3519 3.3 5.7 S
NST-14 river_valley 3432 1.4 2.6 NE
NST-15 hill_slope 3751 18.1 32.8 NE
CST-01 river_valley 3431 2.0 3.6 SW
CST-02 river_valley 3449 15 2.6 W
CST-03 hill_valley 3507 0.8 1.4 S
CST-04 hill_valley 3504 2.6 4.7 S
CST-05 hill_valley 3542 0.4 0.8 S

2.1.2.2. Climate

In Maqu, summer is wet while winter is cold and.dBnly one station is located near the
study area. The meteorology data was measuredcht@rsts1074 Figure 2-6 provided by
China Meteorological Administration (CMA)
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Figure 2-6 Location of rain gaugein Maqu
Figure 2-7 shows the precipitation and temperadfifélaqu region collected by this station.
From June to September, high precipitation leves wacorded, especially in June and
September, while in winter; low precipitation wasserved from November to February.
Temperature of this region follows the same treiitth wrecipitation, high in summer about

10 °C while in winter it decreased to aboufG5

140 7 15
& Precipitation

120 r /\0\_ —e—Temperature 110

~ (o]

s 100 r A

E _ |5 &
= 80 r 3
S 3
S 60 - i o
=1 0 E
2 @
&

40 r
20 r H 17
I I I I I I:I I T I I:I I I:l I I _10

Jun- Jul- Aug- Sep- Oct- Nov- Dec- Jan- Feb- Mar- Apr- May-
08 08 08 08 08 08 08 09 09 09 09 09
Date

Figure 2-7 Monthly averaged precipitation and temperaturein Maqu
2.1.2.3. Land cover

This region is covered by homogenous grassland séthe wetlands figure 2-8, this map
was based on Landsat 5 NDVI image taken in ApriD20which was downloaded from
website http://landsat.datamirror.csdb.cn/list.agi®n=list&products=L45TM and
classified by ERDAS. In this map, grassland 1 presgrassland on valley, and grassland 2
presents grassland on hills with slopes. FiguresBevs pictures of typical land cover types

in Maqu region

14
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Figure 2-8 Land cover map of Maqu region

Figure 2-9 Typical land cover typesin Maqu region, hillsand river (a), grassland(b), wetland(c)
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2.1.2.4. Soil properties

Soil texture of most stations at this region islsihm (Table 2-4). Organic matter at most of
the places is low except nst 4 and nstl11, whichcaaed near wetlands.

Table 2-4 Soil propertiesat the top layer of the stationsin Maqu region

Station Sand Silt Clay Organic matter .

Solil texture

D ) () (%) (%)

NST-01 15.4 61.4 23.2 1.8 silt loam
NST-02 15.4 61.4 23.2 1.8 silt loam
NST-03 13.5 66.8 19.7 4.9 silt loam
NST-04 7.9 55.7 36.6 22.9 silt loam
NST-05 14.4 64.7 20.9 2.3 silt loam
NST-06 13.5 66.8 19.7 2.3 silt loam
NST-07 13.5 66.8 19.7 2.3 silt loam
NST-08 18.2 66.0 15.8 3.4 silt loam
NST-09 6.4 32.3 61.3 1.7 sandy loam
NST-10 14.6 494 36 2.4 loam-silt loam
NST-11 12.6 72.5 14.9 13.6 silt loam
NST-12 13.0 54.3 32.8 3.9 silt loam
NST-13 15.9 66.6 17.5 2.9 silt loam
NST-14 17.6 62.5 19.9 3.0 silt loam
NST-15 18.6 75.0 6.4 5.6 silt loam

2.2. Description of in situ experiment

In the Twente region, according to description .ib.2, soil properties at top layer are similar
between stations, and topography is flat almostyeygere but land cover at this region is

quite heterogeneous. The 17 stations used to d@stemeal soil moisture of this region are all

installed in grassland. Since large differencesaiff moisture value may be observed under
different land cover types, the information lostaodiher land covers (eg. Corn, bare land,
forest) may cause errors. Therefore, a fieldworkrépresentativity examination of stations

at this region is needed.

In the Maqu region, according to description in.2,Xkoil properties at top layer are similar
among all the stations; land cover is homogeneoasstand with wetland at some places.
Stations have been installed at both land covereglatopography is rolling at this region,

and stations in this network can well represenicgldandscapes. Therefore, representativity
examination is not as necessary as in the Twegterrén this study.

The aims of representativity examination are ag\:

16
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e Checking whether soil moisture values measuredtatoss, which were usually
installed at border of grasslands, are represeptéi soil moisture in the same and
the neighbouring fields or not, especially fieldshwdifferent land cover types.

e Checking whether the soil moisture values recofged 7 stations under grassland
can represent the results combined with differantlicovers.

Due to the aims above, to avoid soil moisture défifiees influenced by precipitation events
and land cover change, sampling duration shouldstmat. In this study, the sampling
duration was within one day, and same work has bepeated for 5 times, on 2
September, 1 October, 8 October, 21 October and 28 October 2009. Surface soil
moisture was measured both by Theta probes andmgtic method. Considering time
limitation, 8 stations among 17 in the Twente ragieere sampled to test representativity.
The selection was influenced by the location afiin; the 8 stations should spread uniformly
over the Twente region, and other reasons liketegture, and site access were also taken
into consideration.
In each of the 8 stations, 3 fields (the field whtre station installed and two fields next to it
with possibly different land cover) were samplelield attributes are listed in Table 2- 5
represent typical combinations of soil texture &mtl cover in the Twente region.

Table 2-5 Field attributes

Station ID Soil texture Land cover Location of sems
(Dutch RD coordinates)

St3 Loamy sand Grassland/corn/bare land 2505085568.1
St5 Loamy sand Grassland/corn/bare land 24450688Y78
St7 Loamy sand Corn/bare land 262418.7,488157.2
St8 Sand Grassland/corn/bare land/forest 2479X¥51698.4
St11 Loamy sand Grassland / forest 235006.1,472987.
St12 Sand Grassland/corn/bare land 235219.2,462881.
Stl7 Sand Grassland 233416.3,493027.5
Stl18 Loamy sand Grassland/corn/bare land 2225®118P.4

In each field, Three points with homogeneous vdigetaand gentle slope were tested along
one transect with interval about 20 to 30 m. Comsidy spatial variability of soil moisture 9

measurements were taken at each point.

In Figure 2-10, (a) illustrates the distribution&ftations in the Twente region. (b) and (c)
are examples of the sampling points at station atit station st03. Sampling points at each
station is presented in Appendix-2.Red points sltwsvlocations of the sensors, while the
yellow marks were the points where intensive messents were taken by theta probes.
Therefore, within one day 9 measurements *3 pdiBtield *8 stations, 648 measurements

in total were taken. One or two soil moisture valuere taken at one station by gravimetric

17
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method for Theta-probes calibration. All the meamgnts taken in Twente region were
collected between 9 am and 5 pm each day. Cooddirtdteach site were received by GPS.

Figure 2-10 Distribution of sampling stations, Location of 8 stations selected (a) sampling points
at station17 (b), and station03 (c)

2.3. Soil moisture measurement

In this part, calibration of in-situ soil moistucellected by Theta-T probe and AMSR-E soil
moisture data used in this study are introduced.

2.3.1. In situ measurement for soil moisture

In this study, Theta-T probe was used to do fieldasurements intensively and be
calibrated by gravimetric method (Figure 2-11). Thethods of two measurements are
presented in Appendix-3.The two datasets collettigdwo measurements show a good
linear relation with Rof 0.8262. As Figure 2-11 shows, only 3 out ofv@fiies are outliers.
Slight bends were observed when soil moisturewgetahan 15% and higher than 30%, a
logarithmic relation is also applied with ai ®8299. Since no obvious improvement when
applying a logarithmic relation, to make the cadtiadn easier, in this research linear model
is used to calibrate Theta-T probes.

18



SOIL MOISTURE TEMPORAL STABILITY AND ITS APPLICATION IN REMOTE SENSING PRODUCTS VALIDATION

Calibration of Theta-probe Residule analysis
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Figure 2-11 Theta-probe calibration and residual analysis

2.3.2. Remote sensing of soil moisture

The advanced microwave scanning radiometer (AMSRe)n on Aqua provides passive
microwave measurement. VUA-NASA applies the Landf&e Parameter Model (LPRM)
(Owe et al. 2001) using 6.9 GHz and 10.7 GHz chlatmeetrieve soil moisture from
brightness temperature. In this research, their RMES soil moisture products were

downloaded fromHttp://www.falw.vu/~jeur/lprmy.
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3. Research methods

3.1. Representativity examination

Data collected by the calibrated Theta-probe wasd u® define whether the data

measured by the ECH20 EC-TM sensors are representatthe whole area in Twente.

8 stations were selected out of the 17. The arabmisisted of two parts:

« Examine representativity of 8 stations at statioales by comparing field datasets
with the one got from the corresponding sensonasame time.

o Examine representativity of 17 stations at the gdat scale by spatial statistics
based on three datasets (soil moisture data frefd fivork at 8 stations, sail
moisture data from installed sensor at 8 statisnd, moisture data from installed

sensor at 17 stations) on the five days of the fi@mpaigns.
3.1.1. Soil moisture representativity examination at station scale

81 soil moisture measurements (9 measurementsindspd fields) were taken per station on
each day of the field campaign. Generally, measengsmat one station lasted for 30 minutes
to 1 hour depending on the land cover, during whicly two or three records were taken by
sensor. The following statistical analysis aimguntifying the representativity

e Parametric analysis

To find out how probabilities associated to a grafpcontinuous independent variables

cumulative density function (CDF) is always calteth It is a S-shape curve to tell the
probability of value less than x is obtained(Qi 2D0ts slope is probability density. This
algorithm always based on certain distributions hswas normal distribution, gamma
distribution, exponential distribution to quantgyobabilities.

Normal distribution is an essential distributiorr forobability. It is widely use when the
target variables are random selected or influedigethany independent factors and none of

them is influential. Equation 4-1 is the functicsed to calculate density function.

1 —(x— Yy’
f(x,u,o0)= 3-1
(X, 1,0) \/2m2 ex 57

M is the average of variables, x is individual valgsando is standard deviation

And the equation 3-2 is the function for CDF

X _(y-u)?

F(X,/j,a):ﬁj e_ 207 dy_oo< X< 00 3.2

—00
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In this study, an indicator ‘pnorm’ was used towhaepresentativity. Histograms are built
for each station and also each type of land covena station during 5 days. Examples are

shown in Figure 3-1:

snil moisture in station 03 day 1028 soil maisture in station 05 day 1028
=+ =+
) o
mean: 27.93 mean: 2778
i stk 244 o stk 625
%‘ o medlan; 27.73 ;-m‘ o median: 3073
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Figure 3-1 Examples of pnorm analysis
(Day 1028 means 290ctober)

Based on the histogram, a probability density fiamct(black curve) was calculated and
approximated by a normal distribution (red cureesing the mean and the standard deviation
of the measurements. Then the cumulative probglbitits defined from the density function.
‘pnorm’ is cumulative probability minus 0.5 (centwEnormal distribution) ranging from -0.5
to 0.5. This indicator tells whether the value nuead by the recording sensor is
underestimated or overestimated compared with tkgeated value 0.5, in terms of
normalized distance. In the following analysis,e8frold to identify representativity by
‘pnorm’ is -0.3, +0.3 according to the histogranasé&d on intensive field measurements.
For example, in the case of Figure 3-1, at stdli®nhe cumulative probability of the sensor
is about 0.1, and the corresponding ‘pnorm’ is,-@dile at station 05 cumulative probability
is 0.26 then the corresponding ‘pnorm’ is -0.24;cading to the thresholds, the sensor is not
representative at station 03 on"28ctober, but representative at station 05. It reethe
sensor value is too high to be representative.Histegrams for each station on each day are
presented in Appendix-5.
To avoid errors due to unknown distribution, a maieust method was also used in this part

of the work, as shown below:

f(%) :—X_I'\("g'a“ 3-3

Here x is the sensor value, while median and IQRaiculated by field work data. In

probability distribution, median is more robustrihaean. Inter Quartile Range (IQR) tells
the differences between the first the quarter aedhird quarter. To some extent, it presents
the statistical dispersion of variables. For camburs distribution CDF can be used to

calculate IQR:
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IQR= CDF *(0.25)- CDF*(0.75 3-4

For this indicator, ‘Diff/IQR’, the thresholds ajgd in this study is -1 and 1. If Diff/IQR is
much higher than 1 or lower than -1 then the sensdwe is not representative. When
Diff/IQR is close to 0, it means the sensor vahiespresentative.

e Non-parametric analysis

When the variables are not continuous, discretbghility can be used. In this research, soll
moisture values we collected at one station maybeohormally distributed. We can find
obvious skewness and bimodal distributions in samases, so analysis based on normal
distribution may cause big error. By this metholdeth-probe measurements at one station on
one day are ranked together with the sensor valfier ranking, by comparing the rank of
sensor value and total number of measurementseseptativity can be identified. The
threshold for representativity is the middle h&ér example on 22 September the rank of
sensor at station st03 is 64/64, this means theoseralue is the highest among all the
measurements at same station same day. The adeemak should be between 16/64 to
48/64 in this case. Therefore sensor value df S2ptember at station st03 was not
representative. This method based on rank is mimpler than parametric analysis. Since

most of the soil moisture data are not normallyritigted, this method is useful
3.1.2. Soil moisture representativity examination on footprint scale

Three datasets are compared to identify whethesdimsor values can represent the whole

area or not.
e Boxplot
Box plot is used to display the difference betwgepulations without any assumption of

underlying statistical distribution. It is non-paratric. Box plot is a graph based on a five-
number summary (McGill et al. 1978). Figure 3-1wwhan example of box plot of normal
distribution compared with its density function:
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Figure 3-2 Box plot with density function (Wikipedia)
o T-test
T test is first published by W. S. Gossett in 1908 perfected by R.A. Fisher later (Michael

2007). Fisher pointed out that for small —samphistics the results should be obtained

based on sample variance and population variangetin for calculation is shown in 3-5

_mean_ diff _ VY, -Y,
sqjiff Sgiff

B-

Y,.Y, are mean of two variablesg, is standard error of the difference between twame

values. If the two variables are independent, tretance of the two variables equals to the

sum of the separate variances. The function tesggt is presented in 3-6:

, 2

S

S&ir = _A+§ 3-6
Ny Ny

S,,S; are standard error of two variables relatively, n;are the sample size of the two

variables. In this test the null hypothesis is thiat two means are same. Generally, 5%

probability as the threshold was used to rejechifpothesis.

3.2.  Soil moisture spatial distribution on footprint scale

Geostatistical interpolation and temporal stabilggalysis are used to estimate spatial

distribution of soil moisture at two areas.
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3.2.1. Geostatistical interpolation

Variogram analysis is a frequently used methodescdbe the spatial distribution of variables. In
this research, it was used to evaluate the smhsibution of soil moisture.

The semi-variogram is square of the increments ofidable with a distance, known as lag
(Buchter et al. 1991). It is defined as:

MO =5 (200 Zx+ b) 37

y(h) is called the semi-variogram, N is the number dfspaf data separated by the lag h.

Trend surface which simply consider variables basedpatial coordinates with first and second

order polynomial were also used in this study.
3.2.2. Temporal stability analysis

(Guber et al. 2008) demonstrated that no advarnsagietained when high frequency soil moisture
measurements are used for the temporal stabiliglysis. So in the present research daily
averages were used. Furthermore, (Guber et al) 2iMifled the whole year into four seasons and
based their stability analysis on the Mean Reldbiféerence (MRD) and Standard Deviation of
the Relative Difference (SDRD), which are describetbw.Mean relative difference is defined by
(Vachaud et al. 1985) and it is calculated as,

n -
gi = Ez 3,1_ 3

= § 3-8

Whereb_i is MRD, §j is the measured soil moisture at it timej of n records of the study

S : . .
period. ! is the computed average among all sites at timdRD is calculated to show the

difference between each site and the average swdtune in a certain period. To know how

variable the relationship is, SDRg(d) is used here,

1

a(@) :Z(—Jn - j

3-9

From MRD and standard deviation, each site carabked and it is possible to find one or more
stations with mean relative difference near ze atow standard deviation.

If in this analysis, one station is determined écalppropriate the correlation coefficient (Coshlet
2004) between two stations can be used to checkethdts, whether the station chosen has high
correlation with other stations ? Correlation cimight is calculated as follows:
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> (8,-9(8,- 9

S-S (59

WhereS'J is soil moisture value for statidrat timej and '+ is soil moisture in statioil at time

J. S is the average soil moisture value for stafiaturing the whole period.s' is the average

soil moisture value for statidh during the whole period.

(Schneider et al. 2008) averaged two to four rmoseptable point measurements and they found
results received from four were more close to thatial mean. It is possible to give different
weights by a simple multivariate linear regresdiased on a cost function between soil moisture
point measurements and spatial mean.

3.3. Upscaling operators

To estimate areal soil moisture at large area,gugioint measurements may have low
precision or even bring bias. Therefore it is betbescale up the point measurements. Even if
the point measurements fit the spatial averagddmmsture well, low precision may also be
obtained because there are constant offset betthese datasets(De Lannoy et al. 2007).
Three methods below are all based on the relatipristween time- invariant measurements
of point and spatial average.

e Absolute differences
(De Lannoy et al. 2007) used absolute differenoa® fresults of temporal stability to correct
point measurements. In temporal stability analysisan relative differences were calculated
to identify the station which is most close to sgdanean. In this step, this parameter is again
be used to convert point measurements to spateabhge. Equation 3-11 gives the way for

transformation from point measurements to arealnsoisture:

i 3-11

S, is the soil moisture of point measurement at@dtitime . S is mean relative

differences of at statioin Yi is areal soil moisture after upscaling.

e Linear regression
This method assuming that there is a linear raidbetween point measurements and spatial
averaged measurements. The equation for calculistisimown in

yy=ag, +t 3-12

a andb are constant parameters for linear regression.
e Higher order regression
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To fit a higher order moments of the point scaledadand spatial average, higher order

regression are also applied. 3-13, 3-14 give theton of second order regression:

y,=a§; + bg} to 3-13

yy=a+bg; + cS + d3 3-14

To evaluate the results bias, RMSE, correlationlmmised to compare the upscaled dataset with

average soil moisture. Which method gives bestltesompared with spatial average. The way
for calculation R is same with 3-10, and RMSE at®are shown in 3-15, 3-16

N
RMSE= /12( y- )2
= 3-15

1 1.
BlAS_‘ﬁé Y_N; 4

3-16

N is total number of measuremen%@,is spatial averaged soil moistur%, is upscaled soil

moisture.

3.4. Remote sensing products validation

AMSR-E overpass times are 1:30 AM and 1:30 PM atlldime of the descending and
ascending tacks, respectively. The in-situ datdectdd at the same time by the selected
representative stations were used for the validatibthe AMSR-E based SM products.
Scatter plots and regression analysis of the tienes were used to compare the differences
of the in-situ and the AMSR-E products. Then RMStE & were applied to quantify the

differences between datasets.
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4. Results and discussion

This chapter present the results and discussiotigo$tudy based on the measurements
listed in chapter 3. First results from represevitsitexamination are presented (4.1), then
soil moisture spatial distribution is estimatedtiyp methods to get the idea whether they can
well present the study area or not (4.2), in 4.8cafing was applied based on point
measurements, and the results from different upgraiethods and stations were discussed.
After that, the upscaled soil moisture were usecbtapare with remote sensing
products.(4.4)

4.1. Representativity examination

In this part, first time series of soil moisturesn@mpared with precipitation in Twente
region, to identify the weather condition of thddys for intensive measurements, then, the

station representativity was tested both at stattate and footprint scale.
4.1.1. Time series of SM and rainfall in Twente region

The weather condition of the Twente region in Segiter and October 2009 is shown in the
Figure 4-1. The upper half of the figure represehés soil moisture recorded by 8 stations
where the fieldwork was carried out. Measuremendsewaken in every 15 minutes. The
lower part of the figure is a record of daily pEtation, based on 12 rain gauges spreading
over the area. Among all the stations, station stiServed the lowest soil moisture during
the whole period; while station stl11 recorded tighdst. At the beginning of this period, low
soil moisture values were observed, ranging 5% kout 20%. The heaviest rain was
recorded on B October, and after that soil moisture increasedmatically. Spatial
distribution changed as well, soil moisture atistatstll increased sharply to about 35%,
while the moisture condition at station st17 hadmah change, shifting around 10%. The
order of the stations changed also.

Due to practical reasons, most of the field campeigere in October, when the precipitation
was relatively high. Nevertheless, on the first,d@gptember 22 (day 22), the area was
drying out. No rainfall was recorded in the 5 aptient days. On Octobet (day 31), it was
raining slightly even a few hours before our fieldrk. The third day of field work (day 39)
was one day after a heavy rain; more than 20 mndagmwas recorded by most of the rain
gauges. Weather condition on Octobet @lay 51) was similar to the first field work day.
However soil moisture was much higher. The last dfyield work (day 58) was in wet
condition with a slight rain the day before. Theref in this study, the first 2 days are

identified as in dry condition while the other 3iasvet condition.
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Soil moisture and precipitation in September and October 2009
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Figure4-1 Soil moisture at 8 stations at 5cm depth and precipitation in Twente region from September

to October 2009
Table 4-1 shows the correlation matrix of soil mais of the 5 days of filed work. High
correlation coefficients (about 0.9) are shown leswithe last three days (which were in wet
conditions), indicating similar spatial distributea The correlation coefficients between
October ' and other days are the lowest, indicating lesdairspatial distributions

Table 4-1Correlation matrix of SM between different days

22" Sep 01%Oct 09" Oct 21% Oct 28" Oct
22" Sep 1.000
01% Oct 0.791 1.000
09" Oct 0.754 0.605 1.000
21% Oct 0.719 0.606 0.915 1.000
28" Oct 0.714 0.553 0.868 0.902 1.000

4.1.2. Soil moisture representativity examination at station scale

In the following, an analysis of the individual titas is presented by 5 aspects, PDF shape,
pnorm, rank, diff, Diff/IQR (in tables below dategth red means sensor value at that day are
representative):

e  Station st03

28



SOIL MOISTURE TEMPORAL STABILITY AND ITS APPLICATION IN REMOTE SENSING PRODUCTS VALIDATION

At station st03, three fields (two grass fields amé& corn field) were tested. Corn was cut
just before 1 October. The results of the statistical analysisliated in Table 4-2. The three
methods yield the same results here: on the firstdays the sensor values were much higher
than field measurements. While when the weathedition was wet on October 0%he
sensor value became representative. The last ty®wlere not comparable because one field
was not accessible for measurements.

Table 4-2 Results of therepresentativity analysis at station st03

Date 22" Sep 01% Oct 09" Oct 21% Oct* 28" Oct*
Land cover Grass, corn  Grass, bare  Grass, bare Grass Grass
PDF shape Bimodal Unimodal Bimodal unimodal unimodal

Pnorm (to 0.5) 0.5 0.42 -0.06 -0.43 -0.4

Rank 64/64 57/64 25/64 5/43 4/43

Diff 8.17 2.31 -0.64 -1.88 -3.95

Diff/IQR 1.86 1.73 -0.3 -2.44 -1.45

* Based on data of two fields, since one field wasaccessible for measurements

e Station st05
At Station st05 the land cover is same as stat&rivlo grass fields and one corn field were

included in the measurements. The results are megbén Table 4-3. On September?and
October 01 the sensor values were too low to be represertaiihile on the other three
days the sensor values are representative.

Table 4-3 Results of therepresentativity analysis at station st05

Date 22" Sep 01% Oct 09" Oct 21% Oct 28" Oct
Land cover Grass, corn  Grass, bare  Grass, bare  Grass, baress, Gaaie
PDF shape Unimodal Unimodal Bimodal bimodal bimodal

Pnorm (to 0.5) -0.5 -0.5 -0.33 -0.27 -0.24

Rank 1/64 1/64 15/64 17.5/50 19/64

Diff -4.02 -5.14 -4.06 -3.88 -3.97

Diff/IQR -3.01 -3.34 -1.05 -0.8 -0.73

e  Station st07
At Station st07 all the fields around it are caangd station was installed on the edge of one

these fields. The corn was harvested just befofetober. Three methods give different
results here. On 2% September and Z10ctober, sensor values were not representativy
according to Pnorm (0.44,-0.34) and Rank (60/6464Q/ while acceptable by
Diff/IQR(0.94,0.97), Since Diff/IQR are close tq &nd the histograms of the two days
shows they are not representative.
Table 4-4 Results of the representativity analysis at station st07
Date 22" Sep 01% Oct 09" Oct 21% Oct 28" Oct
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Land cover Corn Corn Corn Bare Bare
PDF shape Unimodal Unimodal Bimodal Bimodal Bimodal
Pnorm (to 0.5) 0.44 0.09 0.1 -0.34 -0.44
Rank 60/64 31/64 39/64 9/64 4/64
Diff 3.91 0.95 0.85 -3.93 -5.51
Diff/IQR 0.94 0.11 0.77 -0.97 -1.47
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Figure 4-2 Histograms of soil moisture at station st07 on 22" September and 21% October
e Station st08
At station stO8three fields with different land eos were tested. Corn was cut sincé 01
October. As shown in Table 4-5, on the first twygjasensor values are lower than all the
field measurements. On the other three days theosemalues are representative.

Table 4-5 Results of the representativity analysis at station st08

Date 22" Sep 01% Oct 09" Oct 21% Oct 28" Oct
Land cover Grass, corn, Grass, bare, Grass, Grass, Grass,
forest forest bare, forest bare, forest bare, forest
PDF shape Bimodal unimodal Bimodal unimodal unimodal
Pnorm (to 0.5) -0.44 -0.5 -0.04 0.09 -0.05
Rank 3/64 1/64 24/64 37/64 29/64
Diff -3.55 -9.51 -0.34 0.58 -0.27
Diff/IQR -1.3 -7.6 -0.45 0.14 -0.18

e Station stll
At station stll two grass fields and one forestewessted. Here, sensor values are much

higher than the field measurements. The analysseda&n IQR shows that the station is
representative, but this is due to the broad vadumge at this station. Figure 4-3 gives an

example of soil moisture distribution at this plame which the large value range can be

observed.
Table 4-6 Results of the representativity analysis at station st11
Date 22" Sep 01% Oct 09" Oct 21% Oct 28" Oct
Land cover Grass, forest  Grass, forest  Grass, forest  Grasstfo Grass, forest
PDF shape Bimodal bimodal Bimodal unimodal unimodal
Pnorm (to 0.5) 0.4 0.45 0.47 0.45 0.47
Rank 58/64 64/64 64/64 64/64 64/64
Diff 8.24 8.90 11.15 10.31 11.76

Diff/IQR 0.54 1.08 0.93 0.88 1.22
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Figure 4-3 Soil maisture distribution at station 11 on 9" October
e Station st12
The three methods give different results here. Adiog to probability analysis and ranking,

the representativity is acceptable only on thet fday. While if we consider IQR and
difference between sensor value and mean, it ieseptative on all the five days.

Table 4-7 Results of therepresentativity analysis at station st12

Date 22" Sep 01% Oct 09" Oct 21% Oct 28" Oct
Land cover Grass, corn  Grass, corn  Grass, corn  Grass, cornss@rare
PDF shape Bimodal bimodal Unimodal bimodal unimodal

Pnorm (to 0.5) 0.03 -0.44 -0.33 -0.35 -0.31

Rank 37/57 5/64 10/64 10/64 11/64

Diff 0.22 -4.60 -2.25 -2.99 -2.82

Diff/IQR 0.37 -1.22 -1.91 -0.47 -0.66

To estimate which method gives a more reliable ltegu this station, let's turn to the

histograms of soil moisture measured in field warid the corresponding sensor values
(Figure 4-4); most of the distributions are bimodadl the different results are caused by the
obvious skewness. According to this observation atsb the analysis above, we can

conclude that the sensor value is not represestativof' October, while on other days it is

representative.
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Figure 4-4 Soil moisture distribution in station st12

e Station st17
At Station st17 the fields chosen here are coveidigrass. As shown in Table 4-8, sensor

values are much lower than field measurements lothaldays, according to all indicators.
This station is not representative.
Table 4-8 Results of therepresentativity analysis at station st17

Date 22" Sep 01% Oct 09" Oct 21% Oct 28" Oct
Land cover Grass Grass Grass Grass Grass
PDF shape bimodal bimodal unimodal bimodal unimodal

Pnorm (to 0.5) -0.5 -0.49 -0.5 -0.5 -0.5

Rank 1/64 1/64 1/64 1/64 1/64

Diff -14.05 -11.31 -17.59 -17.97 -18.56

Diff/IQR -4.19 -1.45 -10.11 -11.56 -9.89

e Station st18
At station st18 two grasslands and one corn fiektewtested. Corn was cut after®01

October. As shown in Table 4-9, on the first twygjasensor values are lower than all the

field measurements. On the other three days thierstmeasurements are representative.

Date 22" Sep 01% Oct 09" Oct 21% Oct 28" Oct
Land cover Grass, corn  Grass, bare  Grass, bare  Grass, baress, Gaae
PDF shape unimodal unimodal bimodal Bimodal Bimodal

Pnorm (to 0.5) -0.5 -0.5 0.02 -0.05 -0.17

Rank 1/64 1/64 27/64 22/64 24/64

Diff/IQR 24 -4.03 0.22 -0.32 -0.2

Table 4-9 Results of the representativity analysis at station st18
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4.1.3. Time series of representativity

In this part representativity of stations with salaed cover types are compared during five
days. Form the analysis above, ‘pnorm ‘has a sangerfrom -1 to 1 for each station and
can tell the representativity well was selectedptesent representativity time series. In
station st03, st05, st08, st018 land cover typessamilar, grassland and corn, and after
October T corn was cut. Figure 4-5 shows how representgtifianged in time, based on

the days of the field campaigns.
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Figure 4-5 Time series of station representativity at stations st03, st05, st08 and st18
By comparing the results for stations st05, st@88,sit can be concluded that the sensor
values are lower than the field measurements irbéggnning of the period, while at station
03 it is much higher. The calculated ‘pnorm’ for'@Qctober was similar to the one on22
September, although the land cover was differentvéver, representativity improved a lot
after 9" October when the weather condition became wetere | omit station 03, because
no bare land on last two days, because of thendissing at two fields on last two days.
Figure 4-6 presents how soil moisture under diffedand covers change in dry and wet
conditions at station 5. The histograms on thedsdtbased on soil moisture measured 6h 01
October (dry condition), giving the information af three fields (top), grass fields (middle)
and bare land (bottom), respectively. As we sei nsoisture values of grass land and bare
land were almost within the same range. On the sgte of the figure, graphs represent the
situation on 28 October (wet condition). Data collected from gréesd was obviously
higher than that from bare land. The same rule feaad in each station with mixed land
covers. Appendix-5. In this figure, soil moistureeasured by Theta-probes is higher than

installed sensor, although they both took measunesnender grass.
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Figure 4-6 Soil maisture distribution at station 5 on 1% October and 28" October
4.1.4. Soil moisture representativity examination on footprint scale

The box plots in figure 4-7 compares soil moistdigtribution on different land covers and
also collected by different equipments in Twentgior. During the fieldwork period, soil
moisture values are only available at 15 statieagjata from 15 stations are used to compare
with 8 stations selected for representativity exations.
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soil moisture on 9th October soil moisture on 21st October
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Figure 4-7 Box plotsfor soil moisture on five days
In each sub-figure, the first two box plots aredshsn the sensor values of the 8 stations
used in the fieldwork and the 15 stations respebtivThe third ones are all the
measurements from field work in one day regardt#dsnd cover differences. To quantify
the differences, t-test was used. The resultsiste=llin table 4-10:

Table4-10 t-test resultsfor representativity
Field _sensor (8) Sensor (15) _sensor (8)

t p-value t p-value

22" September -0.32 0.75 -0.68 0.50
01% October -1.56 0.15 -0.56 0.58
09" October -0.58 0.57 -1.00 0.33
21% October -1.10 0.30 -0.83 0.41
28" October -1.29 0.23 -0.85 0.40

The results from 8 stations and 15 stations ardasimvhich means the stations we chose for

field work can represent stations installed in Tigeregion. Generally, sensor values are
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lower than field measurements. The null hypothisthis t-test is that there is no significant
difference between means of the two datasets. Shme@-values are all much larger than
0.05, which was identified to be the level of réjeg, we cannot reject the hypothesis. Thus
there is no significant difference between the rseainthe field measurements, the sensor

values, and the 8 tested stations and all theoatativorking in Twente region on each day.
4.1.5. Summary and Discussion of representativity

Based on all the analysis in 4.1.2, sensors iestal station st11 and station st17 were not
representative on all the 5 tested days. Statibh sterestimated while st17 underestimated
soil moisture. It suggested removing these statioNs station showed a perfect
representativity during all the tested days. Hasvevis obvious that the more stations are
shown to be representative on the last 3 days whare identified as in wet condition. same
result got from 4.1.3, and from the histogramsaif moisture, difference of soil moisture
under different land cover types increased whenwibather getting wetter. That may be
caused by higher evaporation and infiltration op tayer of bare land in wet condition,
because of the lack of the protective effect of ¥kgetation. This separation causes high
standard deviation which contributes to good regmeivity in wet condition with mixed
land covers. However, obvious differences were dobetween soil moisture value based on
station and Theta- probes even when with measuitsmere taken on grassland, the reason
behind may be the spatial variability, since thaishs were installed at the border of fields,
and also may caused by the different layers theasomed. Stations were installed to measure
soil moisture at the depth of 5¢cm, while Theta-dhb@ give the information at the depth of
Ocmto 6 cm.

At footprint scale, stations installed can reprégba intensive soil moisture well, although

the station values are relatively lower than Thefaobes.

4.2. Soil moisture spatial distribution on footprint scale

Two methods geostatistical interpolation and terapatability analysis were used to
estimate the spatial distribution of soil moistimél'wente and Maqu regions. The results are
presented as follows

4.2.1. Geostatistical interpolation

In this part, the possibilities of interpolationrfavell estimating spatial soil moisture
distributions were tested at two areas. In Tweatgon, intensive in-situ measurements allow
the application of semi-variogram for spatial ctatien identification, which is useful to find
a model for interpolation. Errors areBoth of theotareas are trend surface he results of

interpolation
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4.2.1.1. Twente region

In Figure 4-8, semi-variograms based on the fietdknmeasurements in the Twente region
on the five field measurement days are presentéld aviag distance of 1000 m. No clear

spatial distribution of the soil moisture can be@tved in them with such large lags. There
were no point pairs found with separation distarfcesh 1km to 10 km. Semi-variances at

the shortest lag are in the same order of magniaisdeeyond 10 km, where there is no clear
pattern; so it can be concluded that it is not jpbssto find a fitting kriging model for

interpolation with the available data
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Figure 4-8 Semi-variogams of soil moisturein Twenteregion at large scale

To understand the spatial correlation of soil moist same method was applied to shorter lag
distances too. Figure 4-9 shows the semi-variogmains®il moisture within 500 meters with
lag distance steps of 50 m. In day 1 and day 2lear spatial distribution can be observed.
The semi-variograms suggest some periodicity, big tmight be false. However a clear
pattern on the last three days can be obtained wgbout 250 m. These three days were
relatively wet. This means that in wet conditidmg spatial correlation length of soil moisture

at this region is longer than in dry conditionsysxed by frontal precipitation.
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Figure 4-9 Semi-variogams of soil moisturein Twente region within 500m
This part spatial correlation within 250 m with gteof 20m was tested to analyse the spatial
distribution in dayl and day2 which were in dry dition. A nicer pattern of soil moisture on
day 1 was shown up to 100 m distance, while onZstyll nothing can be concluded. It may
be because of a slight rain before several houtkeomeasurements. The vegetations above
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soil caused the heterogeneity of precipitation @ffeto soil moisture. Nice spatial

distributions were shown for day 3, day 4 and daith a smaller step figure 4-10.
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Figure 4-10 Semi-variogams of soil moisturein Twenteregion within 250m

According to the semi-variogram analysis, in thegion, the spatial correlation length (the
range of the semi-variogram) of the soil moistusetao short compared to the average
separation distance of the observation stationghia research. Therefore, as it was
mentioned before, kriging cannot be used for irdgkfon of soil moisture in Twente region.
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To test regional trends, trend surface fitting waed. These surfaces did not show temporal
stability; furthermore, big errors occurred by bdirst order and second order models.
RMSE values were very high for all the 5 days (€ablll).

Table 4-11 RM SE of interpolation resultson 5 daysin Twenteregion

dayl day?2 day3 day4 day5
First order 6.23 5.95 6.28 6.06 6.02
Second order 5.53 5.01 5.28 5.18 4.83

(Dayl is 22% September 2009, day?2 is$b@ctober 2009, day3 is i®Dctober 2009, day4 is 1
October 2009, day5 is #&ctober 2009)

Figure 4-11 shows soil moisture distribution afteterpolation based on inverse distance
method for the five days, with same legend. Low swisture was presented in black and
high with white. According to the above analysisterpolation does not show the spatial
distribution in detail, using such a few data irglkaarea. However, these maps show patterns
stable in time, no matter whether in wet or dryditian, which was proved by the fact, that
the ranks of soil moisture values of these statiese persistent. Station st17, which is
located at the NNW edge, always recorded the lowessture value, while stations st10,
stll, st16 which are at the centre of the area,thadighest water content. Other stations,
generally the ones located at southern part weer thian the stations in the north. This

phenomenon indicated that there is a temporal lgtabf soil moisture distribution in this

region.

41



SOIL MOISTURE TEMPORAL STABILITY AND ITS APPLICATION IN REMOTE SENSING PRODUCTS VALIDATION

o i

Figure4-11 Spatial distribution of soil moisture of 5 daysin Twenteregion

4.2.1.2. Maqu region

In this region, we don’t have intensive measuresémtapply a semi-variogram analysis for
spatial correlation examination. However, the rissaf fitting trend surfaces were similar to
the Twente region. We choose 5 days, which havesdhge data availability of stations and
different weather conditions. Results showed laggeors Table 4-12 and the spatial
distributions for different days were similar. lhig region, to show the pattern clearly, a
different legend was used for dayl from the othéiays). Stations located at the center of

region were always wet, and other stations aresliswn to have rank stability at this region.

Figure 4-12

Table4-12 RM SE of interpolation resultson 5 daysin Maqu region
dayl day2 day3 day4 day5
First order 5.94 5.60 8.06 4.92 4.08
Second order  5.95 5.64 7.97 4.96 4.08

(Dayl is 22% September 2008, day2 is$b@ctober 2008, day3 is i®Dctober 2008, day4 is 1

October 2008, day5 is #&ctober 2008)
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Figure 4-12 Spatial distribution of soil moisture of 5 daysin Maqu region

4.2.2. Temporal stability analysis

In this part, temporal stability presented by MRl &DRD was tested at these two areas for
the whole study periods. Considering the seasofiakinces, temporal stability of each
station was also tested by seasons, which is fiethtly weather conditions (temperature

and precipitation. Correlations between each stattne area were calculated to find the
representative stations.

4.2.2.1. Maqu region

e MRD and SDRD
First the temporal stability was applied for the whole studyoderFigure 4-13.
Station nst15 is shown with big variance which means this sta&ioot temporally
stable.The most representative station can be selected fisil, nst13, cst4. Data in nstl
and cst4 is available only for a short period. Efi@e station nstl3 was selected as the
representative station which can be used for l@mm testimation of spatial averaged soil
moisture.
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Temporal stability in Maqu
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Figure 4-13 Mean relative difference plot for Maqu region (from 30" June 2008 to 12" 2009)
Considering that soil moisture spatial distributiomy change as the weather conditions
change, temporal stability analysis was appliediti@rent parts of study period. According
to Figure 4-14, this study period can be separatiedfour sub-periods, however due to the

limitation of data availability, in this study thiest two sub-periods were analysed as one.
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Soil moisture and weather condition in Maqu
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Figure 4-14 Time series of soil moisture at all stations and spatial averagein Maqu comparing with

Temperature and precipitation

Therefore, the first sub-period is from™0une 2008 (Dayl) to £6November (Day140),
which is almost summer and autumn. During thisquertemperature was above 0 degree,
and large amount of precipitation events were mewr The second period is from™7
November (Day umber141) to “L®arch (Day 258). This sub-period is cold and dwjth
temperature below 0 degree and few precipitati@n&svcan be seen as winter time. The last
sub-period is from 17March 2009 (Day number 259) to"i®ay 2009(Day number 316). In
this sub-period, weather is getting warmer andevethd can be recognized as spring.
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Figure 4-15 Mean relative difference plot for Maqu region
(a, b, c, are sub-period 1,2,3 respectively)
According to Figure 4-15, there is no obvious sgalistribution change between three sub
periods. Station nst9 always recorded lower vataapared to others. This may be due to
the fact that the soil at nst9 is very sandy, dastabout 61% of sand, which is almost 2 to 3
times higher than that of other stations. The \@loé nst6 and nst7 are lower than the
average as well. The locations of these stationshmahe reason; these three stations are all
installed in the northeast part of the area, qelitee to river. On the contrary, cstl, cst5 and
nst3 are always wetter than the average valuedistinct characteristics can be found in
these stations. Variation of stability is quite dnfier most of the stations during the study
period except nst15 and nst10. Nst15 and nst10 wstalled in an area with a steep slope of
32% and 18% higher in the mountains. In sub-petiathd 3, both of these stations are much
wetter than the average soil moisture of the arehleave large variations; while in sub-
period 2, they recorded lower values compared éantkan. The most representative station

at each sub-period is cst2. Although MRD for ngel8ery close to 0 when considering the
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whole period, it is relatively lower in sub-peri@end 3 but a little higher in sub-period 2. At
the same time cst2 with a MRD a little bit loweathO is very constant in both of the two
conditions. In that case both of the two statioeseanused as representative stations for future
analysis. Time series of soil moisture values atigt nstl3 and cst2 are presented with
spatial average in Figure 4-16, both of the twaesentative stations recorded soil moisture

close to spatial average and follows a similardrabmost of the study period.

Soil moisture and weather condition in Maqu
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Figur e 4-16 Temperature and precipitation with soil moisturetime seriesat all stations comparing with

representative one and field average

e Correation coefficient analysis
Table 4-13 shows the correlation of soil moistuithin two stations during the same period,
very high correlations are observed between diffeséations. Lower correlations are shown
in station nstl, nst2, cst4, cst5 where there {a dassing. The representative stations we
choose in previous analysis are nst 13 and cstr@ igh correlation coefficients were

obtained, range from 0.62 to more than 0.9. Simdaults can be obtained by this analysis.
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4.2.2.2. Twente region

¢ MRD and SDRD
In this region, soil moisture data was collected astations from*LApril to 15" November 2009. In
previous chapter, | suggested to remove statioantilstation 17. However, since sensor in station 11
overestimated the field soil moisture while statiohunderestimated, there was not much difference
in the spatial average based on 17 stations ortdttoss, and the same was experienced in the
temporal stability analysis. Thus, | still use theta collected from all the stations available.
Figure 4-17 shows temporal stability of soil moistat each station in the Twente region.

Temporal stability in Twente
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Figure 4-17 Mean relative difference plot for Twenteregion
In this region, it is not easy to find a stationtwMRD close to 0 and low SDRD. Station15, statibnl
and station12 are relatively representative (-OMBB<0.15, SD<0.2). Since there is data missing in
station14 and station12, station15 was selectéldeaepresentative station.

Since this region is covered by intensive corndBeand other vegetation types, spatial distribution
may change along with plant growth. Thus it is ficat to divide this period into three parts by
seasons. Figure 4-18 gives the soil moisture teahmdructure in Twente region with temperature
and precipitation, three sub-periods are shown,higxe first sub-period is from*1April 2009
(DOY91) to 3% May 2009 (DOY151), this sub-period is almost sgrim Twente, with little
precipitation. The second sub-period is frothJline 2009(DOY152) to $1August 2009(DOY246),
during these days, precipitation is intensive adperature is high. Therefore this sub-period @n b
seen as summer, and the third period froth September 2009(DOY246) to “15November
2009(D0OY322) can be recognized as autumn.
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Temporal stability in Twente

Temporal stability in Twente
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Figure 4-19 Mean relative difference plot for Twenteregion
In Figures 4-19(a) (b) and (c), three graphs sHwwémporal stability of three sub-periods in Tveent
region. By comparing the results, the spatial distion of soil moisture in this region during
different seasons are similar. Station st18, statit3 and station st5 were always lower than the
average, while station stl16, station st6 and stegt@0 were relatively wetter. The originally chose
representative station is not acceptable in thst fieriod, while station st3 was quite close to mea
Thus, station st15 and the combination of statiBrasd station st15 were used in the further arsalys
to represent this region.
Figure 4-20 presents soil moisture time series wdthperature and precipitation during the study
period. Station st15 and station st3 were seleatetepresentative stations in the previous analysis
However, none of the stations were fully satisfaciuring spring. Big errors were found at station
st15 while st 3 lost the real trend of the spatiehn..
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Figure 4-20 Temperature and precipitation with soil moisturetime seriesat all stations comparing with
representative one and field average

o Correlation coefficient analysis
Table 4-14 shows the correlation matrix of the sodisture measured at the stations during the
studied period. The correlation coefficients irsttégion are relatively low; most of them are betwe
0.5 and 0.8. The lowest correlations are shownaiinspcontaining station st07. The representative
station we choose in the previous analysis is®stattl5; Correlation coefficients between thisisiat
and others are around 0.6 - 0.8.
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4.2.3. Summary and discussion of spatial distribution

Variogram analysis got spatial correlation lengthSairface soil moisture in the Twente
region is only 250m in wet condition 4.2.1, andliy condition a spatial correlation length is
shorter, this can be a reason why in wet condisioih moisture representativity is better in
wet condition as presented in 4.1.2 and 4.1.3. Wewthis correlation length is too short
compare with the distances between stations in ribisvork. Geostatistical interpolation
based on trend surface brings big errors when astimspatial soil moisture pattern in large
area, therefore the spatial pattern shown in Figuté and Figure 4-12 cannot tell the soil
moisture between stations. Thus geostatisticatpotation cannot applied to estimate soil
moisture distribution with small sample size inglaregion However there is a rank temporal
stability by comparing the tested days. Same sitnatias observed in Maqu. This stability
supports the use of temporal stability analysis.

Temporal stability analysis shows that when congidethe stability of a long term, it is
easier to find a representative station in the Meggion than in the Twente region 4.2.2.
When focus on temporal stability change betwees@ea, the representative station in the
Maqu region changed, that means the representdtitien selected for long term estimation
has temporal instability between seasons, in thislys since MRD differences between
seasons at nst 13 is small, both of the statiott3rend cst2 were selected for upscaling.
Nstl5 and nstl0 was tested instable, since bothesh are located at a place with higher
slope, slope may be the reason, which causes temipstability of soil moisture in this
region. However no more data needs to be obtaiogotdve that. In Twente region, the
station st15 is the most representative statiomeler large bias was found in spring, in
which no station can well represent the area, MRBtaion st03 recorded close to spatial
mean. The reason may be, heterogeneous precipitatispring, since small precipitation
was recorded. Therefore in Twente region point mmeasents for upscaling can be based on
st03 and st15 in spring and st15 in summer andewint

4.3. Upscaling operators

Upscaling using 3 methods were applied in bottheftvo regions. Detail presented in 4.3.1
for Maqu region, and 4.3.2 for Twente region.

4.3.1. Maqu region

To upscale the soil moisture values measured airg {0 the scale of an AMSR-E pixel,
statistical methods are used. In the Maqu regi®i2 @and nstl3 were selected as
representative stations for upscalind. & the linear regression between nst13, cst2 and
spatial average are 0.91 and 0.92, respectivelyorseorder polynomials show better fits
with both data series, with adjusted ®93 and 0.94. However, no advantage was observed
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when using third order polynomials or higher. Taltté5 give the parameters of the used

transformation methods.

Table 4-15 Transformation parameter sto upscale point measur ements

Linear relationship Second order MRD
Y; = 35,1 +k yj = a$,j + b% + o 9 — _S,J'
J 5| +1
a b a b c 5_|
nstl3 1. 033 0. 3888 2.2069 -0.0214 -13. 286 -0.109
cst2 0. 8975 3. 9801 1. 768 -0.0165 -4. 9541 -0.058

Figure 4-21 shows how the soil moisture point mezsents are transformed to spatial
average by three statistical methods. As we seepgtaling results — based on the same
station using three different methods — show simitands and bias compared with the
spatial average, while more differences were obthifnom different stations. The upscaled

soil moisture at station nstl13 is smoother thahlthaed on station cst2

55



Upscaled soil moisture in Maqu
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Figure 4-21 Temporal structure of soil moisture after upscaling through three methods from nst13 and cst
2in Maqu
Correlation coefficient (R), root mean square e®RMSE) and absolute mean difference
(BIAS) are calculated between spatial average gqnsdaled data by three different methods
are listed in Table 4-16.
Table4-16 RMSE, BIAS, R between observed field aver age soil moisture of M aqu region and point

measur ements upscaled measurements from nst13 and cst2

nstl13 cst2
Point Absolute Point
] Linear second Absolute Linear second
measurement difference measurement

relation order differences relation order

R 0.95 0.95 0.92 0. 96 0. 96 0.96 0.96 0.96

RMSE 3.81 3. 65 3. 58 3.07 3.72 3.92 3. 30 3. 15
BIAS 1.27 0.74 0. 25 0. 30 1.16 0.54 0.01 0.24
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Correlation coefficient R is similar for each tréorsnation method. Second order
polynomials performed better than the other twoveosions when considering RMSE, while
smallest bias was obtained from linear transforomatiin summary, the second order
polynomial using station cst2 was the best chaicaipscaling at this region.

4.3.2. Twente region

To convert the point scaled soil moisture valudotmtprint scale, statistical corrections are
used. In Twente region station st15 and combinatibetation st03 and station st15 were
selected to do upscaling? Bf linear regression between two point scaled measents and
spatial average were 0.79 and 0.90 respectivelier Ahatching higher order polynomials,
best fit was found by using third order regressidth R? 0.8 between station st15 and spatial
average, and second order regression withOR9 between station st15 combined with
station st03. Table 4-17 give the parameters di dansformation method.

Table 4-17 Transformation parameter sto upscale point measur ements

Linear Higher order Absolute
relationship differences
y=as, +t y, =a+bs, + C,é,- + d% g = _S,j
] 5|+1
a b a b c d OTI
St1b 0.7143 3.8033 14. 946 -0.9311 0.0749 -0.0011 0.304
St15&03 0.8975 3.9801 6.6127 0.5019 0. 006 0.834

Figure 4-22 shows how the point-scaled soil moéstsrtransformed to spatial average by
three statistical methods. The x-axis is time ad y presents the soil moisture value in
volumetric percentage. The upper half of the figarapscaled soil moisture based on station
15, while the lower half of the figure shows upsdaoil moisture based on combination of
station st15 and st03. All the data sets show lewell of agreement before DOY150. The

results of upscaling by absolute difference brindgaye bias with spatial average. Soil

moisture combines with station st15 and statioB siffer linear and second order regression
fit well to spatial mean after DOY170.
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Figure 4-22 Temporal structure of soil moisture after upscaling through three methods from station 15 and
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Correlation coefficient, root mean square error ahdolute mean difference are calculated

between spatial average and upscaled data bydfffeeent methods are listed in table 4-18.

Table4-18 RMSE, BIAS, R between observed field average soil moisture of Twenteregion and point

measur ements, upscaled measur ements

Station 15 Station 15 and station 3
Point Absolute ) ) ) Absolute )
Linear third Point Linear second
measurement difference difference
relation order measurements relation order
S S S

R 0. 89 0.89 0. 89 0.89 0.95 0.90 0.95 0.89

RMSE 4.17 2.75 2. 50 2.56 2. 46 2.94 1.68 2.54

BIAS 2.71 0.02 0. 00 0. 54 0. 85 0.84 0. 00 1.76
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In summary, the results shown by R are similar gach transformation method. Linear
transformation performs slightly better than otheethods with small bias and RMSE. The
best results by comparing the statistic indicatansl time series results; soil moisture
combined by station st03 and station st15 afteralirtransformation was selected to validate
remote sensing products

4.3.3. Discussion of upscaling

In this part, three upscaling methods were appbedentify the best way to transform point
measurements to areal soil moisture. Second omfgnession and linear regression was
selected as the best method for upscaling in MaguTavente, respectively. However there
are limitations of these upscaling methods, whicy mause bias when applying to further
analysis.
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Figure 4-23 Analysis of best upscaling methods
In Figure 4-23, the left box is residual analysissecond order regression based on station
cst2 in Maqu region. This method estimated soilstuwe well at lower moisture values, and
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at higher than 40%, this upscaling method undenaséd the areal values. The right one is
for linear regression based on combination of sid5st03 In Twente. There are obvious
overestimation and underestimation of areal soistace lower and higher than 13%, which
may decrease the moisture differences after upgralithis soil moisture range.

4.4. Remote sensing products validation

In this part, upscaled soil moisture values baseckpresentative stations are compared with
AMSR-E data both at descending and ascending filme in-situ soil moisture was collected
at the same time when satellite overpassing tresaiiéhe results and discussion are
presented below.

4.4.1. Maqu region

Figure 4-24 shows the time series of soil moishath collected by in-situ measurements and
AMSR-E at the same time. The x-axis is the times @xid the y-axis of the upper two figures
present the soil moisture as a percentage andittedne shows precipitation. There is no
AMSR-E overpass on every day. To remove noise ofSRME data, moving average of 3
days was used for smoothing. The in-situ data is tegion was based on soil moisture
values at station cst2 after second order regnmessiigh level of agreement is there in
between the in-situ and the AMSR-E soil moistureada descending mode. Both respond to
precipitation events reasonably well. When soil shoke is very high (>40%) the in-situ
measurement is less sensitive than AMSR-E. Theeaggst of in-situ and AMSR-E at
ascending time is worse, especially at winter tinieen the temperature was beloWC0
Figure 4-25 shows the scatter plots of In-situ sodisture and AMSR-E products at the
Maqu region. High correlation coefficient of 0.73tlwa RMSE of 4.21% is obtained at
descending time, while very low correlation abou®03 and big RMSE of 12.53% for
ascending. This latter might be attributed to peaid with temperature/emissivity definition
of the model applied to the SM derivation from &KMdSR-E data.
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AMSR-E VS Upscaled In-situ Soil Moisture
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Figure 4-24 Time series plots of the in-situ measured and AM SR-E results at AM SR-E descending and

ascending over passtimein Maqu region during study period
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Figure 4-25 Scatter plotsof In-situ soil moisture and AM SR-E productsin Magu region during study

period

4.4.2. Twente region

Figure 4-26 is similar to figure 4-24, but giveg tinformation about the Twente region. The
in-situ data in this region was based on soil nuoéstvalues collected at station nst13 when
satellite was overpassing the area, and was ugseath linear regression. On most days,
AMSR-E gives a higher soil moisture value thanito-sneasurement. There is an obvious
bias can be observed. Both of the two measurentavs response to precipitation and the
bias decreases when there is a precipitation. Tihe between AMSR-E and in-situ
measurements is larger at ascending time. Figu2é dhows scatter plots of In-situ soil
moisture and AMSR-E products in Twente region. Highrelation coefficient of 0.70 with
RMSE of 10.18 % was obtained for the descending.ti®imilar results are found at
ascending time, with correlation about 0.67 anargdr RMSE of 16.32%.
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AMSR-E VS Upscaled In-situ Soil Moisture
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Figure 4-27 Plotsof In-situ and AM SR-E soil moisturein Twenteregion during study period
4.4.3 Discussion of validation

In the following, the discussion focuses on théedénces between the AMSR-E based soil
moisture values and the in situ measurement bgsszhling results by analysing the possible
reasons in each method.

e AMSR-E
At both areas, higher level of agreements betwesesiti and AMSR-E were obtained at
descending mode than at ascending mode, becaube MMSR-E soil moisture retrieval
algorithms, soil and vegetation temperatures asamaed equal, at night, soil and vegetation
temperature had smaller differences, which briegs krror than at noon. (Njoku et al. 2003)
At the Maqu region, in winter, large bias was olkedrbecause when temperature is below 0
degree, soil is frozen, and the emissivity of doireased, which results in increased
brightness temperature obtained by the satellitigiiéron et al. 2003).
In the Twente region, large bias was obtained & bscending and descending mode, the
bias may be caused by the different land coversty@eband is sensitive to soil moisture
under short vegetation (Jackson et al. 2002) . Whewegetation depth increase, attenuation
of radiation from soil increase, soil moisture imted by AMSR-E at C-band and X-band
may have problem (Njoku et al. 2003). Since in tieigion, there are grassland, agriculture
land, also forest and urban, the heterogeneitgirad tover types may be the reason.

e Upscaled in-situ data
Soil moisture values based on one station is mattiimpossible to perfectly present the
state of a large area.
At the Maqu region, when the soil moisture values above 40%, the upscaled in-situ
measurements are less sensitive. The reason lig ifimitation of the upscaling method
(regression dampens extreme values) as discusges.th
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5. Conclusions and recommendations

5.1. Conclusions

8 stations among 17 were tested whether the statimtalled under grassland to measure
soil moisture were representative at the stati@alesand to the whole area in the Twente
region where the land cover is heterogeneous. sivemmeasurements under 4 land cover
types (grass land, maize, forest and bare land® wenducted on five days with different
weather conditions during September and Octobe®.ZR8presentativity of the soil moisture
monitoring sensor was better in wet condition tiamlry conditions. Most of the stations
were proved representative in these days exceporstdl and station 17. Soil moisture
values measured by stations under grassland cdnrepeesent the moisture condition of
different land covers in the Twente region as presgin 4.1.

Variogram analysis in 4.2.1.1 shows that spatiatetation distance of soil moisture on top
layer of Twente region is about 250 m in wet cdndi and even shorter in dry conditions,
which is too short compared to the distances betvlee stations. In both regions big errors
were obtained by trend surface interpolation whestimating soil moisture spatial
distribution. These results suggest geostatisititatpolation not to be used in estimating soil
moisture spatial distribution based on network$wihall number of stations In Twente and
Maqu region.

Temporal stability analysis in 4.2.2 was appliecesbimate soil moisture spatial patterns as
well. In Maqu region, all stations but two (nstifstll) show temporally stable. Station
nstl3 was tested close to spatial averaged softorei values and with less variation during
the whole study period, from 8Q@une 2008 to 2May 2009, while station cst2 performed
better in case of variable weather conditions.hiis tegion topography is rolling, but no
significant effects of this could be identified thre soil moisture spatial pattern. Same result
for little Washita river watershed in Oklahoma, USA2@02 was obtained by (Cosh et al.
2006).

In the Twente region, it is more difficult to idégtone site which is representative to the
spatial average of soil moisture than in the Maggian. Representativity of station st15 was
the best when consider the whole study period, fidmpril to 15" November. However

large bias between soil moisture at station stkb spatial average was observed in spring.
Station st3 recorded similar moisture values tdiapmean in spring but showed a different
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trend 4.2.3. Correlation estimation of these twgioes gave the same results with temporal
stability analysis.

Three algorithms, (absolute differences, linearesgion and higher order regression) were
applied to upscale the soil moisture value baseanost representative stations to spatial
average. In Maqu region, station cst2 after secmigr regression with (slightly) higher
correlation (R=0.96) and low bias (RMSE=3.15, BIA24) in 4.3.1and station st15 after
linear regression (R=0.89, RMSE=2.5, BIAS =0) iA.4.in Twente region were selected to

represent in-situ areal soil moisture.

In-situ soil moisture measurements based on selgefgresentative stations were upscaled
and compared to the AMSR-E based soil moisture @@aived with the VUA-NASA
method, and then smoothed with a moving averag& dfiys) at both descending and
ascending mode. Time series and scatter plots shatwin the Maqu region, high level of
agreement was obtained at descending time witleledion of 0.73 and RMSE of 4.21%(vol
Ivol), while large bias was observed in winter tifoethe ascending mode. As presented in
4.4.1Correlation coefficient and RMSE in the asé@egdnode were 0.003 and 12.53%(vol
Ival), respectively. In Twente region, higher soibisture values were obtained by AMSR-E
than in-situ measurements, both in the descendidgaacending mode. Higher correlation
was obtained in the descending mode (R=0.70) thahe ascending mode (R=0.67). Large
biases were found, 10.18 % (vol/vol), 16.32% (wlY for descending and ascending,
respectively in 4.4.2. Both in-situ and remote senslata showed response to precipitation
events at both study areas.

5.2. Recommendations

Representativity was tested at 8 stations duringte®eber and October in this study, to
identify the representative situation, better tt @l the stations in a network, and the test
should also be conducted in other seasons of e ye

The bias between stations and Theta-T probe measuate under same land cover, maybe
caused by spatial variability and the soil dep#yttook measurement. To find the reason, it
is proposed to measure soil moisture using Thepaebe at the same place where stations
were installed.

Temporal stability was tested in less than one watdwo areas, since soil moisture spatial
distribution may change by seasons, it is propdeeahalysis the stability conditions for a
whole year, and validate the result by another gesrast.
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In this study statistic correction was applied, bwer, soil moisture was highly dependent on
temperature, precipitation and the moisture valuday before. Upscaling algorithms based
on time series should also be considered.
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Appendix-1 Soil properties measurements

e Soil texture
Soil texture and organic content are two essefa@brs which influence water content in
soil.
Soil texture which means the percentage of cldtyasd sand in sample is an important
physical property of soil. According to table 3 (@& 2008), these soil separates can be
identified by their particle size:

Table 19 Soil texture classification

Particles Grain Size
Sand 2.00-0.05 mm
Silt 0.050-0.002 mm

Clay 0.002 mm or less

Figure 28 Measuring soil texturein lab
Soil samples collected from 19 stations at toprayere analyzed. The procedures of soil
texture identification are as follows:

1. Dry samples by heaters
2. Break down clumps by pestle. Take 20 grams of saraptl pass through 2mm sieve to
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separate grains. Note down weight of grains
3. Place soil samples in beakers and pour 100mL of &geD solution into beakers to
remove organics in soil sample.
4. After reaction, add 300ml water into beakers anat fier an hour to remove remaining
H,0,. After cooling down, centrifuge and siphon of kesttents
5. Transfer settlements into plastic bottles,add20ispatsing agent, and shake about 16
hours
6. Separate fractions with different size.
e Organic matters
The measurement used Walkley-Black procediate(mache2002). It is combustion of
organic matter with potassium dichromate and sulptacid. The residual is titrated against
ferrous sulphate.
The procedures are as follows:
1. Add 1g of soil sample into a 500 ml wide- mouthdarheyer flask.
Add 10 ml dichromate solution. (K2£3,) (including blanks)
Add 20 ml sulphuric acid and stand on a pad fomi®

After cooling down, add 250ml and 10ml phosphoditia
Add 1 ml indicator and titrate with ferrous sulpdablution.

S SN
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Appendix-2 Sampling points distribution at all 8 stations

Station 03 Station 05

Station 17 Station 18

Figure 29 Sampling pointsdistribution at all 8 stations
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Appendix-3 Soil moisture measurements

e Indirect method
Most of methods for soil moisture measurementsratieect. In this research, Theta-T probe

method was used to obtain intensive soil moistata.d-igure 1 shows Theta probe type
ML2x which can measure volumetric soil moistur@atn to 6¢cm in depth with accuracy
within 1% and the way it works in field. An oscilte is used to generate signal with a high
frequency electromagnetic wave travel along a tréssion line and part of energy is
reflected back after reaching place with differiempedance. The reflected sig

nal interacts with the incident signal, and thgiol amplitude changed, and then producing
a voltage standing wave along the TL which is iefloed by permittivity of the media which
is air, water and minerals in this case. Since wthenfrequency of electromagnetic wave is
in the range of (50M~10GHz), dielectric propertiek air and minerals are constant.
Volumetric water content is a major factor that niafjuence permittivity. At one end of
probe, 4 rods Made of 3mm diameter resilient aranged. Three of them form a electrical
shield in a circle around the central one. By thisthod data can be collected by simply
inserting the rods into soil, and get soil moistunenediately.

Input/ouput

. Semiy
v - -
- Prote body >

Figure 30 Theta-T probe
e Direct method
A direct method to measure soil moisture is catiudpchange in weight before and after

drying soil samples. Procedures of this measurearens follows:

1. Weigh a tare and note down its weightva (

2. Place a soil sample on a weighed tare and reherdieight {t + wet weight

3. Put both sample and tare into oven with"@0 for 24 hours.

4. Weigh the sample and record the weigtit« dry weighj

5. Remove soil and weigh empty ring. Note dowrvas (

Expression of soil moisture can be based on mass@ome. In this study, Gravimetric
method which gives information weight of water ieight of sample was used and then
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expressed by volumetric soil moisture. The wagdleulate soil moisture by following
formula (DeAngelis 2007):

P _ (wt+ wetweigh}—( wt_dryweigh
‘ (dryweight+ w) — wt wr

(dryweight— wr— w)
volume_ soil

bulkdensity=

6,4 = 6, xbulkdensity

Vi

6, is water content in soil sample based on mégds water content in soil sample based

on volume. Since most of the variables in hydrolsggh as precipitation, evapotranspiration

are expressed volumetrically, volumetric water eahfare more widely used.

Appendix-4 Histograms of soil moistur e station measurements
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Figure31 All fieldson 22" September 2009
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