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Abstract

The validation of satellite retrieved soil moisture over a tropical region (Bago, Myanmar) has been conducted
in this research. The downscaled soil moisture products of VanderSat using the Land Parameter Retrieval
Model, were compared with an in-situ soil moisture network that operated between 2017 and 2018 and a
newly placed network installed during a fieldwork trip early 2020. Soil moisture is a key variable in the hydro-
logical cycle, but the understanding of soil moisture content in tropical areas like Myanmar is substandard.
This study provides new insights, being one of the first of its kind in the tropics. The reliability of both in-situ
soil moisture networks was analysed and indicated that the 2017 network could be used for the validation,
and the 2020 network for a visual comparison, with a focus on the soil temperature as a source of error. The
results of the validation showed high correlation with Pearson’s R ranging between 0.70 and 0.89. The highest
correlations were found for the L-band, between 0.78 and 0.89 and for the location Hpayargyi. The root mean
square difference (RMSD), unbiased RMSD and bias indicated that the accuracy and precision need improve-
ment. For the ubRMSD values between 0.059 m3/m3 and 0.129 m3/m3 are found. The best result is found
for the L-band at Hpayargyi, which is the only location/band combination that meets the target accuracy of
0.06 m3/m3 that is often set for SMAP satellite retrieval. The visual comparison of the 2020 network showed
good agreement for the soil moisture measurement. When the in-situ soil temperature measurements were
compared with the satellite retrieved land surface temperature measurement, however, this resulted in a large
bias of approximately 15 degrees Celsius. To evaluate possible improvements for the validation result, several
sources of errors were explored. Two sources concerning the in-situ network indicated the challenges of an
in-situ network in a remote tropical area. The first showed that re-calibration of the sensor is necessary to
improve representation of the ground truth. The second discussed the spatial mismatch between the point
scale in-situ measurement and the downscaled satellite products, with a pixel size of 100x100m. The sparse
in-situ network with four stations cannot represent the entire area and can therefore result in errors. The
other sources of errors that were discussed originated from the retrieval algorithm of the Land Parameter Re-
trieval Model. A parameterisation was performed to assess the sensitivity of the ubRMSD to the polarisation
mixing factor (Q), the single scattering albedo (!) and the roughness parameters (h1 and h2). The parame-
ters were optimised to achieve the lowest ubRMSD, the result indicated that an improvement of the ubRMSD
up to 40% can be achieved. However the evidence that linked the optimised parameters to the tropics was
not found and it was concluded that the optimising could be covering the large temperature bias, that is a
direct input in the Land Parameter Retrieval Model. The large bias in the temperature was evaluated as a
source of error. The bias can partially be explained by the masking of water bodies, where the dynamic ef-
fect of the tropical monsoon on the water bodies is not taken into account. Another explanation for the bias
could potentially be found in the emissivity that is determined by optimising the ¢T , which can cause im-
perfections in the prediction of the temperature. It was concluded that the satellite retrieved soil moisture
products show good correlation but need improvement in accuracy and precision. This can be accomplished
by updating the in-situ soil moisture network, creating new water masks, solving the retrieval algorithm for
the temperature bias and then optimising tropical specific location parameters.

Ileen de Kat
Rotterdam, March 12th 2021
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�
Introduction

The yearly Thingyan festival, a water festival to celebrate their new year, shows that Myanmar is a country
in which water plays a central role. Along their large coasts and many long rivers their water resources are
well provided. The delta plains have fertile soil in which agriculture such as rice fields thrive. The weather
in Myanmar is affected by the monsoon climate. During the wet season almost 90% of the annual rainfall
pours down (Naing, 2007). This means that the country is highly reliant on both the weather and irrigation to
distribute the water. The government has invested in dams and other water regulating structures to limit the
dependency on the rain. The Ministry of Agriculture, Livestock and Irrigation is in charge of the water regula-
tion, and each of the township’s Agriculture Coordinating Committee manages it’s local irrigation systems. To
construct irrigation schemes or decide which crops to grow, soil moisture is of great importance. The long dry
periods that Myanmar experiences each year lead to a shortage of soil moisture, and thereby affect the crop
productivity. Which means soil moisture is a very important factor, and more knowledge on the distribution
could be of large value.

Soil moisture is the water stored in the unsaturated soil zone, which is the part of the soil that is above the
groundwater table. Precipitation is the main source of water in the unsaturated soil zone. The water retention
capacity depends on texture of the soil. ” Soil moisture is an important link between the exchange of water
and energy at the soil-atmosphere phase” (de Jeu, 2003). The incoming radiation of the sun leaves the soil in
latent heat. The latent heat creates evaporation. This means that water from the soil moves into the atmo-
sphere. This evaporation of water results in an energy flux that is controlled by the soil moisture content. This
way soil moisture can have an impact on weather patterns and climate variability, even though it only repre-
sents a small amount of the fresh water cycle in the atmosphere. Therefore, soil moisture is a crucial variable
in a wide variety of processes and applications, including numerical weather prediction, flood forecasting,
agricultural drought assessment, water resources management, greenhouse gas accounting, civil protection,
and epidemiological modeling of water-borne diseases (Dorigo et al., 2013). Soil moisture measurements
have been conducted since years and several methods have been used, such as in-situ soil moisture networks
and remotely sensed soil moisture. Unfortunately the amount of in-situ soil moisture sensors in tropical ar-
eas like Myanmar is extremely low. This results in the fact that the understanding of the soil moisture content
in these areas is substandard.

During this research a soil moisture network was installed in Bago, Myanmar. This network and a previous
network were compared with satellite retrieved soil moisture products. The measured in-situ data was com-
pared to the satellite products from a Dutch company: "VanderSat". VanderSat uses microwave satellites to
measure soil moisture levels. The set of data is very detailed and has daily availability. The accuracy of satellite
soil moisture measurement is still a challenge, but the large scale of the measurements creates many possi-
bilities. These satellite measurements cover larger areas and are not in need of placement and maintenance.
However the measurements of the satellite need to be validated to create a reliable product. To validate and
improve the satellite retrieved soil moisture a network of in-situ soil moisture sensors was installed in the
vicinity of the Irrigation Technology Center in Bago. This network not only provides soil moisture measure-
ments, in addition soil temperature is measured. This means it is the first of its kinds in the tropics.

1



1.1. Research questions 2

�.�. Research questions
The objective of this research was to install a reliable in-situ soil moisture network in Bago, Myanmar, which
can be used for the validation of remotely sensed soil moisture products. Furthermore the objective was to
validate satellite soil moisture products with a previously placed in-situ soil moisture network and to find
possible sources for the errors that resulted from the validation.

The research questions that are formed to meet this objective are the following:
Main question:

• How can the satellite retrieval of soil moisture in the tropics be improved, focusing on an in-situ net-
work to validate and analyse satellite measurements?

Sub questions:

• What challenges are encountered when setting up an in-situ soil moisture network in tropic condi-
tions, and how can they be dealt with?

• Do the in-situ soil moisture networks at 4 locations in Myanmar provide a reliable product?

• How do satellite soil moisture products perform in tropic conditions, compared to an in-situ soil
moisture network?

• What could be possible sources for the errors that are found in the validation?

�.�. Report outline

Part Description Chapter Content
Introduction Chapter 1 Introduction

Research questions
Part I Background Information Chapter 2 Myanmar and Bago

Chapter 3 Soil Moisture Measurement Techniques
Part II In-situ Soil Moisture Measure-

ments
Chapter 4 Materials and Methods

Chapter 5 Results In-Situ Soil Moisture Measurements
Chapter 6 Discussion In-Situ Soil Moisture Set-Up and

Measurements
Part III Remote Sensing Analysis Chapter 7 Data and Methods

Chapter 8 Result Remote Sensing Analysis
Chapter 9 Discussion Remote Sensing Analysis

Part IV Conclusions Chapter 10 Conclusion and Recommendations

Table 1.1: Outline of this thesis

In Chapter 1 Introduction the subject and importance of this research is introduced, and the research ques-
tions to be answered in this thesis are given. The outline for the report is shown.
Chapter 2 Myanmar and Bago describes the study area of this research, Bago, Myanmar. A focus lies on the
tropical monsoon climate and various soil types and land cover.
In Chapter 3 Soil Moisture Measurement Techniques the theory behind the soil moisture measuring tech-
niques is discussed. The International Soil Moisture Network is briefly explained. Microwave remote sensing
is explained and the retrieval algorithm of the Land Parameter Retrieval Model is elaborated. Finally the
downscaling technique of VanderSat is explained.
Chapter 4 Materials and Methods describes the network set-up of the fieldwork that was carried out in Febru-
ary and March 2020 in Bago, Myanmar. The the network that was placed in 2017 is discussed shortly. The
methods to establish the reliability of the in-situ networks is described.
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Chapter 5 Results In-Situ Soil Moisture Measurements shows the results of the measured soil moisture from the
two networks. The timeseries of both networks are shown, basics statistic and notable pattern are described.
The reliability of the 2017 network and 2020 network are discussed.
Chapter 6 Discussion In-Situ Soil Moisture Network Set-Up and Measurements describes the challenges that
were encountered during the set-up and afterwards. The results and performance of the two networks and
there reliability are discussed. It answers the first two sub questions.
In Chapter 7 Data and Methods the data and methods that are used for Part III, Remote sensing analysis, will
be introduced. The satellite products are introduced and the parameters that are used in the Land Parameter
Retrieval Model are described. The methods for validation and error analysis are described, including the
parameterisation and preliminary comparison of the 2020 network and temperature bias.
Chapter 8 Result Remote Sensing Analysis shows the results of the validation and the error analysis, the op-
timal values found in the parameterisation are shown and the visual comparison of the new in-situ network
versus the satellite products. Here possible sources of error for both the soil moisture and the temperature
products are mentioned.
in Chapter 9 Discussion Remote Sensing Analysis discusses the results of the validation and error analysis. It
answers the third and fourth sub questions.
In Chapter 9 Conclusion and Recommendations the conclusion of this research is given where the main re-
search question and sub questions are answered and some recommendations for further research are given.
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Part 1 Background Information
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�
Myanmar and Bago

Myanmar, officially the Republic Union of Myanmar, is one of the largest countries in southeast Asia and it is
located within the monsoon region of Asia. It is located between 9 deg and 38 deg N, and 92 deg and 101 deg
E. The neighbouring countries are Bangladesh, India, China, Laos and Thailand (Figure 2.1). The south of
Myanmar is bordered by the Andaman Sea and the Bay of Bengal. Myanmar can be divided into five major
topographic and climatic zones: the mountainous region, the Shan Plateau, the (Central Dry Zone (CDZ)),
the delta region and the coastal region, with a coastline of approximately 1930 kilometers long (FAO, 2016).
The catchment and delta of the Irrawaddy river lie between two foothills of the Himalaya Mountains.The total
population of Myanmar is 54,4 million people. About two thirds of the population of Myanmar lives in rural
areas, of which around 80 percent is engaged in agricultural work. Agriculture includes crop production, live-
stock, fishery and forestry. Agriculture is the most important sector of the economy, generating 43 percent of
the Gross Domestic Product (GDP), and the main source of livelihood for about 70 percent of the population
of Myanmar (FAO, 2014, 2016, 2019).

The study area is located around Bago city, which is the capital of the Bago region and lies about 90 kilometers
north-east of Yangon. The Bago region is indicated in yellow in the right image of Figure 2.1, Bago city is the
black dot in this image. The Bago region is situated in the delta region of Myanmar. The fertile delta area
has some of the most productive cropland in Myanmar. The cultivation of rice in flooded paddies predomi-
nates, 60 percent of the country’s total rice crop is produced here. During the monsoon the rice production
is rainfed, while in the dry season irrigation is used. (Frenken, 2012; JICA, 2013).

Figure 2.1: Geographical location of Myanmar in the world, Myanmar in yellow (Left), Bago region in Myanmar, Bago region in yellow
(Right) with Bago city, black dot. Source: (Department of Population Ministry of Immigration and Population, 2015)

5
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Climate
Myanmar has a typical tropical monsoon climate that consists of three seasons: the hot summer period, the
southwest monsoon period and the cool and dry winter period. The hot period begins in March and lasts till
mid May, with temperatures up to 40 °Celsius in Central Myanmar. The rainy monsoon season starts around
mid May and ends in October, 90% of the annual rainfall is received in this period. The cool and dry period
runs from November till February, with temperatures down to 16 °Celsius (Aung et al., 2017).

Bago city lies within the tropical zone, with monsoonal precipiation, Am according to the climate classifica-
tion of the Koppen-Geiger climate zones (Figure 2.2a). Figure 5.9 shows the distribution of rainfall in Myan-
mar. The coastal region receives the most precipitation up to 5500 mm per year. The Mountainous area and
the Shan plateau receive about 1250-3000mm, while in the CDZ less then 700mm precipitation falls per year.
In the delta area between 2000-3500 mm falls each year (Naing, 2007). With 90% of the annual rainfall in the
monsoon period, there is scarcity of water in the dry season all over the country, leading to severe droughts
(FAO, 2019).

(a) Koppen-Geiger climate zones of Myanmar (1968-2010),
source:http://koeppen-geiger.vu-wien.ac.at/

(b) Distribution of rainfall in Myanmar (FAO,
2016)

Figure 2.2: Figures on climate zones and rainfall distribution in Myanmar

The monsoon arrives in the southernmost part of the Andaman Sea about third week of May, then it gradually
extends in northern direction and has covered the whole country by the first week of June. The Department
of Meteorology and Hydrology (DMH) in Myanmar defines the onset of the monsoon at various places in
Myanmar as the date of the first day of three consecutive rainy days with daily rainfall amount of 2.54mm or
more (Htway & Matsumoto, 2011). Figure 2.3 indicates the normal monsoon on-set and off-set dates over
Myanmar between 1981-2010, according to Aung et al. (2017). The Bago delta region is not sheltered by
mountains and receives the full southwest monsoon. The annual rainfall in the delta region ranges from
2000-3500 mm (Naing, 2007). In Bago the monsoon on-set is expected around the 23r d of May and the off-set
around the 29th of September (Aung et al., 2017).
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(a) On-set (b) Off-set

Figure 2.3: Normal monsoon on-set and off-set dates over Myanmar, between 1981-2010. Source:(Aung et al., 2017)

Soil types and land cover
While various soil types can be found in the regions of Myanmar, the surroundings of Bago City have two
dominant soil types: Gleysols and Nitisols (Figure 2.4a), which can be retrieved from the (Harmonised World
Soil Database (HWSD))(http://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/harmonized
-world-soil-database-v12/en/). Gleysols are soils with permanent or temporary wetness near the sur-
face. Nitisols are deep, dark red, brown or yellow clayey soils having a pronounced shiny, nut-shaped struc-
ture (Nachtergaele et al., n.d.).

(a) Dominant soil types in Myanmar, source: (FAO, 2016) (b) Land cover in Myanmar, source:(FAO, 2014)

Figure 2.4: Geographical distribution of the dominant soil types and the land cover in Myanmar

http://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/harmonized-world-soil-database-v12/en/
http://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/harmonized-world-soil-database-v12/en/
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In Myanmar the land cover mainly consists of cultivated land, forest and grassland (Figure 2.4b). In the moun-
tainous areas and large parts of the coast, forest and grassland are predominant, while in the low areas in the
CDZ and the delta area cultivated land is the most common land cover. The cultivated land around Bago city
is divided in rainfed cropland and irrigated/post-flooding cropland (Figure 2.5).

Figure 2.5: Landcover around Bago city, according to the ESA CCI (https://maps.elie.ucl.ac.be/CCI/viewer/)



�
Soil Moisture Measurement Techniques

�.�. In-situ soil moisture
In-situ measurements of soil moisture means the measurements are taking place at the exact location of
choice. To measure the in-situ soil water content direct and indirect methods can be used. In situ-soil mois-
ture is expressed in volumetric water content (µ), the ratio of water volume (Vw ater ) to total soil volume(Vsoi l )

µ = Vw ater

Vsoi l
(3.1)

To directly measure soil water content, the percentage of water is calculated based on mass, gravimetric water
content. This is done by comparing the amount of water, as a mass, to the total mass of the sample. The
gravimetric water content (w) is multiplied by the bulk density (Ωb) to get the volumetric water content(µ).

µ = w §Ωb (3.2)

To measure volumetric water content indirectly, a parameter related to VWC is measured and a calibration is
used to convert that amount to VWC. For this research sensors are used that an indirect method that is called
capacitance technology.
Capacitance sensors use two probes, one with positive and one with negative charge, to form an electro-
magnetic field. The charge-strong capacity of the material between the probes is measured this way (Iksal,
2020).

International Soil Moisture Network
The International Soil Moisture Network (ISMN) http://http//www.geo.tuwien.ac.at/en is an inter-
national cooperation to establish and maintain a global in-situ soil moisture database. This database is an
essential means for validating and improving global satellite products, and land surface, climate, and hydro-
logical models (Dorigo et al., 2011). Taking part in the ISMN means being involved in cutting-edge research.
Unfortunately the amount of soil moisture sensors in Asia and especially the tropical areas is low. To date,
only a few Asian networks are involved, mostly in China, see Figure 3.1. This results in the fact that the under-
standing of the soil moisture dynamics in these tropical area’s is substandard. The network that was placed
during this research and the previous network were added to the ISMN and is thereby one of the first of its
kind, in Figure 3.1 the network, named VDS, can be seen. In the Appendix B information can be found that
was needed to participate in the ISMN and to continue the collaboration with the ISMN.

9
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Figure 3.1: Locations of ISMN networks and sites, including the VDS network installed for this research. Source: (Dorigo et al., 2021)
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�.�. Microwave Remote Sensing
Remote sensing is a technology to acquire observations and measurements without direct contact with the
object. These measurements and observations are often done using satellites. Remote sensing can be ap-
plied along different wavelengths in the electromagnetic spectrum. Electromagnetic energy travels in waves
through the atmosphere and space. These waves have different wavelengths and frequencies, where shorter
wavelength indicates higher frequency. Longer wavelengths include radio, microwave and infrared, while ul-
traviolet, x-ray and gamma rays have a much shorter wavelength. The visible light, the light that the human
eye is able to detect, sits in between these wavelengths. In Figure 3.2 an overview of the electromagnetic spec-
trum is shown. In this research the focus lies on microwave remote sensing. Microwaves have wavelengths of
0.1-100 cm. The big advantage of microwave wavelength is that it can penetrate through clouds. Furthermore
no illumination from the sun is needed, so observations can be done day and night. In certain parts of the
world the cloud coverage is very high, for example in Myanmar (Figure 3.3b). This type of remote sensing is
therefore very useful in these areas to measure soil moisture.

Figure 3.2: Electromagnetic spectrum and frequencies with bands, source: (ESA, n.d.)

The bottom part of Figure 3.2 shows the bands that are used in the microwave part of the electromagnetic
spectrum, in this study the L-band, C-band and X-band were used. Figure 3.3a shows that L-band and C-
band are not affected at all by the atmosphere and can therefore sense the surface. X and K band, 10-16 GHz,
are often used for monitoring precipitation, because it can measure H2O in the atmosphere. The sensing
depths into the soil differs per band. The penetration depth is generally 1/3 of the wavelength. However, the
penetration depth also depends on surface characteristics, where a wet soil has a smaller sensing depth than
a dry soil.

(a) Attenuation distribution of waves in the atmosphere (b) Global average amount of cloud coverage

Figure 3.3: Attenuation distribution and cloud coverage.
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A distinction is made between passive and active remote sensing. Passive remote sensing employs natural
sources energy, for example the sun, the earth itself or a combination. Active remote sensing provides its
own source of energy and measures the energy that is reflected back. The disadvantage of passive microwave
remote sensing is that the low frequency of the microwaves leads to less energy, and a larger ’field of view’ is
needed compared to other measurement techniques. A larger ’field of view’ results in lower resolutions. Van-
derSat uses passive microwave remote sensing therefore this research focuses on passive microwave remote
sensing.

Since the 1970’s several satellites have retrieved brightness temperatures with passive microwave remote
sensing. Brightness temperature can be translated to multiple parameters such as soil moisture, surface tem-
perature and vegetation optical depth. The products in this research are from VanderSat (C-band, L-band
and X-band) and National Aeronautics and Space Administration (NASA)(L3) and are obtained from the Ad-
vanced Microwave Scanning Radiometer (for Earth Observation system) (AMSR), AMSR2 and Soil Moisture
Active Passive (SMAP) satellites. Brightness temperatures were retrieved from satellite microwave measure-
ments and translated to soil moisture and vegetation optical depth by using the Land Parameter Retrieval
Model (LPRM) (Owe, de Jeu, & Holmes, 2008). VanderSat developed a downscaling technique that results in
a higher resolution (de Jeu et al., 2017).

Brightness temperature
The brightness temperature that is retrieved from the microwave remote sensing is proportional to temper-
ature, when considering the Rayleigh Jeans approximation of Planck’s law, shown in formula (3.3). Planck’s
law is an expression for the amount of energy that a body radiates at different frequencies.

Planck’s law:B f =
2h f 3

c2

1

e
h f
kT °1

(3.3)

Where:

B f = Spectral radiance of a body
h = Planck constant
c = Speed of light
f = Frequency
k = Boltzmann constant
T = Absolute temperature

Due to the low frequencies in microwave remote sensing the term (h f /kT ) can be assumed to be much less
then 1, which leads to a relatively simple expression. The approximation is a description of how the radiance
depends on the temperature. The exponent term of the expression is much smaller than one therefore, the
brightness temperature is proportional to the actual temperature(Equation 3.4. This proportion can be ex-
plained by the emissivity. The brightness temperature can be explained as the apparent temperature of a sur-
face, assuming that it had a surface emissivity of 1 at a given frequency. Defining the brightness temperature
(TB ), at a given frequency ( f ), wavelength(∏) and polarization(p) as the product of the physical temperature
(T ) and the surface emissivity(eS ):

TB = eS §T (3.4)

Emissivity is the ratio of the thermal radiation from a surface compared to an ideal black surface. This results
in the fact that in reality all objects have emissivities lower than 1. This means that the brightness temperature
is measured by microwave remote sensing is lower than the actual air temperature.
The brightness temperature of the soil is highly dependent on the soil moisture content. With soil moisture,
the amount of water that is present in the capillary layer of the soil, the emissivity rises. Since there is a
relation between emissivity and dielectric constant the brightness temperature can be used to determine the
soil moisture content. Besides soil moisture content there are other influences on the brightness temperature
such as roughness of the soil surface, emission by vegetation cover, variability of soil texture and temperature.
These influences can be distinguished by the fact that it is possible to polarize the brightness temperature in
horizontal and vertical direction. The horizontal polarization results in higher sensitivity for soil moisture and
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vegetation while the vertical polarization results in higher resolution temperature estimations. To eliminate
the influence of the vegetation it is possible to use longer wavelengths, these penetrate vegetation and soil
better. Longer wave lengths occur with lower frequency spectra such as C-band and L- band.
As mentioned above the brightness temperature is affected by a large variety of factors. Since it is possible
to measure the brightness temperature by the microwave remote sensing, these factors of influence can be
determined. Since vegetation absorbs and scatters the emitted soil radiation and has its own emissivity it is
needed to identify these effects. With the omega tau model, see Formula 3.5, it is possible to take into account
the influence of the vegetation.

TB = Te f f er°v +Tc (1°!)(1°°v )+Tc (1°er )(1°!)(1°°v )°v (3.5)

Where:

Te f f = Effective surface temperature
er (P ) = Rough surface emissivity for H- or V-polarized radiation
°v = Vegetation transmissivity
Tc = Canopy temperature
! = single scattering albedo

The value of °v is defined as:

°v = exp(
°øv

cosu
) (3.6)

Where:

øv = vegetational optical depth
u = incidence angle

The ø-!model can be used to distinguish the effects on the microwave emission of the soil and the vegetation.
Important to note is the fact that the soil emits radiation and the vegetation itself emits radiation as well.
If there is a higher canopy density, the soil radiation drops and the radiation of the vegetation increases.
In this model the first term describes the radiation coming from the soil, that is attenuated by the canopy.
The second term describes the radiation that is coming from the vegetation and the third term describes
the downward radiation from the vegetation that is reflected by the soil, which depends on soil dielectric
properties. This is shown in figure 3.4.

Figure 3.4: ø-! model, source de Jeu (2003)



3.2. Microwave Remote Sensing 14

In each of the three terms, vegetation optical depth (ø) is of influence. This optical depth is dependent of the
canopy density. The temperatures of the soil and the canopy often differ, but at 6 in the morning the tem-
peratures are approximately even, so they can be related. To determine the rough surface emissivity first the
dielectric constant has to be calculated. This constant can be computed by the dielectric mixing model. Then
the smooth surface emissivity is determined by combining both the horizontally and the vertically polarized
waves with the Fresnel equations. Finally the model of Wang and Choudhury (1980) was used to calculate the
rough surface emissivity. This is embedded in the following formula:

er (P1) = 1° ((1°Q)R(P1) +QR(P2))§e°h§cosu (3.7)

Where:

Q = Polarisation mixing factor
R(P2) & R(P1) = Polarisations
h = dimensionless roughness

Land Parameter Retrieval Model
The Land Parameter Retrieval Model (LPRM) is developed to retrieve land surface parameters from passive
microwave observations. It is based on a forward modelling approach that uses horizontally and vertically
polarized microwave brightness temperature. This means that it first separates the soil and the vegetation
emission. When the emission is split, the soil emission is used to optimise for soil moisture and the veg-
etation emission is used to optimise for vegetation optical depth. The Vegetation Optical Depth (VOD) is
computed by combining the analytical formula of Meesters, Jeu, and Owe (2005) and the (Microwave Polari-
sation Difference Index (MPDI)). The combination of the different polarisation results in a sensitivity for both
the vegetation emission and the soil emission. The separate optimisation for soil moisture and the vegetation
optical depth is executed for a large variety of soil moisture conditions with LPRM determining the brightness
temperature values.

VanderSat downscaling technique
The VanderSat products that were used in this research, soil moisture, soil temperature and vegetation optical
depth, are based on the downscaling technique that has been developed by VanderSat (de Jeu et al., 2017).
This technique can be applied to passive microwave observations, with a spatial resolution of 25x25km. The
obtained brightness temperature is downscaled to a product with a resolution of 100x100m.

The satellite observed brightness temperature is measured per footprint. Each of the different bands had a
different footprint. The spacial resolution of the footprint can be found. The footprints have an oval shape,
with a Gaussian distribution of the contribution of the signal. This means that the highest density of the signal
is concentrated in the centre of the footprint and decreases towards the edges. The gaussian distribution
results is characteristic and means that the intensity will decrease by 50% with 2.355æ from the centre of
the footprint. When creating multiple oval footprints for 25% or 75% a large amount of footprints can be
obtained. These different footprints have different resolution and different signal densities. When multiple
footprints overlap it is possible to combine the footprints into a 100m x 100m map by the weighted sum of all
overlaying footprints of the brightness temperature, see Figure 3.5
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Figure 3.5: Overlapping footprints result is combination of measured brightness temperatures. Source: de Jeu et al. (2017)

To mask out water surfaces a high resolution a land water map is created. The ESA Sentinel satellite is com-
bined with static land cover maps. This map is used to adjust the brightness temperature by masking values of
water only pixels. This is a static water mask, which raises a possible drawback in the downscaling technique
in the tropics. Since the tropical area is prone to monsoon flooding the water surface is a dynamic area. This
might result in either smaller or larger water surface areas than anticipated. This will influence the masked
area and therefore the measured brightness temperature signal density.
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Part 2 In-situ Soil Moisture
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�
Materials and Methods

�.�. In-situ soil moisture network set up
In-situ soil moisture networks are networks of sensors locally installed. These sensors measure the soil mois-
ture content at a specific location. For this research two networks in Bago, Myanmar are described: A previous
network that has run from June 2017 up to July 2018 and a newly installed network from 2020. Both in-situ
networks were installed within a radius of approximately 20km from Bago City. The networks were installed
at the same four locations, however the exact position of the sensors is optimised in the 2020 network. These
four locations were selected to represent the different types of soil and land use in the Bago region.

Irrigation Technology Centre 17.3143° N, 96.4520° E

This location is situated within the main compound of the (Irrigation Technology Centre (ITC)), in the town
Bago. It is protected by a concrete fence and surrounded by other measurement equipment.The location lies
in an open landscape, no canopy at the site. The area around the location is not irrigated. The top layer of
the soil consist of sand, the next layer is silty-clay. Dominant soil group HWSD: Nitisols. CCI ESA: Cropland,
rainfed and in the surrounding area urban area and cropland, irrigated.

Hpa Yar Gyi 17.4661° N, 96.5303° E

This location is situated within a compound of the ITC near the town Hpa Yar Gyi. Within the compound
there is an artificial pond surrounded by a small dike. The previous sensors where located on top of this
dike, which could give incorrect results. The new sensors were placed in the grass area, which will be flooded
during the monsoon season. The area around the compound consists of rice paddies which are irrigated
throughout the dry season. The soil is covered with grass, consist mainly of silty-clay and some trash was
found during digging, up to 20cm depth. Dominant soil group HWSD : Gleysols. Climate Change Initiative
(CCI) ESA : Cropland, rainfed and in area around it grassland, urban area and cropland, irrigated.

Alaigni 17.2630° N, 96.3465° E

This location lies at the border of the Alaigni reservoir, within a compound of the ITC. The area in and around
the compound is a forested area. The sensors and datalogger are placed within a small square, containing
other measurement equipment and protected by a small wooden fence. The area does not flood during the
monsoon. Soil consist of sand and further down silty-clay. Dominant soil group HWSD : Nitisols. CCI ESA :
Cropland, rainfed and surrounded by grassland, waterbodies and natural vegetation.

Tha Nat Pin 17.2912° N, 96.5731° E

This location is situated within the town Tha Nat Pin. There is a weather station of the ITC, where the sensors
and logger are placed as well. The soil consist of silty-clay, some bricks and a lot of trash was found while
digging, up to 20 cm depth, which indicates an artificial ground. Dominant soil group HWSD : Gleysols. CCI
ESA : Cropland, rainfed and next to urban area and cropland, irrigated.

17



4.1. In-situ soil moisture network set up 18

Figure 4.1: The four sensor locations of the in-situ soil moisture network installed at Bago, source: https://www.google.nl/maps

�.�.�. In-situ soil moisture network ����
This network was installed in June 2017 and provided data up to July 2018. Five Decagon EM50 Analog Data
loggers were used for this network, each data logger had five Decagon GS1 soil moisture sensors, of which
one was placed vertically from the surface level to approximately 5cm , two horizontally at 10cm depth and
two horizontally at 20cm depth, similar to the set up in Figure 4.3. The measurement interval was 30 minutes
and the Irrigation Technology Centre team visited the network each month to extract the data and check the
battery live. During two time periods ground truth sampling was carried out to calibrate the sensors. Due to
the severe weather condition of the tropical monsoon climate the data loggers were damaged and no longer
in use.

�.�.�. In-situ soil moisture network ����
This network was installed as a part of this research. The fieldwork in Bago was carried out from the 17th

of February 2020 to the 19th of March 2020. The goal of the fieldwork was to install an in-situ network that
measures soil moisture and soil temperature at the four different locations.

Materials
For the network set-up and field work several materials were installed and used to collect data: 4 datalog-
gers and 24 sensors were installed and a manual Theta Probe was used for additional in-situ soil moisture
measurements. Below the specifications of these materials can be found.The most important factor for the
selection of the dataloggers was that they had to be robust. The previous data-loggers were damaged beyond
repair, due to severe rainfall conditions and insects. Of the previously installed sensors most could be reused.
Furthermore one soil moisture sensor per datalogger was added that can additionally measure soil temper-
ature. The desired lifetime of the network is multiple years. The manual Theta Probe was used during the
fieldwork, but will not continue to deliver data after.

ZL6 datalogger
This datalogger is engineered to be an ultra-rugged and durable construction, with low maintenance.The en-
closure is made of weather-, impact-, and UV-resistant polymer. The integrated solar panel means that the
NiMH batteries can be recharged, and so there is hardly any power maintenance needed. With unobstructed
view of sun the lifetime of the batteries can be 3+ years. The logger has 6 sensor input ports, with secure cable
handling. The operating environment ranges from -40 to 60 degrees Celsius and 0-100 percent relative hu-
midity (METER GROUP, 2017). The collected data of the ZL6 is sent to the Zentracloud via a cellular network.

Soil moisture sensors: GS1 and TEROS12
Each datalogger has 6 sensor input ports, for 5 of these ports the sensors of previous research were reused.
These are GS1 sensors,measuring soil moisture content. The sensor has a resolution of 0.001 m3/m3 volu-
metric soil moisture content. The maximum measuring capability is 0.57 m3/m3 volumetric soil moisture

https://www.google.nl/maps
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content. The operating environment ranges from -40 to 50 degrees Celsius (Decagon Devices, 2015). In the
last port of each datalogger a new sensor, the TEROS12, was added. This sensor measures temperature as
well as soil moisture content, with also a resolution 0.001 m3/m3 volumetric soil moisture content. The max-
imum measuring capability is 0.70 m3/m3 volumteric soil moisture content. The temperature sensor has a
resolution of 0.1 degrees Celsius. The operating environment ranges from -40 to 60 degrees Celsius (METER
GROUP, 2019). Metergroup, the producer of the sensors ensures that during production the sensors are cali-
brated with a general mineral soil calibration.

Manual Theta probe ML3
The ML3 Theta probe (Delta-T Devices, 2017) soil moisture sensor is a manual logger and is highly accurate
yet easy to use. The manual Theta Probe is inserted into the soil and a simple datalogger is connected which
reads out the sensor directly. The manual Theta Probe ranges from 0 to 1.0 m3/m3.

(a) ZL6 logger (b) GS1 Sensors (c) Manual Theta Probe

Figure 4.2: The Zl6 logger(METER GROUP, 2017) and GS1 sensors (Decagon Devices, 2015) that were installed and the manual Theta
Probe (Delta-T Devices, 2017) was used during the fieldwork.

Zentracloud
The measurements of the sensors in the 2020 network are uploaded once a day to the Zentra cloud, at 6am
UTC. The Zentracloud is a data management software platform that works together with the ZL6 datalogger.
The Zentracloud is accessible at any time and has a user friendly interface. More details can be found in the
manual in appendix A. Information about the devices, calibrations, the upload and measurement times and
more can be found and reconfigured at any time. The soil moisture measurements are given in volumetric
water content (VWC), in m3/m3. Volumetric water content represents the ratio of water volume to soil vol-
ume in a given soil. The temperature is given in degrees Celsius. The battery power percentage can be seen,
so that the replacement can be organised in time.

Installation of the loggers and soil moisture sensors
The dataloggers and sensors were installed at the four locations mentioned in section 4.1, see Figure 4.3 for
the placement of the 6 sensors per datalogger. For the installation a hole was dug to insert the sensors at the
desired depths. In February it is still dry season, which meant that the ground was very dry and hard. To let
the ground settle faster when closing the hole, water was added. See appendix A for a visualisation of the
installation. Care was taken to place the solar panel for maximum sun exposure. To ensure the new set-up
was fully weather and insect proof, the dataloggers are protected with a layer of bitumen tape and bitumen
paint, see manual x. The loggers were not opened during the wet season.
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Figure 4.3: Schematic overview of soil moisture sensor set up

Infiltration test above the soil moisture sensors
An infiltration test was done at the surface above the sensors at the ITC soil moisture plot. The purpose of
this test was to validate the installed soil moisture sensors with the manual Theta Probe soil moisture mea-
surements at the surface and to check whether infiltration was visible over depth. Infiltration was performed
using a single bucket set up with a constant 5 cm of ponding water, for at least an hour. When all the water
had infiltrated, measurements were taken during the drying phase with the manual Theta Probe, every few
hours for two days.

�.�. Reliability Analysis of the two networks
The products of both in-situ soil moisture networks are important to determine whether they can be used as
reference for the validation of satellite soil moisture products. The second sub question states:

Do the data records of two soil moisture networks at 4 locations in Bago provide a reliable product?

A definition of reliability is required to answer the question. For this research the reliability of an in-situ soil
moisture content network, is defined by two factors: availability and quality. The two factors are elaborated
below and the analysis can be found in the result section.

Availability of soil moisture information
Availability of soil moisture information determines reliability of the network to produce data when needed.
When looking at the availability the length and continuity of the sensor record is an important aspect. Cosh
et al. (2016) state that the value of an in situ network is proportional to the length of the data record available.
The data record of previous validation studies varies from 11 months to several years (Colliander et al., 2017;
Cosh et al., 2016; Parrens et al., 2012). The international Soil Moisture Network (ISMN) usually requires that
the length of data record should at least be 1 year. Discontinuity due to logger/sensor failure could lead to
incomplete information. A second critical factor in the availability of soil moisture content data is the way
that the data sets are retrieved from the datalogger. For most in-situ soil moisture networks manual extrac-
tion of the data is needed. The difficulty of manual extraction is to reach the remote locations of the in-situ
network. In case of automatically uploading through the Zentracloud each day, the only limiting factor is the
connection. Afterwards, when the data is extracted from the in-situ network locations, or downloaded from
the Zentracloud, it should be accessible for use in research or other purposes. This could be done by sharing
with those who request it, by uploading to online (private) platforms or through the ISMN, with an open ac-
cess policy.

For this research an in-situ soil moisture network can be considered reliable, in the sense of availability, when
the length of the available data record is sufficient for the purpose of the research, and when the data is easily
accessible at all time. In this small scale validation a length of 1 year would be considered reliable to give
representative validation results, but more years would greatly improve the reliability.
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The quality of soil moisture content sensors and network
This is reliability in the sense of the possibility to consider the sensor and network data as reference mea-
surements for validation of satellite soil moisture products. This includes quality of the sensors as well as the
representativeness of the network.

Gruber et al.(2013) describe that in-situ data sets are often seen and used as ground-truth and state this is
an inappropriate term to use, since in-situ sensors contain inherent errors. Besides, systematic differences
between the represented extent of the observations ass well as the actual represented physical quantity are
introduced by differences in spatial scale, the represented depth and the underlying physical measurement
principles of the sensors. They mention the necessity of a comprehensive quality control process for in-situ
measurements.

Sensor quality The ISMN collects and harmonizes soil moisture data sets. This is done from a large variety
of networks that operate individually and thus have a highly variable quality. The ISMN performs quality con-
trol procedures on each network that participates. These quality control procedures include among others
flagging values that exceed certain thresholds, checking the soil moisture variation in relation to changes in
precipitation, detecting unresponsive sensors and identifying outliers, within the thresholds (Dorigo et al.,
2013). Common errors that are mentioned for in-situ soil moisture measurements are random noise and
spikes, breaks, constant low and high values.
Dorigo et al. (2011) introduce plausible ranges for the measurements, see table 4.4. Values that exceed these
ranges are flagged. The quality flagging of the data is based on the CEOP-Data Flag Definitions, see table x in
the appendix. C01-C03 flags detect values that are outside of reasonable geophysical range. D01-D05 show
questionable result with geophysical basis, where it looks at the the plausibility of the observations in con-
nection with additional environmental variables, such as temperature and precipitation. The last category,
D06-D10, show suspicious measurements that are identified based on the spectrum of the soil moisture time
series (Xaver et al., 2020). In the appendix the description of each flag can be found.

Figure 4.4: Plausible variable ranges for the meteorological data stored in the ISMN.(Dorigo et al., 2011)

Next to the automated quality control of the ISMN, various other quality analyses are mentioned for in-situ
sensors, such as: sensor calibration, sensor-to-sensor comparison, and soil moisture memory. (Cosh et al.,
2016; Gruber, Dorigo, Zwieback, Xaver, & Wagner, 2013; Heathman et al., 2012; Xaver et al., 2020). Calibra-
tion of the in-situ sensors is an important component to check the performance of the sensors. Cosh et al.
(2016) mentioned factory and soil specific calibration can differ a lot. Studies showed that the sensors did
not meet the accuracy of the manufacturer calibration, and it was concluded that soil specific calibration is
preferable. They state that sensors should be calibrated using volumetric soil moisture samples at the sensor
sensing depth. Sensor-to-sensor comparison is done by collecting measurements in the field with a sensor
that is known to give good results, and then comparing them with the measurements of the placed sensors.
Soil moisture memory looks at the capability of the soil to store information of an atypical event (e.g, rain,
drought) long after its occurrence (Gruber et al., 2020).

Network quality For the representativeness of the network overall, the network quality is evaluated. Tem-
poral dynamics, agreement and stability, show the networks ability to capture the drying and wetting events.
Precipitation data is often used to compare trends. Triple collocation is a method for estimating the random
errors of three collocated data sets, these data sets are assumed to represent the same physical parameter
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while simultaneously solving systematic differences. Spatial representativeness of a single station for a cer-
tain area looks at the stations surroundings and its ability to capture this.The reliability of both soil moisture
content networks in the Bago region have been checked differently, as different information and test are avail-
able.

• In the overview, the timeseries of the measurements so far have been analysed and threshold values
were inspected,according to the ISMN quality flags and the temporal stability was looked at a mini-
mum amount missing data minimum surpassed threshold values and a trend that would be expected
over these months would indicate a reliable network. Basics statistics were calculated to evaluate the
variability of the measurements. This was executed for both networks.

• For both networks the precipitation data at the ITC location was compared to the soil moisture content
data, showing the temporal dynamics.

• The 2017 network was evaluated by the calibration with ground truth measurements that were done at
the time.

The 2020 soil moisture content network was additionally analysed with the following methods:

• The temporal agreement and spatial representativeness was analysed by focusing on the daily fluctua-
tions. The measurements were considered reliable if the six sensors at each location were within range
of each other and showed a similar pattern.

• The first rain event showed the soil moisture memory trough the behaviour of the different sensors over
depth. A clear course over depth of rain entering and drying out indicated reliability.

• Sensor-to-sensor comparison was done, by looking at measurement with the manual Theta Probe and
by comparing with the previous network. Here a visual agreement/correlation of the measurements
would indicate reliability.



�
Results In-Situ Soil Moisture

Measurements

In this chapter both in-situ soil moisture networks was evaluated based on the earlier described methods.
First the previous placed in-situ soil moisture network, the 2017 network, were evaluated by looking at the
overview, basics statistics, precipitation data and calibration results. Next the newly placed in-situ soil mois-
ture network, the 2020 network, was evaluated. The overview, basics statistics, daily fluctuations, precipita-
tion data and event and sensor-to-sensor comparisons were looked into.

�.�. ���� network
Overview of the soil moisture timeseries
Figure 5.1 shows the timeseries of the soil moisture measurements between 2017 and 2018. The trend is simi-
lar at each location. Each location starts with a high soil moisture content, because the measurements started
in June, which is during the monsoon period. Around November the values of the soil moisture content de-
crease as the monsoon ends and the ground dries up. At the end of May the soil moisture content starts to
increase again, this is when the monsoon season starts.

Figure 5.1: Timeseries of the soil moisture content resulting from the in-situ sensor measurements of the 2017 network at various depths
for each location.
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There are some data gaps during specific periods, especially at the location Hpayargyi between July and Au-
gust 2017. This was due to severe damage to the datalogger, which was replaced afterwards. The timeseries
of the soil moisture records at ITC and Alaigni show a lot of variability in their data record, particularly in
the first few months of the measurements at ITC. This could be due to the surface sensor being to close to
the surface cracks. Cracks in the surface means that the sensor could be exposed to air, which could lead to
errors in measurement. The measurements of the locations do not surpass the range verification threshold
of 0.6 m3/m3 for the soil moisture content, that the ISMN has set. At the ITC the measurements of the surface
sensor do have values below 0.0 m3/m3, the bottom boundary value.

The timeseries are further evaluated with an statistical analysis to support the conclusion of large variability.
In Table 5.1 values of this analysis are shown. The statistical characteristics that are shown determine the
variability. The mean value is the average value of that is measured over time during at a certain depth at one
location. The variance is the expectation of the squared deviation of the soil moisture content from the mean
that is determined before. Finally the coefficient of variation shows the relative standard deviation. This is a
measure that shows the dispersion of a probability distribution. As can be seen in Table 5.1 the values of the
soil moisture content that are measured at the surface of the ITC location have a coefficient of variation 0.945.
This means that the variability is large, which confirms the visual assumptions. The surface sensor at Alaigni
shows similar behaviour, though less strong. The top soil layer of both ITC and Alaigni consist of sand, the
large variability could relate to this. In the boxplots it can be seen that the location Hpayargyi and Thanatpin
generally show higher soil moisture content than ITC and Alaigni. This is probably due to the differences in
soil tecture, where both Hpayargyi and Thanatpin consist of silty-clay layers, while the others have a top layer
of sand. These soil textures have different water retention capacities. The lowest mean value is found for the
ITC surface sensor measurements, which is in agreement with the plots of the timeseries, where extremely
low values are found for a long period between January and March.

Figure 5.2: Boxplots of mean soil moisture at surface, 10cm and 20c depth for all the locations of the 2017 network. In the box the first
and third quartile are shown en the green line shows the median. The green triangles represent the mean and the value is shown next to
the box.
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Table 5.1: Mean, variance and coefficient of variation for soil moisture measurements at different depth, for each location of the 2017
network

Location Depth Mean value µ[m3/m3] Variance [m3/m3] Coefficient of Variation[°]

ITC
Surface 0.130 0.015 0.945
10 cm 0.229 0.013 0.502
20 cm 0.211 0.014 0.553

Hpayargyi
Surface 0.208 0.015 0.598
10 cm 0.258 0.008 0.347
20 cm 0.253 0.011 0.422

Alaigni
Surface 0.151 0.010 0656
10 cm 0.172 0.006 0.465
20 cm 0.179 0.003 0.303

Thanatpin
Surface 0.296 0.028 0.560
10 cm 0.322 0.017 0.401
20 cm 0.292 0.021 0.495

Calibration of soil moisture sensors
The 2017 soil moisture monitoring network was validated with ground truth sampling at the time it was in-
stalled and a year after. The measurements were acquired using soil sample rings, with a fixed volume of 100
cm3. The samples were taken adjacent to the sensor nests, at depths corresponding to that of the sensors. The
first experiments resulted in (Root Mean Squared Error (RMSE)) ranging from 0.023 to 0.051 m3/m3, which
was a result verified with previous studies (Kattler, 2017). The second experiment showed a result for RMSE
in the range from 0.011 to 0.059 m3/m3 for most sensors, except for three outliers at the location Thanatpin.
The critical RMSE threshold of 0.05 m3/m3, mentioned in the report as an acceptable value, was exceeded by
6/20 measurements (Zonneveld, 2018).

Comparison of precipitation data and soil moisture content
In Figure 5.3 the precipitation measured at the ITC during 2017 and 2018 is shown. As this is the only location
with rain measurements all the locations were compared to these measurements.
At each location the surface sensors show a clear response to the precipitation. The dry period, starting early
November, is visible in the soil moisture measurements that dry down from this moment. The first spike of
rain after the dry period, around the start of April 2018, shows a strong response of the soil moisture content
at the same time at the ITC. At the other locations the timing of this event differs.
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Figure 5.3: Precipitation measurements at the ITC vs. Surface soil moisture at four locations in 2017/2018
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�.�. ���� Network
Overview of the soil moisture timeseries
The 2020 network was set up in February 2020 in Bago, during this research. Below the timeseries of the mea-
surements of the new soil moisture monitoring network can be seen for the four locations. These overviews
show the development of the soil moisture content from the date that the sensors were placed in February,
the first few weeks the high soil moisture results are due to tests and water settling.

In Figure 5.4 the performance of the sensors at ITC can be seen in the top left corner. The overall trend seems
to represent the transition from the dry period into the wet period and back to the dry period well. What
stands out is the surface sensor. In the dry period this sensor is near zero and in the wet period it shows
a large variability. This could be due to the sensor being to close to the surface cracks, where cracks could
lead to unreliable measurements. The values of measurement lie between 0.006 and 0.386 m3/m3. The soil
temperature lies between 27.8 and 41 degrees Celsius.

Figure 5.4: Timeseries of the soil moisture content resulting from the in-situ sensor measurements of the 2020 network at various depths
for each location.

In Hpayargi, top right corner of Figure 5.4 the graphs suggests that the sensors react as expected. The values
of measurement lie between 0.084 and 0.432 m3/m3. The soil temperature lies between 24.9 and 34.1 degrees
Celsius. One sensor at 10 cm depth stopped working near the end of August. At the end of December 2020
the battery levels of the datalogger dropped to zero, after which no data was uploaded.
In Alaigni, bottom left, all the sensors show very similar trends, which implies a properly working station.
Again the wet and dry period can be clearly distinguished. The values of measurement lie between 0.101 and
0.321 m3/m3. The soil temperature lies between 26.7 and 42.9 degrees Celsius.

At the station Thanatpin the surface sensor has a strong response in April, while the other sensor do not show
much variation. Further in time the surface sensor does stabilize with the other sensors. The values of mea-
surement lie between 0.087 and 0.435 m3/m3. The soil temperature lies between 24.4 and 37 degrees Celsius.
The logger in Thanatpin stopped working at the end of August, so it does not provide data anymore. This
means that for this research no data further then the 1st of September can be acquired.

The timeseries of the soil moisture content are further evaluated with an statistical analysis to support the
conclusion of large variability. In Table 5.2 values of this analysis are shown. The statistical characteristics
that are shown result in the variability. The mean value, the variance and the coefficient of variation. As can
be seen in Table 5.2 the values of the soil moisture content that are measured at the surface of the ITC location
have a large coefficient of variation, 0.747, which is in agreement with Figure 5.4. The surface sensor at ITC
from the 2017 showed very similar behaviour, this could indicate that either the sensor itself has inherent
errors or the sensor do not settle well into the top soil layer at the ITC. The boxplots (Figure 5.5) show that
Hpayargyi and Thanatpin generally have higher soil moisture content than ITC and Alaigni. Next to that these
two locations show a larger range of values, especially at the surface sensors.
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Figure 5.5: Boxplots of mean soil moisture at surface, 10cm and 20cm depth for all the locations of the 2020 network. In the box the first
and third quartile are shown en the green line shows the median. The green triangles represent the mean and the value is shown next to
the box.

Table 5.2: Mean, variance and coefficient of variation for soil moisture measurements at different depth, for each location of the 2020
network

Location Depth Mean value µ[m3/m3] Variance [m3/m3] Coefficient of Variation[°]

ITC
Surface 0.122 0.008 0.747
10 cm 0.224 0.009 0.414
20 cm 0.216 0.008 0.418

Hpayargyi
Surface 0.311 0.020 0.455
10 cm 0.310 0.016 0.403
20 cm 0.319 0.008 0.274

Alaigni
Surface 0.193 0.005 0.364
10 cm 0.178 0.004 0.343
20 cm 0.202 0.005 0.333

Thanatpin
Surface 0.307 0.019 0.445
10 cm 0.312 0.011 0.340
20 cm 0.291 0.009 0.330
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Close-up of daily �uctuations during the wet period
In the graphs in Figure 5.6 a period of three consecutive days during the wet season can be seen. In these
days very little external factors influenced the soil moisture content. These days were evaluated to assess
the mutual performance of the sensors, at each location it can be seen that the individual sensors react very
similar, and are within range of each other. This again indicates a properly working network. As mentioned
before the surface sensor at ITC shows deviating results which suggest that the sensor needs to be displaced.

Figure 5.6: Soil moisture content on three consecutive days during the wet period, at each location of the 2020 network, shown over
various depths

What stands out in the graphs is that at the locations Hpayargyi and Thanatpin the soil moisture content is
higher, between 0.38-0.45 m3/m3, than at the other two locations, were the contents do not reach above 0.36
m3/m3. This is in line with the result of the statistical analysis. It can partially be explained by the composi-
tion of the soil. As mentioned in section 4.1, the soils of Hpayargyi and Thanatpin are silty-clay, while the first
layers of the soil at ITC en Thanatpin consist of sand. Fine textured soils, like silty-clay, have a higher water
retention capacity then coarser textured soil, like sand. This also explains the difference over the depth that
can be seen, in Hpayargi and Thanatpin the soil moisture content decreases from the surface to the 20cm lay-
ers. In Alaigni it can be observed that the three sensors at 20cm depth have the highest soil moisture content,
while the sensors 10 cm depth have lower soil moisture content.

The temperature fluctuation (Figure 5.7) show that ITC and Alaigni have a larger fluctuation than Hpayargyi
and Thanatpin. The temperature sensors are at a depth of 20cm. The differences in soil temperature fluctua-
tion between ITC/Alaigni and Hpayargyi/Thanatpin can be another effect of the soil textures.
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Figure 5.7: Soil temperature measurements during three consecutive days, at 20cm depth at the four locations

Comparison of precipitation data and soil moisture content
The graphs in Figure 5.8 show a good overview of the start of the monsoon season. The monsoon on-set is
expected around the 23r d of May in the Bago area and the off-set around the 29th of September(Figure 2.3.
In the precipitation data at the ITC in 2020 one can detect a similar pattern. There is a small rain event at
the end of April, but the daily rainfall does not start until later, around mid-May. The large rain peaks have
a sharp decrease near the end of September. However, some smaller rain events still occur up to the start of
November. The soil moisture measurements of the surface layer show high values around March, while no
rainfall was present during this time and the months before. This is due to the infiltration test and water that
was poured over for settling of the soil.
At the ITC the response of the soil moisture sensor is similar to the rainfall pattern, where an increase in soil
moisture follows directly from a precipitation event. Also a decrease in precipitation can be seen, for example
in mid July a period of less rainy days results in a decrease in soil moisture, with a delay, due to the retention
of the soil. At the other locations similar trends can be seen as at the ITC, however a strong comparison is not
visible as the rainfall is not at the exact location of these measurements. In the graphs of the three location
it can be seen that the sensor captures the monsoon well, with a increase of soil moisture content at the
monsoon on-set and a fairly steady content during the monsoon season.



5.2. 2020 Network 31

Figure 5.8: Visualisation of the precipitation and the surface soil moisture content that is measured at four location with the in-situ soil
moisture sensor network of 2020
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Close-up of the sensors during �rst rain event

Between the 17th and 31st of May the first large rain event occurred. This period can be seen as the start
of the monsoon season. Below the responses of the sensors can be seen in this period. In Figure 5.10 the
temperature plot can be seen. In each separate figure the individual responses over depth are visible. At ITC,
the the surface sensor shows the first response to the rain event, which is then first followed by the sensors at
10 centimeter depth and then by the sensor at 20 centimeter depth. This is an expected response, as the water
reaches the surface first and then travels percolates with depth. The surface sensors indicate that the soil at
the surface dries down quickly after the event, while the soil moisture content decreases more gradually at
10cm and 20cm depth. As mentioned before this could be due to wrong placement of the surface sensor. In
Hpayargyi the deeper sensors seem to react to the event before the surface sensor does. This could be due
to various side effects, such as a leaf that covers the ground above the surface sensor, water that has been
poured above the other sensors, or plastic in the ground near the surface sensor. At both Hpayargyi and
Thanatpin plastic ploughed into the ground was observed up to 20cm depth. The sensors at Hpayargyi show
have similar responses among each other to the rain event and indicate that the soil gradually dries down.
At Alaigni the responses to the rain event show good behaviour, with steady dry down of the soil, and at the
end a response to a new rain event. In Thanatpin the surface sensor and one of the sensors at 10 cm depth
show a extreme and abrupt increase of soil moisture content, while the other sensors have a more moderate
response where the soil moisture content increases gradually.

Figure 5.9: Measured soil moisture content between the 17th and 31st of May at each location of the 2020 network, shown over various
depths
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Overall the sensors show an accurate response to the rain event, and can therefore be considered reliable. In
the soil temperature plot (Figure 5.10) a clear response to the rain event can be seen at each location. During
the precipitation event the soil temperature decreases between 10-2 degrees, where it has a smaller effect at
the locations where the temperature was already lower. After this the temperature starts to increase again
until the next event. Again the most fluctuation can be seen at the locations ITC and Alaigni.

Figure 5.10: Measured soil temperature at 20cm depth between the 17th and 31st of May of 2020.

Sensor-to-sensor comparison
In-situ sensor vs. manual Theta Probe
Figure 5.11 shows the result of the infiltration test that was done at the ITC. In the first graph the measurement
of the manual Theta Probe are plotted over time together with the measurements of three soil moisture in-
situ sensors at different depths. It can be seen that the manual Theta Probe measurements follow the trend of
the surface sensor. Furthermore the graph shows that the sensors respond to an infiltration, which indicates
they work correctly. The surface sensor shows a steep increase and then gradually decreases, and returns
to the initial value after two days. The sensors at 10 and 20 centimeter depth increase less then the surface
sensor but remain longer at this increased level while very slowly decreasing. In the second graph the soil
moisture content measured by the surface sensor and the manual theta probe are compared and show good
correlation, with a slight underestimation of the soil moisture content measured by the in-situ surface sensor.
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(a) Measured soil moisture content during infiltration test
(b) Visualisation of the measured soil moisture content of the man-
ual Theta Probe versus the surface sensor

Figure 5.11: Measurement results of the infiltration test by the manual Theta Probe and in-situ sensors

In-situ sensor 2020 network vs in-situ sensor 2017 network In Figure C.2 the measurements from the sur-
face sensors at each the stations can be seen for the 2017 network and the 2020 network. For each location a
period of time was chosen where the measurements were minimally affected by external factors, which dif-
fers per station. This comparison is made to verify if the 2020 network is performing within the same ranges
as the 2017 network. In the top y-axis the period in 2017 can be seen, and in the bottom axis the same period
in 2020. In the appendix C the intercomparison between the 10cm and 20cm sensor can be found.

At each location the measurements of both periods lie very close to each other. The weather conditions were
not exactly the same during these periods, so it is not expected for the measurements to be too similar, but
these result show that the 2020 network behaves the same as the 2017 network. It is notable that the sensors of
the 2017 network shows more variability than the 2020 network. In the precipitation plots it can be seen that
there is heavier rain between the months June and August in the year 2017 than in these months in the year
2020, this could explain the difference partially. Additionally the sensor of the 2017 network were placed in
June 2017, which means the sensors were still adjusting in the shown time period, while the 2020 was placed
in March and could settle for 3 months before the shown time period. It is not known whether the exact same
sensors where used at the the same depths, so inherent sensor errors could play a role too. At the location
Hpayargyi the values of the surface sensor in 2017 are consistently lower than the measurements in 2020.As
mentioned in the location description the newly placed sensor were installed at a slightly different location,
that is flooded more during the monsoon than the previous location. This could indicate the higher values in
2020. In table 5.3 the min and max ranges at each location can be seen per depth. Here it is also visible that
the soil moisture content falls within similar ranges at each depth.
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Figure 5.12: Visual comparison of the measured soil moisture content by the 2017 in-situ network and the 2020 in-situ network

Table 5.3: Ranges of the measured soil moisture content [m3/m3] from each location at all depths

Location Depth Range 2020 Range 2017

ITC

surface 0.065-0.284 0.045-0.341
10cm 0.205-0.356 0.258-0.398
20cm 0.149-0.411 0.232-0.433

Hpayargyi

surface 0.422-0.446 0.361-0.435
10cm 0.390-0.453 0.367-0.406
20cm 0.378-0.412 0.368-0.416

Alaigni

surface 0.229-0.294 0.160-0.364
10cm 0.198-0.313 0.207-0.309
20cm 0.237-0.324 0.203-0.336

Thanatpin

surface 0.411-0.446 0.414-0.464
10cm 0.396-0.433 0.398-0.469
20cm 0.337-0.412 0.284-0.440



6
Discussion In-Situ Soil Moisture Network

Set-Up and Measurements

In this chapter the findings during the network set-up and measurement analyses will be discussed. In section
6.1 the challenges that were encountered during the preparation, fieldwork and the further use are discussed.
By establishing these challenges future fieldwork and research can be well prepared for what to expect. In
section 6.2 the reliability analyses of the installed networks of 2017 and 2020 was evaluated and a decision
was made which network could be used for validation.

6.�. Exposed challenges during the set-up of an in-situ soil moisture
network in Myanmar

Preparations
The locations of the network are in a quite remote area, which means preparation was needed. Once on the
way , it is not easy to acquire extra equipment. An important factor for the selection of the materials was the
weather condition. A heavy rain season from May till November, in combination with negligence of weather
protection for the datalogger, has ruined a previous network. This means a robust logger that withstands the
monsoon climate and that fits into the budget must be selected.

The weather also plays a role in the planning of the fieldwork. This fieldwork was preferred to be executed
during the dry season, to get a good grasp of the transition of soil moisture from dry to wet season. This meant
a quite quick departure, and little preparation time.

Fieldwork
For the installation of the network it was important that the exact locations were carefully selected. The four
locations had to represent the neighborhood around it, to give a reliable result of the entire area. The possible
places to install a network were limited because the property of land interferes, the network of this network
could be installed at locations that were associated with the Irrigation Technology Centre. Additionally the
exact position of the logger in the selected area had to be chosen: no canopy, to prevent alternative results
due to less rain and to keep the solar panel activated. No trash in the ground, which could result in deviating
results. Unfortunately this was not possible at each location.

In terms of logistics some difficulties arose. Three of the locations are not easy to reach on your own, this
means that simple/fast checks and experiments could not easily be executed. Some preparation and funding
were needed each time the locations must be visited.

During the installation it became clear that the digging and inserting the sensor was held back by the dry
ground. Again the climate plays a role here, where a dry ground results in rough work and poorer attachment
of the sensors, while wet ground could lead to messiness and less steady soil.
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The staff of ITC always assisted in the fieldwork and were very eager to learn, but occasionally the communication
was challenging. Explaining of the functions and maintenance of the devices was often not understood, this
is why a manual is made to explain everything in detail, so that it can be read in their own time and pace.
Likewise for the experiments it was confusing for both sides what to expect, but often it resulted in creative
solutions. It became clear though that additional experiments without being there would not be possible to
accomplish. Unfortunately, due to the corona virus situation, there was no time to do the calibration with
ground truth samples, and explaining these methods to the staff at ITC would not have worked.

Further use
Although the early departure meant that a large part of the fieldwork and experiments could not be done,
the network was installed and produced continuous data on the Zentracloud. Until, at the end of August
2020, two of the four devices stopped delivering data. After some research it was clear that a general reset
by Metergroup of the ZL6 Logger, caused the sim-cards to be seen as forbidden, and thereby denying ac-
cess to the cloud. A step-by-step performance should be performed to solve this problem. Here again the
communication issue arose, where the given instruction was not sufficient. A new manual with a more com-
prehensive explanation has been sent. This situation showed that when one is at the location there are not
too many obstructions, that being physically present can solve most problems, but from a distance this is a
challenge.

Besides this particular problem, the maintenance of the network remains a challenge. Although the devices
had been protected and haven’t been opened during the entire monsoon season, at least two devices have
been damaged by insects and/or water. This means the weather condition that occur in the tropics could not
be completely avoided. The large variation in humidity will continue to be a challenge. The remote location
makes it impossible to easily go into the field and solve the challenges, especially during a global pandemic,
and the cultural differences and communication issues make it complicated to instruct from a distance.

6.�. Reliability of the in-situ soil moisture networks

���� network
The 2017 network, the in-situ soil moisture network placed in 2017, was evaluated for its reliability, by looking
at the availability and the quality of the soil moisture measurements. The network produced data from June
2017 to July 2018, which is 13 months of data. The data has some missing values, which means the continuity
is not always guaranteed. The retrieval of the data was manual. The data records of the network were made
available for this research and were uploaded to the ISMN during this research, which means it is now avail-
able with open access. Overall the availability of this network was considered reliable for the use of the small
scale validation in this research.

The quality was evaluated by observing the time series. The timeseries showed plausible results, with trends
that behaved according to the expected soil moisture trend following the monsoon climate in the tropics.
There were values are missing, especially at Hpayargi a whole period is missing. Furthermore there were val-
ues below 0.0 m3/m3. The statistical analysis showed that the surface sensor at the ITC has a high coefficient
of variation, 0.945, this lowers it reliability and therefore the measurements at 10cm depth was be considered
as well. The box plots showed that the soil moisture content was generally higher at Hpayargi and Thanatpin,
which is in agreement with the soil texture and its water retention capacity. Two experiments were done in
order to calibrate the sensors. These resulted in acceptable errors, showing that the in-situ sensors correctly
measure the soil moisture content. In the analysis with the precipitation data the sensors show responses
that were expected after rainfall, and a good agreement could be seen between the precipitation data and the
surface soil moisture. This indicates that the sensors are reliable.

Overall it was concluded that the 2017 in-situ soil moisture network provides an accurate estimate of the
soil moisture content at the four locations and it can be used as reference for the validation of satellite soil
moisture products in this research.
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���� network
The availability and quality of the in-situ soil moisture measurements of the 2020 network, the in-situ soil
moisture network installed in 2020, were analysed. The 2020 network was installed in February 2020, which
is still the dry period in the Bago region. This means that the sensor did not settle immediately. The network
is considered to be usable after the first large rain event has passed. This was halfway through May. The data
record at the time of the remote sensing analysis was 6 months. At the end of August one sensor in Hpayargyi
had failed, and the entire station of Thanatpin had failed, this reduces the continuity of the network. The
2020 in situ-network automatically uploads the measurements to the Zentracloud. The Zentracloud allows
the measurements to be accessed near real time, leading to excellent availability of the soil moisture data.
Being able to watch and download the data every minute of the day, without going into the field, gives the op-
portunity to monitor and use the network without time consuming actions and without opening the loggers,
which is a large asset in this remote tropical area. This creates a very reliable and easy to access data frame.

The quality of the sensors and the network were evaluated for the 2020 network. First the timeseries of the soil
moisture content were given at each location. The result showed a strong trend in the transition from the dry
period to wet period. Some spikes and jumps were detected, and the surface sensor at the ITC seemed to fall
out of range. This was supported by the low mean value that was found, 0.122 m3/m3, for the surface sensor
at the ITC compared to the means. The daily fluctuations showed that the 2020 network behaves according to
expectations, where the different sensors at each locations agree with each other. Next to that the characteris-
tics of the various locations can be detected. In the first rain event the four locations show the reaction to the
rain. Each location shows good behaviour over the depth, and during the drying out. The sensor-to-sensor
comparison showed promising results. The infiltration test showed that the manual ML3 Theta probe mea-
sured a soil moisture content very similar to the in-situ soil moisture sensors. The comparison with the 2017
network, assuming that the 2017 network was considered reliable, also showed good agreement. The 2017
network showed more variability than the 2020 network. Each location showed soil moisture content mea-
surements that were within similar range to the measurements of the 2017 network in the same time periods.
This means both networks represented the locations in the same way. When compared with precipitation
data the surface sensors show responses that were expected after rainfall, especially at the ITC location, and
a clear correlation could be seen between the precipitation data and the surface soil moisture, therefore the
sensor can be considered reliable.

To conclude, the reliability of the 2020 in-situ soil moisture network is promising and showed similar be-
haviour to the 2017 network, however it could not yet be used for the validation of the satellite soil moisture
products in this research. This is mainly due to the short data record of the measurements. A visual compar-
ison of the in-situ measurements of the 2020 network with the satellite products was done in this research,
were the first measurements have been visualized. Especially the temperature measurements, that are an
addition to this network and thus one of the first in the tropics, were used for new insights.
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�
Data and Methods

In this chapter the in-situ and satellite data and the methods that were used for the validation and error
analysis will be described.

�.�. Data
In-situ products
The in-situ products were extensively described in part 2 of this research and are each at the four exact coor-
dinates and depths described in section 4.1, the following products will be used:

• Soil moisture content in m3/m3 from June 2017 - July 2018

• Soil moisture content in m3/m3 from February 2020 onward

• Soil temperature in ± Celsius from February 2020 onward

Satellite products
In this research several satellite products from VanderSat and NASA will are used: Soil moisture, temperature,
vegetation optical depth(VOD) and Normalized Difference vegetation Index (NDVI).

Soil moisture(SM) products:

Name Unit Satellite Band Representative sensing depth Pixel size Overpass time
SM-AMSR-XN m3/m3 AMSR X-band 1cm 100x100m 01:30
SM-AMSR2-C1N m3/m3 AMSR2 C-band 2cm 100x100m 01:30
SM-SMAP-LN m3/m3 SMAP L-band 5cm 100x100m 06:00
SM-D-SMAPL3LPRM m3/m3 SMAP L-band 5cm 9km 06:00

Land surface and soil temperature products:
Name Unit Pixel size Day/Night
TEFF-AMSR2 K 100x100m Night
MOD11-LST-Day K 1km Day
MOD11-LST-Night K 1km Night

Vegetation optical depth(VOD) products:

Name Unit Band Representative sensing depth
vod-AMSR-XN AMSR m3/m3 X-band 1cm
vod-AMSR2-C1N AMSR2 m3/m3 C-band 2cm
vod-SMAP-LN SMAP m3/m3 L-band 5cm
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Normalized difference vegetation index (NDVI) product: NDVI no unit, retrieved from Moderate Resolution
Imaging Spectroradiometer (MODIS)-Terra MOD13c2, , accessed at Giovanni NASA EarthData.

The VanderSat products: soil moisture, temperature and VOD, were each down scaled and went through the
Land Parameter Retrieval Model. Each signal has a pixel size of 100x100m. The fourth soil moisture product is
from the SMAP satellite and gridded by NASA at 9km pixels and went trough the same LPRM as the VanderSat
data. The level L3 indicates the level of data processing. Level 3 indicates geophysical parameters derived
from level 1 or 2 data that have been spatially and/or temporally re-sampled to a global grid (Chung et al.,
2017).

Vegetation optical depth (VOD) represents the canopy water content dynamics. The optical depth is a mea-
sure of how opaque a medium (the canopy) is to radiation passing through it. The optical depth is directly
related to the vegetation water content and dielectric properties of water, and is also a function of the inci-
dence angle and the radiometric frequency (Meesters et al., 2005). In this research the VOD data is calculated
by the LPRM from brightness temperatures derived from X-,C- and L-band, like the soil moisture.

The Normalized Difference Vegetation Index (NDVI) measures the difference between the near-infrared ra-
diation and the visible wavelength radiation. Near infrared is strongly reflected by vegetation, while visible
light is absorbed by vegetation. With the difference the vegetation can be quantified.

Parameters Land Parameter Retrieval Model
In this section the parameters that are used in the LPRM will be described. The parameters that will be tested
for sensitivity, are given a range. In table 7.1 the values that are used in the current LPRM can be seen.

Parameters C-band L-band X-band
Q 0.115 0.0 0.127
w 0.056 0.12 0.048

opt_atm 0.01 0.0 0.01
u 55 40 55

h1 2.6 1.1 2.25
h2 4.9 2.2 3.0
f 6.9 1.4 10.7

vod_fm 0.45 0.3 0.45
vod_fh 0.6 0.4 0.6

Table 7.1: Parameters and values used in LPRM

Q: polarization mixing factor
Q is a mixing factor that takes the polarization mixing caused by rough surfaces into account. Q is often con-
sidered to be negligible, especially at L-band (Mialon et al., 2012) A rough surface would imply a value for Q
that is higher than zero. Results of studies suggest that for a smooth surface the value of Q should be around
0.05 [-] and for rough surfaces 0.3[-]. For this research a range from 0-0.4 was used.

!: single scattering albedo
! is the single scattering albedo, which is defined as the the portion of total extinction that is due to scatter-
ing. The ! depends on the thickness of the canopy and generally varies between 0 and 0.15, however much
higher values were reported as well. (van de Griend & Wigneron, 2004; van der Schalie et al., 2015). For this
research a range from 0-0.3 was used.

opt_atm: optical depth of the atmosphere
The atmospheric opacity is often assumed to be near 0, due to the small atmospheric contribution. In this
research a small range between 0.0 - 0.05 will be used.

u :incidence angle of the observation
The incidence angle of observation, u, is the angle between the satellite sensor and the angle normal to the
surface. The incidence angle is a fixed value that is different for each satellite. In various studies angles be-
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tween 40 degree and 60 are used (??), a range between 35 and 60 will be used in this research.

h1, h2: Roughness parameters
h1 as h2 are roughness parameters that relate to the height variation of the surface and the correlation length.
In literature generally only the roughness parameter h is mentioned. Typical values for h have been men-
tioned, that range from 0 for a smooth surface to 0.4 for a rough ploughed field (de Jeu, 2003). The roughness
factor h is considered as a dynamic variable that varies in time and space. In this research the parameters h1
and h2 are used to express h as a function of soil moisture (µ): h=h1-h2*µ. For these parameters the ranges
0.0-4.0 for h1 and 1-3*h1 for h2 are used.

f: frequency
The frequency, f, differs per wavelenght and band. For soil moisture studies the most important bands are:
L-band (frequency f = 1 – 2 GHz, wavelength ∏ = 30 – 15 cm), C-band (f = 4 – 8 GHz, ∏ = 7.5 – 3.8 cm),and
X-band (f = 8 – 12 GHz, ∏ = 3.8 – 2.5 cm) (Scanlon et al., 2020). The frequencies mentioned in Table 7.1 are set
for these bands, and will not change.

Parameters Ranges
Q 0.0-0.4
w 0.0-0.3

opt_atm 0.0-0.05
u 35-60

h1 0.0-4.0
h2 1-3*h1

Table 7.2: Ranges of the different input parameters of the model
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�.�. Methods
Preprocessing
Spatial matching
The ground based measurements are based on in situ observations at a single location. Therefore the in-situ
data has a spatial support that differs largely from the gridded soil moisture retrieval products. Consequently
all metrics will be prone to representatives errors (Al-Yaari et al., 2019). This is a known problem in the valida-
tion studies of soil moisture. While VanderSat has managed to downscale the pixel size to 100 m x 100 m, the
satellite product that is gridded by NASA still has a larger pixels size of 9 km. Therefore the SMAP-L3products
was rescaled using linear regression to match the reference data set. The in-situ locations were selected based
on representativeness of the surrounding area. In Figure 7.1 the pink dot/square represents one pixel of the
VanderSat satellite products near Bago.

Figure 7.1: Pixel of satellite retrieved soil moisture on the map near Bago, source: maps.vandersat.com

Temporal matching
In order to correctly evaluate the measurements temporal matching is needed between the satellite and in-
situ products. The satellite products have different overpass times. The overpass time of the X-band and
C-band is at 1:30AM and the overpass time of both the L-bands is at 6:00AM. The in-situ sensors measure
in half hour intervals. To match these products the in-situ measurements closest to the satellite observation
time were considered. Given the high temporal resolution of in-situ measurements, the difference between
satellite overpasses and in-situ observations was always a maximum of half an hour. Furthermore the satellite
products have a measurement record of years and are still providing. The in-situ products have measured
between June 2017 and July 2018, and from February 2020 onwards. These dates have been matched for
comparison and validation. The days where no data was available for either the in-situ measurements or the
satellite measurements were filtered out.

Validation satellite products with ���� network
For the validation of the satellite products, the soil moisture data from the 2017 network, 2017/2018, will be
used as reference. The surface sensors, that reach down to a depth of 5cm will be used. These sensors are cho-
sen in relation to the representative sensing depths of the satellites. Because of the very noisy surface sensor
at the ITC, the validation is also done with an average of the sensors at 10cm depth. The satellite products
that are used in the validation are the soil moisture products mentioned in the data section.

The validation results are presented per location. First the timeseries of both the in-situ and satellite measure-
ments are analysed and compared with the vegetation optical depth and normalized difference vegetation
index products. The statistical analysis to evaluate the satellite products in reference to the in-situ network
was done. This was done in python, using the package pytesmo, which provides a standard library that can be
used for the comparison and validation of geospatial time series datasets with a focus on soil moisture. The
following statistical scores will be used to validate the performance of the satellite soil moisture products:
Pearson R, Root Mean Squared Difference (RMSD), unbiased RMSD and bias:
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Pearson’s R, a correlation coefficient. R is a measure of linear association between two variables, if the data
sets from the two variables constitutes exactly a straight line when plotted, R equals plus or minus 1. The
Pearson correlation coefficient is calculated as follows:

R =
P

(x °mx )(y °my )
qP

(x °mx )2(y °my )2
(7.1)

where:
mx = the mean of the vector x.
my = the mean of the vector y.

The root means square difference(RMSD) is used for estimating uncertainty and it shows the accuracy. RMSD
is the square root of the variance, also known as the standard error. It is the standard deviation of the errors
in the predication, therefore it is a measure of accuracy. The RMSD ranges from 0 to infinite, where the unit
will be the same as the dependent variable, in this case m3/m3. Unbiased RMSD (ubRMSD), where the bias
component is removed from RMSD shows the precision. The ubRMSD ranges from 0 to infinite as well, with
unit m3/m3. Both for RMSD and unbiased Root Mean Squared Difference (ubRMSD) values approaching
zero are optimal. Although satellite soil moisture validation studies often use a threshold of 0.04 m3/m3 for
the ubrmsd, this is based on a rough estimate of what is currently achievable, rather than an indication of
the product quality (Gruber et al., 2020). The value of 0.04 m3/m3 is therefore used as a target value, however
values that do not meet this requirement are not depreciated.

RSS =
X

((o °p)2) (7.2a)

RMSD =
p

RSS
n

(7.2b)

ubRMSD =

sP
(((x °mx )° (y °my ))2)

n
(7.2c)

where:
RSS = Residual Sum of Squares (RSS)
o = observations
p = predictions
mx = mean of vector x
my = mean of vector y
n = number of observations

Bias, the temporal mean difference between the data sets, shows accuracy. The bias is used to measure dry-
ness or wetness of the satellite-based retrievals on capturing soil moisture seasonal variations of the satellite-
based retrievals compared to in-situ observations. Smaller values mean more accuracy.

bi as = mx °my (7.3)

Figure 7.2: Explanation of the definition of accuracy and precision
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Parameterisation Land Parameter Retrieval Model
For the sensitivity analysis of the satellite products, the soil moisture data from the 2017 network will be
used as reference. The surface sensors, that reach down to a depth of 5cm will be used. These sensors are
chosen in relation to the sensing depths of the satellites. A sensitivity analysis is done to determine how
independent variable values will impact a particular dependent variable under a given set of assumptions. In
this case the independent variables are 6 parameters that are used to calculate the soil moisture content with
the Land Parameter Retrieval Model. The impact the parameters have on the soil moisture will be evaluated
by calculating the unbiased root mean square errors, with in-situ soil moisture as reference. To evaluate the
sensitivity of these 6 parameters that are used in the LPRM a part of the algorithm is tested. First a code was
written to run the part of LPRM that is needed for this research. This code was calibrated until lead to the
outcomes that are the standard product, which is necessary before alterations can be made.

Figure 7.3: Schematic overview of the input and output of the Land Parameter Retrieval Model in this research

To run the model and get the soil moisture (SM) and vegetation optical depth (VOD) outcome there are sev-
eral inputs needed (Figure 7.3). The vertical and horizontal polarisation timeseries, the sand, the clay and
bulk density values and the Ka-band brightness temperature were downloaded from the vandersat maps
(https://maps.vandersat.com), where the in-house products of VanderSat were made available for this
research. Te f f the effective temperature (land surface temperature) is calculated from the brightness tem-
perature retrieved by the Ka-band. These parameters were each downloaded at the specific locations of the
in -situ sensors. The last input are the individual parameters that are filled in manually, more information
on these parameters can be found in the previous section. During the parameterisation the ranges that were
mentioned in the data section Table 7.2 will be used to investigate the sensitivity of the 6 parameters. The
model parameters Q, !, opt_atm, u, h1 and h2 were adapted in order to minimize the unbiased root mean
square error of the satellite soil moisture products versus the in-situ soil moisture products, while keeping the
Pearson R > 0.75. The sensitivity test is visualised in graphs to show the influence of the parameters and iden-
tify the optimal ranges. The combinations of parameters that lead to the 100 lowest ubRMSD were selected
and plotted again to further narrow down the ranges. An overview of the ranges where the top 100 values of
lowest ubRMSD fall within is given in boxplot per band and location.

Visual comparison ���� network
For the visual comparison the in-situ soil moisture and temperature data from the newly placed network in
2020 were used. The 2020 network placed in Bago will eventually be used for further validation studies in this
area. For now the period is not long enough to do these validations, but the first visual comparisons were
done, where especially the temperature measurement were of interest. The soil moisture products were visu-
ally analysed and a closer look was taken at the on-set of the monsoon season in both the in-situ and satellite
soil moisture products. The temperature measurements were analysed and compared to other temperature
products and possible sources of errors were discussed.

https://maps.vandersat.com
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In this chapter the in-situ products that were installed in Bago, Myanmar were used as reference to validate
and analyse four satellite products. First the validation of the satellite products of VanderSat and NASA was
done with the in-situ soil moisture network that operated between 2017 and 2018. Four metrics were com-
puted for each location: Pearson correlation coefficient(R), RMSD, ubRMSD and the bias. The result were
evaluated by looking at the VOD and NDVI. In the second section a part of the retrieval algorithm, the LPRM,
that is used for the satellite products of VanderSat has been looked at. A sensitivity test was performed to
analyse certain parameters, and ranges for the optimal values are given. In the last section the in-situ soil
moisture network that was placed in 2020 was used to evaluate the temperature measurements. First the soil
moisture and temperature satellite products of VanderSat were visually compared to the in-situ soil moisture
and soil temperature data of the new network from 2020. Here a closer look was taken at the ability of the
satellite products to capture the monsoon on-set and off-set. Next the temperature measurements of the
satellite were compared to the measurements of the in-situ network. The deviant behaviour of the tempera-
ture measurements is compared with additional in-situ and satellite temperature data.

8.�. Validation of satellite products vs. the ���� network
Below the timeseries of the soil moisture, vegetational optical depth (vod) and normalized difference vegeta-
tion index (NDVI), at the four locations, Irrigation Technology Centre (ITC), Hpayargyi, Alaigni and Thanatpin
are shown and analysed. After this the results of the validation by statistical analysis can be found, summa-
rized in table 8.1.

Irrigation Technology Centre
In Figure 8.1 the soil moisture measurements of the in-situ surface sensor and satellites at the ITC can be
seen. As mentioned in the in-situ soil moisture chapter, the measurements of the surface sensor at the ITC
show a lot of noise and values below 0.0 m3/m3, which is not expected behaviour. The sensor at 10cm depth
(lightblue) is therefore also considered. The trends of the three VanderSat soil moisture products, C-band,
L-band and X-band, are similar, with some outliers in the wet period of the L-band. The three bands overesti-
mate the soil moisture content in the dry period compared to the in-situ soil moisture measurements, a result
that is found in more validation studies (Dente et al., 2020). The L3 product seems to follow the trend of the
in-situ measurements, although it starts drying down way earlier. Montzka et al. (2020) mentions soil surface
roughness could lead to overestimation of the soil moisture, when the microwave emission that is caused by
surface roughness is not corrected or isolated.
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Figure 8.1: Timeseries the surface sensor and different satellite bands at ITC

The left graph in Figure 8.2 shows the vegetation optical depth (VOD) for the location ITC. The C-band and
X-band show a very similar pattern with VOD values between 0.3 - 0.4 m3/m3 in the months November to
May. The L-band has significantly higher values during the months June, July and August, both in 2017 and
2018, than the other bands. The VOD represents the canopy water content. The vegetation produces mi-
crowave emissions itself, and attenuates the emission from the soils underneath. If this is not accounted for,
this would lead to underestimation of soil moisture (Montzka et al., 2020). The optical depth increases with
higher vegetation densities. Higher vegetation densities means that more soil emissions are attenuated by the
canopy and the signal contains emission from the vegetation as well. As a result, the increase of VOD means
that the sensor sensitivity to soil moisture variations decreases. Fernandez-Moran et al. (2017) mentions that
VOD values at L-band generally vary between 0 and 0.6 over croplands and grassland. Their study also showed
temporal mean values of VOD between 2010 and 2015 from SMOS-IC and SMOSL3 which indicated values
below 0.4 for Myanmar. The normalized difference vegetation index (NDVI) quantifies vegetation as well and
is often used to study vegetation optical depth (Grant et al., 2016). Note that the axes of VOD and NDVI do
not indicate the same range of values. The values of the NDVI range between 0 and 1, where higher values
indicate a larger amount of greenness. In the right graph in Figure 8.2 the NDVI indicates a high amount of
vegetation between August and November 2018, the C-band and X-band increase as well during this period,
in contrast to the L-band, which decreases during these months.The L-band is much less sensitive to the ef-
fects of vegetation, due to the larger penetration depth following from the longer wavelength (Jackson et al.,
2012).

Figure 8.2: Timeseries of the vegetation optical depth of VanderSat C-band, L-band and X-band and Timeseries of area averaged Nor-
malized Difference Vegetation Index obtained from NASA Earthdata from the MODIS-Terra satellite, both between June 2017 and July
2018 at ITC
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Hpayargyi
In Figure 8.3 the timeseries of soil moisture measurements at Hpayargyi are shown. The C-band and X-band
show similar results again. These bands show a underestimation in the first wet period, from June 2017 to
September 2017. The L-band again shows some outliers in the wet periods, but follows the dry-down trend
of the other bands. The L3 dries down sooner then the in-situ product, and the other satellite products. In
the dry period from November 2017 to May 2018 an overestimation can be seen. The overestimation over
soil moisture content by satellite retrieval in dry periods is seen more often in validation studies Colliander
et al. (2017); Mascaro, Ko, and Vivoni (2019). All the satellite products overestimate the soil moisture content
compared to the soil moisture content of the surface sensor, however the difference is smaller than at the ITC.
The monsoon on-set, which started early May 2018, is captured well by all the satellite products.

Figure 8.3: Timeseries of the surface sensor and different satellite bands at Hpayargyi

The VOD and NDVI at Hpayargi are shown in Figures 8.4. Again the L-band shows a different trend than the
C-band and X-band, where the values lie high in the months June and August and decrease from September
to November. These higher values of VOD could result in lower sensitivity to soil moisture variations, which
could explain the high soil moisture values in these months that are measured with the L-band. The NDVI
shows high values from July to October and then decreases fast and stays lower until the start of May. This
follows the Monsoon season.

Figure 8.4: Timeseries of the vegetation optical depth of VanderSat C-band, L-band and X-band and Timeseries of area averaged Nor-
malized Difference Vegetation Index obtained from NASA Earthdata from the MODIS-Terra satellite, both between June 2017 and July
2018 at Hpayargyi

Alaigni
The timeseries of the soil moisture measurement at Alaigni can be found in Figure 8.5. C-band and X-band
show very similar result to each other, in relation to the in-situ soil moisture they show high values during the
dry period. The L-band measurements values are very high, up to 0.58 m3/m3, during the wet season. The
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L3 product shows a dry down from late July on wards, which cannot be seen in the in-situ soil moisture.

Figure 8.5: Timeseries the surface sensor and different satellite bands at Alaigni

In the VOD measurements in Figure 8.6 a strange behaviour can be seen at the L-band between September
and October 2017, a behaviour that can not be seen back in the soil moisture measurements. The C-band
and X-band show no particular deviating behaviour during these months, neither does the NDVI in the right
graph of Figure 8.6. In the NDVI graph the steep increase in May 2018 stands out, this means the greenness
is suddenly very high. This could have several reasons, for example sudden precipitation or irrigation. In the
soil moisture graph it can be seen that the soil moisture content of the in-situ sensor increases sharply as well
during this period.

Figure 8.6: Timeseries of the vegetation optical depth of VanderSat C-band, L-band and X-band and Timeseries of area averaged Nor-
malized Difference Vegetation Index obtained from NASA Earthdata from the MODIS-Terra satellite, both between June 2017 and July
2018 at Alaigni

Thanatpin
In Figure 8.7 the measurements of soil moisture at Thanatpin can be seen. The values of the soil moisture
measured by the in-situ sensor in the period from July to November 2017 are relatively high, up to 0.47 m3/m3.
The L-bands show values within range of this in the first month, but they dry down quickly from August on.
The values of C-band and X-band start out with lower values, but the dry down sets in around the same time
as the in-situ measurements, around December 2017. As mentioned at the other locations the in-situ sensors
show significantly lower values during the dry season after the dry down, from around November till May. In
Thanatpin these lower values in the in-situ measurements are visible from the end of December 2017.
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Figure 8.7: Timeseries of the surface sensor and different satellite bands at Thanatpin

In the VOD data in Figure 8.8 the values that approach values near 0.0 m3/m3 between June and August 2017
and June and August 2018 stand out. These low values are explained by a lack of vegetation. The values of
the NDVI show low values as well, where at the other location no values below 0.4 were found, the values at
Thanatpin do not pass 0.4 in these months. Thanatpin is located in a urban area, which could explain the
lack of vegetation, that is removed due to hinder for example.

Figure 8.8: Timeseries of the vegetation optical depth of VanderSat C-band, L-band and X-band and Timeseries of area averaged Nor-
malized Difference Vegetation Index obtained from NASA Earthdata from the MODIS-Terra satellite, both between June 2017 and July
2018 at Thanatpin

Figure 8.9 shows the comparison between the surface in-situ and satellite retrieved soil moisture products.
For the in-situ soil moisture values between 0.0 and 0.2 m3/m3 there is a clear overestimation by the satellite
products. This agrees with the dry period between November 2017 and May 2018 in the timeseries of Figures
8.1, 8.3, 8.5 and 8.7. For ITC and Hpayargyi the higher soil moisture values show good agreement between
the in-situ and satellite soil moisture, with some outliers for the L-band. At Alaigni the overestimation trend
seems to continue with the higher values as well, expect for the scaled L3 product. The higher values at
Thanatpin show an underestimation of the satellite products.
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Figure 8.9: In-situ soil moisture measurements versus satellite retrieved soil moisture at ITC, Hpayargyi, Alaigni and Thanatpin.

Table 8.1 lists the performance metrics: Pearson’s R, RMSD, ubRMSD and bias for each location and band
combination. The colors in the cells indicate the relative performance of the score, where green indicates the
best result, yellow a moderate, and red the least.

The Pearson’s R, is above 0.7 for all the locations and bands, which is a good result. A study over a tropical
region in Malaysia showed very weak to moderate results for the correlation, between 0.006 and 0.540 (Kang
et al., 2016). In the United States a watershed network in a humid climate showed a correlation of 0.631 for
AMSR-E X-band and 0.643 for SMOS L-band (Jackson et al., 2012). Colliander et al. (2017) showed validations
studies of SMAP L-band that resulted in R-values between 0.489 - 0.969 for arid and semi-arid regions. In
this research the correlation seems highest for the L-band, ranging from 0.78 to 0.89. L-band was expected to
have the best performance, because it has the same representative sensing depth as the in-situ soil moisture
sensors. Hpayargi is the location that produces the best results for correlation, in agreement with Figure 8.9.
When looking at the differences between the two ITC depths, it can be observed that the R increases for the
X-band and C-band, but decreases for both L-bands at 10cm depth.
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Table 8.1: Performance metrics for validation of satellite retrieved soil moisture at ITC, Hpayargyi, Alaigni and Thanatpin. Surface in-situ
soil moisture as reference

Location Band Pearson R RMSD ubRMSD Bias

ITC

C-band 0.7339 0.1843 0.0897 -0.1622
L-band 0.8081 0.2112 0.0740 -0.1975
L3-band 0.7432 0.0819 NA NA
X-band 0.7803 0.1809 0.0815 -0.1618

Hpayargyi

C-band 0.8369 0.0991 0.0715 -0.0626
L-band 0.8858 0.0870 0.0593 -0.0651
L3-band 0.7292 0.0839 NA NA
X-band 0.8551 0.0904 0.0674 -0.0566

Alaigni

C-band 0.7542 0.1582 0.0676 -0.1449
L-band 0.8115 0.1871 0.0614 -0.1704
L3-band 0.7386 0.0651 NA NA
X-band 0.7773 0.1639 0.0644 -0.1523

Thanatpin

C-band 0.7008 0.1365 0.1287 -0.0103
L-band 0.7793 0.1155 0.1114 -0.0425
L3-band 0.7018 0.1195 NA NA
X-band 0.8086 0.1177 0.1029 -0.0183

Table 8.2: Performance metrics for validation of satellite retrieved soil moisture at ITC. In-situ soil moisture at 10cm depth as reference

Location Band Pearson R RMSD ubRMSD Bias

ITC 10cm

C-band 0.7700 0.0986 0.0780 -0.0613
L-band 0.7651 0.1223 0.0810 -0.0903
L3-band 0.6787 0.0847 NA NA
X-band 0.8271 0.0920 0.0676 -0.0609

Satellite soil moisture validation studies often evaluate products against a target accuracy thresholds (Gruber
et al., 2020). The SMOS mission set a target accuracy for 0.04 m3/m3(Kerr et al., 2001; van der Schalie et al.,
2015), while for SMAP products target accuracy thresholds of both 0.04 m3/m3 and 0.06 m3/m3 are men-
tioned(Colliander et al., 2017)(Entekhabi et al., 2010). These target threshold are mentioned for both RMSD
and ubRMSD.

The RMSD values range between 0.08 and 0.21 m3/m3. The studies in a tropical region in Malaysia showed
RMSE values between 0.09 and 0.16 m3/m3 (Kang et al.,2016a; Kang et al.,2016b) Liu, Yang, and Yue (2018)
evaluated satellite based soil moisture in various regions. A humid temperate marine climate region in Spain
showed a RMSE values between 0.12 and 0.18 m3/m3 for AMSR products and between 0.06 and 0.09 m3/m3

for Soil Moisture and Ocean Salinity (SMOS) products. At the Tibetan Plateau with cold dry winters and humid
cool monsoon summers, values for RMSE between 0.09 and 0.14 m3/m3 for AMSR products and 0.1 and 0.2
m3/m3 for SMOS products were found. The RMSE values at the humid climate region in the U.S. were 0.049
m3/m3 for AMSR-E and 0.072 m3/m3 from SMOS. Colliander et al. (2017) showed RMSE values between 0.03
and 0.06 m3/m3 for SMAP products in arid and semi-arid regions. The values of the RMSD for this research
in Myanmar are at the high end of the ranges in (somewhat) similar regions. The location Hpayargyi shows
the lowest RMSD values. The L3 shows the lowest values but this is due to the scaling, which results in zero
bias. The mentioned target thresholds are not reached by any location or band.
Looking at the ubRMSD, where the bias is removed from the RMSD, values between 0.06 and 0.13 m3/m3 are
found. A humid temperate marine climate region in Spain showed ubRMSD values between 0.10 and 0.105
m3/m3 for AMSR products and between 0.06 and 0.08 m3/m3 for SMOS products (Liu et al., 2018). The vali-
dation of SMAP surface soil moisture resulted in values between 0.03 and 0.06 m3/m3 for semi arid and arid
regions (Colliander et al., 2017). Especially at the locations ITC, Hpayargyi and Alaigni the ubRMSD values
are very similar to other studies, and for the L-band at Hpayargyi the target threshold of 0.06 m3/m3 is met.
At Thanatpin the values are considerably higher.

The Bias resulted in values between -0.02 and -0.2 m3/m3. The negative biases mean that the satellite prod-
ucts overestimate the soil moisture content, which confirms the observations at the start of the section. (Kang
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et al.,2016b) found a wet bias ranging from -0.06 to -0.11 m3/m3. (Liu et al., 2018) showed bias between -0.09
-0.14 m3/m3 for AMSR and 0.03 and 0.04 m3/m3 for SMOS at the Tibetan Plateau and between -0.07 and -0.10
m3/m3 for AMSR and between 0.074 and 0.10 m3/m3 for SMOS in Spain. In the humid climate region in the
U.S. a mean bias of -0.04 m3/m3 was found for AMSR-E and -0.045 m3/m3 for SMOS (Jackson et al., 2012).
For the semi arid and arid regions evaluated by Colliander et al. (2017) result between -0.01 and 0.03 m3/m3

were indicated. With the large range found in this study, a part the biases can be found back in literature, but
the bias values above 0.10 are not represented. These high values are found at the locations ITC and Alaigni,
however when the measurements at 10cm depth are considered for ITC the bias improves. This could be due
to the fact that the in-situ sensor at 10 cm depth show less variability. The in-situ surface sensor at Alaigni
shows some variability to, which could be a source of larger bias. The low bias at Thanatpin could be an effect
of cancelling out of over- and underestimations, as can be seen in Figure 8.9. For the L3-band all the biases
were zero, as this band is scaled to the sensors, so these were not considered.

To summarize, the performance metrics indicate that the satellite retrieved soil moisture has a good correla-
tion with the in-situ products, with values of R between 0.7 and 0.89. The RMSD and ubRMSD partially fall
in the same range when compared to other validation studies, but there are values that are too large and thus
can not be considered to provide an accurate product. The locations ITC and Alaigni have very strong biases.
At ITC this is reduced when looking at the in-situ sensor at 10cm depth, which has less variability is soil mois-
ture measurements. When evaluating the performance several sources of errors must be taken into account.
First it must be considered that the reference data, the in-situ measurements, contain errors (Gruber et al.,
2020), the small scale calibration that was done for this in-situ network indicated a RMSE ranging from 0.011
to 0.059 m3/m3 between the sensor measurements and the ground truth samples. Furthermore the spatial
mismatch is often a source of error, where the point-scale observations of the in-situ measurement do not
represent the same grid size as the satellite measurements. With the downscaling method of VanderSat the
soil moisture can be obtained at a resolution of 100 x 100 m. which is a large improvement of resolution com-
pared to the pixel sizes of other satellite products. With the downscaling method of VanderSat the pixel is
calculated as a weighted sum of all overlaying ellipses of different footprints, see chapter 3.2, the amount of
footprints contributing to a single value is approximately 4 to 6 in the tropics (Hemshorn de Sanchez, 2018).
In the tropical areas there are two main drawbacks with the downscaling, the first being limited variety in
brightness temperatures and the second is the dynamics of open water bodies. Water surfaces are masked
out using a high resolution land water map from ESA. In the tropics the water bodies are often not mapped
well and they can change in shape, next to that the temperature of their surface is not well known and has to
be estimated. As a result possibly not all water bodies are masked out properly (Hemshorn de Sanchez, 2018).
The sources of errors can also be related to the model. ”In the modelling community representativeness er-
rors mostly refer to a model’s lacking ability to represent reality and, as such, to imperfections in the model
structure and in parameterisation.” (Gruber et al., 2020). In the next section a parameterisation was per-
formed to evaluate the sensitivity of the algorithm of the Land Parameter Retrieval Model to certain param-
eters. In the last section the land surface temperature product of VanderSat was evaluated using the newly
placed 2020 network, that measures soil temperature in addition to soil moisture. As the land surface tem-
perature is an input in the algorithm to retrieve soil moisture, the uncertainty in the temperature estimates
will result in soil moisture uncertainty (Saleh et al., 2007).
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8.�. Parameterisation Land Parameter Retrieval Model
Following the results of the validation, a sensitivity test was executed to understand if certain parameters
could be of influence on the errors. The sensitivity test was done for 6 parameters simultaneously, the fol-
lowing parameters were given a range: Q: polarisation mixing factor, !: single scattering albedo, opt_atm:
optical depth of the atmosphere, u: incidence angle, h1 and h2: roughness parameters. The 20.000 runs of
the algorithm were done with the 6 parameters that take random values each run, these values are within
the given range, see Table 7.2. The sensitivity test is expressed in scatter plots of each parameter versus the
unbiased root mean square deviation (ubRMSD). Afterwards an optimisation was done to select the ranges
that resulted in the lowest ubrmse, these are shown in the box plots in Figure 8.12. The test was done at
each location, and for the C-band, L-band and X-band soil moisture products of VanderSat. The L-band at
Alaigni will be discussed extensively as an example of analysis, the other graphs can be found in the appendix.

In Figure 8.10 an example can be seen of the graphs, showing the ranges of the 6 selected parameters versus
the unbiased RMSD, at Alaigni with L-band, for the 20.000 runs.

Figure 8.10: UbRMSD vs. Parameters after 20.000 runs at Alaigni with L-band

Here it is clearly visible that for some parameters certain values result in a lower ubRMSD, while other param-
eters have a lower sensitivity. In the top left graph, parameter Q, a pattern can be seen where it gets darker
towards the bottom right corner, which means most runs have results with these values as optimum. An op-
timal range between 0.25-0.4 can be expected. The graph of parameter ! shows a clear path where most of
the result are. For the optimal ubRMSD the values at the bottom are of interest, thus a range between 0.15-0.3
is expected. In the mid-left panel, the opt_atm is shown, where the 20.000 results are quite evenly distributed
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in the lower regions of the ubRMSD. This means that this parameter has a low sensitivity in this range and
does not have a lot of influence on the outcome. In the graph of the parameter u, the incidence angle, a clear
pattern can be found again, the density of the values increases towards the left bottom corner. The optimal
range for this parameter is likely between 35-45 degrees, leaning towards 40 degrees. For the parameters h1
and h2 some patters can be distinguished as well. For parameter h1 a thickening is visible between 0 and 1,
but some values between 3 and 4 show lower values. To distinguish between these ranges, a more detailed
plot is required. For parameter h2 an evident thickening lies between 4 and 6, this range seems to produce
the lowest values as well.

The combinations of the 6 parameters leading to the 20.000 ubRMSD outcomes, were arranged in order to
find the optimal ubRMSD. The 100 lowest ubRMSD and their corresponding parameters were selected. Fig-
ure 8.11 shows the result of the top 100 lowest ubRMSD at Alaigni with the L-band. Here scatter plots are
zoomed in to the ranges and ubRMSD of the top 100 ’dots’. For some of the parameters the ranges can be
narrowed down again, while others show a more distributed pattern. For example the plot of parameter w
shows a distribution that increases towards the higher values. The plots of parameters h1 and h2 shows a
clear pattern. Where the range of h1 can be narrowed down to 2.5-4.0 and the range of h2 can indeed be
optimised to 4-6. On the other hand, for the parameter opt_atm, the values are distributed within the same
range as the 20.000 values and a clear pattern cannot be found, this parameter was therefore not considered
during further research. The sensitivity of the parameter u, the incidence angle indicates that the parameter
has influence on the algorithm, however this parameter is constant per satellite and thus a new optimal range
is not considered.

Figure 8.11: UbRMSD vs. Parameters of top 100 ubrmse results of 20.000 runs at Hpayargyi with L-band

The optimal ubRMSD that was composed with the combination of the optimal values of each parameter at
each location and band is shown in Table 8.3. The runs of 20.000 parameters lead to a slightly different result
each time the code was executed, so these parameters are not the same each time. This is why a range of the
top 100 is given. For the selection of the optimal ubRMSD only parameter combinations that led to a correla-
tion coefficient, R, higher than 0.75 were considered. The result of the top 100 lowest ubRMSD show that the
R improves greatly as well, where no value below 0.85 is found for any band/location combination. In Figure
8.12 the 4 parameters Q, !, h1 and h2 are shown with boxplots, which summarize the results of the optimal
ranges of the top 100 values. The red points represent the original values of each parameter that are used in
the Land Parameter Retrieval Model (LPRM).
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For the parameter Q, the polarisation mixing factor, it is remarkable that for the L-band the optimal values
according to this research lie between 0.15-0.4, while the original parameter value is 0. Q is often assumed
to be very small for L-band, commonly below 0.1 but mostly zero. (van der Schalie et al., 2015). There is no
support in literature and no physical explanation for the values of Q to be above 0.1 for L-band, so these op-
timal values were not considered as improvement of the error and could be compensating other errors. For
C-band and X-band the original parameter values, respectively 0.115 and 0.127, fall within the optimal ranges
for Q for the locations Alaigni, Hpayargyi and ITC. For Thanatpin the original value of the X-band is higher.Q
is a mixing factor that takes the polarization mixing caused by rough surfaces into account. A rough surface
would imply a value for Q that is higher than zero. For a smooth surface the value of Q should be around 0.05
[-] and for rough surfaces 0.3[-] . For Alaigni and ITC the values are slightly higher, ranging between 0.06 and
0.16, than for Hpayargyi and Thanatpin, ranging between 0.03 and 0.15.

The single scattering albedo, !, is shown in the second boxplot. The first thing to notice here is that the
L-band gives significantly larger ranges than the other bands. ! expresses the scattering of the emitted mi-
crowaves through vegetation. Theoretically it depends on the plant geometry, so it varies per plant species.
Crops often have values of ! between 0.04-0.12 and for natural vegetation a value around 0.05 is mentioned
(de Jeu, 2003). At the L-band locations Hpayargyi and Thanatpin the original values fall within the large
ranges. van der Schalie et al. (2015) found optimal values for ! between 0.15-0.18 for L-band, depending on
the incidence angle, Mo et al. (1982) reported values between 0.15-0.20 for L-band, depending on the canopy.
In another study values up to 0.37 were found for particular types of vegetation (van de Griend & Wigneron,
2004). These studies support that the input value of ! for L-band should be higher. However, the vegetation
covers at the 4 locations do not show a strong support for the different ranges, which could also be due to
seasonal changes in vegetation. A study by Park et al. (2020) indicated that a time-varying single scattering
albedo would result in better represented vegetation dynamics within croplands. For the C-band and the
X-band the values of the original parameter, respectively 0.056 and 0.048 , are lower than the optimal ranges
for each location. For most locations at C-band and X-band the ranges are quite small and would indicate
that the optimal values for ! for these bands can be limited to a range between 0.05-0.15, depending on the
location. For each band showing parameter ! a pattern can be seen for the values at each location, where
Alaigni and ITC result in relatively higher values and Hpayargyi and Thanatpin in relatively lower values. The
highest values, within this range, are at the location Alaigni. Alaigni is characterised in the surrounding area
by the natural vegetation and forested area, a higher value of ! agrees with a denser canopy (van de Griend &
Wigneron, 2004). The lower values within this range are found at the location Hpayargyi. The surroundings
of this location are mostly grassland and cropland, which agree with a lower !.

For the parameter h1 the first thing that stands out is the L-band, where three locations indicate a high value
within the range, the location ITC shows completely deviating results in the lower ranges. In the other bands
this pattern cannot be found, the location ITC shows the least deviating behaviour here. The original values
of parameter h1 don’t agree with the optimal ranges of the boxplot at most band/locations. For c-band the
original input value of 2.6 seems to be on the high side of the range, which is also the case for the X-band
with the original value 2.2. For the L-band the original input value of 1.1 is much lower than the optimal
ranges according to this test, except for ITC. van der Schalie et al. (2015) found optimal values for h1 between
1.0 and 1.8, depending on the incidence angle. The high values that are found in this research are thus not
supported. Parameter h2 again shows deviating behaviour for the L-band at the ITC locations, this would be
expected as h1 and h2 are related. Other than the ITC location, the L-band shows very small optimal ranges,
where Hpayargyi and Thanatpin agree the most. The original value of 2.2 is on the low side of the ranges, here
values of 3.5-6.3 were found for L-band by van der Schalie et al. (2015), which agree with the results in this
study. For C-band the original value of 4.9 falls within most ranges, except at ITC where it is higher. For X-
band the original value of 3.0 is within/close to the ranges, but lies on the low end of the range. As parameter
h1 and h2 together form the roughness factor h, it is difficult to evaluate individually. Typical values for h have
been mentioned, that range from 0 for a smooth surface to 0.4 for a rough ploughed field de Jeu (2003). It can
be argued that higher values of h1 lead to higher values of h. With this in mind the result of h1 were evaluated.
The values of C-band and X-band show lower results than the original input parameters. This means that the
original parameters indicate a rougher surface than is suggested in this study. For Alaigni the values are the
highest, this location is mostly forested area and the furthest away from urban area, which could indicate that
it has higher roughness.
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Figure 8.12: Boxplots showing the parameter ranges of the top 100 minimized ubRMSD and the original parameter value
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Table 8.3 shows the previous ubRMSD and optimal ubRMSD after the optimised ranges for the parameters
for each location and band. The percentage of improvement and the R value that correspond to the new
ubRMSD are given as well.
The table shows that that the adjustment of the parameters could lead to an improved ubRMSD at each
location. Compared to the validation the ubRMSD improved with differences from 0.014 to 0.049 m3/m3. The
R values indicate that the correlation is not badly affected with the adjustments, it has even increased. The
results show that the L-band result in the lowest ubRMSD, as low as 0.037 m3/m3 and the highest percentage
of improvement, up to 39.2%. However the literature and this research do not show enough support to verify
that the optimised ranges of the four parameters are related to the source of the errors.

Table 8.3: Optimal ubRMSD at each location/band, with the corresponding R value

Location Band
Previous
ubRMSD

Optimal
ubRMSD
(m3/m3)

Improvement
(%)

R (new)

ITC

C-band 0.090 0.062 31.1 0.86
L-band 0.074 0.045 39.2 0.93
X-band 0.082 0.060 26.8 0.87

Hpayargyi

C-band 0.072 0.053 26.4 0.91
L-band 0.060 0.037 38.3 0.95
X-band 0.067 0.053 20.9 0.90

Alaigni

C-band 0.068 0.049 27.9 0.86
L-band 0.061 0.037 39.3 0.93
X-band 0.064 0.049 23.4 0.86

Thanatpin

C-band 0.129 0.085 34.1 0.86
L-band 0.111 0.074 33.3 0.90
X-band 0.103 0.071 31.1 0.91

8.�. Visual comparison of satellite products vs in-situ products ����
In this section the satellite products of VanderSat were evaluated by visual comparison with the 2020 in-situ
network. First the soil moisture products were compared with the in-situ soil moisture measurements, to
evaluate the performance so far. The added value of this network is the soil temperature measurements at
20cm depth, with this information the uncertainty of the temperature input in the soil moisture retrieval al-
gorithm can be addressed. These in-situ soil temperature measurements were compared with the satellite
retrieved land surface temperature. Figure 8.13 shows the timeseries, between March 2020 and January 2021,
of the soil moisture measurements of the new in-situ network in Bago and of the soil moisture measurements
from the satellite products with C-band, L-band and X-band.

In the first graph, top left, the timeseries at the ITC are shown. As was noticed in the analysis of the in-situ
soil moisture products, in chapter 4, the in-situ soil moisture surface sensor at the ITC shows a lot of noise.
Furthermore all the graphs show that the L-band shows a higher soil moisture content, up to 0.45 m3/m3

between July and September, at each location than the other two bands. For Hpayargyi and Thanatpin these
higher values seem to agree with the in-situ measurements, while at the ITC and Alaigni the values remain at
around 0.25 m3/m3.
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Figure 8.13: Surface soil moisture in-situ sensor versus Satellite soil moisture of bands C,L and X 2020

Close-up monsoon on- and off-set
The in-situ soil moisture measurement show the monsoon on-set from mid May with increased values and
they stabilize around the start of June. In the first weeks of November the dry down as a result of the monsoon
off-set is visible in the in-situ soil moisture measurements. In Figures 8.14 and 8.15 the in-situ soil moisture
measurements during the on and off-set of the monsoon are compared with the satellite products to evaluate
their performance of capturing the on and off-set of the monsoon.
In Figure 8.15 the three satellite bands are shown with the surface sensors at each location during the on-set
period of the monsoon. At ITC the sensor at 10cm depth is used. At ITC the satellite measurements follow
the same trend as the in-situ sensor, especially the X- and C-band. The L-band seems to overestimate the
increase of water content. In Hpayargyi a slightly similar trend can be found between the satellite and in-
situ products, except for two rapidly increasing events in the in-situ measurements. Here the L-band shows
the best correlation, while the X- and C-band underestimate the entire period. At Alaigni the first rain event
shows a rapid increase in the in-situ sensor, after which the measurements are steady. This is a different
reaction than can be seen in the satellite products, where the water content slowly increases, and eventually
reaches higher values then the in-situ measurements. In Thanatpin the in-situ sensor again shows extreme
reactions compared to the satellite products. The L-band shows the best result after the increase.
Figure 8.15 shows the period between the 1st of October 2020 and the 1st of January 2021, the period where
the monsoon off-set is visible in the soil moisture content. In the top left corner, at the ITC, the sensor at 10cm
is used again. The soil moisture of the three satellite bands show a good match with the in-situ soil moisture.
In the first period, up to mid November, the L-band shows the best result, while in the second period the C
and X band show better results. In Hpayargyi the overall trend of the dry down seems to be captured well,
but there is a bias between all three satellite products and the in-situ product. In the last graph the result
at Alaigni can be seen, again the trend is good, and the C-band shows the result that is closest to the in-situ
measurements. The location Thanatpin could not be evaluated, as there are no in-situ measurement after
September 2020.
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Figure 8.14: Timeseries of soil moisture measurements during the monsoon on-set in 2020

Figure 8.15: Timeseries of soil moisture measurements during the monsoon off-set in 2020
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In-situ temperature versus satellite temperature
The in-situ temperature measurements that are shown below are the first temperature measurements done
in this and similar areas. This means that the satellite measurements that are derived to effective temper-
atures have not been verified before. The in-situ measurements show daily fluctuations, while the satellite
measurements have one measurement per day. The first thing that is noticed, is the bias of approximately 15
± Celsius between the products, with the satellite underestimating. Furthermore it can be seen that at each
location the temperature increase from March to mid May is quite steady and similar in both products. After
this the satellite products at all the location show a dip between June and August, which cannot be found in
the in-situ measurements.

Figure 8.16: Timeseries of the in-situ and satellite retrieved soil temperature measurements in degrees Celsius at each of the four loca-
tions.

The large bias in the temperature could be a source of error for the soil moisture retrieval. The land surface
temperature is a direct input to run the model. The bias that was found was added to this product and the
model was rerun. The result of the rerun with the corrected temperature can be seen in Figure 8.17. It is clear
that the temperature input has a significant impact on the soil moisture product, however the result with the
corrected land surface temperature creates a very large bias compared to the in-situ measured soil moisture
content. This could indicate either that the in-situ temperature measurements are not correct or that the
algorithm adjusted several other input parameters for the wrong reasons. To verify both the in-situ and the
satellite measurements additional temperature products were used. In Figure 8.18 the in-situ soil moisture
temperature is compared with with air temperature that was measured at the ITC weather station. In the
months June to September a strong correlation can be seen. In the months March to June the minimum
and maximum air temperature differ around 20 degrees. This large difference can be seen back in the daily
fluctuations of the soil moisture temperature which show larger variations than in the months from June on
wards. This comparison indicates that the soil temperature that is measured by the 2020 network is in the
correct range and that the bias is probably due to the satellite temperature.
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Figure 8.17: In-situ surface soil moisture measurements at ITC versus Satellite retrieved soil moisture and Satellite retrieved soil moisture
with corrected temperature, at ITC with C-band.

Figure 8.19 shows the land surface temperature that is currently used in the algorithm (orange), next to that
the land surface temperatures of the MODIS terra satellite, both day and nighttime, the Famine Early Warn-
ing Systems Network Land Data Assimilation System (FLDAS) soil temperature and the Modern-Era Retro-
spective analysis for Research and Applications (MERRA) surface temperature are shown. It is clear that the
VanderSat land surface temperature is has the lowest values. The MODIS nighttime land surface temperature
is comparable, which is because both are measured at night. However between the two nighttime land sur-
face temperatures there is still a bias around 9 degrees. The FLDAS soil temperature and the MERRA surface
temperature of the unsaturated zone show very similar behaviour and lie between the day and night time
land surface measurements of the MODIS satellite. The various satellite products indicate that indeed the
land surface temperature product of VanderSat show values that are too low to represent the land surface
temperature near Bago.

Figure 8.18: In-situ surface soil moisture compared with in-situ minimum and maximum air temperature measurements at ITC.

Figure 8.19: Land surface temperature and soil temperature products of various satellites.
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One of the possible sources of the bias of temperature lies within the water masking technique. In the tropics
the water bodies are dynamic, while the water mask is static. Figure 8.20 shows the area around the Bago
city, where the four in-situ networks were placed. In the land cover map the water bodies are indicated by
the dark blue areas. In the worldview maps , although the images are not very sharp, the water bodies can
be detected as well. Two days days were selected, one in March before the monsoon and one in November,
after the monsoon. The image during/after the monsoon was difficult to find as the cloud cover during the
monsoon period is extremely high in the tropics. In the images it can be detected that the water bodies indeed
change in size depending on the season. After multiple months of monsoon season the water bodies could
have grown, this is of influence on the measured values but is not taken into account on the water body area
that is masked. That could explain a decline in estimated land surface temperature in this period, since the
measured values are averages of a 100 x 100 pixel. This explains the seasonal effect that is seen in Figure
8.16, but it does not account for the large bias that is present throughout the year. Furthermore, the land
cover maps clearly shows two water bodies near the urban area, which can be found back in the worldview
images, however the water bodies that is in the top left of the worldview images cannot be fully seen in the
land cover map. This indicates that land cover maps are not always accurate, the mapping over land cover
can be difficult, especially in the tropic where cloud cover often disturb the images.

Figure 8.20: ESA land cover map and NASA world view, showing the land cover and water bodies near Bago. Sources:
https://maps.elie.ucl.ac.be/CCI/viewer/ and https://worldview.earthdata.nasa.gov/

Another possible source of error could be that the in-situ measured temperature is determined for each site
separately while the satellite estimated temperature is based on a large area. Heterogeneity within the satellite
footprint can cause a bias between two measurements. Another source of error could lie within the retrieval
of the land surface temperature. According to (Parinussa, Holmes, & Jeu, 2012) the land surface temperature
retrieval is based on a simple linear relation between the vertical-polarised Ka-band observations and land
surface temperature. The Land Parameter Retrieval Model takes the weighted average mean temperature be-
tween the soil temperature and canopy temperature. This weighted average is because for bare surfaces Ts
represents soil temperature and for vegetated areas it represents the canopy surface temperature. Accord-
ing to Holmes et al. (2009) there is a relation between outgoing longwave radiation and longwave surface
temperature. The emissivity and the sensible heatflux determine that relation. The sensible heat flux can
be described by H = C §¢T where C represents the vegetation dependent parameters and ¢T represents
temperature difference between air and soil temperature. The emissivity is determined by optimising ¢T
since H=0 when ¢T approaches 0. When the variation in H can’t be explained by ¢T , because the roughness
length of vegetation is high and only a minimal difference between air and vegetation temperature is found,
it is assumed that Ts = Ta . The canopy temperature is then determined by the integrated temperature Ts . In
tropical areas the difference between these optimisations may cause imperfections in the prediction of the
temperature.
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Discussion Remote Sensing Analysis

In this chapter the results of the validation of the satellite products versus the in-situ products and the analysis
of the sources of the errors are discussed.

�.�. Validation of the satellite products with ���� in-situ network
In the validation section of chapter 8.1, the satellite products of VanderSat and NASA were compared and
validated by the in-situ network that was placed in 2017. In the timeseries the patterns of the in-situ soil
moisture measurements and the satellite retrieved soil moisture were generally in good agreement. The in-
situ soil moisture measurements in the dry period, from November to May, were significantly lower than the
satellite retrieved measurements in this period. This was especially the case at ITC and Alaigni, these two
location seemed to have similar responses in the in-situ analyses as well. In these months the vegetation
optical depth(VOD) had higher values than in the wet-period. The increased values of VOD means that soil
emissions are attenuated and the sensor sensitivity to soil moisture variation decrease. This can be a limita-
tion for the soil moisture prediction, and might explain the large differences in these periods.

The results of the statistical analysis of the validation were high for the correlation coefficient, Pearson’s R,
however the other scores showed less good results. The R values ranged between 0.70 and 0.89. Results of
R above 0.7 are generally considered to have a strong correlation. The highest correlations are found for the
L-band, between 0.78 and 0.89, and per location Hpayargyi shows the best results ranging between 0.73-
0.89. The root mean square deviation (RMSD) and unbiased RMSD (ubRMSD) show varying results. The
best result of ubRMSD is 0.059 m3/m3, for L-band at Hpayargyi and the worst 0.1295 m3/m3, for the L3-
band at Thanatpin. The results of the RMSD and ubRMSD are the highest, thus least good, at Thanatpin.
The target values of either 0.04 m3/m3 or 0.06 m3/m3 are is only met at Hpayargyi with the L-band satellite
product. The other products range between 0.07 and 0.13 m3/m3, this means that the the LPRM does not yet
provide the optimal result for the soil moisture measurements in the Bago area and improvement is needed
for better accuracy and precision. This improvement can only be executed when the sources of the errors are
discovered.

�.�. Analysis of possible error sources
When the performance of the satellite products is evaluated several sources of error must be taken into ac-
count. The errors that arise from the in-situ soil moisture sensors itself, which are not ground truth mea-
surement, must be considered. The sensors that were used for the validation resulted in RMSE between 0.01
and 0.059 m3/m3, while an resolution of 0.001 m3/m3 is promised by the production company. This indi-
cates that the sensors need re-calibration, here the challenges of the tropics arise, where the remote locations
make it difficult to perform such experiments. The next error is related to the in-situ measurements as well,
by looking at the spatial mismatch. The in-situ measurement are point scale, while the satellite measure-
ments have large grid sizes. The networks in this study are very sparse networks, containing only 4 stations
were soil moisture is measured. Gruber et al. (2020) indicates a network as sparse when footprint-scale areas
contain only a single or very few soil moisture stations. This is another consequence of the remote tropical
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area, where maintaining an in-situ network is challenging and scaling it up would only increase these chal-
lenges. When the sources of the error do not lie within the in-situ networks, a closer look must be taken at the
retrieval algorithm. This is done by looking at the the input parameters of the LRPM, which are elaborated
below.

�.�.�. Parameterisation of the Land Parameter Retrieval Model
In the parameterisation the parameters Q, !, opt_atm, u, h1 and h2 were given a wide ranges of values. The
LPRM was run using these parameter ranges to create sensitivity plots and find optimal values to obtain low
ubRMSD. It was concluded that opt_atm, the optical depth of the atmosphere, had no influence on the out-
come and this parameter was not further included. The u, the incidence angle, is a fixed parameter for each
satellite and it was concluded that these do indeed have optimal values around the original input. Both these
parameter are not further discussed in the optimisation process. The sensitivity study showed that the pa-
rameters Q, !, h1 and h2 have a certain pattern, depending on the band that is used and the location of
the measurements. In the scatter plots of 20.000 and 100 points the ranges of these parameters were indi-
cated. The box plots summarized the results, showing the optimal ranges to result in lower ubRMSD. The
combination of the optimised parameters led to improvement of the ubRMSD between 20 and 40 % at each
location/band. This result is significant and indicates that the LPRM is sensitive to its input. Below the indi-
vidual parameters are elaborated en after a conclusion is given whether the optimisation has enough support
linked to the tropics.

Optimisation Q
Q is a mixing factor that takes the polarization mixing caused by rough surfaces into account. For parameter
Q it can be concluded that for C-band and X-band the original values represent the optimal values for the
locations well. A rough surface would imply a value for Q that is higher than zero. For a smooth surface the
value of Q should be around 0.05 [-] and for rough surfaces 0.3[-]. For Alaigni and ITC the values are slightly
higher, ranging between 0.06 and 0.16, than for Hpayargyi and Thanatpin, ranging between 0.03 and 0.15.
For the L-band a very deviating result is found. In literature there is a general agreement that at low frequen-
cies, thus L-band, the polarisation mixing factor, Q, is negligible (Escorihuela et al., 2007; van de Griend &
Wigneron, 2004). Although this assumption could work on global scale, it can have different results on local
scale, however there is no support that the optimal values found in this research, ranging between 0.18-0.37,
are representative for the tropics.

Optimisation!
The parameter!, the single scattering albedo, expresses the the scattering of the emitted microwaves through
vegetation. Theoretically it depends on the plant geometry, so it varies per plant species. Crops often have
values of! between 0.04-0.12 and for natural vegetation a value around 0.05 is mentioned (de Jeu, 2003). The
optimal ranges of C-band and X-band were found to be between 0.05 and 0.15, with an exception at ITC that
goes up to 0.21. For both C-band and X-band these values are higher than the original values of respectively
0.056 and 0.048. The highest values, within this range, are at the location Alaigni. Alaigni is characterised in
the surrounding area by the natural vegetation and forested area, a higher value of ! agrees with a denser
canopy (van de Griend & Wigneron, 2004). The lower values within this range are found at the location Hpa-
yargyi. The surroundings of this location are mostly grassland and cropland, which agree with a lower !. For
the L-band the range of optimal values is considerably larger than for C-band and X-band. The original input
value of 0.12 is represented in the ranges of Hpayargyi and Thanatpin, but is low for Alaigni and ITC. Again
the higher range of values is found in Alaigni and ITC.

Optimisation parameters h1 and h2
The result of the parameters h1 and h2 showed that the LPRM is sensitive to these parameters and the
ubRMSD can be improved by adjusting the parameters within the given optimal ranges. However, h1 and
h2 are difficult to evaluate individually, as they form the roughness factor h together. The roughness factor h
is considered as a dynamic variable that varies in time and space. In this research the parameters h1 and h2
are used to express h as a function of soil moisture (µ): h=h1-h2*µ. Typical values for h have been mentioned,
that range from 0 for a smooth surface to 0.4 for a rough ploughed field. It can be argued that higher values
of h1 lead to higher values of h. With this in mind the result of h1 were evaluated. The values of C-band and
X-band show lower results than the original parameters. This means that the original parameters indicate a
rougher surface than is suggested in this study. For Alaigni the values are the highest, this location is mostly
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forested area and the furthest away from urban area, which could indicate that it has higher roughness.

These optimisations result in better correlation and smaller ubRMSD. Which indicates that based on the data
a better performing estimation is executed. However, in the results chapter it is determined that the algorithm
has a fairly good estimate for the soil moisture content while the estimated land surface temperature has a
large bias. This could be explained by the fact that the algorithm is optimised on data and masks the offset
of the land surface temperature. Since the algorithm has a multidimensional aspects with lots of degrees of
freedom, parameters can always be adjusted to optimal ranges, but this can be for the wrong reason. In this
case there is not enough evidence to adjust the parameters to optimal ranges that link to the tropics. In short,
the soil moisture estimates could be (near to) right for the wrong reasons. With this optimisation it is proven
that this could even be further optimised, potentially for the wrong reason. It should be kept in mind that the
temperature should be corrected to acquire the right results for the right reason.

�.�.�. Visual comparison of the ���� in-situ network and the satellite products

In chapter 8 the satellite products of VanderSat were compared with the network that was placed in 2020.
The additional soil temperature measurements are a first for a network in the tropics, and therefore the un-
certainty of the temperature as input for the retrieval algorithm could be evaluated. First the soil moisture
measurements will be compared to evaluate their performance. The comparison is visual only, as it was de-
cided that the data record was not long enough to do a full validation. For the timeseries during the entire
measurements period it can be concluded that the main trends are followed, but some bias can be detected
as well. The L-band shows high soil moisture content during the wet season, which relates to the soil mois-
ture content at Hpayargyi and Thanatpin during this season. C-band and X-band show very similar results
to each other, and remain at a lower soil moisture content level during the wet season, which is more in line
with the in-situ soil moisture content at ITC and Alaigni. When looking at a close-up of the monsoon on-set,
it can be concluded that the transition from dry to wet is predicted well by the satellite products. However,
at each location the first large precipitation event caused a large increase in soil moisture content for the in-
situ sensors, which then slightly decrease again till the next precipitation event. The satellite products have
a more gradual increase of the soil moisture content during these events. The monsoon off-set graphs show
very good predictions of the satellite products. At the three shown locations the trends of the dry down are
very similar to each other. At the location Hpayargyi the soil moisture content is much higher than the satel-
lite products. The satellite products show similar soil moisture content at each location, while the in-situ soil
moisture content differs per location. This can be due to differences in the soil texture, that could be lost with
the differences in resolution.

The second satellite product that was compared was the temperature, in situ soil temperature was compared
with the land surface estimation of the LPRM. A temperature difference of approximately 15 ± Celsius was
observed, which is very large. Furthermore the temperature drop in the satellite measurements during the
months June and July is not found in the in-situ measurements. This large bias in the temperature can be a
source of the errors that were found in the validation of the soil moisture products. The possible underlying
reasons for this large bias were briefly evaluated. First both the in-situ and the satellite measurements were
compared with similar products to determine which measurements were the source of the bias. Here it could
be concluded that the satellite product underestimation of the soil moisture is incorrect. The land surface
temperature estimates of the LPRM show good result on global scale, but in this particular case the local
scale is not represented. One of the reasons for this could be the static water mask that is used. In the tropics
the water bodies are dynamic due to the long wet period that alternate with dry periods. This is not accounted
for in the masking, and could therefore lead to wrong measurements. This effect mainly explains the seasonal
differences that were detected in the satellite temperature measurements and not in the in-situ temperature
measurement. Another source for the bias could lie within the retrieval of the land surface temperature.
The emissivity that is determined by optimising the ¢T can cause imperfections in the prediction of the
temperature.
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��
Conclusion and recommendations

The objective of this research was to install a reliable in-situ soil moisture network in Bago, Myanmar, which
can be used for the validation of remotely sensed soil moisture products in the tropics. Furthermore the ob-
jective was to validate satellite soil moisture products with a previously placed in-situ soil moisture network
and to find possible sources for the errors that resulted from the validation. A parameterisation was done for
a part of the algorithm that is used to derive the satellite soil moisture product. Several temperature products
were compared and analysed. This objective was executed by answering the main research question that is
composed of the answers of the four sub questions. The conclusions and answers to these question are elab-
orated below.

How can the satellite soil moisture retrieval in the tropics be improved, focusing on a in-situ network to
validate and analyse satellite measurements?

To answer this question the question was divided into four sub-questions, the more extensive answers to
these question can be found below. The first two question addressed the in-situ soil moisture network. Here
it was concluded that a properly working in-situ network is difficult to set-up in tropical conditions, which is
why there is limited amount of in-situ soil moisture networks in the tropics that can be used for the validation
of satellite soil moisture retrieval. The two networks that were used in this research were evaluated on their
performance to represent the soil moisture content at each location. Both networks showed good results and
the 2017 network was indicated as reliable to use for validation in this research. The 2020 network was not
yet indicated as reliable to use for validation, mainly due to the limited data record.

The performance of the satellite retrieved soil moisture products was analysed in part 3 of this research. The
validation of the satellite retrieved soil moisture with the in-situ soil moisture measurements during 2017
and 2018 resulted in high correlation coefficients, R, ranging between 0.70 and 0.89. This indicates that the
satellite products are in good agreement with the in-situ measurements. However, the RMSD, ubRMSD and
bias showed that the accuracy and the precision of the satellite products needs improvement in this area.
The visual comparison of the satellite and in-situ measurements of the soil moisture content in 2020 showed
promising results, indicating a good performance so far. However, the satellite retrieved surface temperatures
were compared to the in-situ soil temperature measurement, and a large bias, around 15 degrees, was found.
This indicates that the temperature product needs improvement and the approach used on a global scale,
does not work on this local scale.

The possible sources for the errors found in the validation were analysed to answer the last sub question.
Here it was concluded that the errors can partially be appointed to the in-situ network. Here the ability of the
sensors to represent the ground truth can be improved. This raised the challenge of maintenance and exper-
imenting at a remote tropical location. Furthermore the spatial mismatch is considered as a source of error
related to the in-situ network. The sparse network of four station is not representative enough for the grid
size of the satellite products, even with the downscaling technique that is applied to the satellite measure-
ments. Secondly the source of error was sought in the retrieval algorithm. A parameterisation was performed
to asses the sensitivity of certain parameters. The parameterisation of the parameters Q, !, h1 and h2 lead
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to improved results for the ubRMSD up to 40 %. This result indicated that the algorithm is sensitive to these
parameters, however there was no evidence to link the optimised parameters to the tropical conditions. Here
it is concluded that the optimising could be done for the wrong reasons, where it only covers the large bias
of temperature. The temperature bias that was found was appointed as a source of error for the retrieval of
soil moisture, as it is a direct input into the LPRM. The masking of water bodies and the determination of the
emissivity can be of influence in the temperature bias.

To conclude the satellite soil moisture retrieval in the tropics showed promising results when compared to an
in-situ soil moisture network, with high correlation. However there are still relatively large errors that can be
improved by updating the in-situ soil moisture network, correcting the masking of water bodies in the down-
scaling technique, solve the retrieval algorithm for the temperature bias and then optimising tropical specific
location parameters.

What challenges are encountered when setting up an in-situ soil moisture network in tropic conditions

The purpose of this question was to show the reason behind the limited amount of networks in the tropics.
This limited amount of in-situ soil moisture networks leads to minimal possibilities to validate satellite soil
moisture retrieval. The validation of satellite soil moisture retrieval is necessary to verify the performance
of the satellite products, and assess whether improvement is needed. The challenges that were encountered
during preparation were mainly addressed to the material selection. For the tropics the selection of material
is important, as it has to withstand severe weather conditions, such as heavy rainfall during the monsoon.
During the fieldwork the main challenge was to find the ideal location to install the sensors, where pollution
in the ground played a role, as well as the ability to dig and install in dry ground and the representation of the
surroundings. After the field work, during the further use of the network, the remote location of the network
formed the largest challenge. Broken down loggers, lost cellular connection and low batteries could not be
fixed easily because the site could not be visited. The fieldwork showed the difficulties and limitations of set-
ting up and maintaining a network in a remote tropical area. It would be recommended for further fieldwork
campaigns in the tropics to find even robuster loggers that require almost zero maintenance and are fully
weather and insect proof. Next to that a calibration study for the sensor and a study of the surrounding area
is recommended. Furthermore a scale up of the network would be recommended to get a better representa-
tion of the area.

To conclude the challenges that were encountered in the tropics consist of location, climate and communi-
cation challenges and these can be dealt with by good preparation, robust materials and time.

Do the in-situ soil moisture networks at 4 locations in Myanmar provide a reliable product?

Two in-situ soil moisture networks were analysed. The 2017 network, an in-situ soil moisture network that
was active from June 2017 to July 2018, was considered to provide a reliable product that could be used for the
validation on satellite retrieved soil moisture measurements in this research. The 2017 network was evalu-
ated on 4 aspects: The availability of the data, the ISMN quality checks, the correlation with precipitation and
the calibration. The directly available data record of 13 months has a few missing values and values below
0.0 m3/m3 , but is otherwise considered reliable. The timeseries showed an expected pattern for the dry and
monsoon periods that occur in Myanmar. The surface sensor at the ITC showed large variability, which was
supported by the large coefficient of variation of 0.945. The correlation with the precipitation data was good
and the calibration with ground truth samples resulted in acceptable errors, which indicated that the in-situ
sensors could represent the the soil moisture content for this research. The 2020 network, an in-situ soil
moisture network that was placed as a part of this research, was considered promising to provide a reliable
product in the future. The network was evaluated on aspects: The availability of the data, the ISMN quality
check, the daily fluctuations, precipitation data and sensor-to-sensor comparison. The availability evalua-
tion showed that the data is constantly available, but the length of usable the data records is about 6 months,
which is not enough to use as validation network. Furthermore data was missing and there were values be-
low 0 m3/m3. The daily fluctuations shows expected behaviour and characteristics of the locations could be
detected. The precipitation data compared with the soil moisture data indicated an accurate response, over
time as well as over depth. The sensor-to sensor comparison with the manual theta probe showed very good
results, indicating a reliable response. The comparison of the 2017 and 2020 network demonstrated that the
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locations have similar behaviour in both years, and are within the same ranges.

To conclude, the 2017 network provides a reliable product that can be used for the validation in this research.
The 2020 network cannot be used for validation, but has promising results that indicate that the network will
be reliable in the future, when a longer data record is available.

How do satellite soil moisture products perform in tropic conditions, compared to an in-situ soil moisture
network?

The satellite soil moisture products between 2017-2018 and from 2020 were be evaluated on their perfor-
mance. With the in-situ soil moisture network that was deemed reliable, the 2017 network, the satellite prod-
ucts were validated. The Pearson correlation coefficient, R, showed results between 0.70 and 0.89, which
is very good. The highest correlations were found for the L-band and for the location Hpayargyi. The root
means squared deviation (RMSD) resulted in values between 0.065 and 0.21 m3/m3, which is high. The high-
est RMSD were found at the ITC and Alaigni. The unbiased RMSD had values between 0.0593 and 0.1295
m3/m3, where only the L-band at Hpayargyi had an acceptable value. The bias was the highest at the ITC,
with values up to 0.2 m3/m3. Thanatpin shows good results for the bias, with values as low as 0.0103 m3/m3.

The 2020 network was visually compared, as the in-situ network was not indicated as reliable yet. This vi-
sual comparison showed promising results, especially at the close-up of the monsoon on-set and off-set. The
C-band and X-band showed the best agreement with the in-situ sensors at the locations ITC and Alaigni,
while the L-band seemed to agree better at Hpayargyi and Thanatpin. The first comparison of the satellite
temperature product with the in-situ soil temperature measurements revealed that there is a large bias of
approximately 15 degrees. Additionaly a seasonal variation was found, that did not show in the in-situ mea-
surements. This indicates that the temperature product needs improvement and the approach that is used
on a global scale, does not work on this local scale.

Overall it can be concluded that the satellite soil moisture products already perform well in the tropic condi-
tions, with high correlation. However the RMSD, unbiased RMSD and bias showed high values compared to
other validation studies. Therefore it can be concluded that the products need improvement in accuracy and
precision.

What could be possible sources for the errors that are found in the validation?
To improve the accuracy and precision of the satellite soil moisture retrieval the sources of the errors were
evaluated. The in-situ network is responsible for a part of the error. The sensor that were installed to measure
the soil moisture contain errors when compared to ground samples, these errors are larger than the accuracy
that is promised by the manufacturer. Furthermore the spatial mismatch between the in-situ and satellite
retrieved soil moisture measurements is considered as a source of error. The sparse network of four station
is not representative enough for the grid size of the satellite products, even with the downscaling technique
that is applied to the satellite measurements. The other part of the error sources is found in the retrieval algo-
rithm. A parameterisation was performed to asses the sensitivity of certain parameters. The parameterisation
of the parameters Q, !, h1 and h2 were optimised and led to improved results for the ubRMSD between 20
% and 40 %. The values of the location ITC, Hpayargyi and Alaigni show promising values for the ubRMSD
between 0.037 and 0.062 m3/m3. Thanatpin shows higher values, up to 0.085 m3/m3, however there is still
an improvement of >30% with the original outcome. The corresponding Pearson R values were found be-
tween 0.86 and 0.93, which is an very good result. By optimising the parameters Q, !, h1 and h2 the tropics
conditions could be represented in the model. This result indicated that the algorithm is sensitive to these
parameters, however there was no evidence to link the optimised parameters to the tropical conditions. Here
it is concluded that the optimising could be done for the wrong reasons, where it only covers the large bias of
temperature. It can be concluded that the temperature bias that was found can be a large source of error for
the retrieval of soil moisture, as it is a direct input into the LPRM. The masking of water bodies, where the dy-
namic effect of the tropical monsoon on the water bodies is not taken into account can explain the seasonal
bias. The land cover map showed that the mapping of water bodies, independent of the season, are not al-
ways correct. This could have influence on the temperature retrieval as well. A possible source of error could
be within the retrieval of the emissivity of crop land and higher canopy areas. The soil surface temperature
and canopy surface temperature are of influence in these areas and could be different in the tropics.
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Recommandations
For further research in the field of this report a few recommendations are given. For the in-situ part it is clear
that an update of the network is necessary. A part of the newly installed loggers and sensors has failed and
should be repaired as soon as possible, to ensure the continuity of the data. If the loggers are damaged beyond
prepare it is recommended to look at even robuster logger, that could be put into the ground and require even
less maintenance. Another recommendation would be to up-scale the network, this would greatly improve
the reliability of the in-situ measurements, and would thereby be an important step towards improvement
of the satellite retrieved measurements in the tropics. Here it would be good to look into the possibilities to
collaborate with other researchers or companies, as the interest in the field is very high and the lack of the in-
situ measurements in the tropics is often mentioned. A recommendation for the fieldwork would be to have
a critical look at the the surface sensors, especially at the Irrigation Technology Centre and Alaigni. Further
more the calibration of the sensor is of importance. A great addition to the fieldwork would be to map the
surroundings of the sensors, this can contribute to the represenativeness of the network and the understating
of the area.

For further research into the improvements of the retrieval algorithm a critical first step is to analyse the large
temperature bias that was found. Here it is advised to look at the water masking technique, mostly to get rid
of the seasonal bias. Furthermore it is recommended to take a critical look at the retrieval of the emissivity in
the tropical areas, as this could make a difference in the calculations of the land surface temperature. When
a solution is found for the temperature bias, it would be good to dive into the specific parameters that are
used in the LPRM, and research if a strong link could be made to the tropics. The suggestion of dynamic in
stead of static parameters could be of influence, since tropical areas are very dynamic. It is therefore strongly
recommended to look in to this.
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(a) Measuring (b) Inserting sensors

(c) Sensor placed in ground (d) Settling with water

(e) Installation with staff (f) On-site testing of sensors

Figure A.1: Installation loggers and sensors
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(a) Front (b) Side (c) Bottom

Figure A.2: ZL6 with extra weather protection

Figure A.3: Infiltration test
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Figure A.4: Interface Zentra cloud
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Dear reader, this manual is set up to instruct you when using the ZL6 datalogger that was installed in February 2020
in Bago. First some important information and functions will be given:

Before going to the site make sure to bring the following:

• A laptop with the Zentra Utility software installed, see section 2.2

• Micro-USB cable, see Figure 5.

• The bitumen paint and tape, see section 3

• An umbrella to protect the device during rain.

All the loggers have a test button, see Figure 1, if the logger does not respond to connection attempts or does not
appear to be working, press this button. After completing the self-tests, the ZL6 will indicate success or failure by
lighting either the green or red status light.
Lights near the TEST button indicate the status of the ZL6. A green light is labeled OK and a red light is labeled
ERROR. There are several possible status states:

• The green light gives a short, single blink every 5 s to indicate the ZL6 is con�gured to log sensor data.

• The green light blinks slowly (1 s on, then 1 s o�), to indicate the logger is communicating to a computer or
using the cellular module.

• The green light and red light blink together during self-test procedures (after pressing the TEST button or
pulling the battery tab).

• The solid green lightor red lightt at the end of the self-test sequence indicates the results of the tests.

• The lights remain o� if the logger measurement interval is set to O� (not logging).

Figure 1: ZL6 logger test button and lights

If you have any question regarding this manual or if the sensor or zentra utility is not working, please contact:
idekat@vandersat.com or tvanderhorst@vandersat.com
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1 Locations and Materials

1.1 Locations
The in-situ network was placed within a radius of approximately 20km from Bago City, Myanmar, see Figure 2 and
the coordinates. In Figure 3 the loggers can be seen at each location.

Irrigation Technology Centre (ITC) 17.3143° N, 96.4520° E

Hpa Yar Gyi 17.4661° N, 96.5303° E

Alaigni 17.2630° N, 96.3465° E

Tha Nat Pin 17.2912° N, 96.5731° E

Figure 2: Locations

Figure 3: Loggers at each location
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1.2 Materials
ZL6 datalogger

The ZL6 data logger stores and sends the measured data. The logger is equipped with a solar panel in the black area
on top. The ZL6 interior can be seen in Figure 4. The logger contains a battery holder for 6 rechargeable NiMH
batteries, 6 ports for sensors and a micro-USB port for communication with a laptop. The interior also containts a
test button and two status lights.

Figure 4: ZL6 interior

Sensors: GS1 and TEROS12 andMicro-usb cable
These materials can be seen in Figure 5. The sensor is installed into the ground and plugged in to the ports of the
ZL6 logger. The micro-USB cable is used to connect to a laptop. see Figure 4 where the sensor and micro-USB can
be plugged in.

3



Figure 5: Example sensor(left) and micro-USB (right)

2 Zentracloud en Zentra Utility

2.1 Zentra Cloud
The measurements of the sensors are being be uploaded once a day to the Zentra cloud. This cloud is a data man-
agement software that works together with the ZL6 datalogger. The cloud is accessible at any time and has a user
friendly interface, see �gure 6. Information about the devices, calibrations, the upload and measurement times and
more can be found and recon�gured at any time. Measurements of every half hour,starting end February, can be
found and downloaded. The soil moisture measurements are given in volumetric water content (VWC), in m3/m3.
Volumetric water content represents the ratio of water volume to soil volume in a given soil. The temperature is
given in degrees Celsius. For access to the cloud please contact us.

Figure 6: Interface Zentra cloud
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2.2 Zentra Utility
The zentra utility can be downloaded from the ZL6 webpage (metergroup.com/zl6-support), see the �gure below.

Figure 7: Download Zentra Utility

Function of the zentra utility:

• set all logger con�guration parameters,

• test ZL6 and ZL6 Pro cellular communications,

• make real-time sensor measurements (scan sensors),

• create Excel �les with sensor data, and

• upload data to Zentra Cloud.

Figure 8: Zentra Utility interface

In �gure 8 the interface of the Zentra utility can be seen, the following functions can be used:

• COM port dropdown menu: Lists USB devices connected to the computer.

• Connect/Disconnect: Click the Connect button to attempt to connect to the device currently selected in the
COM port dropdown menu. Click the Disconnect button to disconnect from the currently connected logger.
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• Scan: Queries the connected ZL6 for the current sensor readings and updates the active sensors and measure-
ments area.

• Download: Downloads all data that has been collected on the ZL6 since the last time a download from the
selected logger.

• Settings: Opens the Manage Settings dialog.

• Test: Opens the Cellular Communication Test dialog.

• Uploads: Uploads ZL6 data to Zentra Cloud, if login credentials have been added.

3 Maintenance and Protection
For the quick maintenance, which should be done once a month, please check the following:

• Logger is still attached to mounting post in upright position

• Logger is completely closed

• All 6 sensors are connected

• Solar panel is clean and not covered

• Protection is still intact

When the logger needs to be opened for data collection or reset, please do the following:

• Check if the interior is dry

• Verify that the sensor ports are clean and that the sensors are making good contact with the ports.

• Replace the batteries when it is needed.

• Inspect the battery holders to ensure they are clean and free of corrosion

NOTE: Do not mix NiMH and alkaline batteries together. Do not mix new and old batteries together.

When the interior is wet, please carefully dry the wet parts. If you have a desiccant packet available please put this
inside the logger and then close it �rmly en protect it.

Protection
Due to the heavy weather conditions in Bago, especially during the monsoon season it is important to keep the logger
protected. The logger is designed to be durable, but is not fully waterproof. Following protection will create an extra
layer of protection.

Whenever the work with the logger is done, �rmly close the device. Use the bitumen tape to go over all the grooves
and �nish it with a layer of bitumen tape. See the �gures below for the example.

(a) Front (b) Side (c) Bottom

Figure 9: ZL6 with extra weather protection

6



4 Manual data collection
The saved sensor data can be downloaded using the following steps:

1. Open the logger carefully, removing bitumen where needed.

2. Connect the logger to a laptop using the micro-USB cable, see Figure 5 and Figure 4 for the cable and entrance.

3. Choose the appropriate COM port from the dropdown list, see Figure 10

4. Click connect, see Figure 10

5. Click download on the button toolbar, see Figure 10

6. Edit the �le name in the save dialog, with the correct time and date.

7. Select the location where the �le will be saved on your computer and click save

8. Close and protect the logger as described in section 3.

9. Send the data via email to the person that requested it.

Figure 10: Button toolbar Zentra utility

5 Clearing SIM card’s Network Blacklist
Connecting to the logger over USB allows special commands that will clear the SIM blacklist. This action should
re-enable cellular connections.

Running a Carrier Connect test:
In ZENTRA Utility, go to Actions in the menu bar, see Figure 8 and choose List Cellular Carriers. If you see
(forbidden) after your carriers in the area, see Figure 11, please follow the steps below.

Figure 11: Carrier communication test and xxample list of cellular carriers
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The following steps will clear the network blacklist stored on the data logger’s SIM. These steps require you to con-
nect to the logger over USB and send special commands through the terminal built-in to the zentra utility.

Running a command means typing the word in the terminal. Put your cursor on a blank line under the last “>” sign
and type in your command, then press enter. In Figure 12 an example can be seen for the steps below, your screen
should look something like this.

1. Connect the logger to a computer with a USB cable and connect to the COM port corresponding to the logger,
see Figure 10

2. Go to window on the menu bar and select Show Terminal

3. Con�rm that you have connected correctly by running the command: show

4. Make sure the cellular pro�le is set correctly. Run the following command: set -pro�le 202

5. The logger should return "OK". You only need to run this command once per logger.

6. Type the following to make sure the pro�le setting is correct: get -pro�le The logger should return "202".

7. Start up the cellular module so that we can interact with the SIM card: gsm -init

8. Wait 20 seconds for the module to continue starting up. Then type: gsm -fplmn

9. The logger will likely respond with something that looks like: 130184FFFFFFFFFFFFFFFFFF OK It may
respond with the following FFFFFFFFFFFFFFFFFFFFFFFF OK

10. Before shutting of the cellular module, make sure that the SIM allowed a network connection (wait 15 seconds
after the last command). Then turn o� the cellular with: gsm -o�

Figure 12: Example of running command in the terminal
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B
International Soil Moisture Network

Both in-situ networks that were discussed in this report were added to the ISMN. To continue to collaboration
with the ISMN the data of the in-situ network from 2020 must be send out regularly, ideally on half year
basis. The documented below provide the metdata information that is required by the ISMN. The data can be
downloaded from the ZentraCloud where Teije van der Horst (VanderSat) has acces to. The result should be
emailed to ismn@geo.tuwien.ac.at and irene.himmelbauer@geo.tuwien.ac.at. The last updates was send in
March 2021. A half yearly ISMN Statisics Report will be send out to all the contributors, sharing information
about the network and its usage. In the paper (Dorigo et al., 2021) the latest update on the ISMN can be
found, including the VDS (VanderSat) network.
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Figure B.1: Metdata 2017 and 2020 network

Figure B.2: Metdata 2017 and 2020 network



95

Figure B.3: Metdata 2017 and 2020 network

Figure B.4: Metdata 2017 and 2020 network
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Figure B.5: Metdata 2017 and 2020 network

Figure B.6: Metdata 2017 and 2020 network



variable flag category flag 
flag is set if 
following 
condition is 
met 

soil 
moisture 

C - reported value 
exceeds output 
format field size 

C01 soil moisture < 
0.0 m3/m3 

    C02 soil moisture > 
0.6 m3/m3 

    C03 

soil moisture > 
saturation point 
(derived from 
HWSD 
parameter 
values) 

  
D - 
questionable/dubious 
- geophysical based 

D01 
in situ soil 
temperature(*) < 
0°C 

    D02 
in situ air 
temperature < 
0°C 

    D03 
GLDAS soil 
temperature(*) < 
0°C 

    D04 

soil moisture 
shows peaks 
without 
precipitation 
event (in situ) in 
the preceeding 
24 hours 

    D05 

soil moisture 
shows peaks 
without 
precipitation 
event (GLDAS) 
in the 
preceeding 24 
hours 

  
D - 
questionable/dubious 
- spectrum based 

D06 

a spike is 
detected in soil 
moisture 
spectrum 

    D07 

a negative jump 
is detected in 
soil moisture 
spectrum 

    D08 a positive jump 
is detected in 



variable flag category flag 
flag is set if 
following 
condition is 
met 

soil moisture 
spectrum 

    D09 

low constant 
values (for a 
minimum time of 
12 hours) occur 
in soil moisture 
spectrum 

    D10 

saturated 
plateau (for a 
minimum time 
length of 12 
hours) occurs in 
soil moisture 
spectrum 

      
(*) at 
corresponding 
depth layer 

soil 
temperature 

C - reported value 
exceeds output 
format field size 

C01 soil temperature 
< -60°C 

    C02 soil temperature 
> 60°C 

soil surface 
temperature 

C - reported value 
exceeds output 
format field size 

C01 
soil surface 
temperature < -
60°C 

    C02 
soil surface 
temperature > 
60°C 

air 
temperature 

C - reported value 
exceeds output 
format field size 

C01 air temperature 
< -60°C 

    C02 air temperature 
> 60°C 

precipitation 
C - reported value 
exceeds output 
format field size 

C01 precipitation < 0 
mm/h 

    C02 precipitation > 
100 mm/h 

soil suction 
C - reported value 
exceeds output 
format field size 

C01 soil suction < 0 
kPa 

    C02 soil suction > 
2500 kPa 



variable flag category flag 
flag is set if 
following 
condition is 
met 

snow water 
equivalent 

C - reported value 
exceeds output 
format field size 

C01 
snow water 
equivalent < 0 
mm 

snow depth 
C - reported value 
exceeds output 
format field size 

C01 snow depth < 0 
mm 

all dynamic 
variables   M parameter value 

missing 

    G good 

 

 
   

 



C
Additional plots

Intercomparison plots

Figure C.1: Visual comparison of the measured soil moisture content by the 2017 in-situ network and the 2020 in-situ network

98



99

Figure C.2: Visual comparison of the measured soil moisture content by the 2017 in-situ network and the 2020 in-situ network

Sensitivity plots
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