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1

INTRODUCTION

Soil moisture is a key variable controlling the exchange of water and heat energy
between the land and the atmosphere through evaporation and plant transpiration. As a
result, soil moisture plays an important role in development of weather patterns and
extreme-event forecasting such as floods and landslides. Measurements of soil moisture
provide also information for agriculture and it can be used to infer water stress for

irrigation decisions, to aid in yield estimation and to assess drought conditions.

Information on soil moisture may be obtained from three main sources. First, ground-
based soil moisture profile measurements may be made continuously at individual
points. Unfortunately, these are rarely representative of the spatial distribution, and so
they are unsuitable for mapping of large areas. Second, remote sensing may be used to
measure soil moisture in the top few centimeters for areas with low to moderate
vegetation cover but do not provide any direct information on root zone soil moisture.
Third, land surface models may be used to predict the spatial and temporal variation of
soil moisture (near-surface and root zone) but those estimates suffer from inadequate

model physics, parameter estimates, and atmospheric forcing data. Clearly these
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different approaches are complementary, and so our approach has been to utilize all
three sources of data, by assimilation of the remotely sensed near-surface soil moisture
measurements into a land surface model, and relying on the point measurements for
verification. While current progress on this approach has been good, its application has
been confined to large scale estimates with little appropriate data available for
assimilation and/or field verification. Therefore appropriate observation and verification
data need to be collected to mature this technology.

Over the past two decades there have been numerous near-surface soil moisture remote
sensing studies, using visible, thermal infrared (surface temperature) and microwave
(passive and active) electromagnetic radiation. Passive microwave soil moisture
measurement has been the most promising technique in this area, due to its all-weather
capability, its direct relationship with soil moisture through the soil’s dielectric constant,
and a reduced sensitivity to land surface roughness and vegetation cover. Due to the long
wavelengths required for soil moisture remote sensing, space-borne passive microwave
radiometers (both current and planned) have a coarse spatial resolution, being on the
order of 25 to 50 km, but have a frequent temporal resolution of 1 to 2 days. While this
spatial resolution is appropriate for some broad scale applications, it is not useful for
small scale applications such as on-farm water management, flood prediction or meso-
scale climate and weather prediction. Thus methods need to be developed for reducing
these large scale measurements to a smaller scale. This may ultimately be possible using
information from other types of higher resolution sensors (e.g. thermal and visible
imagery from the MODerate resolution Imaging Spectrometer (MODIS) or LANDSAT
Thematic Mapper), but any downscaling approaches must first be developed and
validated with direct high resolution passive microwave measurements and such data

must be collected.
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The aim of this study is the analysis of soil moisture from L-band passive microwaves
remote sensing observations. Ground and airborne data collected during the field
campaign NAFE 05, conducted in New South Wales, Australia, in November 2005 are

used for the purpose.

Brightness temperature, measured by the Polarametric L-band Radiometer of the
aircraft, represents the input for a physically based model that computes as ancillary
information soil temperature and vegetation coverage to retrieve soil moisture. Thermal
Infrared Radiometers at ground level were used to obtain a relationship between surface
and deep soil temperature. A digital Thermocam mounted on the airplane provides
thermal images of the area of interest. The estimation of the vegetation parameters was
performed using both ground data and visible, near-infrared (NIR), short-wave infrared
(SWIR) bands of Agqua-Moderate Resolution Imaging Spectroradiometer (Aqua-
MODIS). Vegetation indices based on these bands were evaluated by computing their

correlations with ground measured vegetation water content.

This study presents a preliminary analysis of the PLMR derived soil moisture product at
250m resolution across a 2000ha area. This is the first airborne remote sensing study to
both provide such high resolution soil moisture data and to take this multi-sensor

approach to soil moisture retrieval.

Maps showing the outputs of the model have been compared to the ground
measurements to outline the spatial and temporal variability of soil moisture and to test

the reliability of the airborne data.

The performance of the model was more than satisfactory: results indicate a very good
agreement of the retrieved and measured soil moisture spatial distribution and do not
present any systematic overestimation or underestimation. Therefore, the results are

encouraging toward the use of PLMR-derived soil moisture for further studies.
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1.1 Structure of the work
In chapter 2 the field campaign undertaken in November 2005 in Australia is described.

Chapter 3 presents the physically based model to retrieve soil moisture from microwave
L-band observation and the following three chapters describe the main inputs of the

algorithm.

The issue of chapter 4 is the calibration of the microwave radiometer, mounted on the

aircraft, to obtain correct values of brightness temperature.

In chapter 5, a method to estimate the temperature of the first 5cm of soil from thermal

infrared observation is presented.

Chapter 6 illustrates a relationship to obtain the vegetation water content from

commonly available remote sensing data.

Chapter 7 shows the procedure to uniform the information from the three previous
chapters and presents the results of the study. Furthermore, observed and predicted soil
moisture values are compared and sensitivity analysis of some parameters of the model

is performed.

Chapter 8 summarises the conclusions of this study.
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THE FIELD CAMPAIGN

This chapter describes the field campaign NAFE 2005 (National Airborne Field
Experiment, http://www.nafe.unimelb.edu.au), conducted in New South Wales,
Australia, during the month of November 2005. An overview of the project and a
description of the catchment of interest are shown at the beginning of the chapter.
Ground sampling strategy and airborne monitoring are then described in all their details,

illustrating the data collected and the instruments and devices that were used.

The purpose of the project NAFE is to map near-surface soil moisture at different
resolutions making use of passive microwave airborne and spaceborne remote sensors.
The ultimate goal is to be able to provide reliable near-surface soil moisture observations
at the paddock scale globally. Specifically, this involves capitalizing on future remote
sensing missions such as ESA’s Soil Moisture and Ocean Salinity (SMOS) satellite
scheduled for launch in 2007 and NASA’s Hydrospheric States (Hydros) scheduled for
launch in 2010.
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2.1 Overview and Objectives

Internationally, there has been a significant decline in the number of gauged basins over
recent years, yet the demand for hydrologic prediction is greater than ever, particularly
as we enter an era of uncertainty due to global climate change. The potential for reliable
hydrologic prediction in ungauged basins exists only through an increasing ability to
remotely sense land surface states, fluxes, and parameters that impact on basin
condition. For instance, it is now possible to measure evapotranspiration rates that
determine soil moisture and baseflow, nearsurface soil moisture content that controls
rainfall partitioning into infiltration and runoff, snow water equivalent of the snow pack
that determines spring-time runoff, vegetation parameters such as leaf area index and
greenness that control evapotranspiration, land surface elevation and canopy height that

impact on runoff routing and evapotranspiration, and so on.

However, there are still many unanswered questions that need to be addressed, including
validation of data products from new sensors, maturing of retrieval algorithms,
developing techniques for downscaling, and merging remote sensing data with model

predictions through the process of data assimilation.

To answer these important questions it is essential that field campaigns with coordinated
satellite, airborne and ground-based data collection be undertaken, giving careful

consideration to the diverse data requirements for the range of questions to be addressed.

While there is a clear emphasis on soil moisture remote sensing in the NAFE
experiment, the nature of the airborne and the collected supporting data made this
campaign applicable to a wide range of environmental remote sensing disciplines and

applications.

This coordinated field experiment took place in November 2005 (NAFE ’05), with
participants from the University of Melbourne, University of Newcastle, Airborne

Research Australia, and several European universities and organizations including the
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European Space Agency (ESA), undertaking research on soil moisture, flood
forecasting, carbon budgets and ecohydrology. This project is complementary with
others around the world, including the series of SGP (Southern Great Plains) and SMEX
(Soil Moisture Experiment) campaigns in the United States and coSMOS (Campaign for
validating the Operation of SMOS) activities in Europe
(http://www.esa.int/esaLP/SEMMMO95Y3EE index 0.html).

2.1.1 Requirements

Future developments should carefully consider different ground based instruments and

data types (Fig. 2.1):

e long-term observation of soil moisture profiles and associated meteorological data

for evaluation of derived root zone soil moisture

e extensive ground-based near-surface soil moisture and temperature data at a range
of spatial scales during airborne campaigns for scaling studies, aircraft and satellite

verification and algorithm development

e continuous near-surface soil moisture, soil temperature, and thermal infrared point

observation for relating air-to-ground measurements throughout the day

e vegetation biomass/water content and dew observation for determining vegetation

and dew effects.
There are also a number of airborne data requirements (Fig. 2.1) to be considered:

e airborne passive microwave, thermal and NDVI data at a range of scales for

algorithm development and satellite verification
e airborne lidar data for accurate topography and incidence angle information

e digital photography for land use and land cover information
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150m

airborne observations coincident with ground observations and made as early in the
morning as possible to ensure that soil and vegetation temperatures are more closely

aligned and have a more uniform soil temperature profile

airborne observations at a range of altitudes (625ft to 10,000ft) to achieve a range
of ground resolutions (62.5m to 1000m for passive microwave and 1m to 20m for

thermal and NDVI) for scaling, algorithm development and satellite verification.
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' and flying heights
across different sized QOther Measurements
study ions * Soil properties
i » Surface roughness
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Figure 2.1: Schematic experimental design
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2.1.2 NAFE Objectives

The scientific objectives and data requirements of NAFE ’05 have been met by
coordinating an aircraft remote sensing campaign with a ground data collection
campaign. Furthermore, all collected data supported measurements taken from various

spaceborne remote sensing platforms overpassing the study area.

The aircraft remote sensing campaign made use of a small environmental aircraft
equipped with passive microwave, infrared and visible sensors to map the whole study
area. The characteristics of such sensors in terms of spectral range, incidence angle and
field of view are comparable with those onboard various existing and future satellite
remote sensing missions. This allows comparability between spaceborne and airborne
measurements and therefore ensures applicability of the outcomes of NAFE 05 to future
spaceborne missions. In order to collect data at various resolutions and instrument
configurations (in terms of incidence angle), the aircraft flew at different altitudes,
resulting in a variety of ground spatial resolutions ranging from satellite-footprint scale

down to farm and paddock scale.

Airborne and spaceborne observations have been supported by ground data collected
during the one-month long campaign. Ground measurements include near-surface soil
moisture for direct validation of the passive microwave remote sensors observations, as
well as ancillary data such as vegetation biomass, land cover information, soil
temperature and surface roughness. Ground sampling was coordinated with aircraft and

satellite overpasses times to minimize temporal lag between observations.

The study area of NAFE ’05 was the Goulburn River catchment, a subhumid to
temperate area located in south-eastern Australian, approximately 300km north-west of
the city of Sydney. The main study area included a large portion of the northern part of
the Goulburn Basin. Two focus areas delimited by the Merriwa River and Krui River
catchment boundaries have been selected for more detailed analysis. Within these areas

eight farms have been chosen as the object of intensive farm-scale ground and aircraft
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monitoring (“Farm scale sampling areas™). The ground crew was based in the township
of Merriwa, located in the heart of the study area, and set off from there for the daily
sampling. The air crew was based in Scone, near the airport used for the aircraft

operations.

2.2 River Catchments

The 6540km? Goulburn River experimental catchment is a tributary to the Hunter River
in New South Wales, Australia (Fig. 2.2). This subhumid to temperate catchment
extends from 31°46’S to 32°51°S and 149°40°E to 150°36’E, with elevations ranging
from 106m in the floodplains to 1257m in the northern and southern mountain ranges.
The Goulburn River runs generally from west to east, with tributaries from the north and

south, meaning the catchment is dominated by easterly and westerly aspects.

@ Goulburn Catchment
L=

Sydney

Melbourne
=]

Image © 2006 MDA EarthSat

Figure 2.2: Location of the Goulburn Catchment, Australia
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The catchment (Fig. 2.3) had two more intensively monitored subcatchments, the Krui
River (562km?) and Merriwa River (651km?) in the northern half of the catchment.
Additionally, a densely monitored 175ha micro-catchment is located on a property

called “Stanley”, located in the lower reach of the Krui River catchment.

Midlothian

Mermriwa Park

Merriwa:
Ground crew

Legend

-ﬁ— MAFE operation base

L
Stanle
g llogan
-

Lake Glenbawn:
PLMR calibration

Roscommaon|

Cullingral

@ SASMAS Site

MAFE focus fam

[ ] 10000t sight area i
[ | s25h fiight area

|| 2s00f fight area
[ ] 5000f fight ares

D Catchment boundarny

Figure 2.3: Overview of the study area
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2.2.1 Climate

The general climate within the region can be described as subhumid or temperate, with
significant variation in the annual rainfall throughout the catchment. While the average
annual rainfall (Fig. 2.4) in most of the catchments is approximately 700mm, it varies
from500 mm to 1100mm depending on altitude. Major rainfall events generally occur in
October and November with an average monthly precipitation of 50mm, while the

monthly average precipitation in July is 40mm.

Monthly mean maximum temperatures reach approximately 30°C in summer and 14°C
in winter, with minimum values of 16°C and 2°C, respectively. Except for elevated
areas, frost is unlikely to occur during daytime in winter, but night time minimum

temperatures in winter are frequently less than 0°C.

Mean Annual
Rainfall (mm}

1300

-H &

Figure 2.4: Map of the mean annual rainfall for the Goulburn Catchment
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2.2.2 Geology and Soils

The geology of the Goulburn River catchment can be distinguished into two types: the
northern which is predominantly Tertiary basalt, a product of Cainozoic volcanism
which took place throughout much of eastern Australia, and the southern which is
dominated by rocks of the Triassic age laid down as sediments in lagoons and consisting
of sandstone, conglomerate and shale. The regions geomorphology is largely dependent
on its geological and climatic history with four main types of country identified; the
Liverpool Range and Merriwa Plateau in the north and the Central Goulburn Valley and
Southern Mountains in the south. The actual study area falls in the northern part of the
Goulburn catchment, across the Liverpool Range and Merriwa Plateau. Situated at the
northern extent, the Liverpool ranges are characterized by a rugged and basaltic
landscape. The area rises over 1200m above sea level, and localized plateaus exist
despite the characteristic rugged topography. The Merriwa Plateau is located south of
the Liverpool Range, presenting a rolling and hilly basaltic topography. Its elevation
ranges between 450m to the north and 300m to the south.

The NAFE 05 study area covers mainly the Merriwa Plateau and the southern fringes of
the Liverpool Ranges. The northern part of the NAFE 05 study area is therefore
characterized by black basalt derived cracking clays, while the very southern part of the
study area is characterized by sandstone derived soils. Red basalt derived clays are also

existent in southern regions of the study area.

2.2.3 Vegetation
Much of the original vegetation in the northern part of the Goulburn catchment has been

cleared, the extent of which has largely been influenced by topography and soil type.

In the north where the terrain is rugged (the Liverpool Range), accessibility is restricted
and the area has thus remained highly vegetated. To the south, clearing has been more
extensive due to the rolling to hilly terrain ensuring greater accessibility (the Merriwa

Plateau). Grazing and cropping activities dominate cleared areas, due to the high fertility

13
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of basaltic soils. The sandstone derived soils to the far south are largely uncleared as

they are less fertile and productive.

2.3 Ground Monitoring

During the 4 week experiment, ground crew has been organized into four teams of four
people, each team acting independently within the daily schedule. Each team has been
assigned two focus farms, one within the Krui and one within the Merriwa sub-

catchments.

The ground component of the NAFE ‘05 field campaign consists of four aspects:
1. Network of continuous soil moisture profile monitoring stations;
2. Supplementary monitoring stations;
3. Spatial soil moisture mapping;

4. Supporting data.

2.3.1 Soil Moisture profile station

The soil moisture and climate monitoring sites existing within the Goulburn River
experimental catchment form the basis of all ground based monitoring activities. These
monitoring sites have recently been upgraded with telemetry systems, Stevens Water
HydraProbe® sensors for top Scm soil moisture (inserted vertically from the soil
surface) and tipping bucket rain gauges. Eight focus farms for detailed measurements
were chosen within the Krui and Merriwa sub-catchments according to spatial
distribution and characteristics of farms hosting these stations. As the dominant landuses
are grazing and cropping, this region is very suitable for soil moisture remote sensing
studies due to the moderate vegetation cover. Table 2.1 summarizes the characteristics

of each farm.
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Table 2.1: Characteristics of the NAFE study farms

Farm name Area(ha) Topography Landuse Soils
e Grazi Black basaltic clays
Pembroke 6400 Hilly/Gently rolling razing
® Cropping
) e Grazi Black basalts on flat red
Stanley 720 Hilly razing basaltic clays on crests
. Red basaltic clays and
Roscommon 940 Flat/Gently Rolling ¢ Grazing sandy soils
Black basaltic clays
[llogan 560 Flat/Gently rolling * \%rg p (Barley, Oats, with patches of red
eaf) basaltic clays
. Black basaltic clays
Dales 1500 Flat/Hilly ® Grazing
Black ltic cl
e Grazing ack basaltic clays
Midlothian 2000 Flat/Hilly e  Crop(Sorghum,
Lucerne, Wheat)
e Grazi Black basaltic clays
Merriwa Park 750 Hilly razing
®  Crop (Wheat)
Black basalticclays
Cullingral 220 Hilly ¢ Crop(Wheat,

Lucerne)

2.3.2 Supplementary Monitoring Stations
A total of eight of the existing monitoring stations (one at each of the eight focus farms)
has been supplemented with additional sensors for the duration of NAFE ’05. The

primary purpose of this supplementary monitoring was to:
1. provide information on near-surface soil temperature profiles;
2. provide information on leaf wetness in response to dew and precipitation;

3. develop relationships between thermal infrared observations and near-surface

soil temperature.
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To capture the relevant information, there were nominally:

four stations with thermal infrared radiometers (Two Ahlborn Thermalert TX® and
two Everest Interscience Inc.® Infrared Temp Transducers, Model 4000, Fig. 2.5)
duplicate soil temperature sensors at lecm, 2.5cm and 4cm (Unidata® 6507A/10

sensors), and leaf wetness sensors (Measurement Engineering Australia 2040®);

two stations with single soil temperature sensors at lcm, 2.5cm and 4cm, and leaf

wetness Sensors;
two stations with single soil temperature sensors at lcm, 2.5cm and 4cm (Fig.2.6);

one station with 4 Unidata® 6507A/10 thermocouples attached to a rock (at Stanley

farm).

This supplementary monitoring were in most cases installed “within” the enclosure at

existing monitoring station sites. In particular cases, they were installed at nearby

locations to capture land cover requirements not met at the existing sites; specifically for

bare soil and at some crop sites.
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Figure 2.6: Soil temperature sensors at 1cm, 2.5cm, 4cm
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2.3.3 Regional Scale Sampling

Regional ground sampling of near-surface soil moisture have been undertaken using

iPAQ based HydraProbe systems at predefined GPS-located points approximately 1km

apart (Fig.2.7).

Figure 2.7: Set up of a soil moisture measuring unit
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Regional scale sampling occupied an entire day once per week. Concurrently with soil
moisture measurements, teams collected the following supporting data across both focus

farms in their responsibility during regional sampling days:
e  Gravimetric soil moisture samples (also used for soil texture);
e Vegetation biomass samples;
e  Vegetation type characterization;
e Land use classification;
e  Crop height measurements;
e Leaf wetness observations.

The following variables have been measured once only by each team for both farms,

with instrumentation and/or personnel rotated between farms as necessary:
e Surface roughness measurements;
e NDVI measurements;

e Surface rock cover estimation.

2.3.4 Focus Farm measurements

The purpose of farm scale sampling is to provide ground soil moisture and supporting
data for verification of the aircraft soil moisture, soil temperature and vegetation
mapping at different ground pixel resolutions. Near-surface soil moisture has therefore
been measured across the focus farms concurrently with aircraft overpasses at a range of
spatial scales. The objective was to cover as much of the farm extent and surface
conditions present in the area as possible in a single day, with a combination of spatial

resolutions.

Soil moisture measurements have been taken at many locations within the farm at

various resolutions (500m, 250m, 125m and 62.5m), covering as much as possible of the
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range of land use, topographic, soil type and soil wetness conditions present across the

farm.

Furthermore, at each farm a small area of 150m by 150m size was the focus of very

intensive soil moisture sampling (12.5m and 6.25m).

The 150m x 150m areas (“high resolution” areas) have been sampled at very high
resolution, in order to provide highly detailed ground information on the
representativeness and variability expected from point soil moisture and vegetation

biomass measurements.
Teams also collected the following supporting data at the focus farm on each farm
sampling day:

e Gravimetric soil moisture samples;

e Vegetation water content samples;

e [ eaf wetness observations and dew amount.

2.3.5 Supporting Data

A number of auxiliary data sets are needed together with soil moisture in order to
characterize the surface conditions within the study area. This information is necessary
to provide auxiliary data required to model the soil microwave emission and to calibrate

the ground sensors that will be used during the campaign.

Thermogravimetric soil moisture samples
Volumetric samples of soil have been collected across the study area for both soil

textural analysis and calibration of the Stevens Water HydraProbes®.

These volumetric samples (collected with a sampling ring for the same soil measured
with the HydraProbe) have been dried in ovens at the end of each day to calculate the

gravimetric water content and the bulk density. The volumetric water content has been
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compared with HydraProbe measurements taken at the same locations. These samples
covered a wide range of soil types and wetness conditions, providing a calibration

equation.

Vegetation biomass and water content
The amount of vegetation biomass (Kg/m?) and vegetation water content (kg of water/

m?) present above the soil surface strongly affect the microwave emission observed.

Information on the spatial and temporal variation of these two quantities is needed for
microwave emission modeling, so that relationships with infrared and visible remote
sensing observations can be established. An overview of the sampling approach is as
follows:

1. During regional sampling days:

. A total of 16 vegetation biomass “quadrant” samples have been collected on a
grid across the high resolution area on the all farms in weeks 1 and 3. A
quadrant of 0.5m % 0.5m was used to obtain these samples (Fig. 2.8). They
gave an estimate of spatial variability in vegetation biomass and water content

for a specific vegetation type.

. Two vegetation biomass “quadrant” samples have been collected across each
farm, with the aim of collecting at least one sample for every land cover class.
Sampling locations were the same for all four regional sampling days so they
could be used to assess temporal variation in vegetation biomass and water

content.

2. During farm scale sampling days:

2

. Two vegetation water content “grab” samples have been collected for the
farm reference vegetation at the end of the day. Sampling location and

vegetation type remained the same for all the sampling days. These samples
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gave an estimate of temporal variability in vegetation water content for

specific vegetation types.

=  Information about the plant height, using scale on HydraProbe pole was

collected.

Figure 2.8: The vegetation sample quadrant

Vegetation type
This information is important for the analysis of visual and infrared remote sensing
observations, as well as general site characterization. Dominant vegetation type has been

recorded at each sampling site using a predefined list of vegetation types.

Land use and classification

Land use is a useful information that supports the interpretation of remotely sensed data
of various nature. It is therefore important to characterize the main land uses in the
study area, to complement land use mapping obtained from satellites like Landsat. Land

uses has been characterized by visual observation during ragional sampling days,

22



Chapter 2 — The field campaign

assigning every area sampled to one of the following subclasses (selected as the

predominant land use classes in the region)

Native pasture

Improved pasture
Agricultural land: Fallow
Agricultural land: Wheat
Agricultural land: Lucerne
Agricultural land: Oats
Agricultural land: Barley
Forest land

Urban

o 0 N kWD =

10. Open woodland

Normalized Difference Vegetation Index (NDVI)

NDVI is a measure of the green, leafy vegetation density or the lushness of vegetation,
and is a function of the difference between the visible and near-infrared sunlight that
reflects off the vegetation. Ground measurements of this parameter can be used to
verify satellite and aircraft observations. Measurements of NDVI have been taken at
50m spacing at the Hi-res areas of each farm with a Model 100BX Radiometer, a four-

channel instrument, described in chapter 6 (Fig. 2.9).
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Figure 2.9: Model 100BX Radiometer

Surface Roughness

Surface roughness affects the microwave emission from the soil by effectively
increasing the surface area of electromagnetic wave emission. Although its effect on
observations at L-band frequency has been shown to be very poor, it is important to
characterize the spatial variation of this parameter across the different land cover types.
It has been estimated once only during the campaign at four locations on each farm in
the two orientations North-South and East-West to capture the different roughness
characteristics according to land cover type. Measurements have been made usinga 1 m

long drop pin profiler with pin separation of 25 mm (Fig. 2.10).
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Figure 2.10: The pin profiler

2.4 Airborne Monitoring

Airborne measurements have been made using the small, low-cost, two-seater motor
glider from the Airborne Research Australia national facility called Small
Environmental Research Aircraft (SERA), together with the Polarimetric L-band
Multibeam Radiometer and thermal imager. This new infrastructure allowed, for the first
time, very high resolution passive microwave (~50m) and land surface skin temperature

(~1m) observations to be made across large areas.

There is no other capacity world-wide to make such high resolution measurements
together with a range of other supporting data including a first-last return lidar, NDVI

scanner and 11MegaPixel digital camera.
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2.4.1 Instruments

The PLMR measures both V and H polarizations using a single receiver with
polarization switch at incidence angles +/-7°, +/-21.5° and +/-38.5° in either across
track (pushbroom) or along track configurations. The beamwidth is 17° resulting in an
overall 90° field of view. The instrument has a frequency of 1.413 GHz and bandwidth
of 24MHz

The thermal imager is a FLIRTS ThermaCam S60 with spectral range 7.5 to 13um,
accuracy +/-2°C or +/— 2% of reading and thermal sensitivity of 0.08°C. It has an 80° x
60° FOV lens with 1.3mrad IFOV, resulting in approximately 1m data from a 150m
flying height.

More observations have been collected using a TSLS AWI/ARA Trispectral line
scanner, a Canon EOS-1DS 11MegaPixel digital camera and a laser (near infrared)

scanner.

2.4.2 Flight plans
Flight routes and coverages at different altitudes have been optimized in order to meet a

number of objectives and logistic constraints. These objectives included:

e to cover as much of the study area at multiple ground resolutions during the
campaign so as to obtain spatial soil moisture patterns at different scales for an

extensive area (Fig.2.11);

e to map the same area at multiple ground resolutions within the same day to avoid so

much as possible temporal differences between maps at different resolutions;

e to obtain patterns of brightness temperature nested between different resolution for

scaling purposes; and

e to have high resolution areas falling within the central pixels of the swath at each
altitude (beam 1 or 2) to ensure they are not inadvertently missed due to diversions

from planned flight paths and wing level attitude, or variations in ground elevation.
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The main constraints include:

e to have sufficient overlap between adjacent flight lines in order to avoid areas of no

data due to aircraft roll or variations in ground elevation;

e to have sufficient overlap to allow temporal correction of data back to a reference

time;
e to have ground sampling points at the centre of aircraft pixels;

e to have a nested network of ground sampling grids linked between different ground

sampling resolution.

10000ft]

ﬂ25oqﬁ'

Figure 2.11: Schematic view of PLMR flights.
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2.4.3 Low Resolution Mapping

One of the objectives of NAFE ‘05 is the mapping of soil moisture at satellite footprint
scale from an airborne platform. This component of the airborne campaign will provide
the necessary link between the passive microwave observations at high resolution and
the equivalent spaceborne observation over large areas for scaling purposes.
Furthermore, low resolution observations from the aircraft are easier to accurately
validate than the satellite observations, due to the smaller ground pixel size achievable
(1km against 50km). This allows more accurate verification of the satellite-retrieved
soil moisture over large areas by making use of the validated 1km product obtained

with the aircraft.

Low resolution mapping flights have been flown at a nominal altitude of 10000ft AGL.
Actual altitude above sea level was of 3430m, which results from flying above the
median elevation of the terrain in the Northern Goulburn study. Ground pixel resolution
varies from approximately 861m to 1066m due to variable terrain elevation, with a
mean resolution of 1km. Low resolution flights have been undertaken on various dates

with different coverage’s during the campaign:

e During regional days, low resolution flights occupied the entire daily flying time

and the coverage was the area approximately covered by a satellite footprint.

e During farm scale days, low resolution flight have been undertaken together with
intermediate, medium and high resolution flights, with coverage being one of the

two sub-catchment study areas, either Krui or Merriwa.

2.4.4 Intermediate resolution mapping

Flights at intermediate altitudes allowed investigation of the scaling nature of the
microwave signature of soil moisture and provided the link between regional scale
microwave observations and the high resolution mapping, which has been one main

scientific objective of the campaign. The acquisition of microwave brightness
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temperatures at so many different resolutions was unprecedented. Investigation focused
on the relationship between brightness temperatures measured at different spatial

resolution, down- and up-scaling issues.

Intermediate resolution mapping included flights at a nominal 5,000ft AGL over two
subareas in the northern half of the Goulburn River experimental study area, the Krui
catchment and the Merriwa catchment. The actual planned flight altitude due to terrain
elevation is 1910m ASL. This results from flying over the median terrain elevation of
the Northern Goulburn study area. This reference elevation is the same for the low
resolution and the intermediate resolution flights, and was chosen in order to maintain
consistency between observations at different altitudes. These flights entirely covered
the NAFE focus farms and surrounding areas and constituted an adequate medium

resolution “frame” to the high resolution mapping of the individual farms.

2.4.5 Medium resolution mapping

Flights at medium altitudes allowed investigation of the scaling nature of the
microwave signature of soil moisture and provided the link of the regional scale
microwave observations with the high resolution mapping which is a main scientific

objective of the campaign.

Mapping at medium resolution has been undertaken at farm scale, at a nominal altitude
of 2500ft AGL, providing full coverage of all the NAFE focus farms at a ground
resolution of approximately 250m. Actual flight altitude for these flights was variable
between farms, due to terrain elevation. Unlike for the low and intermediate flights,
terrain elevation has a major impact on the ground resolution obtainable from these
altitudes. In particular, due to the different mean elevations of the focus farms, it was
not feasible to fly the whole medium resolution flight line set with constant altitude
above sea level. This would in fact result in highly variable ground resolution. With the
aim to maintain the highest possible consistency between the soil moisture maps, a

decision was made to fly at 25001t (and 6251t for the high resolution flights) above the
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maximum elevation within each farm. This guaranteed greater uniformity in ground
resolution as well as respect of the minimum flight altitude allowed without a low-level
clearance, being 500ft. As for the medium resolution flight lines, flight altitude varied
between 1050m and 1270m ASL for the respective resulting in a ground resolution

between 240m and 308m.

2.4.6 High resolution mapping

One of the most important phases of the NAFE ‘05 campaign was the monitoring of
soil moisture at high resolution. PLMR was flown at a nominal altitude of 625ft AGL to
provide a nominal grid of 62.5m average near-surface soil moisture. Such a high
resolution in passive microwave remote sensing is unprecedented, and gives the

opportunity to study the microwave emission from the soil surface at very high detail.

2.4.7 Extra flights
Some extra flights have been performed to allow further analysis on the microwave

emission measurement.

A number of high resolution flights have been performed for the specific purpose of

studying the effect of angle on radiometer measurement.

During these flights PLMR has been mounted 90° rotated compared to the standard
configuration so as to have the 6 beams looking along the flight direction, 3 forward

and 3 backward.

Moreover two short flights in the very early morning have been performed in order to

collect data to study the dew effect on radiometer measurement.
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SOIL MOISTURE RETRIEVAL MODEL

The theory behind microwave remote sensing of soil moisture is based on the large
contrast between the dielectric properties of liquid water and dry soil. As the moisture
increases, the dielectric constant of soil-water mixture increases and this change is

detectable by microwave sensors.

In this chapter the retrieval algorithm for soil moisture (Jackson et al., 1981; Schmugge,
1985) from microwave remote sensing is described in all its components and particular
attention is given to the model developed for the calculation of the dielectric constant of
the soil (Wang and Schmugge, 1980).

In addiction the model considers the contribution of surface roughness and vegetation
coverage in the attenuation of the microwave emission, integrating studies carried on by
Choundhury et al., 1979, Njoku and Entekhabi, 1995, Jackson and Schmugge, 1991.
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3.1 Theoretical background

Microwave remote sensing measures the electromagnetic radiation in the microwave
region of the electromagnetic spectrum, which has wavelengths between 0.5 and 100cm.
For remote sensing of soil moisture, L-Band passive microwaves (10-30cm) are
recognized to provide the most accurate results. The main advantages of microwave
remote sensing over remote sensing in the visible and infra-red regions are that the
attenuation of the signal received by the sensor by atmospheric gases and clouds is
negligible and that vegetation is semi-transparent at microwave wavelength (Jackson
and Schmugge, 1991), Fig. 3.1. Nevertheless the passive systems can only provide a
spatial resolution between 10km and 100km, appropriate for meteorological and climate
models. Thus, some downscaling techniques are currently in development to make these
data suitable for other purposes, like flood forecasting, agriculture management and

meso-scale climate models.
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Figure 3.1: Atmospheric transmissivity as a function of the wavelength

32



Chapter 3 — Soil misture retrieval model

A microwave radiometer measures the self emitted and reflected radiation from the
earth’s surface, whose intensity is characterized by the brightness temperature (7, ). The
amount of energy generated at any point within the soil volume depends on the soil
temperature and the soil dielectric properties. In addiction as the energy crosses the
surface boundary, it is reduced by emissivity coefficient, which is determined by the

dielectric characterization of the near surface soil (Schmugge et al., 1980).

3.2 Brightness temperature model

Brightness temperature is dependent on the soil moisture and on the temperature profiles
of the soil; it is the product of the soil temperature and emissivity of the soil through the
Rayleigh-Jeans approximation of Plank’s law (Jackson et al., 1981; Schmugge, 1985).

The value of 7, measured by a radiometer is given by

T, =t(l,T,, +e,T,,)+T, (3.1)

pos P~ soil tm

where T is the surface reflectivity for polarization p, e, is the surface emissivity for
polarization p and  is the atmospheric transmission.
For the typical remote sensing applications using microwave, the atmospheric 7, and

sky T, contributions are small compared to the soil one (Engman and Chauhan, 1995).

Thus by neglecting these two terms the Rayleight approximation may be simplified to

T}')p = ep];m‘l = (1_Fp)T (32)

soil
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Although the relationship between emissivity and 7, is linear, soil moisture has a non

linear dependence on reflectivity and because the reflection coefficient of the soil is
related in a non-linear way to the dielectric constant of the soil (Engman and Chauhan,
1995).

The reflectivity is generally predicted by the Fresnel equations:

cos 3—+e—sin’ g 2
e —1—| |

= (3.33)
‘0059+\/g—sin23‘
2
=2
ev:1_|gcosl9—\/g—sm 9| (3.3b)

‘gc0319+\/g—sin2.9‘

where ¢ is the look angle for the instrument measured from nadir (degrees) and ¢ is the

relative dielectric constant of the soil.

In the current study, the model of Wang and Schmugge (1980) was inverted to estimate

soil water content from the dielectric properties of soil-water-air mixture.

Therefore it is important to define the soil composition, especially regarding clay and
sand percentages. In this model values for each constituent are taken from the centroid
of 12-USDA Textural Classes (Fig. 3.2) while porosity data from Rawis et al., 1982 in
TASAE (Table 3.1).
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Figure 3.2: Chart showing the percentages of clay, silt and sand in the basic textural
classes

Table 3.1: 12-USDA Textural Classes and Porosity

Class # Soil Tvpe Clav Sand Poraosity
1 Sand 5 92 0.437
2 Loamy sand 7 78 0.437
3 Sandy loam 10 65 0.453
4 Silt loam 15 35 0.501
5 Silt 6 10 0.482
6 Loam 20 40 0.463
7 Sandy clay loam 28 60 0.398
8 Silt clay loam 48 7 0.471
9 Clay loam 33 33 0.464
10 Sandy clay 52 43 0.430
11 Silty clay 58 6 0.479
12 Clay 60 20 0.475
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The relationship between volumetric soil moisture and dielectric constant consist of two

distinct parts separated at a transition moisture value &, defined by
0, =0.165+0.4969,, (3.4)

where 6, is an empirical approximation of the wilting point moisture based on the sand

and clay mass fraction given by

6,, =0.06774-0.00064sand +0.00478clay (3.5)

Unique equations describe the relationship between dielectric constant and soil moisture

less than and greater than the transition moisture content. For soil moisture less than &, ,

the real and imaginary parts of the dielectric constant ¢ are:

€'=(9><(€i+Mj+(p—9)+€rx(l—p) (3.6a)

T

6.5300

£"= 49><(0.1+ j—i—O.Zx(l—p) (3.6b)

T

Otherwise, if the soil water content is higher than &, , the dielectric constant is evaluated

in the following way:
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gl:eTX(gi+(gw_gi)é‘)—l_gwX(e_eT)+(p_9)+grX(l_p) (3'7a)
£"=0,%(0.1+6.535)+6.63x (0—6,) +0.2x (1- p) (3.7b)

where ¢,, &, ¢, are the dielectric constants for rock, ice and water respectively, p is

;!

the soil porosity and

§=0.481-0576,, (3.8)

3.3 Roughness correction

The effect of surface roughness on the brightness temperature of a moist terrain has been
introduced by modifying the Fresnel reflection coefficient introducing a single
parameter to characterize the roughness, the standard deviation of surface height
(Choundhury et al., 1979). Surface roughness decreases the reflectivity (increases the
brightness temperature) and decreases the difference between the vertically and
horizontally polarized brightness temperatures (Njoku and Entekhabi, 1995). The
sensitivity of brightness temperature to soil moisture decreases significantly as the
surface roughness increases, thus corrections for roughness are necessary to obtain

accurate soil moisture estimates.

The roughness parameter 4 is given by

h =407 (27”} (3.9)
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where A is the wavelength captured by the radiometer (A=21lcm for L-Band

microwaves) and o is the height variance of the surface, measured during the field
campaign in four points for each farm, as described in Chapter 2.3.6. For smooth
surfaces a typical value of % is 0.1, and for very rough fields a value of % equal to 0.6 is
typical (Choundhury et al., 1979, Wang et al., 1983).

Thus the Fresnel reflectivity e, has been modified as

e,(9)=1-(1-¢, )exp(~hcos’ 9) (3.10)

where the subscript p designates the polarization and ¢ is the look angle. Table 3.2

shows the values of the roughness parameter % evaluated for the farms of interest. First

the height variance o has been evaluated for each point of measurement in the two

directions North-South and East-West. Then an average of these values was taken in

order to obtain a single o per farm to calculate the roughness parameter. These values

are consistent with visual observations and impressions felt while sampling those areas.

Table 3.2: Roughness parameter for NAFE farms

2

O'2 0'2 0'2 0'2 o average h

FARM N-S E-W N-S E-W N-S E-W N-S E-W

Stanley 0.79 0.27 0.36 1.90 1.40 1.99 1.92 1.75 1.30 0.46
Pembroke  0.61 0.96 0.54 0.82 0.24 1.15 0.25 1.76 0.79 0.28
Roscommon  0.43 0.51 0.26 0.46 0.34 0.25 0.61 0.37 0.40 0.14
Illogan 1.47 0.38 1.97 1.74 0.54 0.17 1.00 1.40 1.08 0.39
Midlothian  0.26 0.32 2.16 0.48 0.54 0.39 177 0.53 0.81 0.29
Dales 0.43 0.67 1.16 1.47 0.28 1.16 0.78 0.97 0.87 0.31
Cullingral  0.72 1.23 0.56 0.19 0.46 0.13 0.24 0.38 0.49 0.18
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3.4 Vegetation correction

The influence of vegetation on brightness temperature measured by the radiometer is the

result of absorption and re-emission, absorbing radiation coming from the soil and

emitting radiation itself. For low frequencies (< 5-10GHz) the effects of scattering are

negligible. Figure 3.3 shows the radiation components in canopy layer:

1.

2.

the direct vegetation emission;
soil-surface emission attenuated by the canopy;
downward cosmic background and atmospheric radiation attenuated by the canopy;

the vegetation emission reflected by the soil and attenuated by the canopy.

Atmosphere

Tsky

Figure 3.3: Radiation components in a vegetation layer
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A model that takes into account the vegetation effects is (Ulaby et al., 1986):

T, =[1+(1=€,) g (1= 7 ) @+ @) T,y + (€, 70 ) (3.11)

P

where:

Vves s the transmissivity of the vegetation layer

Tieg is the physical temperature of the vegetation (K)

T is the physical temperature of the soil

@ is the single scattering albedo of the vegetation.

Albedo represents the fraction of incoming solar radiation that is reflected at the canopy
or soil surface. At microwave wavelength the single scattering albedo is close to zero,
varying in a range between 0.05 and 0.10. Running the model « has been fixed at the
value of 0.05.

The temperature of the vegetation has been considered the same as the soil temperature,

whose estimation will be explained in Chapter 5.

The transmissivity of the attenuating vegetation layer is described by a relationship with
one way canopy absorption factor, the vegetation opacity, otherwise known as optical
depth 7. 7 is dependent on the vegetation dielectric properties, plant shape and

structure, polarization, look angle and wavelength.

Vver = EXP[-TSECY] (3.12)

where @ is the look angle measured from nadir (degrees).
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The relationship used in this study for the optical depth is

r=VWCxb (3.13)

where WVC is the vegetation water content and 5 is a regression parameter (Jackson
and Schmugge, 1991).

The parameter b is unique to the type of vegetation, the free space wavelength and
polarization. In Figure 3.4 a plot of 5 for different wavelengths and vegetation types is
shown (Jackson, 1993): except for native grass, it presents a small variation in the L-
Band range and a value of 0.15 is representative of most agricultural crops. Chapter 6

will describe how WVC has been estimated in the study.
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Figure 3.4: Effects of vegetation on parameter b as a function of wavelength (Jackson, 1993)
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3.5 Model implementation

A MATLAB program has been implemented to run the model; the bisection method was
used to search the solution of the equations discussed in the previous paragraphs. This
root-finding algorithm works by repeatedly dividing an interval and then selecting
subinterval in which the root exists. The efficiency of the bisection method is limited but

it ensures stability and convergence to the solution.

Actually, for minimizing the difference between measured brightness temperature and
the one calculated by the model, assuming different values of moisture content, the
bisection method presents a satisfactory performance. In fact, it provides a solution in

less than twenty iterations with an accuracy of 10,
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SOIL BRIGHTNESS TEMPERATURE

The airborne data collection campaign has been successful in meeting the proposed
objectives of NAFE ’05. Data collected include bipolarized, L-band passive microwave
observations at multiple incidence angle, thermal infrared imaginer, and aerial

photography.

One of the first steps toward accurate soil moisture estimation has been to study the
influence of brightness temperature acquisition uncertainty on the soil moisture retrieval,
as well as to perform a calibration of the PLMR radiometer in order to obtain reliable

microwave data.

This chapter illustrates in detail the above steps and presents the resulting calibrated soil
brightness temperature for both V and H polarization for the 20 days of the NAFE 05

field campaign.



Chapter 4 — Soil brightness temperature

4.1 Brightness temperature sensitivity to soil moisture

The amount of energy emitted by the ground surface in the microwave domain depends
on several factors besides the soil water content. In particular, the soil moisture retrieval
model used in this study involves up to ten variables. This fact makes it hard to
understand how a single factor can influence the brightness temperature measured by the

radiometer.

Nevertheless, a rough estimate of the relation between brightness temperature and soil
moisture is needed in order to understand how the uncertainty of the radiometric
observation can affect the soil moisture retrieval. This relation will be used as criterion

to evaluate the proposed calibrations for the radiometer.

4.1.1 Assumption and constant parameters

Some preliminary assumptions are needed in order to make a sensitivity assessment. The
number of variables has been reduced to four maintaining those, which have been
considered a priori the most significant in the soil moisture retrieval: vegetation water
content, soil moisture, incidence angle and soil temperature. The remaining variables

have been assumed constant.

e The surface roughness has been set to 0.3, which is an average value over the
ground surface roughness measurements made during the NAFE 05 field campaign
over the study area. Microwave emission is strongly affected by the soil roughness,

but this parameter is also difficult to measure, due to his strong spatial variability.

e The scattering albedo, whose effect on the measured brightness temperature is
known to be weak at L-band wavelength, has been assigned a value of 0.05, which
is a standard value often used in literature in the case of the vegetation cover type

most common in our study area.
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e The soil type has been assumed constant as well. Silty clay loam has been chosen as
the more common soil type in the Goulburn catchment after analysis of 12 soil

texture samples taken in the area.

Some extreme scenarios have been chosen, fixing extreme values of the four main
variables, in order to represent the whole range of conditions occurred during the
NAFE’05 field campaign. Intermediate input values have always shown to give

intermediate results.

e The Incidence Angle was given a lower value of 0° and an upper value of 40°,
which correspond to an increase of about 3° due to roll, pitch and yaw compared to

the standard conditions.

e The vegetation was given a range of values between Okg/m’ (bare soil), and 3kg/m’

which is an average value for a strongly vegetated surface.

e Soil moisture values were varied between 0.05 v/v, which correspond to a dry soil,

and 0.4 v/v, which is a very wet soil.

e Soil temperature was set to 280K for a cold soil and 315K for a hot soil.

The error in soil moisture content as a function of the uncertainty in brightness

temperature is plotted in Figure 4.1 for all the scenarios proposed.

45



Chapter 4 — Soil brightness temperature

Blue=TbH Blue=TbH .
Red=Toy MC=0.05 VWC=0kgim? Soil Temperature= 280K ReaeTow MC=0.05 VWC=0kgim® Soil Temperature= 315K
15 T T T T T T T 157 T T T T T T T T T
14 i 14 | &
13 o 13- 4
12 2 12 % 4
1" ¢ 7 1+ 1
& g i P
10 : = 1 10} o 4
18 5 ¥ oL i \ -y 4
2 s - 5 e sk J
a H g = H ’
g7 : 7 1 T 7 g
[ ﬁ - 2 6t 2 - 2
5 -
"~y . . . . L 1 L | | L 1 1 | 1 J
O o 02 0o 0 s 006 007 0 06 04 0 001 002 003 004 005 008 007 008 009 01
a deltaMC
MC=0.05 VWC=3 I<g.|frn2 Soil Temperature= 280K MC=0.05 WVWC=3 ](ga'rnz Soil Temperature= 315K
15 T T T T T 15 T T T T T T T
141 A 14k J
13+ . 13- —
12 12}
11+ e 1ME 4
10 10+
L . 9t
2 st i 2 s
2 r z
27+ & A z 7
. 5
5-
4 4l
3+
§ 2l
4 1
1 L 1 i o s i i | i 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 [i] 0.0 002 0.03 0.04 0.05 0.08 0.07 0.08 0.08 01
deltaMC deltaMC

Figure 4.1(a): Angular variation of the error in brightness temperature against error in soil
moisture for dry soil scenarios.

Each plot shows for both H and V polarization the sensitivity for different angles. It can

be noticed that for dry soils (Figure 4.1a) the variation due to different angle is much

higher than for wet ones (Figure 4.1b). Moreover the slope of these relation is strongly
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dependent on vegetation water content and for high values of this variable the slope has

the lowest value, which means a big propagation of the error.

MC=0.4 VWC=0kom? Soil Temperature= 315K
MC=0.4 VWC=0kgim? Soil Temperature= 280K 15 gim”  Sol nperare

T T T T T g e

il L L L L L 1 L 4 L L 1 L L 1 L 1 L
0.0 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.08 a1 Q 0.01 0.02 0.03 0.04 0.05 0.08 0.07 0.08 0.08
deltaMC deltaMC

MC=0.4 VWC=3kgim® Soil Temperature= 280K MC=04 VWC=3kgm® Soil Temperature= 315K

delta Tb

15 . . ; . . : 15 : : . .
14 14
13 13}
12 12
1 1k
10 10
of gl
8+ =N}
7 g7t Z
K] .
6F 6l
s+ Al
4r 4
3 al
2 2
1 _ 1k
o H . i i . . . i i
¢ 001 00z 003 004 005 005 007 008 009 0 001 00z 005 004 005 006 007 008 008

deltaMC detaMC

Figure 4.1(b) Error in brightness temperature against error in soil moisture for wet soil scenarios

The next step is to extrapolate from this analysis acceptable errors in brightness

temperature. An acceptable error is considered the one that produce 4% accuracy in soil
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moisture, which is the proposed goal for the future SMOS mission. The Tables 4.1a and

1b summarize the results of this analysis for each scenario investigated.

Moisture Content

dry wet
[<b] —_
s cold | 45 6.4 6.7 7.0 %
m .
o hot | 50 | 72 | 76 | 79 c
o c 3
= .g c
& cold | 22 2.6 34 2.8 % S
—_ (@]
3 hot 25 | 29 | 38 | 32 3

0 40 0 40
Incidence Angle
Table 4.1a Acceptable errors in different scenarios for H polarization.

Moisture Content

dry wet
S |cold | 45 | 32 | 68 | 73 &
) (]
s S =
s hot 5.0 3.6 7.6 8.2 = S
Q. +—=
& 2c
& cold | 22 1.3 34 2.9 % S
—_ (@]
3 hot | 25 15 | 38 | 33 S

0 40 0 40

Table 4.1b Acceptable errors in different scenarios for V polarization

Incidence Angle

As shown in these tables, for the V polarization the “worst” scenario is cold and dry soil,

with a high value of vegetation water content and for high values of incidence angle. For

the H polarization the “worst” scenario is similar, but for low incidence angle. In the
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worst scenarios therefore the brightness temperature uncertainty should not be higher
then 1.3K at V polarization to reach the proposed 4% soil moisture accuracy, whereas at

H polarization the uncertainty it can be up to 2.2K

Over the NAFE °05 study area the conditions corresponding to these “worst” scenarios
have occurred rarely. The most common set of input variables can be considered the one
with medium-hot soil and low vegetation water content. For this frequent condition, the
maximum error in brightness temperature measurement can be up to 3.6K for the V
polarization and 5.0K for the H. Finally, we can also say that, as the tables show,

commonly an error up to 8K can be tolerated.

4.2 Box, water and sky points investigation

Calibration of the PLMR is performed by making observations of a target whose
brightness temperature is known. By plotting these observed values against the known
brightness temperatures of the objects, a linear regression can be subsequently calculated

and then used to correct the raw data for gain and bias.

The targets used for calibration are a blackbody (a box), the sky and a water body.
Observations of the blackbody and the sky were taken from the ground before and after
each flight, whereas observations of the water body and again of the sky were collected
during the flight. In the following part terms like water-point, sky-point, and box-point
will be used, meaning the points obtained with actual and measured values for the

calibration targets.

42.1 Box

The box available during the campaign was assumed to have blackbody properties, in
the sense that its emissivity in the microwave L-band domain was considered to be equal
to one. This allows direct comparison between the box-emitted brightness temperature

detected by the PLMR and the box physical temperature.
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The box-points have been collected every day before and after the flight averaging up to
20 minutes of PLMR acquisition data. This procedure has been carried on in order to
obtain a stable value, since temperature of the medium surrounding the box can affect
this measurement. The data collected have been also cleaned up from noises and

malfunctioning of the recording system.

The box physical temperature has been recorded with a logger installed just beneath the

box. (Figure 4.2)

Figure 4.2 The radiometer collecting box-observations for the calibration.

The box-points have been the most important ones since their values are the closest ones
to the soil brightness temperature. Fortunately, they are also the more reliable ones,

since this measure took place in quite stable and controlled conditions.

4.2.2 Water
The water-points have been obtained during the flight collecting measurement of
brightness temperature while flying above Lake Glenbawn, a water body approximately

100km East of the study area.
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The measured value has been calculated averaging a 2 minute long observation cleaned
up from easy recognizable non-water measures (vegetation in the water and shores
mainly). The Figure 4.3 shows the raw water brightness temperatures. According to the
theory (Jackson and Le Vine, 1995), the water points fit two parabola, which are tangent

for observation made at nadir
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Figure 4.3 Radiometer observation of the water body plotted as brightness temperature against
incidence angle.

The PLMR observation has been compared to what was supposed to be the actual
brightness temperature of the water, which has been calculated with a well-known water
emission physical model (Klein and Swift, 1976). This model takes into account the
salinity, which can be retrieved from conductivity, and the temperature of the lake.

Measurements of these variables have then been taken during the field campaign by a
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temperature and salinity measuring station installed at the center of the lake (see Figure

45).

Furthermore, the lake have been monitored once a week by doing 100m spaced
temperature and salinity measurements along two, 2km long north-south and east-west
orientated transects, centered on the monitoring station, in order to account for the

spatial variability of water salinity and temperature.
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Figure 4.4 Transect location show by a satellite image

Additional information about lake temperature can be obtained by the thermal infrared

camera installed on the aircraft.
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The brightness temperature model has been set up thanks to an improved model for the

dielectric constant of saline water at microwave frequencies (Klein and Swift, 1976).

The ionic conductivity of water is defined by the following relationships:

o(T,S)=0(25,S)exp(-Ap)

where

0(25,5)=5(0.182521-1.46192x107S +2.09324x107°S* —1.28205x107’S?)

A=25-T

and

£=2.033x107+1.266x10*A+2.464x10°A* —S(1.849x10° —=2.551x107"A

+2.551x107°A%)

where T is the water temperature in degrees centigrade, S is the salinity in parts per

thousand and o is the ionic conductivity in mhos/meter.

Once conductivity and temperature are known, salinity can be retrieved with an
optimization process, which minimizes the error between measured conductivity and

computed one.

Water dielectric constant has been then computed by

e(T,S)=e(M)a(S,T)
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where
&(T)=87.134-1.949x107'T —1.276x107°T* +2.491x107*T"
and

a(S,T)=1+1.613x107°ST —3.656x10°S +3.21x107°5> ~4.232x107 S’

This model can be used for the entire microwave spectrum and has been proved more

accurate in the lower part of it, where L-band is located (Klein and Swift, 1976).

Assuming the lake water to be an infinite flat source of microwave the emissivity related
to an incidence angle 0 can be obtained through the Fresnel effect for both V and H

polarization

& cos(9) — e —sen(9)? |

& :1_‘5005(19)+\/g_3en(9)2‘
e :1_|COS(9)—W|2

lcos(9)++/z—sen(9)’ |

and then the brightness temperature

Ty =eT
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Unfortunately, due to a malfunctioning of the lake permanent logger the salinity and
temperature needed by the water model have been available only for half of the

campaign. This fact affected the design of the calibration.

423  Sky

Measurements of sky brightness temperature have been collected before, during and
after the flight. The ground sky points have been obtained averaging up to 20 minutes of
upward looking PLMR data (Figure 4.5) and cleaning them by sun noise and in order to
obtain a stable value, which can be disturbed by the temperature change of the

instrument.

Figure 4.5 Upward looking radiometer collects a sky-point for the calibration.
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The measurement during the flight has been obtained by performing some steep turns

with the aircraft, achieving a roll close to 90° at both sides in order to look at the sky.

These data have been compared with the theoretical brightness temperature of the sky,
which has been estimated with an atmosphere model that describes the microwave

interaction with atmospheric constituents. (Ulaby, Moore and Fung, 1981)

In the microwave spectral region, the atmosphere is practically transparent even in the
presence of clouds and moderate rain event. The layer of interest is the lower part of the
atmosphere, as this it is the layer which contains most of the total atmospheric mass and

therefore influences upward measurement of the sky brightness temperature.

The model takes into account the effects of temperature, pressure and those gases that
show significant absorption bands in the microwave spectrum, which are oxygen and

water vapor. This model uses widely the 1962 U.S. Standard Atmosphere.

Temperature profile

The variation of atmospheric temperature with height shows a cyclic pattern, which can
be used to subdivide the earth's atmosphere in a number of layers according to their

thermal behavior.

The lower layer of earth's atmosphere, the troposphere with height up to 10Km has a

temperature lapse rate of about 6.5K/km.

The next layer is the stratosphere, which extends approximately from 10 to 47km. In the
lowest 10km the temperature is basically constant and then it increase with height

between 20 and 32km above sea level with a gradient of 1K/km.

At a height z in km above sea level, the temperature T(z) in K is then given by
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T(0)-6.52 0<z<l11km
T(2)= T(11) 11<z<20km
T (11)+(z-20) 20 <z <32km

where T(0) is assumed constant at 288K.

Pressure profile

Assuming air to be an ideal gas, the pressure profile can be obtained trough air density

profile and temperature profile with the state equation.

A simpler approximation that provides value within 3% of the recorded ones is to fit the

pressure profile with an exponential function

P(2) = P(0) exp(;—zj

3

where H3=7.7km is the pressure scale height and P(0)=1013.25mbar.

Water vapor density profile

The water vapor can be roughly modeled with en exponential function of the height. The
critical parameter is the water vapor density at sea level that vary from 10”gm” in cold
and dry climate up to 30gm™ in hot and humid climates. The average surface value for

middle latitude is pe=7.72gm".

The altitude profile of water vapor can be obtained then with

P (2)=p, eXp{;—ZJ

4

where the scale height H4 has been set to 2km.
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Water vapor absorption coefficient

From the water vapor and temperature profile the total water vapor absorption

coefficient for frequency below 100GHz can be obtained (in dB km™)

Ko (F)=k(f,22)+k,(f)

Where the first term is the absorption coefficient of the 22.235GHz line and the second
one is the residual absorption coefficient representing the contributions of all higher-

frequency water vapor absorption lines.

Merging the two individual equations, the following formula is obtained:

3/2
kHzo(f):Zfzpv(@j ¥, % (300]6)(1{—644) 12 +1.2x10°°
T T T (494.4— 1) +41%7

where &, , isin dB km, the frequency considered f and the linewitdh parametery, are

in GHz, T is in Kelvin, p,is in gm™ and P is in mbar.

Oxygen absorption coefficient

Except for water-vapor variations, the relative composition of the atmosphere is fairly
constant up to 90km above sea level. The oxygen concentration is then considered 0.21

by volume.

The microwave absorption spectrum of oxygen consists of a large number of absorption
lines spread out over the 50-70GHz frequency range and an additional line at 119GHz.
Below 45GHz the contribution of the 119GHz oxygen absorption line may be neglected.

The absorption coefficient can be obtained with the formula
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P (300 1 1
ko (F)=1.1x107 7| —— || — +
(D=1 (1013)( T j 7X[(f—f0)2+7/2 f2+ﬁ}

The linewidth parameter y is given in GHz by

~ P ﬂ 0.85
=0 Toz LT

where ¥ (=0.59.

Total atmospheric gaseous absorption and emission

The total gaseous absorption coefficient is given by
Ky (f)=kpo(f)+ko ()

Assuming cloud-free conditions and nonscattering atmosphere the opacity of an

atmosphere layer with height z’ can be written as
7(0,2') = [k, (2)dz
0

and the downwelling atmosphere radiation at height z’ along a path at a zenith angle 6.
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TDN (19) = Sec(,Q)J. ka (Z ')T (Z ')e—T(O,z')secgdZ'

0

The final sky brightness can be then computed with the cosmic radiation correction

Tocr (8) = Ton (9) + Tegge "0l

where Tcos=2.7K.

The exponential shape of the sky brightness temperature, for different scenarios is

shown in figure 4.5
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Figure 4.6 Modeled sky brightness temperature versus the incidence angle for different soil
temperature and water vapor density at sea level
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4.3 Calibration

As described in the previous paragraphs, six PLMR observations have been collected
every day for calibration purposes. These observations are available for six different
beams and both V and H polarization. The aim of this section is to perform individual
calibration for each beam, each polarization, and each day. To find a calibration means
to choose the best combination of the collected calibration points in order to obtain the

most reliable linear regressions to correct the raw soil brightness temperature.

The easiest approach to the calibration would have been using the all six points.
Nevertheless, the points collected during the flight have been considered not suitable for
the analysis: in fact, the water points are not available for the whole period of the
campaign, and using them just for a part of the calibration would affect the consistency
over time of the general results. Moreover, the sky in flight observations has been
available every day but only for the extreme beams; the need to keep consistency

between the beams makes these data not suitable for the analysis.

The four ground-points have been then used as first calibration since they have been
collected in controlled conditions and thus they are the most reliable ones. This is truer
for the pre-flight points, since the post-flight ones can be influenced by the fast change
in instrument temperature passing from the sky to the ground. This issue has been
investigated during this study, but it has shown such an unsteady influence that a real
temperature correction has not been developed. Moreover, it has to be noticed that

typically this effect involve errors smaller then 0.5K.

A possible problem of the four ground-points calibration is that it does not take into
account any flight point. This means that flight conditions like thermal changes or
bumping flight conditions, which could affect the radiometer functioning, are not

considered.
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In order to check whether the four points calibration can be reliable for in flight

measurements the water data have been used as testing series.

The calibrations have been applied to the water brightness temperature measures and the
obtained points have been compared with the raw ones. To make this test manageable

the water observation have been converted to nadir thanks to the formula

_& (9)
TB(O)_e INE
(]
130 130
125} ; 125+
120 120
P s
=1
s E]
110 110
. . » .
105} 105+
100 - L . L ! ! 100k H . | , |
100 105 110 115 120 125 100 105 110 115 120 125

measured measured

Figure 4.7 Uncalibrated and calibrated water-points for the H and V polarization.

As expected, the calibration-corrected water observations are closer to the real values.

The average improvement due to the calibration is shown in Table 4.2.
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Table 4.2 Average results of the first calibration test.

uncalibrated calibrated actual correction % error left

H polarization 123.6 K 1146 K 107.2K 9K 55 74K

V polarization 1174 K 1119K 107.2K 55K 54 47K

Even if the calibration seems to increase the reliability of the measures, the errors left

are still bigger than what has been set as goal in the first paragraph of this chapter.

A second attempt for retrieving a calibration has been to use two box points and the
water one. The lack of water data on some days affects the usefulness of this option.
Nevertheless, if this approach had been successful, the water data could have been
retrieved using thermal infrared measurement and guessing a lake salinity, which has
shown fairly slow changes. The three points calibration have been developed and tested

on the in-flight sky observations as done with the previous attempt.

The average results are shown in Figure 4.9 and Table 4.3.
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Figure 4.8 Uncalibrated and calibrated sky-points for the H and V polarization
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Table4.3 Average results of the second calibration test

uncalibrated calibrated actual correction % error left

H polarization 358K 26.2K 8K 9.6 K 35 182K

V polarization 38.4K 300K 8K 84K 27 22K

The error left in this case is even worst. This analysis could be affected by a fairly

unreliable training series, which has been collected in ”bumpy” flight condition.

The two proposed calibrations have then been compared using as criteria the difference
in calibrated values obtained for hypothetical measures of 250K and 300K, which are
two extreme values for the whole campaign. The figure 4.8 shows the distribution of the
error that occurs when switching between the two calibrations. It can be noticed how the
error generally increases for both the polarization at 250K. At 300K the two calibrations

are fairly similar, and this can be easily explained since both of them use the box points.
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Figure 4.2 Percentile error distribution switching from the first to the second proposed
calibration.

Further analyses have been done in order to understand whether simpler calibration
under a logistic point of view could have been equally reliable.

The possibility of a two-points calibration, collecting ground point only once a day
before the flight has been investigated using the same approach just shown. The results
shown in Figure 4.9 say that especially for the H polarization this approach seems to be
practicable, whereas for the V polarization the error in the observation can increase of a

few K and the four-points calibration is then recommendable.
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Figure 4.10 Percentile error distribution switching from the four-points to the two-points
calibration.

A further possibility, investigated for future use, is whether it is possible to apply a

unique calibration over a monthly measurement campaign. Again, the same approach

has been used and results are shown in Figure 4.10.

Once more, the H polarization shows a more stable behavior and a unique calibration for

the whole campaign could have been actually used. The V polarization at the other side
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needs definitely a daily four points calibration in order to achieve the proposed

reliability or at least get close to it.
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Figure 4.11. Percentile error distribution switching from the daily to a unique calibration.

No further investigation seemed to be promising. Then the four-point calibration has
been chosen for the NAFE ‘05 data and proposed for future similar campaign, for both

V and H polarization. This choice has the following motivations:

e The in-flight points contain more information about flight condition, but the lack of

data in the time series would affect strongly the calibration.

67



Chapter 4 — Soil brightness temperature

e The ground data for the four-points calibration are available for the whole
campaign.
e The box-points seem to be such reliable pivotal points that all the possible

configurations using them look good.

e Even if the H polarization can be calibrated with just two-points, the V polarization

is a limiting factor, needing the four-points calibration.

e The unique calibration for the monthly campaign could be feasible for the H
polarization, but again the V polarization is a limiting factor since his higher

instability, and a daily calibration is required.

As outcome of this investigation, daily series of georeferenced brightness temperature
points has been obtained. These series are coupled with ancillary information of the
incidence angle, which is a fundamental input for the soil moisture retrieval model as

well.
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SOIL TEMPERATURE

The soil temperature T is used to normalize the brightness temperature Ty, detected by
the L-Band radiometer and obtain a value of the soil emissivity, following the law
Tp=e Tsoi as described in Chapter 3. In this study, T is interpreted as the temperature

of the top 5¢cm of soil.

Soil water content and soil temperature are both main factors in determining the ground
surface emission in the microwave domain. If the purpose is to retrieve the soil water
content from passive microwave observations, an estimation of the soil physical

temperature is then required offline.

A viable option for estimating the top 5cm of soil temperature is by airborne thermal
infrared observation of the ground surface. The process is not straightforward due to the
not linear relationship between soil skin temperature detected by the radiometer and the
top 5cm soil temperature. This relationship has been therefore investigated in this
chapter. The result of this section is the development of a linear regression between the
two quantities modulated by time-dependent parameters.
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Furthermore, images from the Thermal Imager mounted on the aircraft have been used

to develop maps of soil temperature for the area of interest.

5.1 Objectives

The method to estimate the top 5cm soil temperature (Tsoi) Over an area of interest is
presented in this chapter.

The physical temperature over the top 5cm of soil is adopted to normalize the measured
brightness temperature at L-Band and obtain a value of soil surface emissivity. This
emissivity is in turn modelled as dependent on soil water content. One approach is to
estimate soil temperature from soil moisture and temperature sensors at different depths,
but point data are very rare and generally widely spaced, meaning that estimation of the
top 5¢cm soil temperature with this approach would lead to poor information on spatial

variability.

A different approach would be to measure temperature using a thermal infrared (TIR)
sensor: TIR is frequently observed from airborne and spaceborne platform and its global
application is relatively easy, though atmospheric effects due to water vapour need to be
taken in account. This approach is the one used in this study, by relating the TIR

measurements with the top 5¢cm soil surface temperature.

A relationship between temperature Tyr detected by thermal infrared at ground level
and the temperature of the top 5cm of soil (Tsi) has been developed on the base of the

data collected in the field campaign by the stations described in Chapter 2.3.2.

To capture the spatial distribution of soil temperature during the NAFE’05 field
campaign, the SERA aircraft was equipped with a digital thermal imager, mounted in a
pod under the wing, which provides snapshot images of the ground in parallel with the
L-BAND radiometer. The acquisition frequency for the thermal imager was of one shot

per second.
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The relationship between Ttr and T, €xtrapolated using data from the ground station,
has been applied to the images of the thermal camera, to have an estimation of the top
5cm of soil over an area of interest.

5.1.1 Accuracy required in soil temperature estimation

A preliminary study was conducted to assess the accuracy required in the estimation of
soil temperature in order to achieve a 4% accuracy in soil moisture retrieval: the 4% is
the proposed goal for the future SMOS mission. Fig. 5.1 shows the results of this
analysis, and indicates that for extreme moisture content conditions soil temperature
must be estimated with an error lower then 4K (very dry) and 7K (very wet), meanwhile

in standard conditions that error can be higher (8K).
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18 | |——Tb 280 K dry

16 1 —Th 210 K wet //
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T soil accuracy (K)
'—\
o
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|

0% 2% 4% 6% 8% 10%

moisture accuracy

Figure 5.1: Ty accuracy required for the estimation of soil moisture
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5.2 Ground instruments

To develop a relationship between thermal infrared observations and near-surface soil
temperature, thermal infrared data were recorded by 4 radiometers (two Ahlborn
Thermalert TX® and two Everest Interscience Inc.® Infrared Temp Transducers, Model
4000) mounted on 2m tall towers at four different sites. At each site, 3 soil temperature
sensors were installed within the TIR device field of view (FOV) at 1cm, 2.5cm and 4cm
(Unidata® 6507A/10 sensors). These stations have been operative for the entire month
of November (i.e. the whole duration of the field campaign), and logged temperature
values every 20 minutes. Their location was carefully chosen so as to capture the
dominant land covers of the study area, specifically bare soil, wheat, lucerne and native
grass.

Figure 5.2: An example of installation during NAFE’ 05
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Technical features of the thermal infrared devices are shown in the table 5.1:

Table 5.1: Technical features of the thermal infrared device

Ahlborn Thermalert Everest Interscience
Spectral response 8-14 um 8-14 um
Accuracy + 1% of reading +0,5% of reading
Temperature resolution 0,1K 0,5K
Output mA mV

The two sensors have also different FOV: the Ahlborn Thermalert, from 2m tower, can
detect the radiation emitted from a circular portion of the ground surface approximately
50cm in diameter, while the Everest Interscience, from the same height, measures the

radiation of a target 1.5m in diameter.

Since the devices have different output, a calibration is required to compare the results
of the data collected. Laboratory calibration was conducted prior installation and
repeated at the end of the campaign to detect any malfunctioning. The following

paragraph describe the calibration procedures.

5.2.1 Calibration of the thermal infrared sensor

The four infrared devices were set to target a basin of water with submerged Unidata®
sensors to control the physical temperature of the target. A large range of temperature
was cover adding boiling water or ice: a logger connected to all sensors provided the

dataset record.

A linear regression for each Thermal Infrared Sensor was thus calculated: these
relationships convert the output of the devices (mV and mA) into Celsius degrees.
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Trir(<C )=slope x (MA or mV)+offset.
Table 5.2 reports the value calculated.

Cleary, a calibration using a black body would have given more accurate results but, for
the purpose of this study, the approximation for water emissimity equal to one is
considered appropriate. Furthermore, the same assumption will be established for natural

surface as vegetation and soil.

Slope and offset are show in the table 5.2 with the RMSE of the calibration.

Table 5.2. Calibration parameters for the thermal infrared devices

Device n° & location in

the campaign Slope Offset RMSE
1 Lucerne 6.211 - 48.147 0.40
2 Native grass 4.925 - 32.517 0.25
3 Wheat 0.115 - 3.259 0.18
4 Bare soil 0.116 -3.812 0.17

The plots in fig 5.3 show the calibration curve: devices n°3 & 4 have a more
homogeneous behaviour compared with the first and the second, probably due to more

recent production.

The temperature calculated from this calibration will be called Tr.
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Figure 5.3(a): Calibration curves for the radiometers 1 and 2
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Figure 5.3(b): Calibration curves for the radiometers 3 and 4
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5.3 NAFE campaign data

This section presents a brief overview of the data collected during the field campaign.

Table 5.3 shows the amount of data successfully recorded.

Table 5.3. Days successfully recorder (out of 31) for infrared devices (TIR) and for buried
thermometers (Tsoil).

TIR T soil
Lucerne 17 17
Native 6 30
Wheat 26 26
Bare soil 29 30

As can be noticed, the TIR on native grass was damaged early in the campaign, probably
by rain, while on the lucerne, the devices stop working due to a “cow attack”. A typical

trend of data collected is shown in Fig. 5.4, in Appendix E all the stations.
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Figure 5.4: Data collected at the station on wheat
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The red line in fig. 5.4 represents the temperature Ttr calculated from the thermal
infrared device applying the calibration showed in the previous paragraph: as expected
Trir Overestimate the amplitude of the diurnal soil temperature cycle, reason why a
relationship needs to be applied to correct these values and obtain a value of Tsj. In the
model for soil moisture retrieval, only a value of soil temperature is used to normalize
the brightness temperature: hence is necessary to choose which, amongst the soil
temperature measurements at different depths, is more representative of the 5cm soil

layer and more suitable to be fed into the soil moisture retrieval algorithm.

The approach chosen here is to consider a weighted average of the measured value on

the basis of the thickness of the layer represented:

Tooit = T1 x 175+ Ty5 X1.5 + T4 X1.75

Where T3, T, T4 are the temperature detected at the indicated depth.

5.3.1 Ground temperature sensors

Diurnal variation in soil temperature is affected by the nature of soil, type of surface
cover and incoming radiation. Figure 5.5 shows diurnal soil temperature at 3 depths in a
clay soil for a given day of the campaign and the calculated T, as show in the previous

paragraph.

As shown in the plot, before sunrise the soil temperature is lower at the surface and
increases with depth. Because of the lag time associated with soil heat flux when the
surface temperature is changing, at higher depths the soil temperature continues to cool
down for a certain period of time after the heating of the surface due to the sun start, and
the opposite trend is encountered in the afternoon.
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Figure 5.5: Trend of soil temperature at different depths

The difference in temperature measured between the shallowest and the deepest
thermometer can rise up to 10 degree during the warmest hour of the day. In dry
condition this effect is more accentuated. The thermometers at 1cm depth are subject to

greater variation in 24 hours compare to the deeper ones.

For the purpose of this study, we assume appropriate the weighted average between
these tree devices to obtain a value of T, assumed as representative of the physical
temperature for the first 5cm layer.
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5.4 Relationship between Tg; and Ttr

This section analyzes the relation between temperature measured by thermal infrared
and by thermometers in the ground. Fig. 5.6 shows the typical daily trend for T and
Trir.

y A m T =il
&4

Termperature [°C]

Figure 5.6. Trend of Tsoil and Ttr

Considering the thermal infrared temperature as surrogate for the soil top 5cm
temperature would lead to overestimation during the hours with sunlight and to
underestimation at night. A time lag is evident between the two curves; although this
information would be important in the contest of temporal modeling of surface
temperature, its importance for remote sensing application is reduced since more than a
prediction of the dynamic of the soil temperature, the value of the soil temperature is
required at the moment of the correlated observation. It can be roughly stated that the
information given by thermal infrared measurements “anticipates” the thermal response

of deeper layers of soil, but that is of no importance for our application, given that the
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airborne TIR measurement that will be used will be a “snapshot” in time of the surface,

without information on the antecedent conditions.

5.4.1 The diurnal cycle
The data collected, can be visualized also as T function of Tyr, as shown in Fig 5.7

1l
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TTIR (*C)

Figure 5.7: Relationship between Trir and T
The relationship clearly presents a hysteretic behaviour, which has to be related to the
solar radiation. If we split the data into two series, one with records between 5AM and

2PM and the second with the remaining data, the two series lie on the two arcs of the

hysteresis cycle (Figure 5.8).
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Figure 5.8: The hysteresis arcs.

An interpolation curve can be fitted for the two arcs but the level of scattering is very

high: the next section analyses the impact of the soil moisture on the cycle.

5.4.2 The impact of soil moisture on the diurnal cycle

The presence of water plays an important role in mitigating the excursion of soil
temperature because of its high heat capacity, which is the capacity of a substance to
store heat. The plot in figure 5.9 shows the relation between moisture content, detected
with the SAMSAS permanent station, and the daily range of temperature collected under

native grass coverage.
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Figure 5.9. Range of daily temperature as function of soil moisture

The soil moisture dependence of the arcs of the hysteresis cycle was explored and it is

shown in plot 5.10 for the “raising” series.
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Figure 5.10: The raising series with soil moisture effect
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For low value of moisture content, the range of temperature recorded is higher than for
moisture content greater than 30%. In this case, it is interesting to note that the distance
between the blue lines for a range of Trjr between 10°C and 25°C (see the arrow) can

result in a T Varying of 10°C

5.4.3 Vegetation coverage effect
Vegetation cover also affects this relationship: thermal infrared stations placed on
different vegetation types present different responses to the ground signal. This is mainly

due to two reasons:

o Different types of vegetation can have a different temperature and furthermore
different emission in the thermal infrared band

e The amount of bare soil that the devices can detect is related to the fraction of
vegetation coverage: high value of canopy coverage normally leads to lower

radiation from the ground.

Soil and vegetation temperature data were collected once for each farm with thermal
infrared gun in the late morning AND/OR early afternoon. Commonly, vegetation
temperature is a lower then that of soil. Nevertheless, doubts concerning the daily
evolution of this ratio and the small number of data compromise the use of this valuable
datasets in this study. Also consideration about the emissivity must be taken: soil
emissivity is normally close to one in the wavelengths between 6 and 14 um (Fuqin Li et
al., 2004) and vegetation emissivity may be estimate as 0.985 (Sobrino et al., 2001).
Hence the hypothesis to assume the value of emissivity equal to one for all the surfaces
observed can be assumed as acceptable. The differences in the thermal infrared signals
are assumed related directly to the kinetics temperature of canopy and soil: for the
purpose of the study, vegetation temperature is assumed to be equal to the soil skin

temperature.
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5.4.4 Empirical relation Tyg - Ti

This section presents an empirical linear relationship between Ttir and T, Which
allows estimating Tsoj from a single value of Ttr, Whether the time of the observation is

known.

This approach has been developed from the NAFE ’05 datasets; therefore care should be
taken in applying them to wider scales and different study areas or climatic conditions.
Additional data will be collected in 2006 in a similar field campaign to address this

issue.

The proposed method interpolates the recorded data with a linear regression, considering
the measurement acquired at the same time of the day (6AM, 7 AM, 8 AM, etc) during
the whole acquisition period. 24 parameters for slope and intercept were found. In this
way, the Trr detected will be converted in Ty by a linear relationship with slope and

offset depending on the time of the aircraft observation:

Tsoir=slope(t) x Trr + offset(t)

The approach could also be described as query based: when an observation with thermal
infrared is performed, to obtain the value of the soil temperature is necessary to apply
the transformation choosing parameters on the base of the time of the observation. The

day has been divided in 24 parts and parameters change every 60 minutes (Fig 5.12).

The plots 5.11 show the result of the regression: different colors indicate different

vegetation covers.
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Figure 5.11: examples of liner regression for given hours of the day

The grade of scattering is more accentuated in the plot of 1PM as expected. With the sun
at the zenith, differences in soil type and vegetation coverage result in different answer
of the thermal infrared and soil temperature. It can be notice a light overestimation of the
soil temperature on wheat (10AM, purple triangle) and an underestimation of soil
temperature for native grass coverage (1PM, blue dot). It was excluded to produce
different relations for native and crop, since the success of this operation would be

connected to a high-resolution map of the soil use.
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Figure 5.12(a): Slopes of the linear regression as function of time
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Figure 5.12(b): Offsets of the linear regression as function of time
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Figure 5.13: RMSE as function of time
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The plot 5.13 shows the error estimating soil temperature from Tt : most of the aircraft
observations in the NAFE campaign were performed between 7 and 11AM. Good
accuracy in estimation of soil temperature can be reach until 10AM circa, with a RMSE

< 2.5K, while higher errors can occur in the last observations.

5.5 Surface soil temperature mapping

The relationship between Trir and T presented in the previous paragraph has been
applied to the infrared temperature detected by the airborne thermal imager. A
comparison between temperature detected at the ground by TIR tower and by the camera
on the airplane for the same areas is show in the plot 5.14: RMSE between the infrared
temperatures is 4.7K, which generates an error in the thermodynamic temperature of

2.7K, below the accuracy required for Ts; to retrieve soil moisture with 4% accuracy.
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Figure 5.14: Comparison between ground TIR and thermal imager

Error in estimation of Tsoil, applying the relation shown in the paragraph 5.3, can rise
up to 5K: this will affect the accuracy of the moisture retrieval but, with the available
data, a clear relationship between ground TIR and airborne thermal imager was not

found.
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The raw thermal imager data are not georeferenced, meaning that they are not provided
with attached spatial information: the georeferencing process has been conduct with
software ArcMap for the area of interest, making use of ground target points of known

coordinates which could be recognized in the thermal images.

A rough correction was set up to mitigate the lens distortion and further distortions at the
edge of the FOV. Based on the results provided by the calibration with black body at
295K, the difference of temperature between the black body and each pixel was added to
the relative pixels in each imagines before proceed with the georeferencing process. At
the same time, atmospheric effect on the thermal imagines must be investigated: in the
band between 8 and 12um aerosol, absorption and scattering are negligible while water
vapour is principally responsible for atmospheric effect. In fact, clouds are clearly
visible in the thermal images and their effect is to totally mask the ground signal.
Information on atmospheric variables, particularly air temperature and water vapour
profile, are needed to perform a correction: nevertheless, for the purpose of this study
atmospheric effect are not taken into account for flights below 5000ft. Maps have been
produced only for clear free clouds days, and assumptions about the soil temperature in
cloudy days need to be assumed.

In Fig 5.15 an example of the result of the georeferencing operation on the raw thermal
imager data is presented: the Midlothian farm is “covered” georeferencing the images
from thermal camera. The areas of no data at the centre of the image are due to the not
perfect overlap between the areas mapped during the two consecutive flight lines. This
could not be guaranteed due to the difference between the FOV of the L-band

radiometer (90 degrees) and the thermal imager (80 degrees).

The map was then upscaled to a 500m and 250m spacing grid, that was subsequently to
be fed into the soil moisture retrieval algorithm, allowing assignment a value of

temperature to the no data areas (Chapter 7).
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Figure 5.15: example of the georeferencing process of the images from the thermal
camera
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VEGETATION EFFECT

The vegetation layer absorbs and scatters the microwave radiation emitted by the ground
surface, as well as being a source of microwave radiation itself. Vegetation effect is
therefore an important factor to be considered in passive microwave soil moisture

retrieval.

Vegetation effect is usually quantified through a parameter called vegetation optical
depth or vegetation opacity t. The value of t depends on the vegetation type, the

vegetation water content (VWC) and the wavelength of the radiation.

The model used in this study and described in Chapter 3 takes advantage of a previously
developed relationship between t and VWC of the form z = b*VWC (Jackson and
Schmugge, 1991) where b is an experimentally derived parameter, dependent on the
vegetation type and the wavelength. Estimates of VWC and observations of vegetation
type are therefore required in order to apply this model to soil moisture retrieval
algorithms. This chapter shows how VWC estimates were assessed by building

relationships between ground-based observations and satellite reflectance data.
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6.1 Objectives

Remotely sensed reflectance data have been used to produce estimates of VWC over
the study area. This was achieved by building relationships between ground measured
VWC and reflectances in the visible, IR and NIR bands and subsequently upscaling the
VWC to the whole study area making use of satellite imaginery acquired at the same

bands.

A vegetation index (V1) that can provide estimates of VWC is typically a ratio between
the difference and the sum of radiances in two different bands: a reference wavelength
where the water absorption coefficient is low and a measurement wavelength where
water absorption is moderate or high and the penetration into the canopy is maximized
(Fig.6.1).
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Figure 6.1: Spectral reflectance of natural surfaces

The most common VI is the Normalized Difference Vegetation Index (NDVI), and this
has been the first index analyzed in this work. NDVI was proposed by Rouse et al.
(1973) and is calculated from the near-infrared (NIR) and red (RED) bands as follows:

_ NIR—RED

NDVI = —————
NIR+RED
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The NIR (A= 858nm) has been chosen as reference band because it is relatively
insensitive to vegetation water content changes. However, several studies indicated that
NDVI has a reduced sensitivity to changes in VWC in the case of dense vegetation
coverage (Gamon et al., 1995; Chen and Brutsaert, 1998), as shown in Figure 6.2. In
fact, the response in the NIR and RED regions are due respectively to the high
reflectance plateau of vegetation canopies and the strong chlorophyll absorption region.
Therefore, NDVI may be better described as a greenness index rather then a VWC
index, because it represents mostly chlorophyll content rather than water content.
Therefore, it has a limited capacity for VWC estimation, considering that each plant has
its own relationship of VWC and chlorophyll content and a variation of chlorophyll

content does not imply a variation in VWC.

Due to these limitations, and in order to be able to capture the wide range of canopy
conditions present at the Goulburn study area, an additional index was investigated, the
Normalized Difference Water Index (NDWI), based on the Short Wave Infra-Red
(SWIR) bands, that are water absorption dominated and, as a result, more sensitive to
VWC changes (Jackson et al., 2003).
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Figure 6.2: Relationships between VWC and VIs (Jackson et al., 2003)
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In this study, two NDWI indices using different short wave infrared wavelengths

channel have been considered:

NIRs550m — SWIR 640mm NDWI _ NIRs550m — SWIR,1500m
2130

NDWI,,, =
1640 NIRgsg0m + SWIR g00m NIRgsgnm + SWIR, 500m

The Moderate Resolution Imaging Sensor (MODIS) on NASA’s Terra and Aqua
satellites provides observations at these bands at a daily time step and spatial resolution
of 500m.

Land cover is also important when using NDVI and NDWI to assess VWC as the
relationship varies with the vegetation type. Therefore, a land cover map of the area of
interest was produced using a supervised classification that makes use of ground

observation of land use and vegetation type, as it will be shown in paragraph 6.6.

Moreover, a preliminary study was conducted to assess the accuracy required in the
estimation of VWC in order to achieve a proposed 4% accuracy in soil moisture retrieval
that is the goal of SMOS project. Fig. 6.3 shows the results of this analysis, and indicates
that for extreme moisture content conditions (very dry or very wet soil) the error that can
be committed is 0.8kg/m?; while in standard conditions that error can be higher
(1kg/m?). The different colored lines represent different soil moisture conditions: red
stands for dry soil, blue for wet soil, pink and cyan for intermediate conditions.
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Figure 6.3: Variation in VWC function of variation of soil moisture

6.2 Ground Data

In order to develop relationships between MODIS-based vegetation indices and VWC
and to assess the performance of these estimators, ground VWC data collected during
NAFE 05 were used. Vegetation types of the High-Resolution areas where samples have

been collected, as described in Paragraph 2.3.6, are reported in Figure 6.4.

Vegetation samples have been weighted just after having been collected to measure their
wet weight, then they were dried at air temperature (40°C) in an oven for seven days and

then reweighed.

Wet and dry weights of vegetation biomass were used to compute VWC, which can be

physically defined as the mass of water per ground unit area (kg/m?).
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Figure 6.4: Vegetation type at the high-resolution areas

Figure 6.5 illustrates the values of vegetation dry biomass in each farm of the Merriwa
Catchment during the four weeks of the field campaign. Plots for the Krui area are
shown in Appendix C. The graphs show some statistics of the data collected: the
median, the minimum and the maximum values of dry biomass are displayed for each
farm and in some cases also the 25™, 75™ percentiles and outliers. Dry biomass is almost
constant during the whole period of observation and it is very clear how its values are

higher for crop, whose mass is bigger than the one of native grass.
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Figure 6.5: Vegetation Dry Biomass (kg/m?2) during the month of the field campaign

Figure 6.6 shows the values of vegetation water content, retrieved from ground sampling
for the farms of Pembroke, Illogan, Dales and Midlothian; graphs for the others farms
are reported in Appendix C. Measured VWC is strongly dependent on vegetation type of

each farm. At the Pembroke farm, VWC assumes the highest value due to the tall barley
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crops present on the area; at the Midlothian farm, instead VWC values are very low,
because the crop here was a mix of short Lucerne and fallow. Nevertheless, data confirm
that VWC of native grass is lower than VWC of crops. The decreasing of VWC values
in time is associated with the rainfall regime of the month, with heavy rainfalls during

the first week of campaign followed by a dry period.
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Figure 6.6: Vegetation Water Content (kg/m?) during the month of the field campaign
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In addition, measurements of NDVI have been undertaken across the eight farms with a
Model 100BX Radiometer, a four-channel instrument (Table 6.1) in the same points
where VWC samples have been undertaken.

Table 6.1: Radiometer Channels

100BX Channel Number Wavelength Range (nm)

A 450-520
B 520-600
C 630-690
D 760-900

To calibrate the instrument, a gauge of the reflectance of a white plate was taken before
each measurement of vegetation radiance and to have a more accurate estimate of the

NDVI three values of reflectance in RED and NIR bands were collected in each point.

6.3  Satellite Data

Agua-MODIS Surface Reflectance Products (MYD09GQK) were obtained directly from
the NASA DAAC data pool (http://edcdaac.usgs.gov/main.asp).

MODIS product is provided as daily reflectances in two bands (1-2) at 250m spatial
resolution and in five bands (3-7) at 500m resolution (Table 6.2). MODIS product also
includes Vegetation Indices as NDVI, but with a temporal resolution (16-day) not
suitable to our purposes, and therefore was not used in this study. NDVI was calculated

from reflectances in red and near-infrared bands.
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Table 6.2: MODIS Bands

MODIS Band # Wavelength Range (nm)
1 620-670
2 841-876
3 459-479
4 545-565
5 1230-1250
6 1628-1652
7 2105-2155

The MODIS Surface Reflectance products are computed to provide an estimate of the
surface spectral reflectance for each band as it would be measured at ground level in the
absence of atmospheric scattering or absorption. The algorithm generating this product
corrects the effect of atmospheric gases, aerosols and thin cirrus clouds.

MODIS data in HDF format downloaded with Sinusoidal Projection have been
reprojected to ArcView Raster (bil extension) with Universal Transverse Mercator
(UTM) Projection Zone 56S using ENVI 4.0, producing daily reflectance maps of the
Goulburn Catchment during the month of the study.

MODIS scenes are not available every day because of cloud coverage, therefore only a
cloud-free selection of the available data was used in this study. MODIS scenes for the

month of November on the Goulburn Catchment are showed in Figure 6.7.
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Figure 6.7: MODIS Reflectance in band 1, Goulburn Catchment

6.4  Vegetation Indices

At a first stage, Normalized Difference Vegetation Index was calculated both from
MODIS and ground collected reflectance data. The spatial resolution of MODIS (250m)
for reflectance in bands 1-2 is quite different from that of the ground radiometers (50m),
so a direct comparison of the retrieved NDVI may result incorrect. Therefore ground
based NDVI values have been aggregated to give a mean value for the entire high
resolution area and only then compared to the MODIS 250m pixel.

As Figure 6.8 shows, there is a strong correlation between ground NDVI and MODIS

NDVI, calculated in the same date in which the ground measurements were undertaken.
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In the plot, different colors distinguish crop fields (red symbols) from native ones (blue
symbols). Most median values of the ground-based NDVI for the both vegetation types
are very close to the equivalent MODIS value; this gives confidence in using ground-
based NDVI as representative of MODIS NDVI product in the following analysis.
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Figure 6.8: MODIS NDVI versus ground-measured NDVI

On the line with literature works (Jackson et al., 2003), NDWl640 and NDW!I5130 have
been evaluated from daily MODIS 500m reflectance data in bands 6 and 7 in order to
find a relationship between VWC and VI that is representative of a wide range of

canopy.

Raw temporal series of the three VIs during the period of the field campaign are shown
in Figure 6.9 together with rainfall data collected at the SASMAS stations. The rainfall
histogram shows minimum, mean and maximum values of the rain measured across the

eight farms. All series present a good correlation with rainfall regime.
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Figure 6.9: MODIS derived Vegetation Indices during the month of November
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6.5 VWHC estimation using Vs

Relationships between the VIs and VWC were developed by comparing each vegetation
index with the ground VWC data in Figure 6.10. Regression curves are shown in these
graphs, while correlation coefficient R? and Root Mean Square Error (RMSE) are listed
in Table 6.3. Land cover is important when using NDVI and NDWI to estimate VWC,
because the relationships vary by vegetation type, thus native grass and crop have been

distinguished.
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Figure 6.10 (a): VWC as function of ground-measured NDVI
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Figure 6.10 (b): VWC as function of MODIS derived NDWl 449
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Table 6.3: Summary of statistics for estimating VWC from Vs

NDVI NDWI 1640 NDWI 2130
Native Grass  Crop Native Grass Crop Native Grass Crop
R-squared 0.6998 0.9573 0.0295 0.7931 0.9036 0.7457
RMSE (kg/m?) 0.0228 0.1794 0.0654 0.3861 0.0206 0.4531

The NDVI index shows the highest correlation coefficient R2=0.9573 and the smallest
RMSE=0.1794kg/m? for crop, however because of the saturation of NDVI at high VWC,
NDWl3640 Was considered a better choice and its function was regarded as the best fit
curve to estimate crop VWC (R2=0.7931, RMSE=0.3861kg/m?). As for native grass,
NDWI5130 shows the best R2=0.9036 and the lowest RMSE=0.0206kg/mz.
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6.6  Vegetation type

To estimate VWC all over the Goulburn Catchment a map of the land use was required
to distinguish areas with crop from that with native grass.

A land cover classification was performed using a supervised procedure. Information
about vegetation type was collected during the field campaign at different locations in
the whole area (Fig. 6.11). These observations were used as representative areas (Region
of Interest) for each class of the thematic map to be plotted as output. The classification

was processed by satellite imaginery processing software ENVI.

A Maximum Likelihood Classification has been applied to a Landsat satellite image of
the catchment. This kind of classification assumes that the statistics for each class in
each band are normally distributed and calculates the probability that a given pixel
belongs to a specific class. No threshold probability was selected, so all pixels have been

assigned to the class that had the highest probability.

Fig. 6.12 shows the vegetation coverage classification produced for the whole
Catchment of interest. The resulting classes include:

e Urban;

e Crop;

e Native Grass;
e Forest; and

e Open Woodland.
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Figure 6.12: Classification of Land Cover across the Goulburn Catchment
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6.7 VWC estimates

Using daily MODIS reflectance data and the land cover classification, VWC has been
estimated at 500m spatial resolution across the catchment for cloud-free days, applying

the two functions illustrated in paragraph 6.4 for crop and native grass.

Figure 6.13 shows examples of maps of vegetation water content estimates for four days
during the field campaign. Obviously, in those areas where the land cover is different
from crop or native grass, no value of vegetation water content could have been

evaluated and a blank pixel has been drawn in the map.

The decreasing of vegetation moisture in time, closely connected with rainfall regime
and discussed in the analysis of ground-based data collected in the areas of interest, can
be here observed for the whole catchment.

Moreover, these maps show a significant difference between values of VWC for crops
and for native grass. At the Illogan, Merriwa Park and Pembroke farms the areas that
come out wetter than the others correspond to oats, wheat and barley crops. Areas with
native grass present instead lower values of vegetation water content. This difference is
more remarkable in the first map (Fig.6.13 (a)) for November 7, when the all vegetation

was quite wet, however it can be observed also in the following days.

These results are very encouraging because the estimates of vegetation water content
retrieved from vegetation indices based on satellite data are consistent with ground

measurements; actually, they present similar patterns, both temporal and spatial.

These estimates of VWC will be the input, together with brightness temperature and soil
temperature for the model showed in Chapter 3 and processed in the next chapter to

calculate values of soil moisture across the area of interest.
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Figure 6.13 (a): VWC estimation, November 7
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Figure 6.13 (b): VWC estimation, November 12
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Figure 6.13 (c): VWC estimation, November 17

Figure 6.13 (d): VWC estimation, November 21
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SOIL MOISTURE ESTIMATION

The model described in Chapter 3 was used to retrieve soil moisture states making use of
the brightness temperature observations, soil temperature and vegetation water content
estimates obtained from airborne, ground and satellite data, as described in Chapters 4, 5
and 6.

The model performance was evaluated by comparison with ground-based measurements
of soil water content. Given the complexity of the NAFE’05 ground datasets, in this
chapter we will present only the results obtained over the Midlothian farm in the

Merriwa area and we will focus on two spatial resolutions, 250m and 500m.

The analysis of the error in the model predictions was done considering both its
temporal variability during the month of the NAFE‘05 field campaign and its spatial

variability across the farm.

Moreover a sensitivity analysis of the model have been performed for the parameter of
roughness and the » parameter, used for the estimation of the vegetation opacity.
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7.1 The area of interest

The Midlothian study area is en extensive farm of approximately 40km? in area, situated

in the northern half of the Goulburn catchment.

The topography is characterized by a flat alluvial area adjacent to the Merriwa River
running north-south in the eastern part of the area, while gently rolling to steep hills
characterize its western part. These form a north-south orientated ridge that runs along
the entire farm (Fig. 7.1). The property is split into two part, of approximately the same
dimension and similar topography, denominated hereby as Midlothian North and
Midlothian South.

The landuse in both areas is mostly grazing and cropping (Fig. 7.1(a)). Crops are
dominant in the alluvial areas adjacent to the river and are also present on the gentle hills
in the southern part. Wheat, Sorghum and Lucerne are the crops present in the area. The
rest of the farm is at grazing, with native grass being the predominant land cover with
patches of open woodland dominating the steep areas.

Soils are mainly clays, with black earth in the alluvial area and red clays on the ridges.
This area was chosen for different reasons:

e the vegetation cover (crop and native grass) allows to make use of the relationships
between Vegetation Indices and vegetation water content developed in Chapter 6 to

retrieve the latter over the whole farm area;

e it has a complete dataset at different resolutions for both aircraft and ground-based

observations;

e theareais flat or gently rolling (Fig. 7.1(b)), so analysis of the topography effect on

the soil moisture retrieval can be done;
e the area is reasonably wide, yet suitable for a spatial analysis;

e the soil type is homogeneous across the all farm (Fig. 7.1(d)).

111



Chapter 7 — Soil misture estimation

HEE|
1 5 il ]

L3 T 2km h - -
=== Vegetation Cover o 1 2im Digital Elevation Madel
L i L i J
] vative Grass S0
. o

#am

Landsat Image

(c) (d)

Figure 7.1: The Midlothian farm: vegetation coverage (a), topography (b), Landsat
image (c), soil type (d)
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7.2 Model input data

In the previous chapters, the three main input variable of the soil moisture retrieval
model were obtained by different means for the whole area of interest. This section
describes the pre-processing of the data to make them suitable to be fed into the

algorithm.

The algorithm processes input data in the form of matrices, where each matrix element
correspond to the value of the input variable in a location in space. These matrices
correspond to raster representations of the variable spatial distribution. As the three input
data came from different processes, some pre-processing was necessary to make the
rasters homogeneous. The brightness temperature, vegetation water content and soil
temperature data needed therefore to be georeferenced in the same coordinate system

(Universal Transverse Mercator, UTM) and scaled to the same spatial resolution.

Two regular grids covering all the area of interest were created with the GIS software
ArcMap as reference grids for all the input data. These grids divide the area of interest
into square cells of respectively 250m and 500m size. Each cell of the reference grids
was then assigned a value of brightness temperature, soil temperature and vegetation
water content by spatial comparison with the relevant raster, using different methods of
data aggregation and disaggregation. These spatial analysis spoil the precision of the
model estimates, but they are necessary to implement a multi-sensor approach for soil

moisture retrieval.

7.2.1 Brightness temperature

The data of brightness temperature collected from the aircraft are spatially referenced in
they raw form, due to the presence of a GPS receiver on the aircraft.. The information
for each observation includes latitude and longitude in Geographic Coordinate System
(Geocentric Datum of Australia 1994), a brightness temperature value and the beam ID.

This last data is required to the algorithm for the incident angle correction. The different
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angle of view of each beam of the radiometer allows covering the Midlothian farm with
two swaths (Appendix D).

The result is a discrete distribution of brightness temperature values that covers most of
the farm area: each point is considered representative of an area whose dimension
depends on the altitude of the aircraft. For example from 5000ft and 2500ft the
radiometer has a nominal ground resolution of respectively 500m and 250m.Only H
polarized brightness temperature data have been used, since they are proved to be more

useful in soil moisture retrieval.

After projection into the UTM Coordinate System, a value of brightness temperature for
each cell of the reference grid was calculated by averaging all the points falling into each
cell. The rough data measured by the airborne radiometer and their aggregation are
illustrated in Figure 7.2.
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Figure 7.2: Brightness Temperature data aggregation
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7.2.2 Soil temperature data

Chapter 5 described the process used to produce maps of the spatial distribution of soil

temperature, georeferencing the images obtained by the thermal imager mounted on the
aircraft.

The map produced with thermal data acquired at 5000ft altitude has a ground resolution
of about 10m, which is much higher than that required for the purpose of the study. This
data was then aggregated to the reference grid with the same method described for the

brightness temperatures Some cells resulted empty because of lack of observations were

left as “no data” areas. An example of the result is showed in the plot below (Fig.7.3).
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Figure 7.3: Soil Temperature data aggregation
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7.2.3 Vegetation water content

The spatial distribution of vegetation water content has been estimated from vegetation
indices based on MODIS reflectance data, whose resolution is 500m. To fit these data to
the reference grid, the raster of VWC was converted to point data, which were then
averaged up to the reference grid with the same method followed for the brightness
temperature and the soil temperature. To downscale these data to the 250m, a raster with
250m resolution was interpolated from the point data using an inverse distance
weighting interpolation technique. For vegetation water content there are no pixel with
missing value, as Figure 7.4 shows, because MODIS satellite covers the whole area of

interest.
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Figure 7.4: Vegetation Water Content data aggregation
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7.2.4 Other parameters

Several other parameters are required in order to run the soil moisture retrieval

algorithm:
e Roughness
e b parameter
e Soil textural properties

The roughness parameter /4, which takes into account for the effect of surface roughness
on the soil surface emissivity was set equal to 0.29 farm, as calculated from ground

measurements (see Table 3.2).

The parameter b for the estimation of the vegetation optical depth depends on the
vegetation cover and sensor wavelengths. Jackson (1993) estimated values of 5 for
different vegetation types and sensor wavelength (see Fig. 3.4). In this study, a value of

0.24 was chosen. This value is adequate to the vegetation type in the area of interest.

The parameters defining the soil textural properties, necessary to calculate the transition
moisture content 7 (see Paragraph 2.2), were chosen on the base of laboratory particle
analysis of the soil samples collected during the field campaign across the Midlothian

farm: 69% clay content, 10% sand content and 50% porosity.

7.3 Ground soil moisture dataset

The farm of Midlothian is divided in two parts: North and South. A large number of
ground soil moisture observations were collected in the North part at 250m, 125m and
62.5m scales, while the South was covered with a lower resolution (500m). The dataset
includes approximatively 250 ground observations for four days, once a week during the
month of November 2005. This observation has been upscaled to the polygon of

reference with the same method described in paragraph 7.2 for airborne observations.
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Opposite to airborne detection, for ground-based measurements the information of soil
moisture is punctual. Therefore, where there was more than one observation in the cell
of the reference grid, those values were averaged up; otherwise if only a measurement
was available, it was upscaled and taken as representative of an area of 250m? or 500m?,
depending on the resolution chosen. Such approximation is necessary to perform the

analysis at different scales but can bring to uncertainties in the ground datatset.

Reliability on the ground-based measurement of soil moisture taken with the Stevens
Water hydra probe is guaranteed by laboratory calibration of the probes against soil

samples of known water content collected in the field.

The data cover the whole range of soil moisture conditions, from very wet at the
beginning, to very dry at the end of the sampling month. This is consistent with the
rainfall regime, occurred mainly at the beginning of November, followed by a dry
period. Figure 7.5 shows mean values of soil moisture collected across the farm and
their standard deviations, the histogram of rainfalls measured by the pluviometer located
in Midlothian and the soil moisture captured at the permanent SAMSAS station. In the
first two weeks soil water content reaches values up to 50%, while in the second half of

the sampling period it achieves values lower than 8%.
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Figure 7.5: Ground soil moisture mean values and rainfalls regime
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7.4 Model performance

The performance of the model was studied by comparison between the soil moisture

predicted by the model and ground data collected during the NAFE campaign.

The absolute error was calculated in each pixel where both ground observation and soil
moisture retrieved by the algorithm were available. Ground sampling was performed at
the Midlothian farm once a week during the month of the field campaign, so only in

these days it was possible to validate the outputs of the model.

Mean absolute error (MAE) and error variance are summarized for each of the four days
and for both the resolutions in Table 7.1. A satisfactory error in soil moisture estimation
is considered 4% of soil moisture, because this is the proposed goal for the future SMOS
mission. This aim has been definitely reached on November 23, when at the two
resolutions the MAE is about 3%. In all the other cases the MAE is lower than 9%. The
mean absolute error over the complete dataset is 5.7% for the 250m resolution and 6.8%
for the 500m resolution. The error variance shows that the dispersion of the data from

the average value is quite low in all the cases analyzed.

Table 7.1: Mean Absolute Error and variance of the error

MAE (%) Error Variance o, (%)
250m 500m 250m 500m
2-nov 59 6.3 0.6 0.6
11-nov 5.1 6.6 0.4 0.6
16-nov 7.9 9.3 0.6 0.5
23-nov 3.1 2.7 0.2 0.0
MEAN 5.7 6.8
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7.4.1 Correlation observed-predicted

Figure 7.6 and 7.7 illustrates all the observed and predicted soil moisture values for

respectively 250m and 500m resolution. The lines plotted delimit areas where the error
is below 10% and 5%.
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Figure 7.6: Correlation between observed and predicted soil moisture at 250m resolution
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Figure 7.7: Correlation between observed and predicted soil moisture at 500m resolution
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Table 7.2 shows the number of occurrences of values under 4% and 10% of error for all

the predicted points.

Table 7.2: Occurrences with error lower than 4% and 10%

Total observations Occurrences error<4% Occurrences error<10%

250m 500m 250m 500m 250m 500m
2-nov 83 59 40% 42% 84% 80%
11-nov 95 62 52% 37% 86% 73%
16-nov 89 56 37% 27% 64% 57%
23-nov 62 20 68% 80% 97% 100%
Total 329 197 48% 40% 82% 73%

7.4.2 Error Analysis

In this section the behavior of the error, intended as predicted value minus observed one,
will be evaluated trough box plots. The red lines represent the median of the error, the
blue ones the first and the third quartiles, the black lines are for maximum and

minimum.

Figures 7.8 and 7.9 show that the model does not make any systematic overestimation or
underestimation for three days out of four for both the resolutions analyzed. Only on

November 16, there is a clear trend to underestimate the value of soil moisture.
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7.5 Temporal and Spatial Analysis

Besides the global statistics, the results of the study show that the trend of the soil
moisture variation during the month of the campaign was well predicted by the model.
The whole range of conditions for soil moisture has been successfully retrieved from the
first week, when the soil water content was closed to saturation, to the last week when

soil moisture was almost zero across the all farm.

Several patterns of both temporal and spatial variability on soil moisture can be
identified with an accurate analysis of the maps that illustrate the results of the study in

Appendix A.
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Figure 7.10 Moisture observed and predicted with standard deviation interval.
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7.5.1 Sub-Grid Variability

November 16 is the most critical day for the soil moisture estimation. In particular
Figure 7.8 shows how in this day the model under-estimates significantly the moisture
content. This fact can be explained a priori in two ways.

The general moisture trend in the Goulburn Catchment as across the Midlothian farm
can be roughly said to be decreasing. Both observed and estimated moisture agree that
the average moisture over the area is about 30% in the first half of the month of
November, to decrease to 15% on November 16 and to 7% on November 23.

This means that on November 16 the soil is experiencing a drying process, which is
known to have inhomogeneous behaviour.

The soil moisture process has two threshold values, which are the saturation upper limit
and the wilting point lower limit. After a rain event the soil tends to homogenize its
moisture content to the saturation whereas after dry period the soil tend to homogenize
its moisture to the wilting point. During transition periods, either a drying process or a
wetting process, the soil moisture reaches a marked inhomogeneous spatial distribution,
due to different soil behavior and particular conditions in each single patch. In a drying
process for instance those patches that are more sun exposed will start drying much
sooner and much faster than the patches in the shadow.

The lack of homogeneity can affect mainly the ground soil moisture observations, since
in inhomogeneous conditions a punctual measure is not representative of the moisture
content within a patch. This is an effect of sub-grid variability and it increases with the
pixel dimension. In fact, error values (Table 7.1) at 500m resolution are higher than
those estimated at 250m scale for the first three days, when spatial distribution of soil
moisture was remarkable. Differently, airborne observations collect average information
over areas, and then the low level spatial inhomogeneity is not caught.

An example is shown in Fig 7.11: ground soil moisture data present a weird variability,

not confirmed by airborne measurements. This configuration is more remarkable in the
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southern part of the farm where some cells are particularly wet, opposite to airborne

pixels. This can be explained by the ground sampling strategy because Midlothian South

was sampled at only 500m scale; this means that the punctual measurements upscaled to

the 500m pixel could not be representative of the effective conditions of the soil

moisture.
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Figure 7.11: Ground -based (a) and predicted (b) soil moisture on November 16
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7.5.2 Topographic effect

The topography of the Midlothian farm is characterized by a flat area in the eastern part
of the catchment adjacent to the Merriwa River running north-south and by gently
rolling to steep hills in the western part. These form a north-south orientated ridge that
runs along the entire farm.

Topography affects the spatial distribution of soil moisture: in the western part soil came
out to be drier than in the alluvional area because of the surface runoff. This behavior is
well described by the maps of retrieved soil moisture as well as by ground observations
for the first three weeks (see Appendix A). On November 23 the soil is dry all over the
area, so the topographic effect can not be noticed. Figure 7.12 shows an example of how
this topographic effect is well predicted by the algorithm. In the south-western part a

wetter area can be identified: this is due to its location at the bottom of the steep hills.
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Figure 7.12: Soil moisture retrieved by the model on November 2 (a) and November 11 (b)
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7.6 Sensitivity analysis

Among the input variables of the soil moisture retrieval model brightness temperature,
soil temperature and vegetation water content have been widely investigated. The other
parameters have been assumed constant, with typical values found in literature or

average values measured during the field campaign.

7.5.3 Soil roughness

As already described the roughness parameter has been kept constant at 0.29 over the
whole Midlothian farm, as estimated during the field campaign. Nevertheless the ground
measure of roughness is a hard issue and uncertainty can be expected. Figure 7.13
analyses what influence a different roughness parameter can have on the daily mean

absolute error in soil moisture estimation.

The figure shows that soil roughness has a big weight on soil moisture retrieval. In the
case of this study a higher estimate of soil roughness (up to 0.5) could have given
slightly better soil moisture estimation for November 16, whereas for the 2", 11" and
November 23 the ground estimate of soil roughness seems to produce the smallest error
in soil moisture retrieval.
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Figure 7.13: Mean absolute error function of the roughness parameter
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7.5.4 b-parameter

Sensitivity analysis was also performed on the parameter » which connect the vegetation
water content with the optical depth in the soil moisture retrieval algorithm (see Chapter
3). To run the model, it was set to the value of 0.24. Figure 7.14 shows that the mean
absolute error has not considerably variation due to the choice of the value of 5. This
behavior is appreciable on the whole dataset for values of » smaller than 0.5, that
represents a threshold value for the Midlothian farm. In fact higher values of 5 are only

used for areas where the vegetation coverage is dense native grass.
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Figure 7.14: Mean absolute error function of » parameter
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CONCLUSIONS

The main issue of this study is the estimation of surface soil moisture with a multi sensor

approach.

Data for this purpose were collected during the NAFE 05 field campaign, in November
2005 in Eastern Australia. The Department of Civil & Environmental Engineering of the
University of Melbourne was the main organizer of the experiment, with the

collaboration of the University of Newcastle and the European Space Agency.

During that time, contributions have been made by the authors of this study towards the

planning, execution and analysis of the month-long intensive field campaign.

The scientific objectives and data requirements of NAFE ’05 have been met by
coordinating an aircraft remote sensing campaign with a ground data collection
campaign. The aircraft remote sensing campaign made use of a small environmental
aircraft equipped with passive microwave, infrared and visible sensors to map the whole
study area. Ground measurements included near-surface soil moisture for direct

validation of the passive microwave remote sensors observations, as well as ancillary
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data such as vegetation biomass, land cover information, soil temperature and surface

roughness.

Remote sensing of soil moisture requires i) calibrated brightness temperature data, ii)
information on vegetation water content and iii) information on soil temperature. This
study presents results from aircraft and satellite data during the intensive field campaign,

addressing these three important issues.

The brightness L-Band temperature was obtained after a calibration assessment, which
implied observation of sky, water and blackbody target. Soil temperature of the top 5cm
was estimated applying an empirical relationship to soil surface thermal infrared
measurements performed by a thermal camera, mounted under the aircraft wing.
Vegetation water content was estimated by using vegetation indices based on MODIS
satellite reflectance data, for two different vegetation coverage, native grass and crops.
Moreover, findings from these three components have been combined to yield a
remotely sensed soil moisture estimate with a physically based model and comparisons

made with field measured soil moisture.

The Midlothian farm was chosen in the whole area interested by the campaign as pilot
site to perform the study, due to its favorable characteristics: the uniform clay soil type,
the vegetation coverage mainly of native grass and crop, the wide extension which
makes it suitable for spatial analysis, the gently hilly tendency that allows to perform
assessment about the effect of topography on soil moisture. Ground and airborne
observations on this area were performed once a week during the field campaign. Two

spatial resolution, 250m and 500m, have been chosen to perform the analysis.

The results are encouraging and even if a proposed goal of 4% v/v of error was not
reached in this preliminary study, the performance of the model was more than
satisfactory. Results indicate a very good agreement of the retrieved and measured soil
moisture spatial distribution, with an overall absolute retrieval error not higher than
5.7% viv.
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The model does not present any systematic overestimation or underestimation for three
days out of four for both the resolutions analyzed. Only on November 16, there is a clear
trend to underestimate the value of soil moisture. This can be due to the drying process
the soil was experiencing on that day, since this process is known to have
inhomogeneous behaviour. The lack of homogeneity can affect mainly the ground soil
moisture observations, since in inhomogeneous conditions a punctual measure is not
representative of the moisture content within a patch. This is known as sub-grid
variability effect and it is one of the mainly causes of error. A ground sampling at higher

resolution could correct this kind of effect and better describe the spatial variability.

A spatial analysis has been done comparing topography of the focus area to the spatial
distribution of soil moisture: in the hilly area, soil is drier than in the alluvional one
because of the surface runoff. This behavior is well described by the model as well as by

ground observations.

The temporal trend of the soil moisture variation during the month of the campaign was
well predicted by the model, since there is consistency between soil moisture estimated

by the algorithm and the rainfall regime.

The whole range of conditions for soil moisture has been successfully retrieved from the
first week, when the soil water content was closed to saturation, to the last week when

soil moisture was almost zero across the all farm.

The results are encouraging toward the use of PLMR-derived soil moisture for further

studies; therefore, more analysis is required.

A first step could be an extension of the procedure here presented to the whole dataset
collected during the NAFE 05 campaign, exploring the entire Goulburn Catchment and

all the spatial resolutions investigated.
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Moreover, the accuracy of the input parameters of the model can be improved by:

increasing the accuracy in the aggregation process from measured brightness

temperature to grid cells.

improving the relationship to estimate soil temperature including auxiliary data
easily available (e.g. air temperature) and analysing the atmospheric effect on the

thermal images from the aircraft;

extending the relationships between vegetation water content and satellite-derived
vegetation indices to a more complete range of vegetation types, including bare soil;

this requires a landuse classification with more thematic classes;

using also V polarized brightness temperature, which is known to show better the
effects of the vegetation layer.
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APPENDIX A

SUMMARY OF THE MAPS

Appendix A shows maps of the three inputs of the soil moisture retrieval model,
brightness temperature, soil temperature and vegetation water content, for the whole
period of NAFE 2005 field campaign across the Midlothian farm at both the resolutions
explored (250m and 500m).

Maps of ground measured soil moisture and soil moisture retrieved by the algorithm are
illustrated together with maps of the absolute error, calculated as absolute value of the
difference between observed and predicted soil moisture.

Results are presented for four days during the month of November, specifically on those

days in which ground measurements were available.
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Figure A.1: 2nd November 2005, 250 m resolution: Brightness Temperature (a), Soil Temperature (b), Vegetation
Water Content (c)
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Figure A.2: 2nd November 2005, 250 m resolution: Predicted Soil Moisture (a), Ground-measured Soil Moisture (b),
Absolute Error (c)
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Figure A.3: 11th November 2005, 250 m resolution: Brightness Temperature (a), Soil Temperature (b), Vegetation
Water Content (c)
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Figure A43: 11th November 2005, 250 m resolution: Predicted Soil Moisture (a), Ground-measured Soil Moisture (b),
Absolute Error (c)
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Figure A.5: 16th November 2005, 250 m resolution: Brightness Temperature (a), Soil Temperature (b), Vegetation
Water Content (c)
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Figure A.6: 16th November 2005, 250 m resolution: Predicted Soil Moisture (a), Ground-measured Soil Moisture (b),
Absolute Error (c)
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Figure A.8: 23rd November 2005, 250 m resolution: Predicted Soil Moisture (a), Ground-measured Soil Moisture (b),
Absolute Error (c)
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Figure A.9: 2nd November 2005, 500 m resolution: Brightness Temperature (a), Soil Temperature (b), Vegetation
Water Content (c)
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Figure A.10: 2nd November 2005, 500 m resolution: Predicted Soil Moisture (a), Ground-measured Soil Moisture (b),
Absolute Error (c)



[1}
S S S —

2Km

Brightness Temperature (K)

NoData

200

235

255

(a)

1] 2 Km
IS S —

Soil Temperature (K)

[ T [ [ [ .
NoData 203 296 299 302

(b)

VWC (kg/m*2)
|| INEEEEEESS
0 0.25 0.35 0.80 3.0

(©)

Figure A.11: 11th November 2005, 500 m resolution: Brightness Temperature (a), Soil Temperature (b), Vegetation
Water Content (c)
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Figure A.12: 11th November 2005, 500 m resolution: Predicted Soil Moisture (a), Ground-measured Soil Moisture (b),
Absolute Error (c)
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Figure A.13: 16th November 2005, 500 m resolution: Brightness Temperature (a), Soil Temperature (b), Vegetation
Water Content (c)
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Figure A.14: 16th November 2005, 500 m resolution: Predicted Soil Moisture (a), Ground-measured Soil Moisture (b),
Absolute Error (c)
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Figure A.15: 23rd November 2005, 500 m resolution: Brightness Temperature (a), Soil Temperature (b), Vegetation

Water Content (c)
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Figure A.16: 23rd November 2005, 500 m resolution: Predicted Soil Moisture (a), Ground-measured Soil Moisture (b),
Absolute Error (c)






APPENDIX B

FLIGHT LINES

Appendix B shows the flight lines over the Merriwa Area where the Midlothian farm is
located. These flights have been performed twice a week at 2500ft and 5000ft altitude
during the NAFE 05 campaign. It can be noticed that for both the flights, the Midlothian

farm data have been collected in two lines.
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Figure B.1: Flight lines at 2500ft altitude over the Merriwa area
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APPENDIX C

VEGETATION DATA

Appendix C shows graphs of ground vegetation data collected during the field campaign
NAFE 2005.

Figure C.1 illustrates vegetation dry biomass values during the period of the field
campaign in the Krui Catchment: some statistics of these data, as the median, the
minimum and the maximum values of dry biomass and in some cases also the 25", 75"

percentiles are displayed for each farm.

Figure C.2 illustrates values of vegetation water content, calculated from wet and dry
vegetation biomass of samples collected in the farms of Stanley, Roscommon, Cullingral

and Merriwa Park for the month of November.
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Figure C.1: Dry Biomass measured during the month of November 2005 at the farms of

Stanley (a), Roscommon (b), Pembroke (c) and Illogan (d).
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Figure C.2: Vegetation water content measured during the month of November 2005 for

the farms of Stanley (a), Roscommon (b), Cullingral (c) and Merriwa Park (d).
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Figure C.1: Dry Biomass measured during the month of November 2005 at the farms of

Stanley (a), Roscommon (b), Pembroke (c) and Illogan (d).
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Figure C.2: Vegetation water content measured during the month of November 2005 for

the farms of Stanley (a), Roscommon (b), Cullingral (c) and Merriwa Park (d).
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APPENDIX D

INCIDENCE ANGLE

Appendix D shows maps of the incidence angles for the two proposed resolutions
(250m in Fig. D1 and 500m in Fig. D2) and for the period of the field campaign.

These maps have been obtained following the same procedure described in Chapter 7

to obtain brightness temperature maps.
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Figure D.1: Incidence angles of the 2500ft flights over the farm of Midlothian on
November 2 (a), November 11 (b), November 16 (c) and November 23 (d).
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Figure D.2: Incidence angles of the 5000ft flights over the farm of Midlothian on
November 2 (a), November 11 (b), November 16 (c) and November 23 (d).
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APPENDIX E

SOIL TEMPERATURE

Appendix E shows the rough data of temperature collected at the four stations with

thermal infrared devices and thermometers in the ground.

The malfunctioning occurred some days during the field campaign can be noticed,
especially at the farms of Midlothian (Fig. E3) and Stanley (Fig. E4). The stations placed
at the farms of Illogan (Fig. E1) and Merriwa Park (Fig, E2) recorded data successfully
almost for the whole month of November.
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Figure E.1: Temperature data collected at the Illogan farm (land cover: bare soil)
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