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Abstract

The National Airborne Field Experiment 2006 (NAFE’06) was conducted during a

three week period of November 2006 in the Murrumbidgee River catchment, located

in southeastern Australia. One objective of the campaign was to test soil moisture re-

trieval algorithms at intermediate spatial resolution (1km) from L-band radiometry

over two potential SMOS (Soil Moisture and Ocean Salinity) calibration/validation

sites. Airborne brightness temperature was mapped at 1km resolution 11 times (ev-

ery 1-3 days) over a 40 by 55km area in Yanco and 3 times over a 40 by 50km area

in Kyeamba. This simulated two ∼40km SMOS pixels over areas with mixed land

use, including flood irrigation in Yanco and the city of Wagga Wagga in Kyeamba,

providing data for testing mixed pixel retrieval, near-surface soil moisture down-

scaling from multi-spectral satellite data and root zone soil moisture retrieval from

assimilation into land surface models. Moreover, multi-resolution, multi-angle and

multi-spectral airborne data including surface temperature, surface reflectance, lidar

data and aerial photos were acquired over selected areas to investigate scaling issues,

and test multi-angle and multi-spectral retrieval approaches. The near-surface soil

moisture was measured extensively on the ground in 8 sampling areas concurrently

with aircraft flights, and the soil moisture profile was continuously monitored at

41 sites. Additionally, data were collected on vegetation water content, land cover,

surface roughness, skin and near-surface soil temperature, leaf wetness and surface

flux. These data are available at www.nafe.unimelb.edu.au.

Key words: soil moisture, field experiment, passive microwave radiometry,

calibration/validation, downscaling, data assimilation.
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1 Introduction

Soil moisture variability controls catchment-scale hydrological processes (30)

and impacts meso-scale atmospheric circulations (24) at time scales ranging

from the inter-storm period to the season. Soil moisture estimates at high spa-

tial and temporal resolutions are therefore critical in hydrology, meteorology,

climate change studies and related disciplines.

The passive radiometry at L-band is one of the most promising techniques for

measuring and monitoring soil moisture at global scale (11; 26). A number of

field experiments around the world e.g. (6; 10; 19; 20; 21) have demonstrated

the high sensitivity of L-band land surface emission to moisture status, and

the possibility of inferring the near-surface soil moisture from these data. The

Soil Moiture and Ocean Salinity (SMOS) mission (12), scheduled for launch

in 2008, will be the first satellite dedicated to this application that incorpo-

rates this approach. The multi-incidence and dual-polarisation capabilities of

the SMOS radiometer will allow the simultaneous retrieval of the 0-5cm soil

moisture and vegetation water content (32) at ∼40km resolution every 2-3

days globally.

The retrieval at global scale requires calibrating radiative transfer models (31)

over a range of surface conditions. To date, L-band soil moisture retrieval al-

gorithms have been calibrated mainly against data collected by ground-based

radiometers, allowing fine scale studies of the surface emission over differ-

ent vegetation and soil types. These calibrations need to be tested at lower

resolution to include the sub-pixel heterogeneity of land cover and land use

that would occur at 40km scale. Moreover, the validation of ∼40km reso-
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lution retrievals is not a trivial task. Recent studies have tackled the issue

of upscaling point-scale measurements by identifying catchment-scale repre-

sentative stations (8) and combining ground measurements with a spatially

distributed land surface model (5) but the performance of these approaches

is site-dependent. Actually, the calibration/validation of SMOS like data re-

quires data at an intermediate resolution, which both accounts for the natural

heterogeneity of land surfaces at the satellite scale and compares with the

representative scale of ground measurements.

The spatial resolution of airborne data typically ranges from 50m to 1km

(10; 19). This intermediate spatial scale can be used to bridge the gap between

point-scale measurements and satellite observations. Specifically, airborne data

can be used to assess the calibrations developed from ground-based data and

develop parametrizations which include the sub-pixel surface heterogeneity.

Moreover, aircraft data at L-band can cover several satellite footprints at a

temporal frequency of ∼1 per day. This allows for simulating several satellite

pixels and testing downscaling (13; 16) and assimilation (7; 27) techniques

with data consistent with satellite scales, before their application in real-life.

The paper describes the data collected during the National Airborne Field

Experiment 2006 (NAFE’06), conducted from 30 October to 20 November

2006 in the Murrumbidgee catchment, located in southeastern Australia. The

campaign was undertaken in three distinct regions of the Murrumbidgee: a 60

by 60km area in Yanco, the 600 km2 Kyeamba catchment and a 26ha vine-

yard in Yenda, equiped with 14, 22 and 10 soil moisture monitoring stations

respectively. The primary objective of NAFE’06 was to provide airborne data

at intermediate resolution for testing retrieval, validation, downscaling and

assimilation algorithms at satellite scales over two ∼40km size sites.
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The L-band brightness temperature was mapped at 1km resolution over a 40

by 55km area in Yanco and over a 40 by 50km area including the Kyeamba

catchment. This simulated two∼40km satellite footprints with mixed land use,

including standing water in Yanco and the city of Wagga Wagga in Kyeamba

for testing mixed pixel retrieval and satellite-scale validation approaches. This

also provided data at a spatial resolution (1km) consistent with MODerate

resolution Imaging Spectroradiometer (MODIS) like data for testing down-

scaling techniques based on multi-spectral satellite data. Moreover, the tem-

poral frequency over Yanco (1-3 days) was consistent with SMOS repeat time

for testing root-zone retrieval from assimilation into land surface models.

Additional objectives of the campaign were to collect multi-angle L-band data

and multi-spectral data including surface temperature, surface reflectance, li-

dar data and aerial photos for SMOS algorithm development; multi-resolution

data over irrigated areas to explore the impact of standing water on retrievals;

catchment-scale data for water balance studies and paddock-scale data for

plant stress estimation.

Ground measurements were coordinated with aircraft flights to provide data

for validating remote sensing observations. The near-surface soil moisture was

measured concurrently with aircraft flights in 6 farms in Yanco, across a sub-

catchment of Kyeamba and in Yenda. Additionally, data were collected on

vegetation water content, land cover, surface roughness, skin and near-surface

soil temperature, leaf wetness, soil moisture profile and surface flux.

The surface conditions varied from bone dry at the beginning of the cam-

paign to wet in the near-surface with two significant rainfall events on 2 and

13 November of about 10 and 15mm respectively. An overview of the study
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sites, experimental design and data set is presented and preliminary results

from NAFE’06 are provided to assess the accuracy and sensitivity of ground,

airborne and satellite data at the intermediate spatial scale of 1km.

2 Study area description

The 100,000km2 Murrumbidgee catchment (Fig. 1) located in south-eastern

Australia has a climate ranging from semi-arid to alpine, and covers soil and

vegetation types typical of much of Australia. Climate variations across the

catchment are primarily associated with elevation, with average annual pre-

cipitation ranging from 300mm in the west to 1900mm in the east (1). Al-

though the evapotranspiration is approximately equal to precipitation in the

west in natural conditions, it is only about half of the precipitation in the

east (1). Soils in the Murrumbidgee vary from sands to clays, with the west-

ern plains being dominated by finer-textured soils and the eastern half of the

catchment being dominated by medium-to-coarse textured soils (15). Landuse

in the catchment is predominantly agricultural with the exception of steeper

parts of the catchment, which are a mixture of native eucalypt forests and

exotic forest plantations. Agricultural landuse varies greatly and includes pas-

toral and intensive grazing, broad-acre cropping, and intensive agriculture in

irrigation areas along the mid-to-lower Murrumbidgee. The University of Mel-

bourne is operating a soil moisture monitoring network (38 sites) in the Mur-

rumbidgee as part of the Murray Darling Basin Water Balance Project, which

is a GEWEX (Global Energy and Water Balance Experiment) catchment-scale

experiment (29) (see www.oznet.unimelb.edu.au).

The NAFE’06 campaign has been undertaken across three separate regions of
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the Murrumbidgee catchment: (i) Yanco, (ii) Kyeamba Creek and (iii) Yenda.

Selection of these sites yields a diverse range of climatic, topographic and land

use settings. Fig. 1 shows the location and extent of the study areas.

2.1 Yanco area

The Yanco area is a 60 by 60km area located in the broad western plains

of the Murrumbidgee catchment where the topography is flat. Soil types are

predominantly clays, sands over clay, and deep sands (9). Approximately one

third of the Yanco area is part of the Coleambally Irrigation Area (CIA), a

flat agricultural area of approximately 95,000 hectares (ha) that contains more

than 500 farms. The principal summer crops grown in the CIA are rice, maize,

and soybeans, while winter crops include wheat, barley, oats, and canola. The

13 soil moisture monitoring sites in the Yanco area are located in an approx-

imate grid-based pattern over a 60 by 60 km area allowing for measurement

of the sub-grid variability of satellite scale near-surface soil moisture. The

sites are evenly divided between the 3 main land uses in the region: irrigated

cropping (including the major rice growing region of the CIA), dryland crop-

ping (typically wheat and fallow), and grazing (typically perennial grass type

vegetation).

In November, rice crops are usually flooded with about 30cm of irrigation

water (25), and the presence of this standing water was expected to have

a significant impact on the brightness temperature of a satellite microwave

pixel. Given the brightness temperature over water (110K), and the range

of brightness temperature over land surfaces (180-290K), 5% areal coverage

by water could have the effect of underestimating the microwave emission by
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about 4 to 8K depending on the surface conditions (notably vegetation) of the

unsubmerged land. An important component of the NAFE’06 design was to

provide L-band data over the CIA to assess the impact of standing water on

the brightness temperature and soil moisture retrievals.

2.2 Kyeamba Creek

Kyeamba Creek is a third-order catchment feeding the Murrumbidgee River.

The sub-catchment covers an area of 600 km2 to the south east of Wagga

Wagga in central New South Wales. One of the major surface drainage features

are Kyeamba and Livingstone Creeks. Average annual rainfall is 650 mm, with

a gradient decreasing from the highlands in the south to the confluence with

the Murrumbidgee in the north. Land use is dominated by cattle grazing,

limited sheep grazing and some irrigation of crops. The three dominant soil

types are hard neutral red soils, hard alkaline and neutral yellow mottled

soils, and hard neutral red soils with red earths (15). Soil types and landforms

occurring in the Livingstone subcatchment are reflective of the main soils

and landforms in the whole Kyeamba catchment. The Kyeamba catchment is

equipped with 14 soil moisture monitoring stations and a 3D Eddy correlation

flux tower at K10 (Fig. 1). In addition, there are 8 soil moisture stations at a

single farm in Livingstone (near K9), operated by Department of Environment

and Climate Change in Wagga Wagga.

8



2.3 Yenda

The Yenda site is an experimental farm operated by Commonwealth Scientific

and Industrial Research Organization in Griffith, located 40km north of the

Yanco area. It is composed of two adjacent vineyards of 14 and 12 ha. The

bigger vineyard is flood irrigated while the other is drip irrigated; both have

separate irrigation supply, surface drainage and subsurface drainage. A num-

ber of detailed measurements of water flux are being undertaken at the site.

These include point source measurements of sap flow of individual vines for

transpiration determination, soil moisture and soil tension measurements at

the point scale. Total evapotranspiration is being measured using Bowen ratio

energy balance instrumentation at three locations throughout the vineyard.

Spatial ground based electromagnetic measurements using a Geonics EM38

meter have also been taken and calibrated against soil salinity as outlined in

(4).

3 Data description

Aircraft data were collected on 16 days at a range of resolutions in Yanco, on

4 days at two resolutions in Kyeamba and twice at high-resolution in Yenda.

Six different flight types were undertaken to provide data for (i) satellite-scale

soil moisture retrieval, downscaling and assimilation; (ii) multi-angle retrieval;

(iii) multi-spectral retrieval; (iv) assessment of the standing water impact on

retrievals; (v) catchment-scale water balance studies and (vi) paddock-scale

plant stress estimation.

The near-surface soil moisture was measured on the ground concurrently with
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aircraft flights in 6 farms in Yanco, across Livingstone and in the Yenda site.

Additionally, data were collected on vegetation water content, land cover,

surface roughness, skin and near-surface soil temperature, leaf wetness, soil

moisture profile and surface flux.

3.1 Airborne instruments

Airborne measurements were made using a Small Environmental Research

Aircraft (SERA) from the Airborne Research Australia (ARA) national fa-

cility. The aircraft can carry a typical science payload of up to 120kg with

a cruising speed of 92-203km/h and a range of 4-8hrs or 800-1500km. The

airborne instruments aboard were the Polarimetric L-band Multi-beam Ra-

diometer (PLMR), thermal imager, tri-spectral line scanner (TSLS) for NDVI,

full waveform lidar for construction of both DSM (Digital Surface Model) and

DTM (Digital Terrain Model), as well as the analysis of the structure of veg-

etation, and visible digital camera.

The PLMR measures both V and H polarisations using a single receiver with

polarisation switching at incidence angles of ±7◦, ±21.5◦ and ±38.5◦. The in-

strument can be mounted in either across track (image) or along track (multi-

angle) configurations. Each individual beam of the PLMR was calibrated with

a warm and cold target before, during and after each flight. The calibrations

before and after flight were done by removing the PLMR from the aircraft and

measuring the brightness temperature of a warm target (∼300K) and the sky

(∼10K). During the flight, calibration was done by measuring the brightness

temperature of the sky during a series of steep turns and of a water body

(∼110K). Lake Tombullen located near Y2 in the Yanco area was used as
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the water body. The temperature and salinity of the lake were measured at a

buoy continuously and along two boat transects once a week (4 times). The

accuracy of the PLMR was estimated to be higher than 2K and 3K in the

H and V polarization respectively (19). Note that the PLMR data were also

processed for incidence angle and beam location on the ground.

3.2 Airborne data

A total of approximately 100 flight hours were conducted during the campaign.

The thermal imager was flown with the PLMR to provide simultaneous sur-

face effective temperature as input to passive microwave-based soil moisture

retrieval algorithms. The TSLS, lidar and visible camera were flown once only

over a selected region of the three study sites.

Flightlines were predominantly orientated north-south to 50◦. Full coverage of

L-band data was generated by overlaping one PLMR pixel between two adja-

cent PLMR/thermal imager flightlines. Given that the FOV (Field Of View)

of the thermal imager (80◦) is narrower than that of the PLMR (90◦), the

coverage of thermal data is not (but close to) complete with one PLMR pixel

overlap. Full coverage of the TSLS, lidar and visible camera data was gener-

ated by overlapping 1/6th of the lidar FOV (45◦) between adjacent flightlines.

The altitude of PLMR/thermal flights was determined by the required spatial

resolution for PLMR data. Flight altitude ranged from 150m AGL (Above

Ground Level) for 50m resolution PLMR data (and 1m resolution thermal

data) to 3000m AGL for 1km resolution PLMR data (and 20m resolution

thermal data).

11



Flight coverages are illustrated in Fig. 1 and a summary of the flight schedule

and airborne data extent/resolution is provided in Table 1.

3.2.1 Satellite-scale flights (Yanco and Kyeamba)

The L-band brightness temperature was mapped at 1km resolution 11 times

over a 40 by 55km area in Yanco and 3 times over a 40 by 50km area includ-

ing the Kyeamba catchment. This simulated two ∼40km scale satellite pixels

over mixed land use, including standing water in Yanco and the city of Wagga

Wagga in Kyeamba for testing mixed pixel retrieval. This also provided data

at a spatial resolution consistent with MODerate resolution Imaging Spec-

troradiometer (MODIS) like data for testing downscaling techniques based on

multi-spectral satellite data. Moreover, the temporal frequency over Yanco (1-

3 days) was consistent with SMOS repeat time (2-3 days) for testing root-zone

retrieval from assimilation into land surface models.

The PLMR flights were scheduled to maximize the number of concurrent

MODIS overpass. Table 2 lists the days when 1km resolution PLMR data

were acquired within ±2 hours with MODIS data, together with the percent

of cloud cover obtained from MODIS products. Of the 14 days, 9 days were

more than 88% cloud free including 5 days with both MODIS/Terra (10am)

and MODIS/Aqua (1pm) overpass. Table 2 also lists the MODIS zenith view

angle.

Fig. 2 presents the 1km resolution images of H-polarised brightness tempera-

ture corrected to 8◦ incidence angle. For Yanco, the dry downs resulting from

the rainfall events on 2 November and 13 November are readily seen by the

11 flights. Note that irrigation in the CIA can be observed on 31 October and
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4 November, independently from the general drying on the other days. This

period corresponds to initial bay filling and permanent ponding of rice in the

area.

3.2.2 Multi-angle flights (Transect)

The PLMR was mounted in the along track configuration to collect multi-

angular data on 6 days. The multi-angle flights provided 500m resolution

multi-angular brightness temperature along a 75km transect in Yanco. The

transect was planned to go through various vegetation types for SMOS al-

gorithm calibration over a range of surface conditions. For each flight, the

transect line was flown three times successively to maximize the coverage of

multi-angle PLMR data in a 75 by 1km area along the transect line. The tran-

sect was flown alternatively at 6am/6pm so that both SMOS overpass times

can be tested.

3.2.3 Multi-spectral flights (Transect, CIA, Livingstone and Yenda)

Multi-spectral airborne data including L-band brightness temperature, surface

temperature, surface reflectance, lidar data and aerial photos were collected

over selected areas: a 75 by 1km area along the multi-angle transect line, a

3 by 32km area in the CIA, Livingstone and Yenda. The spatial resolution

ranged from 50m (Transect and Yenda) to 250m (CIA and Livingstone) for

L-band data, from 1 to 5m for thermal data and was higher than 1.5m for

NDVI, lidar data, and aerial photos. These data at very high-resolution will

allow testing soil moisture retrieval strategies from multi-spectral data.

The multi-spectral flights over the transect were undertaken on the same days
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as the multi-angle flights. This allowed providing multi-resolution data for

scaling issues.

Fig. 3 presents images of airborne data in the optical and microwave domain

over the transect. The NDVI ranges from 0 over flooded rice crops to almost

1 over winter crops. The L-band brightness temperature ranges from about

100K over rice crops to above 250K over winter crops and dry land pasture.

The thermal surface temperature ranges from 15◦C over winter crops to 35◦C

over dry land pasture. These complementary information on the surface state

illustrate the possible synergism of multi-spectral remote sensing data for re-

trieving land surface parameters including soil moisture.

3.2.4 Irrigation flights (CIA)

The L-band brightness temperature was collected at 250m resolution over a

3 by 32km area in the CIA. These flights were undertaken on the same day

as the satellite-scale flights to assess the impact of standing water on L-band

observations at scales ranging from 250m to 1km and repeated once a week to

monitor new bay fillings during the 3-week campaign. Note that the airborne

data collected over the transect at 50m/1km resolution can also be used for

that purpose.

Fig. 4 illustrates the multi-resolution data acquired over the CIA on 14 Novem-

ber for 1km and 250m data and on 15 November for 50m data. The effect of

standing water is clearly visible on the images at 250m and 50m resolution

where brightness temperature drops below 150K over rice crops. Quantitative

comparison of multi-resolution data will allow assessing the impact of standing

water on remote sensing observation at satellite scale.
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3.2.5 Catchment-scale flights (Livingstone and Kyeamba)

The L-band brightness temperature was mapped at 250m resolution over a 7

by 15km area including the Livingstone catchment on 4 days. These flights

were undertaken on the same day as the satellite-scale flights over Kyeamba.

This will allow investigating catchment-scale water balance studies and scaling

issues in Livingstone and Kyeamba.

3.2.6 Paddock-scale flights (Yenda)

Multi-spectral data at high-resolution were collected twice over a 3 by 0.8km

area in Yenda. Full coverage of thermal data was generated by decreasing the

spacing between flightlines. These data will be used to investigate the water

flux and solute interactions in high spatial detail from heterogenous (i.e. row

crop) irrigation systems. Specifically, interactions between soil moisture and

soil salinity on L-band, thermal and NDVI measurements will be investigated

and its application to spatial evapotranspiration determination.

3.3 Ground data

The near-surface soil moisture was measured concurrently with aircraft fligths

in 6 farms of the Yanco area, across the Livingstone catchment, and in the

Yenda site. The Murrumbidgee catchment has been instrumented for soil mois-

ture since 2001, with site upgrades for near-surface soil moisture and temper-

ature in preparation for the campaign. Moreover, some of these sites were

temporaly upgraded for thermal infrared, near-surface temperature and leaf

wetness sensor between 28 October to 20 November. Additionally, data were
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collected on vegetation water content, land cover, surface roughness, and sur-

face flux.

3.3.1 Spatial soil moisture data

In Yanco, the 0-5cm soil moisture measurements were made using the Hy-

draprobe Data Acquisition System (HDAS). HDAS is a handheld system in-

tegrating a soil dielectric sensor operating at 50MHz (Hydraprobe) and a

pocket PC with GPS receiver allowing for direct storage of location and mea-

surements with GIS software (18). Besides the derived 0-5cm soil moisture

content, HDAS measurements include the dielectric constant of the soil-water

mixture, soil temperature and soil salinity.

The location and coverage of the sampling areas is shown in Fig. 1. The land

use is dry land pasture for Y2, Y7 and Y10, and dry/irrigated cropping for

Y1, Y9 and Y12. Roving measurements were made on grid spacings of 50m to

250m. Measurements were made over a 3 by 3km area on a 250m resolution

grid during 1km PLMR flights and over a 3 by 1km area on a predominantly

50m resolution grid during PLMR transect flights. Up to three successive

HDAS readings were taken at each node of the sampling grid to increase the

accuracy in point-scale measurements. For calibration purposes, volumetric

samples were collected at five pre-defined locations within each of the six

farms. These locations were chosen to cover a range of soil type and moisture

conditions. The calibration approach described in (22) was applied using the

thermogravimetric data set (RMSE of about 3.5% vol., (17)), and applied to

the about ∼17000 HDAS measurements made during NAFE’06. Images of the

spatial data collected on two days of the experiment (13 and 15 November)
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are presented in Fig. 5.

In Kyeamba, the 0-6cm soil moisture was measured with a Theta probe at 35

locations in the Livingstone catchment. The 35 field sites were selected to rep-

resent the major landforms by soil type in the Livingstone Creek catchment.

Landforms were modelled following (23) using soils from the Wagga Wagga

1:100 000 soil landscape map (3). Three soil moisture measurements were made

at each site. Sampling was undertaken on the four Mondays of the experiment,

concurrent with the 250m-resolution PLMR flights over Livingstone.

In Yenda, the 0-5cm soil moisture was measured with the gravimetric ap-

proach. Three volumetric samples were collected at each node of a 50m-

resolution grid covering the two vine paddocks. A total of 1147 samples were

collected during each of the two PLMR flights on 9 November and 18 Novem-

ber.

3.3.2 OzNet and NAFE station data

The soil moisture sites of the Murrumbidgee network (OzNet) measure the

soil moisture at 0-5cm or 0-7cm, 0-30cm, 30-60cm and 60-90cm with water re-

flectometers, precipitation using a tipping bucket raingauge, and soil temper-

ature. Of the 38 stations, 18 have operated since 2001 with 5 in the Kyeamba

catchment (K1-5) and 1 in the Yanco area (Y3). The other 20 stations were

installed throughout late 2003 and early 2004 (upgraded for near-surface mea-

surements using a Hydraprobe in April 2006). A schematic diagram of the two

station types is presented in Fig. 6. The original sites use the water content

reflectometer CS615 while the new sites use the newer CS616, which operates

at a higher measurement frequency (175MHz instead of 44MHz). The orig-
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inal sites monitor soil temperature and soil suction at the midpoint of four

layers 0-7cm, 0-30cm, 30-60cm and 60-90cm, whereas the new sites monitor

soil temperature at the midpoint of the two layers 0-5cm and 0-30cm only.

Calibration of the soil water reflectometers is based on the approach of (28)

with a combination of laboratory and field data.

Additionally, six stations were set up for the duration of the experiment

(NAFE stations) to monitor near-surface soil temperature in duplicate at 1cm,

2.5cm and 5cm depth, ground-based thermal surface temperature, and leaf

wetness (see Fig. 6). The primary purpose of this monitoring was to derive

the effective microwave soil temperature from thermal infrared observations,

and determine the presence of dew on the vegetation. Four thermal radiome-

ters were mounted on a 2m high mast over dry wheat, bare soil, irrigated

wheat and irrigated pasture, being the four most common land covers within

the Yanco area. The near-surface soil temperature profile was monitored at

all Yanco farms with 2 identical sensors for each soil layer, and leaf wetness

was measured at all farms apart from that with bare soil.

3.3.3 Other ancillary data

Other ancillary data collected during the experiment include:

• vegetation data composed of a land cover classification and measurements

of vegetation water content, ground-based surface reflectance (Landsat and

MODIS spectral bands), Leaf Area Index (LAI), and vegetation height.

These measurements were made for each type of vegetation occurring in the

sampling areas in Yanco and repeated throughout the campaign to capture

any change in vegetation cover.
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• soil data composed of surface soil roughness measurements and textural

analysis data. These measurements were undertaken at the volumetric sam-

pling calibration points within each farm in Yanco.

• surface fluxes monitored by one Eddy flux tower at K10 (Kyeamba), one

Bowen ratio near K6 (Livingstone), and three Bowen ratios in the vines at

Yenda. The time series of latent heat flux (LE) and sensible heat flux (H)

measured at K10 during NAFE’06 is presented in Fig. 7. The comparison

with the time series of soil moisture measured at the same location illustrates

the impact of moisture status on the surface fluxes.

• micro-meteorological data (air temperature, solar radiation, relative humid-

ity and wind speed) collected at 2 locations in the Yanco area and 2 locations

in the Kyeamba area (see Fig. 1), 2 stations being operated by the Bureau

of Meteorology.

4 Towards 1km resolution soil moisture

In this section, preliminary results from NAFE’06 are presented to assess the

accuracy and sensitivity of ground, airborne and satellite data at 1km scale.

4.1 Ground measurements: accuracy and representative scale

One of the concern of NAFE’06 was the assessment of the accuracy of the

0-5cm soil moisture measurements undertaken in Yanco and their represen-

tativeness at 1km scale. In order to address this, three HDAS readings were

made with less than 1m separation at each measurement point. The standard

deviation of the three measurements is plotted against the average in Fig. 8a.
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A polynomial interpolation of the ∼3200 data points indicates that the vari-

ability of the point-scale measurements statistically increases with the mean

up to about 5% vol. and then decreases slowly down to 3% vol. in saturated

soils, the maximum variability being reached at 30% vol. This shows that

the average of the three measurements is representative of the point for soil

moisture values below 20% vol.. However, more measurements (5-6) would

be required for higher soil moisture values to provide estimates within the

accuracy of the sensor (3.5% vol. as in (17)).

To reduce the uncertainty, point-scale measurements can be averaged in space

to get representative estimates at larger foot prints. At 1km resolution, the

3 successive HDAS measurements were undertaken at each of the 16 mea-

surement points of the 250m sampling grid within a 1km pixel, giving a total

of 40-50 ground measurements per pixel. To evaluate the representativeness

of point-scale measurements at 1km scale, the standard deviation within the

1km resolution areas is plotted against the average in Fig. 8b. This shows that

the (captured) variability of soil moisture increases up to 10% vol. and then

decreases to 5% vol. at saturation, the maximum variability being reached

at about 30% vol.. A similar behaviour is therefore observed at both point-

and 1km-scales, with a maximum variability higher than the accuracy of the

sensor (3.5% for HDAS and 4% vol. for SMOS) reached at about 30% vol..

However, the variability at 1km scale is about twice as high as that observed

at the point scale.

The representativeness of ground measurements can also be assessed by com-

paring the 1km averages with PLMR data. For each 1km resolution PLMR

pixel falling into the sampling areas, the average of ground measurements is

evaluated and compared to the brightness temperature of Fig. 2. Four plots
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are generated in Fig. 9 with: (i) all the PLMR pixels, (ii) the pixels including

at least 10 ground measurements, (iii) the pixels including at least 40 ground

measurements, and (iv) the pixels including at least 10 ground measurements

with a variance lower than 5% vol. By comparing Fig. 9a, b and c, it is appar-

ent that the high uncertainty of ground data also exists in comparison with

PLMR data. The correlation coefficient between brightness temperature and

ground measurement is evaluated to be 0.67, 0.64, 0.61, and 0.82 respectively,

which indicate that the density of ground measurements within the pixel has

a lower impact than the sub-grid spatial variability captured by the sampling

strategy.

In summary, these simple results indicate that (i) the uncertainty of a sin-

gle measurement was typically less than 5% vol. (ii) the spatial variability

of ground measurements at 1km resolution was up to 10% vol. and (iii) the

validation of 1km resolution PLMR data is facilitated by selecting pixels with

a soil moisture variability lower than the point-scale uncertainty, which rep-

resented about 70% of the pixels falling into the sampling areas.

4.2 PLMR and MODIS soil moisture sensitivity

A first step towards a rigorous analysis of remote sensing data versus soil

moisture is to evaluate the sensitivity of 1km resolution PLMR and MODIS

thermal data to surface soil moisture for the bare soil and the maximum

vegetation cover cases. The data collected on 5 November over Yanco are

used.

The soil moisture sensitivity of PLMR and MODIS thermal data is estimated
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by evaluating the correlations obtained between the MODIS/Terra surface

temperature and the (i) MODIS/Terra Normalized Difference Vegetation In-

dex (NDVI) and (ii) PLMR brightness temperature. For consistency with the

resolution of MODIS surface temperature (1km), the 1km resolution MODIS

NDVI product is used. Figure 10a illustrates the “polygonal” correlation be-

tween surface temperature and NDVI. Each edge of the polygon can be in-

terpreted as a minimum/maximum reached by vegetation cover (NDVI) and

soil moisture (2). The four edges are denoted by bare soil (AB), dry edge

(BC), maximum vegetation cover (CD) and wet edge (DA). Basically, surface

temperature decreases with an increasing NDVI, and for a given NDVI the

surface temperature decreases with an increasing soil wetness. In a similar way,

Fig. 10b illustrates the “polygonal” correlation between surface temperature

and L-band brightness temperature. The apparent polygon is also four-sided,

and the four edges are denoted by bare soil (AB), dry edge (BC), maximum

biomass (CD) and wet edge (DA). The longest side of the polygon is the bare

soil edge (AB), with a brightness temperature ranging from about 210K to

285K. This illustrates the very high sensitivity of L-band brightness temper-

ature to soil moisture over bare soils. On the dry edge (from B to C), the

brightness temperature increases from about 270K to 285K, while the surface

temperature decreases and the NDVI increases. This is consistent with the

fact that the different effects of vegetation generally result in an increase of

brightness temperature compared to the bare soil case (14). On the maximum

biomass edge (from C to D), brightness temperature decreases from about

285K to 260K with an increasing soil moisture. Note that the range is much

smaller than that with bare soil, which illustrates the loss of soil moisture

sensitivity with an increasing vegetation biomass. On the wet edge (from D

to A), the brightness temperature decreases from about 260K to 210K with
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a decreasing vegetation cover, as the contribution of the soil emission in the

total surface emission becomes more important.

The soil moisture sensitivity of MODIS and PLMR data is evaluated as

S =
XSM

∆X
(1)

where S is the normalized sensitivity, XSM (K) the range of MODIS surface

temperature or PLMR brightness temperature due to soil moisture change

and ∆X (K) the random uncertainty in MODIS or PLMR observations. With

a random uncertainty of MODIS surface temperature and PLMR brightness

temperature of 1K and 3K respectively, the MODIS sensitivity is (43−36)/1 =

7 for bare soil and (38− 34)/1 = 4 for maximum cover and the PLMR sensi-

tivity is (270− 210)/3 = 20 for bare soil and (285− 260)/3 = 8 for maximum

cover. PLMR data are therefore twice as sensitive to soil moisture as MODIS

data for maximum vegetation covers and about three times as sensitive for

bare soil.

This simple analysis illustrates the superiority of L-band passive microwave

versus thermal observations for monitoring surface soil moisture, but also the

possibility of exploiting the synergy of microwave and optical data for re-

trieving surface soil moisture at the spatial resolution of optical data. Note

that the effect of surface temperature and the presence of irrigation water in

the CIA on brightness temperature were not removed in this analysis. These

approximations were justified by the strong correlation between PLMR and

ground soil moisture data observed in Fig. 9. For SMOS, these factors (stand-

ing water, surface temperature) and a number of others (soil texture, salinity,

roughness, etc.) will be accounted for using state-of-the-art radiative transfer
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models and ancillary data (31).

5 Summary

The airborne and ground data set of the NAFE’06 campaign were presented.

This extensive field campaign was the result of the collaborative effort of a

number of Australian, European and American institutions.

Airborne observations included L-band acquisitions at 1km resolution over two

∼40km wide sites at a time frequency of 1-3 days. Both sites have mixed land

use that include standing water in Yanco (rice cropping) and urban areas in

Kyeamba (the city of Wagga Wagga). Multi-resolution, multi-angle and multi-

spectral airborne data including surface temperature, surface reflectance, lidar

data and aerial photos were also collected over selected areas. Airborne data

were supported by ground measurements of near-surface soil moisture spatial

variability and soil moisture profile temporal change.

This provides an adequate data set for addressing science questions related

to the operational use of SMOS such as the multi-angular and multi-spectral

retrieval, the mixed pixel retrieval, the downscaling of SMOS using multi-

spectral satellite data and the assimilation into land surface models for root

zone soil moisture retrieval.

6 Data availability

The data described in this paper are available from the world wide web site

hosted at www.nafe.unimelb.edu.au. The website provides all the informa-
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tion needed for interpretation of these data, along with site overviews, pho-

tographs, data plots and related publications. Due acknowledgement in any

publication or presentation arising from use of these data is required.
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Fig. 1. Overview of the Murrumbidgee River catchment, soil moisture monitoring

sites, NAFE’06 study areas, focus farms, campaign monitoring and flight coverages.
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Fig. 2. Illustration of wetting and drying experienced during the campaign seen by

the L-band brightness temperature.
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Fig. 3. Sample of multi-spectral/multi-resolution airborne data acquired on 3

November over the transect in Yanco.
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Fig. 4. Sample of multi-resolution (1km, 250m and 50m) PLMR data over the

medium resolution area of the Coleambally Irrigation Area to explore standing

water impacts on brightness temperature measurements. NDVI data indicate rice

crops.
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Fig. 5. Sample of spatial 0-5cm soil moisture ground measurements on 15 November

(a: Y1; b: Y7; c: Y10) and 13 November (d: Y2; e:Y9; f:Y12).
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Fig. 6. Schematic of the Murrumbidgee experimental catchment soil moisture sites

(OzNet). The additional NAFE instrumentation is also shown.
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Fig. 7. Example of surface fluxes and soil moisture time series data collected at K10

for period 30 October to 20 November 2006.
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Fig. 8. Variance versus mean of ground measurements evaluated at the point scale

(a) and at the 1km scale (b) for all data collected in the six farms in Yanco.
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Fig. 9. PLMR data versus ground measurements of 0-5cm soil moisture at 1km

resolution with a) the whole data set, b) the pixels with at least 10 measurements,

c) the pixels with at least 40 measurements and d) the pixels with at least 10

measurements with a variance lower than 5% vol..
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Fig. 10. Sensitivity of a) MODIS surface temperature and b) PLMR brightness

temperature to soil wetness and vegetation cover.
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Table 1

Airborne data summary per flight type.

Flight type Coverage (schedule) Data and Resolution

Satellite-scale: Yanco (11 times, every 1-3 days) PLMR 1000m

retrieval, downscaling and assimilation Kyeamba (3 times) Thermal 20m

Multi-angle: Transect 6am (3 times, once a week) PLMR 500m

retrieval Transect 6pm (3 times, once a week) Thermal 10m

Multi-spectral: Transect (6 times, twice a week) PLMR 50m/250m

retrieval Livingstone (4 times, once a week) Thermal 1m/5m

Area in CIA (3 times, once a week) NDVI 1.5m

Yenda (twice) Lidar 0.2m

Photos 0.2m/1m

Irrigation: Area in CIA (3 times, once a week) PLMR 50m/250m/1000m

standing water impact on retrieval Transect (6 times, twice a week) Thermal 1m/5m/20m

Catchment-scale: Livingstone (4 times, once a week) PLMR 250m/1000m

water balance Kyeamba (3 times) Thermal 5m/20m

NDVI 1.5m

Photos 0.2/1m

Paddock-scale: Yenda (twice) PLMR 50m

plant stress estimation Thermal 1m

NDVI 1.5m

Lidar 0.2m

Photos 0.2m
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Table 2

MODIS overpass time, cloud cover and mean zenith angle over Yanco and Kyeamba

on the 1km resolution PLMR flight days.

Date Julian day 1km PLMR 10am Terra 1pm Aqua

Mon Oct 30 303 Kyeamba - 6% (18◦)

Tue Oct 31 304 Yanco 12%(30◦) 0 (51◦)

Thu Nov 2 306 Yanco 100% 100%

Fri Nov 3 307 Yanco 0 (30◦) 3% (1◦)

Sat Nov 4 308 Yanco - 7% (30◦)

Sun Nov 5 309 Yanco 0 (20◦) 3% (60◦)

Mon Nov 6 310 Kyeamba - 34% (23◦)

Tue Nov 7 311 Yanco 6% (36◦) 12% (55◦)

Thu Nov 9 313 Yanco 1% (24◦) 0 (47◦)

Mon Nov 13 317 Yanco - 58% (24◦)

Tue Nov 14 318 Yanco 8% (42◦) 100%

Thu Nov 16 320 Yanco 34% (30◦) 95% (52◦)

Sat Nov 18 322 Yanco 0 (19◦) 50% (42◦)

Mon Nov 20 324 Kyeamba - 94% (34◦)
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