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Microwave Remote Sensing Satellites
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Microwave Remote Sensing
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Electromagnetic Spectrum
Image credit: NASA
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Approaches to Remote Sensing of Soil Moisture
Measurement principles
• No direct measurement of θ possible, only indirect techniques

Optical to Mid-Infrared (0.4 – 3 µm)
• Change of “colour”
• Water absorption bands at 1.4, 1.9 and 2.7 µm

Thermal Infrared (7-15 µm)
• Indirect assessment of soil moisture through its effect on the surface
energy balance (temperature, thermal inertia, etc.)

Microwaves (1 mm – 1 m)
• Change of dielectric properties
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Passive and Active Microwave Sensors
Passive
• Passive remote sensing systems record electromagnetic energy that is
reflected or emitted from the surface of the Earth
• Sensors
o

Microwave radiometers

Active
• Active remote sensors create
their own electromagnetic energy
• Sensors
o
o
o
o

Altimeters
Side-looking real aperture radar
Scatterometer (SCAT)
Synthetic Aperture Radar (SAR)
ERS-1
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Active and Passive Sensing of Soil Moisture
Observables
• Passive: Brightness temperature TB = e×Ts where e is the emissivity and Ts
is the surface temperature
• Active: Backscattering coefficient σ0; a measure of the reflectivity of the
Earth surface

Active measurements are somewhat more sensitive to roughness and
vegetation structure than passive measurements, but
• are not affected by surface temperature (above 0°C)
• have a much better spatial resolution

Despite these differences both active and passive sensors measure
essentially the same variables:
• Passive and active methods are interrelated through Kirchhoff’s law:
o

e = 1 – r where r is the reflectivity

• Increase in soil moisture content
o
o

backscatter ↑
emissivity ↓
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Dielectric Properties of Water
Water is unique amongst naturally
abundant material because of its
electric dipole

Water
molecule

“Directional” polarisation arises

The complex dielectric
constant of water and its
relaxation spectrum
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Soil Scattering
Behari (2005) Microwave dielectric
behaviour of wet soils, Springer, 164 p.

Soil scattering is principally driven by

o
o

Soil moisture
Texture

• Soil surface “roughness”
o
o

Relative to wavelength
Dependent on soil moisture

Graphic by R. Quast, TU Wien

Soil Dielectric Constant εsoil

• Soil dielectric constant

′

′′
Soil Moisture (m3m-3)
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Penetration Depth & Soil Volume Scattering
When the penetration depth is large then soil volume scattering effects
may become important
Penetration depth may be large when
• Absorption losses are small
• Wavelenght is long

∝

′
′′

For dry sand penetration may be in the range from decimeters (X-band) to
several meters (P-band)

Graphic by R. Quast, TU Wien
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Spaceborne Microwave Instruments
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Spaceborne Radar Remote Sensing
Radar Altimeter

Weather Radar

Range to ground

3D view of precipitation particles
modified from
https://www.nasa.gov/

https://sentinel.esa.int/

Radar Scatterometer

Synthetic Aperture Radar

Directional surface backscatter

2D surface backscatter

Metop-SG SCA

https://sentinel.esa.int/
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Side-Looking Radars
Spatial resolution of real-aperture side-looking radars determined by
• Pulse length (cross-track)
• Antenna size (along-track)

http://lms.seos-project.eu/learning_modules/
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Synthetic Aperture Radar (SAR)
Repeated measurements of a target
• The echoes from a stationary target
undergo a well-defined systematic
frequency shift due to the Doppler effect

On-board recording of amplitude and
phase of echoes
Post-processing to create a synthetic
(virtual) aperture (antenna)
−

=

2
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ASCAT on-board Metop-A, Metop-B, Metop-C
Metop
Launch: Metop-A October 2006
Metop-B September 2012, Metop-C
November 2018
Orbit: Sun-synchronous orbit
Inclination: 98.7 degrees to the
Equator
Repeat Cycle: 29 days
Mean altitude: ~ 817 km
Source:http://www.esa.int/Our_Activities/Observing_th
e_Earth/The_Living_Planet_Programme/Meteorological
_missions/MetOp/Facts_figures
Source: Metop-A, EUMETSAT

Sensor: Advanced Scatterometer (ASCAT)
Instrument: Active microwave scatterometer
Frequency: C-band, 5.255 GHz
Polarisation: VV
Antenna: six; 3 (quasi) instantaneous independent
measurements
Swath: 2 x 500 km

Main applications: Wind measurements,
land and sea ice monitoring, soil moisture,
snow properties, soil thawing.
Spatial Resolution: 25 km/ 50 km
Multi-incidence: 25-65°
Daily global coverage: 82 %
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ASCAT vs SCA

Courtesy: ESA/EUMETSAT

Improvements w.r.t. ASCAT in red
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Sentinel-1
Launches
Sentinel-1A: 3 April 2014
Sentinel-1B: 25 April 2016

Orbit: Polar, Sun-synchronous
Revisit time: Six days (from two satellite
constellation)

Altitude: 693 km
Frequency: C-band SAR, 5.405 GHz
Polarisation: depends on mode
Spatial Resolution: depends on mode
Main applications: Monitoring sea ice, oil spills,
marine winds & waves, land surface dynamics,
land deformation, floods

Operational modes:
•
Interferometric wide-swath mode (250 km, 5 x 20 m), VV+VH or HH+HV
•
Wave-mode images (100 km intervals; 20 x 20 km and 5 x 5 m), VV or HH
•
Strip map mode (80 km swath, 5 x 5 m), VV+VH or HH+HV
•
Extra-wide swath mode (400 km, 20 x 40 m), VV+VH or HH+HV
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AMSR2 on-board GCOM-W1
GCOM-W1
Launch: 18 May 2012
Orbit: Sun-Synchronous
Inclination: Approx. 98 degrees
Repeat Cycle:
Altitude: 700km/ (98.2deg)
Global coverage: 99% every 2 days

Sensor: AMSR2

Source: GCOM-W1, JAXA

Source: http://suzaku.eorc.jaxa.jp/GCOM_W/w_amsr2/amsr2_body_main.html

Scan and rate: Conical scan at 40 rpm
Frequency: six bands (7 GHz to 89 GHz)
Polarisation: V and H
Spatial Resolution: depends on
frequency
Antenna: Offset parabola with 2.0m dia.
Swath: 1450 km
Incidence angle: Nominal 55 degrees
Main applications: precipitation, vapor
amounts, wind velocity above the ocean,
sea water temperature, water levels on
20
land areas, and snow depths

The Expectation

“…, L-band [soil moisture] retrievals can be performed
and meet the science requirements. In contrast, C- and
X-band measurements are representative of the top 1 cm or
less of soil. Moderate vegetation (greater than ~3 kg m-2)
attenuates the signal sufficiently at these frequencies to make
the measurements relatively insensitive to soil moisture.”

Entekhabi, D., Njoku, E.G., O'Neill, P.E., Kellog, K.H., Crow, W.T., Edelstein, W.N., Entin, J.K., Goodman, S.D.,
Jackson, T.J., Johnson, J., Kimball, J., Piepmeier, J.R., Koster, R., Martin, N., McDonald, K.C., Moghaddam, M.,
Moran, S., Reichle, R., Shi, J.C., Spencer, M.W., Thurman, S.W., Tsang, L., & Van Zyl, J. (2010). The Soil Moisture
Active Passive (SMAP) mission. Proceedings of the IEEE, 98, 704-716
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MIRAS on-board SMOS
SMOS – Soil moisture and Ocean Salinity
Launch: 2 November 2009
Orbit: Sun-synchronous
Revisit time: 3 day revisit at equator
Altitude: 758 km
Spatial Resolution: 35 km at centre of FOV
Main applications: Monitoring soil moisture
and ocean salinity
The goal of the SMOS mission is to monitor
surface soil moisture with an accuracy of
4% m³ m-³ (at 35–50 km spatial resolution).
Source: SMOS, ESA

Sensor: MIRAS (Microwave Imaging Radiometer using Aperture Synthesis instrument)
Passive microwave 2-D interferometric radiometer
Frequency: L-band 1.41 GHz
Polarisation: H & V (polarimetric mode optional)
Antenna: 69 antennas, equally distributed over the 3 arms and the central structure
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SMAP – Soil Moisture Active Passive
Launch: 31 January 2015
Orbit: near-polar, sun-synchronous orbit
Revisit time: global coverage within 3 days at
the equator and 2 days at boreal latitudes (> 45
degrees N)
Altitude: 680 km
Polarisation: depends on instrument
Spatial Resolution:
• Radiometer: (IFOV): 39 km x 47 km
• Radar: 1-3 km (over outer 70% of swath)
Rotation rate: 14.6 RPM
Source: SMAP, NASA, https://smap.jpl.nasa.gov/instrument/

Main applications: weather & climate
forecasting, drought, floods & landslides

Radiometer
Radar (failure in July 2015)
•
Frequency: 1.41 GHz
•
Frequency: 1.26 GHz
•
Polarizations: H, V, 3rd & 4th Stokes
•
Polarizations: VV, HH, HV (not fully polarimetric)
•
Relative accuracy (30 km grid): 1.3 K
•
Relative accuracy (3 km grid): 1 dB (HH and VV), 1.5 dB (HV)
•
Data collection:
•
Data collection:
– High-rate (sub-band) data acquired over
– High-resolution (SAR) data acquired over land
land
– Low-resolution data acquired globally
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– Low-rate data acquired globally

Active and Passive Microwave Missions
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Sampling Requirements
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Soil Moisture
Cross-section of a soil

Definition, e.g. θ =

Water Volume (m3 )
Total Volume (m3 )

Air
Water

Average

1
θ =
∫
∫ θ ( x, y, z )dzdxdy
Area ⋅ Depth Area Depth

Solid Particles

Thin, remotely sensed soil layer

Root zone: layer of interest for most applications

Soil profile
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Scaling Issues
The term “scale” refers to a
• characteristic length
• characteristic time

The concept of scale can be applied to
• Process scale = typical time and length scales at which a process takes
place
• Measurement scale = spatial and temporal sampling characteristics of the
sensor system
• Model scale = Mathematical/physical description of a process

Ideally: Process = Measurement = Model scale
Microwave remote sensing offers a large suit of sensors
• Scaling issues must be understood in order to select the most suitable
sensors for the application
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Soil moisture scales
Small-scale landsurface related
component
• Topography
• Vegetation
• Soil

Large-scale
atmospheric-forcing
related component
• Rainfall
• Evapotranspiration
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Sampling Requirements and Characteristics
Sampling requirements driven by
• High temporal variability of soil moisture
• Spatial resolution is of secondary concern

Preference is for long-term, temporally dense data
Small-scale land surface
related soil moisture field

Large-scale atmosphericdriven soil moisture field

Temporal Sampling

• Wide swath width
• 100 % duty cycle
• No conflicting modes

Spatial Resolution
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Daily Coverage of ASCAT and ASAR (ENVISAT)

Metop ASCAT
•
•
•
•

2 swath with each 500 km
25 km resolution
100 % duty cycle
82 % daily global coverage

ASAR Global Monitoring Mode
•
•
•
•

405 km swath
1 km resolution
Potentially 100 % duty cycle
Background mission
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Daily Coverage of ASAR Wide Swath and Image Mode

ASAR Wide Swath Mode
•
•
•

450 km swath
150 m
Max. 30 % duty cycle

ASAR Imaging Mode
•
•
•

100 km swath
30 m resolution
Max. 30 % duty cycle

–20

min for descending orbit
–10 min for ascending orbit
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Spatio-Temporal Sampling of ASCAT
Daily global ASCAT coverage achieved by METOP-A and METOP-B constellation

Wagner et al. (2013) The ASCAT soil moisture product: A review of its specifications,
validation results, and emerging applications, Meteorologische Zeitschrift, 22(1), 5-33.

Retrieval Approaches
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SMOS and SMAP
Launch
2009

Launch
2015

The mission goal of SMOS and SMAP is to provide absolute soil moisture
retrievals with an accuracy of 0.04 m3m-3.
Targeted information: absolute soil moisture
Accuracy metric: root mean square error (RMSE) in m3m-3
Retrieval Approach: Iterative inversion of semi-empirical models
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Working Hypothesis for ASCAT Soil Moisture Retrieval
Information about absolute soil moisture content comes from soil
maps, not the satellite
ASCAT data are not fundamentally different to SMOS or SMAP.
Nonetheless, for ASCAT we have always stressed that the information
content lies in the relative variation of the observations
• This has resulted in a disparate treatment of ASCAT and SMOS data in the
literature
o
o

ASCAT data have often been referred to as soil moisture index
ASCAT users approached the problem with less expectations

ASCAT soil moisture data are represented in degree of saturation
• Unit 0-1 or 0-100 %
• Dry and wet reference values are extracted from multi-year time series
• Conversion to absolute values possible if soil porosity and soil moisture
residual content are known
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TU Wien Backscatter Model
Motivated by physical models and
empirical evidence
• Formulated in decibels (dB) domain
• Linear relationship between backscatter
(in dB) and soil moisture
• Empirical description of incidence angle
behaviour
• Seasonal vegetation effects cancel each
other out at the "cross-over angles"
o

dependent on soil moisture
Incidence angle behaviour
is determined by vegetation
and roughness roughness
Changes due to soil
moisture variations

ERS Scatterometer
measurements
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TU Wien Model: Remarkably Stable Since 1998
In its core algorithms, the TU Wien model is still the same as in 1998
Algorithmic improvements have dealt with
•
•
•
•

Calibration/model parameter estimation
Azimuthal effects
Temporal behaviour of
Error propagation

Algorithmic progress has been slower than wished-for due to
• Rapidly growing user community
o

Already thousands of direct and indirect users

• Constraints imposed by operational nature of data service
• Need to improve software (IDL → Python)
o

Performance, tractability, quality control, modularisation, versioning, …

• Lack of high-quality reference data
• Lack of in-biased validation techniques
• Major shortcomings of available theoretical models
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TU Wien Change Detection Approach
Formulated in 1996-1998 out of the need to circumvent the lack of
adequate backscatter models
0
• Accounts indirectly for surface
σ 0 (t ) − σ dry
(t )
roughness and land cover

ms (t ) =

0
0
(t )
σ wet
(t ) − σ dry

38

TU Wien Model – Processing steps
Resampling
Azimuthal
Normalisation
ESD
Calculate Slope
and Curvature
Incidence angle
Normalisation
Freeze/Thaw
detection
Estimation of
dry/wet reference
Wet correction
Surface Soil
Moisture
Soil Water Index
(SWI)

Constructing the Discrete Global Grid (DGG)
Adapted sinusoidal grid
Ellipsoid: GEM6
Discontinuity at 180° meridian

TU Wien Model – Processing steps
Resampling
Azimuthal
Normalisation
ESD
Calculate Slope
and Curvature

time
Orbit geometry

Incidence angle
Normalisation
Freeze/Thaw
detection
Estimation of
dry/wet reference
Wet correction
Surface Soil
Moisture
Soil Water Index
(SWI)

Source: Naeimi, 2009 and Bartalis, 2009

Hamming window

TU Wien Model – Processing steps
Resampling
Azimuthal
Normalisation
ESD
Calculate Slope
and Curvature
Incidence angle
Normalisation
Freeze/Thaw
detection
Estimation of
dry/wet reference
Wet correction
Surface Soil
Moisture
Soil Water Index
(SWI)

Source: Bartalis, 2006 and Bartalis, 2009

TU Wien Model – Processing steps
Resampling

Estimated Standard Deviation (ESD)

Azimuthal
Normalisation
ESD
Calculate Slope
and Curvature

δ =σ

0
fore

−σ

0
aft

StDev(δ )
ESD(σ ) =
2

Incidence angle
Normalisation
Freeze/Thaw
detection
Estimation of
dry/wet reference
Wet correction
Surface Soil
Moisture
Soil Water Index
(SWI)

Source: Naeimi 2009

0

TU Wien Model – Processing steps
Resampling

Incidence angle – backscatter behaviour

Source: Naeimi, 2009

Azimuthal
Normalisation
ESD
Calculate Slope
and Curvature
Incidence angle
Normalisation
Freeze/Thaw
detection
Estimation of
dry/wet reference
Wet correction
Surface Soil
Moisture
Soil Water Index
(SWI)

Taylor series (degree 2), expansion point:
measure

slope

σ 0 (θ ,t ) = σ 0 (θ ref ,t ) + σ ′(θ ref ,t )(θ − θ ref

θ ref = 40 °
curvature

1
) + σ ′′(θ ref ,t )(θ − θ ref )2
2

TU Wien Model – Processing steps
Resampling
Azimuthal
Normalisation
ESD
Calculate Slope
and Curvature
Incidence angle
Normalisation
Freeze/Thaw
detection

σ m0 (θ m ) − σ a0/ f (θ a / f )
σ L′ =
θm − θa / f

σ ′(θ ) = σ ′(40) + σ ′′(40)(θ − 40)

Estimation of
dry/wet reference
Wet correction
Surface Soil
Moisture
Soil Water Index
(SWI)

Source: Naeimi, 2009

Global Monthly Slope

TU Wien Model – Processing steps
Source: Naeimi, 2009

Resampling
Azimuthal
Normalisation
ESD
Calculate Slope
and Curvature
Incidence angle
Normalisation
Freeze/Thaw
detection
Estimation of
dry/wet reference
Wet correction
Surface Soil
Moisture
Soil Water Index
(SWI)

measure

slope

curvature

1
σ (40, t ) = σ (θ , t ) − σ ′(40, t )(θ − 40) − σ ′′(40, t )(θ − 40) 2
2
0

0

TU Wien Model – Processing steps
Resampling

Surface State Flag (SSF)

Azimuthal
Normalisation
ESD
Calculate Slope
and Curvature
Incidence angle
Normalisation
Freeze/Thaw
detection
Estimation of
dry/wet reference
Wet correction
Surface Soil
Moisture
Soil Water Index
(SWI)

Naeimi, V., Paulik, C., Bartsch, A., Wagner, W., Member, S., Kidd, R., Park, S., et al.
(2012). ASCAT Surface State Flag (SSF): Extracting Information on Surface
Freeze/Thaw Conditions From Backscatter Data Using an Empirical ThresholdAnalysis Algorithm. IEEE Transactions on Geoscience and Remote Sensing.

TU Wien Model – Processing steps
Resampling

Source: Wagner, 1998

Cross-over angle concept
Azimuthal
Normalisation
ESD
Calculate Slope
and Curvature
Incidence angle
Normalisation
Freeze/Thaw
detection
Estimation of
dry/wet ref.

C

0
dry

=

Wet correction
Surface Soil
Moisture
Soil Water Index
(SWI)

C

0
wet

=

1

N lowet

N lower

j =1

∑σ

1

N upper

N upper

j =1

0
j

(θ dry )

0
σ
∑ j (θ wet )

Source: Naeimi, 2009

Historically Driest and Wettest Conditions
Dry backscatter reference at 40° incidence angle

Wet correction
In very dry climates the soil wetness never reach to the saturation
point

Wet Backscatter Reference
In deserts saturated conditions are not reached (corrections necessary)

TU Wien Model – Processing steps
Resampling

Soil moisture calculated relative to historically driest and wettest
conditions (Degree of Saturation)

Azimuthal
Normalisation
ESD

ms (t ) =

Calculate Slope
and Curvature
Incidence angle
Normalisation
Freeze/Thaw
detection
Estimation of
dry/wet reference

σ

Wet correction
Surface Soil
Moisture
Soil Water Index
(SWI)

SSM

0
σ 0 (t ) − σ dry
(t )

0
0
σ wet
(t ) − σ dry
(t )

SCAT Seasonal Soil Moisture Dynamics

Mean ERS scatterometer surface soil moisture (1991-2007)

TU Wien Model – Processing steps
Resampling
Azimuthal
Normalisation
ESD

Using the latest x number of surface soil moisture values,
calculate the profile soil moisture values using an infiltration
model
• T...characteristic time length (days)
• 1, 5, 10, 15, 20, 40, 60, 100 days

Calculate Slope
and Curvature
Incidence angle
Normalisation

SWI (t ) =

Freeze/Thaw
detection

SSM

Surface Soil
Moisture
Soil Water Index
(SWI)

s

i

∑e

−

i

i

Estimation of
dry/wet reference
Wet correction

∑ Θ (t )e

SWI

−

t −ti
T

t −ti
T

for t i ≤ t

Sentinel-1 – A Game Changer
C-band SAR satellite in
continuation of ERS-1/2 and
ENVISAT
High spatio-temporal coverage
• Spatial resolution 20-80 m
• Temporal resolution < 3 days
over Europe and Canada
o

with 2 satellites

Excellent data quality
Highly dynamic land surface
processes can be captured
• Impact on water
management, health and
other applications could be
high if the challenges in the
ground segment can be
overcome

Solar panel and SAR antenna of Sentinel-1
launched 3 April 2014. Image was acquired by
the satellite's onboard camera. © ESA

Summary
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Resumé of the TUW retrieval
Soil moisture retrieval method is a data-based approach
• Starts from the observations, not from theoretical model considerations
o

Nevertheless, the TU Wien method has a solid physical foundation

• Exploits multiple viewing capabilities
o

Important for modelling the effect of seasonal vegetation growth and decay
(phenology)

• Exploits the availability of long-term data series
o

Change Detection Approach: Accounts for heterogeneous land cover and
spatial surface roughness patterns

No external/auxiliary datasets are used for the retrieval
• No soil texture, soil type, land cover, biomass, evapotranspiration, brightness temperature…
• But raw backscattering signatures in different incidence (viewing) angles

Limitations & Caveats
Soil moisture retrieval is not possible over
•
•
•
•

Urban areas, concrete and rock
Water bodies and inundation
Frozen or snow covered soil
Under forests and dense shrubs

Soil moisture data quality varies in space and time because of
•
•
•
•

Vegetation water content and structure
Sub-surface scattering in dry areas
Topographic effects
Temperature dependency (for passive only)

Data quality described using uncertainty estimates (from error
propagation) and advisory flags
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Specific Concerns about Satellite Soil Moisture Data
CONCERNS
Coarse spatial resolution
• 25-50 km for current
operational data services

Only thin surface layer is sensed

WHY IT STILL WORKS
Temporal Stability
• Soil moisture dynamics can be
compared across spatial scale

Dense temporal sampling

• A few centimetres under
growing conditions

• Allows to predict profile soil
moisture content

Does not penetrate dense
vegetation

Retrieval accuracy best over
agricultural areas and
grasslands

