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Abstract
The thesis tries to answer the following question: “Can Ku-band scatterometry data be used
to identify location, duration and extent of seasonal standing water in Central Siberia?". The
temporal/spatial distribution of seasonal standing water is determined by the freeze-thaw
cycles, wetland distribution, soil moisture conditions and annual flooding patterns and is in
turn essential for estimating carbon fluxes (methane, carbon dioxide) and for climate change
studies.
Central Siberia was chosen as study region since it is one of the largest, most important and
least monitored biomes in the world, with large implications for global climate change. In
addition, The Institute of Photogrammetry and Remote Sensing at the Vienna Technical
University (I.P.F.) participates in the on-going SIBERIA-II project from which extensive
reference data can be drawn. A future integration of the results into SIBERIA-II appears
realistic.
The choice of Ku-band is justified by the readily available data from the SeaWinds
instrument onboard NASA’s QuikScat satellite. The spatial resolution of the data is coarse
(about 30 km) but the temporal sampling rate is excellent (enough measurements per day
even for studies of diurnal effects). This data was originally intended for sea backscatter
applications (wind measurements) but has shown to be useful even for land applications.
Most importantly, work by Son Nghiem from NASA JPL has suggested the capability of the
SeaWinds for mapping flooded areas.
It has been concluded that the potential of polarimetric studies of standing water depends
significantly on the extent of water areas inside the satellite footprint, both topsoil moisture
and water surfaces having important contributions to the co-polarization ratio. The study of
the extent of standing water is complicated by the polarimetric effects observed during
snowmelt.
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Acronym List
AATSR

Advanced Along-Track Scanning Radiometer

AMI

Active Microwave Instrument

ASCAT

Advanced Scatterometer

ADEOS

Advanced Earth Observation Satellite

AVHRR

Advanced Very High Resolution Radiometer

CALTECH

California Institute of Technology

CPC

Climate Prediction Cente

DAGFH

Dartmouth Global Atlas of Flood Hazards

DEM

Digital Elevation Model

DFO

Dartmouth Flood Observatory

ENVISAT

Environmental Satellite

EOS

Earth Observation Satellite

EROS

Earth Resources Observation Systems

ERS

European Remote Sensing Satellite

ESA

European Space Agency

GHG

Greenhouse Gases

GLC2000

Global Land Cover 2000

GRS 80

Geodetic Reference System 1980

GTS

Global Telecommunications System

HDF

Hierarchical Data Format

IFOV

Instantaneous Field of View

JPL

Jet Propulsion Laboratory

JRC

Joint Research Centre

L2A

Level 2A

MERIS

Medium-Resolution Imaging Spectrometer

MODIS

Moderate Resolution Imaging Spectrometer

NASA

National Aeronautics and Space Agency

NCEP

National Centers for Environmental Prediction (US)

NOAA

National Oceanic and Atmospheric Administration
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NRCS

Normalized Radar Cross Section

NSCAT

NASA Scatterometer

NWS

National Weather Service (US)

SAR

Synthetic Aperture Radar

SASS

SEASAT Scatterometer

UNFCCC

United Nations Framework Convention on Climate Change

UTC

Universal Time Coordinated

UWS

University of Wales at Swansea

WAMS

Wide Area Hydrologic Monitoring System

WMO

World Meteorological Organization

WVC

Wind Vector Cell
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Introduction

1.1 The Need for Monitoring
In the last decade, worldwide environmental awareness has increased substantially and the
requirement to monitor and understand environmental global change has widely been
recognized. Among the global change issues of most serious concern is the increase in the
concentrations of greenhouse gases (GHG) and their potential impact on future climate. It
seems that for the first time in history there is a discernible anthropogenic influence on the
climate of our planet.
The Kyoto Protocol to the United Nations Framework Convention on Climate Change
(UNFCCC) contains quantified, legally binding commitments to limit or reduce greenhouse
gas emissions to 1990 levels starting with the first commitment period (2008-2012). The
signatory countries are requested to mitigate carbon emissions and balance them with carbon
sinks (regions taking up more carbon from the atmosphere than the amount they release into
it) represented by e.g. vegetation or wetlands. This has raised a debate about the adequacy of
measurement and monitoring methodologies, and of current and planned operational
systems capable of acquiring the data needed to both assess carbon stocks/sinks at 1990
levels, and monitor the current and future global status of those stocks.
Some investments have already been made by governments and international agencies in
support of operational systems for verification, validation and reporting of the treaty
compliance of the individual countries. One of the materialization of this international effort
is the on-going SIBERIA-II project, which has as objective to demonstrate the viability of
full carbon accounting (including greenhouse gases: carbon dioxide, carbon monoxide,
methane, nitrous and nitrogen oxides) on a regional basis using the environmental tools and
systems available to us today and in the near future. The region under study is in Northern
Eurasia, covering an area of more than 200 million ha and representing a significant part of
the Earth's boreal biome which plays a critical role in global climate. Not incidentally, the
area studied in SIBERIA-II (around which the study area of the present thesis is centred)
exhibits some significant wetlands (regions of transition between land and water) and/or
regions with recurring flood events. Most of these regions are considered to be carbon sinks
where the water availability is has great impact on how vegetation takes up carbon from the
atmosphere [Nemani et al, 2002]. Any changes in the hydrology or freeze-thaw cycle of these
1
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regions is likely to affect their contribution to the global carbon flux. The warming predicted
by many climate models can have amplified consequences in high-latitude regions like
Siberia, the impacts not necessarily being linear. The state transition of the land surface from
a frozen to a thawed condition is abrupt near 0ºC and initiates a number of terrestrial
processes that are nearly dormant during frozen conditions. This state transition represents
the closest analogy to a biospheric and hydrologic on/off switch existing in nature,
profoundly affecting surface meteorological conditions, ecological trace gas dynamics, and
hydrologic activity [Running et al, 1999].
Studies by Arora et al [2001] have divided the world’s major river basins in different
categories and applied different climate change models on these, investigating possible
changes in streamflow magnitude and character. Results suggest that there are clear river
basin hydrology responses to the different climatologic models, both positive and negative.
According to this study the river Yenisey for instance will experience both increased mean
annual flow and increased flood magnitude. Monitoring the spatial and temporal extent of
the floods along rivers as these is just one of the several important issues for a realistic
assessment of the overall continental and global climate change situation.

1.2 Microwave Remote Sensing
Remote sensing with satellite based technologies has a great potential in providing
observations and data archives in order to investigate any changes in the terrestrial
ecosystems and at the same time reduce model uncertainties. For the best results it is highly
desirable that these observations be continuous in time and systematic [ISPRS, 1999]. It is
almost impossible to describe all the applications of remote sensing since it earned
recognition as a discipline in its own right with the launch of Landsat in 1972. The advances
in the different application areas have however not been simultaneous [Konecny, 1999]. One
of the reasons to this are resolution requirements. These have indeed been a limiting factor,
especially in the area of hydrology, where daily or even diurnal temporal resolutions are
required in the case of highly dynamic processes.
Unlike optical remote sensing, microwave remote sensing started off relatively recently, the
first successful mission with a large scientific impact being ERS-1 (European Remote
Sensing Satellite), launched in 1991 by the European Space Agency (ESA). The microwave
region is reasonably defined as the part of the electromagnetic spectrum stretching between
2
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0.3 and 300 GHz or 1 m to 1 mm wavelength. One of the numerous letter designations of
the microwave spectrum is shown in Fig. 1. The Ku-band is commonly defined as between
10.9 and 22.0 GHz.

Fig. 1. Microwave band designations [Ulaby et al., 1981]

Apart from dependence of the sun as source of illumination, another major limitation for
optical systems is the cloud cover. Processes like floods are often accompanied by rainfall
and thus cloudiness which temporarily discontinue observations. In comparison to optical
systems, microwave remote sensing systems penetrate the atmosphere very well (particularly
at lower frequencies) regardless not only of cloudiness but even precipitation and solar
illumination. The transmission percentage of microwaves under clear atmospheric conditions
is practically higher than 90% for frequencies below 40 GHz except for a narrow water
vapour absorption band at 20 GHz. Ice clouds that usually obstruct visible light are virtually
transparent for microwaves. Even water clouds have a negligible effect on Ku-band
microwaves, permitting 80-90% transmission [Ulaby et al. 1981]. Rain can yield considerable
attenuation on the Ku-band frequencies, depending on its intensity and shape of the water
droplets. This will be briefly discussed in Chapter 3.4.
In general, microwave remote sensing represents a valuable source of complementary
information related to that provided by visible and infrared sensors. Microwaves penetrate
deeper into vegetation, snow and soil and reveal information about the dielectric and
geometric properties of the target surface or volume. As we will see in Chapter 3.3, water is
of major importance in microwave remote sensing, because of its distinctive dielectric
properties. The higher the liquid water content in a medium, the less the microwaves will
penetrate it. This is one of the explanations for the successful use of microwave remote
sensing in the areas of forestry, glaciology, hydrology and agriculture.
The two major categories of microwave sensors are active and passive. On the active side,
radars transmit well-defined electromagnetic pulses towards a target and receive the signal
3
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scattered back from it. On the passive side, radiometers measure the emission of the studied
media occurring in the wavelength of interest. The limited sensitivity of radiometers and the
relatively low emission from an object at microwave frequencies (according to Planck’s law)
mean that radiometers must collect signal from over a larger area and thus have lower spatial
resolution.
Spaceborne active microwave sensors can be grouped into three categories:
•

Altimeters measure the time delay between the emitted and received pulses and thus
are able to measure land and ocean heights with a resolution in the order of a few
centimetres. They are usually used in various topographic mapping studies (lake level
monitoring, etc.) and ocean circulation modelling.

•

Scatterometers measure very accurately the backscatter response from surfaces as
function of illumination direction and wave polarization and frequency. Presently the
main application of scatterometry is ocean wind studies. The scatterometer
considered in the present study, SeaWinds onboard the QuikScat satellite will be
presented in detail in Chapter 2.3.

•

Synthetic Aperture Radars (SAR) also called imaging radars work along the same physical
principles as scatterometers with the exception that they achieve larger spatial
resolution (usually 10 to 30 m) by observing the same target from different locations
along the satellite orbit and thus creating an equivalent array of antennas (a synthetic
aperture). The enhanced spatial resolution comes necessarily with longer revisit
times, increased power consumption, high data rate and large size of the physical
antennas, often problematic to accommodate on satellites. These systems have found
broad applications in studies of surface topography (ocean surface waves, land use
patterns, snow and ice cover, etc.) and can be successfully operated in stereo
configurations (SAR interferometry).

1.3 Study Objectives
The main objective of the present thesis is to investigate the potential application of Kuband scatterometry for localising and monitoring standing water in the central Siberian
region in the northern hemisphere. By standing water in this case we understand the
saturated state of a water table due to thaw and/or flood events associated with snowmelt at
higher altitude or rainfall. The main approach will be based on recent advances in
4
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polarimetric scatterometry in the domains of water and ice detection and classification. The
strategy to achieve this can be summarized as follows:
•

to gain insight into the physics behind radar remote sensing in general and
scatterometry in particular (Chapter 3).

•

to understand some of the presently used geophysical models governing the
behaviour of the radar backscatter for different natural media in different physical
and biological states and to give examples of this in the considered geographical
study area.

•

to understand the general natural conditions (climate, relief, vegetation, hydrology
etc) of the study area and how these conditions might affect the observed radar
backscatter (Chapter 4).

•

to present some existent data sets and their provenance and to evaluate the validity
of the obtained results by comparison with these data sets (Chapter 5).

•

to understand the characteristics of the measurements provided by the scatterometer
used in the study (SeaWinds onboard the QuikScat satellite) in terms of spatial and
temporal coverage, acquisition angles, polarization, data quality and reliability (overall
noise statistics, contamination by atmospheric effects, etc). This will be treated in
detail in Chapter 6.2 and Chapter 6.3.

5
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Scatterometry

A scatterometer is an active microwave radar sensor that sends microwave pulses to the
surface of the earth and measures the reflection or scattering effect produced due to the
surface dielectric properties, vegetation and roughness. This reflection determines the
normalised radar backscattering cross section ( σ 0 ). Quantitatively σ 0 is governed by the
radar equation, which describes the relationship between the characteristics of the radar, the
target and the received signal. The backscattering coefficient changes in function of the
observed surface properties, but also with the incidence angle of the radar beam (usually
denoted ϑ ) and the azimuth (horizontal) angle between the radar beam and the observed
surface (usually denoted ϕ ). As noted before, spaceborne microwave scatterometers can
operate undisturbed by cloudiness and darkness. Their most common scientific application
today is in weather and ocean-atmosphere interaction (specifically acquiring ocean nearsurface wind speed and direction by measuring the backscatter from ocean waves), presently
being the only proven instruments that can do that with a high-detail, nearly synoptic global
view from several incidence and/or azimuth angles [Liu 2002, JPL 2003, Graf 1998].

2.1 History
Scatterometry gained the attention of scientists towards the end of the 1960’s when it was
realized that the “sea clutter” observed by Second World War radar operators on their
screens was not just any noise obscuring small boats and low-flying aircraft. It was in fact the
signal backscatter from small ocean surface waves, comparable in dimension to the
wavelength of the radar (in the order of centimetres).
Historically, ESA scatterometers use C-band (5 GHz), but the National Aeronautics and
Space Agency (NASA) prefers Ku-band (14 GHz). Ku-band is more sensitive to wind
variation at low winds [Liu et al. 2001]. Until now, apart from the first spaceborne
scatterometer experiments on Skylab in 1973-74, six scatterometers have been launched, all
on polar-orbiting, sun-synchronous orbits. Table 1 summarises the different instruments.

6
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ERS-2

ADEOS

QuikScat

ADEOS-II
(Midori-II)

MetOp-1

MetOp-2

MetOp-3

Instrument

SASS

AMI

AMI

NSCAT

SeaWinds

SeaWinds

ASCAT

ASCAT

ASCAT

Country

USA

Europe

Europe

USA

USA

USA

Europe

Europe

Europe

Radar Band

Ku

C

C

Ku

Ku

Ku

C

C

C

Frequency

14.6 GHz

5.3 GHz

5.3 GHz

13.9 GHz

13.4 GHz

13.4 GHz

5.3 GHz

5.3 GHz

5.3 GHz

VH, VH

VV, VV, VV

VV, VV, VV

VV, VV/HH, VV

VV, HH

VV, HH

VV, VV, VV

VV, VV, VV

VV, VV, VV

22º-55º

18º-47º,
24º-57º

18º-47º,
24º-57º

18º-57º,
22º-63º

46º, 54º

25º-55º,
34º-65º

25º-55º,
34º-65º

25º-55º,
34º-65º

50 km

50 km

50 km

50 (25) km

25 km

25 km

25 km

25 km

25 km

500 km 500 km

500 km

500 km

600 km 600 km

1800 km

1800 km

500 km 500 km

500 km 500 km

500 km 500 km

2005

2010

2014

Scan Pattern

Polarization
Incidence
Angle
Resolution

46º, 54º

Swath

Launch
Operation

1978

1991

1995

1996

1999

2001

Jun 78 –
Oct 78

Jul 91 –
Mar 00

Mar 96 –
present

Aug 96 –
Jun 97

Jul 99 –
present

Feb 03 –
Oct 03

Table 1. Characteristics of spaceborne scatterometers [compiled after ESA 2002, Figa-Saldaña et al. 2002,
Liu 2002].

2.2 Ocean and Land Applications of Scatterometry
The reason for the dominating application of scatterometry in oceanographic studies is
above all the correlation between the backscatter and the roughness of the ocean surface
according to various models. The dielectric properties of sea water can be considered
constant and the penetration of the radar signal into the water is minimal. Water surface
roughness is in turn correlated with the surface winds above the ocean. Inversion models for
ocean wind retrieval are usually a complex issue. Compared to wind speed determination,
wind direction determination is more difficult due to ambiguities of the solutions yielded by
the algorithms. The use of differently polarized radar pulses and decision functions help
eliminating these ambiguities. Without going into more details about wind retrieval, in Fig. 2
we present the basic relationship between ocean winds and radar backscatter.
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Fig. 2. The basic relationship between wind direction and radar backscatter in the case of ocean wind
scatterometry.

Backscatter from land masses interacts with the vegetation and the underlying soil surface,
resulting in a by far more complex physical process and the need of an advanced modelling
of the backscatter mechanisms. Nevertheless, backscatter data are being applied to an
expanding list of land applications. Scatterometer data have proven valuable in this research
area because of their superior earth coverage compared with other earth observation sensors,
Also, scatterometers are characterized by excellent radiometric stability that enables the
detection of subtle climate change signatures [Wismann 1998].
Most of the backscatter studies over land conducted so far were dealing with C-band
scatterometry, strongly emphasizing ice and snow detection, leaving relatively little material
about the particularities of Ku-band scatterometry over land.

2.3 The SeaWinds Instrument Onboard QuikScat
In August 1996 the NASA Scatterometer (NSCAT) was launched onboard the Japanese
Advanced Earth Observation Satellite (ADEOS, later renamed Midori1). It operated
flawlessly until June 1997, when the whole satellite was lost due to a failure of the power
system. During its relatively short operational lifetime, NSCAT demonstrated its usefulness
by providing accurate, frequent, global wide-swath measurements of σ 0 over open ocean,
land and sea ice.

1

Midori means green or greenery in Japanese and reflects the satellite’s focus on environmental monitoring.
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The SeaWinds on QuikScat (or QSCAT) mission was created as a quick replacement to fill the
gap between the two ADEOS missions. Launched on June 19, 1999 from California’s
Vandenberg Air Force Base onboard a Titan II vehicle, QuikScat carries the SeaWinds
scatterometer sensor, built by the Jet Propulsion Laboratory (JPL). It will continue to add to
the important ocean wind data set begun by NSCAT. Apart from returning scatterometer
data comparable to the high-quality NSCAT data to the scientific community, the QuikScat
mission wanted also to prove that it is possible to accomplish quick recovery missions that
would be operational in maximum twelve months from the initial failure.1
The practically identical version of the instrument from which SeaWinds on QuikScat was
anticipated was in the meanwhile launched onboard the Japanese ADEOS-II (renamed into
Midori-II) spacecraft in December 2002. This SeaWinds sensor underwent a calibration and
validation period with the operational provision of data scheduled to become available from
late 2003. However, on the 25th of October 2003 contact with the satellite was lost due to an
unknown anomaly [JAXA 2003] and the situation has stayed unchanged until the present
moment.
The design of the SeaWinds sensor is a significant design departure from previously flown
“fan-beam” scatterometer systems, being a “pencil-beam” design.

1

NASA’s Goddard Space Flight Center awarded the first-ever contract under its new Rapid Spacecraft

Acquisition (RSA) procurement method to Ball Aerospace & Technologies Corp. Procured under
commercial terms and conditions, the Ball’s BCP 2000 platform was selected for QuikSCAT over seven
other bus providers. The reasons – according to Ball Aerospace themselves [Ball Aerospace, 2002]:
minimal modifications to the basic offering design to accommodate the payload, an extremely short
delivery time to orbit and a competitive price.
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a)
b)
Fig. 3. a) The QuikScat Satellite [source: Ball Aerospace, 2002]; b) The QuikScat Scanning
Geometry [source: Spencer et al., 2000]

With fan-beam scatterometers such as SASS (Seasat Scatterometer), NSCAT and AMI
(Active Microwave Instrument) and the upcoming ASCAT (Advanced Scatterometer, see
Table 1), several fixed antennae are deployed to cast long, narrow illumination patterns.
Variable incidence angles are thus present inside the illumination pattern. The orientation of
the fan antennas is such that they cover different azimuth angles required for ocean wind
retrieval [Spencer et al, 2000]. The narrow dimension of the antenna beam pattern provides
resolution in the along-track direction (for more details about spatial resolution for sidelooking radars see Appendix A). The antenna structures are typically about three meters in
length and require large unobstructed fields-of-view on the spacecraft.
By contrast, SeaWinds’ pencil-beam system employs a single, approximately 1-m parabolic
dish that is conically scanned about the nadir axis to provide multiple azimuth measurements
(see Fig. 3). The antenna dish has two centre feeds, one for inner beam and one for outer
beam. The size of the two-way 3-dB footprint (see Appendix A) for each beam is shown in
Table 2a, together with other antenna parameters. Table 2b shows some of the satellite orbit
parameters.
An important advantage of pencil-beam systems is that, because of their more compact
design, they are much easier to accommodate on spacecraft, decreasing the costs of the
mission. The conical scanning geometry allows for a wide swath of measurements with a
constant incidence angle suitable and desirable for wind retrieval and other geophysical
10
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applications. This eliminates also the “nadir gap” (two parallel swaths) in swath coverage as
in the case of previous, fan-beam systems. A further advantage is the more easily
accomplishable multiple polarizations and/or simultaneous radiometer measurements by
using this design [Spencer et al, 2003].

Inner Beam

Outer Beam

13.4 GHz

13.4 GHz

Polarization

H

V

Elevation (Look Angle)

40°

46°

Surface Incidence Angle

46°

54°

Slant Range

1100km

1245km

3-dB Beam Width

1.8°×1.6°

1.7°×1.4°

Two Way 3-dB Footprint

24×31km

26×36km

Peak Gain

38.5dB

39dB

Along-Scan Spacing

15km

19km

Along-Track Spacing

22km

22km

Pulse Repetition Frequency
(PRF)

92.5 Hz

92.5 Hz

Rotation Rate

18rpm

18rpm

Beam footprint – nadir
distance

700 km

900 km

Wavelength (Ku)

a)

Nominal Value
Repeating Periodicity

4 days (57 orbits)

Orbital Period

101 minutes
(14.25 orbits/day)

Local Mean Time at
Ascending Node

6:00 AM ± 30 min

Altitude Above
Equator

803 Km

Orbit Inclination

98.616°

Ground Speed

6.6 km/s

b)

Table 2. a) QuikScat antenna parameters; b) QuikScat orbit parameters [Tsai et al, 2000].

2.4 Format of the SeaWinds Data and the Predefined
Grid
The SeaWinds data is made available to the scientific community as a Hierarchical Data
Format (HDF) product termed by the Jet Propulsion Laboratory (JPL) as Level 2A (L2A)
product. This data set consists of backscatter ( σ 0 ) measurements, as well as estimated
atmospheric attenuations and all sensor parameters, which are needed for subsequent
processing. Each σ 0 measurement is a return over an approximately 25 km x 35 km area.
For the purpose of wind retrieval they are grouped by location into 25 km by 25 km socalled wind vector cells (WVC), aligned with the along-track and cross track axis of the
QuikScat swath. Each Level 2A file contains data for one full orbital revolution of the
spacecraft.
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In order to perform time series analysis of this data, the measurements must be extracted
from the orbit datasets and allocated to a geometrically correct, point-based grid model of
the Earth surface. In Kidd et al. [2003:1] an overview of the dedicated processing chain for
extracting SeaWinds data that has been developed at the Institute of Remote Sensing at
Vienna University of Technology is presented. This gridding of the data is suitable for any
backscatter time series analysis, being the one used in the present study.
The design of the grid uses the GRS 80 (Geodetic Reference System 1980) for modelling
the surface of the Earth. A fixed grid spacing of 10 km between points in both latitudinal
and longitudinal directions is used (see Fig. 4). The resulting grid is regularly spaced between
89º S to 89º N with a discontinuity occurring only at the meridian along the International
Date Line. Since this region mostly coincides with water bodies, it doesn’t affect the usability
of the grid for backscatter studies over land.

Fig. 4. Cell and grid point design for time series analysis. The grid points are separated by 10 km in
both longitudinal and latitudinal directions [source: Kidd et al., 2003:1].

SIGMA0

LAT

LON

AZIMUTH

INFO_BYTE JULIAN_DATE DIST_TO_GP

-12.5300

74.5200

100.130

235.220

0

2451380.0

7453.00

-12.2300

74.4100

99.9300

344.310

24

2451380.0

6351.02

-11.0500

74.5200

100.120

61.4300

8

2451380.1

7364.48

Table 3. Three examples of the data structure each of which is holding one sigma-0 measurement.

In addition, to facilitate large area processing of data and production of the time series, the
grid points are organised in 5 by 5 longitude/latitude-degree grid cells. Due to the equally
spaced grid points, cells at a more northern latitude will contain less grid points (see Fig. 4).
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Approximately 43,000 grid points in a total of 30 cells (6 in longitude by 5 in latitude) are
required to cover the entire SIBERIA-II region of the present study. Grid points are
identified by an 8-digit number while cells have a 4-digit identifier.
All σ 0 measurements observed within a 12.5 km distance from a grid point are extracted
from the orbital data sets and allocated to that grid point. The distance (from 0 to 12.5 km)
between the measurement and the grid point is recorded for accurate future analysis of the
time series, along with other parameters present in the original data sets. The fact that each

σ 0 measurement is acquired over an elliptic 3-dB footprint and is allocated to all grid points
within 12.5 km from the centre of the ellipse leads to the geometry shown in Fig. 5.
According to this, backscatter allocated to any grid point can originate from locations as far
as approximately 28 km for the inner beam and 33.5 km for the outer beam (considering
only backscatter inside the 3-dB footprints). We will henceforth refer to the area inside these
distances to the grid point as grid areas. The gridding procedure introduces thus a spatial
averaging of the signal, necessary for systematic analysis and noise reduction.

13

Monitoring Seasonal Standing Water over Central Siberia
Using Ku-Band Scatterometer Data

Zoltan Bartalis
February 2004

Fig. 5. Backscatter grid point with surrounding grid areas. The red and blue ellipses represent the 3-dB
footprints of the inner and outer beam respectively. These can be oriented randomly, depending on the
azimuth angle under which the antenna is observing the grid area in question. The centre of the circles
represents the grid point and the dashed red and blue circles are the grid areas for the considered grid
point.

Some examples of the data structure holding one such σ 0 measurement each is shown in
Table 3, where the following attributes are stored together with σ 0 (measured in decibels):
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LAT

- the latitude of the grid point (decimal degrees)

LON

- the longitude of the grid point (decimal degrees)

AZIMUTH

- the azimuth angle at which the measurement was made (decimal degrees,
measured clockwise from the northern direction, north = 0º, east = 90º)

INFO_BYTE

- a binary 5-bit number whose different bits reveal whether the measurement
has an acceptable signal-to-noise ratio (SNR) or not (readily provided by JPL),
whether it comes from the inner beam or the outer beam, etc.

JULIAN_DATE

- the time at which the measurement was made, expressed in the Julian Date
Format1.

DIST_TO_GP

- the distance between the point where the measurement originates in and the
grid point to which it is attributed (in metres, between 0 and 12500 m)

1

The (decimal) number of days since noon on January 1, -4712, i.e., January 1, 4713 BC

(Seidelmann, 1992).
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Physical Principles

3.1 The Radar Equation and the Backscattering
Coefficient
The relationship between the characteristics of the radar transmitting and receiving antennae,
the target and the return signal is given in the so-called radar equation. Its form for the
monostatic case (when the radar antenna acts as both transmitter and receiver) is

 1 
 1 
Pr = (Pt Gt )
A (1 − f a )Gts 
A.
2  rs
2 
 4πR 
 4πR 

(1)

The equation describes basically how the power emitted by the antenna ( Pt ) is amplified by
the antenna gain Gt and reaches the scatterer after an attenuation by the spreading loss
1
proportional to the antenna-scatterer distance R (see Fig. 6). This power multiplied
4πR 2

by the scatterer effective area Ars in the direction towards the antenna is the power
intercepted by the scatterer. Part of this power is absorbed by a factor of f a and the rest is
retransmitted towards the same antenna with a scatterer gain Gts in that direction. The
power reaches the antenna again after an attenuation by the spreading loss. Its fraction
intercepted by the affective antenna aperture A is the final received power Pr .

Fig. 6. Monostatic radar principles [Ulaby et al., 1982]

The expression Ars (1 − f a )Gts is usually called σ , the radar scattering cross-section, the
magnitude of the contribution of the three components factors generally not being easy to
determine. The value of σ depends on the directions of the incident wave as well as of the
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shape and dielectric properties of the scatterer. Since the effective aperture area of an
antenna is related to its gain by

A=

λ2 G
,
4π

(2)

( λ is the wavelength) we can rewrite the radar equation (1) as

Pr =

Pt G 2 λ2

(4π )3 R

σ=
4

Pt A2
4πλ2 R 4

σ

(3)

where the first form is in terms of the antenna gain and the second in terms of the antenna
area.
In general scatterometers have footprints in the order of several tens of square kilometres,
thus the number of individual scatterers contributing to one measurement can be relatively
large. For such a distributed target one may define a dimensionless microwave cross section
per unit area often called normalized radar cross section (NRCS) or scattering coefficient (backscattering
coefficient in the case of monostatic radar) denoted by σ 0 . For this kind of targets we can thus
write:
Pr =

Pt G 2 0
λ2
σ dS ,
(4π )3 ∫S R 4

(4)

where S is the footprint area. Assuming that the number of the scatterers is large enough
and that Pt , G and R are constant enough, the solution to the integral is
3
(
4π ) R 4 Pr
σ =
2 2
0

Pt G λ S

=

4πR 2 E s
S Ei

2

2

.

(5)

The second form defines σ 0 in terms of the incident and scattered fields Ei and Ei ,
respectively. By convention the unit of σ 0 is m2m-2 but is most commonly expressed in the
logarithmic unit decibel:

[

σ 0 [dB] = 10 log σ 0 m −2 m 2

]

(6)

3.2 Polarization of the Incident Radiation
When discussing microwave energy propagation and scattering, the polarization of the
radiation is an important property. Polarization refers to the orientation and shape of the
r
pattern described by the tip of the electric field vector E . Many radars are designed to
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transmit microwave radiation that is either horizontally polarized (H) or vertically polarized
(V). A transmitted wave of either polarization can generate a backscattered wave with a
variety of polarizations upon interaction with a scatterer. In the remote sensing context,
r
r
horizontal polarization means that E has only a component Eh that is oriented parallel to
the earth’s surface and perpendicular to the direction of propagation. Vertically polarized
r
waves arrive to the earth’s surface with a vertical component Ev that is perpendicular to
r
both Eh and the direction of propagation. In vector notation, if
r
Ei ≡ hˆEhi + vˆEvi
(7)
r
Es ≡ hˆEhs + vˆEvs
(8)
r
are the incident respectively backscattered field, then Es can also be written as

r  E  e ikr
Es =  hs  =
r
 Evs 

 f hh
f
 vh

f hv   Ehi 
 
vv   Evi 

(9)

where e ikr r accounts for the scattered spherical wave front and the square matrix is the socalled scattering matrix that describes the polarimetric backscatter characteristics of the target,
that is how the incoming radiation should be redistributed in the four possible combinations
of polarizations [Nghiem et al., 1990]. The combinations of HH (horizontal transmit and
horizontal receive) and VV (vertical transmit and vertical receive) are used by the inner
respectively outer beams of the SeaWinds instrument. These two combinations are referred
to as co-polarized. Using the incident and scattered fields given in (7) and (8), the
polarimetric backscattering coefficients for these two cases are defined analogously to (5) by

σ

0
HH

=

4πR 2 Ehs
S Ehi

2

(10)

2

and
0
=
σ VV

4πR 2 Evs
S Evi
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3.3 Dielectric and Geometrical Properties Affecting
Microwave Scattering
The large number of both empirical and analytical models developed for microwave
scattering is a sign that the processes involved are complex and models apply only partially
and to a limited number of natural media at a time. Without going into details at this point
we can note that most models describe the backscattering coefficient as governed by the
following factors:
•

dielectric properties of the media involved

•

geometry of the boundaries between the involved media and of the scatterers within
them

•

incidence angle ϑ of the incoming radiation

•

polarization of the incoming radiation

In this chapter we will address the first two of these factors and how they influence
microwave backscatter from different natural media.

3.3.1 Dielectric Properties of Natural Media
Materials can be divided into three categories based on their reaction to an applied electric
and/or magnetic field: conductors, dielectric materials and magnetic materials. The by far
predominant part of natural media observed with satellite remote sensing falls into the
second category. The property associated with dielectrics is their permittivity ε . This can be
seen as an ability to store electric energy due to changes in the relative positions of electric
charge displacements formed by internal positive and negative charges, referred to as
polarization. The permittivity ε is described as the product of the permittivity of vacuum ε 0
and the relative permittivity ε r , also called the dielectric constant:

ε = ε rε 0

(12)

This dielectric loss can be expressed in terms of conductivity and frequency. The
permittivites of natural media encountered in remote sensing are mostly between 1 and 100,
with the large majority grouped close to the lower limit. With the exception of good
dielectrics, the dielectric constant is complex valued with both real and imaginary parts:

ε r = ε r′ − iε r′′
19
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The real part reflects ability to store electric energy, while the imaginary part indicates losses.
In other words, the ability to reflect the incoming electromagnetic wave increases with
increasing real part of the permittivity for that particular wave frequency. The ability to
absorb the electromagnetic wave increases with increasing imaginary part of the permittivity.
As implied above, the basis of the dielectric properties of condensed matter (solids and
liquids) is its ability to become polarized in the presence of an external electrical field.
Electric dipole moments induced into materials by applying an electric field can be due to
displaced electron clouds around their atomic nuclei, displacements of ions of opposite sign,
asymmetric charge distribution between dissimilar atomic partners in a molecule or
displacement of relatively free charge carriers over the extent of the entire considered
sample.
As a result, the dielectric constant of materials varies in general with the frequency of the
applied electric field, representing a measure of the polarizability of the material at that
particular frequency.

3.3.2 Scattering Mechanisms
An electromagnetic wave arriving to the interface between an upper and a lower semiinfinite medium is partly absorbed, partly scattered. If the lower medium is homogenous, or
if the wave can only penetrate very little into it, the wave will undergo surface scattering. In this
case, the scattering takes place at the surface boundary and can be a mixture of specular
(mirror) and diffuse scattering, depending on the surface roughness (see Figure 7).
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Fig. 7. Specular and diffuse components of surface scattered radiation at different degrees of surface
roughness. The incoming radiation has an incidence angle of ϑo . The diffuse component increases with
increasing surface roughness [Ulaby et al., 1981].

Fig. 8. Schematic illustration of volume scattering [Ulaby et al., 1982].

If the wave even partly continues its motion inside the lower medium (penetration depth is
high) and if the lower medium is heterogeneous, presenting a number of point scatterers, the
wave will be scattered again and some of it will enter back into the upper medium. We call
this contribution volume scattering (see Figure 888).

3.3.3 Water
Liquid water is unique among the naturally abundant materials since its molecule is
asymmetric in terms of electrical charge distribution, showing orientational polarization. This
property results in a high dielectric constant of 88 at 0ºC and 81.1 at 18ºC in static (zero
frequency) conditions [Hänsel et al., 1993]. This high dielectric constant dominates the
microwave response of natural landscapes and thus the water content of soil, vegetation,
snow and ice is crucial for the radar backscatter. At the so-called relaxation frequency the water
dipoles cannot follow the oscillations of the applied external electrical field and thus the
absorption ( ε r′′ ) decreases after this frequency. The degree of salinity (salt content) of water
has also an impact on the absorption and hence the penetration depth of microwaves. At the
Ku-band, the penetration depth of the microwaves into fresh water is hardly a millimetre
and even lower for salty ocean water. Water surfaces are thus very good surface scatterers. In
21

Monitoring Seasonal Standing Water over Central Siberia
Using Ku-Band Scatterometer Data

Zoltan Bartalis
February 2004

the case of side-looking radars, unless there are waves involved, backscatter from water
surfaces is very low because the incident radiation is reflected away in a specular fashion.
Figure 9 shows the relaxation spectrum ( ε r as function of the frequency of the applied field)
for water at different temperatures and salinities.

Fig. 9. The relaxation spectrum of water at different temperatures and salinities [Schanda, 1986]

3.3.4 Snow and Ice
As stated before, the polarization of ice takes place far more difficultly than in the case of
liquid water. Ice has a stable real part of the dielectric constant, ε r′ = 3.17±0.03. The
microwave absorption of ice is one of the lowest, ε r′′ = 0.001 for frequencies around
10 GHz. This means that microwaves penetrate ice very well, especially at lower frequencies
[Mätzler 1984].
Snow is a mixture between ice, air and liquid water and its dielectric constant is consequently
a weighted average. The backscatter of snow is influenced by (1) backscatter by the snow-air
surface, (2) backscatter by snow volume and depending on the penetration depth, (3)
backscatter by the underlying snow-soil surface. For dry snow, ε r′ is lower than about 1.7
and ε r′′ is similar to that of ice. The liquid water fraction of snow increases with increasing
temperature, backscatter from wet snow resembling more and more that from water.
Considering both scattering and absorption, backscatter from wet snow exhibits a saturation
effect: although the microwave response to wet snow increases with snow wetness, so does
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absorption. Backscatter has a good increasing trend with increasing snow wetness below 10
GHz but becomes less and less sensitive to changes in wetness for higher frequencies and
wetness (see Fig. 10) [Nghiem et al., 2001]. Ice and dry snow act predominantly as volume
scatterers while wet snow is mostly a surface scatterer.

Fig. 10. Backscatter at 57 incidence angle and horizontal polarization as a function of snow water
equivalent for dry snow [Nghiem et al., 2001]

3.3.5 Soil
Soil is the weathered outer layer of the lithosphere of the earth. When no water is present,

ε r′ varies between 2 and 4. The imaginary part is typically lower than 0.05. When wet, soil is
composed by three phases: a solid phase of mineral and organic matter, a liquid phase of
water and a gaseous phase of air, the latter two being hosted in the porosities of the solid
phase. The water contained in soils can divided into two fractions: bound water, contained in
the first layers around the solid particles and free water [Hallikainen et al., 1985; Dobson et al.,
1986]. The molecules in the bound water are tightly held in place by matrix and osmotic
forces and thus their dielectric properties, although not entirely understood today, are very
different from those of free water. Smaller average size of the soil particles (the soil texture
of e.g. sand, silt and clay) mean increased total area of the particles which should result in
increased fraction of bound water and thus decreased real part ε r′ of the dielectric constant.

23

Monitoring Seasonal Standing Water over Central Siberia
Using Ku-Band Scatterometer Data

Zoltan Bartalis
February 2004

Fig. 11. Dielectric constant dependency on volumetric soil moisture for a loamy soil (40% sand, 20%
clay, 40% silt)

Fig. 12. Effect of thawing on the dielectric constant for different volumetric soil moisture contents and
soil types [Hallikainen et al., 1984]

The so-called volumetric soil moisture content W (also denoted mv ) is defined as:
W =

Vw
Vt

(14)

where Vw is the volume of water and Vt is the total volume of the considered amount of
soil. Figure 11 is an example of how both the real and imaginary parts of the dielectric
constant increase with increasing soil moisture.
In order to understand the effect of the annual freeze-thaw processes particular to regions
like Siberia affect the microwave backscatter, we need to understand the drastic change in
the dielectric constant when the soil is passing from frozen to thawed state. At temperatures
below 0º the soil dielectric constant decreases strongly as the result of the inability of the
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dipoles of the soil water to polarize the frozen water by orienting themselves accordingly.
Since in this case no or little water in liquid form is present, the dielectric properties of
frozen soil are similar to those of dry soil. It should be noted that, as Figure 12 indicates, the
dielectric constant is temperature-dependent even for temperatures below 0ºC since a small
part of the water present in the soil pores does not freeze even at sub-zero temperatures.

3.3.6 Vegetation
Although dried vegetation tissue has a generally low dielectric constant (1.5 < ε r′ < 2.0,

ε r′′ < 0.1), plants normally contain 80-90% water. Even woody plants contain more than
50% water. This implies that even for vegetation the dielectric constant (and thus the
backscatter) increases with the volumetric water content. Similarly to the case of soil, water
in plants can be bound to organic compounds or relatively free.

Fig. 13. Backscatter types for a canopy over a soil surface [Ulaby et al., 1986].

In terms of scattering, the total backscatter from vegetation is made up of several
contributions including canopy volume scattering (leaves and branches), surface backscatter
from underlying ground, multiple path interactions between canopy and ground and doublebounce (“corner reflector”) systems between tree-trunks and ground (see Fig. 13) [Wagner,
2001]. Vegetation moisture content and geometric structure are thus key factors for the
backscatter. Dense forests and shrubs are usually “non-transparent” to Ku-band radar, while
sparse forest, grassland and agricultural crops are partly transparent. One of the most
important models to describe the backscatter characteristic of the vegetation is the Cloud
Model [Attema et al., 1978].
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In terms of polarization, single scattering tends to return the radar signal with the
polarization unaffected. Thus with vertically oriented objects (e.g., tree stems) the VV signal
response would tend to be high. As multiple scattering increases (e.g. multiple-bounce
corner reflectors), cross-polarization (HV or VH) increases. Thus with randomly oriented
objects (e.g., tree canopies with randomly oriented leaves) the cross-polarization signals of
HV or VH tends to be high.

3.4 Influence of Rain on the SeaWinds Backscatter
The effects of rain on the SeaWinds backscatter has been at the centre of a series of recent
studies, most of which touch only the case of backscatter from sea surfaces. One of the
differences from C-band relates to the higher sensitivity to rainfall of the Ku-band radar,
since its wavelength is smaller and more comparable to rain drops.

Fig. 14. Doppler spectra of the VV received power over a sea surface for a case with rainfall (solid
line) and a case without rain (dashed line). For both cases the incidence angle, wind speed and relative
azimuth angle between wind and rain were approximately the same: 48-49º, 5.2-5.5 m/s and 86-81º
respectively [Contreras et al., 2003].

The presence of rain inside the footprint area alters the proportions of backscatter
contributions. Additional backscatter results from the interaction of the signal with the rain
drops while the power density reaching the surface (and thus the contribution of the
backscatter from the surface) is attenuated. When analysing the effects of rain on the
backscatter it is important not to exclude the possibly different backscatter from the surface
due to changes in surface roughness because of rain. This is important especially in the case
of standing water where a series of ‘splash products’ like craters, crowns, stalks and ring26
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waves appear on the water surface and are comparable to the 2.1 cm wavelength of the
SeaWinds radar. Recent studies by Contreras et al. [2003] indicate that the backscatter over
water surfaces can actually even decrease, at very low incidence angles. In the same study the
backscatter contribution from rain drops is successfully eliminated from the signal using a
technique of Doppler shift thresholding (see Figure 14). Data was collected from sea
surfaces with a scatterometer mounted on a ship.
Stiles et al. [2002] indicated that horizontal polarization is much more sensitive to rain than
vertical polarization and studied the dependency of the rain effect on wind. Weissman et al.
[2003] further developed algorithms for rain rate determination as a result of comparisons
between SeaWinds measurements and in-situ rainfall data.
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Study Area Description

The region of research stretches from 50º to 75º northern latitude and from 85º to 115º
eastern longitude comprising 6 × 5 predefined grid cells (see Chapter 2.4), and comprises the
SIBERIA-II region. A physical map of the region is seen in Figure 15.
A good overview of the natural conditions of the SIBERIA-II study area is given in Nilsson
et al. [2003].
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Fig. 15. Physical map of the study area [SBRAS 2003].

4.1 Climate
In climatic terms, the region is very diverse. The average annual temperature varies between
around -13ºC in the northern Taymyr Peninsula to –1ºC in low-lying areas in the south. In
January the lowest averages reach -40ºC over the central Putorana Plateau and the highest
around –20ºC in the south. The equivalent summer averages are 6ºC and 18ºC, respectively
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[Stolbovoi et al., 2002]. Precipitation ranges from about 250 mm in the north to 1500 mm in
some altitudinal belts of the West Sayan mountain range.

4.2 Relief
The relief of the region varies mostly in a north-south direction: the low elevation of the
Arctic shores and the North Siberian Plain in the northern quarter of the region is
interrupted only by the Byrranga mountains in the centre of the Taymyr Peninsula (highest
point 1146 m). South of this, the Central Siberian Plateau is dominated by hilly terains and
low mountains, and includes a number of smaller plateau areas: Putorana (up to 1701 m),
Anabarskoe (up to 905 m), Siverma (942 m), Viljuiskoe plateaus. In the south the slopes of
the impressive mountain systems of Southern Siberia pile up: East and West Sayan,
Stanovoye Plateau, Yablonovyy Mountains, etc.

4.3 Hydrology
The river systems in the Siberian region belong to the nival regime, i.e. the water input
comes from the melting water [Wein, 1999]. The major rivers in the study area are the
Yenisey and its tributaries (Angara, Nizhnaya Tunguska, etc.) in the west, Khatanga and
Kotuy in the northeast, Vilyuy and Olenek in the east and the upper parts of Lena in the
southeast.
Each spring and summer, rivers across Siberia experience flooding as the waters in the south
begin to swell from the melting snow and run northwards before the ice has retreated from
the northern limits. The ice causes jams which are sometimes loosened up using explosives
[Pravda, 2001:1]. In the case of the Yenisey river, the first floods appear in the south at the
end of April and proceed northwards well into the month of June. As a result, 70-80% of the
annual discharge of large rivers occurs in the two months associated with the spring floods.
For smaller rivers, the equivalent discharge is 90-95% [Vorobev et al., 1987]. In contrast, in
winter rivers freeze partially or completely and the surface runoff is dramatically decreased.
During this time the ground water provides for the continuing runoff [Franz, 1973].

4.4 Vegetation
According to Nilsson et al. [2003], the forest vegetational regionalization of Kurnayev
[Kurnayev, 1978] divides the region into the following zones: polar; tundra; forest tundra;
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the zone of coniferous forests (taiga) with subzones of sparse taiga, northern taiga, middle
and southern taiga; zones of mixed forests (subtaiga), forest steppe and steppe.
The polar zone is only found on some islands in the Arctic ocean, where the vegetation
cover is very fragmented due to a wide coverage of ice. The tundra zone has three subzones,
(from the north to the south): arctic tundra, typical tundra, and southern shrub or prostrate
(dwarf) tundras. Tundra in general is represented by lichens and mosses in shrubs and mires
in more or less continuous patches. The vegetation height increases with decreasing latitude,
the southern tundra including dwarf willow species, etc.
A large part of the study region belongs to the typical boreal forest domain, represented by
different taiga zones. Forest tundra and sparse taiga cover the southern part of the North
Siberian Plain and the major part of the plateaus Putorana and Anabarskoe. The climate of
these zones is extremely severe and continental. Snow cover lasts for about 8 months, with a
growth period from 87 to 92 days. The period without frost varies from 44 to 67 days. Most
of the sub-zone is covered with larch forests but non-forested mire, rocky ground and water
areas are significant.
The subzones of middle and southern taiga sub-zones occupy the major part of the region.
Vegetation is represented by typical boreal forests. The percentage of forest cover is high, as
a rule, it reaches 60-70%. In the middle taiga, forests are basically formed by larch and pine
with small grasses, green mosses and shrubs. The southern taiga of non-mountain regions is
represented by pine and larch and spruce-fir forests with a mixture of deciduous species.
On the hill landscapes of the southern part of the area secondary deciduous forests are
common, dominated by birch and aspen, mixed with islands of forest steppe and steppe – to
the east these areas decrease. While landscape diversity is very high, ecosystem and species
biodiversity is low: there are approximately 25 tree and 85 shrub indigenous species in the
forests of the region. Secondary deciduous forests cover significant areas, but do not
generate an explicitly delineated zone. Mountain regions have a very diverse vegetation
cover, with the clearly expressed altitudinal zonality.
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Reference Data Sets

This chapter contains descriptions of the auxiliary data sets that were used for comparison
with the SeaWinds/QuikScat data analysis results as well as for justifying the selection of the
time series and spatial plots that are going to be studied in the coming chapter.

5.1 Dartmouth Atlas of Global Flood Hazard
The Atlas of Global Flood Hazard is developed and maintained by the DFO (Dartmouth
Flood Observatory) at the Dartmouth College, Hanover, NH, USA. It illustrates river floods
observed by MODIS, Landsat7, Radarsat, NOAA-AVHRR and other satellites. Each map in
the Atlas extends ten degrees in latitude and longitude and records actual floods as imaged
by orbital spacecraft since 1985. Inundation limits for each year are combined and shown as
one map color. Surface water detected by NASA's MODIS sensor and delineated through
multispectral classification procedures at Dartmouth provides a standard hydrography
(reference water) for comparison purposes. A mosaic of four such maps cropped to the
extent of the Siberian study area is presented in Figure 16. This map will be the reference
data when choosing the studied SeaWinds grid points. The material, although very useful,
has certain limitations: because it is developed mostly based on optical observations with
limited temporal resolution, (1) very quick flood events (as those in mountain regions) are
hard to detect; (2) cloud cover or other constraints sometimes restrict the ability to capture
peak inundation; (3) the maps can be incomplete and not illustrate all areas of possible flood
hazard.
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Fig. 16. Tiled map of flood occurrence in the study area [compiled from Brakenridge et al., 2004]

33

Monitoring Seasonal Standing Water over Central Siberia
Using Ku-Band Scatterometer Data

Zoltan Bartalis
February 2004

5.2 Land Cover Map
In analysing and modelling backscatter we will use the land cover product developed by
UWS (University of Wales at Swansea, United Kingdom) for the SIBERIA-II project
[Skinner et al., 2003 and 2004]. The land cover product is based on several sources, most
importantly data from NASA’s MODIS instrument. These include (1) atmospherically
corrected surface reflectance, (2) snow cover, (3) land surface temperature, (4) enhanced
vegetation index and (5) nadir adjusted surface reflectance. The spatial resolution of these
data sets ranged from 500 m to 1 km, while the temporal resolution was between 8 and 32
days. In addition, data sets from the MERIS, Landsat, ASAR and AATSR instruments were
used, as well as a number of test sites providing ground truth for data derivation and
verification.
The refinement of the land cover product is still going on at the time of writing. Some
characteristics of the land cover classes and how they have been derived by the UWS team
are presented in Table 4. The land cover classes for the study area are presented in Figure 17.

5.3 MODIS Imagery
To study the spatial extent of the water and snow cover in connection with flood events, we
used a number of MODIS scenes acquired from several sources. MODIS (Moderate
Resolution Imaging Spectroradiometer) is a key instrument aboard the Terra (EOS, Earth
Observation Satellite, AM) and Aqua (EOS PM) satellites. Terra's orbit around the Earth is
timed so that it passes from north to south across the equator in the morning, while Aqua
passes south to north over the equator in the afternoon.
The MODIS instrument provides high radiometric sensitivity (12 bit) in 36 spectral bands
ranging in wavelength from 0.4 µm to 14.4 µm. The responses are custom tailored to the
individual needs of the user community and provide exceptionally low out-of-band response.
Two bands are imaged at a nominal resolution of 250 m at nadir, with five bands at 500 m,
and the remaining 29 bands at 1 km. A ±55-degree scanning pattern at the EOS orbit of 705
km achieves a 2,330-km swath and provides global coverage every one to two days.
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Class Name

Training Data

Description

Water

Landsat and MODIS

All water bodies including rivers, lakes and open sea. Contains
some contamination by ice at very high latitudes.

Soil/Rock

Landsat and MODIS

Areas where bare ground or rock is exposed throughout the
spring and summer, excluding agricultural areas.

Urban

Landsat only

Urban areas as identified from Landsat imagery. This class has
virtually no impact on the present study.

Arable

Landsat and GLC20001

Agricultural land following a bare soil, crop cover, harvest, bare
soil cycle. Also areas of mixed cropland, forest and grassland

Light coniferous
Forest

Forestry GIS and
Landsat

Forest areas where either pine or larch dominate with a coverage
> 60%

Dark Coniferous
Forest

Forestry GIS and
Landsat

Forest areas where either spruce, fir or cedar dominate with a
coverage > 60%

Soft Deciduous
Forest

Forestry GIS and
Landsat

Forest areas where either birch or aspen dominate with a
coverage > 60%

Humid Grassland

GLC2000

Herbaceous vegetation with a growing season of > 5 months and
shrub cover <20%

Wetland

GLC2000

Sphagnum moss and lichens or rushes and sedges are dominant

Tundra – Lichen
Moss

GLC2000

Dry to wet barren regions with sparse lichens, mosses and
scattered herbs.

Steppe

GLC2000

Herbaceous vegetation with a growing season < 3months.

Tundra – Heath

GLC2000

Tundra regions dominated by erect shrubs mostly 40cm tall.

Unproductive
Needleleaf Forest

Forestry GIS and
MODIS

Sparse needleleaf forest – further description needed.

Unproductive
Broadleaf Forest

Forestry GIS and
MODIS

Sparse broadleaf forest – further description needed.

Table 4. Description of used land cover classes [Skinner et al., 2003 and 2004].

1

The GLC2000 map, derived by Sergey Bartelev (Joint Research Centre, Italy) over Northern Eurasia,

was created using an unsupervised classification technique to identify a large number ‘natural clusters’ in
feature space from the four SPOT VGT spectral channels. The clusters were then manually combined
and the various classification results obtained from different combinations were analysed. The accuracy
of the classes derived only from this dataset is apparently not optimal since the accuracy of the
GLC2000 has not been assessed. Work is underway to remedy this deficiency.
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Fig. 17. Land cover classes for the study area [Skinner et al., 2003 and 2004].

5.4 Meteorological Data
The Climate Prediction Center (CPC) of the U.S. National Centers for Environmental
Prediction (NCEP) under NWS/NOAA (National Weather Service/National Oceanic and
Atmospheric Administration) extracts surface synoptic weather observations from
meteorological stations of the WMO (World Meteorological Organization). There are
exchanged on the Global Telecommunications System (GTS). CPC performs limited
automated validation of the parameters and summarizes the data for all reporting stations on
a daily basis to current operational requirements related to the assessment of crop and
energy production. If the maximum or minimum temperatures are not reported, they are
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estimated from reported air temperatures in the regular synoptic reports when sufficient data
exist. The meteorological data sets are available as daily summaries and long term monthly
means. A map with the WMO stations in the study area is shown in Figure 18. The data
availability for these stations is highly variable, the best being for southern stations. For the
present study we use daily data for (1) maximum temperature, (2) minimum temperature, (3)
precipitation and (4) snow depth. The data set covers the time period between September 1,
1991 and October 31, 2003.

Fig. 18. Location of WMO stations inside the study area [Kidd, 2003:2].

5.5 Digital Elevation Model
For correct analysis of the radar backscatter values it is important to quantify any possible
azimuthal effects due to, among others, terrain topography. Figure 19 shows the relief of the
study area through the GTOPO30 DEM (digital elevation model) [LP DAAC, 2003]. This
data set is a freely distributed global DEM resulting from a collaborative effort led by the
staff at the U.S. Geological Survey's EROS (Earth Resources Observation Systems) Data
Center in Sioux Falls, South Dakota. Elevations in GTOPO30 are regularly spaced at 30-arc
seconds (approximately 1 kilometer). Elevations are given in integer metres.
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Fig. 19. GTOPO30 Digital elevation model of the study area [LP DAAC, 2003].

5.6 ENVISAT ASAR Imagery
Envisat (Environmental Satellite) is an ESA satellite launched in March 2002. It carries
onboard a series of instruments, among others the ASAR (Advanced SAR) imager. It
extends the mission of the Active Microwave Instrument (AMI) SAR instruments flown on
the European Remote Sensing (ERS) Satellites ERS-1 and ERS-2. ASAR works in the Cband and uses an active phased-array antenna, with incidence angles between 15 and 45
degree. Compared to ERS AMI, ASAR is a significantly advanced instrument employing a
number of new technological developments which allow extended performance.
Improvements in image and wave mode beam elevation steerage allow the selection of
different swaths, providing a swath coverage of over 400-km wide using the so-called
ScanSAR (wide swath) techniques [ESA 2004].
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Analysis

6.1 Methodology for Investigating Standing Water
Recent work by Son V. Nghiem at Caltech/JPL (California Institute of Technology/Jet
Propulsion Laboratory) and his collaborators at the Dartmouth Flood Observatory have
resulted in the operational Wide Area Hydrologic Monitoring System (WAMS). This
application monitors floods and wetlands and the results are available online at the DFO
website [DFO, 2004:1]. Unfortunately, restrictions on the publication of research
information have limited our knowledge of the used research methods to the minimum. The
basic principle of the quoted research that is known to us is that the decibel-domain
difference between the inner and outer beam backscatter is an indicator of a flooded surface.
Since the polarization of the inner beam is HH and that of the outer beam is VV, this
difference is in fact a polarization ratio in the non-decibel domain. Accordning to the DFO
[2004:1], processed SeaWinds/Quikscat polarization ratio data are averaged over 7 day
periods to produce weekly surface water anomalies. A threshold is then set for this average
value to delimit flooded and non-flooded areas: if the horizontally polarized backscatter (in
dB) minus the vertically polarized backscatter (in dB) is greater than 2.7, the area is
considered under a surface water anomaly and thus likely to be flooded. This change is,
according to Nghiem [Nghiem et al. 2000], attributed to a polarization reversal of the
backscatter over flooded areas: due to the presence of water, backscatter is dominated by
reflection terms and the HH/VV ratio becomes positive in the decibel domain. Note that in
the statements above, the use of specific variables in an equation was deliberately avoided,
not knowing more about exactly what pre-processing was applied to the backscatter that
figures in the quoted ratio.
As a first part of our analysis, in Chapters 6.2 and 6.3 we will look at the uncertainties in the
SeaWinds measurements by first considering the statistical spatial, temporal and azimuthal
distributions of the measurements and then developing a noise model. Later, in Chapter 6.4
we apply our interpretation of the DFO model onto the Siberian study area and compare the
results with the Dartmouth Global Atlas of Flood Hazards (DAGFH). Based on this, in the
third part of the analysis, we select several grid points in regions that present an interesting
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phenomena in terms of water occurrence and look at the temporal evolution of both
absolute backscatter and polarization ratios at a more detailed level.

6.2 Distribution of the SeaWinds Measurements
6.2.1 Location, Acquisition Time and Number of Measurements
At a first inspection of arbitrarily chosen time series of SeaWinds σ 0 measurements it has
been noticed that both the frequency of the measurements and their acquisition time during
the day varied significantly. The number of measurements per day ranged between none and
around 25. In order to understand the backscatter time series and to derive a noise model
(see Chapter 6.3) it is important to know how and why these variabilities arise.
As most other radar satellites, QuikScat orbits around the Earth in a sun-synchronous orbit,
meaning that the satellite orbit plane is kept perpendicular to the Earth-Sun plane. This also
implies that the satellite crosses the equatorial plane at the same local mean hour every day:
approximately 6:00 AM for ascending orbits and 6:00 PM for descending orbits. The ground
pattern of the two simultaneously rotating radar beams (inner and outer) is superimposed
over the ground track of the satellite, yielding a helical trace. The theoretical measurement
patterns for one day are seen in Figure 20.
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a)
b)
Fig. 20. QuikScat one-day (14 orbits) measurement location pattern: a) inner beam; b) outer beam.
Each dot corresponds to every tenth σ 0 measurement.

Figure 21 presents the same pattern centred over the Siberian study area, showing an
example of descending (evening) orbit passages for both inner and outer beam. The
ascending patterns are very similar, the only difference being that, due to the orientation of
the ‘spiral’, a larger number of measurements group on the western edge of the swath rather
than on the eastern as in the case of the descending swath. The procedure and geometrical
formulas used to produce the coverage are presented in Appendix B.
Additionally to the polarimetric (inner- and outer beam) separation, we differentiated
between measurements acquired during morning (ascending) passes and those acquired
during evening (descending) passes. Averaging all morning or evening measurement into one
value implies that the temporal resolution of the time series will be diurnal (12 hours). This is
desirable for studying geophysical parameters that may vary from morning to evening, like
the frozen or thawed state of the ground. However, before the averaging it was necessary to
do a conversion from the original UTC time format of the measurements to the local mean
hour of the measurement location. Otherwise the measured parameters would not represent
local timing conditions.
Figure 21 reveals that, if the sensor is continuously operated, there will always be at least one
measurement per morning/afternoon in the considered Siberian region for the outer beam
while at latitudes lower than around 57.5º it is possible not to have any measurement at all
per diurnal period (morning or afternoon) for the inner beam. Clearly, the frequency of
measurements per diurnal period rises with latitude. This fact is demonstrated also by the
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plots created from existent time series and presented in Figure 22a, where we can distinguish
a peak in the number of outer beam measurements at around 73 degrees. This is the
equivalent of the concentric, higher-density ring of Fig. 20 where the swaths intersect. The
inner beam has also a peak, but it falls just north of the studied region. There are other,
much weaker peaks at about 64.5 degrees, also recognizable in Figure 20.
The plot in Figure 22b was also created from existent data and shows how the possible range
of the measurement acquisition time during the day also depends on latitude. The considered
region lies in the northern hemisphere thus morning measurements occur strictly before 6:00
AM local mean time and evening measurements after 18:00 PM local mean time. The inner
beam measurements per diurnal period can occur in a shorter time span than the outer beam
ones. Starting with the northern latitude of 73º, outer beam measurements can occur any
time between 6 PM and 6 AM the next day. These restrictions, that measurements come
from a limited time interval of usually 2-3 hours, must be kept in mind when averaging
measurements into a single value representing the whole morning or evening period.
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a)

b)
Fig. 21. Examples of measurement location patterns for descending (afternoon) orbit passes over the
SIBERIA-II region: a) inner beam ; b) outer beam. Each dot in the swaths corresponds to one σ 0
measurement. The two black ellipses in the top image are circles with 60 km diameter, comparable to
the size and shape of one grid area.
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a)
b)
Fig. 22. a) Dependence of the number of measurements per day (average of all days of 2002) on the
latitude.
b) Dependence of the acquisition hour of backscatter measurements (expressed in local mean time) on
the latitude.

Fig. 23. The azimuth of all measurements acquired from Dec. 11 to Dec 21 2000, for grid point
17001601 (lon.: 54.91, lat.: 95.08)
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a)

b)
Fig. 24. Histograms of the azimuth distribution of July measurements according to latitude, inner (a)
and outer (b) beam. The four latitudes range from the southernmost to the northernmost latitudes of the
SIBERIA-II region. The width of the bins is 10º and the measurements are taken from all available
months of July.

45

Monitoring Seasonal Standing Water over Central Siberia
Using Ku-Band Scatterometer Data

Zoltan Bartalis
February 2004

6.2.2 Azimuth of Measurements
As stated before, due to the rotation of the antenna, measurements acquired in the same
beam will have the same incidence angle but highly variable azimuth angles. This angle
depends on the latitude of the considered grid point. In the time domain, both the morning
and afternoon acquisitions for inner or outer beam build obvious patterns that show how
the azimuth ‘drifts’ in time (see Fig. 23). Most important to consider is the general tendency
of the azimuth angle to cluster in large but narrow groups when the grid point falls near to
the edge of the beam swath. In other words, when the azimuth angles at a given passage are
well distributed over 0-360º, the number of observations for that passage is small.
Figure 24 illustrates the latitude dependency of the azimuth observation frequency by
showing histograms for the distribution of the inner and outer beam azimuth angles for July
measurements in four grid points, from the southernmost to the northernmost latitude of
the SIBERIA-II region. Notice that at high latitudes in the outer beam, the azimuth range is
interrupted because of the change in ascending to descending orbit. The satellite simply
cannot pass through an even higher latitude to be able to acquire at an azimuth angle of
around 180º (pointing towards the Equator).
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6.3 Noise Model
Because of noise, every measurement of any physical quantity such as QuikScat σ 0
backscatter is uncertain. Since time series analysis of the signal is based on individual
measurements averaged into diurnal periods, we need to have a clear picture of the statistical
reliability of the individual measurements. To do so, it is necessary to create an error or noise
model for each measurement grid point, based on the beam the σ 0 measurement comes
from and the number of such measurements for the considered grid point during the time
period in question.
The QuikScat σ 0 backscatter varies constantly due to influences from the observed medium
on the ground, but also the topography of the ground, the state of the atmosphere, the
instrument, the azimuth and incidence angles under which the observation is made, radar
speckle, etc. Speckle (the interference effects as a consequence of the phase difference
between the scatterers, giving the granular appearance in radar images) is a physically welldefined phenomenon and thus no random noise source [Oliver et al, 1998]. Nevertheless, it
is considered noise in our time series analysis since its effect is adding to the uncertainty of
the measurement, just like the effect of instrument noise, the contribution of which is usually
systematic.
Let us express the backscattering coefficient as the sum of its ‘true’ physical value σ t0 and a
noise term σ n0,ϕ :

σ 0 (ϕ ) = σ t0 + σ n0,ϕ .

(1)

Consider now all such measurements taken on one particular day (local mean time), in the
same grid area. For now, the effect of the variable azimuth angle at which the observations
are made is considered a contribution to the overall noise. At a later stage, the azimuth angle
can be transformed into an independent variable, permitting study of its effect. The
reasoning presented here is adapted from Wagner [1996], where the author developed a
noise model for the ERS Scatterometer. Consider the difference

ϑ = σ 0 (ϕ1 ) − σ 0 (ϕ 2 ) ,

(2)

where the two backscatter measurements are acquired at the same satellite overpass and
belong to the same grid area and same beam. Both measurements are acquired very close in
time, the difference ranging from some milliseconds to some hours (see Chapter 6.2.1). The
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σ t0 term is not present in ϑ any longer as it is eliminated by subtraction. Since σ 0 (ϕ 1 ) and
σ 0 (ϕ 2 ) are mutually independent and normally distributed in the logarithmic dB-scale
[Ulaby et al. 1981, 1982, 1986], their difference will also be normally distributed, according to
the central limit theorem [Vännman 2002]. The variance of a linear combination of random
variables
F = a1Y1 + a 2Y2 + ... + a nYn

(3)

Var ( F ) = a12 Var (Y1 ) + a 22 Var (Y2 ) + ... + a n2 Var (Yn ) .

(4)

is

The variance of ϑ is thus:
Var (ϑ ) = Var (σ 0 (ϕ1 )) + Var (σ 0 (ϕ 2 )) = 2 Var (σ 0 ) .

(5)

We can now express the standard deviation of σ 0 as:

SD(σ 0 ) gp =

SD(ϑ )
2

,

(6)

where the gp index indicates that the standard deviation is a general value valid for all
measurements in the concerned grid area and antenna beam (inner or outer). We are now in
the position to estimate the standard deviation of a QuikScat measurement from previously
acquired QuikScat measurements in the same grid point using the same antenna beam as
follows:
For the present noise model elaboration a temporal data subset consisting of all the
measurements from the months of July was chosen. This has been found necessary in order
to avoid excessive data load. During July most of the study area is snow- and frost-free and
its surface characteristics relatively stable and, in any case, day-to-day variations of the
backscatter are removed by taking the difference mentioned above. Then, for every grid area
and day within the considered temporal subset we create two n × n matrices (one for each
beam), where n is the number of measurements in the considered beam, day and grid area.
The matrices are then filled with all the possible ϑ differences for that beam, day and grid
area. Thus, one such matrix will have the shape:
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σ 10 − σ 20 σ 10 − σ 30 ... σ 10 − σ n0 

0
σ 20 − σ 30 ... σ 20 − σ n0 
0
... σ 30 − σ n0 
σ 30 − σ 20

 0
 0
0
σ 2 − σ 1
M = σ 30 − σ 10

 ...
σ 0 − σ 0
1
 n

...
σ − σ 20
0
n

...
σ − σ 30
0
n

...
...

...
0






(7)

Clearly, in terms of the absolute value of the elements, M is symmetrical, so only the
elements above the main diagonal need to be stored. Next, we create two larger statistical
populations of ϑ differences by joining first the contents of all inner beam matrices and
second, all the outer beam matrices. We then calculate the mean and standard deviation for
each of the two populations of differences. According to equation (6), the standard deviation
of each of these populations divided by

2 is SDbeam (σ 0 ) gp , the best estimate of the

standard deviation of any future σ 0 -measurement in the same antenna beam. The index
beam specifies which of the two beams the standard deviation was calculated from.

Let us see what this means in practice: if one morning we have p measurements from the
inner beam, we can attribute a backscatter of σ m0 to the entire whole morning period [Scott,
2003], where:

σ m0 ≈ σ m0 ±

SDinner (σ 0 ) gp
p

.

(8)

σ m0 is the mean value of the p measurements. Similarly, if the same day we have q evening
measurements in the outer beam, the resulting backscatter for that entire evening period will
be:

σ ≈σ ±
0
e

0
e

SDinner (σ 0 ) gp
q

,

(9)

where σ e0 is the mean of the q measurements.
In this manner we replace a variable number of measurements per diurnal period with a
single measurement provided with ‘error bars’. It is important to note that in order for the
reasoning above to work, the azimuth angles at which the σ 0 -measurements in the matrix
M are acquired at have to be randomly chosen between 0º and 360º. As we’ve seen in

Figure 24 (Chapter 6.2.2), the orbit characteristics – and implicitly the latitude – influences
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the azimuth distributions, but except for very high latitudes, the probability of choosing any
angle between 0º and 360º is fairly constant, thus the noise model is applicable.
This noise model can be further refined – as stated previously – in order to separate the
noise-like effects of different measurement azimuth angles from the rest of the noise. For
doing that, we can define

ϕ = ϕ1 − ϕ 2

(10)

as the difference between the azimuth angles of two measurements σ 0 (ϕ1 ) and σ 0 (ϕ 2 ) ,
made in the same grid area, day and beam. Matrices similar to those mentioned above could
be created with these values as well. We could then separate measurements with similar
azimuth angles from those taken at rather different azimuth by setting a threshold of for
instance ϕ ≤ 20° and ϕ > 20° . We can characterize the azimuthal effects by putting all the
azimuth differences from the “narrow” group in one population and the ones from the
“broad” group into another and calculating the mean and standard deviation for each of the
populations. By relating this to the overall noise statistics calculated in Equations (8) and (9)
we can estimate how much of the noise is due to different backscatter at different azimuth
angles.

6.4 Evolution of the Polarization Ratio over the Study
Area
In this section we calculate and plot polarization ratio values over the whole Siberian study
area in order to have a general idea about the spatial variability of this parameter and to
compare it to the optically derived reference data of the DAGFH. For every day we calculate
the average values for four different backscatter categories, inner beam (HH) morning, inner
beam (HH) evening, outer beam (VV) morning and outer beam (VV) evening. We then
create daily decibel differences between (1) the inner beam morning and the outer beam
morning and (2) inner beam evening and the outer beam evening. We will call these δ M and

δ E , respectively. Each of the two (morning and evening) daily differences are then averaged
over 15 days separately. We limited ourselves to backscatter data from the year 2002. Figures
25 and 26 show the evolution of the morning respectively evening polarization ratios. The
15 days periods are centred around the dates indicated above each plot.
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At a first inspection, although similar to each other, both δ M and δ E vary significantly, not
just spatially but in time as well. On the 8th of January, most of the region is snow-covered.
the patterns that catch the eye are the very high δ of the subarctic lakes on the Taymyr
peninsula, especially Lake Labaz at around 72ºN and 100ºE. The same can be said about
Lake Ubsu-Nur in Mongolia on the lower-left edge of the image, a saltwater lake at 1000 m
altitude.
At this time, Lake Baikal is divided horizontally at around its middle, over the upper half the
polarization ratio being higher than the surroundings. Over the lower half the ratio is lower
than the surroundings. By comparing this to existent MODIS imagery of the area, we deduce
instantly that the high ratio corresponds to already frozen lake surface while the lower ratio
shows a still liquid surface.
As we advance in towards March and April, the overall polarization ratio in the image
increases, especially in the southern half and for the morning images. This corresponds to an
increase in the overall moisture in the south, since now the days are affected by positive
temperatures and the thawing is starting. This effect is seen even more dramatically in case
we would have chosen to show the ratios between morning and evening acquisition at the
same polarizations, since the thawing is more pronounced in the evening hours than in the
morning. The south of the region receives also the most snow and is where the vegetation is
the most dense, increasing thus the probability of changes in the backscatter polarization. At
this time, Lake Baikal displays very high polarization ratios.
In the images from the 28th of May, the thawing has moved well northwards, the increased
ratio being again more pronounced in the morning images. The thawing has left behind a
region of intense δ around the confluence of the Yenisey and Nizhnaya Tunguska rivers
and stretching a few hundred km south, in the centre-left of the image. By localising this
region in the flood occurrence map in Fig. 16, we realize spring floods have a very high
occurrence in this particular region. In fact, it is the most pronounced flood area in the entire
study area. The discovered correlation prompts us to further study the flood event in Section
6.5.2.
In the images from July and August, the thawing has reached its most northerly regions.
Summer has come to the whole area: all lakes and the open waters of the Kara and Laptev
Seas present very low polarization ratios. Some of the land areas also present a peculiarly low
ratio.
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In November and December, a similar ‘green cloud’ is making its appearance as during the
spring thaw, this time from north to south and less well-defined and sharp. In the December
image Lake Baikal completes its yearly cycle when the frost descends from the north, raising
the polarization ratio over that part of the lake. Also for lakes Ubsu-Nur and Labaz the cycle
is complete, δ in their case staying very high for the rest of the winter season.
If we disregard the changes in δ due to the freeze-thaw cycle, the polarization ratios stayed
relatively constant and high in general over the areas classified as wetlands at the centre-left
of the images, as well as for parts of the North Siberian Plain along the rivers Khema and
Khatanga.
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Fig. 25. Polarization ratios for morning acquisitions. The units are decibels.
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Fig. 26. Polarization ratios for evening acquisitions. The units are decibels.
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6.5 Regional Analysis
In this section we are going to look into the details of the backscatter evolution for three
sub-regions of the study area. These are (1) Lake Baikal, (2) the spring flood event at the
confluence of the Yenisey and Nizhnaya Tunguska Rivers and (3) Lake Labaz. All three
areas consist of large amounts of unfrozen water at least for certain periods of time. We will
investigate the contribution to the backscatter of the water as well as try to see how
appropriate it is to apply a polarization ratio threshold like the one developed by Son
Nghiem and DFO.

6.5.1 Lake Baikal
Figure 27 shows the chosen grid area completely within Lake Baikal and Fig. 28 shows its
corresponding backscatter time series for the years 2001 and 2002 together with
meteorological data for the closest lying WMO station (Ust-Barguzin, at about 25 km
distance). The shown error bars for the backscatter have been developed according to
Chapter 6.3. The grid area being on a water surface, we do not need to consider any
azimuthal dependency of the backscatter according to variable relief.
The most obvious characteristics of the time series is its periodicity. Summer and winter
periods can be distinguished by comparing to the sinusoidal trend of the temperatures and
the periodic presence of snow. The top diagram shows the absolute backscatter in the inner
0
0
and σ VV
respectively. In winter time, the signal strength is high
and outer beams, σ HH

(about –15 dB, comparable with backscatter over land) and relatively stable. The beam
difference (polarization ratio) is a constant 2.5-2.7 dB. This behaviour corresponds to the
frozen lake covered with snow.
In summer, the backscatter is extremely low and varies much more than in winter, as a result
of open water where the radiation is absorbed due to the high dielectric constant to water.
Radiation might also be scattered away in a specular way and at the same time is affected by
the surface waves which give its high variability. This kind of variability is commonly used in
the typical scatterometer application of wind retrieval over oceans. Another remarkable
detail of the summer period is that the backscatter is slowly rising towards the autumn. As
far as we know, this behaviour has no explanation yet, possibly the interference of any
seasonal change in the prevailing wind direction over the lake.
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During the winter-summer transition period (like May 2002) the signal reflects changes in
types and wetness of the ice and snow that eventually become open water [Yueh et al., 1988].
The polarization ratio is then close to zero, possibly suggesting that the co-polarized
radiation has become entirely cross-polarized due to large number of bounces between the
irregular structures created when ice is breaking up.
We used a series of MODIS images to determine the ice-free period for the present grid area
for 2002. This was found to be at least 29th of May – 22nd of September. Using these
extremes, and keeping in mind that the trend of the backscatter is not constant,

we

determined nevertheless the mean summer values as being:
0
σ HH
= -21.8022 dB

0
σ VV
= -21.6192 dB

δ M = -0.175391 dB

0
σ HH
= -22.1194 dB

0
σ VV
= -21.6192 dB

δ E = -0.185360 dB

M

E

M

E

Table 5. Set of parameters for 100% standing water.

In Section 6.5.2.3 we will use these values as reference for backscatter from areas covered
with 100% unfrozen water. Notice that δ is slightly negative for both morning and evening
acquisitions, contrasting with the positive values in summer. This observation is used by
Nghiem et al. [2003] to successfully map the ice cover of the Great Lakes. Remember that
the QuikScat vertically polarized backscatter is taken out at a larger incidence angle than the
horizontal one, so δ for summer would be even more below zero would both polarizations
have the same incidence angle. This agrees well even with other empirical observations
[Tonboe et el., 2002].
Another interesting detail to notice in the winter 2002 period are the three occasions during
March and April when the temperatures oscillated between negative and positive. Every time
the temperature was above zero, the backscatter decreased promptly and the diurnal
(morning minus evening, second and third plots) difference increased. At re-freezing the
effect was cancelled. This is due to the already mentioned freeze-thaw cycle, that causes the
snow surface to become wetter, absorbing the incoming radiation. The fact that the snow is
more wet in the evening than in the morning causes the diurnal difference variation. One or
two weeks after this point in time the snow cover disappears completely and the diurnal
variations that follow during the summer are already caused by waves on the water surface.
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As we will see in the following section, diurnal effects like these are more pronounced in
backscatter signatures over land, the absolute backscatter variation during the year not being
so strong as in the case of freezing open water surfaces.
In the polarization ratio plots we included the 2.7 dB threshold suggested by Son Nghiem
for delimiting flooded areas. Measurements of which the error bars fall entirely over this
value are shown in red. It might not make too much sense to consider a lake surface 30 km
in radius a standing water surface, since the water there is not periodical. Nevertheless, the
conclusion is that the polarization ratio from a 100% water surface is not only less than 2.7
in the decibel range, but even negative. If the threshold is despite this fact still applicable, it
clearly cannot indicate flooded areas directly but rather by indirectly through some other
geophysical parameter that influences the polarization ratio simultaneously.
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Fig. 27. Lake Baikal grid area centred over grid point number 18861593, lat.: 54.20ºN, lon.:
108.98ºE. Land cover map (left) and DEM (right). The grid area is presumed to have the shape of a
circle 60 km in diameter, as shown. The time series for this grid point for the years 2001-2002 are
shown in Figure 28.
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Fig. 28. Time series for the Lake Baikal grid point.
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6.5.2 The Flood Event on the Yenisey River
In Chapter 6.4 our attention was drawn to an area along the Yenisey river that according to
among others the DFO belong to the top of the list of flood-affected regions in our study
area. Indeed, in 2001, as every year, also the national Russian press reported [Pravda, 2001:2]:
11:06 2001-05-25
YENISEI WATERS INUNDATE SETTLEMENTS IN KRASNOYARSK
TERRITORY
Due to the mighty ice jam that has appeared on the Yenisei river near the town of
Turukhansk (Krasnoyarsk Territory, Siberia), nearby settlements are being flooded.
The operative emergency headquarters reports that it has not yet been possible to break
up the 40km ice jam that has formed on the Melnichny sand bar on May 24. Although 4
powerful explosions were set off on the river last night, the ice did not resume its
movement.

In this section we will discuss how the absolute backscatter, the diurnal differences and the
polarization ratios are affected in this particular region, in terms of both spatial and temporal
variability.

6.5.2.1

Spatial Extent of the Flood

The polarization ratio image series in Figure 29 show a higher-resolution view of the 2002
series described in Chapter 6.4, focused on this flood area. Series over May and June of both
morning and evening polarization ratio are presented. This time the spatial resolution is that
of the predefined grid and the animation frames represent observations every fourth day
averaged over a week. For comparison, MODIS images of the area acquired at four different
times are presented in Fig. 30. In images a) and b) snow appears light blue while in c) and d)
snow is bright red and ice is dark red.
In the scenes the mighty Yenisey river flows from south to north while the tributary
Nizhnaya Tunguska joins it from the east at height of the town of Turukhansk. Further
north the smaller tributary Kureyka also joins from the east.
As an overall impression, both morning and evening polarization ratio series show signs of
dynamic processes going on in the area. The main two of these processes are the evolution
of a zone with high δ in the upper right corner of the images. This process is active from
the beginning of the image series and seems to have disappeared starting with the image
from 21st of May. The four MODIS images depict the state of the landscape after this date,
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so no obvious association with any geophysical process can be done for this event. However,
we remember from Chapter 6.4 that right about this time the limit of the thawing had
reached and passed the area, so one of the explanations could be related to snowmelt. We
will discuss this issue in the next section.
Concurrently with the first process, the second process is initiated around the confluence
zone of the two main rivers. This strong and sharply delimited increase in the polarization
ratio coincides very well with the extent of water surface increase over the same area seen in
the MODIS images. This transient process is thus clearly connected with the snowmelt flood
on the Yenisey river.
It is interesting to note that the two mentioned processes are detected slightly differently in
the morning and evening polarization ratio series. The ratio for the presumed snowmelt
process is higher in the morning while the flood ratio is higher in the evening. As a
consequence, in the evening series another documented flood is clearly visible at the bottom
of the images. In both series the backscatter is reaching its summer (low) values at the end of
June.
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Fig. 29. The flood event on the Yenisey river in 2002. The first two rows show δM and the last two δE.
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a)
b)
c)
d)
Fig. 30. MODIS images showing the flood event on the Yenisey – Nizhnaya Tunguska confluence in
2002: a) May 21; b) May 29; c) June 11; d) June 18 [DFO, 2004:1; NASA, 2004].

6.5.2.2

Temporal Analysis

We intend now to study the backscatter time series of a point located in the middle of the
flooded area confirmed both by the spatial series in Figure 29 and the MODIS images. We
selected the grid point whose grid area is shown in Figure 31 together with the land cover
types and the DEM of the area.
We used GIS methods to calculate the proportions of the land cover types inside the grid
area. These are: water 11.1% (non-flooded condition); arable 24.2% (probably overestimated, due to the northern latitude of the place and the sparse population, more likely to
be open areas with grass-like vegetation); light and dark coniferous forest: 5.0%; soft
deciduous forest 23.2%; wetlands 2%; heath tundra 1%, unproductive (sparse) needleleaf
forests 33.3%. We also investigated any dependency of the backscattering coefficient on the
azimuth of acquisition. Neither the relief variation in the grid area or plotting histograms of
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Fig. 31. The Yenisey – Nizhnaya Tunguska flood area. Grid area centred over grid point number
12171724, lat: 65.94ºN, lon; 87.45ºE. Land cover map (left) and DEM (right). The grid area is
presumed to have the shape of a circle 60 km in diameter, as shown. The time series for this grid point
for the years 2001-2002 are shown in Figure 32.

σ 0 for different azimuthal groups did not show biasing of the backscatter in any direction
so the noise model was considered applicable.
The time series for 2001-2002 for this grid point are seen in Fig. 32. The closest WMO
station is in Turukhansk at 29 km from the centre of the grid area. Our first impression of
the time series is how low the amount of noise is compared to the Lake Baikal plots. Also,
the absolute backscatter varies between approximately –16 and –7 dB, around half of the
range of the open water case.
The seasonal character of the backscatter is again observable. The signature is now more
complex than in the case of open water since factors as vegetation and soil moisture have
their own contributions.
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We start our description of the signal in July-August, when all backscatter values are virtually
constant due to stable summer conditions. By averaging these values we found the following
typical dry (non-flooded) values for the vegetation and soil contribution:
0
σ HH
= -10.4689 dB

0
σ VV
= -12.1586 dB

δ M = 1.68978 dB

0
σ HH
= -10.5923 dB

0
σ VV
= -12.2867 dB

δ E = 1.69439 dB

M

E

M

E

Table 6. Set of parameters for dry soil and vegetation conditions for the Yenisey flood grid area.

During September the backscatter for both polarizations is falling (especially clear for 2002).
This is mainly due to increasing number of hours during which the soil is frozen condition,
its average permittivity decreasing significantly. This in turn means that the surface scattering
components decrease as well. Also in the vegetative matter the percentage of free water
decreases, having an attenuating effect even on volume scattering from tree canopies, for
instance [Nghiem et al., 2001].
The meteorological data reveals that the snow cover appears usually some time around the
first of November. This is when the decreasing trend of σ 0 is reversed since the
accumulation snow now results in an increasing volume scattering. Interestingly, during the
winter fluctuations in temperature with a period of 3-4 weeks are registered even by the σ 0
measurements. It is important to point out that the sensibility of the winter backscatter to
snow depth should in general not be taken for granted, since the vegetation might block
some of the incoming radiation, especially at shorter wavelengths. For this grid point we
calculated the following dry snow backscatter averages:
0
σ HH
= -9.91422 dB

0
σ VV
= -11.6332 dB

δ M = 1.71895 dB

0
σ HH
= -9.89968 dB

0
σ VV
= -11.7007 dB

δ E = 1.80104 dB

M

E

M

E

Table 7. Set of parameters for dry snow conditions for the Yenisey flood grid area.

Since the summer the polarization ratio has been convincingly constant. Given the highly
dynamical processes that follow in the spring, we now have to direct our attention to
Figure 33, which presents a detailed view of the time series from mid-April to the end of
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June, without error bars for the sake of clearness. The two daily differences and polarization
ratios are displayed in one diagram.
On the 22nd of April the temperature reaches above zero for the first time during the time
considered in the diagram. Daily maxima and minima stay on both sides of the freezing
point even for the following two days. As we already saw in the Lake Baikal case, this means
increased snow wetness for the evening measurements, which triggers the daily backscatter
averages for both polarizations to sink and the diurnal differences to rise. Between the 25th
of April and 2nd of May the daily temperature maxima again stay below zero, the snow pack
refreezes and the backscatter rebounds to winter dry snow conditions. This process is
repeated until the 20th of May, when the temperature rises decisively above zero and will stay
there for the rest of the summer. These diurnal variations do not necessarily start and finish
simultaneously with the melting process: remember from Section 6.2.1 that the σ 0
acquisitions by the SeaWinds instrument are limited to a certain time period during the day
for both morning and evening overpasses, this period varying with the local latitude.
For differentiating the now upcoming flood event from the diurnal variation period in terms
of the polarization ratio, it is now very important to notice that while the polarization ratios

δ M and δ E stayed approximately constant on 1.7 dB (marginally higher for winter δ E , see
Tables 6 and 7) since the summer, during the diurnal variation they too experience an
increase to around 2.5 dB. This tends to suggest a structural change in snow that on one
morning was frozen, melted on the surface in the evening and re-froze during the night. This
difference could yield the polarimetric effect observed in the upper right corner of the image
series in Figure 29. Our observations showed then a large area with strong polarization ratio
lasting until the appeatrance of the flooded area. The high polarization ratios of the two
successive regions are comparable in size.
Such polarimetric effects caused by change in snow wetness could also explain the
considerable correlation between the latitudinal oscillation of the freeze-thaw line and the
similar oscillation of the polarization ratio observed in Figures 25 and 26. As a matter of fact,
after studying the backscatter time series of a grid area covering the mentioned polarization
ratio “anomaly” northeast from the flooded area, we can state that the process is very
precisely synchronized with the freeze-thaw diurnal variation, ending exactly when the
temperatures started staying positive during the whole day. Changes in the snow pack
layering or interactions between the melting snow and vegetation canopy (possibly unequal
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by multiple reflection depolarisation in the HH and VV directions) could be the reason. The
difference in land cover distribution could also add to this effect: the percentage of the area
covered by productive forest in the flooded grid area is 28% while in the tundra-dominated
upper right corner it is only around 5%. Another reason could be the different topography
of the two grid areas: the flooded area is flat while in the northeast hills and valleys dominate
the landscape. It is thinkable that snow does not accumulate uniformly distributed in areas
with vegetation on a sloping terrain, the meltwater being then able to penetrate the ground,
possibly changing the backscatter signature.
Increase in the polarization ratio strictly timed with the freeze-thaw variations has been
observed in the majority of points of the entire study area, although the degree of increase
varied a lot. For a large number of points the increase is minimal, during or outside the
thawing period. In case there is an increase, it will occur stronger in the morning polarization
ratio. The simultaneousness of polarimetric and diurnal effects of the melting process means
that theoretically any undesired polarimetric effects in the signal can be removed if there are
diurnal effects observed simultaneously. However, in the case in which the flood would have
its peak while there is still a steady snow cover on the non-flooded areas, this would be
counter-effective.
With the end of the diurnal variation period on the 20th of May, the little remaining snow is
quickly disappearing and we should normally assist to return of the newly uncovered
landscape to summer conditions: increasing soil and tree permittivities, increasing
reflectivities, increase of all the scattering terms result in the overall increase of the
backscatter. In the case of our selected grid area though the situation is slightly complicated
by the flood produced by the abundant melt waters of the Yenisey, amplified usually by the
blockage produced by persistent ice drifting in the river. The expected rise in absolute
backscatter takes place for both polarizations, but while the diurnal differences return to
normal, the polarization ratios first seem to return to the normal levels of 1.5 dB (May 19May21) and then they rise until the 27th of May to over 3.5 dB. From this date until the 1st or
2nd of June the flood has its largest spatial extent. This is confirmed by both Figure 30b taken
on May 29th and the observation in DFO’s Global Active Archive of Large Flood Events,
which notes this flood event as lasting from the 27th of May until the 1st of June 2002 [DFO
2004:2]. It seems surprising that this maximum extent period is matched in the absolute
backscatter plots by actually local minima, very clear especially in the horizontal polarization.
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The polarization ratio decreases then slowly to reach its normal level during the last days of
June.
The appearance of local minima in the absolute backscatter for the largest flood extent is a
valuable observation taking us in the direction of the remark on page 57 that an increase in
backscatter ratio cannot be a direct measure of the flood extent. As we have seen, we would
expect the opposite to occur for a large standing water area. We are now in position to
formulate the central result of this thesis, namely that increasing polarization ratio does not
directly indicate an increasing extent of standing water, but rather the saturated (wet) state of
the vegetation and soil caused by a flood event. At the height of the flood the polarization
ratio in the considered Yenisey grid area is maximal because of the contribution of the nonwater areas that are in a saturated condition. If the water areas would dominate in the grid
area, the polarization ratio as a decibel difference would actually diminish to a level close to
or below zero.
After having studied numerous time series and the high-resolution animated equivalent of
Figures 25 and 26, we reached the conclusion that in general, in the considered Siberian area
the points where the flooded areas are large enough to cause a considerable increase in the
polarization ratio outside the diurnal variation period are rare, the Yenisey flood causing the
largest increase. In areas where there are significant wetland areas, like in the south-west of
the Siberian region around rivers like Ket or Chulym, the backscatter is relatively noisy,
making it even more difficult to distinguish variations in δ . The proportion to which the
flood water occupies the grid area or footprint in general plays thus a very important role in
the interpretation of the polarization ratio.
Setting a threshold of for instance 2.7 dB for the polarization ratio is useful to delimit the
flood extent, since the probability is high that a large part of the grid point is flooded with
standing water by the time the polarization ratio is raised above the threshold by the
saturated non-water areas. If the grid area would be smaller though, or the flood taking up
more and more of the grid area or footprint, the ratio could fall below the threshold again,
raising above it a second time when the flood fades away.
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Fig. 32. Time series for the grid point in the Yenisey flood area (grid point number 12171724, lat:
65.94ºN, lon; 87.45ºE), see Figure 31.
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Fig. 33. Close-up on the flood event in the time series for the same grid point as in the previous figure,
this time without error bars.
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Mixing Model

In this section we will complete the collection of typical backscatter values for the Yenisey
grid area and with them try to model the temporal evolution of both absolute backscatter
and polarization ratios during the flood event.
Backscatter is additive, that is the total backscatter from an area is the sum of the products
between typical backscatter values for a land cover type and the fraction of the total area that
the land cover occupies. In the two previous sections we have evaluated typical backscatter
values for 100% water and dry winter and summer conditions in the Yenisey grid area. We
will now add two more types of backscatter values, seen in Tables 8 and 9.
0
σ HH
= -11.8850 dB

0
σ VV
= -13.6076 dB

δ M = 1.72258 dB

0
σ HH
= -12.5525 dB

0
σ VV
= -14.2649 dB

δ E = 1.71243 dB

M

E

M

E

Table 8. Set of parameters for wet snow conditions for the Yenisey flood grid area.

0
σ HH
= -10.3393 dB

0
σ VV
= -12.2438 dB

δ M = 1.90453 dB

0
σ HH
= -9.96305 dB

0
σ VV
= -12.0606 dB

δ E = 2.09759 dB

M

E

M

E

Table 9. Set of parameters for saturated soil and vegetation conditions for the Yenisey flood grid area.

The averages for wet snow were created based on measurements on days when the daily
temperatures stretched on both sides of the freezing point (estimated to be April 22-24 and
May 5, 12, 14, 15, 20-22). The values for saturated conditions were the most difficult to
estimate and were based on the days around the 18th of June when Figure 30d shows most of
the water as already retreated, vegetation and soil with distinctively different colour (wet
conditions) replacing it.
Figure 34 shows our attempt to model the evolution of the different contributors to the total
backscatter, in terms of amplitude and timing. The shape and position of the curves were
estimated from the evolution of the flood seen in the MODIS images in Fig. 30. The result
of weighting together the backscatter contributions is shown in Fig. 35 together with the
evolution of the measured backscatter. Model 1 represents the curves of the mixing model
based on the averages presented in the tables above. We notice that the diurnal differences
71

Monitoring Seasonal Standing Water over Central Siberia
Using Ku-Band Scatterometer Data

Zoltan Bartalis
February 2004

do not appear in the model, understandably, since diurnal effects were not defined in Fig. 34.
They were rather modelled as a quick replacement of the dry snow with the wet snow. The
flood itself is modelled as an increase of the saturated land while the snow melts away.
Nestled inside the period of the saturated soil and vegetation is the evolution of the flooded
areas. The water surfaces appear at the same time as the saturated land surfaces, increase
quickly and are reduced to their usual 5% while the saturated conditions “lingers on” until it
too is replaced with the dry conditions.
The decrease in absolute backscatter is noticeable for both the start of the wet snow period
and the maximum extent of the flood. While the vertical polarization of Model 1 follows
well the measurements, the horizontal polarization and thus the polarization ratio is
underestimated. This is most likely due to the problematic estimation of the averages for
saturated vegetation and soil and prompts us to increase those values to
0
0
σ HH
= σ HH
= -9 dB
M

E

(11)

for Model 2. We see that an increase of the typical polarization ratio with hardly 1 dB results
in a better fit for the horizontal polarization backscatter and a much better fit for the
polarization ratio during the flood event.
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Fig. 34. Temporal model for backscatter for the Yenisey flood event. Evolution of the different
backscatter contributors (above) and the accumulative area fractions (below).

Fig. 35. Comparison between measured and modelled backscatter. Absolute σ0 values (above) and
polarization ratios (below). Model 1 based on observed averages, Model 2 based on Model 1 with
adjusted backscatter for saturated soil and vegetation.
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6.5.3 The upper course of the Agapa River
In this section we consider an area lying east of the braided river system of the Yenisey
estuary at around 200 km norhtwest of the town of Norilsk (see Figure 36).
Over 90% of the land cover in this grid area consists of tundra (lichen moss 86%, heath
6%). A large part of the area present seasonal standing water along the rivers and around the
lakes, especially in the centre of the area, where the Verkhoynya Agapa river winds through a
cluster of lakes called Chankyagyartsyak, the extent of which is not easy to define. The
variations in the extent of the standing water are noticeable in Figure 37 showing two
ENVISAT ASAR Wide Swath scenes. As in all SAR images, the darker the pixel values are,
the less backscatter is received from the corresponding point. The first image was captured
shortly after the spring thaw period in 2003, when most of the lakes in the area have
increased in size and low-lying places usually without standing water are clearly flooded and
feature low backscatter. In the second image, from July, the ice cores of the lakes have
disappeared and normal summer conditions are presumed to prevail. The water extent under
non-flooded conditions is 3-5% and 5-10% under the spring thaw. The SAR images have
been normalized with respect to varying incidence angle using the DEM, also shown in
Figure 36.
Figure 38 presents the QuikScat time series for the considered grid area. The absolute
backscatter is similar to the one of the discussed Yenisey grid area. The winter backscatter is
less noisy than in the Yenisey case, probably due to the virtually complete lack of highstanding vegetation in the Agapa point. The diurnal difference plots define again the extent
of the thawing period. Interestingly, a freezing period at the end of September 2003 is
followed by a short re-thawing, this being clearly picked up by the diurnal differences in both
polarizations.
In terms of ‘seeing’ the augmented water surface, the polarization ratios are rather deceiving
but somewhat expected, given the small fraction of water present in the grid point at all
times. Nevertheless, there is a visible increase in δ especially for the morning observations.
However, this increase is simultaneous with the thawing period, as indicated in the diurnal
difference series. The June SAR scene is acquired a few days after the end of the thawing
when no visibly renewed increase in polarization is to be seen. It is likely that the maximal
extent of the standing water took place already during the thawing period. By lack of further
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observations we are unable to clearly separate the thawing process from the water level
variation.
Another interesting and not obvious feature of the time series is that the polarization ratio
tends to increase in winter. This trend becomes clear during the study of the last selected
grid area in the following section.

6.5.4 Lake Labaz
Our last example of time series comes from a region similar to the one in the previous
section. The major difference is that the surface of the lake system present in this area is
significant compared to the total grid area, being as high as 29% (see Figure 39). The rest of
the grid area is covered with lichen and heath tundra, as in the previous case. The three
largest lakes in this area are called Labaz , Tonskoe and Khargy.
As we remember from Chapter 6.4, this particular area is dominated by very high
polarization ratio in winter. This is confirmed by the backscatter time series (Figure 40).
Extreme polarization ratios of 5 dB and very high absolute backscatter values of
0
0
σ HH
= - 6 dB and σ VV
= -9 dB

are attained in winter. During this time the area is

completely covered in snow and the backscatter is very stable. The most likely explanation
for the unusually high polarization ratio is the totally frozen condition of the lake waters in
winter. In other words, the lakes freeze down all the way to the bottom, yielding unusual
polarimetric effects first at the snow-ice interface and then at the ice-ground interface.
Especially for 2002, the thawing diurnal effects were very short-lived, the temperature
undergoing a fast and steady climb at the end of May. At this time, δ falls from around 2.7
dB to a steady 1.5 dB. The summer conditions last from the 1st of June until the first part of
September. Unfortunately there are no snow depth data available, but at a closer look, during
all of June and the first half of July, the absolute backscatter rises slowly dropping to an
almost constant level for the second part of the summer. This initial rise in σ 0 corresponds
to the gradual melt of snow and the disappearance of the ice from the lake, diminishing from
the lake shores and in towards the lake centre. When the first negative temperatures set in
during the first half of September, the landscape quickly freezes and snow starts
accumulating both on the ground and on the icy surface of the lake.
The polarization ratio for the snow- and ice-free period of the year (around 15th of July – 10th
of September) stays constant and thus does not disclose any significant change in the
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standing water surface after the thawing. The expected rise in the ratio for the period 1st of
June – 15th of July when water areas from the lakes of from flooded land appear is also
absent, or at least not strong enough. Clearly, the case of flooded areas in the close
neighbourhood of thawing lakes has to be investigated further.
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Fig. 36. The Agapa river grid area, centred over grid point number 09901775, lat: 70.51ºN, lon;
85.82ºE. Land cover map (left) and DEM (right). The grid area is presumed to have the shape of a
circle 60 km in diameter, as shown. The time series for this grid point for the years 2002-2003 are
shown in Figure 38.

Fig. 37. ENVISAT ASAR Wideswath images with the Agapa river grid area. Left: scene from
2003-06-18; right: scene from 2003-07-07.
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Fig. 38. Time series for the Agapa river grid area.
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Fig. 39. The Lake Labaz grid area, centred over grid point number 09491795, lat: 72.31ºN, lon;
99.65ºE. Land cover map (left) and DEM (right). The grid area is presumed to have the shape of a
circle 60 km in diameter, as shown. The time series for this grid point for the years 2001-2002 are
shown in Figure .
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Fig. 40. Time series for the Lake Labaz grid area.
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Conclusions and Further Work

In this study we have looked at the possibility of monitoring the extent and time of
occurrence of standing water in a boreal area, where the thawing of snow is an important
part of the yearly hydrologic cycle. The main investigation method was the co-polarization
ratio of the signal collected by the SeaWinds scatterometer onboard QuikScat.
In the initial phase we have strived to develop a noise model that was to characterize the
time series measurements from any given area of observation. In order to do this, we have
looked at the statistical distribution of the SeaWinds measurements, in both space, azimuth
angle and time. The resulting noise model has attributed a reasonable noise error to the
measurements that was in line with both the instrument specifications and other studies in
this field.
We then proceeded to the analysis of the polarization ratio over the whole study area with a
coarser spatial and temporal resolution. Based on this and the information provided in
auxiliary datasets, we selected four areas of special interest and we looked in the evolution of
the time series for these points in more detail. Our results can be summarized as follows:
In order to monitor standing water with the aid of the polarization ratio of measurements
from a spaceborne scatterometer it is important to realize that:

•

the proportion of standing water and saturated soil or vegetation inside the
monitored area is essential for the outcome of any polarimetric studies;

•

the spatial resolution of the SeaWinds scatterometer is well suited for monitoring
backscatter from saturated soil and vegetation, but a higher resolution would be
preferable to monitor the extent of water for small to medium-sized floods; we did
not have an enough number of large and seasonal standing water areas in the study
area;

•

snowmelt can cause significant polarimetric effects that can interfere with the effects
observed in an area with standing water, complicating thus a correct interpretation of
the signal; it could be possible to remove snowmelt effects by comparison with the
diurnal difference evolution;
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in general, variation of the polarization ratio does not exclusively indicate saturated
conditions, but can vary a lot even during snow-covered conditions, especially over
areas where ice is also present.

•

comparative study of the polarization ratio has to be delimited strictly to the periods
without snow and ice: effects similar to those induced by standing water might
appear outside this period. As a consequence, significant standing water present
during the thawing periods might be missed by the analysis.

•

the operational processing chain for flood monitoring in place at the DFO is a
competent tool especially for areas that do not experience snow and where the
increase in moisture of the soil and the abundant vegetation dominates rather than
an increase in the extent of standing water. To illustrate this, we present in Figure 41
the time series of a grid area in the Inner Niger Delta in Mali, where every autumn
the Niger river swells to an inland delta, boosting the moisture available to vegetation
before it continues its way through the sub-Saharan Sahel. Figure 42 shows such an
occasion as observed by the MODIS instrument. There is insignificant standing
water and the polarization ratio shows clearly the saturated conditions.

Further research on the interpretations of scatterometer measurements is clearly desirable.
Especially interesting to study is the physical background of the Ku-band polarimetric
effects due to changes in snow composition, variation of soil and vegetation water content
and the overall polarimetric contributions of the land cover types making up the observation
area.
Unfortunately at the moment of writing the future of Ku-band scatterometry by rotating
dish antennas is rather uncertain due to the failure of the Midori-II satellite. However,
QuikScat is still operational and the considerable amount of data it has gathered since 1999
will surely keep helping scientists gain insight in the physics governing backscatter over sea
and land.
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Fig. 41. Time series for a grid area situated in the Niger Delta in Mali (grid point number
18881157; lat.:14.986156; lon.: -4.47ºW).
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Fig. 42. MODIS image of the Inner Niger Delta on 2001-10-18 [NASA 2004].
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Appendix A: Spatial Resolution for SideLooking Radars
Spatial resolution determines the size of the smallest area on the ground that the radar can
discern. The shape of the radar beam on the Earth surface given the condition that the
reflected power measured at the satellite is half of the emitted power is called the two-way 3dB or half power footprint and is equivalent to the instantaneous field of view (IFOV) used
in optical remote sensing. The extent of the beam that corresponds to this footprint is called
beamwidth β .

Fig. 43. Geometry of a side-looking radar [Ulaby et al. 1981]

The beams of real-aperture side-looking radars are characterized by an along- and acrosstrack resolution ( ra and rρ respectively, see Fig. 43). These are also called azimuth- and range
resolution and are given by:

ra = β h R =
rρ =

λ
l

cτ
2 sin ϑ

R

(12)
(13)

where β h is the beamwidth in the along-track direction, R is the slant range, λ is the
wavelength, l is the size of the antenna in the along-track direction, c is the velocity of
light, τ is the radar pulse duration and ϑ is the local incidence angle. Both ϑ and R
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depend on the range ρ , thus so do both resolutions and the pixel shape changes from being
elongated in the across-track direction at near range (close to the subsatellite track) and
elongated in the along-track direction at far range.
In the case of the SeaWinds rotating dish antenna, the across-track direction corresponds
actually to the radial direction of the helix-shaped subsatellite track. The along-track
direction corresponds to the tangential direction.
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Appendix B: Orbit and Pencil Beam
Geometry Calculations
Numerically simulating the location of sigma-0 measurements requires mathematical
description of the sub-satellite track and the pencil radar beam footprint.
For the sub-satellite track, we assume a spherical Earth, which will still give us a realistic
image of the swath and the measurements that lie within. This means in its turn that the subsatellite track is considered to be a great circle on a sphere. The formulas used in the
numerical model is the one for finding the longitude θ and the latitude δ of an
intermediate point P(θ , δ ) on a great circle situated between two points P1 (θ 1 , δ 1 ) and

P2 (θ 2 , δ 2 ) on the same great circle of which the position is given [Williams 2003]. If the
central angle between P1 and P2 is α and the central angle between P1 and P is β then
the wanted coordinates of P are:

θ = tan −21 ( y, x)

(

δ = tan 2−1 z, x 2 + y 2

)

(14)
(15)

where tan 2−1 (a, b) is the special kind of inverse tangent function (sometimes referred to as
atan2) defined as

 −1 a
tan b

tan −1 a + π

b

−1
2
π
tan 2 (a, b) ≡ 
 −1 a
−π
tan
b

− π 2

undefined

for a > 0
for a < 0, b > 0
for a = 0, b > 0

(16)

for a < 0, b < 0
for a = 0, b < 0
for a = 0, b = 0

and where

A=

sin(α − β )
sin β
, B=
,
sin α
sin α

and
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x = A cos δ 1 cos θ 1 + B cos δ 2 cosθ 2

(18)

y = A cos δ 1 sin θ 1 − B cos δ 2 sin θ 2

(19)

z = A sin δ 1 + B sin δ 2 .

(20)

π

 3π 
The known points (0,0) ,  ,−i  , (π ,0) and  , i  , where i is the orbit inclination
2 
 2 
(98.6º), are used successively as P1 and P2 to produce an array of points P that describe the
sub-satellite track. The spacing between two consecutive such points is determined by the
total number of points per orbit, which is chosen equal to the number of sigma-0
measurements produced per orbit. This number is in its turn determined by the satellite
ground speed (6.6 km/s, see Table 10) and the PRF (nominal antenna pulse repetition
frequency, 92.5 Hz for each beam, see Table 2a).
The swath with its helical pattern of measurements is then obtained by plotting a point 700
or 900 km (for inner or outer beam, respectively) away from each of the nadir points P . The
azimuth offset between two consecutive plotted points will be an angle equal to 360º divided
by the number of measurements per antenna rotation period. This number is calculated
from the known antenna angular speed (18 rot/min) and the PRF.
Of course, there are some inaccuracies in model described above, due mainly to the nonspherical shape of the Earth, the not perfectly circular satellite orbit giving slight variations
of the orbit parameters and the fact that not all of the emitted pulses during the antenna
rotation actually yield a sigma-0 backscatter, a few of them being used for continuous onboard calibration. A more exhaustive description of the QuikSCAT orbit geometry can be
found in e.g. Adams [1999].

88

Monitoring Seasonal Standing Water over Central Siberia
Using Ku-Band Scatterometer Data

Zoltan Bartalis
February 2004

References
Adams, Jon Trent (1999) Ground Calibration of an Orbiting Spacecraft Radar Transmitter
(http://www.jonadams.com/pages/thesis/Ground_Calibration_of_an_Orbiting_Spacecraft_Radar_Trans
mitter.htm), Master Thesis at the University of California, Los Angeles, 1999
Arora, V. K.; Boer, G.J. (2001) Effects of simulated climate change on the hydrology of major river
basins Journal of Geophysical Research, 106 (D4), pp 3335-3348
Attema, E. P. W.; Ulaby, F. T. (1978) Vegetation Modeled as a Water Cloud, Radio Science, Vol.
13(2), pp. 357-364
Ball Aerospace (2002) QuikSCAT (http://www.ball.com/aerospace/quikscat.html), website of Ball
Aerospace & Technologies Corp.
Brakenridge, G. R.; Anderson, Elaine, Caquard, Sebastien (2004) The Dartmouth Atlas of
Global Flood Hazard, Website of the Dartmouth Flood Observatory, Supported by the NASA
Office of Earth Sciences and by Dartmouth College, http://www.dartmouth.edu/~floods
Contreras, Robert F.; Plant, William J.; Keller, William C.; Hayes, Kenneth; Nystuen, Jeffrey
(2003) Effects of Rain on Ku band Backscatter from the Ocean J. Geophys. Res., 108 (C5), 3165,
doi:10.1029/2001JC001255
DFO (2004:1) Wide Area Hydrologic Monitoring using SeaWinds and MODIS, Dartmouth Flood
Observatory website (http://www.dartmouth.edu/~floods/WAMS.html)
DFO (2004:2) Global Active Archive of Large Flood Events, Dartmouth Flood Observatory
website (http://www.dartmouth.edu/%7Efloods/Archives/2002sum.htm), entry nr. 2002180
Dobson, M. C.; Ulaby, F. T. (1986) Active Microwave Soil Moisture Research, IEEE
Transactions on Geoscience and Remote Sensing, Vol. GE-24, No. 1, January 1986, pp.
23-35
ESA (2002) MetOp Mission Introduction
(http://www.esa.int/export/esaME/ESAYA1094UC_index_0.html), website of the European
Space Agency
ESA (2004) Envisat ASAR Tour (http://envisat.esa.int/instruments/tour-index/asar/), website of
the European Space Agency
Figa-Saldaña, J.; Wilson, J.J.W.; Attema, E.; Gelsthorpe, R.; Drinkwater, M.R.; Stoffelen, A.
(2002) The advanced scatterometer (ASCAT) on the meteorological operational (MetOp) platform: A
follow on for European wind scatterometers, Can. J. Remote Sensing, Vol. 28, No. 3, pp. 404–412

89

Monitoring Seasonal Standing Water over Central Siberia
Using Ku-Band Scatterometer Data

Zoltan Bartalis
February 2004

Franz, H. J. (1973) Die Physische Geographie der Sowjetunion, VEB Hermann Hack,
Geographisch-Kartographische Anstalt Gotha, Germany
Graf, James E.; Tsai, Wu-yang (1998) Overview of QuikSCAT mission - a Quick Deployment of a
High Resolution, Wide Swath Scanning Scatterometer for Ocean Wind Measurement, Southeastcon '98,
Proceedings IEEE, pp. 314 –317
Hallikainen, M. T.; Ulaby, F. T.; Dobson, M. C.; El-Rayes, M. (1984) Dielectric Measurements of
Soils in the 3- to 37-GHz Band Between –50ºC and 23ºC, Proceedings IGARSS’84 Symposium,
Strasbourg 27-30 August 1984, pp. 163-168
Hallikainen, M. T.; Ulaby, F. T.; Dobson, M. C.; El-Rayes, M. A.; Wu, L. (1985) Microwave
Dielectric Behaviour of Wet Soil – Part I: Empirical Models and Experimental Observations, IEEE
Transactions on Geoscience and Remote Sensing, Vol. GE-23, No. 1, January 1985, pp.
25-33
Hallikainen, M. T.; Ulaby, F. T.; Dobson, M. C.; El-Rayes, M. A.; Wu, L. (1985) Microwave
Dielectric Behaviour of Wet Soil – Part II: Dielectric Mixing Models, IEEE Transactions on
Geoscience and Remote Sensing, Vol. GE-23, No. 1, January 1985, pp. 35-45
Hänsel, H; Neumann, W (1993) Physik: Elektrik, Optik, Raum und Zeit, Spektrum
Akademischer Verlag, Heidelberg
ISPRS (1999) (International Society for Photogrammetry and Remote Sensing), Remote
Sensing and the Kyoto Protocol: A Review of Available and Future Technology for Monitoring Treaty
Compliance, Workshop Report of WG VII/5 and VII/6, Ann Arbor, Michigan, USA,
October 20-22, 1999
JAXA (2003) “Midori II” Advanced Earth Observation Satellite-II (ADEOS-II)
(http://www.jaxa.jp/missions/projects/sat/eos/adeos/index_e.html), JAXA Website
JPL (2003) About Scatterometry: Winds (http://winds.jpl.nasa.gov/scatterometry), Jet Propulsion
Laboratory Website
Kidd, Richard A.; Trommler, Marko; Wagner, Wolfgang (2003:1) The development of a processing
environment for time-series analysis of SeaWinds scatterometer data, Proc. IGARRS' 2003, Toulouse,
France, 21-25 July 2003, Part VI, pp 4110-4112.
Kidd, Richard A. (2003:2) personal communication.
Kurnayev, S.F. (1973) Forest regionalization of the U.S.S.R., Moscow: Nauka. 202 p. [in Russian].
Konecny, G. (1998) Remote Sensing for Sustainable Development - State of the Art, EARSeL
Advances 1998, ISBN 90 5809 029 9, pp. 19-23
Mätzler, C. (1984) Review of Radar Experiments of the Seasonal Snow Cover, CRREL Workshop
Interaction of Microwaves with the Seasonal Snow Cover, p. 56
Liu, W. Timothy; Hu, Hua; Song, Y. Tony; Tang, Wenqing (2001) Improvement of Scatterometer
Wind Vectors – Impact on Hurricane and Coastal Studies, Proc. WCRP/SCOR Workshop on
90

Monitoring Seasonal Standing Water over Central Siberia
Using Ku-Band Scatterometer Data

Zoltan Bartalis
February 2004

Intercomparison and Validation of Ocean-Atmosphere Flux Fields. WCRP-115, World
Climate Research Programme, Geneva, pp. 197-200
Liu, W. Timothy (2002) Progress in Scatterometer Application, Journal of Oceanography, Vol. 58,
pp. 121-136
LP DAAC (2003) GTOPO30 – Global Topographic Data, distributed by the Land Processes
Distributed Active Archive Center (LP DAAC), located at the U.S. Geological Survey's
EROS Data Center, http://LPDAAC.usgs.gov, 2003
NASA (2004) Modis Home Page, website of the Goddard Space Flight Center (NASA)
(http://modis.gsfc.nasa.gov)
Nemani, Ramakrishna; White, Michael; Thornton, Peter; Nishida, Kenlo; Reddy, Swarna;
Jenkins, Jennifer; Running, Steven (2002) Recent trends in hydrologic balance have enhanced the
terrestrial carbon sink in the United States, Geophysical Research Letters, Vol. 29, No. 10.
Nghiem, S. V.; Borgeaud, M.; Kong, J. A.; Shin, R. T. (1990) Polarimetric remote sensing of
geophysical media with layer random medium model, Electromagnetics Research, J. A. Kong, Ed.
New York Elsevier, vol. 3, pp. 1-73
Nghiem, S. V.; Liu, W. T.; Tsai, W.-Y.; Xie, X. (2000) Flood mapping over the Asian continent
during the 1999 summer monsoon season, Geoscience and Remote Sensing Symposium, 2000.
Proceedings. IGARSS 2000. IEEE 2000 International , Volume: 5 , 24-28 July 2000, Page(s):
2027 -2028 vol.5
Nghiem, Son V.; Tsai, Wu-Yang (2001) Global Snow Cover Monitoring With Spaceborne Ku-band
Scatterometer, IEEE Transactions on Geoscience and Remote Sensing, Vol. 39, No. 10,
October 2001, pp. 2118-2134
Nghiem, S. V.; Leshkevich, G. A. (2003) Great Lakes Ice Mapping with Satellite Scatterometer
Data, Final Technical Report (http://www.glerl.noaa.gov/pubs/fulltext/2003/20030004.pdf), JPL
Task Plan 70-6362, JPL Task Order 15407, 27 May 2003
Nilsson, Sten; Shvidenko, Anatoly; McCallum, Ian (2003) Technical Description on Full
Greenhouse Accounting of Terrestrial Biota of East Siberia (IIASA approach), Deliverable 5/4000:
Technical description of the multi-layer GIS including structure of DBs, SIBERIA-II (Multi-Sensor
Concepts for Greenhouse Gas Accounting in Northern Eurasia), IIASA (International Institute for
Applied Systems Analysis and the Russian Academy of Science), Laxenburg, Austria, July
2002, pp. 53-56 (SIBERIA-II is a shared-cost action financed through the 5th Framework
Program of the European Commission, Generic Activity 7.2: Development of generic Earth
Observation Technologies)
Oliver, C.; Quegan, S. (1998) Understanding Synthetic Aperture Images, Artech House, Boston
Pravda (2001:1) Russia Hit By Spring Floods, Online Version of the Pravda Publication,
http://english.pravda.ru/region/2001/04/25/4175.html, 15:19 2001-04-25

91

Monitoring Seasonal Standing Water over Central Siberia
Using Ku-Band Scatterometer Data

Zoltan Bartalis
February 2004

Pravda (2001:2) Yenisei Waters Inundate Settlements in Krasnoyarsk Territory, Online Version of
the
Pravda
Publication,
http://english.pravda.ru/accidents/2001/05/25/5886.html,
11:06 2001-05-25
Running, S. W.; Way, J. B.; McDonald, K. C.; Kimball, J. S.; Frolking, S.; Keyser, A. R.;
Zimmermann, R. (1999) Radar Remote Sensing Proposed for Monitoring Freeze-Thaw Transitions in
Boreal Regions EOS, Transactions, American Geophysical Union, Vol. 80, No. 19, May 11,
1999, pp. 213, 220-221
SBRAS (2003) Карта Сибири (Map of Siberia), http://www.sbras.nsc.ru/consult/rus/map_sib.htm,
Сибирское отделение Российской академии наук (Siberian Branch of the Russian
Academy of Science)
Schanda, E. (1986) Physical Fundamentals of Remote Sensing, Springer Verlag, Berlin, Heidelberg
Scott, Peter (2003) Uncertainty in Measurement: Noise and How to Deal With It
(http://physics.ucsc.edu/~drip/133/ch2.pdf ), Physics Department, UC Santa Cruz, CA, USA
Seidelmann, P. K. (Ed.) (1992) Julian Date, §2.26 in Explanatory Supplement to the
Astronomical Almanac. Mill Valley, CA: University Science Books, pp. 55-56
Skinner, L.; Luckman, A. (2003) Deriving Landcover Information over Siberia Using MERIS and
MODIS Data, In proceedings of the MERIS User Workshop, ESRIN, Italy, 10th-13th Nov.
2003
Skinner, L.; Luckman, A. (2004) Working Note: Methodological Development of the Land-cover Map
for SIBERIA-II, Version 1.0, UWS (University of Wales at Swansea), UK
Spencer, Michael W.; Wu, Chialin; Long, David G. (2000) Improved Resolution Backscatter
Measurements with the SeaWinds Pencil-Beam Scatterometer, IEEE Transactions on Geoscience
and Remote Sensing, Vol. 38, No. 1, January 2000 pp. 89-104
Spencer, Michael W.; Tsai, Wu-Yang; Long, David G. (2003) High-Resolution Measurements
With a Spaceborne Pencil-Beam Scatterometer Using Combined Range/Doppler Discrimination
Techniques, IEEE Transactions on Geoscience and Remote Sensing, Vol. 41, No. 3, pp. 567581, March 2003
Stiles, Bryan W.; Yueh, Simon H. (2002) Impact of Rain on Spaceborne Ku-Band Wind Scatterometer
Data, IEEE Transactions on Geoscience and Remote Sensing, Vol. 40, No. 9, September
2002, pp. 1973-1983
Stolbovoi, V; McCallum, I (2002) CD-ROM "Land Resources of Russia", International Institute
for Applied Systems Analysis and the Russian Academy of Science, Laxenburg, Austria
Tonboe, R.; Ezraty, R. E. (2002) Monitoring of new-ice in Greenland waters Geoscience and
Remote Sensing Symposium, 2002. IGARSS '02. Vol. 3 , 24-28 June 2002, pp. 1932-1934
Tsai, W-Y; Spencer, M.; Wu, C.; Winn, C.; Kellogg, K. (2000) SeaWinds on QuikSCAT: Sensor
Description and Mission Overview, Proc. IGARSS’ 2000, Honolulu, Hawaii, 24-28 July 2000,
pp. 1021-1023
92

Monitoring Seasonal Standing Water over Central Siberia
Using Ku-Band Scatterometer Data

Zoltan Bartalis
February 2004

Ulaby, Fawwaz T.; Moore, Richard K.; Fung, Adrian K. (1981, 1982, 1986) Microwave Remote
Sensing: Active and Passive, 3 Volumes, Artech House, Norwood, MA, USA
Vännman, K (2002). Matematisk statistik, Studentlitteratur, Lund, Sweden
Vorobev, V. V.; Gerloff, J. K. (1987) Die Erschließung Sibiriens und des Fernen Ostens,
Petermanns Geographische Mitteilungen, Ergänzungsheft 285, VEB Hermann Hack,
Geographisch-Kartographische Anstalt Gotha, Germany
Wagner, Wolfgang (1996), Change Detection with the ERS Scatterometer over Land, Internal
ESTEC Working paper No 1896.
Wagner, Wolfgang (2001) Scatterometry: Land Surfaces, TSMS/EUMETSAT Training
Workshop on Scatterometry and Altimetry, Ankara, 8-10 May 2001
Wein, Norbert (1999) Sibirien, Perthes Regionalprofile, Klett-Perthes Verlag, Gotha,
Germany
Weissmann, David E.; Bourassa, Mark A.; O’Brien, James J.; Tongue, Jeffrey S. (2003)
Calibrating the Quikscat/SeaWinds Radar for Measuring Rainrate Over the Oceans, IEEE
Transactions on Geoscience and Remote Sensing, Vol. 41, No. 12, December 2003,
pp. 2814-2820
Williams, Ed (2003) Aviation Formulary v1.40 (http://williams.best.vwh.net/avform.htm)
Wismann, V. R. (1998) Land surface monitoring with spaceborne scatterometers, Proc. ESA
Workshop on Emerging Scatterometer Applications, Noordwijk, The Netherlands, Oct. 5–7,
1998.
Yueh, S. H.; Kwok, R.; Nghiem, S. V.; West, R. (1998) Change monitoring of Antarctic sea ice using
NSCAT dual-polarized backscatter measurements Geoscience and Remote Sensing Symposium
Proceedings, 1998, Vol. 4, 6-10 July 1998, pp. 2228-2230

93

