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C-band Radar Observes Water
Level Change in Swamp Forests
PAGES 141, 144
C-band radar pulses backscatter from the
upper canopy of swamp forests,and consequently
interferometric synthetic aperture radar
(InSAR) analysis of C-band imagery has not
been exploited to study water level changes
in swamp forests.This article explores C-band
ERS-1 (European Remote Sensing Satellite)
and ERS-2 InSAR data over swamp forests
composed of moderately dense trees with a
medium-low canopy closure in southeastern
Louisiana to measure water level changes
beneath tree cover.
Wetlands cover more than 4% of the Earth’s
land surface and interact with hydrologic, biogeochemical,and sediment transport processes
that are fundamental in understanding ecological and climatic changes [Alsdorf et al., 2003;
Prigent et al., 2001; Melack and Forsberg, 2000;
Dunne et al., 1998]. Measurement of water level changes in wetlands, and consequently of
changes in water storage capacity, provides a
required input for hydrologic models, and is
required to comprehensively assess flood
hazards [e.g., Coe, 1998].
Inaccurate knowledge of floodplain storage
capacity in wetlands can lead to significant
errors in hydrologic simulation and modeling.
In situ measurement of water levels in wetlands
is cost prohibitive, and insufficient coverage
of gauge stations results in poorly constrained
estimates of the water storage capacity of
wetlands.
Recent applications of interferometric synthetic aperture radar (SAR) to image both
land surface topography and subtle changes
in its surface elevation have made substantial
contributions to our understanding of natural
events such as volcanic eruptions and earthquake faulting [Massonnet and Feigl, 1998;
Rosen et al., 2000]. However, InSAR has generally been considered an inappropriate tool for
studying water level changes of open water.
As an imaging radar, SAR transmits radar
pulses at oblique look angles, causing most of
the radar energy over open water to be reflected
away from the radar sensor, and resulting in
little energy being returned back to the SAR
receiver.This explains why open-water surfaces
generally appear dark in SAR imagery.When
an open water surface is rough and turbulent,
part of the radar energy can be scattered
back to the sensor; however, the SAR signals
lose coherence (a parameter quantifying the
degree of changes in backscattering characteristics) over open water if two radar images
are acquired at different times.
Over flooded vegetation, longer-wavelength,
L-band radar pulses (24-cm wavelength) typically follow a double-bounce path—bouncing
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off of the water surface and trunks of vegetation—enabling part of the transmitted radar
energy to return to the sensor [Richards et al.,
1987; Hess et al., 1995; Wang et al., 1995].This
explains why inundated vegetation appears
bright in SAR imagery.
Alsdorf et al. [2000, 2001], who discovered
that interferometric analysis of L-band SAR
imagery can yield centimeter-scale measurements of water level changes throughout
inundated floodplain vegetation, confirmed
that scattering elements for L-band radar consist primarily of the water surface and vegetation trunks.Their finding relies on a common
understanding: Flooded forests permit doublebounce returns for L-band radar pulses, thus
allowing InSAR coherence to be maintained
for monitoring changes in the height of the
water surface.
The shorter-wavelength radar, such as C-band
(wavelength of 5.7 cm), backscatters from the
upper canopy of swamp forests rather than
the underlying water surface, and a doublebounce travel path from that band can only
occur over short aquatic plants and small
shrubs [Richards et al., 1987; Beaudoin et al.,
1994; Hess et al., 1995; Wang et al., 1995].As a
consequence, C-band radar images have not
been exploited to study water level changes
beneath swamp forests.
In this article, C-band InSAR data in swamp
forests are used to demonstrate the feasibility
of measuring changes in water level beneath
tree cover. If C-band radar can maintain
coherence in swamp forests, it will measure
water level changes at a higher accuracy than
L-band radar due to the difference in radar
wavelength.

InSAR Analysis
Using C-band SAR images from European
ERS-1 and ERS-2 satellites, it was unexpectedly
discovered that the InSAR images maintained
adequate coherence to allow for useful phase
change measurements over swamp forests in
southeastern Louisiana.
The land cover images (Figures 1a and 1b)
indicate the study area consists of two primary
land cover classes: sugar cane fields occurring
throughout the northeastern portion of the
image and swamp forests elsewhere.The
swamp forests are composed of moderately
dense trees ranging from 10 to 25 m in height
with a medium-low canopy closure (i.e., 20–50%
tree cover) (Figure 1c).
The 70-day interferogram (the phase difference between two SAR images) (Figure 2a)
was generated from two C-band SAR images
acquired on 5 January and 16 March 1997
during the dormant season when the majority
of tree species were in the leaf-off condition.
Interferograms acquired during the leaf-on
season (about May-October) have lower
coherence than those obtained during the

Fig. 1. (a) Map of Louisiana and location of
swamp forests in this study. (b) Land cover
map of the study area from the U.S. Geological
Survey National Land Cover Database
(http://landcover.usgs.gov). (c) An oblique
aerial photo showing the swamp forests.The
tree size is about 20 m, and aquatic vegetation
atop water is visible between trees.

leaf-off season.A full cycle of colors (called a
fringe), ranging from red, yellow, green, and
blue, to purple, represents a 2.8-cm change in
the distance from the satellite to the ground
or a 3.1-cm vertical displacement.
Maintaining coherence over the swamp
forests indicates that the majority of the
returned C-band SAR signal must be from the
interaction with tree trunks and the water surface beneath. If the scattering elements came
primarily from the top of the forest canopy, it
is unlikely the SAR signal would be coherent
over the 70-day separation [Zebker and
Villasenor, 1992; Hagberg et al., 1995], because
leaves and small branches composing the forest canopy change due to weather conditions.
The observed fringes exhibit control by
structures such as levees, canals, and roads,
and therefore are not likely due to changes in
atmosphere (water vapor) or vegetation conditions.The authors conclude that the observed
fringes are caused by changes in water level
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measure water level change beneath moderately dense tree cover at a greater vertical
accuracy. For InSAR to become an effective
tool for monitoring dynamic water level
changes beneath wetlands, a SAR system with
shorter imaging repeat times is required.
InSAR imagery will then be capable of characterizing the temporal evolution of water
level changes to improve hydrological modeling
predictions and enhance the assessment of
future flood events over wetlands.
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Fig. 2. (a) C-band (wavelength of 5.7 cm)
interferogram showing water level changes
over swamp forests between 5 January and 16
March 1997.The interferogram was produced
from radar images from the European ERS-2
satellite.The interferometric phase image is
draped over the radar intensity image. Each
fringe (full color cycle) represents a 2.8-cm
change in range distance or a 3.1-cm change
in water level. (b) A three-dimensional
perspective view of water level changes.The
approximate coverage of Figure 2b is outlined
in Figure 2a.
between the two observation dates.The SAR
images used in this study have VV polarization
(i.e.,vertically transmitted and vertically received
signal). Because SAR signals with HH polarization (horizontal transmission and horizontal reception) penetrate vegetation more than
VV polarized signals, the authors speculate
that HH-polarization SAR images such as
RADARSAT-1 may be better suited to detect
water level changes beneath tree cover.
Another remarkable observation is that the
water level changes are not homogeneous
(Figure 2b).For example,the water level change
varies by more than 10 cm over a distance of
less than 10 km (Figure 2b). Such heterogeneity
in water level change reflects local
differences in flood depth and topographic
constrictions.
Flooding throughout this area is primarily
controlled by sheet flow after the rivers and
bayous leave their banks. Under ideal circumstances, water should flow placidly and
smoothly over a symmetrically smooth surface
devoid of obstructions. However, the topography of the study area is dissected by roads,
canals, and other man-made structures, and
swamp forests are the dominant land cover.
Thus, the sheet flow should not be symmetric
throughout the study area. It would not be a
smooth, even surface of constant elevation
from one edge of the swamp to the other

Fig. 3. C-band ERS-1 and ERS-2 interferograms
over swamp forests spanning (a) one year,
from 5 January 1997 to 25 January 1998, and
(b) three years, from 7 January 1993 to 20
January 1996.The interferometric phase image
is draped over the radar intensity image. Each
fringe (full color cycle) represents a 2.8-cm
change in range distance or a 3.1-cm change
in water level.Areas that lack interferometric
coherence are uncolored.

(Figure 2b). Instead, there should be bulges
and depressions in the water surface due to
topographic constrictions in sheet flow.
Heterogeneous changes in water level such
as these make it impossible to accurately
characterize water storage capacity based on
measurements from a network of sparsely distributed gauging stations.
The generation of interferograms with time
separations of one and three years provided
another unexpected discovery (Figure 3).The
resultant InSAR images over the swamp forests
maintained full coherence over one year (Figure 3a) and partial coherence over three years
(Figure 3b).As anticipated, interferometric
coherence was lost over the sugar cane fields.
However, the coherence of C-band radar
images for as much as three years over swamp
forests characterized by a medium-low
canopy closure was surprising.

Scientific Advances
Using C-band ERS-1 and ERS-2 SAR images,
it is shown that InSAR images maintained
adequate coherence over swamp forests composed of moderately dense trees over a time
window of a few months.The results of this
research are important because they demonstrate that (1) moderately dense swamp
forests with a medium-low canopy closure
permit double-bounce returns for C-band
radar, and (2) C-band InSAR images can
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Visualization Systems (http://www.ivs unb.ca/)
and stored as a “scene” file.To view this visualization, viewers need to download and install
the free viewer program iView3D
(http://www.ivs3d.com/products/iview3d).
An updated scene file related to this event is
available on the Scripps Institution of Oceanography Visualization Center Web page: http://
siovizcenter.ucsd.edu/library Tsunami/tsunami.
htm.
[Viewers can rotate, zoom in and out, or pan
around the data set.Viewers can use the left
mouse button to spin the data, click and drag
the middle mouse button to zoom in and out
of the center of the screen, and click and drag
the right mouse button to zoom in on a specific point of interest. For detailed instructions,
viewers can refer to the “Help” menu after
launching iView3D.]
[The 26 December 2004 and the 28 March
2005 events are shown as red diamonds in the
scene (the deeper diamond represents the 28
March event).The orange spheres represent
aftershocks (magnitudes 4.7 to 6.1) in the
region since 28 March 2005, and the gray
spheres indicate aftershocks from the December

3D Visualization of
Recent Sumatra
Earthquake
PAGE 142
Scientists and visualization experts at the
Scripps Institution of Oceanography have created an interactive three-dimensional visualization of the 28 March 2005 magnitude 8.7
earthquake in Sumatra.The visualization shows
the earthquake’s hypocenter and aftershocks
recorded until 29 March 2005, and compares
it with the location of the 26 December 2004
magnitude 9 event and the consequent seismicity in that region.
The 3D visualization was created using the
Fledermaus software developed by Interactive
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LaToya Myles,Florida A&M University,December
2004,Advisor: Larry Robinson.

Atmospheric Sciences

Honors

A study of atmospheric ammonia in coastal
ecosystems utilizing relaxed eddy accumulation techniques and ion mobility spectrometry,

Rana A. Fine has been awarded the 2005
Provost Award for Scholarly Activity, presented
by the University of Miami.The award “recog-

forum
Moon-Mars:The
Elephant in the Attic
PAGE 143
Earth scientists have an elephant in the attic,
and although some have been mumbling about
it, few are speaking out in public.The elephant
is the new Presidential vision for America’s
civil space program that envisages manned
lunar missions within two decades and an
eventual manned mission to Mars—the “MoonMars” vision, for short.

This elephant is not just peacefully sleeping;
it is actively carousing around up there, threatening to bring drastic changes to the house,
changes that could threaten vital research in
the Earth sciences. Prior to careful consideration of feasibility or unintended consequences,
NASA has moved rapidly to restructure itself
in response to the new vision.These changes
run the risk of preempting much of the work
of a current National Research Council (NRC)
panel assessing space-based needs and priorities for the Earth sciences (http://qp.nas.edu/
decadalsurvey).
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event.The yellow spheres on the surface show
the fault rupture due to the December event,
and the purple cross-hairs on the surface indicate the possible error in the rupture location.]
Data for this visualization was gathered from
the following sources: Earthscope USArray
ANF Web site, http://anf.ucsd.edu/spevents/;
USGS Earthquake Hazards Program Web site,
http://earthquake.usgs.gov/recenteqsww/Quakes/
quakes_all.html; the Sumatra Earthquake and
Tsunami page on the SIO Visualization Center
Web site; and a paper, “Estimation of the rupture length and velocity of the Great Sumatra
earthquake of 26 December 2004 using
hydroacoustic signals,” by Catherine D. de
Groot-Hedlin, Scripps Institution of Oceanography, which has been submitted to Geophysical Research Letters (GRL).
—ATUL NAYAK and DEBI KILB, Institute of Geophysics
and Planetary Physics, Scripps Institution of
Oceanography Visualization Center, University of
California, San Diego

nizes faculty for extraordinary research and
scholarly pursuits.”
Charles David Keeling and Lonnie G.
Thompson will receive the 2005 Tyler Prize for
Environmental Achievement.The prize is given to individuals whose accomplishments in
environmental science, policy, energy, and
medicine confer great benefit upon mankind.

Implementation of the Moon-Mars program has
been articulated in the Aldridge Commission
Report (http://www.nasa.gov/pdf/60736
main_M2M_report_small.pdf).It is an important
read for all those interested in the future of the
Earth sciences.Key elements are its recommendations that the entire civilian space program be
focused on the Moon-Mars vision and that the
United States commercialize as much space activity as possible,as fast as possible.The report states,
“If it is determined that the inclusion of specific
highly regarded science programs hampers the
implementation of the vision,then such programs,
along with their attendant budgets, should be
transferred to another [non-NASA] government
agency or organization that could capably implement them.”
Does this mean the Earth sciences? It may.
In one recommendation, the report urges that

