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Abstract:

Wetlands cover up to 6% of the earth’ s land surface and include hydrologic, biogeochemical flux
and sediment transport processes that are key for understanding ecological and climatic changes.
M easurements of water levels and changes are among the most fundamental observations that
can be made throughout awetland. Y et, surprisingly, almost no stage recording devices are
located on any of the world’s large, lowland floodplains. Instead, discharge is measured only in
the main channels where flow is confined, unlike floodplains, where flow is not confined. The
vast, inaccessible location of large wetlands such as the Amazon and Congo floodplains, require
non-contact, remote methods of measuring floodplain water storage and related changes. My
colleagues and | have recently discovered that interferometric processing of SAR data collected
over inundated vegetation provides cm-scale changes in water levels across the Amazon
floodplain. These results have been spatially integrated with a flow network, extracted from
SAR imagery, to show that flow path distance is a controlling factor on water level changes,
hence on storage.

Although interferometric SAR methods of measuring topographic changes related to
earthquakes, volcanic activity, and glacial flows are well established, measuring water level
changesis still under development. A number questions remain regarding the SAR and
geomorphic parameters necessary for acquisitions of water level changes over flooded
vegetation. Perhaps the most important question is “what are the relationships between radar
frequency, interferometric coherence, and vegetation type that yield the most useful measurement
of water level change?’” Given that airborne platforms offer a greater scheduling flexibility than
spaceborne platforms, AirSAR and others like it, present a great opportunity to explore the utility
of expanding interferometric methods of measuring water level changesin flooded vegetation.
Results would be extremely important for hydrologic and ecological investigations of wetland
environments.

A. Introduction:

Wetlands cover five to eight million square kilometers globally [Matthews and Fung, 1986;
Matthews, 1993; Mitchell, 1990], blanketing up to six percent of the earth’sland surface. The
flow of water through these floodplainsis a control on both biogeochemical [e.g., carbon and
methane, Melack and Forsberg, 2000] and sediment fluxes[e.g., Dunne et al., 1998; Smith and
Alsdorf, 1998]. Water storage in floodplains is also akey, governing parameter in continental-
scale hydrologic models [Coe, 1998; Vorosmarty et al., 1989; Richey et al., 1989]. For example,
Coe [1998; 2000] developed awater balance and transport model that simulates flow through
rivers coupled with temporary storage in lakes and wetlands. Forcing the model with global



climate model (GCM) runoff estimates, Coe [2000] found that the addition of a wetlands
component provided nearly 50% of the observed Nile River discharge in the Sudan. 1n another
example, Richey et al. [1989] used Muskingum modeling and estimated the Amazon floodplain
to mainstem exchange at 25% of the annual discharge at the mouth. These large percentages
suggest that inaccurate knowledge of floodplain storage and subsequent discharge can lead to
significant errorsin hydrological, sediment flux, and biogeochemica models.

An understanding of the flooding dynamics and hydrol ogic exchange between rivers and related
floodplains relies on measurements of water levels recorded at gauging stations along amain
channel and within afloodplain. For many remote basins, however, the lack of floodplain stage
recording devices results in poorly constrained estimates of floodplain water storage. For
example, only one of the ~8000 |akes on the Amazon floodplain has been monitored for more
than a brief period [Lesack and Melack, 1995]. Instead, modeling efforts have begun to rely on
remotely sensed observations that either directly record water surface elevation using satellite
borne radar atimetry [e.g., Birkett, 1998; Koblinsky et al., 1993] or infer stage and discharge
from relationships between main channel gauge data and remotely sensed inundated area[e.g.,
Sppel et al., 1998; Smith, 1997; Smith et al., 1995, 1996; VOrosmarty et al., 1996].

Given the vast size and remote location of many large basins such as the Amazon and Congo,
airborne and satellite observations remain the only viable approach to constraining and validating
basin scale hydrologic models. However, the atimetric and inundation area approaches for
measuring floodplain storage are limited. Conventional radar atimetry is aprofiling tool with a
satellite track spacing of ~300 km, thus it can miss significant portions of afloodplain. Inferring
floodplain storage and discharge from inundated area requires calibration with ground discharge
data and does not work well in environments where small changes in water heightsyield little
change in surface area yet significant changesin flow. These approaches typically regress area,
derived from temporal maps of inundation, with discharge, derived from in-channel gauge data,
to predict floodplain discharge. However, mathematically, this method actually resultsin a
prediction of the combined discharges from main channels and adjacent floodplains.

My colleagues and | have recently demonstrated that interferometric processing and analyses of
synthetic aperture radar (SAR) data can yield centimeter-scale measurements of water level
changes throughout inundated floodplain vegetation [Alsdorf et al., 2000; 2001a; 2001b].
Furthermore, we have shown that these local observations across individual floodplain water
bodies can be spatially integrated in a geographic information system (GIS) to yield estimates of
floodplain storage change [Alsdorf et al., 2001c; Alsdorf, 2001d]. A key aspect of our
interferometric method is that it produces a volumetric measure of water storage change that is
independent of ground-based observations.

Given (1) that changesin floodplain storage for many of the world’ s large, lowland river systems
are estimated to be a significant portion of total basin discharge (e.g., 25% to 50% is typical), (2)
that biogeochemical and sediment transport studies rely on accurate floodplain storage, (3) that
flooding hazard studies require measures of storage and transport capacity, and (4) that in-situ



gauging of vast, remote floodplainsis cost prohibitive, a remotely-sensed system of
understanding floodplain water storage and subsequent exchange with main-channel riversis
required to improve models of continental-scale hydrology and their coupling with GCMs.

B. How Interferometric SAR Measures Water | evel Changes:

Interferometric processing of SAR data has already been used to map the centimeter-scale
changes in topography related to earthquakes, volcanic activity, and groundwater flux [e.g.,
Massonnet et al., 1993; Zebker et al., 1994; Wicks et al., 1998; Hoffman et al., 2001], to map the
velocity field of flowing glaciers[e.g., Goldstein et al., 1993], and to map the atmospheric water
vapor changes resulting from storms[e.g., Hanssen et al., 1999]. The processing method
requires two SAR image acquisitions from identical (or nearly identical) viewing geometries
before and after the displacement phenomenon; co-registration of the two images to a sub-pixel
accuracy; and subtraction of the complex phase and amplitude values at each SAR image pixel.
The value of the resulting interferometric phase at each pixel varies between -pi and +pi and is
primarily afunction of the distance between the radar antenna positions during acquisition (i.e.,
the platform baseline), topographic relief, surface displacement, and the degree of correlation
between the individual scattering elements that comprise each pixel location (i.e., coherence,
Rosen et al., 1996).

Because imaging SAR techniques use an antennathat transmits the radar pulse at an off-nadir
look-angle, the high dielectric contrast between smooth open-water and air causes most of the
pulse energy to be reflected away from the antenna (i.e., specular reflections). Furthermore,
depending on radar wavelength, the water surface can appear in a continuous state of change (i.e.,
roughened), resulting in complete loss of temporal coherence between SAR images acquired at
different times. Thus, previous investigators assumed that interferometric analyses of SAR data
would not reveal changesin water levels. However, radar pulse interactions with inundated
vegetation typically follow a double-bounce path that includes the water surface and trunks of
vegetation, which returns most of the energy to the antenna [Hess et al., 1995]. This returned
energy enables interferometric phase measurements of the earth, vegetation trunks, and water
surfaces encountered along the pulse travel-path. We have used L-HH-band SAR data from the
Space Shuttle Imaging Radar mission (SIR-C mission, Alsdorf et al., 2000; 2001a; Figure 1) and
from the Japanese Earth Resources Satellite (JERS-1, Alsdorf et al., 2001b; Figure 2) to
demonstrate that centimeter-scale changes in water levels beneath flooded vegetation can be
measured interferometrically, despite 24-hour and 44-day temporal baselines, respectively.

However, the method has not been attempted with non-HH polarizations such asHV or VV
(horizontally and vertically transmitted and received polarizations) nor with non-L-band
wavelengths (L-band = 24 cm). Furthermore, the vegetation characteristics required to produce
the double-bounce travel path have not been explored. Our initial work suggests that both dense
forest canopies and sparsely distributed, dead, |eafless trees will produce a returned pulse.

C. Scaling L ocal Observations of Water L evel Changeto Floodplain Storage:

For al floodplains, the main channel isthe major discharge outlet. We have interferometrically
measured water level changes across individual floodplain water bodies on the central Amazon
floodplain. These changes were recorded over a 24-hour period during mainstem recessional



flow in mid-October and are represented as dh/dt where h isthe water surface elevation and tis
time. These local observations of dh/dt distributed across the floodplain must be spatially linked
to the main channel to determine floodplain storage changes. The advent of the digital elevation
model (DEM) from the February 2000 Shuttle Radar Topography Mission (SRTM) will greatly
facilitate the identification of flow paths that connect each floodplain observation of dh/dt to the
main channel. Inthe interim, we have recently determined that major floodplain flow paths can
be identified in SAR amplitude imagery using stream network extraction algorithms [ Alsdorf,
2001d]. Ingeneral, low SAR amplitudes are recorded over open water where elevations are a'so
expected to be the lowest whereas high backscatter values are typically found over non-
inundated, higher elevation terrain [Hess et al., 1995; 2001].

Floodplain storage changes are found by spatially integrating the local interferometric
observations of dh/dt across afloodplain [Alsdorf et al., 2001c]. The extracted flow path
network guides the pattern of linkage between floodplain locations and the main channel.
Because non-flooded areas cannot have an associated dh/dt, the volume encapsulated by the
extrapolation is multiplied by the percentage of inundated floodplain to produce the final
estimate of floodplain storage change. During mid-recessional flow across the central Amazon

floodplain, this process yields a storage change estimate of 4600 m3/s (+400 m3/s and ~900
m3/s) for the extracted network between Itapeua and Manacapuru [Alsdorf, 2001d].

Water levels and changes across floodplains have not been explicitly measured inputsin previous
continental-scale hydrologic models. Instead, floodplain storage values are calculated by
assuming that floodplain water levels and temporal fluctuations are equivalent to those of the
main river channel. The interferometric observations like those of Figure 1 suggest that this
assumption may not be justified. The difference between assumed floodplain storage change

values and the interferometric estimate is 30%, with model-based change estimates of 6500 m3/s
[Richey et al., 1989]. However, the model-based estimates are built on 15 years of annual, main-
channel gauge averages whereas the interferometric estimate is built from a 24-hour snapshot
across the floodplain.

D. Remaining Questions and Airborne SAR Platforms:

Our previous work has focused on the Amazon floodplain and resulted in the intriguing
difference in floodplain storage change estimates between our interferometric procedure and a
continental-scale hydrologic model. The interferometric result was collected in October 1994,
during mid-recessional flow on a 300 km long reach of the Amazon floodplain and, thus, may be
temporally and spatially unique. However, if this differenceis generaly true, being applicable to
the entire Amazon River during both recession and inundation, and if similar results were found
over other large, continental -scale floodplains, then continental-scal e hydrologic models and their
coupling to GCMsrequire reanalysis. The variety of radar polarizations and frequencies
available on AirSAR present a unigue opportunity to test the generality of our interferometric
method. The following questions present opportunities that could be addressed with AirSAR.

D.1 Can Large Perpendicular Baselines at L-Band Yield Water Level Changes?

The observed interferometric phase measures both the local topography and also any surface



displacements that occur between SAR acquisitions. To separate these components, either a
synthetic interferogram based on a DEM (*two-pass method”, Massonnet et al., 1993) or
additional SAR interferograms free of displacement phenomenon (“multi-pass method”, Zebker
et al., 1994), can be subtracted from the observed phase. Because water surface elevations are
constantly changing during the temporal baseline of typical satellite acquisitions, the topographic
phase cannot be easily extracted using additional satellite SAR images, which suggests that the
two-pass method will likely be required for satellite based approaches. The TopSAR mode of
AirSAR alowsimmediate acquisition of topography without intervening temporal changesin
water levels, thus an AirSAR mission could acquire both the necessary DEM and additional
repeat passes.

The amount of topographic relief captured by one interferometric phase cycle, from —pi to +pi, is
afunction of the perpendicular component of the baseline. Short perpendicular components
yield more topographic relief per phase cycle than long baselines, thus a more reliable estimate of
surface change. Our previous two demonstrations of the interferometric method for measuring
dh/dt used L-HH data with perpendicular baselines between satellite acquisitions of +63 m (SIR-
C) and -118 m (JERS-1). These short baselines indicate that 0.5 radians of phase are equivalent
to 15-20 m of topographic relief, whereas depending on look angle, the same 0.5 radians are also
equivalent to about 1 cm of water surface change.

On the Amazon floodplain, the local topographic relief surrounding phase observationsis
typicaly lessthan 20 m. Thus, measurements of dh/dt on floodplains that presently lack DEM
data, such as the Amazon, require small perpendicular baselines and water level changesin
excess of 1 cm (i.e., the topographic phase component can be ignored). However, the use of
TopSAR DEMs should alleviate this restriction, allowing much larger baselines. Note that the
critical baseline for L-band, where coherence breaks down because of 1ook angle restrictions, is
about 4 km at satellite altitudes [ Zebker and Villasenor, 1992].

D.2 IsL-Band Coherence a Function of Temporal Baseline?

Over land surfaces, where changes in soil moisture, vegetation, and freeze/thaw cycling cause
random changes in the structure and dielectric properties of the scattering elements,
interferometric coherence typically diminishes with increasing time between SAR acquisitions.
Over inundated vegetation, the scattering elements consist of the water surface and vegetation
trunks. For short time periods, say 24-hours, the water surfaceis likely to experience a greater
change in structure than the trunks of vegetation (i.e., wave action on the water surface). Thus,
short-term temporal coherence is probably a function of the stability of the water surface (i.e.,
dielectric changes in the air-water interface are assumed to be minor). Across seasonal growth
periods, however, vegetation changes will also affect coherence. During the 24-hours separating
SIR-C acquisitions, coherence was maintained (Figure 1), thus we initially assumed that the
heavy Amazon forest canopy prevented wind roughening of the water surface during the one-day
period. Yet given the low vegetation density and large water surface of the lakein Figure 2, itis
doubtful that wind and wave action would be similarly subdued for the 44-day temporal baseline
of the JERS-1 interferogram. Nevertheless, strong coherence is maintained across the entire
JERS-1 image.

To separate the affects on coherence from a changing water surface and from vegetation,



comparisons between inundated areas where one of the parametersis held constant are necessary.
L ocations where the vegetation over the water surface is dead, still provide aradar double-
bounce travel-path but do not confound coherence with vegetation changes. Conversely,
locations where the water is stagnant, but the vegetation experiences seasona changes, reduce
the water surface affects on coherence. If L-band coherence does not vary with time, then subtle
variations in dh/dt over wetlands with flooded vegetation can be measured with interferometric
SAR techniques. For example, annual water level changes throughout the Florida Everglades are
less than ~2 m and are typically about 1 m with month-to-month variations between 10 and 20
cm [SFWMD, 2001]. Interferograms with long temporal baselines would be effective for
measuring seasonal variations in dh/dt, and subsequently yield images of floodplain storage
change.

D.3 Does L-Band Coherence Vary With Vegetation Type and Density?

The Amazon floodplain and Florida Everglades, like most tropica wetlands, contain arich
variety of vegetation. For example, Hess et al. [2001] have used SAR amplitude images to map
seasonal variations in Amazon floodplain habitats marked by herbaceous vegetation, shrubs,
forests, woodlands, and aguatic macrophytes. Contrasting this variety are the dead, |eafless trees
within the lake of Figure 2. We have an extensive archive of high-resolution airborne
videography throughout the Amazon floodplain available for determinations of vegetation
density to couple with the classification schemes. Similarly, high-resolution airborne
videography onboard AirSAR would provide necessary imagery for determinations of vegetation
type and density. Thisimagery could be classified and compared to repeat-pass AirSAR
interferometric products to determine coherence variations.

D.4. What isthe Variation in Coherence Between Differing Polarizations and Wavelengths?

Our initial results from the SIR-C interferometric data suggest that coherence is strongest over
flooded vegetation for L-HH compared to L-HV and C-HH [Alsdorf et al., 2001a]. However,
these results were derived over a 24-hour period during recessional-flow and related habitat
seasonal growth cycle. Furthermore, the vegetation types and densities were not delineated in
this basic assessment. Although C-band radar pul ses backscatter from the dense forest canopy,
rather than the underlying ground or water surface, double-bounce travel paths are known for C-
band data over inundated macrophytes and small shrubs [Hess et al., 1995]. Given the sparse,
dead vegetation over the lake of Figure 2, its probable that C-band data would follow a double-
bounce travel path in similar environments.

Conclusions:

A number of interferometric SAR missions on both satellite and airborne platforms have been
proposed to NASA over the past four years. The missions have been focused on improving
knowledge of earthquake, volcanic, and glacier processes through interferometric mapping of
related topographic displacements. These methodol ogies are well-established with severa
hundred publications. The unknown parameters outlined in hypotheses D.1 through D.4, suggest
that measuring floodplain storage change with interferometric SAR methods is still in an early
stage of development. Ideally, future missions would include floodplain storage change as a
potential target, especially given the global distribution and vast areas encompassed by wetlands



aswell as the climatic impacts of wetland biogeochemistry and hydrology. Questions D.1
through D.4 help define the core parameters necessary for identifying SAR antenna and mission
design. Results of these questions could be compared to proposed SAR missions to determine
the applicability of interferometrically measuring dh/dt within the mission criteria. Idedlly, future
missions focused on geodynamic and glaciologic processes can be similarly focused on
floodplain storage change without 10ss to core mission requirements.
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