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The Helmand River wetland represents the only fresh-water resource in southern
Afghanistan and one of the least mapped water basins in the world. The relatively
narrow wetland consists of mostly marshes surrounded by dry lands. In this study, we
demonstrate the use of the Advanced Land Observing Satellite (ALOS) Phased Array
type L-band Synthetic Aperture Radar (PALSAR) Interferometric SAR (InSAR) to detect
the changes of the Helmand River wetland water level. InSAR images are combined
with the geocentric water level measurements from the retracked high-rate (18-Hz) En-
vironmental Satellite (Envisat) radar altimetry to construct absolute water level changes
over the marshes. It is demonstrated that the integration of the altimeter and InSAR can
provide spatio-temporal measurements of water level variation over the Helmand River
marshes where in situ measurements are absent.

Keywords Helmand River, water level change, InSAR, satellite altimetry

1. Introduction

The Helmand River is the lifeblood of southern Afghanistan. It drains about 40% of
Afghanistan’s fresh water, which is primarily provided by melting snow and storm runoff
(Vining and Vecchia 2007). The Helmand River basin is the largest in Afghanistan and cov-
ers the southern half of the country. Due to the desert environment, the water level variation
of the Helmand River is characterized by large fluctuations owing to flood and drought
(Williams-Sether 2008). The extreme drought in the basin since 1999 has caused socio-
economic problems which threaten the livelihood of those interlinked with the wetland
products and services. This drought also has caused environmental problems, resulting in
the destruction of natural ecological systems. The desperate situation around the Helmand
River basin requires an improvement in the management of restricted water and water
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Helmand River Hydrologic Studies 321

monitoring to prevent the abrupt flooding by the heavy rains, which have occasionally
occurred in 2005 and 2007 (ReliefWeb 2003; Integrated Regional Information Networks
2005). However, we have poor knowledge of the spatial and temporal dynamics of the
surface water storage change over the region. In this study, we utilize satellite radar re-
mote sensing technologies, which provide useful measurements to monitor the spatial and
temporal variations of water level over the region. This study also intends to show how
active remote sensing techniques could provide hydrologic measurements in one of the
least mapped bodies of water in the world.

Interferometric Synthetic Aperture Radar (InSAR) has been proven to be useful
in measuring centimeter-scale water level changes over the Amazon flood plain using
L-band Shuttle Imaging Radar-C (SIR-C) and Japanese Earth Resources Satellite 1 (JERS-
1) imagery (Alsdorf et al. 2000, 2001), and over the Everglades wetland in Florida using
the L-band JERS-1 data (Wdowinski et al. 2004). Furthermore, European Remote-sensing
Satellite (ERS)-1/2 C-band images have been used to study water level changes over the
Louisiana wetlands (Lu et al. 2005; Lu and Kwoun 2008). The usefulness of these techniques
is based on the fact that the water beneath the swamp forest can provide double-bounce
scattering, which allows interferogram coherence to be maintained. However, the wetlands
in the Helmand River basin are relatively narrow and covered mostly with marshes, not
swamp forests, and surrounded by dry lands.

Over the past few years, satellite radar altimetry has been successfully used for water
level monitoring over large inland water bodies such as the Great Lakes (Morris and Gill
1994; Birkett 1995) and the Amazon basin (Birkett 1998; Birkett et al. 2002), which
have higher chances to be processed as ocean-like return. However, a significant amount
of data loss can occur during the periods of stage minima (lowest water level) due to
the interruptions to the water surface by the surrounding topography. Furthermore, the
radar return from a relatively small water body can be distorted. These limitations can be
partially overcome by retracking individual return waveform (Berry et al. 2005; Frappart
et al. 2006; Lee et al. 2009). In this study, we utilize the Environmental Satellite (Envisat)
18-Hz regional stackfile (Lee et al. 2008, 2009) to carefully select individual radar return
from the narrow intersection between the Helmand River and the satellite ground track. In
addition, the geocentric water level changes obtained from the altimetry are used to resolve
the integer ambiguity, inherent in the wrapped differential interferogram images, over the
marshes of the Helmand River basin.

2. Data

In this study, 22 pairs of Advanced Land Observing Satellite (ALOS) Phased Array type
L-band Synthetic Aperture Radar (PALSAR) scenes are processed, and their temporal
baselines, perpendicular baselines, and dates of acquisition are given in Table 1. The
pairs are composed of five paths from 548 to 552 (white boxes in Figure 1) covering the
Helmand River. All scenes have an incidence angle of about 38.7◦. The critical baselines
of PALSAR at this incidence angle over flat terrains are about 13.1 km in Fine Beam
Single-polarization (FBS) mode and 6.5 km in Fine Beam Double-polarization (FBD)
mode (Sandwell et al. 2008), so we use the pairs which have the perpendicular baselines
much smaller than the critical baselines (Table 1). In addition, we use SAR pairs with
temporal baselines shorter than 365 days to minimize the temporal decorrelation. Because
horizontal-transmit and horizontal-receive (HH) polarized SAR images maintain better
coherence over wetlands than vertical-transmit and vertical-receive (VV) polarized SAR
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322 Z. Lu et al.

Table 1
Temporal and perpendicular baselines of the InSAR pairs

Master Slave Temporal Perpendicular
Pair date date Path baseline (days) baseline (m)

1 2/1/2007 6/19/2007 548 138 577.3672
2 12/20/2007 3/21/2008 548 92 647.2835
3 3/21/2008 5/6/2008 548 46 563.9113
4 6/19/2007 9/19/2007 548 92 238.2067
5 9/19/2007 12/20/2007 548 92 448.6133
6 1/3/2007 2/18/2007 549 46 1880.9237
7 2/18/2007 10/6/2007 549 230 847.9038
8 1/6/2008 2/21/2008 549 46 684.1591
9 2/21/2008 4/7/2008 549 46 399.1095

10 12/5/2006 1/20/2007 550 46 −1855.0964
11 1/20/2007 6/7/2007 550 138 1755.5261
12 12/8/2007 1/23/2008 550 46 325.7641
13 1/23/2008 4/24/2008 550 92 1115.3426
14 6/7/2007 9/7/2007 550 92 653.8656
15 9/7/2007 12/8/2007 550 92 349.0772
16 12/22/2006 6/24/2007 551 184 1298.62
17 2/9/2008 5/11/2008 551 92 518.7769
18 6/24/2007 2/9/2008 551 230 1328.7804
19 1/11/2008 2/26/2008 552 46 456.9851
20 2/26/2008 5/28/2008 552 92 134.1137
21 7/11/2007 10/11/2007 552 92 539.0023
22 10/11/2007 1/11/2008 552 92 449.0074

images (Lu and Kwoun 2008), only HH polarized PALSAR images are used in this study.
To remove the topographic phase, a 30-m resolution Shuttle Radar Topography Mission
(SRTM) Digital Elevation Model (DEM) is used. The voids in the DEM are interpolated
based on the neighborhood pixels.

The Envisat altimeter data used in this study are from September 2002 to July 2008.
The Envisat orbits on a 35-day repeat cycle with 98.5◦ inclination. The Envisat Geophysical
Data Record (GDR) contains 18-Hz retracked measurements, which have a ground spacing
of approximately 350 m, and uses four different retrackers, which are OCEAN, ICE-1,
ICE-2, and SEA ICE retrackers (Benveniste 2002). The instrument corrections, media cor-
rections (dry troposphere correction, wet troposphere correction calculated by the French
Meteorological Office (FMO) from the European Centre for Medium-Range Weather Fore-
casts (ECMWF) model, and the ionosphere correction based on Global Ionosphere Maps
(GIM)), and geophysical corrections (solid Earth and pole tide) have been applied. The
ionosphere corrections usually obtained by combining the dual-frequency altimeter mea-
surement over ocean could not be used in this study because of land contaminations. Thus,
the GIM ionosphere corrections, based on Total Electron Content (TEC) grids, in the GDR
are used for this study. In addition, the 5.6 m level Ultra Stable Oscillator (USO) anoma-
lies for Envisat cycles 44–70 are corrected using the European Space Agency’s (ESA)
correction tables (J. Benveniste, personal communications 2007).
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Helmand River Hydrologic Studies 323

Figure 1. The Helmand River basin with the PALSAR coverage (white boxes) and 1-Hz nominal
Envisat altimetry ground tracks (black dots). The white circle shows the location of the river gauge
and background is the SRTM DEM.

3. Methodology

The two-pass differential InSAR method uses two SAR images acquired at different times
over the same area to produce an interferogram. The phase difference of two SAR images,
or interferometric phase, (φ), includes the signatures by topography (φtopo), displacement
(φdisp), atmosphere effect (φatmo), and noise (φnoise):

φ = φtopo + φdisp + φatmo + φnoise (1)

The phase difference by displacement is obtained by removing other components through
simulating topographic phase from DEM. The noise level of the interferometric phase
depends on the coherence of the image pairs. The volumetric and surface scatterings over
forested areas render low coherence or decorrelation (lost of coherence). In the case of the
double-bounce backscattering, which is reflected twice from the water and tree trunks, it
is possible to obtain a good coherence over swamp forests (Lu and Kwoun 2008). Over
marshes comprising various species of grasses, the double-bounce backscattering may still
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324 Z. Lu et al.

exist, but it depends on the water level. While the primary scattering mechanism is the vol-
ume scattering when the water level is low, specular scattering dominates when the water
level is high. Therefore, the double-bounce backscattering may only occur in the interme-
diate range of water level. After the topographic signatures are removed, the differential
interferogram is still wrapped as modulo of 2π . We must unwrap the interferogram phases
to obtain actual displacement values. The marsh regions rarely have a good coherence, and
thus it is difficult to do phase unwrapping (resolving the integer ambiguity, N). Therefore,
in this study we use only a few high-coherence patches within the marshes. The unwrapped
phase can be written as:

φunwrapped = φ − φtopo = 2π · N + φf rac + e (2)

where φunwrapped is the phase value after removing only the topographic phase (φtopo)
from the interferometric phase (φ) in Eq. (1), φf rac is the wrapped phase value, and e is
phase error term caused by the noise and atmospheric effects. What we can obtain from an
interferogram is the term φf rac +e. To solve the integer ambiguity (N) in Eq. (2), we use the
water level changes measured from the Envisat altimeter. This requires at least one patch of
high-coherence pixels over which the Envisat altimeter passes. After resolving the integer
ambiguity, the absolute water level changes over the coherent pixels in the interferogram
can be estimated such as:

φ̂unwrapped = −4π · �h · cos θinc

λ
(3)

where λ is the radar wavelength (23.6 cm for L-band PALSAR), θinc is the SAR incidence
angle, and θunwrapped is the unwrapped interferometric phase after the integer ambiguity is
resolved.

In order to carefully select the valid 18-Hz Envisat measurements along the intersection
between the Helmand River and the satellite ground track, a regional 18-Hz Envisat stackfile
is developed (for details, see Lee et al. 2008, 2009). The individual 18-Hz retracked
measurements using the ICE-1 retracker (Bamber 1994) with the backscattering coefficient
larger than 20 dB along the intersection are spatially averaged to construct the geocentric
water level change (�h) time series.

4. Results

4.1. Water Level Change from Envisat Altimetry

As can be seen from Figure 2, the Helmand River is surrounded by mountainous regions,
and the radar return can be contaminated by the surrounding topography due to the large
(∼several km) altimeter footprint. Using the nominal footprint of Envisat over the flat water
surface with a diameter of 2.5 km (red circles in Figure 2), only the radar returns that are
over the wetlands are first considered (Figure 2). To identify the radar returns from the
water surface, the 18-Hz ICE-1 backscattering coefficients are examined over the 18-Hz
locations selected. Figure 3 shows the variations of the backscattering coefficients in 2004,
and it is evident that the backscattered energy is generally higher over the main river stream
than the surrounding agricultural field. It is clear that the backscattering coefficients are
higher during spring and lower during autumn, which may indicate the spring flood due to
the snow melt. We select the 18-Hz radar returns which have the backscattering coefficient
higher than 20 dB, and spatially average them to construct the water level change time series
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Helmand River Hydrologic Studies 325

Figure 2. White circles denote the nominal footprints of the Envisat altimeter with a diameter of
∼2.5 km along the 18-Hz nominal ground tracks of pass 253 over the Helmand River wetlands.
Background is the SRTM DEM.

from September 2002 to July 2008 (Figure 4a). The seasonal variation with amplitude up
to 10 m is obvious. The stage maxima occur in spring whereas the minima can be observed
during autumn. Although there is no contemporary level gauge record to be compared
with the water level variation from Envisat, this seasonal variation can also be observed in
Figure 4b, which is from the discharge record from 1957 to 1969 obtained from a U.S.
Geological Survey (USGS) river gauge station (Figure 1).

4.2. InSAR

The differential interferogram is generated after the topographic phase is simulated and
removed using the 30-m resolution SRTM DEM. PALSAR FBS mode SAR images have
a slant range pixel spacing of 4.7 m (7.5 m in ground range) and an azimuth pixel spacing
of 3.2 m, and PALSAR FBD mode has a range pixel spacing of 9.4 m (ground range of
15 m) and an azimuth pixel spacing of 3.2 m. PALSAR FBD images are resampled to
the pixel size of FBS images (Sandwell et al. 2008). A multiple-look factor of 1 by 2 is
applied, so the interferogram pixel size represents an area of about 7.5 m by 6.4 m on
ground. Moderate Goldstein adaptive filtering is applied to reduce the interferogram noise
(Goldstein and Werner 1998).

Figures 5a and 6a show two examples of differential interferograms. It can be seen that
the mountains, bare soils, and agricultural fields have low (0.2–0.5), high (0.7–0.9), and
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326 Z. Lu et al.

Figure 3. Examples of the 18-Hz ICE-1 backscattering coefficients (dB) (coded in color) along the
18-Hz satellite nominal ground tracks in 2004. The size of the circles approximately represents the
size of the nominal altimeter footprint. The geographic coverage is the same as the one shown in
Figure 2. (Figure appears in color online.)

intermediate (0.4–0.8) coherence values, respectively. It can also be seen from Figures 5b
and 6b that the patches of high coherence pixels also exist in the marshes near the Helmand
River. Because there is no detailed land cover map over the study area, classification on
marsh, agricultural field, bare soil, and river is conducted using optical images from Google
Earth (Figures 5c and 6c) and SAR intensity images. Only three of the processed InSAR
pairs (pairs 2, 9, and 17 in Table 1) show high coherence (0.7) over most of the marshes,
and the phase values of high coherence pixels within the marshes, over which the Envisat
passes, are averaged. Using the water level changes measured from the Envisat altimeter, the
integer ambiguity in an interferogram (Eq. (2)) can be resolved, and the interferogram can
be unwrapped to resolve the absolute phase changes over other high coherence pixels. From
the three highly coherent interferograms generated in this study, we do not see significant
variations in the interferometric phase value. This suggests that the water level changes are
relatively homogeneous over the study area. In contrast, a parallel study over southeastern
Louisiana shows dynamic, spatially varying water level changes over wetlands (Kim et al.
2009). In that study, the Envisat altimeter data are used to resolve the absolute water level
changes over the overlap of InSAR and altimeter measurements. The InSAR phase values
are then used to map absolute water level changes across coherent pixels of interferograms.
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Helmand River Hydrologic Studies 327

Figure 4. (a) Water level change (�h) time series obtained from Envisat pass 253. (b) Dis-
charge records estimated from the USGS river gauge station (http://nwis.waterdata.usgs.gov/
nd/nwis/nwisman/?site no=310800064110000) of which location is shown in Figure 1.

Statistics of the measured phase values and the estimated integer ambiguities over
the marshes covered by the Envisat altimeter are shown in Table 2. From the estimated
integer ambiguities, the absolute water level changes can be computed, and Figure 7
illustrates the water level changes from the Envisat altimeter and InSAR integrated with the
altimeter over the Helmand River. The correlation coefficient and root-mean-square (RMS)
difference between the altimeter and InSAR/altimeter integration are 0.97 and 6.79 cm,
respectively.

It is known that InSAR images alone cannot observe absolute water level changes
(Lu and Kwoun 2008). The reason is that InSAR phase values, which are ambiguously
measured modulo by 2π , only represent the relative water level changes. In a simple
case, for example, let us assume the water level over a wetland moves up or down by a
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328 Z. Lu et al.

Figure 5. (a) Differential interferogram from the Cropped SAR images (2007.12.20–2008.3.21).
(b) Enlarged differential interferogram. Red circles denote high coherence points within the marsh
region. (c) Google Earth image. Red circles illustrate the marsh region. (Figure appears in color
online.) (Continued)
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Figure 5. (Continued)

constant height. The volumetric change of the wetland water storage can be calculated by
the area of the wetland and the constant water level change. However, an InSAR image
can only exhibit a constant phase shift with an ambiguity of multiples of 2π . This can be
mistakenly interpreted as being no water level changes. To estimate the volumetric change
of water storage, the absolute water level change at a single location within a wetland

Table 2
Averages and standard deviations of the measured phase value, and the integer ambiguities

estimated using the absolute water level change from Envisat

Pair φ̄frac(rad) σφfrac
(rad) N̂ (Integer ambiguity)

2007.12.20–2008.3.21 −7.6 1.301 −2
2008.2.21–2008.4.7 4.3 0.216 0
2008.2.9–2008.5.11 3.44 0.082 1
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330 Z. Lu et al.

Figure 6. (a) Differential interferogram from the cropped SAR images (2008.2.21–2008.4.7). (b)
Enlarged differential interferogram. Red circles denote high coherence points within the marsh
region. (c) Google Earth image. Red circles illustrate the marsh region. (Figure appears in color
online.) (Continued)
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Figure 6. (Continued)

body is required. What we have demonstrated in this study is that the altimeter can be
used to correct the phase ambiguities in InSAR images to estimate the absolute water
level changes. Then, the “calibrated” interferogram phase values can be used to calculate
the absolute water level changes over other high-coherence areas as long as they can be
successfully unwrapped. The estimated absolute water level changes from the integration
of altimeter and InSAR can provide a valuable hydrologic dataset over a region such as
Afghanistan, where no in situ measurements exist or where they are unavailable to the
public.

The accuracy of altimeter measurements for this purpose does not need to be very high.
In principle, as SAR is a side-looking sensor, an accuracy to the λ/ (2cosθ inc) is sufficient.
For ALOS PALSAR with λ = 23.6 cm and θ inc = 38◦, this corresponds to about 15 cm.

Figure 7. Comparison of the absolute surface water elevations over the Helmand River obtained
from the Envisat and the integration of the Envisat altimeter and InSAR measurements.
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332 Z. Lu et al.

5. Conclusions

An innovative technique to build the absolute water level change map using Envisat radar
altimetry and ALOS PALSAR InSAR in the Helmand River wetlands was developed and
demonstrated. The 18-Hz regional stackfile method is used to construct the absolute water
level change from the retracked Envisat measurements, and they are used as a reference
surface to resolve the integer ambiguity in the wrapped interferogram and to obtain absolute
water level changes within the marsh region. The integration of altimeter and InSAR
enables the monitoring of absolute water level changes over the Helmand River basin in
Afghanistan, of which any recent hydrological data are not released. The technique of
retrieving the absolute water change from the integration of altimetry and InSAR is being
explored in other wetlands to test the applicability of the proposed methodology.
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