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[1] Satellite passive microwave sensors provide global coverage of the Earth’s land
surface on a near-daily basis without severe interference from cloud cover. Using a
strategy first developed for wide-area optical sensors, and in conjunction with even limited
ground-based discharge information, such microwave data can be used to estimate river
discharge changes, river ice status, and watershed runoff. Water surface area in a river
reach increases as flow widens, and any temporally calibrated observation sensitive to
changing water area monitors discharge. The sensor spatial resolution is less important
than the scene-to-scene calibration and the contrast in upwelling radiance between
water and land. We use the Advanced Microwave Scanning Radiometer (AMSR-E) band
at 36.5 GHz, descending orbit, horizontal polarization, and the resampled Level-3 daily
global data product. The discharge estimator HR is a ratio of calibration-target
radiance (expressed as brightness temperature), for a local land parcel unaffected by the
river, to measurement-target brightness temperature, for a pixel centered over the river. At
midlatitudes, pixel dimensions are approximately 25 km. Because of low emission
from water surfaces, HR increases with discharge as in-pixel water area expands. It
increases sharply once overbank flow conditions occur. River ice-cover is also detectable.
The sensitivity and accuracy of the orbital measurements is tested along U.S. rivers
monitored by in situ gaging stations, with favorable results. Other tests demonstrate that
for seasonally variable rivers, AMSR-E can provide useful international measurements
of daily river discharge even if only fragmentary monthly mean discharge data are
available for calibration.
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1. Introduction

[2] Previous research [Smith, 1997; Smith et al., 1996,
1995] demonstrates that orbital sensors can measure dis-
charge changes along braided rivers. Imaging of surface
water area in a river reach provides a proxy indicator of
discharge that can be nearly as robust as stage-based (water
level) discharge estimation [Ashmore and Sauks, 2006].
Each technique has advantages and limitations. In situ stage
measurement [Rantz et al., 1982] can be continuous and
very precise (water level to a few centimeters). Along some
reaches, in-channel flow variation occurs with little width
change, and stage monitoring is the best approach. In
contrast, remote sensing is applicable to river reaches where
flow area changes are significant and consistent over time.
The available satellite technology of wide-swath sensors can
provide daily or near-daily measurements. Remote sensing
is economical; it observes rivers regardless of international
borders, and it can uniquely contribute direct measurements

of floodplain inundation [Brakenridge et al., 2005]. We test
here the use of wide-swath passive microwave satellite data
that resample rivers at the same wavelength, polarization,
and time-of-day and as frequently as once every 1–2 days.
To obtain the most useful results, such remote sensing data
require calibration to discharge by comparison to some in
situ discharge measurements. Empirical rating curves can
thereby be constructed and periodically updated, using the
same approach that has long been used for station-based
discharge measurements.
[3] A possible limitation of using water surface area for

estimation of discharge is the relatively small spatial scale
of river width and associated reach surface water area
changes [Bjerklie et al., 2003]. Significant in-channel dis-
charge changes along some rivers may produce river width
changes of only a few meters. Frequent-repeat sensors,
which are needed for an adequate temporal resolution,
commonly do not provide the spatial resolution needed to
measure such changes. However, as is the case for stage-
gaging sites [Wahl et al., 1995], measurement locations can
be chosen to maximize measurement sensitivity and reli-
ability. When water area changes over kilometers of a river
reach are measured, instead of at-a-section width, then the
observational precision requirements can be met. Also, most
river reaches include tributary stream junctions, slip-off
slopes across the inside bends of meandering rivers, channel
bars and islands, and other features which are sensitive to
relatively small discharge changes. The presence of such
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features can lead to significant aggregate increases in reach
water surface area as the river rises, even if overbank
conditions are not attained [Brakenridge et al., 2002]. In
this regard, a reach measurement approach is fundamentally
different than a cross-section measurement approach: It
makes use of the spatially continuous coverage provided
by imaging remote sensing.
[4] The Advanced Microwave Scanning Radiometer–

Earth Observing System (AMSR-E on NASA’s Aqua sat-
ellite) provides frequent global coverage for the Earth’s
surface and, at 36.5 GHz, without severe interference from
clouds. This paper demonstrates that by using a strategy
first developed for wide-area optical sensors [Brakenridge
et al., 2005, 2002], AMSR-E can measure river discharge
changes and river ice status. Because the sensor provides
data at a variety of frequencies, polarizations, look angles,
and time-of-days, we first consider which of these data are
most appropriate for consistent responses to changing water
surface areas. Then the remote sensing data are presented
for two U.S. river reaches that are colocated to ground-
based gaging stations. This allows an examination of the
remote sensing signal response to known daily discharge
changes. Similar measurements are then analyzed for rivers
in Europe, Asia, and Africa, where published discharge data
are limited but where it is still possible to obtain reliable
calibrations of the remote sensing signal using a comparison
of monthly means. Finally, we demonstrate that AMSR-E
data can also indicate the timing of ice-covered and ice-free
conditions in cold region rivers.

2. Selection of AMSR-E Data

[5] AMSR-E operates in a polar Sun-synchronous orbit
at 98.2� inclination with ascending equator crossings at
1330 LT. The imaged swath width is 1445 km, providing
full global coverage within 3 days. This radiometer has six
frequencies (Table 1) measuring radiances on a brightness
temperature scale, and at an incidence angle of 54.8� on
the Earth’s surface.
[6] The low-frequency channels at 6.92 and 10.65 GHz

have very coarse resolutions and suffer from radio frequency
interferences [Njoku et al., 2005]. The resolutions of
18.7- and 23.8-GHz channels are coarse, and these chan-
nels are close to the water vapor spectral line [Skou, 1989];
thus they are susceptible to atmospheric conditions. The
89.0-GHz channel has the best resolution of 6 � 4 km;
however, it is close to the oxygen spectral line [Skou, 1989]
and may contain large atmospheric contaminations. For our
purpose, the 36.5-GHz channel appears to be optimal.

[7] AMSR-E signatures are sensitive to surface wetness
[Njoku et al., 2003]. The brightness temperature Tbp is
related to the physical temperature T and surface emissivity
ep as

Tbp ¼ T � ep for polarization p ¼ H ;V ; ð1Þ

where H represents the horizontal polarization and V is the
vertical polarization. Emissivity conveys information re-
lated to surface wetness; however, the physical temperature
is variable and can change significantly in different seasons.
Thus a functional combination of data should be used to
retain the best sensitivity to surface water while minimizing
effects of variable physical temperature.
[8] We investigate passive microwave signature at

36.5 GHz and 54.8� incidence angle, consistent with the
AMSR-E characteristics, to identify the best specific
approach to measuring river discharge. We use an emission
model developed under the fluctuation-dissipation theory
[Tsang, 1991; Tsang et al., 1985; Yueh et al., 1992]. The
dyadic Green’s function used in the emission model is
derived for heterogeneous geophysical media [Nghiem et
al., 1990]. For a silt-loam soil type [Fairbridge and Finkl,
1979] with 27% clay, 62% silt, and 11% sand at 298 K
(25�C), the soil dielectric constant is given in Table 2 as a
function of volumetric soil moisture [Calvet et al., 1995].
[9] We have used the values of soil dielectric constant in

Table 2 in the calculation of the traditional polarization ratio
PR defined as [Njoku et al., 2003]

PR ¼ TbV � TbHð Þ= TbV þ TbHð Þ: ð2Þ

Now we plan a different approach (the present ‘‘paired
measurement method’’) that uses a ratio of a brightness-
temperature pair defined for the horizontal and vertical
polarizations, respectively, as

HR ¼ TbH Cð Þ=TbH Mð Þ;VR ¼ TbV Cð Þ=TbV Mð Þ; ð3Þ

where C denotes a calibration target area and M represents a
measurement area in a river reach. Substituting (1) in (3),
the pair ratio becomes

HR ¼ T Cð Þ=T Mð Þ½ 	 � eH Cð Þ=eH Mð Þ½ 	 
 eH Cð Þ=eH Mð Þ ð4aÞ

VR ¼ T Cð Þ=T Mð Þ½ 	 � eV Cð Þ=eV Mð Þ½ 	 
 eV Cð Þ=eV Mð Þ: ð4bÞ

The approximation in (4a) and (4b) holds when T(C) 

T(M) signifying that the physical temperature is similar at C
and M.
[10] The C and M pair is selected such that (1) C is

located near M so that they are within the correlation length
scale of physical temperature T and thus T is approximately
cancelled in the paired ratio, (2) C and M are separated by a
short distance so that measurements acquired by AMSR-E
are effectively (a few minutes) contemporaneous, (3) C is at
an area least affected by water change away from the local
river reach M and thus C can be used as a relatively stable
calibration target unaffected by the river change, and (4) M
is selected such that its area contains the largest change in
reach water surface area with discharge changes.

Table 1. AMSR-E Radiometer Characteristics

Center Frequencies, GHz

6.92 10.65 18.7 23.8 36.5 89

Sensitivity, K 0.3 0.6 0.6 0.6 0.6 1.1
Instantaneous
field of view,
km

76 � 44 49 � 28 28 � 16 31 � 18 14 � 8 6 � 4

Sample spacing,
km

10 � 10 10 � 10 10 � 10 10 � 10 10 � 10 5 � 5
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[11] As river discharge increases, local water tables rise,
the fractional area of open water increases, and (if local
precipitation is occurring) soil moisture may also increase
preferentially along the floodplain lowlands [Jung et al.,
2004]. To investigate these effects, we increase volumetric
moisture mv between 10% and 35% and also water fraction
fw between 10% and 90% over M. We obtain the results for
up to mv = 35% approaching the limit of soil-moisture
saturation while allowing the water fraction fw to vary over a
large range from 10% to 90%. The range of fw depends on
how M is chosen, and fw can have the maximum value of
100% if M fully conforms to the flooded area.
[12] For the case of soil moisture change (Figure 1a), we

change mv over M to calculate HR and VR while keeping
fw = 10% in M and mv = 5% in C. For the case of water
fraction change (Figure 1b), we use the linear mixing of
water and soil areas over M since the emissivities from
these different areas are uncorrelated within the 14 � 8 km
footprint at 36.5 GHz (8.2-mm wavelength). In this case,
we consider mv = 10% for a drier condition (thin curves in

Figure 1b) and mv = 20% for a wetter condition (bold
curves in Figure 1b) over the soil area in M while keeping
mv = 5% in C. When rainfall occurs over both M and C
due to their close proximity, soil moisture can increase in
both areas while the reach water surface area increases in
M. We analyze this case by starting from fw(M) = 10% and
mv(M) = mv(C) = 10% and linearly increasing the values to
fw(M) = 90% and mv(M) = mv(C) = 35% (medium
thickness curves in Figure 1b). In all cases, the water
dielectric constant at 36.5 GHz is (21.4 + i30.6) obtained
from a published empirical function [Klein and Swift,
1977]. PR is also calculated over M using the same input
parameters.
[13] The results indicate that HR has the best sensitivity in

each case. Since effects of both increasing mv and increasing
fw are directly related to HR (i.e., positive slopes in both
cases), the combined effects of wetter soil and wider river
also have the best sensitivity in HR compared with VR and
compared with the traditional polarization ratio PR, which
has the least sensitivity by an order of magnitude. Note that
HR increases strongly as a function of river water fraction fw
for the different values of soil moisture representing drier
and wetter conditions over the soil area, within the river
reach measurement area M (Figure 1b).
[14] Thus HR increases as river rise commences, and then

HR increases sharply once overbank flow conditions occur
over a large part of M. These results suggest that M should
be selected such that fw is the largest for the maximum
overflow condition to obtain the best sensitivity for river
discharge measurement. Moreover, the model analysis

Table 2. Complex Dielectric Constant at 36.5 GHz of a Silt-Loam

Soil at 25�C

Volumetric Soil Moisture, %

5 10 15 20 25 30 35

Real part 3.76 4.41 5.57 6.81 7.78 8.73 9.69
Imaginary part 0.21 1.23 2.82 4.63 5.98 8.25 9.94

Figure 1. Change in brightness temperature ratios HR, VR, and PR at 36.5 GHz versus (a) soil moisture
for fw = 10% in the river reach M and mv = 5% in C, and (b) water fraction for mv(M) = 10% and mv(C) =
5% represented by the thin black curves, for mv(M) = 20% and mv(C) = 5% by the bold black curves, and
for mv from 10% to 35% in both M and C by the curves with medium line thickness. Note that the dashed
thin black curve and the dash-dotted thin black curve are very close to the corresponding medium-line
curves plotted in the right panel.
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shows an increasing trend of HR without a saturation effect
as functions of both mv and fw (Figure 1), establishing the
validity of the pair measurement method over a wide range
of river flow variations. Another result from the model
calculations is that the medium thickness curves for the case
of soil moisture increase in both M and C (Figure 1b) stay
closer to those of the drier condition (thin curves) with a
smaller difference between mv(M) and mv(C) compared with
those of the wetter condition in M, whereas C remains very
dry (bold curves). This suggests that the pair ratio HR or VR
reduces the effects of soil moisture change when both C and
M becomes wetter or drier; therefore C and M should be
chosen in a close proximity.
[15] Furthermore, the close proximity between C andM is

important in reducing errors caused by uncorrelated changes
in vegetation conditions, soil characteristics, and rainfall
distribution. When C and M are sufficiently close, changes
at these locations are more likely to be correlated, e.g.,
similar vegetation growth rate at C and M. In this case, the
pair ratio approach accounts for the correlated changes that
are inherently included in the rating relationship between
the brightness temperature ratio and river gage data.
Nevertheless, in cases of large variabilities between C and
M, such as small but heavy rain cells in the tropics, the error
can be large and thus limit the applicability of this method.
Also, impervious surfaces and man-made hydrologic sys-
tems in urban areas significantly alter the natural stream
flow response and can cause significant errors when urban
areas occupy the majority of the surface in either C or M.
[16] The above calculations are for a bare surface without

vegetation cover, atmospheric effects, and diurnal variabil-
ity. With vegetation and atmospheric attenuations, the
signature related to river discharge becomes weaker as it
is partially masked. In this case, it is even more important to
select the ratio with the best sensitivity to river discharge
change, namely, HR. Because the attenuations can be strong
in vegetated areas, we expect that HR is significantly lower
than the model result, as high as 2.3 in Figure 1b, calculated
for a bare surface as an upper bound.
[17] To retain the best sensitivity of HR to surface water,

river reach areas M should be chosen so that discharge
changes produce the largest water surface area changes.
Such selection forces HR to the higher range of fw
corresponding to a steeper slope of the HR curve, and thus
a higher sensitivity of HR to the water fraction (Figure 1b).
In order to select reach areas M where flow area expansions
occur, we use overbank flooded areas measured by the
Moderate Resolution Imaging Spectroradiometer (MODIS)
and other satellite sensors archived at the Dartmouth Flood
Observatory (available in an online atlas; see Brakenridge
and Anderson [2006b]).

3. Gaging Reach Locations

[18] For the following, the specific AMSR-E data product
used is the ‘‘AMSR-E/Aqua Daily L3 Surface Soil Mois-
ture, Interpretive PARMS, and QC EASE-GRIDS V001’’
obtainable via the file transfer protocol (ftp) from the
National Snow and Ice Data Center (NSIDC) in Boulder,
Colorado. The temporal span of these data extends from
June 2002 to the present, and the sampling is daily.
[19] Our purpose is to test a technique that can be

generally applicable. To this end, a reach-based prototype

global river discharge monitoring system (‘‘Surface Water
Watch,’’ Figure 2) has been developed, and the ongoing
results are posted online at http://www.dartmouth.edu/
~floods/. Fifty-seven river reaches of approximately
25-km length were chosen where previous remote sensing
at optical wavelengths (250-m spatial resolution) observed
significant (>�20 km2 per river reach) water area variations
during 1999–2005. Approximately 600 other locations,
globally, meet these initial selection criteria, but data have
not yet been collected and analyzed (Figure 2). Close to
each of the measurement reach pixels (M) within the
AMSR-E data product, a calibration target pixel (C, unaf-
fected by the river or stream change) was also selected.
Figure 3 provides locations of the measurement and cali-
bration pixels for the reaches analyzed in this paper. Land
cover at the reaches varies from row crop or other agricul-
ture, to savannah, and forest. Some of the reaches are in
regions affected by seasonal or permanent frozen ground
and by snow. A variety of topographic settings occur, from
nearly level terrain to rivers flowing within hilly upland
terrains.

4. Results for U.S. Test Reaches

[20] The examples from within the United States are
colocated to in situ gaging stations where daily discharge
data are available. This makes possible the comparison of
the HR daily measurements to discharge. As per the prior
sections, we expect that (1) overbank flood discharges
should be measurable, whereas some in-channel flow var-
iation might not produce a sufficient variation in water
surface area within such large (25 � 25 km) pixels to be
detectable, and (2) HR values should range generally
between �0.9 and 1.5 in response to reach water surface
area changes.
[21] Also, we expect possible lag times between maxi-

mum flood discharge and maximum HR for particular
events. This is because, depending on floodplain-channel
interconnectivity [Anderson et al., 1996; Bates et al., 2002;
Bayley, 1991], flood peaks measured at a gaging station
may precede (several hours to perhaps several days) max-
imum inundation of the floodplain. In this regard, river
flooding sometimes occurs via a combination of rising river
stage, the emergence of shallow floodplain water tables, and
direct precipitation on the saturated floodplain: Floodwater
can have both local and upriver sources [Mertes, 1997].
Where channel water decanting overbank is the sole source,
flooding is more likely to lag river stage rise; where local
water is important in flooding from incoming local precip-
itation and/or snowmelt, inundation may occur nearly
synchronously with rising local river stage.
[22] Figure 4 presents two discharge-HR relations plotted

as scatterplots on arithmetic scales. No lag times are
incorporated into either plot. In both cases, there is a
correlation between measured discharge and HR, with least
squares R2 values from a fourth-order polynomial regres-
sion (1410 observations, July 2002 to April 2006) of 0.74
for the Red River and 0.63 for the Wabash (Figure 4). Also,
the results are consistent with the expectation regarding the
relative sensitivity of HR to low, in-channel, and overbank
flow variation. Namely, (1) very low HR of 0.91–0.99 is
always correlated to very low discharge, (2) intermediate
ratios of 1.0–1.1 for the Red River and 1.0–1.04 for the
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Figure 3. Location maps and remotely sensed surface water variability for six gaging reaches being
monitored using AMSR-E data. NASA’s Moderate Resolution Imaging Spectrometer (MODIS) images,
classified to water/land products, provide in-channel flow (light blue) and maximum observed flood
(darker blue) surface water extents. The black rectangles outline the measurement pixels, and the white
rectangles outline the calibration pixels. Red triangles are locations of in situ gaging stations. (a) Reach
187, Wabash River near New Harmony, Indiana. (b) Reach 134, Red River of the North near Drayton,
North Dakota. (c) Reach 268, Siret River near Galati, Romania. (d) Reach 433, Niger River near
Timbuktu, Mali. (e) Reach 77, Mekong River near Krachech, Cambodia. (f) Reach 1, Lena River near
Zhigansk, Russia. The rectangular pixel dimensions in the Lena example are actual land areas sampled
due to the effects at high latitudes of using globally projected image data.
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