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[1] Moderate Resolution Imaging Spectroradiometer (MODIS)—derived measurements
of Lena River effective width (W,) display a high predictive capacity (r* = 0.81, mean
absolute error < 25%) to forecast downstream discharge conditions at Kusur station, some
8 d and ~700 km later. Satellite-derived mean flow propagation speed (88 km d ™' or
1.01 m s ') compares well with that estimated from ground data (84 km d™' or

0.97 m s~ '). Scaling analysis of a ~300 km heavily braided study reach suggests that at
length scales > 60—90 km (~2-3 time valley width), satellite-derived W, — Q rating
curves and hydraulic geometry (b exponents) converge upon stable values (b = 0.48),
indicating transferability of the discharge retrieval method between different locations. Put
another way, at length scales exceeding ~60—90 km all subreaches display similar
behavior everywhere. At finer reach length scales (e.g., 0.25—1 km), longitudinal
extraction of b exponents represents the first continuous mapping of a classical hydraulic
geometry parameter from space. While at least one gauging station is required for
calibration, results suggest that multitemporal satellite data can powerfully enhance our
understanding of water discharge and flow conveyance in remote river systems.
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1. Introduction

[2] Measurements of river discharge are required for
flood hazard management, water resource planning, climate
and ecology studies, and compliance with transboundary
water agreements. Knowledge of river propagation speed,
the time for flows to pass downstream, is critical for flood
forecasting, reservoir operations, and watershed modeling.
However, gauging station records are generally sparse
outside of North America and Europe, even though the
most ominous projections of future water supply shortages
lie outside of these regions [Vorosmarty et al., 2000]. Even
where good monitoring networks exist, hydrologic condi-
tions between stations must be interpolated or modeled,
often over long distances. In the developing world, stream-
flow data are seldom available for economic, political, and
proprietary reasons. Data are also sparse in the high lat-
itudes (and declining) [Shiklomanov et al., 2002], where
low population, ice jams, and predominance of braided
gravel bed rivers limit river gauging. This impedes our
understanding of Arctic climate warming, which is believed
to exert strong impacts on terrestrial hydrology [Wu et al.,
2005; Stocker and Raible, 2005].

[3] For these and other reasons, the last decade has seen a
rising interest in the potential for satellites to remotely
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estimate streamflow [Alsdorf and Lettenmaier, 2003;
Brakenridge et al., 2005; Alsdorf et al., 2007]. In general,
a remote-sensing approach is best suited for large, remote
rivers [Hudson and Colditz, 2003; Roux and Dartus, 2006].
Most space-based efforts have sought to measure discharge
at specific locations along a river course, much like ground-
based gauging stations. In rarer cases, the broad synoptic
view afforded from space has been exploited to obtain
fundamentally new hydrologic observations that could not
realistically be achieved on the ground [e.g., Smith and
Alsdorf, 1998; Alsdorf et al., 2000; Smith, 2002; Richey et
al., 2002; Birkett et al., 2002; Alsdorf, 2003; Frappart et al.,
2005; Smith et al., 2005; Andreadis et al., 2007; Grippa et
al., 2007]. Such promising results have prompted calls to the
hydrologic community to move beyond traditional point-
based gauging methods to new remote sensing measure-
ments of the spatial variability inherent to surface water
systems [Alsdorf and Lettenmaier, 2003; Alsdorf et al.,
2007].

[4] Whether ground or space based, a key limitation of
many discharge estimation methods is their dependence
upon empirical rating curves that relate occasional measure-
ments of true river discharge (water flux, m>/s or ft°/s, taken
in situ) to another variable (water level, inundation area)
that can be monitored more easily. Because the rating curves
are site specific, they cannot be applied elsewhere along the
same river or to other rivers of similar form [Bjerklie et al.,
2003]. This site-specificity greatly increases the cost of
ground-based river gauging and is a prime obstacle to a
global capability to track river discharge from space.
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[s] A further limitation of most satellite methods is low
temporal sampling rate, typically weeks to months for high-
resolution (~10—30 m) visible/near-infrared sensors [Smith,
1997]. However, unlike permanent gauging stations satel-
lites observe river conditions with dense spatial sampling
over large areas; and collect data globally including inac-
cessible, impoverished, or politically unstable regions.
These benefits offer high scientific and societal value and
are a prime motivator for developing a new, space-based
approach to river measurement.

[6] Following a brief review of traditional versus remotely
sensed discharge estimation methods, we examine to what
extent the latter can be used to assess flow conditions far
from existing gauging stations, i.e., in an upstream or
“forecasting” mode. We also assess whether useful
discharge estimates can be obtained using satellite data that
have moderately poor spatial resolution (250 m) but high
temporal sampling (~daily). Finally, we examine hydraulic
geometry scaling properties to explore if at sufficiently
large length scales, a stable (i.e., not site-specific) satellite-
based rating curve emerges that may be reasonably applied
elsewhere along the river course. These objectives are
carried out for a remote, ~300 km braided reach of the
Lena River, Siberia using downstream ground measure-
ments of discharge and 5 years of NASA Moderate
Resolution Imaging Spectroradiometer (MODIS) visible/
near-infrared satellite data from 2001 to 2005.

2. Traditional Versus Remote Sensing Estimates
of River Discharge: A Review

[7] The traditional framework for measurement of river
discharge is the channel cross section, with total instanta-
neous discharge Q (water flux through the cross section, m*/s
or ft*/s) equal to the product of mean cross-sectional flow
width w, depth d, and velocity v (Q = wdv) as averaged from
numerous in situ measurements taken across the stream.
Mean w, d, and v all increase as a function of discharge, but
the rate of increase for each varies with channel form giving
rise to the so-called ““at-a-station hydraulic geometry” of
Leopold and Maddock [1953]. Under the hydraulic geom-
etry framework, width, depth and velocity each possess
distinct power law relationships with Q (w=aQ’, d=cQ’,v=
kQ™, with a, b, c, f, k, m empirically derived coefficients and
b+f+manda x ¢ x k=1). The assumption that w, d, and
v possess independent relationships with Q, while question-
able [Ferguson and Ashworth, 1991], allows river discharge
to be computed from any one of them if the corresponding
coefficients are known. For the vast majority of ground-
based gauging installations the variable of choice is flow
depth d, recorded continuously as water level fluctuations in
a stilling well vented to the stream. Occasional in situ
measurements of Q are obtained to derive ¢ and f, so that
the continuously recorded measurements of d can be used
compute Q. For best results a stable, single-channel cross
section is required, preferably deep, narrow and in bedrock
so that changes in discharge are accommodated largely by
adjustments in flow depth. The exponent b (often called the
“width exponent™) is also widely used in fluvial geomor-
phology as a diagnostic measure of river behavior and form,
e.g., high b exponents are characteristic of shallow, gravel
bed rivers that accommodate discharge increases through
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channel widening, whereas low b exponents are typical of
entrenched channels with cohesive banks. This traditional
framework for measuring river discharge and hydraulic
geometry is operational around the world and has remained
largely unchanged since the 1800s and 1950s, respectively.

[8] Satellite remote sensing of river discharge is a much
newer approach, with nearly all work done since the mid-
1990s. The methods used have different variants, but a
common approach is to simply correlate remotely sensed
water levels (from altimetry) or inundation areas (from
imaging) acquired at or near a gauging station with the
simultaneous ground data [Usachev, 1983; Smith et al.,
1995, 1996; Al-Khudhairy et al., 2002; Townsend and
Foster, 2002; Kouraev et al., 2004; Xu et al., 2004; Zhang
et al., 2004; Coe and Birkett, 2004; Brakenridge et al.,
2005, 2007; Temimi et al., 2005; Ashmore and Sauks, 2006;
Calmant and Seyler, 2006; Papa et al., 2007]. This is
conceptually similar to the traditional method described
above, except that a satellite-derived rather than ground-
derived measurement is used, and (in the case of imaging
systems) flow area or width, rather than depth, is the
variable of choice. Another approach is to merge the
satellite data with topographic information [Brakenridge et
al., 1994, 1998; Sanyal and Lu, 2004; Bjerklie et al., 2005;
Matgen et al., 2007], output from hydraulic models [Horritt
and Bates, 2002; Bates et al., 2006; Overton, 2005; Roux
and Dartus, 2006; Leon et al., 2006; Schumann et al.,
2007], or informed estimates of channel depth and frictional
resistance [Lefavour and Alsdorf, 2005]. A substantially
different approach is to forgo discharge (flux) retrievals
altogether, in favor of directly measuring three-dimensional
water volume change over some defined area [Alsdorf et al.,
2001; Alsdorf, 2003; Frappart et al., 2005, 2006].

[0] Strictly speaking, all remote sensing discharge meth-
ods are dimensionally incompatible with the traditional
cross-section framework. In planform, w and d measured
at a field cross section possess dimensions of length,
whereas even the finest-resolution satellite sensors sample
a two-dimensional area on the ground. An updating of
hydraulic geometry theory to incorporate a two-dimensional
river surface area variable a, (e.g., a = gQ") has yet to be
formally articulated. Nonetheless, for the purpose of river
discharge estimation the remote sensing community has
largely treated its two-dimensional measurements as equiv-
alent to the one-dimensional w, d, v of classical at-a-station
hydraulic geometry. In the case of water level variations
sampled by profiling altimeters, or flow widths extracted
from image transects, the area effect is simply ignored. For
discharge retrievals based on inundation area, the dimen-
sional problem is often resolved by defining some river
reach. Flow inundation areas measured within the reach are
then divided by the reach length to yield one-dimensional
units, dubbed “effective width” (W,) [Smith et al., 1995,
1996; Ashmore and Sauks, 2006]. Although W, has the
familiar units of width (m) it is derived from inundation area
and should be thought of as a “reach-averaged” width
rather than cross-sectional width [Ashmore and Sauks,
2006]. For discharge estimation, remotely sensed W, values
are then substituted for w in the hydraulic geometry formu-
lation (W, = aQ") and the equation inverted to compute Q.
Like permanent gauging stations, an empirical rating curve
must be constructed and the coefficients a and b calibrated
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Figure 1. Location map of Lena River, our study site, and the permanent State Hydrologic Institute

gauging station at Kusur.

using independent ground-based measurements of Q. Like
traditional d — Q rating curves, low variance in the W, — Q
rating curve yields higher-quality discharge estimates.

3. Data and Study Region

[10] The Lena River is the world’s eighth largest in terms
of total annual flow volume (527 km>/a) despite being frozen
for 8 months of the year (October—May) [Shiklomanov et al.,
2006]. Since 1934, the Russian State Hydrologic Institute
(SHI) has maintained a permanent gauging station at Kusur,
about ~200 km upstream of the Lena’s confluence with the
Arctic Ocean and ~700 km downstream of the area examined
in this paper (Figure 1). The drainage area upstream of
Kusur station is ~2.43 x 10° km? [Shiklomanov et al.,
2006], with minimum flows around ~2,000—5,000 m’/s in
winter (under ice) peaking rapidly to ~80,000—120,000 m*/s
during the annual spring flood. Mean absolute errors in
corrected daily discharges from Kusur station average
17-28% from October to May (ice affected) and ~6%
from June to September (ice free) [Shiklomanov et al.,
2006]. At the time of writing, corrected SHI daily discharge
data are available only through 2001. Thereafter, only un-
corrected “provisional” data are available from ArcticRIMS
at the University of New Hampshire (http:/rims.unh.edu/).
The difference between corrected and provisional data also
averages around 6% but varies (A. I. Shiklomanov, personal
communication, 2007).

[11] At Kusur station the Lena River is a single-channel
system. However, ~700 km upstream it is heavily braided,
with numerous intertwining channels separated by tree-
covered islands (Figures 1 and 2). In contrast to previous
studies of proglacial, gravel bed braided rivers that shift
constantly in response to varying discharge and sediment
supply [Smith et al., 1995, 1996], channel migration and
new bar formation occur relatively slowly in the Lena, i.e.,
at decadal rather than subannual timescales [Chalov, 2001].
A remote, heavily braided, 316 km river reach in this area is
the focus of this study (Figures 1 and 2).

[12] We obtained all cloud-free MODIS scenes acquired
over the study site between 1 June and 30 September (open
water season) in the years 2001, 2002, 2003, 2004, and
2005. Spring breakup periods were specifically excluded
from consideration owing to floating ice debris and com-
mon ice jam floods that are clearly evident in MODIS
images of the Lena [Pavelsky and Smith, 2004; Brakenridge
et al., 2007]. Band 2 data (near infrared, 0.841—-0.876 m)
were georeferenced and reprojected to 250 m spatial reso-
lution using the MODIS Swath Reprojection Tool (http://
edcdaac.usgs.gov/landdaac/tools/mrtswath/). Each scene
was then thresholded to classify water from nonwater
pixels. Off-nadir images were avoided to reduce the MODIS
“bow tie” effect. To mitigate the effects of temporally
varying sun angle, sensor angle, and atmospheric conditions
on surface reflectance, the threshold was recomputed for
each scene as the midpoint between the mean reflectance of
20 stable water pixels and 20 stable nonwater pixels,
respectively. This produced a binary water map for each
scene that closely matched a visual assessment of water
extent.

[13] For each binary map, water inundation areas were
extracted for a spectrum of reach length scales using
RivWidth, a new software tool that automates the extraction
of mean river widths from binary images of water extent
[Pavelsky and Smith, 2008]. The output of RivWidth is
nearly identical to W, but is computationally faster and
calculated in a slightly different manner. Rather than divid-
ing inundated area by reach length, RivWidth derives a
centerline for the study reach then computes the total width
of all channels across a series of transects orthogonal to this
centerline. The individual transect widths are then averaged
over a user-defined length scale to provide a reach-averaged
width. Because this value is nearly equivalent to W, as
calculated in previous studies we refer to it as such
throughout the remainder of this paper. Derived values of
W, were then regressed against downstream ground obser-
vations of Q across the spectrum of reach scales, yielding
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