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ABSTRACT OF THE DISSERTATION 
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by 
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 Despite the importance of rivers to industry, agriculture, the climate system, 

and global ecosystems, our current knowledge of river discharge (volume of available 

water per unit time) is surprisingly poor for many regions of the world as political 

cloistering, aging infrastructure, and rapid human changes limit our ability to 

understand global surface waters holistically. Closing this knowledge gap is critical 

for better management of surface water in light of drought and increasing human 

demand for fresh water, especially as the earth’s hydrological system responds to a 

changing climate. Nowhere on earth is this hydrologic uncertainty more acute than 

the Arctic, where already difficult-to-obtain in situ observations have declined in 

recent decades and where rising air, soil, and water temperatures exert outsized 

impact on natural systems. Furthermore, even basic fluvial science is underdeveloped 

in the Arctic, as routine field measurements are logistically challenging and 

sometimes dangerous to obtain. To these ends, this dissertation seeks to combat 
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these global hydrologic challenges, and is centered on rivers at the intersection 

between geography, fluvial hydrology, and geomorphology. Specifically, this 

dissertation asks and answers  three interconnected questions that I believe are 

critical for improved scientific understanding of global and Arctic hydrology: (1) Can 

river flows and freshwater resources be quantified globally, even in remote and/or 

politically sensitive regions? (2) What can we learn about rivers by thinking about 

them spatially? (3) How do rivers of the cryosphere differ from their better-studied 

temperate counterparts? The work herein is built on extensive field work, satellite 

remote sensing, modeling, and GIS, and contains seven chapters. This document 

compiles original information about the geomorphology of rivers (that is, how they 

shape and are shaped by the landscape, Chapters 1, 2, 4, and 7) and applies that 

knowledge to develop a novel methodology for estimating river discharge from 

remotely sensed imagery (Chapters 2, 3, and 6). Building on this work, this document 

also critically considers how these methods might influence local politics (Chapter 5).  

In sum, this document represents an attempt to holistically understand rivers from 

numerous vantage points, and succeeds in reveling previously undiscovered river 

behavior by applying a geospatial paradigm to fluvial science. 
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An introduction to the dissertation 

 My primary academic interest is in rivers, informed by a deep and long held 

personal fascination with streams, canoes, and running water.   Rivers link 

atmospheric, terrestrial, and oceanic processes and route approximately two-fifths of 

total global rainfall over land back into the ocean: enabling agriculture, cities, 

industry, and ultimately civilization. How water ends up in these rivers is a 

complicated process, but can be simply conceived as the result of the interplay of 

energy and water. This interplay is also responsible for both short and long term 

climatology of the Earth, and understanding how it changes over time is crucial to a 

holistic understanding of earth surface processes. Unlike energy, water exists in a 

closed system: a finite quantity of water exists on the planet, and this water is 

constantly cycled through the oceans, atmosphere, and continental landmasses. In 

order to quantify and understand this cycling, water is typically parsed into 

components based on its physical location, resulting in terms that represent water 

volumes either stored or in flux: precipitation, evapotranspiration, groundwater, soil 

moisture, continental storage, oceanic storage, atmospheric storage, and continental 

runoff. When taken together, these quantities are termed ‘the global water budget.’ 

The global water budget is a subject of extensive study, and reviews of the various 

components of the water budget have been given by previous researchers. Despite 

this attention, scientists are still unable to ‘close’ the water budget, as errors in 



2 

 

measurements and modeling of various components compound to form an 

incomplete picture of the water cycle.  

 From a fluvial perspective, runoff from the continents is of particular interest, 

as it has arguably the greatest continual direct impact on human lives and livelihoods 

and is the least well-quantified component of the water budget. ‘Runoff from the 

continents’ is in fact another way of saying ‘all of the water in the world’s rivers,’ as 

runoff is primarily funneled through rivers, despite non-trivial groundwater discharge 

to the ocean. We term the mass flux, or volume per unit time, of water in a river as 

‘discharge’ or ‘streamflow,’ but by any name, the water collected in rivers represents 

the dominant form of freshwater appropriated by humans. River runoff is also 

responsible for ecosystem function in many regions of the globe, and in the Arctic, 

this runoff represents direct contributions to sea level rise, as increasing river 

discharge can outpace regional evaporation as ice sheets and permafrost thaws. 

Despite this vast importance, river discharge is one of the most difficult terms of the 

water budget to quantify, and current global estimates of runoff can lead to water 

budget closure errors on the order of 40-100%.  

 Our lack of knowledge about global and even regional runoff stands against 

over 100 years of detailed geomorphologic and hydraulic study of how rivers behave. 

Scientists have long been able to accurately parse how energy and water cycle 

through particular watersheds and can describe how the discharge in a river is 

related to the particular land and soil conditions of that watershed. Scientists have 
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also long known about how the water in a river shapes the land around it, causing 

channel evolution and distinctively marking the landscape over time. We are able to 

predict how rivers will evolve in the landscape, and how climate change might alter a 

particular river’s behavior and the discharge passing through it. We are also able to 

model the precise hydraulics of streams as the twist and turn en route to the sea, and 

in situ data recorders can give good estimates of river discharge over time. All of this 

knowledge is predicated on good in situ data, and with such data we are able to 

understand particular rivers and watersheds fairly well. However, it is impractical to 

think we could collect such in situ data everywhere, and political regimes often 

control water data as tightly as they control water itself (Chapter 5): there are regions 

where which we simply cannot make measurements or access those measurements 

already made. Thus, we know an awful lot about certain trees, but much less about 

the forest. 

 This dissertation is my attempt to learn more about trees and the forest 

together, or, to learn more about how rivers behave, and how that knowledge helps 

address our incomplete knowledge of the global water budget. Specifically, Chapter 

1 reviews the classic scientific field of hydraulic geometry, a decades-old subfield of 

fluvial hydrology. This review sets the stage for Chapter 2, in which I present at many 

stations hydraulic geometry (AMHG), a geomorphic phenomenon I discovered in this 

dissertation. Chapter 2 also details a method whereby AMHG is combined with 

repeat satellite imaging to calculate river discharge without in situ or a priori 

knowledge, also a scientific first. Chapter 3 then tests and refines this method on 34 
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rivers around the globe, and concludes that the methodology is sound, but also 

notes that there are some important classes of rivers for which the method does not 

work.  Chapter 4 looks back on Chapters 1-3 and provides an analytical derivation for 

AMHG, giving the precise hydraulics and hydrology that give rise to the 

phenomenon. Chapter 5 takes all of this information and tries to imagine who will 

use it outside of the academy and through case studies of the Ganges-Brahmaputra 

and Mekong Rivers posits how AMHG will be used in these basins and the 

geopolitical implications therein. After Chapter 5, I transition to study of rivers in 

Greenland, where climate change is acutely felt and where a massive volume of 

freshwater waits for release into the global ocean via rivers (and also subglacial 

discharge direct to the sea). Chapter 6 applies hydraulic geometry to camera data 

acquired at an outlet glacier of the Greenland Ice Sheet in order to quantify its 

discharge over time, and Chapter 7 investigates the basic hydraulics of supraglacial 

streams: those channels on top of the ice sheet. 

 This dissertation does not close the global river discharge knowledge gap. 

However, I firmly believe that what is presented herein provides the necessary tools 

to do so, and is aware of the political implications of such future actions. If these 

chapters seem disparate, they are tightly entwined in my own thinking, and rivers 

wind their way through this entire dissertation.  
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Chapter 1. Hydraulic geometry of natural rivers: A 

review and future directions 

1.1 ABSTRACT 

The geomorphic relationships known as Hydraulic Geometry (HG) were first 

introduced by Leopold and Maddock in 1953, and their application remains critically 

important for assessing water resources the world over. The practical utility of HG for 

discharge monitoring, habitat studies, and understanding geomorphic change over 

time is unquestioned, but its elevation beyond empirically observed relationship to 

physical principle is not complete, despite universal acceptance of its existence. This 

review summarizes six decades of HG research while surveying rational, extremal, and 

empirical attempts to derive HG’s underlying physical principles. In addition, so 

called non-Leopoldian forms of HG are discussed, expanding HG beyond its original 

construction to examine a range of research that invokes HG in novel ways. The 

recent discovery of at-many-stations hydraulic geometry (AMHG) is also discussed in 

the context of previous HG literature.  Finally, some common themes linking 

disparate HG research communities are described in conjunction with suggestions 

for possible new directions for HG research in the future. 

1.2  INTRODUCTION 

 Rivers are an important component of the global hydrologic cycle that convey 

liquid water from the continents to the oceans, recharge groundwater storage, 
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provide fresh water for human and agricultural consumption, and enable 

transportation throughout the globe. Each of these functions is critical to the water 

circulation of the planet and to human health and well-being. Beyond these global 

concerns, how exactly rivers respond to throughput of water is also of keen interest 

to fluvial geomorphologists. The field of geomorphology was founded to study 

landscape change through time, and the subfield of hydraulic geometry (HG) focuses 

specifically on the evolution of river form and how surrounding terrain and channel 

form influence this evolution.  

 When Luna Leopold and Thomas Maddock Jr. published their findings on the 

relationships between river width, depth, velocity, and discharge (terming these 

relationships as HG) in 1953, they launched a field of study that is still active today. 

Their largely unprecedented ideas ran contrary to some prevailing theories of the 

time.  Through repeated field measurements at numerous rivers in the Western 

United States, Leopold and Maddock observed that strong log-log trends (straight 

lines in log-log space) emerged when time-varying measurements of instantaneous 

river flow width, mean depth, and mean velocity at a cross section were plotted 

against corresponding discharge through that cross section. They termed this finding 

‘at-a-station hydraulic geometry,’ (AHG) and also coined the term ‘downstream 

hydraulic geometry’ (DHG) to describe similar log-log trends between mean annual 

discharge and width, depth, and velocity for cross sections downstream along a river 

(Figure 1). Plotted in linear space, these AHG and DHG trends yield power laws, 

giving the now classic equations: 
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w=aQb                (1) 

d=cQf                (2) 

v=kQm              (3) 

 Confusingly, Leopold and Maddock used the same variables and naming 

conventions for both AHG and DHG, and these naming conventions are still in use 

today. Leopold and Maddock were also quick to notice that these equations are unit 

sum constrained, that is to say that b +f +m must equal 1, and a x c x k must also 

equal 1, as Q=wdv by definition.As will be shown in this review, the choices that 

Leopold and Maddock made in presenting their data, especially their decisions to 

present mean values of AHG exponents across different rivers, to ignore discussion 

of DHG and AHG coefficients, and to use a power law to represent observed river 

behavior would leave lasting effects on the field that continue to the present day. 

 While nothing like AHG had been described before, DHG mirrored the earlier 

Regime Theory from engineering that also demonstrated a stable power law 

relationship between width and discharge along canals (Lacey, 1930).  However, 

there are noted differences between the two ideas, and Leopold and Maddock 

themselves explicitly distanced HG from Regime Theory. A principal difference 

between these two geomorphic relationships is that the reference discharge in HG 

and Regime Theory are different: mean annual discharge for HG and a stable, regime 

discharge for Regime Theory. This distinction is more than semantically important, as 

mean annual discharge is a somewhat arbitrary flow that is distanced from the steady 
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regime discharge in canals used in Regime Theory (Clifford, 2004). While HG would 

later be changed to include bankfull discharge as the dependent variable, its 

development from empirical observations of a convenient field parameter rather 

than a rationally conceived parameter was an important and noted deviation from 

the rational investigation of years prior.  

 This deviation made the geology community uneasy, an uneasiness best 

expressed by Mackin (1963) and illustrated by his concerns over the notion that 

mean velocity increases downstream (as with a positive exponent in DHG per 

equation 1). Visual observation of rivers and the known grain size/velocity 

relationship both indicate that velocity should in fact decrease downstream along a 

river (Mackin, 1963). As will be shown, DHG has been repeatedly verified since 1953, 

so Leopold and Maddock’s finding remains secure: mean annual velocity does in fact 

tend to increase downstream. However, the larger point raised by Mackin is the 

utility and origin of mean annual discharge, a quantity with little geomorphic 

meaning that Leopold and Maddock calculated from discharge and area at a station. 

Mackin wondered that this variable should have ever appeared as a dependent 

variable and argued that ‘shotgun empiricism’ grounded in engineering practice 

should not replace rational thought on landscape evolution then common in geology 

and geomorphology, yet he stopped short of an outright condemnation of Leopold 

and Maddock’s ideas.  Leopold responded to this criticism (Leopold and Langbein, 

1963) by stating that his empirical and probabilistic approach may better represent 

variation in natural systems, and this variation may become more important in 
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landscape process investigation than exact physical laws.  In addition, Leopold and 

Langein noted that empirical investigation of this sort can also generate hypothesis 

of landscape process never before possible from rational observation alone.  

However, this tension between rational and empirical paradigms for understanding 

DHG continues to the present day, as is noted in section III. 

 HG remains largely unexplained. While Ferguson (1986) satisfactorily 

explained why AHG behavior is observed using rational deduction, he was unable to 

derive explicit formulations for the coefficients and exponents of the AHG formulae. 

Likewise, no study has yet proposed a universally accepted rational theory for why 

DHG occurs, nor defined explicit, universal formulations for its parameters. In the 60-

plus years since Leopold and Maddock’s original discovery of HG, scientists still do 

not agree on the fundamental principles that drive it. However, numerous 

researchers have tackled the problem from different vantage points, encapsulated in 

a series of reviews over the years (Park, 1977; Rhodes, 1977; Ferguson, 1986; Clifford, 

1996; Task Committee of ASCE, 1998; Huang and Nanson, 2000; Eaton, 2013).  This 

particular review spans publications from the past six decades, surveying empirical, 

rational, and extremal attempts to verify the existence of HG (i.e. to confirm that 

Leopold and Maddock’s formulae reasonably match empirical data) and, later, to 

attempt to derive its underlying physical principles. In addition, several applications 

of HG are discussed, as are other forms of HG not proposed by Leopold and 

Maddock.  Throughout this survey of HG, this paper highlights how HG has been 
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expanded beyond its original construction and examines a range of research that 

invokes HG in novel ways. 

1.2 TOWARDS FURTHER UNDERSTANDING OF AHG 

1.2.1  Early empirical investigation of AHG 

 Following Leopold and Maddock’s seminal publication, most AHG research 

pursued empirical verification that these relationships indeed exhibited strong 

goodness of fit for different physiographic sites and settings (e.g., Wolman, 1955; 

Leopold and Miller, 1956; Miller, 1958; Brush, 1961; Fahenstock, 1963; Ackers, 1964; 

Lewis, 1966; Stall and Fok, 1968). The results of these investigations were compiled 

separately by both Park (1977) and Rhodes (1977; 1978), who independently 

introduced the ternary b-f-m diagram to show the scatter of AHG exponents derived 

from field data. By plotting b, f, and m exponents on a ternary diagram, cross 

sections may be placed in context with one another to understand how these 

exponents relate across different rivers in different settings (Figure 2). Both Park and 

Rhodes sought to find correlations between rivers based on their AHG exponents: 

Park segregated data based on natural breaks between the exponents themselves 

and Rhodes separated his diagram based on a river classification scheme. Despite 

these differences in grouping and classification, both authors concluded that AHG 

exponents show little similarity across rivers or physiographic settings, which, in the 

words of Park, “casts doubt on the use of mean values of samples of exponents to 

characterize the hydraulic geometry of particular areas.” This was a major departure 
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from AHG work at the time, as Leopold and Maddock (1953) had grouped their 

limited field data and found that streams of similar classifications bore similar AHG 

exponents, and had therefore logically concluded that a mean value for these 

exponents was suitable for describing a river system or region (see also Odemerho, 

1984). The conclusions of Park and Rhodes were in keeping with a spirit of 

challenging Leopold and Maddock that began in the 1970s and differed from 

research of the previous decades: researchers began to look more critically at why 

AHG was occurring, rather than if it was occurring.  

 An early example of the critical nature of inquiry in the 1970s is exemplified by 

Richards’ 1973 paper on HG and channel roughness. In discussing AHG and the 

empirical work of the decades prior, Richards notes the success of applying power 

laws as proposed by Leopold and Maddock, yet also notes that this practice lacked a 

solid theoretical justification beyond the repeated empirical finding that power laws 

effectively described discharge-geometry relationships for many rivers. His criticism 

is stated in his 1973 paper: “however, the point that appears to have been 

overlooked is that there is no a priori reason why power functions should necessarily 

represent the relationship between the dependent variables and the discharge.” 

Richards goes on to show that polynomial functions describe HG better than linear 

functions (in log-log space), and notes especially the curvature of depth and velocity 

HG relationships for many rivers. This investigation was important in that it directly 

challenged one of the original tenets of AHG- i.e. that the power law is the optimal 
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model for describing observed relationships between discharge and physical 

variables.  

 This line of inquiry was furthered by Knighton (1974, 1975), who noted that 

power law behavior is also observed between discharge and suspended sediment 

(Leopold and Maddock also made this connection), flow resistance, bed slope, 

Manning’s n, and the Darcy-Weisbach f. In addition, Knighton (1975) found that AHG 

evolves over time by noting the change in slope of the AHG relationships within 

long-term datasets. While not a direct challenge to Leopold and Maddock, this work 

represents recognition that AHG as proposed by these original authors might not tell 

the entire story of channel geometry and flow hydraulics.  

 While Knighton challenged the idea that AHG was constant through time, 

Phillips and Harlin (1984) further lent credence to the conclusions of Park (1977) that 

AHG is also not constant through space. Phillips and Harlin studied a river that 

diverged into two stable channels before rejoining into a single channel within a 

small meadow. Despite identical geology and climatology between the two channels, 

they found wildly divergent AHG values, and concluded that AHG parameters neither 

tend toward stable parameter values nor are transferrable within the same 

physiography. These papers, along with similar investigations of DHG (covered in 

Section III), showed that the scientific community, while generally accepting of 

Leopold and Maddock’s ideas, were unsatisfied with the simple empirical formulation 

of AHG.  
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1.2.2 Hydraulics and Geometry: AHG post Ferguson (1986) 

 This growing body of research that challenged the precepts of AHG while at 

the same time accepting that it was indeed expressive of underlying physical 

principles culminated in a key paper by Ferguson (1986). So authoritative were 

Ferguson’s investigation and conclusions that after the publication of this paper, 

research into the causes of AHG essentially ceased. Ferguson’s great breakthrough 

was to reduce AHG to “hydraulics and geometry” through a rational approach, 

namely, the use of widely accepted flow resistance equations (i.e. Manning, Keulegan, 

and Darcy-Weisbach) to calculate width, depth, velocity, and discharge. By using 

these flow equations (which are themselves empirical), Ferguson was able to derive 

AHG for different channel geometries. Ferguson stated that if either Manning’s n or 

the Darcy-Weisbach f (empirical constants describing river bed roughness) are 

constant or predictably variable at a cross section, then velocity may be written as a 

function of depth at that cross section. With this velocity-depth function in hand, 

Ferguson then sought to calculate velocity using fixed values for slope, bed grain 

size, and other parameters needed to employ a deep flow approximation of the 

Keulegan flow law. These velocity and velocity-depth functions were then imposed 

on different channel geometries, which yielded width as a function of depth. From 

these interrelationships, Ferguson was able to recreate the field data that would 

normally be collected to determine AHG: instantaneous width, depth, velocity and 

discharge at-a-station (Figure 3). His rationally deduced conclusion following these 

data was that AHG exponents are a function of cross sectional channel shape. In 
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addition, Ferguson concluded that the power law form of AHG is merely coincidental 

with the wealth of field data collected in the commonly found parabolic channel 

shape typical of non-meander bend river cross sections, and proved the misgivings 

of Richards (1973) that there is no reason why the variables in AHG should take the 

form of a power law. With this authoritative explanation of AHG, the volume of 

scientific research investigating the causes of AHG was significantly reduced 

thereafter.   

 Researchers nevertheless continued to broaden the knowledge base 

regarding the appearance of AHG in natural systems in the decades following 

Ferguson’s influential paper. Bates (1990) asserted that a piecewise linear model (in 

log-log space) more accurately describes the AHG at cross-sections that do not 

present power law behavior (i.e. when distinct sub-bankfull geometric sections are 

prevalent). Bates’ finding was also anticipated by Richards (1973) in the latter 

author’s assertion that natural systems often deviate from power law behavior while 

still exhibiting strong discharge – geometry relationships through time. Cao and 

Knight (1997) found that for canal design, particular geometries beget stable 

channels, agreeing with Ferguson’s conclusions on the importance of cross sectional 

shape. Buhman et al. (2002) used a stochastic approach to study large spatial trends 

in AHG, while Turowski et al. (2008) concluded that AHG is particularly stable and 

well defined for bedrock channels. Despite Ferguson’s reduction of AHG to 

hydraulics and geometry, researchers remain interested in verifying AHGs existence 

in new environments and its change over time (e.g. Baki et al., 2012; Ran et al., 2012).   
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 Ferguson’s conclusions were not universally accepted, however. Phillips (1990) 

challenged them on the basis that ignoring changes in morphology over time and 

feedbacks between AHG parameters is impractical (Ferguson acknowledged as much 

in his original paper but chose not to include feedbacks in his analysis). Drawing 

strong parallels to Hey (1978), Phillips used a four variable system within an 

eigenvector analysis of channel change to address AHG based on velocity, hydraulic 

radius, bed slope, and friction factor and concluded that “there is no single approach 

or hypothesis which is universally applicable for predicting [AHG].” Likewise, Miller 

(1991) reopened the extremal hypothesis of minimum variance as an explanation for 

AHG, which Ferguson rejected. Miller justified his reanalysis by stating that minimum 

variance is simply a particular expression of the principle of equable change, yet his 

ideas have not been widely adopted. Ridenour and Giardino (1991) challenged 

Ferguson (and indeed Leopold and Maddock) by noting that the unity of coefficients 

and exponents of AHG is not always observed in natural data due to measurement 

and fitting error. They sought to apply statistical techniques for compositional data 

on the wealth of published datasets in hopes of achieving universal understanding of 

AHG. Despite these challenges, Ferguson’s formulation of AHG seems to have held, 

as by the mid-2000s studies shifted to resemble the more empirically based studies 

of the 1960s and before (e.g. Ridenour and Giardano, 1995; Darby, 2005; Printer and 

Heine, 2005; Nanson et al., 2010; Reid et al. 2010). 

 Perhaps the most compelling evidence that Ferguson’s conclusions have taken 

root came from Dingman (2007), who sought to “address some of the questions that 
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Ferguson (1986) raised but did not fully answer.” Dingman is here referring to the 

fact that Ferguson did not provide explicit general formulations explaining the 

interactions between AHG, channel geometry, and other factors. Dingman controlled 

for nearly all factors of channel geometry (slope, friction factor, geometry, sediment 

load) at-a-station, giving multiple channel scenarios for experimentation. For each of 

these scenarios, Dingman followed a similar procedure to Ferguson to calculate the 

AHG parameters (this study was the first to explicitly treat the coefficients of AHG as 

important variables for investigation, see Section V). He concluded that both 

coefficients and exponents depend in complex ways on other AHG parameters and 

also channel geometry, and could not find any explicit functional form for either 

coefficients or exponents  

 As of today, Leopold and Maddock’s AHG is still widely employed in its power 

law form, despite numerous verifications that there is no theoretical reason to do so. 

AHG remains a widely used tool for assessing discharge at a station, and 

understanding of these relationships has not significantly advanced beyond the 

explanation given by Ferguson in 1986. Further discussion of the utility of power law 

AHG and non-Leopoldian forms of AHG are given in Sections IV and V. 

1.3 TOWARDS FURTHER UNDERSTANDING OF DHG 

1.3.1 Empirical investigations of DHG 

 Empirical investigation of DHG, like empirical investigation of AHG, began with 

studies intended to affirm that DHG existed in other field datasets besides those 
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presented by Leopold and Maddock. However, unlike AHG, this vein of empirical 

research has continued, uninterrupted, to the present (e.g. Thornes, 1970; Rhoads, 

1991; Allen et al., 1994; Kolberg and Howard, 1995; Doll et al., 2002; Wohl and 

Wilcox, 2005; De Rose et al., 2008), as no authoritative, universal rational explanation 

for the existence of DHG has yet been found. Thus, empirical investigation remains a 

key component of DHG research.  

 Empirical data are still used to verify the existence of DHG in diverse 

environments and to propose constraints for its usage. Wohl (2004) proposed a 

stream power/grain size threshold below which DHG is not observed for steep 

mountain streams, while also finding (Wohl et al., 2004) that only the width based 

DHG was statistically significant in their study. Ellis and Church (2005) used acoustic 

Doppler current profiling to demonstrate that DHG exists across secondary channels 

of the same river, while Hauke and Clancy (2011) investigated how gaps in the 

discharge record of gauging stations can influence the formulation of power law 

DHG. Xu (2004) found differences in the DHG of braided vs. meandering streams, 

while Fola and Rennie (2010) found that DHG exists in streams with non-alluvial 

cohesive bed material.  These examples of DHG research indicate that workers are 

still interested in the basic power-law form of DHG and applications in novel 

environments. 

 As with AHG, researchers have challenged Leopold and Maddock’s original 

conception of DHG using empirical data. One of the first such challenges arose from 
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Leopold and Maddock’s finding that velocity increased uniformly downstream. This 

debate was ongoing until the early 1970s, when study of DHG took a step forward 

with the use of computers to fit the DHG relationships that had previously been 

made ‘by eye’ (Carlston 1969). Carlston concluded that velocity sometimes does and 

sometimes does not increase downstream, and that neither previous hydraulic theory 

nor DHG was sufficient to explain velocity trends on a theoretical basis.  In addition 

to this early challenge to DHG, by the 1980s the very definition of DHG was 

beginning to change. Researchers questioned why DHG should rely on mean annual 

flow as its independent variable, especially since most hydraulic properties of a river 

useful for DHG investigation change predictably as discharge increases until flow 

exits the channel (at bankfull). In addition, bankfull flows are recognized to have a 

more formative influence on channel morphology than mean annual flows and 

produce the highest average shear stress on channel banks (De Rose et al., 2008; 

Haucke and Clancy, 2011). As a result, by the early 1980s bankfull discharge had 

replaced mean annual discharge in hydrology textbooks (e.g. Richards, 1982), and by 

the mid-2000s this change in definition was accepted orthodoxy, although use of 

mean-annual flow is still acceptable practice (e.g. Stewardson, 2005). The use of 

bankfull variables allows DHG to be investigated even when bankfull flow is not 

observed in situ (as bankfull variables can be calculated given channel geometry: 

mean annual flow is highly dependent on observational data), and allows DHG to 

inform AHG by providing bankfull hydraulic limits at a given cross section.  As such, 

the definition of what ‘bankfull’ conditions represent becomes important: Johnson 
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and Heil (1996) describe the different ways that bankfull conditions are established 

as well as the implications of choosing bankfull stage for DHG and stream restoration 

design.  

 Empirical research has also been used to challenge and expand the very 

construct of DHG: researchers have incorporated other variables into the DHG 

relationships, especially variables characterizing bank strength and vegetation. Lee 

and Julien (2006) empirically tested a previously developed theoretical form of DHG 

(Julien and Wargadalam, 1995, see subsection III for further description) that lists 

discharge, mean sediment diameter, and river slope or Shields’ number as 

independent variables. Bank vegetation and bank strength are other key additional 

DHG parameters and were a point of emphasis in a series of empirical papers by 

Huang and others in the late 1990s (Huang and Warner, 1995; Huang and Nanson, 

1997; Huang and Nanson 1998). These papers empirically developed a form of DHG 

that included a bank strength coefficient, Manning’s n, and river slope as 

independent variables, arguing that the addition of these variables more accurately 

describes river geometry than Leopold and Maddock’s DHG. Huang and Warner’s 

(1995) bank strength coefficient was found to vary with bank vegetation type and 

bank sediment, and confirmed earlier investigations that bank vegetation affects 

DHG coefficients but not DHG exponents (Hey and Thorne, 1978). In addition, bank 

vegetation was found to affect channel width more than depth or velocity (Huang 

and Nanson, 1997).  More recently, Pietsch and Nanson (2011) showed that in-

channel vegetation can also affect bank strength, and Anderson et al. (2004) found 
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that the influence of bank vegetation on DHG is scale dependent. These authors have 

all used empirical data to propose and verify different formulations for DHG and to 

gain further understanding of how external (non-hydraulic) factors affect DHG. 

 However, it is difficult to determine the impact of vegetation and other 

external factors on DHG from empirical observation alone. This is explicitly clear in 

Merritt and Wohl (2003), who sought to disentangle the effects of a flood that 

drastically changed channel geometry in an arid environment. They concluded that 

while the flood changed the DHG, the DHG of the existing channel also shaped how 

the floodwaters were routed through the system. Similarly, while Huang and Nanson 

(1997) found that bank strength exerts strong control on channel geometry, these 

authors later found that channel geometry also exerts strong control on bank 

strength through interactions with bank vegetation and rooting depth (Huang and 

Nanson, 1998). Likewise, Anderson et al. (2004) found that the influence of 

vegetation on DHG depends on the size of the system, yet Moody and Troutman 

(2002) determined that the variability of river width and depth is log-normal across 

many orders of magnitude- suggesting that vegetation effects should be similar 

regardless of scale.  These recursive arguments highlight the difficulty of arriving at a 

more fundamental understanding of DHG through empirical observations alone.   

 Empirical investigations have confirmed that additional predictive power can 

be gained when including additional terms beyond width, depth, velocity and 

discharge into DHG. In particular, the influence of bank vegetation and bank strength 
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has been repeatedly investigated in these empirical studies, and this mirrors 

theoretical developments of DHG discussed in subsection III.  In addition, researchers 

continue to verify Leopold and Maddock’s DHG in diverse field and laboratory 

environments. As new theoretical developments for DHG are introduced (see below), 

workers will undoubtedly continue to head to the field to test these theories with 

empirical data. 

1.3.2 Theoretical explanations for DHG: rational deduction 

 Researchers have made several advances toward a rational understanding of 

DHG, though none have been able to derive DHG on a level with Ferguson’s 1986 

explanation of AHG. Any rational deduction of DHG must attempt to solve for width, 

depth, and velocity for a given river reach with respect to discharge and other fluvial 

properties (as this is what DHG describes for stable channels). To make the problem 

mathematically determinate, researchers must utilize a system of equations that 

propose interrelations between these variables (ideally three equations for these 

three unknowns, taking discharge as known). The first and most obvious such 

equation is continuity, Q=wdv. Beyond this equation, researchers also usually employ 

a flow resistance law, of which there are several well accepted empirical flows laws 

that may be invoked (e.g. Manning’s or Keulegan). Sediment transport equations or 

bank strength relations can provide a third equation, but the introduction of both 

flow resistance and sediment transport equations often introduce additional 

variables to the DHG system (e.g. river slope, bed load discharge, sediment 

characteristics, and other properties) and preclude a unique solution. To combat this 
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problem, researchers have sought to either constrain or further relate the variables in 

the equations mentioned above, or alternatively have invoked extremal hypotheses 

in order to solve for a determinate DHG. This subsection reviews rational, constraint 

based deduction attempts to explain DHG, and the following subsection reviews 

extremal hypotheses. 

 Authoritative theoretical explanations for DHG in two specific environments 

were given by Parker (1978a, b). These two papers follow one another closely in 

approach, but are each applicable only to either mobile or gravel bed rivers that 

meet a host of other geometrical and fluvial parameter assumptions. In developing a 

rational solution for the DHG of mobile bed rivers, Parker assumes a wide, straight 

channel with a symmetrical parabolic cross section under uniform flow with a non-

cohesive suspendable sand or silt bed under constant discharge. Given these 

assumptions, Parker sought to balance suspended sediment transport load and 

lateral bed load within the channel, relating these processes to flow via shear stress 

(i.e., Shields’ number).  He then imposed a suite of boundary conditions, and ended 

with a 4th order system of equations controlling erosion and sediment transport and 

six boundary conditions, which, among other conclusions, yielded a relationship 

between depth at channel center and Reynolds number, slope, and particle size. 

Given this key (and novel) relationship, Parker used a flow resistance equation to 

specify discharge and sediment load according to proposed channel geometry and 

assumptions, ending with a set of three equations requiring velocity, bed material, 

and any two of depth, width, discharge, sediment load, or slope to be known to solve 



23 

 

for the DHG of the channel. Parker derived a similar solution for gravel bed rivers, 

however bed material cannot be suspended in these rivers, thus changing many of 

the mathematics and requiring assumptions of turbulence and lateral flows to arrive 

at a determinate DHG solution. These two papers gave promising, rationally deduced 

DHG whose exponents matched field data, but Parker was keen to note that his 

assumptions were very limiting and explicitly warned against taking these equations 

as applicable for all rivers.  

 Other researchers have also sought to make DHG determinate by other means 

than Parker’s relationships between depth and bed material properties (valid only for 

his assumptions given in both 1978a and 1978b). Hey (1978) also produced a system 

of DHG equations that invoked other channel properties, but ended without a 

determinate solution.  More recently, Julian and Wargadalam (1995) used Keulegan 

flow resistance, Shields’ number, and secondary flow to form a system of DHG 

equations. This system resulted in highly complex DHG relationships that Julian and 

Wargadalam simplified by lumping five independent parameters into a constant, 

arguing that variation in these parameters was negligible compared to the variability 

of discharge, sediment properties, and Shields’ number. These authors solved this 

system of equations via a 3D stability analysis of non-cohesive particles under 2D 

flows to give determinate HG solutions. However, they report that “most” HG 

parameters were calculated to within 50-200% of field values, and thus their 

theoretical DHG lacks the congruence with field data seen in Parker (1978a, b) and 

other work. 
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 Most recently, Parker et al. (2007) and Wilkerson and Parker (2011) have 

introduced the concept of a bankfull sediment “yield” to close the DHG system of 

equations. Parker et al. (2007) begin by empirically determining a dimensionless form 

of power law DHG as discovered by pooling relevant dimensionless variables across 

morphologically similar gravel bed rivers, which the authors assumed was 

representative of underlying physics.  Taking this dimensionless DHG back into 

dimensioned space reveals complicated forms of DHG that rely on many more 

parameters than traditional DHG, agreeing with the empirical work discussed above. 

Parker et al. then used four different equations (friction, gravel transport, channel 

forming Shields’ number, and a relation between Shields’ number for the onset of 

motion and gravel yield) to end with a solvable system of equations (i.e., that predict 

DHG) that the authors take pains to note is a “broad brush.” The novel gravel yield 

concept they propose is based on Parker’s (1978) gravel bed work and gives the 

sediment yield at bankfull discharge. Similarly, Wilkerson and Parker (2011) found a 

dimensionless DHG across sand bed rivers and also found a bankfull discharge/ 

sediment yield relation in these rivers, despite the marked differences in sediment 

transport characteristics of sand and gravel bed rivers. Following this sediment yield 

relationships, Wilkerson and Parker were able to derive DHG for these sand bed 

rivers. In both of these cases, a rationally deduced DHG was able to match empirical 

data, but these solutions are strictly constrained to the assumptions inherent in the 

derivations and are not universally applicable. 
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 In all of the above examples, researchers have been able to create 

determinate DHG solutions by imposing particular channel geometries and fluvial 

constraints on a chosen system of equations. In most cases, this theoretically derived 

DHG matches empirical DHG as found from empirical data meeting the assumptions 

and constraints of the theoretical solution. However, none of these solutions are 

universal, that is, they cannot speak to DHG in rivers outside of their assumptions. 

Since DHG is empirically observed over many orders of magnitude and across nearly 

all river morphologies, further theoretical development is needed to explain the 

enduring legacy of DHG as proposed by Leopold and Maddock: its simple empirical 

form and relatively few physical parameters have yet to be described by a universal 

theory of DHG. 

1.3.3 Theoretical explanations for DHG: extremal hypotheses 

 Extremal hypotheses form a different epistemological thrust of investigation 

for DHG, and offer alternative explanations for DHG behavior. An extremal 

hypothesis refers to any hypothesis requiring that the self-organization of rivers and 

the existence of DHG occur within some minimum, maximum, or other optimum 

state of a river system.  Usually, researchers choose one aspect of the fluvial system 

to optimize (e.g., sediment transport or shear stress), yet this practice has been 

criticized for lacking a sound physical basis. Additional review of these approaches as 

they apply to rivers (and not just HG) is given in Paik and Kumar (2010). 
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 A first paper that furthered the concept of imposing an extremal hypothesis 

on DHG came from Leopold himself (Langbein and Leopold, 1964). This work draws 

on the tenet of quasi-equilibrium as borrowed from entropy theory to state that river 

systems exhibit DHG because of the tendency of all natural systems toward minimum 

work and the equal distribution of work. DHG, they argued, was the result of 

opposing forces of sediment transport and landscape evolution, and that changes in 

the morphology of a channel would gradually result in a return to the original, stable 

DHG.  This was debunked by both Slingerland (1981) and Phillips (1990), who each 

used systems analysis of change over time to show that river systems do not 

necessarily return to previous equilibrium states after perturbation.  

 Other researchers have proposed extremal hypotheses for DHG, and then 

formulated equations that match these hypotheses and used them to solve for DHG. 

Smith (1974) found that he could arrive at Leopold and Maddock’s “overall” DHG by 

setting parameters in his system of equations to an arbitrary value for rivers 

operating at some extreme of natural behavior. Pickup (1976) proposed the idea of 

maximum sediment transport capacity as the driver of DHG, yet his results failed to 

yield satisfactory congruence with observed DHG. In seeking a pre-Ferguson 

explanation for AHG, Yang et al. (1981) proposed the concept of the minimum rate 

of energy dissipation, following Yang and Song (1979) and Song and Yang (1980). 

These authors state that a system is in equilibrium when its rate of energy dissipation 

is at a minimum, and that any system that tends toward equilibrium will tend toward 

this minimum energy condition. However, their published values for HG parameters 
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are also not congruent with the wealth of observed HG data, and some of their 

assumptions have been debunked (Ferguson, 1986; Lecce, 1997).  

 Despite these challenges, the idea that DHG results from some extreme 

behavior of a natural system persists to the present day, yet in a different paradigm. 

Whereas Parker and others found relationships between depth and sediment 

properties or between bankfull discharge and sediment yield to rationally close an 

indeterminate DHG, these extremal works start from the same indeterminate DHG 

and apply an extremal hypothesis to close it, an assumption that is more universal 

but more controversial than the carefully constrained theoretical work discussed 

above.  Such extremal research often includes a bank strength criterion (see also 

empirical investigations of bank strength and DHG above) as the key factor in both 

closing the equations and providing a physical basis for a particular extremal 

hypothesis. Huang and Nanson (2000) offer the extremal hypothesis of maximum 

flow efficiency to explain DHG as a companion to their empirical work (Huang and 

Warner, 1995; Huang and Nanson, 1997). They argue that rivers self-organize (e.g., 

exhibit DHG), as a result of both maximizing sediment transport and minimizing 

stream power, and Huang et al. (2002) further these arguments. If this extremal 

hypothesis is correct, then Huang and Nanson (2000) state that only continuity, flow 

resistance, and sediment transport equations are needed to solve for DHG. Doing so 

for a theoretical river with rectangular cross sections, straight channels, and steady 

and uniform flow yielded a DHG with b=f=0.44. This is close to but not congruent 

with the repeatedly observed empirical values of b =0.5 and f = 0.3-0.4, respectively. 
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Huang and Nanson found they could achieve these expected DHG exponent values 

by maintaining a constant ratio between discharge and sediment load, which agrees 

with the theoretical work of Parker discussed above that sediment load and bankfull 

discharge are linked. Huang and Nanson take care to note that their extremal 

hypothesis has a physical basis, which Millar (2005) explains as the fact that excess 

stream power creates excess erosion and therefore channel instability, and this 

quantity must be minimized if a channel is observed to be stable over time. 

 Eaton et al. (2004) give a different extremal hypothesis to close a DHG system 

of equations: that the fluvial system, not the channel per se, maximizes its resistance 

to flow to achieve stability over time. Using a trapezoidal channel model developed 

by Millar and Quick (1993), Eaton et al. show that a system of equations for flow 

resistance, sediment transport, and, importantly, bank strength, can be optimized 

with regards to flow resistance to choose from non-unique solutions of their DHG 

system of equations. They found that channels having similar bank strength are 

characterized by the same dimensionless function of shear stress and width/depth 

ratio that in turn specifies slope and discharge (and therefore DHG), and that this 

function matches well against flume data. Eaton and Millar (2004) furthered these 

conclusions, and argue that bank strength is essential to a physical basis for any 

extremal hypothesis. Finally, Eaton and Church (2007) tested the system-wide 

maximization of flow resistance given in Eaton et al. (2004) against empirical and 

modelled datasets, and find that their bank strength explicit DHG system is able to 

predict channel widths and depth as accurately as traditional DHG. In sum, these 
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papers are a strong argument for bank strength as a key driver for DHG and for an 

extremal hypothesis to explain DHG. 

 Despite these successes, extremal hypotheses have been dogged by criticism 

since their adoption in fluvial systems. One such criticism was leveled by Griffiths 

(1984), who called extremal hypotheses for DHG “an illusion of progress,” a 

sentiment echoed by Ferguson (1986). These and other authors note that while 

extremal hypotheses are sometimes able to recreate DHG, there is no physical basis 

to impose such extrema on DHG. This is especially true of early extremal work, where 

extremal hypotheses begat new equations that justified a DHG solution. Recent work 

uses extremal hypotheses to close indeterminate DHG systems of equations, and 

Huang, Eaton, Millar, and others have argued in favor of the physical bases for their 

particular extremal hypotheses and met with success in closing rational DHG systems. 

However, theoretical work by Parker et al. (2007) and Wilkerson and Parker (2011) is 

explicitly anti-extremal, and is dismissive of these hypotheses. Likewise, Dingman 

(2007) noted that explicit formulations for AHG are not yet developed, but 

“metaphysical explanations” (i.e. extremal hypotheses) for HG should not be adopted 

without first attempting deduction from first principles.   

 As extremal hypotheses continue to be invoked to choose a solution from an 

indeterminate rational system of DHG equations rather than introduce equations (as 

in early work), the rational deduction and extremal hypotheses literature should 

continue to converge.  Furthermore, constraints related to threshold of sediment 
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motion (i.e., the Shields’ number) or bankfull relations between hydraulic parameters 

found in many rationally deduced DHG analyses (e.g. Parker 1978a; b; Diplas and 

Vigilar, 1992; Wilkerson and Parker 2011) are themselves extrema, as the onset of 

sediment motion and bankfull flow represent two critical values of fluvial operations 

(while not requiring an extremal hypothesis as to why they occur). It remains to be 

seen if any of the above approaches, alone or in combination with constraint based 

deduction, will yield a universal theory of DHG. 

 DHG, like AHG, therefore remains an empirical relationship that is yet 

universally explained by rational means. Numerous researchers have given satisfying 

rational solutions for DHG, but these are only applicable given the myriad constraints 

and assumptions used to derive them, and other researchers have been able to 

replicate DHG by using extremal hypotheses to close systems of DHG equations that 

lack a proven physical basis. Future research on DHG will likely continue in empirical, 

rational, and extremal veins as workers move towards universal understanding of 

DHG.  

1.4 APPLICATIONS OF HG  

 Researchers have employed HG in a variety of ways that are motivated by 

interests other than discovering the underlying physical principles of HG. This is very 

much in keeping with Leopold and Maddock’s original reporting of their results, and 

sidesteps the body of work discussing the underlying physical principles of HG 

without ignoring their conclusions. Such research raises the interesting point that 
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physical phenomena can be useful even if they are not fully understood: a concise 

summary of the general argument in favor of power-law HG despite the many 

criticisms leveled against it. Perhaps the most famous application of HG is the 

derived USGS’s (and other agency) use of AHG to publish daily discharge data for the 

streams and rivers. While agencies surely identified stage-discharge relationships 

before AHG was first published in 1953, Leopold and Maddock’s seminal work 

allowed wider use of the rating curve and instilled more confidence in its usage. It is 

fair to say that without the AHG ‘rating curve,’ continuous time series of streamflow 

data would not be available to the public. 

 Commonly, researchers seek to characterize entire basins or regions by the 

different HG parameter values found therein. Even though researchers have shown 

(see previous sections) that AHG is unique to each cross section’s channel geometry 

and bed properties and DHG  likely results from a complex set of site specific 

interactions along a specific river, there is no reason why these conditions should not 

be similar throughout a basin, thus making aggregate HG parameters useful for 

numerous applications. It is important to note that in such cases, authors must take 

care not to interpret commonality as indicative of the underlying principles of HG (as 

did Leopold and Maddock). This regionalization of HG, where representative HG 

parameters are given for large areas that include multiple rivers, is seen in Castro and 

Jackson (2001), who explicitly state that such regional HG equations only exist as the 

streams within each area are similar and are not expressions of a regional mean. 

Likewise, Pistocchi and Pennington (2006) sought amalgamated HG for large 
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European rivers, while Mosley (1981) compiled data for 72 New Zealand rivers to 

arrive at lumped HG equations. Care must also be taken on where boundaries for 

regional HG studies are drawn, as Mulvihill and Baldigo (2012) found that drawing 

different physiographic boundaries affected their grouped HG curves.  

 Another common application of HG (often related to basin-wide 

generalizations, e.g. Singh and McConkey, 1989) is its use in habitat assessment and 

in-stream use. Authors seeking to use HG in this capacity have linked it with various 

indices popular in fisheries management and other sciences that allow the easy-to-

observe HG to stand in for these metrics. Examples of such research include Mosley 

(1982), Lamouroux and Souchon (2002), and Rosenfeld et al. (2007). 

 Finally, researchers have found other, disparate ways to employ HG in various 

fields of study. Tinkler and Pengelly (1995) used measurements of paleo-floodplains 

to estimate the discharge from bursting ice lakes in the distant past via HG, while 

Nienow et al. (1996) discovered that HG is not universally applicable in subglacial 

closed channels due to hysteresis. HG is also used for hydrologic modeling, for 

example as the basis for a discharge wave propagation model in the Colorado River 

(Wiele and Smith, 1996), or to calculate runoff routing times following precipitation 

events (Paik and Kumar, 2004). There are also environment-specific applications, as 

Best et al. (2005) found that river ice affects HG in the arctic, while Comiti et al. (2007) 

and Ferguson (2007) investigated AHG behavior in high gradient mountain streams 

to understand further understand flow resistance in these streams. These examples 
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highlight that HG is useful for monitoring and understanding river systems even if it 

is not fully understood. 

1.5 NON-LEOPOLDIAN HG 

 While most HG research has sought to understand or apply Leopold and 

Maddock’s original formulations, researchers have found numerous other 

relationships that resemble HG in form: i.e. power laws between various hydraulic 

and geomorphic variables existing either at-a-station or downstream. These power 

laws may be an expression of landscape allometry as defined by Hood (2002), or they 

may underscore some yet to be understood physical principle of river behavior and 

of HG. Whatever the case, numerous hydrologic parameters distinct from width, 

depth, and velocity also display power law correlations with river discharge that may 

be useful for further understanding of HG 

 For instance, researchers have discovered power law correlations between 

surface velocity and outlet width for sloughs entering a delta (Hood, 2002), between 

marsh area and channel depth, top width, and tidal prism (Williams et al., 2002), 

between suspended sediment concentration and discharge (Syvitski et al., 2000), and 

between grain resistance and other sediment properties in steep mountain streams 

(Wohl et al., 2004; David et al., 2010). Pizzuto (1992) found that basin magnitude and 

mean grain diameter, an important parameter for sediment transport models that 

are used to close DHG systems, also exist in a power law relationship. Finally, 

Magnusson et al. (2012) found that in proglacial streams, HG can be written as a 
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function of temperature- water gains heat as it moves away from its glacial source in 

a power law fashion.  All of these relationships could prove useful in providing 

additional closure to DHG systems of equations by giving additional 

interrelationships between DHG relevant parameters (see the discussion in section 

III). HG behavior has also been observed in braided rivers, yet with a slight change in 

variable definition. Smith et al. (1996) first reported that effective width (inundation 

area divided by reach length) exhibited HG behavior with discharge for braided rivers 

in Alaska. This has been confirmed in numerous papers, including Ashmore and 

Sauks (2006) and Smith and Pavelsky (2008).   

 Another form of HG has been discovered and termed reach averaged 

hydraulic geometry (RHG). First introduced by Jowett (1998), this concept applies HG 

in an identical manner as AHG or DHG, but uses reach averaged variables instead of 

single cross-sections. Jowett included this reach averaging step for practical reasons- 

both for ease of measurement and for his application of habitat assessment, but in 

doing so he invented another form of HG.  Wohl and Merritt (2008) also found RHG 

to exist within mountain streams. RHG has seen few attempts to understand its 

underlying physical principles, but Harman et al. (2008) quantified the measurement 

and model error of using RHG for Australian rivers, and Navratil and Albert (2010) 

found that RHG existed for rivers in their study but exhibited a break in slope at 

certain discharges. It remains to be seen if RHG is simply an approximation for AHG 

where reaches are small compared to total river scale or whether RHG is a separate 

entity. In either case, RHG remains closely associated with habitat assessment 
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applications that seek to predict the suitability of particular river reaches for 

particular species of interest given RHG predicted hydraulics (e.g. Jowett, 1998; 

Lamouroux and Souchon, 2002; Stwerdson, 2005). 

 In all of the above examples, researchers have found power laws that link 

various hydraulic parameters within alluvial systems. The preponderance of the 

power law is quite interesting, and an unanswered question is whether or not AHG 

and DHG are simply particular expressions of an underlying phenomenon that exists 

for all aspects of a fluvial system (see Stumpf and Porter (2012) for a discussion of 

power laws in scientific data). The existence of RHG and of HG from braided rivers 

using effective width is particularly supportive of such a hypothesis. This 

interpretation would also seem to lend support to extremal hypotheses for 

explaining HG behavior, yet the many criticisms of these hypotheses (e.g. Griffiths, 

1984) should be taken into consideration when attempting to uncover such a 

phenomenon.  

1.5.1 At many stations HG 

 Several researchers have investigated AHG as is changes downstream. As 

stated by Rhodes (1977), “all cross sections of a given stream system are interrelated. 

Thus, it seems reasonable to expect some relationship to exist between the [AHG] of 

channels in a downstream direction. This idea differs from [DHG].” Similarly, Orlandini 

and Rosso (1998) explicitly linked AHG and DHG under the idea that the same runoff 

events influence both at-a-station and downstream flows by linking stations to the 
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outlet of the entire network. In doing so, they proposed an equation where two 

constants (S and A/Aoutlet) link variable parameters that change with location along 

the river and depend on AHG b exponents and outlet discharge as follows: 

  log (S) = log(Woutlet  Qoutlet
-bDHG ) + (bDHG – bAHG ) log(A/Aoutlet)               (4) 

(Modified from Orlandini and Rosso’s equation 35) 

Dodov and Foufoula-Geogiou (2004 a, b) also link drainage area to AHG parameters, 

but with unconvincing goodness of fit, while Tabata and Hickin (2003) found that 

plotting all stations among anabranches of the Columbia river yielded an 

“Interchannel” HG. This analysis culls all stations together to create an overall 

relationship, similar to how Parker et al. (2007) found a dimensionless DHG across 

morphologically similar sand bed rivers. Interchannel HG is quite interesting, in that 

spatially distributed data form a sort of DHG, but these data come from different 

channels and therefore represent a very different phenomenon than DHG. 

 Recently, Gleason and Smith (2014) found that the paired coefficients and the 

exponents of AHG relationships along a river exhibit very strong semi-log 

relationships (a straight line when one variable is logged and the other variable is 

not) over surprisingly long river reaches (up to ~3,000km). They termed this finding 

at-many-stations hydraulic geometry (AMHG), and demonstrated its existence from 

USGS and other agency field measurements and gauge data (Figure 4). Such a 

finding indicates that AHG coefficients and exponents (e.g., a and b) are functionally 
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related and dependably predictable from one station to the next, and that one AHG 

parameter may be calculated from the other given the AMHG equation.  

 Geomorphically, AMHG suggests that there are a set of width-discharge, 

velocity-discharge, and depth-discharge values that are shared by all cross sections 

within a river.  This may be seen in the following mathematical analysis: 

At any station, the width based AHG can be written as: 

𝑙𝑜𝑔(𝑤) = 𝑏 𝑙𝑜𝑔(𝑄) + 𝑙𝑜𝑔(𝑎)          (5) 

If  there are values of w and Q that are common to all stations, then 

𝑏1log (𝑄) + log(𝑎1) = 𝑏2log (𝑄) + log (𝑎2)        (6) 

where the subscripts 1 and 2 refer to any two cross sections of a river. Solving 

Equation 6 for Q yields: 

log (𝑄) =
log(𝑎2)−log (𝑎1)

𝑏1−𝑏2
             (7)  

suggesting that the ratio of the difference in the log of the AHG coefficients to the 

difference in AHG exponents must be constant, which is precisely what Gleason and 

Smith observed in AMHG: in defining AMHG, Gleason and Smith observed that the 

relationship between log(a) and b is linear with a slope equivalent to 

𝑠𝑙𝑜𝑝𝑒 =
∆𝑏

∆log (𝑎)
 .           (8) 
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 Equations 7 and 8 are equivalent (noting that the AMHG slope has always 

been observed to be negative: Gleason and Smith, 2014), affirming that there is a 

theoretical w-Q pair (and also d-Q and v-Q pairs) that is shared by all cross sections 

in a river. This is geomorphically puzzling, especially since the values of w, d, v and Q 

that are shared by all cross sections are sometimes far outside the range of observed 

values of these quantities in the data reported by Gleason and Smith (2014). In 

addition, the strong goodness of fit reported by Gleason and Smith suggests 

mathematical artifice in AMHG. However, AMHG cannot be purely a mathematical 

artifact of using a power law for AHG, as the AMHG built from completely 

independent datasets of the same river reach covering much different ranges of data 

agree with one another (Gleason and Smith, 2014). It is important to note also that 

the constant slope values reported by Gleason and Smith cannot correspond to 

either mean annual or bankfull discharge, as these quantities change downstream (as 

observed in DHG).  

 AMHG seems at odds with Phillips’ (1990) assertion that “there is no single 

approach or hypothesis which is universally applicable for predicting at a station HG”.  

However, these findings, as well as the work of Rhodes (1977) and Orlandini and 

Rosso (1998), indicate that there are facets of HG that have yet to be uncovered and 

that DHG and AHG may be more closely linked than previously thought. In addition, 

AMHG in particular proves the premonitions of Dingman (2007) that much more 

attention should be paid to the coefficients of HG.  
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1.6 CONCLUSIONS 

 After 60 years of research, Leopold and Maddock’s HG, a simple formulation 

of power law functions between channel geometric parameters and discharge, 

remains an important idea for monitoring river systems worldwide. The utility of HG 

has only increased since their original publication: USGS (and other agency) rating 

curves based on HG provide critical discharge monitoring capacity for the world’s 

rivers, and HG has been successfully applied to calculate flood risk, investigate flow 

conditions in the distant past, and understand habitat conditions worldwide. HG is 

observed in myriad environments and DHG exponents tend toward similar values 

across these environments, suggesting a measure of universality. However, the 

underlying physical principles that produce HG behavior have yet to be satisfactorily 

uncovered, despite numerous attempts by prominent researchers; and no explicit, 

rational formulations for the coefficients and exponents of DHG relationships have 

been proposed. There has been, however, considerable progress towards an 

understanding of HG. Ferguson (1986) successfully reduced AHG to ‘hydraulics and 

geometry’ despite being unable to develop explicit formulations for AHG coefficients 

and exponents. Numerous researchers have proposed rational solutions for DHG 

parameters, but these explanations are valid only for those rivers which meet the 

assumptions under which the solutions were developed. In addition, recent work has 

shown that new facets of HG may be uncovered by examining both AHG and DHG in 

novel ways beyond their original construction (e.g. Tabata and Hickin, 2003; Gleason 

and Smith, 2014). The utility of HG is unquestioned, but its elevation from empirically 
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observed relationship to physical principle is not complete, despite universal 

acceptance of its existence. It may be that such a transition is never made, in which 

case future research of HG will focus almost exclusively on its applications.  

 This begs the question: where will the next advances in understanding of HG 

come from?  Extremal hypotheses and rational deduction seem to be converging 

towards theories of DHG that are more and more universal, but are still plagued by 

restrictive assumptions or controversial physical bases for particular extremal 

hypotheses. Another avenue that may yield further progress toward a theory of HG 

could come from ideas that break from Leopold and Maddock’s original formulations 

of HG.  AMHG, Interchannel HG, RHG, and HG from effective width in braided rivers 

all suggest that there is more to discover about HG and that DHG and AHG may be 

more closely linked that previously thought. Whether or not this speculation will 

prove correct will occur in future work, as all of these novel HG variants have been 

proposed via empirical observation without rational explanation. No matter what 

form future investigation takes, an emphasis on the power law form of HG could 

obfuscate understanding of HG- researchers as early as Richards (1973) have shown 

that the power law, replete with its two parameters, is not the best model to describe 

HG. If future researchers insist on using the Leopold and Maddock construction of 

HG, then the coefficients of both AHG and DHG must be given more thorough 

treatment and not simply viewed as statistical artifacts of the fitting process. These 

arguments suggest that a paradigm shift in thinking about HG will be beneficial to 

further understanding. 
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 A final consideration is the intriguing possibility of a unifying HG theory, if one 

should be found to exist. Such a theory would need to satisfactorily explain both 

AHG and DHG. Since DHG relies on bankfull variables at a cross section and also 

relies on cross sectional shape (which determines AHG) to define its bank strength 

and sediment transport properties, DHG and AHG are implicitly linked.  Furthermore, 

non-Leopoldian linking HG variants like AMHG and Interchannel HG discussed herein 

suggest further, explicit linkages and dependencies between the two. By broadening 

perspective on HG research to include such linkages, further insights about HG could 

be gained. Whether or not the elusive universal rationalization of HG is uncovered, 

HG, in all its forms, remains a viable field for future research.  
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Figure 1-1. Example of AHG and DHG 

Hypothetical AHG and DHG relationships are given for this example channel with two 

tributaries. AHG is a function of cross sectional geometry (Ferguson, 1986), so the 

values for b, f, and m at cross section 1 are determined by the shape of the channel 

at that point. DHG is still not fully understood, but bed material, bank strength, and 

sediment transport (not pictured) are all considered important in determining DHG. 

The DHG relationships shown here give typical exponents that have been repeatedly 
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observed over many empirical investigations. For both AHG and DHG, hypothetical 

datapoints representing w, d, v, and Q are given, and regressions of these data into 

power-law HG are shown. The dotted lines indicate how the coefficients a, c, and k 

are calculated.  

 

Figure 1-2. Ternary diagram for AHG exponenets 

This figure shows a hypothetical ternary diagram as developed by both Park (1977) 

and Rhodes (1977). Each symbol within the diagram shows the b, f, and m values for 

a specific cross section for some hypothetical river. Both Park and Rhodes sought to 

compile previously collected AHG data within these ternary diagrams in a search for 
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commonality across scales and physiographic settings, and both found none. Note 

that this diagram does not allow plotting of AHG coefficients- furthering the 

perception that only exponents are worthy of study. 

 

Figure 1-3. How cross-sectional geometry controls AHG 

Fegurson (1986) created two separate figures (his Figures 3 and 5) that have been 

combined here to illustrate his finding that AHG is a function of channel shape. 

Assuming constant bed friction (and therefore a velocity-depth function), Ferguson 

took fixed values for slope, bed grain size, and other parameters needed to employ a 

deep flow approximation of the Keulegan flow law, which gave velocity. By imposing 

these velocity and velocity-depth equations on the four different channel shapes 
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seen here in the top panel width, depth, velocity, and discharge, and therefore AHG, 

could be calculated. The bottom panel shows the corresponding AHG curves for each 

channel geometry, where the y-axis is a log of each hydraulic parameter as it 

increases to bankfull, and the x-axis is a log of discharge relative to bankfull 

discharge. It may be seen that AHG is only linear (and therefore a power law as per 

Leopold and Maddock) when channel geometry permits, and that breaks in slope are 

possible. Ferguson’s breakthrough work showed that the power law is not a 

necessary form of HG and that AHG is a function of cross sectional shape, thus 

reducing AHG to “hydraulics and geometry.”  
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Figure 1-4. AMHG from 6 rivers 

AHG a, c, and k coefficients interact predictably with their corresponding b, f, and m 

exponents as revealed here from thousands of in situ measurements of flow width, 

depth, and velocity collected at 88 USGS gaging stations along six U.S. rivers over the 

period 2004 –2013 The discovery of these strong semi-log trends (blue, red, and 

black lines), are called at-many-stations hydraulic geometry or AMHG.  Blue=width 

AMHG (a vs. b), Red=depth AMHG (c vs. f), Black=velocity AMHG (k vs. m). These 

relationships indicate predictable linkages between AHG parameters through space.  
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Chapter 2. Towards global mapping of river 

discharge using satellite images and at-many-

stations hydraulic geometry 

 

2.1 ABSTRACT 

 Rivers provide critical water supply for many human societies and ecosystems, 

yet global knowledge of their flow rates is poor.  We show that useful estimates of 

absolute river discharge (m3/s) may be derived solely from satellite images, with no 

ground-based or a priori information whatsoever.  The approach works owing to 

discovery of a characteristic scaling law uniquely fundamental to natural rivers, here 

termed a river’s at-many-stations hydraulic geometry (AMHG).  A first demonstration 

using Landsat Thematic Mapper images over three rivers in the USA, Canada, and 

China yields absolute discharges agreeing to within 20-30% of traditional in-situ 

gaging station measurements and good tracking of flow changes over time.  Within 

such accuracies, the door appears open for quantifying river resources globally with 

repeat imaging, both retroactively and henceforth into the future, with strong 

implications for water resource management, food security, ecosystem studies, flood 

forecasting, and geopolitics. 



64 

 

 Some 80% of the world’s population and 65% of its river ecosystems are 

threatened by insecure water supply, yet global knowledge of the river discharges 

upon which these depend is surprisingly poor (1, 2).  For much of the world, river 

gage measurements are rare, nonexistent, or proprietary.  Even well-monitored 

countries have sparsely distributed networks thus limiting current understanding of 

water losses along river courses, habitat changes, and flood risk (3, 4).  Satellites, in 

contrast, provide spatially dense coverage globally, attracting calls for a global river 

discharge mapping capacity from space (5-10).  However, previous efforts to 

estimate river discharge from remotely sensed observations have all required 

inclusion of some form of ancillary ground-based information, such as gage 

measurements, bathymetric surveys, and/or calibrated hydrology models that are 

simply unavailable for most of the planet (11-18). To remove this dependence on 

ground-based information, we show that useful estimates of absolute river discharge 

(i.e. in units of m3/s) may be derived solely from multiple satellite images of a river, 

with no ground-based or a priori information whatsoever, through use of a 

characteristic scaling law here termed a river’s at-many-stations-hydraulic geometry 

(AMHG).  As will be shown in this paper AMHG effectively halves the number of 

parameters required by traditional hydraulic geometry, thus paving the way for 

remote estimation of a single remaining parameter – and thus river discharge – 

through repeated satellite image observations along a river course. The presence of 

AMHG is verified in 12 of 12 rivers examined, using 88 in situ gaging stations, three 

field-calibrated hydrodynamic models incorporating 772 field-surveyed bathymetric 
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cross sections, and 42 Landsat Thematic Mapper (TM) satellite images (see S.1, 

Materials and Methods).  Following a description of width AMHG, an innovative 

satellite discharge estimation approach is demonstrated for three major rivers, the 

Athabasca (Canada), Mississippi (USA), and Yangtze (China), based solely on repeated 

Landsat TM satellite measurements of varying instantaneous river flow widths over 

geographic space and time.   

2.2 A RARE ADVANCE IN HYDRAULIC GEOMETRY THEORY 

 The field of hydraulic geometry was first introduced by Luna B. Leopold and 

Thomas Maddock Jr. over sixty years ago(19) and continues to engage researchers in 

water resources, geomorphology, fisheries, aquatic ecology, and related fields today.  

It describes three functional power-law relationships that relate river flow width (w), 

mean depth (d) and mean velocity (v) to discharge (Q) in accordance with the now-

classic three equations: 

𝑤 = 𝑎𝑄𝑏             (1) 

𝑑 = 𝑐𝑄𝑓             (2) 

𝑣 = 𝑘𝑄𝑚             (3) 

where  𝑎 ∙ 𝑐 ∙ 𝑘 and 𝑏 + 𝑓 +𝑚 are theoretically constrained to unity because Q=wdv.  

In practice, the coefficients a, c, and k  and exponents b, f, and m are derived 

empirically through repeated field measurements at a single river cross section 

(called at-a-station hydraulic geometry or AHG), or for some fixed frequency of 
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discharge between cross sections either downstream or on other rivers (called 

downstream hydraulic geometry or DHG).  The depth AHG (Equation 2) has 

enormous practical utility, with empirical determinations of c and f comprising the 

traditional calibrated rating curve method used by the US Geological Survey (USGS) 

and other water monitoring agencies for computing discharge as a function of 

continuously recorded water depths.  Throughout six decades of research the b, f, 

and m exponents have received abundant study, particularly in the context of 

elucidating theoretical and physiographic controls on their values (e.g. 20-22). 

Eventually, they were recognized as reflective of mainly the bathymetric shape of a 

river channel’s cross section and argued to be unpredictably variable and site-specific 

(23).  The a, c, and k coefficients, however, remain widely regarded as artifacts of the 

best-fit process to generate AHG. Strikingly little attention has been paid to them 

despite attention called to this gap by prominent authors (23-25).  

 This paper advances scientific understanding of hydraulic geometry by 

identifying a previously unnoticed correlative relationship between a river’s AHG a, c, 

and k coefficients and their corresponding b, f, and m exponents.  The correlations 

are readily revealed by plotting a-b, c-f, and/or k-m AHG pairs for many spatially 

distributed locations along a river, for example from thousands of in situ 

measurements of river flow width, depth, and velocity collected between January 1, 

2004 and April 9, 2013 at 88 USGS gaging station cross sections along six prominent 

rivers in the United States (Fig. 1).  Because these correlations are obtained simply by 

aggregating local AHG parameter pairs from many distributed locations along a river, 
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they are here termed “at-many-stations hydraulic geometry,” or AMHG.  While 

somewhat reminiscent of DHG (in that it considers longitudinal trends), AMHG differs 

markedly from DHG because all discharge variations are considered (not a single, 

bankfull discharge), the correlations are log-normal (not log-linear), and the trends 

reflected do not follow a downstream direction. Further support for this purely 

empirical observation is given through consideration of limits of Equations (1)-(3) 

(see S.2).  

  Very significantly, the strong goodness-of fit for the observed AMHG 

relationships (i.e. r2=0.94-0.98 for depth, r2=0.13-0.97 for width, and r2=0.79-0.97 for 

velocity, Fig. 1) indicates that in contrast to prevailing thought (23), AHG coefficients 

and exponents are not unpredictable, but instead interact stably and predictably 

along long reaches of a river.  This finding of robust depth, width, and velocity AMHG 

relationships essentially collapses the number of unknown AHG parameters in the 

three classical hydraulic geometry equations from six to three.  If only one of a river’s 

AMHG relationships is considered (as is commonly done in AHG, i.e. the traditional 

depth-discharge rating curve), then the number of unknown parameters is collapsed 

from two to one.  For the purpose of river discharge estimation, this leads to the 

rather stunning conclusion that only one of the two traditional calibration 

parameters may suffice if a river’s AMHG is well constrained.  While in principle any 

of a river’s three AMHG relationships may be used for this purpose, we herewith 

focus on the a-b (width) AMHG, because unlike river depth or velocity, river width is 

straightforward to measure in satellite imagery. 
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 Six other a-b relationships, plotted from output of field-calibrated HEC-RAS 

hydrodynamic model simulations (Mississippi, Rio Grande, and Sacramento Rivers, 

see S.1) and/or simultaneous Landsat TM / gaging station observations  (Mississippi, 

Athabasca, and Yangtze Rivers, see S.1) display similar behavior (r2= 0.60-0.99), 

further verifying the existence of this AMHG phenomenon (Fig. 2).  Two of these 

datasets overlap a common area of the Mississippi River and yield virtually identical 

width-based AMHG, regardless of whether it is computed from a field-surveyed HEC-

RAS hydrodynamic model or from Landsat TM images merged with gaging station 

measurements (Fig. 2, center row; Fig. S2).  The derivation of a duplicate result from 

such different and independent datasets lends further support to the conclusion that 

AMHG scaling laws are a robust and valid characteristic of natural river behavior. 

2.3 HOW KNOWLEDGE OF A RIVER’S WIDTH AMHG MAY BE USED TO 

ESTIMATE DISCHARGE FROM REMOTELY SENSED IMAGES 

 Based on this finding of a previously overlooked log-linear relationship 

between a and b (Fig. 1, 2, Fig. S2), the width AMHG for some user-defined length of 

river is appropriately defined as: 

𝐹 = 𝑎𝑥1,𝑥2,..𝑥𝑛𝐸
𝑏𝑥1,𝑥2,…𝑥𝑛                                                   (4)  

where the subscripts x1, x2,…xn correspond to spatially indexed cross section 

locations (up to n total cross sections along the river), a and b are the classic, site-

specific AHG parameters at each cross section, and F and E are river-specific 

constants defining the intercept and slope, respectively, of the empirical log-linear 
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AMHG relationship calculated from all AHG a-b pairs.  Knowledge of E gives the 

intercept as well as the slope of the AMHG relationship (as F may be approximated 

from measurement of cross sectional widths along a river, see S.3) thus allowing 

classical AHG a and b values everywhere along a sampled river length to be bridged 

using this single parameter E.  Further mathematical discussion of AMHG and its 

relation to classic AHG parameters is provided in supplementary material (S.3).   

 Critically, the width AMHG parameter E may be estimated from remotely 

sensed observations of river surface width accumulated over space and time (see S.4, 

and S.5), yielding remarkably accurate approximations of the river’s width AMHG 

relationship as compared with full in situ knowledge (red dashed lines, Fig. 2,  Fig. 

S2).  From there, at least two approaches are available for computing absolute values 

(m3/s) of river discharge solely from satellite images:  numerical optimization of AHG 

(as is recommended here, see S.7) or random seeding of plausible AHG values (S.8).  

We here estimate local AHG from AMHG through heuristic optimization using a 

genetic algorithm (GA), a method that is both easily understood and parsimonious 

(26, 27).  We adapted a previously developed GA (28) to minimize the difference in 

discharge calculated from AHG between pairs of cross sections contained within ~10 

km mass-conserved river reaches (i.e., without tributaries or outflows, see S.7), then 

reach-averaged these discharges to arrive at final reported hydrographs for six rivers 

(Fig. 3, S.9). Crucially, the methodology detailed in S.7 requires only multi-temporal 

measurements of cross sectional width as input data, and draws AHG values from a 

wide range of possible values (see Table S5) derived from each river’s AMHG. The 
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method assumes that AHG is valid for all cross sections within each river reach, which 

is problematic when applied to rivers with large tidal or other backwater-controlled 

flow regimes. However, this purely remotely sensed approach differs markedly from 

previous discharge estimation methodologies in that no knowledge or assumptions 

about channel hydraulics (e.g. mean cross sectional depth, roughness coefficient, or 

energy slope), local topography, or climatic conditions are needed to estimate river 

discharge. 

2.4 FEASIBILITY DEMONSTRATIONS AND IMPLICATIONS FOR GLOBAL WATER 

RESOURCES 

 The described satellite river discharge estimation procedure yields surprisingly 

good results, both in terms of absolute flow magnitude (m3/s) and its ability to track 

relative flow changes over time.  For discharge estimates obtained solely from 

repeated Landsat TM measurements of instantaneous river surface width (Fig. 3), the 

mean reach-averaged discharge RMSE is 2,585 m3/s (23%), 299 m3/s (30%), and 

3,772m3/s (20%) for a 10 km, 10 km, and 13 km reach of the Mississippi, Athabasca, 

and Yangtze Rivers, respectively, as compared with independent discharge 

measurements collected at a permanent gaging stations contained within each reach 

(see S.9).  These purely remotely-sensed discharges also track temporal dynamics 

quite well (Fig. 3).  The method does appear to underestimate discharges during 

large overbank floods (e.g. during a major June 10, 2008 event on the Mississippi 

River, time step 14 on Fig. 3), likely owing to breakdown of AHG power-law behavior 

when a river’s flow overtops its banks (25). 
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 For river discharge estimates obtained solely from repeated instantaneous 

surface widths output by the HEC-RAS hydrodynamic model, mean reach-averaged 

discharges yield similarly good results (Fig. S5), with RMSEs of 1,608 m3/s (27%), 195 

m3/s (26%), and 29 m3/s (1083%) for the Mississippi, Sacramento, and Rio Grande 

Rivers, respectively (based on fifteen, six, and four 10 km reaches, respectively, Table 

S6).  Like the Landsat TM results, these width-based discharge estimates also track 

temporal dynamics quite well (Fig. S5).  Poorest performance is associated with the 

Rio Grande River, a semi-arid, intermittently anabranching river with low flows, high 

geomorphic variability, and the second-weakest width AMHG seen in this study 

(r2=0.60, Fig. 3).  For further description of the sensitivities and performances of this 

discharge estimation method, see S.9. 

 This paper presents an important and overlooked feature of a mature, widely 

used framework in water science, and uses it to advance a fundamentally different 

approach for estimating absolute river discharges (water fluxes) from space absent in 

situ measurements, calibrated hydrological models, or other a priori information.  

This directly mitigates a long-standing barrier of non-quantification of river flows for 

the vast majority of rivers on Earth, which impedes the efforts of scientists and 

policymakers to assess global vulnerabilities in human and ecosystem water security, 

compliance with trans-boundary river water-sharing agreements, water balance 

closure in climate models, flood probabilities, food chains, deforestation and many 

other problems (1, 2, 29-32).   While the manually derived river width measurements 

described here are labor intensive, at least two methods exist for automated 
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mapping of river widths from satellite imagery (33, 34).  Merging of such automated 

width retrievals with the AMHG discharge estimation approach presented here would 

enable immediate commencement of approximate river discharge mapping for the 

world’s large, single-thread rivers, using archived and/or forthcoming image data 

from aerial photographs, satellites, unmanned aerial vehicles (UAVs), and any other 

source from which repeated images may be collected over large areas of the world’s 

river systems. 
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Figure 2-1.  AMHG derived from USGS field data.  

At-a-station hydraulic geometry (AHG) a, c, and k coefficients interact predictably 

with their corresponding b, f, and m exponents over long distances of a river, as 

revealed here from thousands of in situ measurements of flow width, depth, and 

velocity collected at 88 USGS gaging stations along six U.S. rivers over the period 

2004 –2013 The discovery of these strong log-linear trends (blue, red, and black 

lines), here called at-many-stations hydraulic geometry or AMHG, effectively halves 

the traditional number of parameter(s) needed to compute river AHG and/or 
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discharge thus paving the way for satellite-based estimation of absolute river flow. 

Blue=width AMHG (a vs. b), Red=depth AMHG (c vs. f), Black=velocity AMHG (k vs. 

m). 

 

Figure 2-2.  AMHG derived from hydrodynamic modeling and from Landsat TM 

data. 
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 In situ width AMHG relationships (black lines) as derived from (1) simulations from 

three field-calibrated HEC-RAS hydrodynamic models for the Rio Grande, Mississippi, 

and Sacramento Rivers, USA (left column); and (2) instantaneous measurements of 

river surface width and discharge from Landsat Thematic Mapper (TM) satellite 

images over gaging stations at Fort McMurray, Alberta (Canada), Thebes, IL (USA), 

and Shashi, Hubei (China) (right column).  Red dashed lines shows the width AMHG 

as approximated solely from measurements of surface width, with no knowledge of 

discharge or any other in situ information.  The strong congruity between in situ and 

remotely estimated width AMHG forms the basis of quantitative remote sensing of 

river discharge from space. 
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Figure 2-3.  Discharge estimation solely from Landsat TM images.  

Absolute (m3/s) river discharge hydrographs for 10-13 km reaches of the Athabasca, 

Mississippi and Yangtze Rivers, as recorded by in situ gaging stations (solid line), and 
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as estimated solely from Landsat TM satellite images (dashed line).  The only data 

needed to produce the dashed-line hydrographs are repeated cross sectional 

measurements of instantaneous river surface width collected over a river reach. Time 

step refers to chronological order of Landsat TM image acquisitions and thus varies 

for each river (for acquisition dates see Table S2).   

2.7  SUPPLEMENTARY INFORMATION 

2.7.1 Materials and methods 

 We employed datasets of in situ  hydraulic measurements collected by the 

U.S. Geological Survey (USGS), rating curve derived discharges published by 

Environment Canada and Changjiang Wuhan Waterway Bureau (China), simulations 

from three well-calibrated HEC-RAS hydrodynamic models, and 42archived Landsat 

Thematic Mapper (TM) satellite images to develop understanding of at-many-

stations hydraulic geometry (AMHG) and a new river discharge estimation method. 

River gaging station data  

 Field measured datasets were acquired from the USGS 

(http://waterdata.usgs.gov/nwis) for six major American rivers (the Chattahoochee, 

Clark Fork, Connecticut, Missouri, Mohawk, and Snake Rivers).  For each of these 

rivers, historical in situ measurements of river surface width, mean cross sectional 

depth, mean cross sectional velocity, and computed discharge were recorded at 

various stations (ranging from 6 to 26 stations) along the river by the USGS. The total 

river lengths along which these USGS station data were compiled ranged from 

http://waterdata.usgs.gov/nwis


78 

 

160km to 3,500 km. River reach lengths were calculated using the National Atlas’ 

Streamer tool (http://nationalatlas.gov/streamer/Streamer/streamer.html) by 

subtracting the ‘downstream’ distances between the most upstream and most 

downstream station for each river. All available measurements beginning January 1, 

2004 were used to construct the three classical AHG relationships (1) for width, 

depth, and velocity at each station.  Field observations before this date were not 

used, so as to minimize the impact of changing channel geometry on the derived 

AHG relationships.  Note also that only field-measured discharges were used in this 

dataset, not estimates of discharge from depth-discharge rating curves.  Once each 

station’s width, depth, and velocity AHG relationships were built (from discharge and 

the appropriate hydrologic variable), each AHG coefficient and exponent pair (one 

for each station) became one data point in the AMHG plots seen in Fig. 1. AHG 

exponents falling outside the range 0-1 (a total of 7 points) were removed from Fig. 

1 for clarity, as these exponents represent failure of AHG to adequately describe 

fluvial behavior at their respective cross sections.   Table S1 supplies USGS station IDs 

of the gauging stations used for this part of the study.  

  Gaging station measurements of river discharge were also acquired for the 

Athabasca River below Fort McMurray, AB, Canada (Environment Canada gage 

07DA001, downloaded from http://environment.alberta.ca/apps/osip/).  These 

discharge data were combined with measurements of instantaneous flow width 

manually digitized from simultaneously acquired Landsat TM images to determine 

both AHG (blue circles, Fig. 2) and AMHG (blue line, Fig. 2) as will be described 

http://nationalatlas.gov/streamer/Streamer/streamer.html
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shortly.  Similarly, river gage data were acquired for the Yangtze River at Shashi 

gaging station, Hubei, China (http://www.cjhdj.com.cn). Unlike the USGS data 

described above used to develop and test AMHG, discharge for the Canadian and 

Chinese stations was calculated using stage-discharge rating curve calibrated by 

occasional discharge surveys at these stations, a well-accepted methodology for 

publishing discharge data.  These rating curve data were used as field measured data 

were not available for these stations. These datasets are primarily used to validate 

discharge estimation, and AMHG was first discovered and validated from the USGS 

field measured datasets.  

HEC-RAS hydrodynamic model simulations 

 To generate realistic simulated datasets of river surface width, mean depth, 

and mean velocity as function of discharge, three previously compiled datasets 

containing a total of 772 field-surveyed bathymetric cross sections for large reaches 

of three major American rivers (Rio Grande River: study length 172km, 94 cross 

sections; Mississippi River: study length 181km, 430 cross sections; Sacramento River: 

study length 63km, 192 cross section) were used. A range of discharges were 

simulated through these field-surveyed cross sections using the HEC-RAS 

hydrodynamic model (version 4.1.0, downloaded from 

http://www.hec.usace.army.mil/software/hec-ras/) to generate instantaneous river 

surface widths, cross sectional mean depths, and cross sectional mean velocities for 

20, 17, and 21 arbitrary time steps for the Rio Grande, Upper Mississippi, and 

http://www.cjhdj.com.cn/
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Sacramento rivers. (Rio Grande and Mississippi HEC-RAS model output published in 

(2) and provided by M.K. Mersel, U.S. Army Cold Regions Research and Engineering 

Laboratory; Sacramento HEC-RAS model output provided by M. Durand, The Ohio 

State University). These model outputs enabled calculation of all three AHG 

coefficients and exponents at each cross section in accordance with Leopold and 

Maddock (1).  As with the USGS in situ datasets (Fig. 1), plotting each cross section’s 

AHG coefficient-exponent pairs enables determination of AMHG, with strong log-

normal correlations found for width, depth, and velocity.  For clarity, only the width 

based AMHG is presented in Fig. 2. 

Landsat Thematic Mapper (TM) data 

 Archived Landsat TM images were used to measure instantaneous river 

surface widths surrounding gaging stations on the Mississippi, Athabasca, and 

Yangtze Rivers with 30 m spatial resolution, thus providing real-world satellite case 

studies from which to demonstrate AMHG and remote sensing of discharge. A 10 km 

reach of the Upper Mississippi River was chosen for study that is spatially coincident 

with the HEC-RAS modeled dataset and extends 5 km upstream and downstream of 

the gage at Thebes, IL.  Sixteen Landsat TM scenes that were temporally coincident 

(same day) with in situ field-measured discharges at this USGS gage (i.e., not 

estimated from its stage-discharge rating curve) were identified over the period 1999 

to 2012 and downloaded from http://earthexplorer.usgs.gov/ (Table S2).  For each 

image, instantaneous river surface widths were measured from the near infrared 
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spectral band (Band 4, 760-900 nm) in ArcGIS.10 by manually digitizing line 

segments orthogonal to thalweg flow direction at 14 cross sections spaced evenly 

throughout the reach.  Next, classical width AHG was calculated for every cross 

section, using the same-day discharge measurement acquired at the gage.  This 

procedure was also carried out for a 10 km reach of the Athabasca River extending 

10 km downstream of the Environment Canada gage below Fort McMurray, AB, and 

a 13 km reach of the Yangtze River below Shashi gauging station near the Three 

Gorges Dam, Hubei, China. Widths were measured at 10 evenly spaced cross sections 

from 17 Landsat scenes collected between 1990 and 2011 for the Athabasca dataset, 

while widths were measured at 13 evenly spaced cross sections from 12 Landsat 

scenes dating from 2004 to 2011 for the Yangtze dataset (Table S2). AHG 

relationships were derived from these manually measured widths and rating curve 

derived discharge data from the appropriate gauging station.  

2.7.2 Theoretical limits of the classical AHG equations  

 To gain intuitive understanding of what AMHG represents in geomorphic 

terms, a physical understanding of what each of the axes in Fig. 1 and 2 represent is 

required.  There is clear consensus that the AHG b exponent represents both cross 

sectional channel shape (as proved by Ferguson 3) and also the proportion of 

discharge that is accommodated through adjustments in width (by definition).  

However, understanding of the physical meaning of the a coefficient remains elusive.  

In a thorough analytical examination, Dingman (4) found that a is correlated with 

several channel parameters (bankfull width, bankfull depth, energy slope, and 
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generalized conductance coefficient), but these correlations are valid only at a 

specific cross section for which the depth, slope, and width are artificially 

manipulated.  To understand the meaning of a between cross sections, a different 

conception of a is required.  Substitution of 
𝑤

𝑄𝑏
 for a (via Equation 1), and further 

substituting 𝑤𝑑𝑣 for Q (by definition) shows that a is equivalent to   

 
𝑤1−𝑏

𝑑𝑏𝑣𝑏
                                                                                                                           (S1) 

at any cross section, confirming that a can be written as a mathematical function of b 

even without invoking AMHG.  This definition of a enables understanding of AMHG 

in terms of geomorphologically understood quantities (w, d, v, and b) by 

investigating the behavior of a at the theoretical limits of b. It is readily observable 

that:                                                                    

lim𝑏→1
𝑤1−𝑏

𝑑𝑏𝑣𝑏
=

1

dv
                                                                                                        (S2) 

For any river, this quantity will be relatively small, especially if v and d are greater 

than 1.  AMHG suggests that a increases as b decreases, so it is expected that at b=0, 

the other theoretical limit of b, a will be much larger than it is when b=1.  In this case: 

 lim𝑏→0
𝑤1−𝑏

𝑑𝑏𝑣𝑏
= 𝑤                                                                                                        (S3) 

where w is a quantity that is certainly larger than 
1

𝑑𝑣
.  Placing these mathematical 

conclusions into a geomorphic context suggests that at high b values, where changes 

in width accommodate a large proportion of changes in discharge, the width term in 
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Equation S1 dominates and leads to increasingly smaller values of a as the numerator 

tends to 1.  Conversely, at very small b values, discharge changes are accommodated 

more by depth and/or velocity adjustments with almost no changes in width, driving 

a values higher as 𝑑𝑏𝑣𝑏 tends toward 1 in the denominator, despite the general 

tendency for w to decrease with decreasing b values.  This behavior is seen in Fig. S1, 

where AMHG is presented in linear (rather than log-normal) space and shows clear w 

dominant and clear dv dominant portions of the river separated into the two ‘limbs’ 

of the graph.  

2.7.3 Mathematical discussion of the width AMHG and its relation to classical AHG 

parameters 

 The slope and intercept of the log-normal width-based AMHG may be 

encapsulated in a single parameter E, which in turn can be related to site specific 

river widths and b exponents (the parameter F is also required, but F may be 

approximated by observations, see below). 

Mathematically, the log-normal relationship shown in Fig. 1 and 2 must comply with 

Equation S4 (which is the same as Equation 4): 

𝐹 = 𝑎𝑥1,𝑥2,..𝑥𝑛𝐸
𝑏𝑥1,𝑥2,…𝑥𝑛         (S4) 

where the subscript x1, x2,…xn refers to a spatially indexed cross section location, ax 

and bx are the classical AHG parameters for that location, and F and E are river 

specific constants.  We propose that F may be approximated by wx, where wx is the 

spatially indexed river surface width: a quantity that remains relatively constant in log 
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space, allowing for the log-normal behavior of AMHG. Substituting wx for F and 

rewriting Equation S4 yields another formulation for width-based AMHG: 

𝑏𝑥 =  −
1

log (𝐸)
∗ log(𝑎𝑥) +

1

log (𝐸)
∗ log (𝑤𝑥)                        (S5) 

Equation S5 has identical form to the empirically observed AMHG, where −
1

log (𝐸)
 is 

the slope of AMHG, and 
1

log (𝐸)
   *log (wx) is the intercept.  Note that E, a previously 

unknown parameter, is constant and unique to each river.  Because it is spatially 

constant and has variable units (i.e. E is a single value for a river or a reach of river 

and its units change at a cross section with changing b exponents), it does not 

correspond to any known hydrologic quantity.   

 Our two formulations of width AMHG (Equations 4 and S5) may be verified 

analytically using observed width and discharge to calculate ax, bx, and wx, and the 

best-fit lines in Fig. 2 to calculate the slope and intercept of each river’s width-based 

AMHG.   

Substituting slope for −
1

log (𝐸)
 in Equation S5 gives 

𝑏𝑥 =  𝑠𝑙𝑜𝑝𝑒 ∗ log(𝑎𝑥) − 𝑠𝑙𝑜𝑝𝑒 ∗ log (𝑤𝑥)       (S6) 

And 

intercept= −𝑠𝑙𝑜𝑝𝑒 ∗ log (𝑤𝑥)        (S7) 

From Equation S7, the logs of observed widths (wx) multiplied by the observed best 

fit slope must equate to the observed best fit intercept for each river in order to 
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comply with both the behavior seen in Fig. 1 and 2 and the derivations of Equations 

S4 and S5. Note that wx is remarkably constant (in log space) for all rivers except the 

Rio Grande, which explains why it has the weakest a vs. b relationship of all rivers in 

Fig. 2.  Strong congruity in peak values of histograms of slope*log (wx) and observed 

intercept values offer support that Equation S4 (AMHG formulation) is a valid 

summary representation of longitudinal hydraulic behavior as seen in Fig. 1 and 2 

(Table S3).  

2.7.4 Estimation of the E parameter from remotely sensed images 

 Crucially, it is possible to estimate E solely from repeated measurements of 

instantaneous river surface width, collected simultaneously at multiple locations 

along a river.  For all six datasets for which such simultaneous width data are 

available (i.e. Fig. 2; described in S.1), we observe that the difference of the squares of 

maximum and minimum observed widths at all cross sections display power law 

behavior with maximum observed widths, i.e.:  

  𝑚𝑎𝑥 (𝑤𝑥1,𝑥2,...𝑥𝑛) = 𝑝(𝑚𝑎𝑥 (𝑤𝑥1,𝑥2,…𝑥𝑛)
2 −𝑚𝑖𝑛 (𝑤𝑥1,𝑥2,...𝑥𝑛)

2)
𝑦
                      (S8)   

where p and y are derived empirically by fitting Equation (S8) to the 

maximum/minimum width differences for all cross sections in the same manner as F 

and E are obtained in Equation 4. Note that max(wx) appears on both sides of the 

equality in equation S8 in order to yield an explicit formulation for y. Also note that 

the exponent y of this relationship has near-equivalence to E in Equation 4 for all six 

simultaneously measured datasets (Table S4).   
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 A mathematical proof for this congruity between E and y has not yet been 

found.  However, we identify at least two factors that support use of y as an 

approximation of E. The first of these is a mathematical argument as follows:  

Because the log-normal form of AMHG has a constant slope, it may be said that  

 𝑠𝑙𝑜𝑝𝑒 =
∆𝑏

∆log (𝑎)
                                                                                                          (S9) 

Rewriting Equation S9 between any two points as  

 𝑠𝑙𝑜𝑝𝑒 =
𝑏𝑥2−𝑏𝑥1

log (
𝑎𝑥2
𝑎𝑥1

)
                                                                                                        (S10) 

where x1 and x2 refer to any pair of cross sections along river, and substituting 
𝑤𝑥

𝑄𝑥
𝑏𝑥

for 

ax gives 

 𝑠𝑙𝑜𝑝𝑒 =  
𝑏𝑥2−𝑏𝑥1

log

(

 
 
 
 
 𝑤𝑥2

𝑄𝑥2
𝑏𝑥2

𝑤𝑥1

𝑄𝑥1
𝑏𝑥1

⁄

)

 
 
 
 
 

                                                                                            (S11) 

We assume mass is conserved within ~10 km reaches with no tributaries or outflows 

present, therefore 𝑄𝑥1 =𝑄𝑥2.  Substituting Q for each of these quantities and 

simplifying the denominator of Equation S11 gives  

 𝑠𝑙𝑜𝑝𝑒 =  
𝑏𝑥2−𝑏𝑥1

log(
𝑤𝑥2
𝑤𝑥1

)−(𝑏𝑥1−𝑏𝑥2) log(
𝑄

𝑄
)
 .                                                                          (S12) 

Recognizing that log(
𝑄

𝑄
) = 0, Equation S12 may be written as 
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 𝑠𝑙𝑜𝑝𝑒 =  
𝑏𝑥2−𝑏𝑥1

log(
𝑤𝑥2
𝑤𝑥1

)
.                                                                                                 (S13) 

Equation S13 suggests another geomorphic consequence of an observed AMHG, i.e. 

that the ratio of the difference in b values to the log ratio of widths at any two cross 

sections along a river is constant, or nearly so.  This helps explain why the y exponent 

in Equation 5 offers such remarkable congruity with observed slope values. 

Remembering that p and y are empirical parameters determined by width variations 

at all cross sections, rewriting Equation S8 in log space yields: 

 𝑦 =
log𝑤𝑥𝑚𝑎𝑥

log(𝑤𝑥𝑚𝑎𝑥
2 −𝑤𝑥𝑚𝑖𝑛

2 )
+ log𝑝                                                                              (S14) 

Noting that p is constant, Equations S14 and S13 can be seen as inverse analogs, 

where a change in width sensitivity ((𝑏𝑥2 − 𝑏𝑥1) and log(𝑤𝑚𝑎𝑥
2 − 𝑤𝑚𝑖𝑛

2 )) between cross 

sections exists in a constant ratio with a measure of width (log(
𝑤𝑥2

𝑤𝑥1
)and log(𝑤𝑚𝑎𝑥)). 

These ratios act in opposite directions, as corresponding terms appear in the 

numerator of one equation and the denominator of the other, driving the change in 

sign between observed AMHG slopes and the width based proxy y.   

 A second supporting factor for use of this proxy is its empirical stability.  For 

each of the three HEC-RAS datasets (>90 field-surveyed cross sections each), the 

exponent y does not change when random subsamples of cross sections are used to 

generate the power law in Equation S8, reflecting a robust relationship between 

observed widths.  E is therefore readily approximated  from space, because repeated, 

simultaneously acquired measurements of instantaneous river surface width at many 



88 

 

locations along a river are easily obtained from multi-temporal satellite imagery (thus 

giving maximum and minimum flow widths over some user defined period of time).  

How this proxy for E and subsequent knowledge of AMHG leads to discharge 

estimation from remotely sensed imagery is detailed in S.7. 

 The link between y and the slope of a river’s AMHG area is an area for further 

research. It remains to be seen if this congruence will be replicated for rivers that 

exhibit extreme AHG behaviour or for very small streams. In addition, it is difficult to 

understand equation S8’s theoretical relationship to AMHG when AMHG itself has 

not been derived. 

2.7.5 Demonstration of reproducible width AMHG from three different datasets 

 The HEC-RAS and Landsat TM/USGS gaging station datasets for the 

Mississippi River (Fig. 2, center) cover an overlapping area, allowing for a direct 

comparison of width AMHG built from these two independent data sources.  Also, by 

ignoring the USGS gaging station data, the remotely sensed proxy for AMHG (see 

previous section) may be independently compared with the HEC-RAS and Landsat 

TM/USGS in situ versions.  These three datasets (Landsat only AMHG approximation, 

USGS in situ, and HEC RAS) yield nearly identical AMHG (Fig. S2), making a powerful 

argument that AMHG is indeed a robust phenomenon, as the discharge and width 

measurements in the HEC-RAS and Landsat TM/USGS datasets are completely 

independent and obtained through very different means.  Furthermore, the Landsat 

TM-only AMHG (red dashed line, Fig. S2) shows close agreement with the two in situ 
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datasets, lending further confidence that a river’s width AMHG may be remotely 

approximated from space. 

2.7.6 AMHG in the context of published HG literature 

Reconstruction of AMHG from previously published AHG data 

 Despite a rich tradition of AHG research (e.g., 3, 5-11), few studies publish 

coefficient values in addition to exponent values (as noted by both 3 and 4), and 

fewer still publish a-b pairs longitudinally along a river. As such, it is difficult to use 

past published results to investigate AMHG. However, of those studies that do 

publish a-b pairs for multiple locations along a river, AMHG behavior is evident. For 

example, in data published for the Yellow River (12), we calculate width, depth, and 

velocity AMHG relationships that display r2 values of 0.43, 0.82, and 0.69, respectively. 

These AMHG fits are not as strong as those presented in this study, which may be 

because the time period covered by (12) is much longer (>30 years) than the 

datasets used in this study, and the authors highlight the high degree of 

morphological change (which deeply affects AHG parameters) in each cross section 

of their study. However, AMHG is still evident in the published AHG data. Similarly, 

data from Reid et al. (13) exhibit width based AMHG behaviour in streams larger than 

20m in width (r2 of 0.47, 0.43 for two different rivers). However, the streams in 13 

smaller than 20m in mean width do not exhibit AMHG behavior; and published a-b 

data for two streams (<10 m wide) in Nanson et al. (14) similarly fail to display AMHG 

behavior.   
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 The reason for this breakdown in AMHG for narrow streams may likely be 

traced to equations S2 and S3 (section S.2). Considering equation S2, a narrow 

stream may indeed have a product of depth and velocity less than 1(m2/s), in which 

case 1/dv becomes larger, not smaller, as b approaches 1. This is precisely the case in 

both datasets where AMHG is not observed (13, 14), as both the maximum observed 

depths and maximum observed velocities are indeed less than 1(m or m/s). In 

addition, depth and velocity values that give a product less than 1 also predict a 

breakdown in equation S3, as width in these narrow rivers will not always be greater 

than 1/dv.  

Use of empirical flow resistance equations to explain AHG and implications for AMHG 

 Hydrologists have commonly investigated hydraulic geometry in the context 

of widely accepted empirical flow resistance equations like the Manning and Chezy 

equations (e.g. 3, 4, 15, 16). Such investigations usually assume some channel shape 

(e.g. rectangular, parabolic, triangular, or ’natural’), control for other physical 

properties of the channel (e.g. depth, roughness, channel slope), and then apply 

empirical flow resistance equations to define the relationships between width, depth, 

and velocity given the selected physical properties of the channel. By imposing a 

discharge on these manipulated cross sections, hydrologists can ascertain the 

resulting effect on hydraulic geometry, either at-a-station or downstream. Such 

analyses reveal much about how a and b behave at-a-station, with Ferguson (3) and 

Dingman (4) providing excellent examples.  However, while manipulating one cross 
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section in isolation illuminates the relationship between a and b at that station, this 

procedure cannot speak directly to this relationship between cross sections- the key 

discovery embedded in AMHG. Furthermore, because AMHG trends do not occur in 

a downstream direction (i.e. the points on the AMHG lines in Figures 1 and 2 do not 

plot according to their relative position along the river) any analysis that considers 

only the effects of upstream channel geometry on downstream response provides 

limited potential for analyzing AMHG. More research is needed to ascertain whether 

AMHG arises from a mathematical dependency between AHG power-laws, or reveals 

something deeper about river behavior in general. In either case, the strong trends 

identified confirm that AMHG is a widely observable phenomenon in rivers larger 

than ~20 m wide, and, from a practical standpoint, may be exploited for the purpose 

of discharge estimation. 

2.7.7 River discharge estimation from coupling width AMHG with heuristic optimization 

of local AHG parameters (method 1) 

Assumptions and overview 

 The discharge estimation approach relies on using a remotely sensed estimate 

of a river’s width AMHG to resolve local, site-specific AHG parameters (and hence 

discharge) at multiple cross sections along a mass-conserved reach of river. The 

method requires two assumptions. The first is that classical site-specific power law 

AHG behavior is applicable to each individual cross section along a river.  While 

Ferguson (3) proved that power-law AHG behavior is not required by first principles, 
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he noted that empirical power-law behavior remains widely applicable for most 

natural rivers.  Second, while we do not assume that discharge is conserved over the 

entire length of a river, we do assume it is conserved over short reaches (~10 km) 

with no tributaries or outflows, negligible evaporative losses, and negligible 

hyporrehic exchange.  This necessitates a definition of reach length where discharge 

may reasonably be assumed conserved under these assumptions, here arbitrarily 

defined as ~10 km if located between tributaries or outflows.  We considered all 

unique (i.e. no cross section appears in more than one reach) available reaches 

containing 10 cross sections or more without tributaries or outflows for analysis.  A 

total of 31 such reaches (four on the Rio Grande, seventeen on the Mississippi, seven 

on the Sacramento, and one each for the Mississippi, Athabasca, and Yangtze 

Landsat TM datasets) were identified for discharge estimation.  

 Discharge estimates are generated by a genetic algorithm (GA) that optimizes 

values for a and b for each cross section in a reach: this method only requires 

observed cross sectional widths and remotely sensed AMHG to operate (see sections 

S.4 and S.5). A global search space representing all possible a and b values, as 

defined by the ranges given in Table S5, is refined to include only those a and b 

values falling within a narrow envelope surrounding each river’s remotely sensed 

AMHG. These smaller populations of a and b, which still contain a wide range of 

values for both parameters (note the ranges of a and b seen in Figures 1 and 2), are 

passed to optimization via GA in conjunction with observed widths to minimize the 

difference in discharge between cross sections. The GA arrives at one a-b pair per 
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cross section from this initial population, which gives discharge via Equation 1. These 

cross sectional discharges are then averaged to arrive at a final, reach-averaged 

discharge. Detailed information describing each step of this process is described 

below. 

How the ranges for AHG parameters given in Table S5 align with previously published 

values 

 The AHG literature contains numerous published b values for rivers across a 

wide range of climatic and geomorphic settings (e.g. 5, 9). They range from very 

small (e.g. b< 0.00, 5), to the very large, (e.g. b> 0.8, 5). However, for most rivers, b 

values are found within the ranges in Table S5 (5, 9). As previously noted, far fewer a 

values have been published, and few studies even discuss a, so it is a more difficult 

parameter to ascribe ranges to in this study. As such, the ranges of a values ascribed 

in this study coincide with observed a values from all datasets, where 1<a<500. The 

parameter ranges used in this study represent a broad range of possible outcomes 

that match published literature and do not result in artificial convergence for the 

method described below. 

Step 1. For a pair of cross sections within a reach, use a genetic algorithm (GA) 

to converge upon a value for a and a value for b that best conserve discharge 

(as calculated from classical AHG and their observed multi-temporal widths) 

between them.  A GA is a numerical optimization method that mimics the processes 

of natural selection, mutation, and sexual reproduction through the interaction of 
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basic units termed ‘genes’ and ‘chromosomes.’  A chromosome contains of a set of 

genes, where each gene is a specific parameter needed to implement a procedure or 

solve a problem.  In the GA implemented in this paper (17), each chromosome has 

four genes representing the classical AHG parameters for each cross section in a pair 

of cross sections selected for optimization (i.e. one a and one b for each of the two 

cross sections).  The GA begins with ten such chromosomes, where each gene (AHG 

a or b) is randomly drawn from the solution space defined by a narrow envelope 

surrounding empirically derived width AMHG.  Chromosomes are then combined 

with observed widths to confirm whether the randomly generated AHG yields 

reasonable discharge in conjunction with observed instantaneous river surface widths 

at each of the cross sections. Chromosomes that generate discharges falling outside 

some (large) allowable range of discharge are discarded.  Here, we assume an 

allowable range as follows: 

minimum allowable discharge = [minimum observed width * 0.5 m depth * 0.1 m/s 

velocity] 

maximum allowable discharge = [maximum observed width * 10 m depth * 5 m/s 

velocity]  

This allowable discharge bound is reasonable for rivers of the size in this study, 

where observed widths range from 40- ~1,500m. For these rivers, the minimum and 

maximum depths and velocity imposed by these discharge constraints form what we 

feel are conservative maximum and minimum bounds on realistically feasible 
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discharge (e.g. between 2and 2,000 m3/s for a 40 m wide river, and between 75 and 

75,000 m3/s for a 1,500 m wide river).  

 Any chromosome that is discarded for generating an unreasonably large or 

small discharge is replaced by a new chromosome randomly drawn from the solution 

space until all ten chromosomes pass the discharge filter.  Chromosomes are then 

ranked by their ‘fitness,’ here calculated as the percent difference in discharge 

between the two cross sections represented by the chromosome, in a process called 

‘selection.’  Then, each of these chromosomes has a chance to undergo the 

processes of ‘cross-over’ and ‘mutation’, based on GA parameterization (Table S5).  In 

cross-over, specific genes from certain chromosomes are exchanged, mimicking the 

mingling of DNA in sexual reproduction.  In mutation, there is a small chance (the 

mutation rate, here set at 0.1, Table S5) that a random gene is randomly altered.  The 

altered chromosomes are then re-ranked according to their fitness (discharge 

conservation) and the five least fit chromosomes ‘die out’ and are replaced with 

another five chromosomes populated with random genes drawn from the AMHG 

solution space.  Following this process of initial selection, cross-over, mutation, and 

final selection and regeneration, the initial 10 chromosomes are said to have 

completed one generation. The GA is then run for 50 generations with parameters 

defined in Table S5 to yield four heuristically optimized AHG parameters, i.e. one a - 

b pair for each of the two cross sections.  For further description of this GA see 

Gleason and Im (17). 
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Step 2. Repeat Step 1 fifty times to obtain one-hundred estimates of AHG for 

each cross section in a pair.  Each GA arrives at a mass difference-minimized (in 

percent difference of discharge between two cross sections) AHG for both cross 

sections in a pair (Step 1).  In principle, this minimized difference should occur when 

proposed AHG parameters at each of two cross sections in a pair are identical to 

their true AHG parameters.  Initializing 50 independent GAs for both cross sections in 

the pair, each starting with random genes drawn from AMHG-defined solution space, 

results in 100 estimates of AHG for each cross section.  

Step 3. Permute Steps 1-2 over geographic space, applying the GA to all 

possible pairwise combinations of cross sections within a mass-conserved 

reach.  This results in (n2 –n) * 100 GA selected estimates of AHG parameters for 

each cross section, where n is the number of cross sections within the 10km reach.   

Step 4. Aggregate the (n2 –n) * 100 AHG estimates to arrive at a final AHG for 

each of n cross sections. The GA output must be distilled from the (n2 –n) * 100 

ensemble AHG estimates provided by spatial permutation to a single AHG per cross 

section. While GA furnished AHG values approach true AHG values at each cross 

section, small deviations in either AHG parameter from the true value will cause large 

errors in discharge retrieval due to the power law behavior of AHG. To resolve this, 

we exploited the one-parameter nature of AMHG. Median a values furnished by the 

GA were used in conjunction with the remotely sensed AMHG approximation to 

calculate a corresponding b value for each cross section. This process was repeated 
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using median GA estimated b values and AMHG to calculate a values, giving two 

discharge estimates per reach. These discharge estimates are nearly identical to one 

another, confirming the one-parameter nature of AMHG.  

Step 5. Compute discharge Q from the final selected AHG a and b. After AHG a 

and b were determined, the resultant parameters were applied to observed widths to 

estimate discharge at each cross section, following Leopold and Maddock (1). This 

yielded n discharge estimates (one for each cross section), the median of which was 

taken as reach-averaged discharge.  This final reach-averaging step had the added 

benefit of further reducing error stemming from the sensitivity of cross sectional 

power law behavior. 

 Testing showed that 50 GAs represented a consistent performance plateau for 

all datasets, where additional GAs of more generations added much more processing 

time without improving the estimation result. The Athabasca and Sacramento 

datasets showed consistent performance from 1 GA to 50 GAs, while the other four 

datasets showed decreased error as more GAs were added until the 50 GA threshold. 

A graphic summary of the approach is given in Fig. S3. 

 The approach presented here relies on using observed cross sectional widths 

in conjunction with AMHG to estimate discharge. Other remotely sensed 

observations could potentially be added as constraints during the genetic algorithm 

parameter search phase. For instance, including measurements of water surface 

slope (as will be provided by the forthcoming NASA/CNES SWOT mission, see 
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swot.jpl.nasa.gov) in conjunction with a wide range of plausible roughness values 

could form additional reasonable discharge limits that would constrain the range of 

possible output values from the GA.  Similarly, observed stage, (i.e. water surface 

elevations, which will also be provided by SWOT and can currently be obtained over 

very large rivers with ocean radar altimeters) could likewise be added to the 

estimation procedure to provide additional boundary conditions.  Finally, the 

discharge conserved, pairwise permutation cross-sectional analysis technique 

proposed here could also be extended to other variables (i.e. depth) or discharge 

estimates based on measurement frameworks other than AHG.  For example, 

previous work by Mersel et al (2) also examines how internal correlations between 

river inundation width and mean cross-sectional flow depth might be used to 

remotely estimate depth, using both cross-sections and reach-averaging of natural 

rivers. 

2.7.8 River discharge estimation from coupling width AMHG with randomly seeded 

local AHG parameters (method 2) 

 The explanatory power of AMHG also provides a framework for estimating 

discharge from random AHG parameters, as seen in Fig. S4. To produce the 

hydrographs in this figure, a values were calculated via AMHG from random (uniform 

distribution) b values (0.0 – 1.0) for each cross section in all three Landsat TM 

datasets.  Discharge was then calculated through each cross section from this 

random b and paired a by applying observed widths and the classical AHG equation, 

as before.  The median discharge across cross sections was again taken to produce a 
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final reach-averaged hydrograph, and 100 of these ‘random’ hydrographs were 

generated to create the plots in Fig. S4 (red lines).  These randomly seeded 

hydrographs show remarkable congruity to one another and track the dynamics of 

the true discharge quite well.  This indicates that knowledge of AMHG alone could be 

sufficient to calculate discharge from observed widths with reasonable error.   Of 

particular interest is the inability of any hydrograph to capture the same peaks in the 

gage data that the GA method also failed to produce.  However, the GA did produce 

hydrographs that are slightly more accurate (RMSE) than the random suite of 

hydrographs, showing both the influence of the difference between the RS estimate 

of AMHG and true AMHG and the ability of GA optimization to provide more 

effective estimates of discharge than randomly seeded parameters. 

2.7.9 Discharge estimation performance 

 Performance of the described width-only discharge estimation approach was 

evaluated in several ways.  First, the root mean square error (RMSE) between the 

reach-averaged discharge estimates and field-calibrated HEC-RAS model discharges 

(Mississippi, Rio Grande, Sacramento Rivers) was computed. Second, the relative root 

mean square error (RRMSE) was computed, so as to place the absolute RMSE error 

(in m3/s) in the context of each river’s flow magnitude (in %).  RRMSE is calculated in 

the same manner as RMSE, except that the error at each observation is defined as 

the relative error (raw residual divided by the true value).  Finally, the sensitivity of 

the method to choices in cross sections within a reach was evaluated for the 

Mississippi HEC-RAS dataset.  
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Discharge estimation from HEC-RAS simulated datasets of river width 

 The method produced good estimates of discharge for those HEC-RAS 

datasets displaying a tight width-based AMHG (a vs. b) relationship (r2= 0.96 and 

0.97 for the Sacramento, and Mississippi, respectively), with mean RRMSE less than 

27% for both rivers (Table S6). For the Rio Grande River, which has a weaker (r2=0.60) 

width AMHG relationship, the approach produced estimates of discharge with much 

larger relative errors (>500%).  While the extreme RRMSE values for the Rio Grande 

are inflated because of the very small discharge (<1m3/s) in the dataset, the absolute 

RMSE is 29 m3/s.   Fig. S5 and the RMSE values in Table S6 provide an additional 

description of the method’s performance for the Rio Grande, giving more 

information than simply RRMSE values. For all three HEC-RAS datasets, the method 

produces a hydrograph that tracks the dynamics of the “true” (i.e., simulated) 

hydrograph very well. 

 Discharge estimation was less accurate for the Rio Grande because the Rio 

Grande does not exhibit strong width AMHG behavior.  Each discharge estimation 

uses AMHG to calculate the final a and b values at each cross section (Step 4), and 

this step produced additional error for the Rio Grande.  This conclusion is supported 

by aggregating GA results differently: namely using the GA estimated a and b values 

directly and ignoring AMHG. Direct GA AHG output produced discharge estimations 

with RMSE less than 10m3/s for all four reaches of the Rio Grande (9,10,8, and 7 

m3/s), representing a substantial improvement in estimation accuracy from the 
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previous estimations (12 to 41m3/s) but is still a relatively poor estimation.  Using the 

GA estimated a and b parameters directly for the other datasets resulted in discharge 

estimates with an increase in estimation error by a factor of 3 to 5, indicating that the 

controlling factor in discharge estimation error is the ‘tightness’ of the observed 

width AMHG and the ability of the remotely sensed proxy to describe it.  

Sensitivity of the approach 

 The method is spatially robust for the HEC-RAS datasets, yielding similar 

RMSEs for six, fifteen, and four reaches (~10 km each) spread out along 63, 172 and 

181 km of the Sacramento, Mississippi, and Rio Grande Rivers, respectively.  Note 

that the Sacramento and Mississippi HEC-RAS datasets each have one reach where 

discharge estimation was significantly poorer than in the other reaches. No metric 

has yet been found that predicts which reaches will produce accurate estimations of 

discharge, and sensitivity tests show that those reaches that produce poor estimates 

of discharge are as similarly insensitive to cross sectional choice as are other reaches 

that perform well. 

 The sensitivity of the method to choices in cross sections was tested for the 

upper Mississippi River, as this HEC-RAS dataset contains both the greatest number 

of 10 km reaches (17) and the greatest number of field-surveyed cross sections 

within each reach (between 15 and 30).  The discharge estimation RMSEs in Table S6 

reflect use of all cross sections (up to 30) within each reach, and several tests were 

run to investigate how these results might be affected by the selection of cross 
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sections for discharge estimation.  First, we tested the sensitivity of the method to 

the number of input cross sections by using 15 equally spaced cross sections within 

each reach, and then tested method performance using 10 cross sections along a 

variability gradient as defined by wxmax
2 –wxmin

2.  These tests produced discharge 

errors consistent to reported errors in  Table S6, indicating both the insensitivity of 

the method to a further reduction in cross sections and the ability to estimate 

discharge from unequally spaced cross sections.  However, when the method was 

tested using the 10 most highly width-variable cross sections, performance degraded 

substantially for several reaches (reaches 8, 9, and 10). These sensitivity tests reveal 

that, at least for the Mississippi HEC-RAS dataset, cross section selection is not critical 

in achieving optimal performance and selecting cross sections by their spacing or 

width variability does not materially improve performance.    

2.7.10 Concluding remarks 

 Classical hydraulic geometry research suggests that the AHG coefficients and 

exponents of each cross section are unrelated (1, 3, 16) yet the strong empirical 

relationships demonstrated in Fig. 1, 2, and S2 clearly indicate otherwise.  The 

demonstration of at-many-stations hydraulic geometry in twelve independent 

datasets, for rivers in different physiographic settings and spanning long length 

scales, suggests that AMHG is broadly descriptive of river behavior.  In addition, all 

three classical AHG equations exhibit AMHG behavior, despite differences in how 

coefficients and exponents of these equations vary with river scale and cross 

sectional geometry. This suggests that while the classical AHG relationships do 
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summarize local, site specific channel conditions, they also exist within a larger, river- 

wide AMHG and are not fully independent of each other. 

 The in situ width AMHG derived from Landsat TM images/USGS gage data of 

the upper Mississippi River is virtually identical to that derived from an overlapping, 

independent HEC-RAS dataset of the same areas (Fig. S2).  Critically, the width AMHG 

approximated solely from Landsat TM is also virtually identical to the width AMHG 

built from both of these datasets (red dashed lines, Fig. 2 center row, Fig. S2).  This 

high level of similarity between different datasets further suggests that the width 

AMHG captures fundamental information about channel scaling and geometric 

behavior in natural rivers.  Further study is needed to determine why AMHG trends 

are preserved over such surprisingly long river lengths, if power-law approximations 

are also suitable for small and/or multi-thread rivers, if additional improvements in 

RMSE are possible through choices of reach length and selection, and if a depth 

AMHG (using c-f pairs) can aid discharge retrieval from satellites that measure water 

surface elevation (e.g. the forthcoming Surface Water and Ocean Topography 

(SWOT) mission (18)).  A theoretical link between y and E, bridging the empirically 

robust metric and AMHG, also deserves more attention.   

 AMHG has been observed reach lengths varying from 10km (in the Landsat 

datasets) to over 3,000km (in the USGS datasets). The minimum reach length for 

which AMHG is observed has yet to be determined, but the HEC-RAS datasets verify 

that AMHG is relatively consistent between reaches, and that reach-based AMHG is 
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also quite similar to river-wide AMHG. Future research on AMHG should investigate 

the scales at which it is expressed, as well as the fractal behaviour of the 

phenomenon, i.e., if sub reaches always exhibit AMHG consistent with river-wide 

AMHG. 

 The discharge estimation performance presented here is highly encouraging 

for future discharge mapping applications. However, more research is needed to 

discern how the method performs for rivers exhibiting AHG behavior outside the 

ranges proposed in Table S5: those rivers where changes in width with respect to 

discharge are either miniscule (highly managed and channelized rivers) or gigantic 

(braided rivers flowing over non-cohesive bed material) will require some updating 

of the methodology. In particular, in those rivers with extremely low width sensitivity, 

inverting the classical AHG equations will likely be difficult due to the exponential 

relationship between the b parameter, width, and discharge. Likewise, smaller rivers 

might exhibit discharge outside of the ranges imposed in section S.7, but this will 

only occur in extreme situations, as with AHG parameters.  

 Despite these uncertainties, this research indicates that it is possible to 

estimate absolute river discharge to within demonstrated accuracies where no 

gaging stations, field-calibrated watershed models, or other more direct means of 

quantifying river flow exist.  It is our hope that the discovery of at-many-stations 

hydraulic geometry and its associated discharge estimation method can aid 

understanding of fluvial science and water resources the world over. 
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 Figure 2-S1.  AMHG Behaviour at its theoretical limits.  

Width based AMHG for the Snake River reveals w dominant (b> 0.3) and dv 

dominant (b<0.2) ‘limbs’ in linear space, corresponding to the limits described in S.2. 
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 Figure 2-S2. Congruity between AMHG derived from three independent data 

sources.  

In situ width AMHG for the Upper Mississippi River near Thebes, IL derived from two 

very different data sources shows remarkable congruity. The HEC-RAS width AMHG 

was built from imposing a range of simulated discharges through field measured 

bathymetry to calculate instantaneous river width at multiple cross sections. The 

Landsat TM/USGS AMHG was constructed from gaging station discharge and same-

day Landsat TM-measured widths: there is no observed bathymetry. The Landsat TM-

only AMHG was built following Equations 5 and S4 without gage discharge.  The only 

commonality between these datasets is the geometric form of the river’s cross 

sections (measured in HEC-RAS, implicit in Landsat TM), suggesting that AMHG, like 
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AHG, is a geometric phenomenon that can furthermore be approximated solely from 

satellite observations. 

 

 

 

 Figure 2-S3. Overview of the estimation approach.  

Schematic overview of the width AMHG discharge estimation method showing the 

basic principles of its operation, where n cross sections in a mass conserved reach are 

used to estimate AHG at each cross section from candidate parameter variables 

derived from AMHG. Discharge is calculated at each cross section by inverting its 
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AHG with observed instantaneous flow widths then the median of these discharges is 

taken to arrive at a final, reach averaged discharge. 

 

 Figure 2-S4.  Discharge estimation from randomly seeded AMHG.  

Reach-averaged river discharge hydrographs as estimated solely from river width 

information using a genetic algorithm (GA) (blue line) or 100 randomly seeded AHG 

pairs (red lines); and as recorded in situ by one gaging stations within the reach 

(black lines). The randomly seeded hydrographs were generated by imposing a 
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random plausible b value (between 0.0 and 0.8) upon each cross section and 

calculating the corresponding a value from AMHG, inverting this AHG pair to obtain 

cross section discharge, and then taking the median of all cross sections in the reach 

to arrive at a final reach-averaged discharge. The GA optimization procedure shows 

modest improvement over these randomly seeded hydrographs. 

 

Figure 2-S5. Discharge estimation for three HEC-RAS derived datasets.  
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Hydrographs of estimated reach averaged discharge (dashed lines) and known HEC 

RAS simulated discharge (solid lines) for the three HEC-RAS simulation datasets.  

Each dashed line represents a different, mass-conserved 10 km reach along the river 

corresponding to the rows in Table S6. Two outlier reaches with extreme errors are 

removed from the plot (reach 15 for the Mississippi and reach 4 for the Sacramento); 

Sacramento River reach 7 is also removed as its HEC RAS simulated discharge is 

noticeably anomalous from reaches upstream and downstream. 

 

Table 2-S1.  Station IDs used to construct the AMHG in Figure 1. 

 In situ measurements collected at these sites from January 1, 2004 to April 9, 2013 

were used to derive classic AHG parameters and deduce the existence of AMHG. The 

number of measurements used in building AHG per gauging station is included in 

parenthesis. A small number of AHG parameters (7/264) fell outside the expected 

range of 0-1, and these points were removed from Figure 1. 

 

River Station Id  River Station Id River Station Id 

Chattahoochee(48) 02330450 Missouri(123) 06342500 Connecticut(60) 01184000 

Chattahoochee(88) 02336000 Missouri(272) 06909000 Connecticut(54) 01138500 

Chattahoochee(61) 02334430 Missouri(41) 06185500 Connecticut(44) 01144500 

Chattahoochee(71) 02341505 Missouri(435) 06601200 Snake(27) 13334300 

Chattahoochee(50) 02331600 Missouri(35) 06090800 Snake(67) 13022500 
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Chattahoochee(38) 02337170 Missouri(82) 06090300 Snake(101) 13062500 

Chattahoochee(47) 02338500 Missouri(72) 06065500 Snake(85) 13081500 

Chattahoochee(25) 02331000 Missouri(247) 06934500 Snake(67) 13154500 

Chattahoochee(117) 02335815 Missouri(161) 06066500 Snake(20) 13135000 

Chattahoochee(78) 02336490 Missouri(371) 06893000 Snake(45) 13087995 

Chattahoochee(61) 02335000 Missouri(49) 06115200 Snake(87) 13077000 

Chattahoochee(49) 02335450 Missouri(438) 06807000 Snake(31) 13171620 

Chattahoochee(40) 02339500 Missouri(461) 06610000 Snake(20) 13153776 

Chattahoochee(39) 02338000 Missouri(433) 06813500 Snake(61) 13094000 

Mohawk(30) 01357500 Missouri(430) 06486000 Snake(75) 13057155 

Mohawk(11) 01354500 Missouri(276) 06818000 Snake(71) 13018750 

Mohawk(52) 01336000 Missouri(57) 06054500 Snake(86) 13037500 

Mohawk(38) 01129440 Missouri(36) 06078200 Snake(74) 13032500 

Mohawk(40) 01347000 Missouri(33) 06109500 Snake(73) 13010065 

Mohawk(39) 01342602 Missouri(272) 06895500 Snake(21) 13090000 

Clark Fork(68) 12353000 Missouri(43) 06177000 Snake(80) 13038500 

Clark Fork(83) 12334550 Missouri(90) 06467500 Snake(75) 13057000 

Clark Fork(39) 12391950 Connecticut(51) 01131500 Snake(77) 13013650 

Clark Fork(86) 12324200 Connecticut(68) 01172010 Snake(61) 13011000 

Clark Fork(39) 12331800 Connecticut(47) 01193050 Snake(91) 13069500 

Clark Fork(94) 12323800 Connecticut(42) 01170500 Snake(29) 13172500 

Clark Fork(92) 12324680 Connecticu(49) 01129500 Snake(69) 13213100 

Clark Fork(48) 12389000 Connecticut(47) 01154500 Snake(74) 13060000 

Clark Fork(60) 12354500 Connecticut(49) 01129200 Snake(26) 13290450 

    Snake(36) 13269000 
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Table 2-S2. Image acquisition dates and Scene IDs of Landsat TM images used 

in this study. 

Time step Athabasca Scene ID Mississippi Scene ID Yangtze Scene ID 

1 5/28/1990 
LT50430201990

148PAC00 
3/13/1996 

LT502303

41996073

AAA01 

10/9/2004 

LE7124039

2004283ED

C02 

2 5/8/1991 
LT50420201991

128PAC00 
8/20/1996 

LT502303

41996233

XXX02 

6/22/2005 

LE7124039

2005173PF

S00 

3 10/6/1991 
LT50430201991

279PAC00 
9/5/1996 

LT502303

41996249

XXX00 

8/25/2005 

LE7124039

2005237PF

S00 

4 5/20/1993 
LT50430201993

140PAC01 
8/7/1997 

LT502303

41997219

AAA02 

5/16/2006 

LT5124039

2006136BK

T00 

5 5/15/1997 
LT50430201997

135PAC00 
8/26/1998 

LT502303

41998238

XXX01 

8/20/2006 

LT5124039

2006232IK

R00 

6 5/2/1998 
LT50430201998

122PAC00 
7/20/1999 

LE702303

41999201

PAC00 

9/21/2006 

LT5124039

2006264BK

T01 

7 10/18/1998 
LT50420201998

291PAC02 
5/3/2000 

LE702303

42000124

PAC02 

10/21/2006* 

LT5124039

2006296IK

R00 

8 5/31/2000 
LE70430202000

152EDC00 
8/23/2000 

LE702303

42000236

EDC00 

3/23/2007* 

LE7124039

2007083ED

C00 

9 10/6/2000 
LE70430202000

280EDC00 
10/29/2001 

LE702303

42001302

EDC00 

5/18/2007* 

LT5124039

2007139IK

R00 

10 10/31/2000 
LE70420202000

305EDC00 
8/21/2002 

LT502303

41996233

XXX02 

8/15/2007 

LE7124039

2007227ED

C00 

11 5/5/2002 
LE70430202002

125PAC00 
10/16/2002 

LE702303

42002289

EDC00 

2/5/2008* 

LE7124039

2008038ED

C00 
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12 5/14/2002 
LE70420202002

134EDC00 
9/9/2003 

LT502303

42003252

PAC02 

1/16/2009 

LT5124039

2009016BJ

C00 

13 5/21/2002 
LE70430202002

141EDC00 
9/5/2005 

LE702303

42005249

EDC00 

  

14 5/1/2003 
LE70420202003

121PAC00 
6/10/2008 

LE702303

42008162

EDC00 

  

15 10/10/2004 
LE70420202004

284EDC02 
10/6/2010 

LE702303

42010279

EDC00 

  

16 10/3/2010 
LT50420202010

276GLC02 
6/5/2012 

LE702303

42012157

EDC00 

  

17 5/15/2011 
LT50420202011

135PAC02 
  

  

* Same-day discharge data unavailable for these images.  In situ data within +/- 2 days of image 

capture were used for these dates 

 

 

Table 2-S3.  A strong congruity between slope*log (wx) and the AMHG 

intercept is found for both HEC-RAS and Landsat TM datasets, suggesting that 

the parameter F  in Equation 4 is equivalent to (wx) per Equation S7.  

 River 
Most frequent 

value of 

slope*log(wx) 

Intercept of 

AMHG 

H
E
C

-R
A

S
 

Sacramento 0.78 0.77 

Mississippi 0.77 0.78 

Rio Grande 0.83 0.91 

L
a
n

d
s

a
t 

T
M

 

Mississippi 0.77 0.74 
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Athabasca 0.94 0.94 

Yangtze 0.76 0.75 

 

Table 2-S4. A strong congruity between the exponent y of equation S8 and 

slope of the width AMHG relationship is found for both HEC-RAS and Landsat 

TM datasets. 

 
River 

Slope of log a 

vs. b 
y 

r2 of 

Equation S8 

H
E
C

-R
A

S
 

Sacramento -0.39 0.39 0.97 

Mississippi -0.28 0.26 0.80 

Rio Grande -0.46 0.49 0.99 

L
a
n

d
sa

t 
T
M

 

Mississippi -0.27 0.26 0.81 

Athabasca -0.34 0.34 0.92 

Yangtze -0.25 0.25 0.83 

 

 

 

Table 2-S5.  Parameterization of the genetic algorithm used in this study  

Parameter Value 

Number of 

Generations 
50 

a min 1 

a max  500 

b min 0.01 

b max 0.8* 
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*Maximum allowable b value derived from Park (19) 

 

 

Table 2-S6. Discharge estimation error per reach for HEC RAS generated 

datasets 

  Mississippi HEC RAS Sacramento Rio Grande 

Reach  

RMSE 

(m3/s) 

RRMSE 

(%) 

RMSE 

(m3/s) 

RRMSE 

(%) 

RMSE 

(m3/s) 

RRMSE 

(%) 

1 2849 43.4 203 26.2 12 1039.3 

2 1538 32.1 232 29.6 31 976.4 

3 959 33.7 310 38.6 41 1423.9 

4 431 7.9 1744* 202.8* 28 942.4 

5 812 16.6 170 22.8     

6 411 6.7 84 12.3     

7 1723 22.9 173 24.1     

8 1851 38.8         

9 3572 45.5         

10 1172 18.1         

11 900 28.0         

12 1580 35.1         

13 1305 18.2         

14 1282 14.3         

15 13574* 154.8*         

16 3740 39.7         

Cross-over rate 0.8 

Mutation rate 0.1 
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MEAN 1608 27 195 26 29 1083 

* Outlier reach removed in calculation of mean 

error statistic 

  

Chapter 3. Retrieval of river discharge solely from 

satellite imagery and at-many-stations hydraulic 

geometry: sensitivity to river form and optimization 

parameters 

3.1 ABSTRACT  

 Knowledge of river discharge is critically important for water resource 

management, climate modeling, and improved understanding of the global water 

cycle, yet discharge is poorly known in much of the world. Remote sensing holds 

promise to mitigate this gap, yet current approaches for quantitative retrievals of 

river discharge require in situ calibration or a priori knowledge of river hydraulics, 

limiting their utility in unmonitored regions. Recently, Gleason and Smith [2014] 

demonstrated discharge retrievals within 20-30% of in situ observations solely from 

Landsat TM satellite images through discovery of a river-specific geomorphic scaling 

phenomenon termed at-many-stations hydraulic geometry (AMHG). This paper 

advances the AMHG discharge retrieval approach via additional parameter 

optimizations and validation on 34 gauged rivers spanning a diverse range of 
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geomorphic and climatic settings. Sensitivity experiments reveal that discharge 

retrieval accuracy varies with river morphology, reach averaging procedure, and 

optimization parameters. Quality of remotely sensed river flow widths is also 

important. Recommended best practices include a proposed global parameter set for 

use when a priori information is unavailable. Using this global parameterization, 

AMHG discharge retrievals are successful for most investigated river morphologies 

(median RRMSE 33% of in situ gauge observations), except braided rivers (median 

RRMSE 74%), rivers having low at-a-station hydraulic geometry b exponents (reach-

averaged b < 0.1, median RRMSE 86%), and arid rivers having extreme discharge 

variability (median RRMSE >1000%).  Excluding such environments, 26-41% RRMSE 

agreement between AMHG discharge retrievals and in-situ gauge observations 

suggests AMHG can meaningfully address global discharge knowledge gaps solely 

from repeat satellite imagery. 

3.2 INTRODUCTION 

 Knowledge of the distribution, volume, and temporal availability of river 

discharge has profound implications for human health and well-being, as the 

majority of the world’s potable and ecosystem water supplies come from rivers 

[Barnett et al., 2005; Vörösmarty et al., 2010]. In this capacity, quantitative knowledge 

of river discharge is of critical importance to water management, climate modeling, 

and protection of riparian and wetland ecosystems. However, in situ gauging 

stations, the primary way discharge is measured, fail to fully describe its spatial 

variability and are unavailable for many regions of the globe [Perry et al., 1996; Dai 
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and Trenberth, 2002; Sivapalan et al., 2003; Dai et al., 2009]. These knowledge gaps 

are expected to widen, as the global availability of gauging stations is in decline 

[Milliman et al., 2008; Conway et al., 2009; Hannah et al., 2011].  In addition, political 

realities in many regions of the world dictate that some existing gauge data are not 

shared publicly [e.g. Conway and Hulme, 1993; Dinar, 2012].  Given these difficulties, 

supplementary alternatives for quantifying river discharges are needed [Alsdorf et al., 

2007]. 

 One such alternative is through use of hydrological water balance models, 

which assimilate climatological observations and land surface parameterizations to 

reconstruct the cycling of water between the oceans, atmosphere, and land surface. 

Water balance models have been used to assess global and regional drought, 

sustainability, and water use [e.g. Alcamo et al., 2007; Oki et al., 1995; 1999; Hanasaki 

et al., 2008a; 2008b; 2010; Van Beek et al., 2011; Wada et al., 2010]. However, these 

models typically represent rivers as coarse spatial grids best suited only for very large 

rivers, and generally estimate total, time-aggregated discharge (i.e., runoff) more 

accurately than instantaneous discharge. Perhaps most importantly, these models 

rely heavily on in situ gauge observations for calibration, and are therefore 

fundamentally limited by the availability of gauges [Peel and McMahon, 2006; Widen-

Nilsson et al., 2007; Milly et al., 2008; Hannah et al., 2011].   

 Remotely sensed observations offer a promising opportunity to observe river 

discharge globally, as images and/or water surface elevations collected from 
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satellites can be obtained in regions where access is limited and ground based 

discharge measurements are unavailable or proprietary [Smith, 1997; Lettenmaier and 

Famiglietti, 2006; Alsdorf et al., 2007]. However, river discharge cannot be directly 

measured from any known satellite or airborne sensor. As such, researchers have 

sought to combine ground-based information with remotely sensed data to retrieve 

discharge. These methods include: comparing remotely sensed observations of river 

inundation area or width with in situ discharge measurements to create rating curves 

linking the two [e.g. Smith et al., 1996; Chandler, 2002; Gilvear et al., 2004; Ashmore 

and Sauks, 2006; Brakenridge et al., 2007; Smith and Pavelsky, 2008; Nathanson et al., 

2012; Tarpanelli et al., 2013; Pavelsky, 2014], incorporating remotely sensed 

observations into hydraulic models within a data assimilation framework [e.g. 

Andreadis et al., 2007; Durand et al., 2008; 2010a; 2010b; Neal et al., 2009], and using 

remotely sensed data in conjunction with typical values of river hydraulic parameters 

like Manning’s n and width-depth ratios [e.g. Bjerklie et al., 2003; 2005; 2007]. At very 

broad spatial scales, temporal changes in total water storage alter the Earth’s gravity 

field and can thus be tracked with the GRACE satellites, which allows broad scale 

runoff to be calculated as the difference between inputs (precipitation), outputs 

(evaporation), and storage change (GRACE) [e.g. Syed et al., 2007; 2009; 2010; Lee et 

al., 2011].  

 In all of the above remote sensing approaches, some form of in situ hydraulic 

or climatological data and/or a priori assumptions of river channel properties are 

required in order to successfully retrieve river discharge.  However, Gleason and 
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Smith [2014] recently demonstrated a novel method for retrieving discharge solely 

from repeated imaging of river flow width over space and time, with no required in 

situ measurements or a priori information whatsoever, using multi-temporal Landsat 

Thematic Mapper (TM) imagery.  This method was enabled by the discovery of at-

many-stations hydraulic geometry (AMHG), which holds that certain parameters of 

traditional at-a-station hydraulic geometry (AHG) (w=aQb, d=cQf, v=kQm, where 

w=width, d=depth, v=velocity, Q=discharge, and  a, b, c, f, k, m are empirical 

parameters, Leopold and Maddock, [1953]) are not independent but log-linearly 

related along a river.  The work revealed the existence of AMHG by plotting 

corresponding a-b, c-f, and k-m pairs from 6 to 26 USGS gauging stations positioned 

along 150 to 3,500 km lengths of six U.S. rivers. Given a remotely sensed 

approximation to AMHG, Gleason and Smith [2014] then demonstrated discharge 

retrievals within 20-30% of in situ gauge estimates for the Mississippi, Athabasca, 

and Yangtze Rivers derived solely from AMHG-constrained optimization of cross 

sectional river width measured from Landsat TM imagery (see section 2.2.3 for 

further description of the methodology). However, because this discharge retrieval 

demonstration was based on just three large, morphologically similar rivers, more 

testing is needed to assess the robustness of AMHG and the associated discharge 

retrieval method. 

 To that end, the present paper expands the aforementioned AMHG discharge 

retrieval method to test its performance and sensitivities, as compared with 

traditional in situ river gauges, over 34 rivers in different physiographic and 
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climatologic settings (Figure 1).  As such, the paper seeks to confirm the presence of 

AMHG in a larger sample size of rivers, and to confirm if the associated discharge 

retrieval method functions with similar accuracy in different environments.  Of key 

interest is ascertaining if there are certain rivers or classes of rivers for which AMHG 

is not observed and/or for which the discharge retrieval method breaks down. This 

paper also seeks to test if the remotely sensed approximation of AMHG proposed by 

Gleason and Smith [2014] continues to reliably approximate AMHG as calculated 

from in situ data at the same location.  Finally, to evaluate robustness of the 

discharge retrieval method, 120 different parameterizations for each river are 

evaluated for sensitivity to key parameter settings, input width accuracy, and reach 

averaging procedures. The paper concludes with a synthesis of learned strengths and 

weaknesses of the AMHG discharge retrieval method, and gives some recommended 

best practices for its application in the future.  

3.2 DATA AND METHODS 

3.2.1 Data 

 In situ river gauge observations of mean daily discharge were acquired for 34 

rivers from the USGS, Environment Canada, the Global Runoff Data Centre, and the 

Changjiang Wuhan Waterway Bureau for comparison with remotely sensed discharge 

retrievals (Table 1).   These rivers are located in diverse physiographic and climatic 

settings around the world with at least four gauging stations per continent (Figure 1), 
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and represent six major morphology categories (A, B, C, D, DA, and E) of the Rosgen 

river classification system [Rosgen, 1994].   

 At each river gauge, a search for archived, cloud-free Landsat images collected 

on the same day as reported gauge discharge was conducted using the USGS’s Earth 

Explorer interface (http://earthexplorer.usgs.gov/).  The maximum allowable time 

between the first and last images for a particular river was restricted to 20 years to 

mitigate impacts of ongoing erosional and depositional changes to channel 

geometry [Phillips, 1990; Ran et al., 2014].  Images were acquired by the Landsat MSS 

(10 images), TM (391 images), and ETM+ (76 images) sensors. TM and ETM+ each 

have 30m spatial resolution, while the 10 MSS images collected over the Mekong 

River have 79m spatial resolution. Identifying high-quality image-gauge data pairs 

proved difficult, owing to frequent cloud cover, intermittent gauge data, and winter 

ice conditions.  In total, 477 high-quality image-gauge data pairs were identified, 

ranging from 9 to 16 cloud-free images per station over the period 1972-2011 (Table 

1).  In situ gauge discharges were assumed to be representative of flows throughout 

the day, with no sub-daily correction between satellite image acquisition time and 

mean daily flow. 

3.2.2 Methods 

 To remotely retrieve river discharge from Landsat imagery, the following 

workflow was performed: First, study reaches were classified into Rosgen classes and 

assigned climactic regimes (section 2.2.1). Next, instantaneous cross sectional flow 
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widths were manually extracted for each satellite image at fixed cross sections 

(section 2.2.2). Third, these remotely sensed river flow widths were used to 

approximate AMHG and then passed to an ensemble of genetic algorithms (GA) to 

retrieve instantaneous river discharge for each satellite image acquisition date 

(section 2.2.3). Finally, each river was subjected to a series of sensitivity tests to assess 

method robustness and the impacts of varying input widths and optimization 

parameter choices on the final discharge result (section 2.2.4). A detailed description 

of each of these steps follows. 

3.2.2.1 Assignment of Rosgen classification and climatic regime  

 River Rosgen class was determined for the 10 km reach encompassing each 

river gauge based on visual inspection of Landsat imagery  and of imagery and 

terrain elevations provided within the Google Earth software package. In accordance 

with Rosgen [1994], these categories were assigned as relatively straight and steep (A 

stream types), low sinuosity moderately steep (B stream types), meandering (C 

stream types), braided (D stream types), anastomosed (DA stream types), and 

tortuously meandering (E stream types).  Because this classification system is highly 

dependent on the scale of analysis, the classes assigned to each river reach examined 

in this paper are valid only at the study reaches and are not necessarily 

representative of the rest of the river. River classifications were based primarily on 

river plan form, valley shape, and floodplain area observable in the Landsat and 

Google Earth imagery. Limited observation of changes in river stage and 

bankfull/overbank flows in the available imagery precluded important indicators of 
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channel incision, bankfull width, and flood-prone width usually used to aid Rosgen 

classification. As such, Classes B and C (seven rivers each) were differentiated mostly 

by their sinuosity and apparent floodplain area. Class A and Class E each only had 

one river and were classified by their sinuosity. Classification of Class D (braided) and 

Class DA (anastomosing) rivers was straightforward, with the presence of stable 

banks and stable, vegetated bars the key discriminant between the two. 

 Climactic regime for each river was assigned a Koeppen-Geiger climactic class 

according to data products provided by Kottek et al. [2006] (accessed at 

http://koeppen-geiger.vu-wien.ac.at/present.htm). The ‘Main Classes’ data product, 

corresponding to Polar, Snow, Warm Temperate, Equatorial, and Arid regions, was 

used to determine the climate zone for each study reach’s latitude/longitude river in 

a GIS analysis (Table 1). As with Rosgen Class, the Koeppen-Geiger class for each 

river is specific to the study reach and does not represent the entirety of the river.  

3.2.2.2 Extraction of cross sectional flow widths in satellite imagery 

 For each Landsat image, instantaneous river flow width (top width) was 

manually measured at 15 fixed cross sections as per Gleason and Smith [2014] within 

a 10 km study reach either surrounding or immediately abutting the in situ river 

gauges listed in Table 1. Cross sections were equally spaced within each reach  for 

convenience, as previous work has suggested that the particular locations of cross 

sections within a reach do not correlate strongly with discharge retrieval accuracy 

provided widths are not artificially constrained [Gleason and Smith 2014].  A 10 km 

http://koeppen-geiger.vu-wien.ac.at/present.htm
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reach length was determined to be long enough to capture spatial and temporal 

flow width variations needed for the AMHG discharge retrieval method, yet short 

enough as to ensure its fundamental assumption of mass conservation along the 

reach.  Reaches were chosen to avoid tributaries and bridges to maintain mass 

conservation and mitigate influence of control structures that affect river widths.  

3.2.2.3 AMHG discharge retrieval procedure 

 Several procedures were required to transform cross sectional width 

measurements into reach averaged discharge (Figure 2). First, each river’s AMHG 

(Equation 1) was approximated by a previously developed remotely sensed empirical 

proxy (Equation 2). This approximation is key as AMHG physically defines the 

relationship between AHG a and b at any station and thus reduces the complexity of 

AHG and allows for much more efficient discharge retrieval. Given this 

approximation, the remotely sensed cross sectional widths extracted above were 

then passed to an ensemble of GAs that sought to estimate AHG a and b parameters 

at each cross section by minimizing the difference in discharge between cross 

sections (cross sectional discharge calculated from Equation 3)  in a pairwise 

permutation. Output from an ensemble of GAs (the same GA was initialized many 

times) was then aggregated via reach averaging to arrive at a final discharge for each 

study reach. These procedures are described in detail below. 

 Before discharge can be retrieved, a river’s AMHG must first be approximated 

following Gleason and Smith [2014]. AMHG holds that the AHG a and b parameters 
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are related to one another along a river (Equation 1, adapted from Gleason and Smith 

[2014], Equation S5). In Equation 1, E is a river specific empirical constant defining the 

slope of the log-linear relationship between a and b with subscript x referring to any 

spatially indexed cross section location along the river, and wglob is the mean of all 

observed widths in a study reach over space and time. 

𝑏𝑥 =  −
1

𝑙𝑜𝑔 (𝐸)
∗ 𝑙𝑜𝑔(𝑎𝑥) +

1

𝑙𝑜𝑔 (𝐸)
∗ 𝑙𝑜𝑔 (𝑤𝑔𝑙𝑜𝑏)                            (1) 

Crucially, Gleason and Smith [2014] found a robust empirical proxy, y, for 1/log(E) 

that can be obtained solely from satellite images (Equation 2). In Equation 2, x1,x2,…xn 

correspond to the spatial locations of each cross section in a study reach and p and y 

are empirical regression parameters, where y is a proxy for 1/log(E) in Equation 1. 

 𝑚𝑎𝑥 (𝑤𝑥1,𝑥2,...𝑥𝑛) = 𝑝(𝑚𝑎𝑥 (𝑤𝑥1,𝑥2,…𝑥𝑛)
2 −𝑚𝑖𝑛 (𝑤𝑥1,𝑥2,...𝑥𝑛)

2)
𝑦
                       (2) 

Given that y approximates 1/log(E), y is also used to calculate the intercept of 

Equation 1 (y∗log(wglob)) though simple substitution. This remotely sensed AMHG 

approximation allows for a reduction in the complexity of Equation 3 (the classical 

width AHG equation [w=aQb, Leopold and Maddock, 1953]), as b and log(a) are 

explicitly linked under AMHG; thus reducing the number of AHG variables from four 

to three.  

𝑙𝑜𝑔(𝑄) =
𝑙𝑜𝑔(𝑤)−𝑙𝑜𝑔 (𝑎)

𝑏
                                      (3) 

 Discharge may be calculated at any cross section given an a-b pair and 

observed widths via Equation 3. Final, reach averaged discharge in this study was 
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retrieved via unconstrained optimization of these cross sectional discharges using a 

GA as in Gleason and Smith [2014]. GAs are heuristic algorithms that mimic the 

processes of natural selection and mutation to optimize parameters for 

indeterminate optimization systems [Grefenstette, 1986; Deb et al., 2002].  The GA in 

this study, which was originally developed to optimize the area of tree crowns in a 

lidar forestry assessment [Gleason and Im, 2012], was modified to minimize the 

difference in discharge between mass-conserved pairs of cross sections within a 

reach.  This is achieved by testing different parameter combinations (in this case, 

AHG a and b values) against an objective function, which here is the residual of 

discharge between any two cross sections. Other optimization methods should be 

able to estimate discharge in a similar manner, but this specific GA was applied as it 

is well understood and has been applied to AMHG discharge estimation previously 

[Gleason and Smith, 2014]. 

 The remotely sensed AMHG approximation (Equations 1 and 2) is critical to 

successful discharge estimation as AMHG provides a physical mechanism whereby 

the GA can be constrained. Without AMHG, the GA has trouble converging on 

plausible discharge values. That is, if candidate a and b values are allowed to couple 

randomly, the GA will not be able to estimate discharge accurately  either because it 

takes an inordinate amount of time to initialize the GA or because of false 

convergence on extreme discharges. Therefore, a river’s remotely sensed AMHG 

approximation is used to narrow the solution space for eligible AHG a and b 

parameters from a wide range of possible values (possible a values range from 1 to 
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600 and b values range from 0.01 to 0.8 in this study). This physically bounded 

solution space is then passed to the GA ensemble.  

 Instead of assuming a fixed AMHG from the remotely sensed empirical proxy 

y (Equation 2) as in Gleason and Smith [2014], here, the y value passed to the 

method was given a tolerance that allowed for inaccuracy in y rather than accepting 

it as exactly equal to 1/log(E). This produced a range of possible values for both the 

AMHG slope (y) and intercept (y∗log(wglob)). A number of these tolerances were 

tested within the sensitivity analyses to determine their impact on discharge retrieval 

(Table 2, also section 2.2.4), and this had the effect incrementally widening the AHG 

solution space described above. This change improved the processing speed of the 

method, and also enabled successful discharge retrieval even when the remotely 

sensed AMHG approximation was incongruous to observed AMHG. 

 Finally, the other parameters needed to estimate discharge include the 

number of GAs used in an ensemble (numGA), and the number of generations per 

GA (numGen) that determines how long each GA searches for an optimum solution. 

These parameters were varied according to the sensitivity analyses described below 

(Table 2). The final methodological inputs were discharge constraints passed to the 

GA that inhibit the GA from false convergence on extreme discharge values. The 

minimum discharge constraint is calculated assuming a minimum 0.5m/s flow 

velocity and 0.5m river depth multiplied by the minimum observed width for a given 

river, and the maximum discharge constraint is similarly calculated using 5m/s flow 
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velocity and 10m river depth. These limits are reasonable considering the observed 

river widths in this study, and all gauge discharges fall within them. 

 Each GA is then applied in a pairwise permutation of all cross sections, 

producing (n2- n)∗(num GA) AHG parameter estimates and (n2- n)∗(numGA) direct 

discharge estimates per river, where n is the number of cross sections. Discharge at 

each of n cross sections is estimated by either taking summary statistics of GA 

produced a and b parameters to estimate cross sectional AHG (and thus 

instantaneous Q, by combining with observed width per Equation 3), or by taking 

summary statistics of the final discharge estimates produced by GA optimization 

directly. Either way, the resultant n cross sectional discharge estimates are then reach 

averaged to yield a single remotely-sensed discharge retrieval for each image 

acquisition time. In the present paper, both discharge aggregation methods were 

evaluated to determine their impact on discharge retrieval accuracy. 

3.2.2.4 Sensitivity analyses 

 To assess the sensitivity of the discharge retrieval method across different 

river forms and method parameter settings, the method was applied to all 34 test 

sites using 20 different parameter combinations. This exercise tested each of the key 

inputs to the AMHG method, namely: the remotely sensed proxy y, the 

corresponding calculated AMHG intercept (y∗log(wglob)), the number of GAs used to 

retrieve discharge, and the number of generations per GA, providing a wealth of 

output from which to assess method performance (Table 2).   
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 The sensitivity of discharge retrieval to reach averaging procedure was also 

tested using six different methods of aggregating GA output: calculating reach 

averaged hydrographs as the mean and median of discharge generated at each cross 

section by 1) the mean of all GA produced a and b values per cross section, 2) the 

median of all GA produced a and b values per cross section, and 3) direct GA 

discharge estimates. The aforementioned 20 parameterizations, coupled with these 

six different reach averaging procedures, yielded 120 different hydrographs for each 

river in this study. Note that the term ‘hydrograph’ as used in this paper refers to 

intermittent flow estimates corresponding to dates of image acquisition, often 

spanning a decade or more. This differs from traditional daily or hourly temporal 

sampling of in situ hydrographs, with greatly reduced temporal representation of 

river flows.  However, because the method does yield discharge estimates over time, 

the term hydrograph is retained. 

 In addition to studying the sensitivity of discharge retrieval from the full 120 

hydrographs for every river, four specific hydrographs were extracted from among 

the suite of 120 for further inter-river comparison and termed Qinv, Qbest, Qglob and 

Qglob+error. Qinv represents an AHG ‘inversion’ scenario, in which in situ gauge 

observations and satellite derived widths were used to calculate classical AHG a and 

b parameters at each cross section (see Smith and Pavelsky [2008] and Pavelsky 

[2014] for other examples of this practice).  Remotely sensed widths were then input 

to these derived rating curves to estimate discharge at each cross section in every 

available satellite image. These discharges were then reach averaged by taking the 
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mean of all cross sectional flows to arrive at a final flow retrieval per image 

acquisition time, similar to Pavelsky [2014], in which the median of all cross sectional 

flows was taken to produce a final hydrograph.  As such, this inversion provides a 

current standard of satellite + in situ data discharge retrieval for comparison with the 

satellite-only AMHG discharge retrieval method.  

 The second specifically extracted hydrograph for each river, Qbest, was chosen 

simply as the most accurate discharge retrieval for each river from among all 120 

hydrographs. Since this requires a priori knowledge of river discharge, choosing a 

hydrograph in this manner is equivalent to using this methodology to fill gaps in 

gauge records or to extend historical observations from a discontinued gauge. 

Without any reference flow information, it is impossible to calculate Qbest. 

 Finally, the sensitivity analyses were mined for an optimal parameterization 

that produced the highest quality output for the greatest number of rivers and was 

termed as the ‘global’ parameterization (Qglob).  This global parameterization was 

determined after all sensitivity analyses had been run and forms a principal result of 

this paper as a recommended parameter set for future use in absence of in situ data. 

The robustness of Qglob was further tested by adding random error to observed river 

widths to assess the effect of sensor resolution and width measurement errors on 

discharge retrieval accuracy (Qglob+error). These random errors were normally 

distributed about a mean of 0m with standard deviation of 20m for each width 

observation, yielding a 3σ error distribution of ~60m, equivalent to a two-pixel error 



139 

 

on a width measurement from a 30m resolution Landsat TM image. Each width 

observation in every river dataset was subjected to a random error from this 

distribution, and the resulting datasets are designed to evaluate how well the 

method performs with poorly mapped width inputs. 

 All tests were assessed using the relative root mean square error (RRMSE) 

statistic, with relative residuals (
𝑔𝑎𝑢𝑔𝑒−𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑

𝑔𝑎𝑢𝑔𝑒
) used for each observation rather than 

direct residuals. This metric allows direct comparison of performance across the 

varied spatial scales of rivers in this study, and also places emphasis on the ability of 

the method to match gauge flows at each image acquisition time, rather than 

aggregating flow retrievals across time (which is inappropriate given the ~10 year 

span of flow retrievals). The reference discharge used to calculate the RRMSE for 

each test was the reported gauge discharge for each river, and all discharge retrieval 

performance is measured against this standard. Gauge discharge itself is subject to 

error both from overbank flows and from the error associated with the fit of the 

rating curve at each station.  While in situ measurements of reference flows would 

provide a more accurate description of method performance than gauge flows, the 

global nature of this study rendered this alternative impossible and gauge data is 

used as the reference standard. The above sensitivity analyses and width error tests 

provide a robust means of assessing the performance of the AMHG discharge 

retrieval method, and increase confidence in the results and recommended 

parameterizations presented next. 
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3.3 RESULTS 

3.3.1 AMHG and its remotely sensed proxy 

 The presence of AMHG was observed in nearly all 34 rivers in this study, with 

r2 values for the goodness of fit of Equation 1 as built from in situ gauge data and 

remotely sensed widths ranging from 0.05 to 0.99 and a mean of 0.82 (Table 1). This 

confirms that AMHG is a persistent phenomenon in natural rivers [Gleason and Smith, 

2014], with notable exceptions being the Arkansas, Tennessee, and Sao Francisco 

Rivers (r2 =0.05, 0.31, and 0.33, respectively).  AMHG was strongly present in all 

morphological classes of rivers, but weak in rivers where mean cross sectional AHG b 

exponent was less than 0.1 (hereafter termed “low-b” rivers). AMHG r2 in these low-b 

rivers averaged 0.51, while mean AMHG r2 in all remaining rivers was 0.91. 

Theoretically, discharge retrievals in rivers with weak AMHG are unlikely to be well 

estimated by the methodology, and discharge retrieval results bear this out, as will 

be discussed in section 3.2.  

 A key goal of this study was to assess the robustness of the remotely sensed 

proxy y and the resulting calculation of the AMHG intercept (y∗log(wglob)) from this 

value (Equations 1 and 2).  The proxy y was a less robust approximation of 1/log(E) in 

this study than was reported by Gleason and Smith [2014], as may be seen in Table 3. 

RMSE between observed 1/log(E) and the remotely sensed approximation y for all 

rivers was 0.18, and RMSE between observed AMHG intercept and the remotely 
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sensed intercept approximation was 0.49, which is considerably higher than the 

previously reported values by Gleason and Smith [2014]. The proxy y tends to 

underestimate 1/log (E), yet this did not preclude successful discharge retrieval, as 

will be discussed in section 3.4.  

3.3.2 Sensitivity of AMHG discharge retrieval to river geomorphology, climate, and AHG 

b-exponent  

 Remotely sensed AMHG discharge retrievals in rivers with Rosgen Class D 

(braided) morphology (Iskut, Tanana, and Taku Rivers), rivers with Koeppen-Gieger 

arid climatology and extreme flow variability (Bani, Okavango, Orange, and Murray 

Rivers), and low-b rivers having a mean cross sectional AHG b value less than 0.1 

(Luleaelven, Danube, Tennessee, Arkansas, Verkhynaya, Ohio, Sao Francisco, Madeira, 

Lower Mississippi, and McKenzie Rivers) were all poor.  Low-b rivers were observed in 

Rosgen Classes B and C and were all found either upstream of confluences, near 

receiving waters such as dams and lakes, or where cross sections within the reach 

had near vertical floodwalls or banks, thus either physically constraining the river or 

providing backwater effects and resulting in low width-discharge sensitivity. 

 The availability of gauge data for the rivers in this study allows for the a 

posteriori selection of the best possible AMHG discharge retrieval parameterization 

from amongst all of the configurations tested for each individual river (Qbest).  Qbest 

for each of the three rivers in Rosgen Class D (the Iskut, Tanana, and Taku rivers) 

yielded RRMSE of 50, 72, and 52%, respectively (Table 4).  This poor performance 
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occurs despite strong AMHG presence in these rivers (AMHG r2 = 0.87, 0.99, 0.98). In 

addition, Qbest tended to be nearly one order of magnitude less than observed flows, 

yet Qbest hydrographs tracked changes in discharge quite well (Figure 3). These rivers 

were not very sensitive to width error, but nonetheless the method proved 

inadequate at estimating their flow despite successful AHG inversions and strong 

AMHG (Table 4). 

 Discharge was also not well estimated in all four arid region rivers examined 

(Bani, Okavango, Orange, and Murray Rivers), as the method was unable to recreate 

the extreme variability of observed flows (in situ discharges for the Bani River, for 

instance, ranged from 3 to 894m3/s). Qbest RRMSE was 77, 25, 83, and 49% for the 

Bani, Okavango, Orange, and Murray Rivers, respectively.  Quality of Qbest retrievals in 

these rivers was also sensitive to width accuracy error, yielding RRMSE values 

>1,000% when normally distributed width errors were added to the dataset (Table3).  

Similar to braided rivers, this poor discharge retrieval occurred despite strong 

presence of AMHG (r2 = 0.97, 0.78, 0.80, 0.82). 

 As with braided and arid region rivers, discharge was not accurately retrieved 

in low-b rivers, and average Qbest RRMSE for these low-b rivers was 52% (Table 4).  In 

addition, low-b rivers exhibit less robust AMHG behavior than any other class of 

rivers. Mean AMHG r2 for these low-b rivers was 0.51, and removing these 10 rivers 

from the collective 34-river dataset yields a mean AMHG r2 of 0.91 for all remaining 

rivers. Similarly, the remotely sensed proxy functioned poorly over low-b rivers, as y 
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and AMHG intercept had mean RMSE of 0.26 and 0.77, respectively. Removing low-b 

rivers from the dataset yielded y and AMHG intercept RMSE of 0.13 and 0.32, 

respectively, for all remaining rivers. Most of these low-b rivers tended to be very 

large (wide), but not all large rivers (e.g. the Mekong, Upper Mississippi, Athabasca, 

and Solimoes rivers) were low-b.   

 In addition, Qbest was relatively invariant for low-b rivers, and output 

hydrographs poorly tracked changes in discharge as reported by gauge data. This 

lack of temporal variability was masked by lower RRMSE values when such static 

hydrographs occurred near mean flow (e.g. Luleaelven, Danube, Sao Francisco Rivers, 

see Figure 3). Such invariant output would also be an indicator of a poor retrieval for 

rivers with moderate b values, because AHG predicts that in these rivers a unit 

change in width will result in a proportionally larger change in discharge (as b is 

always less than 1 in Equation 3).  Therefore, it is likely that a discharge retrieval with 

variance (over time) less than or equal to input width variance does not accurately 

represent flows and should be excluded from analysis. 

 The method poorly retrieved discharge in the above three classes of rivers, yet 

it performed effectively for all remaining rivers (17 of 34 rivers remain after exclusion 

of braided, arid-climate, and low-b rivers, see Figure 4 and Tables 1 and 4). Removal 

of all arid rivers (4), braided rivers (3) and low-b rivers (10) from the collective 34 river 

dataset improves median Qbest RRMSE from 27% to 20% (Figure 4(a), (b))  The 

remaining rivers encompass four Rosgen Classes (A, B, C, DA) and a range of non-
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arid climates.  The following results refer to these 17 rivers (Table 1), with braided, 

arid, and low-b rivers herewith excluded from further summary statistics and 

sensitivity testing.  

3.3.3 Sensitivity of discharge retrieval to reach averaging procedure and 

parameterization 

 The AMHG discharge retrieval method is highly sensitive to its reach 

averaging procedure (Figure 5). Calculating final hydrographs based on GA produced 

AHG parameters (top four panels, Figure 5) results in much less accurate discharge 

retrievals than using GA produced flows directly (bottom two panels, Figure 5). In 

addition, using GA produced AHG parameters exhibits relatively insensitive discharge 

retrieval accuracy across parameterizations (given in Table 2), while using direct GA 

discharge estimates show much greater variation in discharge retrieval accuracy as 

retrieval method parameters are changed. Finally, retrieving discharge by using the 

mean (left column, Figure 5) or median (right column, Figure 5) of a particular reach 

averaging procedure exhibits a lack of outlier discharge retrievals, as mean and 

median retrievals track each other quite well. Only when using direct GA produced 

discharge estimates do results suggest that the method is susceptible to outliers 

when following the recommended geomorphic criteria.  

  The method is also quite sensitive to both the remotely sensed proxy y and 

the associated calculation of remotely sensed AMHG intercept (y∗log(wglob)). These 

parameters exhibit discharge retrieval accuracy sensitivities with distinctive ‘U’ shapes 
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around their central values, suggesting that the AMHG method is less able to resolve 

discharge when the AMHG tolerance is either too wide or too narrow (Figure 5). In 

addition, all reach averaging procedures were sensitive to these two parameters, 

further confirming their importance to discharge retrieval. 

 Discharge retrieval accuracy is relatively insensitive to the number of GAs and 

the number generations per GA. Only reach averaging by taking the mean of all GA 

produced flows (as in the global parameterization, see section 3.4) yields sharp 

discharge retrieval improvement with increasing numbers of generations per GA.  

Collectively, these sensitivity results indicate the method is quite sensitive to 

parameters y, AMHG intercept, and reach averaging procedure, and is much less 

sensitive to the number of GAs or the number of generations in each GA. 

3.3.4 Discharge retrieval accuracy and global parameterization 

 For those 17 rivers meeting the recommended geomorphic criteria 

(“operational” rivers: non-low-b, non-arid region, non-braided), the RRMSE of Qbest 

ranged from 12-33%, with mean RRMSE of 22% (Table 4, Figure 5). Separating these 

results morphologically reveals that Rosgen Classes B and C had mean Qbest RRMSE 

of 22 and 23%, respectively. The two anastomosing Amazonian rivers (Solimoes and 

Rio Branco, Rosgen Class DA) had Qbest RRMSE of 18 and 25%, respectively.  These 

results indicate that river form had little impact on Qbest, as Qbest was estimated with 

similar accuracy across Rosgen Classes A, B, C, and DA.  Therefore, the methodology 
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may be applied across a wide range of river morphologies and scales, excepting 

braided rivers where retrievals were poor. 

 The global parameterization that produced the most accurate output in the 

greatest number of rivers (Qglob) was found to occur when y and AMHG intercept 

values passed to the GA were given a tolerance of 0.10, when the number of GAs and 

generations per GA were set to 10, and the mean of all GA produced flows was 

calculated to produce the final hydrograph. These values represent the central values 

of each parameter range in the sensitivity analyses. Qglob (which results from these 

parameters) has median RRMSE of 33% and mean RRMSE of 55% over the 

operational rivers (Figure 4, Table 4). The RMSE of the increase in Qglob RRMSE 

resulting from addition of normally distributed errors to river widths (i.e. the increase 

in error when widths were randomly degraded: Qglob vs. Qglob+ error) under the global 

parameterization was 20.6%. The global parameterization is recommended for use in 

absence of in situ measurements as the default parameter set for the AMHG 

discharge retrieval method.    

3.4 DISCUSSION 

 The results of this study indicate that the AMHG discharge retrieval method 

can successfully retrieve in-channel discharges for a variety of rivers around the 

world solely from remotely sensed images.  Notable exceptions are braided rivers, 

low-b rivers, and rivers displaying extreme variability in discharge as manifested here 

in arid-climate rivers.  Excluding these environments, Qbest (selected by examining 
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gauge records a posteriori) retrievals mimic gauge observations quite well (median 

RRMSE 20%) suggesting that the method best retrieves discharge when some 

calibrating in situ information is available.   

 Qbest hydrographs also track Qinv hydrographs closely on all 34 rivers, 

suggesting that the method is able to recreate flows with equivalent accuracy to 

other width-based satellite methods requiring in situ data [e.g. Smith and Pavelsky, 

2008; Pavelsky, 2014]. The differences between Qbest, Qinv, and Qglob (Figure 3) 

highlight the sensitivity of the method to its parameterization, but the method 

architecture (as evidenced by Qbest vs. Qinv), appears to be sound. These results 

confirm that the AMHG discharge retrieval method should be able to address 

knowledge gaps in global river runoff at stations where gauges have been 

discontinued, as the method can be tuned from past observations even if the gauge 

is no longer functional. 

 Practitioners seeking to use the AMHG method to retrieve river flows in 

ungauged basins will not have in situ discharge with which to compare results and 

optimize parameterizations.  Absent in situ knowledge, the results of this study 

suggest that useful river discharges (Qglob) can still be retrieved. Based on our 

analyses, we propose that in such situations, a recommended global 

parameterization consisting of 10 GAs of 10 generations, y and AMHG intercept 

tolerances of ± 0.10, and discharge calculated as the mean of all GA produced flows 

be applied.  Such a parameterization, applied without in situ information to the rivers 
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studied here, yielded Qglob discharge retrievals ranging from 13 to 260% RRMSE with 

median RRMSE of 33% and RRMSE standard deviation of 7.5%.  This lends 

confidence that the method can provide useful discharge estimates where none 

currently exist, with accuracies within ~26-41% of what might be expected from in 

situ river gauge observations. 

 The purely remotely sensed approximation y discovered by Gleason and Smith 

(2014) was less robust in the present study, with a tendency of y to underestimate 

1/log(E) of a river’s in situ AMHG (Table 3). However, this did not preclude successful 

discharge retrieval, as the methodology presented here enabled the GA to tune both 

a river’s AMHG and AHG simultaneously. This change is critical, as any incongruity 

between y and 1/log(E) would preclude successful discharge retrieval if y were taken 

as fixed. Further investigation is required to better understand the proxy and its 

relationship to AMHG, but the proxy proved sufficient for discharge retrieval in this 

paper. 

 Without AMHG, the methodology is unable to produce coherent discharge 

retrievals, yet it is very difficult to perform an uncertainty analysis that numerically 

describes how error in the approximation of AMHG affects the accuracy of final 

discharge retrieval given the nature of the procedure. First, any GA tends towards 

‘black box’ solutions to a particular problem even though the GA used here is well 

understood. Second, because discharge is aggregated from thousands of different 

GA results ((n2-n)∗numGA, discharges, where n is the 15 and numGA is 10 in the 
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global parameterization), the error propagation of any one GA is somewhat muted. 

Therefore, while a more accurately approximated AMHG will yield more accurate 

discharge retrievals, it is difficult to quantify this statement.  

 Results indicate that the method is sensitive to the accuracy of input river 

widths. The addition of normally distributed random error (~ 60m at 3σ) to input 

cross sectional width data increased corresponding Qglob retrieval error by 20% across 

all operational rivers (RMSE of increase in RRMSE was 20.6%, calculated from Table 

4). This is logical, as large width errors (especially in narrower rivers) can cause some 

cross sections to show an increase in width while others show a decrease (violating 

mass conservation) when such errors are added. This sensitivity requires that input 

widths be carefully mapped to assure the highest quality discharge retrieval, 

particularly for smaller rivers.   

 Despite the successes of the AMHG discharge retrieval method for most river 

forms, this research identifies three conditions that are inappropriate for its use.  

First, Qglob in so-called low-b reaches is poorly retrieved. This is likely because 

inverting observed widths through small b exponents, especially in wider rivers, leads 

to enormous flow values that are rejected by the discharge constraints imposed on 

the GA, thus retaining only smaller values from incorrect b exponents. In addition, the 

observed AMHG for these rivers was much weaker than for all other rivers, and the 

remotely sensed approximation to this already weak AMHG was also poor in these 

rivers. Second, the methodology is unable to recreate the extreme flow variability 



150 

 

seen in arid region rivers. This is consistent with previously reported poor 

performance for the Rio Grande River [Gleason and Smith, 2014], and may 

correspond to distinct sub-bankfull geometry changes that affect the AHG of these 

rivers or inaccuracies in gauge-derived rating curves [Ferguson, 1986; Mersel et al., 

2013]. Finally, Qglob hydrographs of braided rivers in this study were all 

underestimated by the methodology, despite tracking relative changes in discharge 

quite well (Figure 3). It may be that this underestimation is due to the large b values 

often found in braided rivers, but it is not clear at this time why exactly all of these 

rivers were underestimated by the methodology. Replacing cross sectional width 

with effective width We (inundation area divided by reach length, Smith et al., 1995; 

1996) for short (1 km or less) reaches did not improve performance in these rivers, 

suggesting that braided rivers should be avoided when using the present 

methodology in ungauged basins. 

 Critically, the above predictably poor discharge retrieval categories may be 

identified without in situ information. Braided rivers are easily detected from satellite 

imagery, and low-b rivers can also potentially be identified from imagery by 

observing changes in width over time relative to mean width. Furthermore, low-b 

rivers tend to be found near confluences, hydraulic controls, and receiving waters, all 

of which may also be easily identified from satellite images, and their invariant 

output hydrographs are a sign of a poor retrieval (if less variable over time than 

width, per Equation 3).  The forthcoming NASA/CNES SWOT satellite can also aid 

detection of low-b rivers wider than 100m (50m ideally, [Pavelsky et al., 2014]) by 
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providing simultaneous measurements of width and stage, and could show that a 

river is getting deeper but not wider, a signature of low-b rivers. Arid-region rivers 

are more difficult to determine from imagery alone, but climate maps and the 

presence of persistent dry (brown) vegetation in imagery can help determine 

whether or not a study reach is in an arid region. 

 For reasons that are still unknown, studied reaches on the Yangtze, 

Saskatchewan, Upper Mississippi, and Columbia Rivers that met the recommended 

geomorphic criteria had poor Qglob accuracy (RRMSE 74, 266, 60, and 58%, 

respectively), despite accurate Qbest retrievals (39, 34, 20, and 18%).  These results 

suggest that while it is possible to use AMHG calibrated with in situ observations to 

retrieve discharge (i.e., Qbest), using the global parameters does not always yield 

accurate results. Future work should investigate how particular parameterizations, 

especially different reach averaging methods, impact discharge retrieval in such 

cases.  More work is required to understand the physical underpinnings of 1/log(E), 

and why the remotely sensed proxy y can approximate it. Finally, future work should 

also consider the nature of AMHG and its relationship to known hydrologic 

quantities, and employ the AMHG discharge retrieval method in ungauged and 

poorly-gauged regions to gain further understanding of the global water cycle. 

3.5 CONCLUSION 

 The AMHG discharge retrieval method advanced here yields reasonably 

accurate retrievals of river discharge when derived solely from satellite images. 
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Practitioners seeking to use this method in ungauged basins should adopt the global 

parameterization described above, and carefully analyze the temporal output, as little 

variation in discharge output is an indicator of a poorly retrieved hydrograph 

(provided input widths are sufficiently variable over time).  It is of paramount 

importance that study reaches remain mass conserved and free of tributaries or 

outflows, and practitioners should avoid choosing reaches near receiving waters, 

confluences, and hydrologic controls (as these conditions can create low-b reaches).  

Braided rivers, and rivers in arid regions likely to exhibit flow variations of several 

orders of magnitude, should also be avoided.  Rivers narrower than ~100 m are 

unlikely to be well retrieved from Landsat TM satellite imagery due to insufficiently 

precise width measurements, and even very large rivers can problematic if they have 

small cross sectional AHG b exponents (<0.1).  Following these recommendations, 

our analysis suggests that discharge retrievals having ~26-41% agreement with 

traditional in-situ gauge estimates can likely be made purely from satellite imagery. 
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Table 3-1. Gauge locations and descriptions 

data in the USA provided by the USGS, gauge data in Canada provided by 

Environment Canada, gauge data in China provided by the Changjiang Wuhan 

Waterway Bureau, and all other gauge data provided by the Global Runoff Data 

Center, Koblenz, Germany.  “low-b” is not a Rosgen class but rather denotes a river 

reach where mean AHG b exponent is less than 0.1 which was ultimately a more 

important morphological characteristic than Rosgen class in these rivers. Koeppen-

Geiger classifications provided by Kottek et al. [2006] based on climate data from 

1951-2000, and accessed at http://koeppen-geiger.vu-wien.ac.at/present.htm.  
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Table 3-2. Method parameterizations 

Test 

number 
y tolerance 

AMHG 

intercept 

tolerance 

numGA numGen 

1  +/- 0.05  +/- 0.10 10 1 

2  +/- 0.05  +/- 0.10 10 5 

3  +/- 0.05  +/- 0.10 10 10 

4  +/- 0.05  +/- 0.10 10 20 

5  +/- 0.05  +/- 0.10 10 50 

6  +/- 0.05  +/- 0.10 1 10 

7  +/- 0.05  +/- 0.10 5 10 

8  +/- 0.05  +/- 0.10 10 10 

9  +/- 0.05  +/- 0.10 20 10 

10  +/- 0.05  +/- 0.10 50 10 

11  +/- 0.05  +/- 0.01 10 10 

12  +/- 0.05  +/- 0.05 10 10 

13  +/- 0.05  +/- 0.10 10 10 

14  +/- 0.05  +/- 0.15 10 10 

15  +/- 0.05  +/- 0.20 10 10 

16  +/- 0.01  +/- 0.10 10 10 

17  +/- 0.05  +/- 0.10 10 10 

18  +/- 0.10  +/- 0.10 10 10 

19  +/- 0.15  +/- 0.10 10 10 

20  +/- 0.20  +/- 0.10 10 10 

The recommended global parameterization is row 18, and test numbers correspond 

to the x-axes in Figure 5. 
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Table 3-3. Remotely sensed AMHG proxy y 

 

River 

in situ 

AMHG 

slope 

proxy 

y 
River 

in situ 

AMHG 

slope 

proxy y 

Snake 0.30 0.19 Iskut 0.35 0.45 

Columbia 0.29 0.30 Tanana 0.32 0.47 

Mekong 0.28 0.18 Taku 0.33 0.45 

Sacramento 0.33 0.40 Solimoes 0.20 0.18 

Yukon 0.30 0.19 Rio Branco 0.28 0.27 

Rhone 0.34 0.04 Okavango 0.29 0.14 

Kuskokwim 0.30 0.15 Murray 0.60 0.50 

Athabasca 0.34 0.34 Luleaelven 0.31 0.04 

Nemunas 0.37 0.06 Danube 0.13 0.00 

Orange 0.47 0.39 Tennessee 0.05 0.50 

Bani 0.42 0.24 Arkansas 0.01 0.30 

Niger 0.34 0.43 Verkhynaya 0.20 0.23 

Pahang 0.29 0.06 Ohio 0.07 0.18 

Missouri 0.35 0.31 Sao Fransisco 0.14 0.09 

Upper Mississippi 0.27 0.25 Rio Madiera 0.13 0.11 

Yangtze 0.25 
0.24 

Lower 

Mississippi 
0.16 

0.09 

Saskatchewan 0.38 0.29 Mackenzie 0.04 0.60 
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Table 3-4. Discharge retrieval accuracy. 

River 

Qinv 

RRMSE 

(%) 

Qbest 

RRMSE (%) 

Qglob 

RRMSE 

(%) 

Qglob + width 

error 

RRMSE (%) 

Snake 15 18 79 47 

Columbia 16 16 58 61 

Mekong 43 27 42 58 

Sacramento 14 12 27 82 

Yukon 14 18 52 60 

Rhone* 30 32 33 45 

Kuskokwim 19 22 22 43 

Athabasca 27 25 25 29 

Nemunas 13 13 13 179 

Orange** 166 83 1044 1270 

Bani** 36 77 6416 3752 

Niger 24 17 21 38 

Pahang 16 25 27 74 

Missouri 15 15 19 22 

Upper Mississippi 20 20 60 63 

Yangtze 18 39 74 67 

Saskatchewan 37 33 266 92 

Iskut*** 88 50 53 57 

Tanana*** 20 72 79 81 

Taku*** 20 52 74 89 
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Discharge estimation for study reaches following four different retrieval scenarios. 

The reduction of RRMSE when width error is added to some low-b datasets reflects a 

change from overestimation to underestimation of flows. The remotely sensed proxy 

y for the Rhone river was severely underestimated, and as such the slope of AMHG as 

built from gage data was used to retrieve discharge in this river. 

Solimoes 20 18 77 78 

Rio Branco 20 25 33 39 

Okavango** 20 25 1668 2097 

Murray** 43 49 1935 1935 

Luleaelven**** 10 21 23 65 

Danube**** 42 27 39 47 

Tennessee**** 100 89 92 94 

Arkansas**** 64 83 557 83 

Verkhynaya**** 21 24 343 94 

Ohio**** 138 73 134 82 

Sao Fransisco**** 33 29 42 49 

Rio Madiera**** 40 55 81 82 

Lower 

Mississippi**** 
16 28 80 79 

McKenzie**** 18 95 98 98 

* True AMHG used 

 *** Braided 

River   

 

  

** Arid region river 

 **** Low-b 

River      
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Figure 3-1. Location map of discharge estimation sites 

 Locations of 34 in situ river gauges used in this study, distributed across a diverse 

range of geomorphic and climatic settings. A 10 km river reach surrounding or 

abutting each gauge was tested for AMHG presence, and used to retrieve three 

different discharge products (Qbest, Qinv, Qglob) using 9-16 Landsat TM images.  River 

gauge observations were provided by the USGS, Environment Canada, Changjiang 

Wuhan Waterway Bureau, and Global Runoff Data Centre.   See Table 1 for gauge 

coordinates and additional information. 
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Figure 3-2. Conceptual diagram of discahrge retrieval 
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Conceptual diagram of discharge retrieval under the global parameterization 

recommended in this paper and yielding Qglob. Repeat satellite images over a river 

gauging station are used to both approximate a river’s AMHG (per Equation 2) and 

to extract n cross sectional river top width measurements. These widths and the 

AMHG approximation are then passed to an ensemble of genetic algorithms (GAs). 

Each GA requires values of y and the AMHG intercept as approximated from imagery 

± a tolerance (± 0.10 each), as well as the number of GAs in an ensemble (numGA, 

10) and how long each of these GAs searches for an optimal solution (numGen, 10).   

Each GA seeks to minimize the difference in discharge between n cross sections in a 

pairwise permutation, and together the ensemble yields a total of (n2-n)∗numGA 

discharge estimates. These estimates are then reach averaged by taking the mean of 

all cross sectional discharges and yield a final Qglob hydrograph.This process is 

entirely devoid of in situ  information, and only requires multitemporal imagery as an 

input.  
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Figure 3-3. Example output hydrographs  

Comparison of in situ (Q) and satellite-derived discharge hydrographs for nine rivers. 

Satellite retrievals are Qbest (using gauge data to tune the retrieval), Qinv (using 

remotely sensed widths within a rating curve built from gauge data), and Qglob (using 

no in situ information whatsoever). The Snake, Mekong, Missouri, and Pahang Rivers 

meet the recommended geomorphic criteria in this study.  The other five rivers yield 

poor discharge retrievals, attributed to braided morphology (Taku, Tanana), arid-

climate discharge variability (Okavango), and low AHG b-exponent (Danube, 

Tenessee). 
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Figure 3-4. Gauge vs. AMHG-derived Q 

Satellite-derived discharges plotted vs. in situ gauge observations for (a) all 34 rivers 

assessed in this study, using site-specific parameterizations tailored for each river 

(Qbest); (b) a culled dataset of 17 operational rivers (i.e. with braided, arid, and low-b 
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rivers removed), again using in situ knowledge to identify optimal parameters (Qbest); 

and (c) the same culled dataset using no in situ knowledge and a global 

recommended parameterization (Qglob).  With the exception of braided rivers (cyan, 

Class D) and low-b rivers (black), river Rosgen Class imparts little systematic impact 

on satellite-derived discharge retrievals. Median discharge retrieval RRMSE for (b) 

and (c) are 20 and 33%, respectively.  

 

Figure 3-5. Sensitivity to parameterization  

Sensitivity of Qglob to inputs required by the AMHG discharge retrieval method (y, 

AMHG intercept, number of GAs, number of generations per GA, and reach 
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averaging procedure), for 17 operational rivers (non-braided, non-arid, non-low-b) 

only. Panels correspond to reach averaging procedure as follows: (a) mean of mean 

GA produced AHG; (b) median of mean GA produced AHG; (c) mean of median GA 

produced AHG; (d) median of median GA produced AHG; (e) mean of GA produced 

discharge; and (f) median of GA produced discharge. Test number refers to the 

number of the parameterization given in Table 2; blue lines show median discharge 

retrieval RRMSE of the operational rivers under each parameterization. Black lines 

show minimum RRMSE for each reach-averaging method. Qglob is most sensitive to 

tests 11-20 (y and AMHG intercept tolerances), and only sensitive to the number of 

GAs and generations per GA when taking the mean/median of GA produced flows 

(tests 1-10, bottom two panels). The recommended global parameterization appears 

in the bottom left panel (Test number 18), yielding a median RRMSE of 33% for all 

operational rivers.  
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Chapter 4. Theoretical basis for at-many-stations 

hydraulic geometry (AMHG) 

 

4.1 ABSTRACT  

 At-many-stations hydraulic geometry (AMHG) is a recently discovered set of 

geomorphic relationships showing that the empirical parameters of at-a-station 

hydraulic geometry (AHG) are functionally related along a river. This empirical 

conclusion seemingly refutes previous decades of research defining AHG as spatially 

independent and site-specific. Furthermore, AMHG was the centerpiece of an 

unprecedented recent methodology that successfully estimated river discharge solely 

from satellite imagery. Despite these important implications, AMHG has remained an 

empirical phenomenon without theoretical explanation. Here, we provide the 

mathematical basis for AMHG, showing that it arises when independent AHG curves 

within a reach intersect near the same values of discharge and width, depth, or 

velocity. The strength of observed AMHG is determined by the degree of this 

convergence. Finally, we show that AMHG enables discharge estimation by defining a 

set of possible estimated discharges that often match true discharges, and propose 

its future interpretation as a fluvial index. 
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4.2 INTRODUCTION 

 The empirical relationships known as hydraulic geometry (HG) are highly 

enigmatic but enormously important equations in fluvial geomorphology. Leopold 

and Maddock [1953] proposed HG after observing strong power-law relationships 

between instantaneous river discharge (Q),  width (w), mean depth (d), and mean 

velocity (v) at specific cross sections. They termed this phenomenon ‘at-a-station 

hydraulic geometry’ (AHG), and also defined ‘downstream hydraulic geometry’ (DHG) 

to describe similar trends between mean annual discharge and width, depth, and 

velocity among cross sections in a downstream direction along a river. Both AHG and 

DHG are formulated as: 

𝑤 = 𝑎𝑄𝑏                (1) 

𝑑 = 𝑐𝑄𝑓               (2) 

𝑣 = 𝑘𝑄𝑚            (3) 

where a, b, c, f, k, and m are empirically fitted parameters. Note that Equations 1 

through 3 are unit sum constrained (i.e., b +f +m = 1, and ack = 1, as Q=wdv by 

definition).  

 Despite objections to the use of a power law form for HG [e.g. Knighton, 1973; 

1974; Richards, 1973; Phillips and Harlin, 1984; Ferguson, 1986], HG has been a robust 

field of study for geomorphologists ever since Leopold and Maddock’s original 

publication. Definitive treatment of AHG exponents was given by Ferguson [1986], 
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who famously reduced them to “hydraulics and geometry”: Ferguson used simple 

flow laws to show that the exponents of AHG were completely dependent on cross 

sectional channel geometry and that AHG should only take the form of a power-law 

when dictated by such geometry. AHG coefficients have been largely ignored, 

though Dingman [2007] gave analytical expressions for both coefficients and 

exponents that fell short of a derivation from first principles.  

 AHG remains a vital tool for hydrologists and water managers as the principle 

means of estimating river discharge worldwide, but has not been the subject of much 

theoretical research in the past decade [Gleason, 2015]. The recent discovery of at-

many-stations hydraulic geometry (AMHG), however, has reintroduced interest in the 

theoretical basis of AHG. AMHG was proposed by Gleason and Smith in 2014 and 

holds that the paired coefficients and exponents of AHG (a and b, c and f, k and m) 

from many cross sections of a given river reach are functionally related to one 

another, following a log-linear relationship (Figure 1, second and fourth columns). 

This rather surprising finding suggests that Equations 1-3 are redundant 

formulations, as e.g. b is shown to be a function of a, and would then seem to 

suggest that AHG is not site specific as previously theorized [Ferguson, 1986; Phillips, 

1990] but is instead dependent on the AHG of other cross sections in a given river 

reach. Gleason and Smith defined width AMHG as  

𝐹 = 𝑎𝑥1,𝑥2,..𝑥𝑛𝐸
𝑏𝑥1,𝑥2,…𝑥𝑛                                      (4)  
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where the subscripts x1, x2,…xn refer to spatially indexed cross sections along a river, a 

and b are the classic AHG parameters at each cross section, and E and F are river-

specific constants.  Thus, AMHG also suggests that there are two previously unknown 

hydraulic constants (E and F) that control the AHG of each cross section in a reach: 

another highly provocative idea. 

 Beyond its novelty as a geomorphic phenomenon, AMHG has also been 

invoked in an important application: remote sensing of river discharge. Gleason and 

Smith [2014] demonstrated that AMHG could be approximated from multiple 

observations of cross sectional river widths. With this approximation in hand, they 

demonstrated that useful estimates of river discharge could be made solely from 

repeated satellite imagery. Since AMHG posits a relationship between a and b, these 

are reduced to a single parameter (if AMHG is known), thus simplifying the AHG 

system from 2n+1 unknowns per n cross sections to n+1 unknowns in a mass 

conserved reach (as Q is unknown but constant between cross sections, w is 

observed via remote sensing, and a and b are linked by AMHG). This system is 

sufficiently simple for  unconstrained minimization of flow residuals, thereby solving 

for Q by iteratively testing a/b pairs constrained by AMHG at different cross sections 

until Q is conserved among all cross sections (Gleason and Smith used a genetic 

algorithm for this purpose). Gleason et al [2014] followed this initial demonstration of 

discharge retrieval with an updated methodology and a thorough sensitivity analysis 

for 34 rivers worldwide and found continued satisfactory performance for most river 

morphologies. Despite this successful application of AMHG, its underlying 
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geomorphic principles have not yet been described, and its startling assertion that 

AHG parameters are strongly linked in space has not yet been fully explained.  

 In this letter, we find that AMHG is a mathematical construct arising from the 

use of power laws at a station that also requires certain underlying geomorphic 

criteria to be met, and show E and F to correspond to previously known hydraulic 

quantities. These findings counter the notion (furnished by empirical analysis of 

AMHG) that AHG is a redundant formulation, and are consistent with previous 

decades of HG research indicating that AHG is a site-specific expression of local 

hydraulics and geometry. Our analysis also shows that the proposed remotely sensed 

proxy for AMHG given by Gleason and Smith [2014] is purely coincidental, and we 

propose a new proxy for future use. Despite these findings, the utility of AMHG for 

remotely sensed discharge estimation is unaffected: our findings show that the 

mathematical construct of AMHG actually enables successful discharge estimation. 

Finally, we propose an interpretation of AMHG as a fluvial similarity index.  

4.3 DATA  

 The derivation of AMHG given below is confirmed using width and discharge 

data from 50 river reaches in diverse physiographic and climate settings. 34 of these 

reaches are the same as those in Gleason et al [2014], where discharge is given by a 

gauge (supplied by the USGS or Global Runoff Data Center) and ~15 cross sectional 

widths are manually digitized from 7-19 Landsat TM images in a ~10km reach 

including or immediately abutting the gauge. Width and discharge data for the other 
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16 reaches were generated from hydrodynamic models. In these data, flow is 

imposed on measured bathymetry and river hydraulic quantities at every cross 

section are solved by finite element analysis. These data are generally one-year 

simulations with daily output of width and discharge, and the number of cross 

sections per river reach ranges from 40 to 500 with a spatial scale of 50-400km. 

These 50 datasets allow for robust validation of our analysis and provide context for 

our conclusions. Further descriptions of the selected river reaches are provided in 

supporting information S1.1. 

4.4 THEORETICAL BASIS FOR AMHG 

 We propose that AMHG arises when individual rating curves for each cross 

section (x) in a given river reach converge at the same value of width and discharge. 

This is seen in the following mathematical analysis: 

Rewriting Equation 4 as 

𝑏𝑥 = −
log(𝑎𝑥)

log(𝐸)
+
log(𝐹)

log(𝐸)
  ,         (5) 

Gleason and Smith noted that width AMHG has the same mathematical construction 

as width AHG (rewriting equation 1) 

𝑏𝑥 = −
log(𝑎𝑥)

log(𝑄)
+
log(𝑤)

log(𝑄)
 ,         (6) 

except that 𝐸 and 𝐹 in AMHG are constants while Q and w in AHG are variables.  If 

we suppose there is a unique w-Q pair shared by all cross-sectional rating curves, 

then E=log(Qc_w) and F=log(wc), where wc and Qc_w are the common width and 
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discharge values, which are now treated as constants. Furthermore, if a cross 

section’s AHG includes wc and Qc_w, Equation 1 can be written as 

𝑤𝑐 = 𝑎𝑄𝑐_𝑤
𝑏 ,              (7) 

and, if any two cross sections share wc and Qc_w, then we can solve Equation 7 for wc 

at each cross section and equate the two expressions: 

𝑏1 log(𝑄𝑐_𝑤) + log(𝑎1) = 𝑏2 log(𝑄𝑐_𝑤) + log(𝑎2).      (8) 

Solving Equation 8 for 1/log(Qc_w) gives 

1

log (𝑄𝑐_𝑤)
=

𝑏1−𝑏2

log(𝑎2)−log (𝑎1)
.         (9) 

Finally, the slope of AMHG defined by two cross sections is given empirically (see 

Figure 1) as: 

𝐴𝑀𝐻𝐺 𝑠𝑙𝑜𝑝𝑒 =  
∆𝑏

∆log(𝑎)
                                     (10) 

 It is easily seen that Equations 9 and 10 are equivalent (with a change in sign), 

showing that if a pair of cross sections each contain wc and Qc_w , the slope of their 

AMHG (the relationship between b and log(a) for those two cross sections) is 

equivalent to −
1

log (𝑄𝑐_𝑤)
, and using this value as E in Equation 4 yields an AMHG 

intercept of  
log (𝑤𝑐)

log (𝑄𝑐_𝑤)
. Gleason [2015] gave a similar mathematical analysis to 

Equations 8-10, but stopped short of deriving AMHG and did not give Qc_w or wc. 
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Therefore, a river will exhibit a perfect AMHG (with r2 = 1) when individual AHG rating 

curves in a river reach converge exactly at (Qc_w, wc), as the slope between any two 

points on the AMHG curve will be exactly equal to Equation 9 (Figure 1a). Note that 

the existence of the width AMHG does not mean that discharge is conserved among 

all cross sections, nor does it mean that observed widths are equal: if width AMHG is 

observed all cross sections simply intersect near the same width-discharge tuple. 

While all of the reaches in this study are mass conserved and many are short 

(~10km), AMHG will be observed at any scale if rating curves reliably intersect. The 

presence of strong AMHG for longer, non-mass conserved rivers in Gleason and 

Smith [2014] is an indication that this rating convergence can happen over large 

distances, and rating convergence can happen in any reach where changes in 

discharge remain in similar orders of magnitude and are thus similar in log space 

(note ranges of Q in Figure 1b-f).  The mathematical basis for the width AMHG is 

easily applied to the depth and velocity AMHGs, yielding our proposed formulations 

for AMHG: 

𝑤𝑐 = 𝑎𝑥1,𝑥2,..𝑥𝑛𝑄𝑐_𝑤
𝑏𝑥1,𝑥2,…𝑥𝑛         (11) 

𝑑𝑐 = 𝑐𝑥1,𝑥2,..𝑥𝑛𝑄𝑐_𝑑
𝑓𝑥1,𝑥2,…𝑥𝑛         (12) 

𝑣𝑐 = 𝑘𝑥1,𝑥2,..𝑥𝑛𝑄𝑐_𝑣
𝑚𝑥1,𝑥2,…𝑥𝑛         (13)  

 This analysis shows that AHMG does not contradict previous decades of AHG 

research as previously suggested by empirical analysis. Instead, the functional 

relation between AHG parameters posited by AMHG is shown to arise as a result of 
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local AHG curves converging at the same hydraulic quantities, and E and F are not 

new river hydraulic parameters but rather log(Qc_w) and log(wc), respectively. Thus, 

AMHG states AHG is only a de facto redundant formulation when AMHG is strong 

and only when multiple cross sections are considered, and it is this redundancy that 

enables successful remote sensing of river discharge (discussed in Sections 5 and 6). 

Leopold and Maddock’s choice to fit a power law to AHG data, and the subsequent 

adoption of this formulation despite strong evidence of its serendipity [e.g. Richards, 

1973; Ferguson, 1986], has had lasting and unintended consequences far beyond 

their original intent: by assuming these power laws hold at a station, AMHG, and a 

new way of viewing fluvial morphology, is enabled. 

4.5 AMHG AS GEOMORPHIC INDEX 

 The mean AMHG r2 for the 50 rivers in this study is 0.82, which suggests that 

rating curve convergence is widespread in our data and raises the questions: why do 

rating curves tend to converge at (Qc_w, wc), and to what hydraulic quantities do (Qc_w, 

wc) correspond? We propose that rating curves intersect and give rise to AMHG if 

two conditions are met. First, AHG exponents (b, f, m) need to be sufficiently variable 

to ensure that rating curves indeed cross: the more similar AHG exponents, the more 

parallel the rating curves and less likely they are to intersect (Figure 1e-f). This 

variability also increases the likelihood that AHG curves will cross within the range of 

observed discharge data (vertical lines in Figure 1), an important factor in successful 

discharge estimation (see Section 6). Second, we propose that for rivers that exhibit 

strong AMHG, Qc_w, Qc_d, Qc_v, wc, dc, and vc are given in practice by the spatial mode 
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of the time mean of each of these cross-sectional quantities. This is because ordinary 

least squares regression (OLS) is typically used to calculate the linear AHG for each 

cross section in log space. In OLS (and more generally), the intercept of a linear 

relation is given by definition as α = �̅� –β�̅�, therefore a in Equation 1 is given as 

log(𝑎) = log(𝑤)̅̅ ̅̅ ̅̅ ̅̅ ̅ − 𝑏log (𝑄)̅̅ ̅̅ ̅̅ ̅̅ ̅ .         (14) 

Equation 14 provides a w-Q pair mathematically required to appear in any rating 

curve. Since AMHG arises because of a shared (Qc_w, wc) among cross sections,  if 

log (𝑄)̅̅ ̅̅ ̅̅ ̅̅ ̅ and  log (𝑤)̅̅ ̅̅ ̅̅ ̅̅ ̅ are similar among cross sections, then these mathematically 

required at a station quantities become the point of intersection for AHG curves and 

therefore wc and Qc_w. Thus, in cases where AMHG is strong, we propose a definition 

of (Qc_w, wc) as 

𝑄𝑐𝑤 = 𝑚𝑜𝑑𝑒(log (𝑄𝑥)
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )        (15) 

 𝑤𝑐 = 𝑚𝑜𝑑𝑒(log (𝑤𝑥)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )),        (16) 

validated empirically in Figure 2 (x again refers to spatially indexed cross sections). 

Note that taking the mode of these continuous variables is problematic, so we first 

round log (𝑄)̅̅ ̅̅ ̅̅ ̅̅ ̅ and log (𝑤)̅̅ ̅̅ ̅̅ ̅̅ ̅ at each cross section to the nearest tenth before taking the 

mode. 

 Following these results, we propose that the linearity (r2) of AMHG should be 

interpreted as a geomorphic index indicating the degree of convergence of AHG 

curves, the cross sectional geometric variability, and the hydraulic self-similarity of a 
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given river reach. The divergence from a perfect AMHG is calculated as the median 

distance from individual rating curve intersections to of (Qc_w, wc) relative to Qc_w, and 

explains the strength of AMHG (Figure 1). While AMHG is a mathematical construct, 

AHG curves can only intersect at the same values of Qc_w, Qc_d, Qc_v, wc, dc, or vc when 

AHG exponents are sufficiently variable.  Additionally, in practice we define 

𝑄𝑐 = 𝑚𝑜𝑑𝑒(log (𝑄𝑥)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ) and 𝑤𝑐 = 𝑚𝑜𝑑𝑒(log (𝑤𝑥̅̅ ̅̅ ̅̅ ̅̅ ̅)), so if a river’s width AMHG is strong, it 

indicates that the time mean widths and discharges at each cross section throughout 

that reach are similar (Figure 2).  

 Another interesting geomorphic consequence of our derivation of AMHG is 

that we can now predict the linearity of AMHG from width observations in a mass 

conserved reach. Since the strength of AMHG is controlled by the number of rating 

curves that intersect at or near (Qc_w, wc) within the range of observed Q values, the 

percentage of rating curve intersections falling within observed w and Q ranges 

defines an index (pint) highly correlated to AMHG strength. If mass is conserved, and 

given observed widths, the topological relationships between rating curve 

intersections (and therefore pint) remain unchanged for any arbitrary Q values, as 

linear AHG curves are simply stretched or compressed in the Q dimension in log 

space. Therefore, assuming an imposed minimum and maximum conserved Q at all 

stations and a vector of time variable widths for multiple cross sections, we can 

calculate synthetic rating curves solely for the purpose of determining AMHG 

strength that have the same pint as true rating curves. We find that mass conserved 

rivers with a pint of less than ~15% have AMHG r2 of less than 0.80 (Figure S1). This 
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has significant implications for remote sensing of discharge (see Section 6), and for 

further discussion of pint, please see supporting information S1.2. 

4.6 GLEASON AND SMITH’S REMOTELY SENSED PROXY FOR AMHG 

 In order to successfully estimate discharge from AMHG following Gleason and 

Smith [2014], its slope and intercept (defined by Qc_w and wc) must be known a priori 

in order to simplify the set of AHG equations for a reach. This is problematic for 

remote sensing of discharge, as in situ data collection is required to characterize 

AMHG that would render Gleason and Smith’s AMHG technique redundant by 

providing AHG itself! However, Gleason and Smith [2014] proposed an empirical 

proxy for the slope of AMHG as the parameter y in Equation 17 that reliably 

predicted true AMHG slope in their study. This approximation enabled remote 

sensing of discharge without a priori or in situ knowledge of AMHG, which was 

critical in their assertion that discharge could be estimated anywhere with sufficient 

remotely sensed imagery. 

  𝑚𝑎𝑥 (𝑤𝑥1,𝑥2,...𝑥𝑛) = 𝑝(𝑚𝑎𝑥 (𝑤𝑥1,𝑥2,…𝑥𝑛)
2 −𝑚𝑖𝑛 (𝑤𝑥1,𝑥2,...𝑥𝑛)

2)
𝑦
                  (17) 

 Given that the slope of AMHG is shown to be −
1

log (𝑄𝑐_𝑤)
, we can only conclude 

that the congruence between the proxy and AMHG slope in Gleason and Smith 

[2014] is coincidental. This finding matches the poor congruence between the proxy 

and the slope of AMHG in many cases as found by Gleason et al [2014]. However, 

Gleason and Smith’s method of calculating AMHG intercept from its slope (by 

multiplying slope by the grand mean of all observed widths) was essentially correct, 
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as calculating log (𝑤𝑥)̅̅ ̅̅ ̅̅ ̅̅ ̅̅  in both time and space is similar to taking the spatial mode of 

time mean w per cross section (wc) to generate AMHG intercept ( 
log (𝑤𝑐)

log (𝑄𝑐_𝑤)
). 

 Based on this finding, we cannot recommend Gleason and Smith’s [2014] 

slope proxy for future use, but we propose a different strategy for estimating a river’s 

AMHG slope from remotely sensed data. First, we propose to simply use an a priori 

slope value of -0.3, which corresponds to a Qc_w of 2,150m3s-1.Gleason et al.’s [2014] 

discharge estimation methodology includes tuning of AMHG as well as local AHG, 

and their recommended range of variation for AMHG slope was 0.1: when combined 

with our proposed proxy value of -0.3 this range covers 35/50 of the observed 

AMHG slopes in this study and corresponds to Qc_w values ranging from 316 to 

100,000 m3s-1. In addition, 11/15 rivers not covered by the proposed range have 

observed AMHG slopes greater than -0.2, leading to a Qc_w that is obviously outside 

the range of observed data (Qc_w is four million m3s-1 in some cases, see Figure S3). 

These erroneous Qc_w values also lead to pint values less than 15%, and therefore 

discharge estimation is not suitable for these rivers as rating curves do not converge 

(with weak AMHG predicted by pint).  Thus, our large proposed a priori AMHG range 

should account for the Qc_w of most natural rivers observable by current satellite 

technology with moderate resolution, and heuristic optimization of both AMHG and 

local AHG has been shown to be effective at solving for Q even with this large range 

[Gleason et al., 2014].  However, if users want a more exact initial slope value (before 

heuristic optimization), the spatial mode of log (𝑄𝑥)̅̅ ̅̅ ̅̅ ̅̅ ̅̅  should be estimated to yield Qc_w 
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by either hydrologic modelling (e.g. VIC, WBM, WaterGAP) or empirical means [e.g. 

Moody and Troutman, 2002]. Please refer to Section S.3 for more information on our 

proposed prior Qc_w value. 

4.7 AMHG AND REMOTE SENSING OF DISCHARGE 

 The derivation of AMHG given here agrees with the discharge estimation 

procedure described by Gleason et al. [2014], save that their proposed remotely 

sensed proxy for AMHG be changed as recommended above.  In this approach, 

discharge is calculated at any cross section by inverting Equation 1 and solving for Q 

given a/b pairs (via AMHG-aided optimization) and w (measured from remotely 

sensed images). In cases where AMHG is strong and known a priori, this inversion is 

likely to be successful by defining a set of possible inverted Q values that match true 

Q, illustrated by the green box bounded by the range of observed w and Q in Figure 

3a. This chance for success arises because a correctly characterized and strong 

AMHG gives 𝑚𝑜𝑑𝑒(log (𝑄𝑥)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ) and 𝑚𝑜𝑑𝑒(log (𝑤𝑥̅̅ ̅̅ ̅̅ ̅̅ ̅)) per Figure 2.  Thus, any inverted 

rating curve from Equation 1 must pass through these true hydraulic quantities, as 

seen in the AHG intersections in the green box in Figure 3a. Since inverted AHG 

curves are truncated both by observed widths and by imposed minimum and 

maximum discharge constraints (Gleason and Smith [2014] give ‘global’ values of 

Qmin = minimum observed width * 0.5m depth * 0.1m/s velocity, Qmax = maximum 

observed width * 10m depth * 5m/s velocity), this truncated inversion region should 

include the green observed Q range in Figure 3a for most rivers. If this alignment 

occurs, then reach averaging over many different rating curves should yield a reach 
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averaged product contained within the range of observed Q. This is illustrated by the 

many reach-averaged hydrographs of Figure 3b-d, where each red line represents a 

hydrograph generated by random AHG parameters and forced through (Qc_w, wc) as 

defined by AMHG. Almost all of these hydrographs are contained within the range of 

observed discharge as indicated by the range of the black lines in Figure 3b-d. 

Similarly, discharge estimation success is unlikely given a weak AMHG where rating 

curve intersection does not occur or a poorly characterized AMHG that forces 

inverted rating curves though a point outside the green region in Figure 3a. Future 

users should calculate pint using procedures described in S1.2 to ensure that AMHG is 

strong before attempting to estimate discharge, and future work to refine the a priori 

estimate of AMHG would increase the accuracy of the method. Future users should 

also select realistic a priori discharge constraints when considering the scale of a 

particular study river. 

 Gleason et al [2014] also found that braided, arid region, and low-b (where all 

cross-sectional AHG b exponents are less than 0.1) rivers were not well estimated by 

their methodology. Our results support these findings, as the mechanisms driving 

these poor estimations are controlled by issues with inversion of AHG power law 

exponents and not by AMHG (AMHG is also weak in low-b rivers as AHG exponents 

are not variable). These issues occur when inverting very low or very high (braided) b 

exponents or when there are order of magnitude changes in width or channel 

reorganization in flashy (arid) systems, and our results support the continued 

exclusion of these morphologies. 
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4.8 CONCLUSION 

 We have shown that AMHG is a consequence of imposing AHG power laws at 

a station: if AHG curves across all cross sections of a given river reach intersect near 

the same values of width and discharge, then a strong AMHG must be observed. This 

analysis shows that AHG is not a redundant formulation and that AMHG does not 

result from previously unknown hydraulic constants. However, AMHG is a novel 

geomorphic phenomenon, but not in the sense that it repudiates AHG: the fact that 

the AMHG for the 50 rivers investigated here is so strong is an indication that rating 

curves often reliably intersect in these rivers. This gives rise to our interpretation of 

the strength of AMHG as an index of both geometric variability (to ensure rating 

curve intersection) and hydraulic self-similarity (so that mean w and Q are similar 

among cross sections, providing the intersection point Qc_w, wc). These conclusions 

suggest that the hydrologic and hydraulic drivers of AMHG are fertile ground for 

further study. 

 In addition, our analysis shows that Gleason et al.’s [2014] AMHG discharge 

estimation method is able to correctly estimate Q by first defining a region of 

possible Q inversions bounded by observed widths and minimum and maximum 

discharge constraints that matches true Q range. Users seeking to estimate discharge 

via AMHG should consider realistic minimum and maximum discharge constraints for 

their specific study rivers. Second, all inverted AHG rating curves are forced to pass 

through the true spatial mode of time-mean Q (wc and Qc_w, defined by AMHG) 

within this region, thus usually ensuring correct matching of mean flow. Furthermore, 
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we find that pint, the percentage of rating curves intersecting within the range of 

observed data, is a critical a priori indicator of unsuccessful discharge estimation, and 

pint should be greater than 15% if discharge estimation is to be attempted.  AMHG 

must be remotely sensible to be useful for discharge estimation in ungauged basins: 

some prior estimate of AMHG is needed. We have shown that Gleason and Smith’s 

previously given AMHG slope proxy is serendipitous and that it should not be used; 

we propose replacing it with a value of -0.3 or another a priori estimate of 

mode(log (𝑄𝑥)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ). Our results therefore suggest that AMHG-enabled discharge 

estimation remains a robust practice, and that future work must focus on obtaining a 

reliable prior estimate of AMHG without relying on in situ data. 
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Figure 4-1. The mathematical basis for AMHG. 

 Panels a-f show how intersection of individual AHG rating curves give rise to AMHG, 

showing AHG curves (grey), (Qc_w, wc) as approximated by the median center of 

rating curve intersections (black circles), AHG intersections (blue circles),  

 (𝑚𝑜𝑑𝑒(log(𝑄𝑥)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ),𝑚𝑜𝑑𝑒(log (𝑤𝑥)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ) ) (red plusses), and observed Q values (dashed 

lines). In panel (a) AHG curves intersect at exactly (Qc_w, wc), yielding a perfect AMHG. 

Panels b-f give examples of rating curve intersection for 5/50 rivers in this study as 

divergence increases. Congruence of red plus signs to (Qc_w, wc) indicates AMHG can 

be given by these spatial modes for rivers with strong AMHG. 
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Figure 4-2. Approximation of the slope and intercept of AMHG.  

Observed AMHG slope and intercept (given by Qc_w, wc)   are approximated in two 

ways: by using median values of the intersections of rating curves (Qint, wint, blue) and 

by the spatial modes of observed mean Q and w across x cross sections (red).  

Approximation using AHG intersections is highly accurate but less applicable in 

practice as multiple AHG rating curves are required.  Approximation via spatial 

hydraulic modes indicates that AMHG can be practically defined in terms of these 

readily quantified hydraulic variables (fitting slopes 0.84 and 0.73, respectively) for 

rivers with strong AMHG (rivers shown here have AMHG r2> 0.80). 
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Figure 4-3. How AMHG enables successful remotely sensed discharge 

estimation.  

The green box in panel a indicates observed Q range. So long as observed widths 

and the minimum and maximum discharge constraints of Gleason and Smith [2014] 

reasonably match this green region, forcing inverted AHG curves through (Qc_w, wc) 

within the green box leads to successful discharge estimation. Forcing rating curves 

outside the green region (when AMHG is poorly characterized) will give incorrect 

discharge inversion. Panels b-d (reprinted from Gleason and Smith, [2014]) show this 

principle: observed discharge (black), Gleason and Smith’s optimized discharge 

(blue), and 100 random AHG parameters forced through (Qc_w, wc) (red) all match one 

another. The randomly seeded red hydrographs suggest knowledge of AMHG alone 

can calculate reasonably accurate hydrographs given a set of observed w values.  
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4.11 SUPPORTING INFORMATION 

4.11.1 Datasets 

 Of the 50 river reaches used in this study, 34 are identical to those used by 

Gleason et al. [2014]. These reaches are all ~10km long, mass conserved, and abut or 

contain a gauge. In these data, w was measured via Landsat satellite products and Q 

given by the gauge, and full description of these reaches is given by Gleason et al. Q 

and w data for the additional 16 river reaches in this study were generated using 

hydrodynamic models, with model inputs specific to each reach. Outputs from these 

models were generously provided by colleagues who maintain them for the reaches 

in this study. An example of the modelling framework for each river follows. In each 

case,  flows are imposed at the top of the reach are propagated downstream over 

measured bathymetry until steady state conditions develop following finite element 

analysis using conservation laws. This stable model run then yields w and Q at given 

cross sections, and this procedure was invoked for all modelled data. In some 

reaches, tributaries and outflows are simulated as intersecting the main channel at 

specific locations. Reaches of the Po, Sacramento, Garrone, Ganges, Seine, Ohio, 

Severn, St. Lawrence, Tanana, Kanawha, Mississippi, and Wabash Rivers are included 

in these data, and reaches contain from 40 to 500 cross sections, cover 50 to 400km, 

and typically include one year of daily output. 
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4.11.2 Calculation of intersection percentage index pint 

 We show in this letter than AMHG arises because individual AHG rating curves 

intersect at or near the same point (Qc_w, wc) within the range of observed data. Now, 

we represent the degree of AHG convergence in a standardized intersection 

percentage index (pint), defined as the number of rating intersections within the 

range of observed Q data as a percentage of the number of total rating intersections 

(including those on the AHG rating curves beyond the observed range). A high pint 

value suggests that most AHG curves intersect one another within the range of 

observed data, thus yielding a strong chance for a strong AMHG and 𝑄𝑐 =

𝑚𝑜𝑑𝑒(log (𝑄𝑥)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ) and 𝑤𝑐 = 𝑚𝑜𝑑𝑒(log (𝑤𝑥̅̅ ̅̅ ̅̅ ̅̅ ̅)). Figure S1 shows that pint less than ~15% 

produces an AMHG r2 less than ~0.80, suggesting that the degree of rating curve 

convergence within the range observed data has a control on the linearity of AMHG. 

The definition of pint further suggests that as long as the topological relations among 

AHG curves are unaltered, the pint value will be unaffected.  

 This property of pint is enormously useful for remote sensing of discharge in a 

mass conserved reach. In practice, we do not know Q but have observed w from 

remote sensing. Although we are unable to establish accurate AHG rating curves due 

to the unknown Q, we require that w and Q in a cross section must follow a linear 

relation in log-log space following Leopold and Maddock’s classical conception of 

AHG. In this log-log space, a linear re-scaling of log(Q) will not change the topology 

of AHG curves: these synthetically scaled rating curves are pulled or compressed in 

the x-direction but their relative position to one another does not change as they 
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share the same conserved Q. Therefore, for any arbitrary minimum and maximum 

log(Q), we can solve 𝛼 and 𝛽 in this equation set: 

{
𝛼 ∙ log(𝑤)𝑚𝑖𝑛 + 𝛽 = log (𝑄)𝑚𝑖𝑛
𝛼 ∙ log(𝑤)𝑚𝑎𝑥 + 𝛽 = log (𝑄)𝑚𝑎𝑥

       (S1) 

Then log(Q) can be re-scaled by using any observed w in this cross section:  

log (𝑄)𝑠𝑐𝑎𝑙𝑒𝑑 = 𝛼 ∙ log(𝑤)𝑎𝑛𝑦 + 𝛽       (S2) 

Note that this rescaling requires the power-law form of AHG to hold in order to 

preserve topology, and requires mass to be conserved. By doing such rescaling, we 

have created a 2-D topological relation similar to that of the true AHG rating cuves 

solely from observed width values from which we can estimate pint  (Figure S2). pint is 

calculated as before: by taking the percentage of rating intersections within the now 

synthetic Q range. Therefore, by using solely remotely sensed widths, we are able to 

gain an a priori estimate of pint and the strength of AMHG and therefore the likely 

success or failure of discharge estimation, making pint  a critical index for future 

remote sensing of river discharge. 

4.11.3 Proposed a priori AMHG slope estimation range. 

 Gleason et al.’s [2014] AMHG-enabled discharge estimation method 

simultaneously tunes a reach’s AMHG and local AHG curves to estimate discharge. 

To do so, a prior estimate of AMHG slope is provided by the user, and AMHG 

intercept is calculated from this value. Since this letter has shown AMHG slope and 

intercept to be functions of Qc_w and wc, future discharge estimation should use 
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these quantities as parameters. wc is easily calculated from remotely sensed imagery, 

but Qc_w cannot be calculated from images alone, as we have shown that the 

previously proposed proxy to do this is coincidental. In this letter, we therefore 

propose an AMHG slope value of -0.3 be used for all rivers, which corresponds to a 

Qc_w of 2,150m3s-1. 

 Gleason et al.’s [2014] performed a thorough sensitivity analysis of the 

discharge estimation algorithm, and found a parameter tolerance of 0.1 for both 

AMHG slope and intercept to yield the most accurate discharge estimation across 

their 34 rivers. When coupled to our proposed slope of -0.3, this gives Qc_w values 

ranging from 316 to 100,000m3s-1. Figure S3 shows this range imposed on a 

histogram of observed AMHG slopes, and includes 35/39 rivers with strong AMHG. 

The 11 rivers to the right of the proposed range have a Qc_w greater than 100,000m3s-

1, which in a strong AMHG would represent the spatial mode of time mean discharge 

through the reach. Since this is unlikely for almost any river on earth, these rivers to 

the right of the proposed range are poor candidates for discharge estimation as it is 

highly likely AMHG is not observed here. This can be confirmed a priori, as pint is less 

than 15% for these rivers, suggesting that discharge estimation should not be 

attempted. Therefore, our proposed range should cover most natural rivers 

observable by current satellite technology with moderate resolution, and heuristic 

optimization of both AMHG and local AHG has been shown to be effective at solving 

for Q even with this large range [Gleason et al., 2014].   
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Figure 4-S1. Relationship between AMHG linearity and pint 

Relationship between AMHG r2 and observed intersection percentage index (pint) for 

34 mass-conserved river reaches. Blue shows pint calculated using known Q, and red 

shows estimated pint from observed w only 
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Figure 4-S2. Estimated vs. observed pint 

 Comparison of observed and estimated intersection percentage index (pint) values 

shows that synthetic stretching of rating curves results in stable topological 

relationships between rating curves, as evidenced by the congruence between 

observed and estimated pint.  
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Figure 4-S3. Histogram of observed slopes 

 This figure shows a histogram of each river’s observed AMHG slope. Gleason et al.’s 

[2014] discharge estimation algorithm simultaneously tunes cross sectional AHG 

parameters and AMHG using heuristic optimization, with a recommended tolerance 

of +/- 0.1 for each variable. We here propose an initial AMHG slope value of -0.3, 

and the green polygon indicates this value with the previously proposed tolerance. 

This polygon includes 35 of the 50 rivers given here, but 11/15 rivers not covered by 

the proposed range are not suitable for discharge estimation, as they have AMHG 
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slopes greater than -0.2, where Qc_w is obviously outside the range of observed data, 

and pint is less than 15%. 
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Chapter 5. Crossing the (watershed) divide: Satellite 

data and the changing politics of international river 

basins 

5.1 ABSTRACT  

 Acquiring freshwater resources is a necessary component of sustainable 

human settlement subject to increasing pressure from population and climate 

changes. This sometimes scarce resource primarily comes from rivers, and 

international river basins (IRBs), where watersheds and watercourses cross political 
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boundaries, are often spaces of great political tension and conflict worldwide. Such 

conflict potential has garnered interest from a wide range of research communities, 

and each emphasizes public access to hydrologic data as key to successful 

international management of IRBs.   However; these hydrologic data, especially 

measurements of river flow rate, are often closely-guarded state secrets. Satellites 

have been cited as a key technology set to challenge this data monopoly that yet 

have been unable to calculate river flow rate without some form of guarded ancillary 

data.  Now, at-many-stations-hydraulic geometry (AMHG) offers a means of 

circumventing data limitations without any a priori information, and the forthcoming 

NASA/CNES Surface Water and Ocean Topography (SWOT) satellite also promises to 

estimate flow rates solely from its novel measurements following launch. In this 

paper, we explore how these newly-available estimates of river flow rate could 

reconfigure water-management and interstate relations in IRBs, and demonstrate 

AMHG, for two cases: the Ganges-Brahmaputra and Mekong. For these basins we 

find that satellite flow rate retrievals will likely reinforce and favour state-level 

negotiations of water resource governance. Also, satellite flow retrievals can have the 

direct, concrete effect of increasing flood forecast lead time in the downstream 

Ganges-Brahmaputra, a sorely needed advance that will positively benefit millions of 

Bangladeshis and affect state level interactions between India, China, and 

Bangladesh. Finally, we avoid offering prescriptive water management solutions for 

each case, as local stakeholders will ultimately determine if and how such satellite 

retrievals will be used. 
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5.2 INTRODUCTION  

 Precipitation and snowmelt generate liquid water that flows downhill and 

collects in larger and larger rivers until it reaches the ocean. These rivers provide 

water for irrigation, human consumption, ecosystem services, and transportation, and 

life in many regions of the world is tightly coupled to particular rivers. These river 

systems, both watercourse and watershed, frequently flow from one upland state 

through one or more downstream states, and in many cases upstream users are able 

to affect the quantity and quality of water delivered to downstream users 

significantly. Hence, there is potential for conflict in these international river basins 

(IRBs). 

 Trends in population growth and climate change have placed increasing 

pressure on water resources, exacerbating the potential for such conflict. Coupled 

with sometimes fractious political history, the increasing stress on water resources in 

IRBs has led some to suggest that armed conflict over water resources is likely (e.g. 

Gleick, 1993). This ‘water wars’ thesis represents one of the most dire opinions for the 

future of IRBs under climate and population pressures. However, recent work has 

argued that few if any armed conflicts have arisen over water and that cooperation 

has proven more likely in IRBs (De Stefano et al., 2010; Yoffe et al., 2003; 2004). Still, 

others have emphasized risks other than armed conflict, for instance unilateral 

actions that might reduce water quality or quantity from an upstream source that 

could seriously harm downstream users (Wolf, 2007).  As such, while armed conflict 
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appears unlikely, water resource conflict will continue in IRBs with sometimes serious 

consequences.  

 The changing physical and political landscapes of IRBs are thus an object of 

great interest to several different research communities, each with its own 

imperatives. Climate scientists have studied physical effects of climate change on 

IRBs (Ahmad, 2003; Dulal, 2014; Goulden et al., 2009; Jeuland et al., 2013; Swain, 

2011), and  hydrologists have advanced understanding of  physical processes 

shaping the quality and quantity of  water resources in IRBs (e.g. Biancamaria et al., 

2011; Conway, 1997; Conway, 2000; Conway et al., 1996; Hossain et al., 2007; Islam et 

al., 1999; Lu and Siew, 2006). These physical science insights offer critical information 

to policy makers and resource managers, and much attention has been given to the 

social and political impacts of the physical manifestation of changing water 

resources. Scholars of resource politics have traced how power relationships between 

states and non-state actors affect mechanisms of water delivery, developing theory 

specifically to deal with IRBs (e.g. Bakker, 1999; Dore and Lebel, 2010; Sneddon and 

Fox, 2006; Zeitoun and Allan, 2008; Zeitoun and Warner, 2006). Scholars interested in 

international relations or international law have investigated the frameworks of water 

related treaties and institutions  (e.g. Brochmann and Hensel, 2011; Browder and 

Ortolano, 2000; Uprety and Salman, 2011), and these organizational structures have 

been credited with increasing the resilience of treaties and the suppression of overt 

conflict (Bakker, 2009; De Stefano et al., 2012). Though some have imposed 

generalized  positivist theories to this effect (e.g. Dinar et al., 2010, 2011; Espey and 
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Towfique, 2004), most scholars  prefer to study the historical, intrastate, and 

interstate context of a particular basin (Giordano et al., 2002). Despite their different 

priorities, all of these research communities seek deeper understanding of IRBs in an 

effort to uncover sustainable solutions to current divisions between water resources 

users and minimize conflict potential.  

 One cause of conflict all these research communities highlight is the 

problematic lack of shared hydro-data, especially in regard to the key variable of 

river flow rate (also termed ‘discharge’ or ‘runoff’).  Flow rate is most commonly 

measured at a ‘gauging station’, where measurements of river depth are transformed 

via a rating curve into flow rate: the volume of water passing the gauge per unit time. 

This critical quantity reflects both the volume and temporality of water availability 

and is directly impacted by upstream watershed activities. Flow rate data collected in 

this manner are termed ‘gauge data,’ and gauge data are considered as a scientific 

standard for understanding watershed behavior and other fluvial processes. The 

Global Runoff Data Center (GRDC) collects and publically distributes these data via 

direct agreements with states. However, many states choose not to release gauge 

data, an issue compounded by data collection difficulties that means that water data 

scarcity is “universally experienced by poor countries (Hossain, 2006).” While certain 

states construct water scarcity for political convenience (Alatout, 2008; Barnes, 2009; 

Phadke, 2002), it is unclear if the data scarcity encountered in IRBs is similarly 

constructed or if there is a real lack of data collection. Regardless, this lack of 

transparency allows states to report flows within their borders as they see fit, 
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allowing them to meet formal treaties and obligations while withholding key data 

and preventing thorough transboundary water resource management analysis. 

Hoarding data is also a political tool that allows upstream states to exert a measure 

of de facto control over downstream state claims of improper water management. As 

such, geographically distributed flow rate data is of paramount importance to both 

upstream and downstream states.  

 In the absence of gauge data, remote sensing has been identified as an 

important innovation that could provide much needed flow rate and flood 

forecasting data to downstream countries, and possibly alter power relations 

accordingly (Biancamaria et al., 2011; Hossain, 2006; Wolf, 2007). However, until 

recently, remote sensing has been unable to calculate river flow rate without some 

form of tightly controlled in situ calibration data, and the forthcoming NASA/CNES 

Surface Water and Ocean Topography (SWOT) satellite that promises to deliver flow 

rate estimates solely from its observations is not scheduled for launch for another 

half decade (Pavelsky et al., 2014). Now, a recent advance in geomorphic theory has 

enabled flow rate estimates to be obtained solely from available satellite imagery 

with no ground-based information whatsoever, provided certain geomorphic criteria 

are met. These estimates are made possible via at-many-stations hydraulic geometry 

(AMHG) and the associated discharge estimation algorithm advanced by Gleason 

and Smith (2014) and Gleason et al (2014). This discharge retrieval algorithm has 

been tested on numerous rivers worldwide, and results indicate that flow rate 

estimations may be made with an expected 26-41% error as compared to traditional 



210 

 

in situ gauge observations of flow rate on most rivers (Gleason et al., 2014). While 

these flow rate estimations are less accurate than in situ measurements or the 

expected 5-10% error of a gauge observation and are made at discreet times 

dictated by available imagery, they afford meaningful calculation of flow rate to 

address water use issues in IRBs that may be obtained independently of access 

permission from individual states. This AMHG flow rate estimation procedure may 

well affect the political and social status quo of many different IRBs by empowering 

any interested stakeholder with the means to calculate river flow rate- a sometimes 

defiant act giving the critical missing link in many understandings of IRBs. 

 In this paper, we use two case studies to illustrate the expected impact of 

satellite flow rate retrievals on the geopolitics of IRBs: the Ganges-Brahmaputra and 

Mekong. These basins are both iconic IRBs that have received much attention from 

the international community, and both basins are at risk with regards to their water 

resources under increasing climate and population pressures (DeStefano et al., 2012). 

For each case study, we first review the IRB’s historical physical and political 

geography as they relate to water resources. We then employ the AMHG flow rate 

retrieval method to estimate flow rates on the main watercourse in each IRB, and 

compare these estimations to historical gauge data to affirm that the method 

accurately retrieves flow rates in these basins. Following our contextualization of 

each basin and flow rate estimation in each case, we draw larger conclusions about 

the expected outcomes given adoption of AMHG and other emerging satellite 

technologies on natural resource governance. The purposes of this paper are modest 



211 

 

in scope: we seek to contextualize present disputes using historical data analysis and 

consider the impact of novel AMHG flow rate estimations in specific settings. We do 

not presume to offer aloof, data-based solutions to current conflicts, nor do we 

presume authority to publish data that are considered secret, and thus avoid 

demonstrating AMHG retrievals for ungauged portions of basins.   

5.3 METHODS: REMOTE SENSING OF DISCHARGE AND AMHG 

 No currently operating or planned satellite mission can directly measure river 

discharge, as no sensor can measure depth save for optical attenuation techniques 

(e.g. Lyzenga, 1978; Lee et al., 1999; Legleiter et al., 2009) that  require careful 

calibration with in situ data and are only applicable to those areas for which field 

data are taken. As such, the current state of remote sensing does not include any 

methods that are able to estimate discharge within a river channel without assistance 

of field data, site-specific hydrodynamic models, or site-specific assumptions about 

physical properties of the channel. 

  Despite the inability to directly measure discharge from satellite platforms, 

researchers have shown the utility of empirically combining remotely sensed 

observations with field measurements to obtain useful discharge estimates (e.g. 

Smith et al., 1996; Smith, 1997; Ashmore and Sauks, 2006; Calmat et al., 2008; Smith 

and Pavelsky, 2008; Nathanson et al., 2012). In addition, researchers have combined 

orbital measurements and hydrologic models to estimate river discharge, commonly 

invoking data assimilation techniques (e.g. Andreadis et al., 2007; Brakenridge et al., 
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2007; Durand et al., 2008; Durand et al., 2010, Biancamaria et al., 2011; Brakenridge et 

al., 2012; Tarpenelli et al., 2013). However, both of these approaches require in situ or 

a priori knowledge of a river. While this a priori river data exists for many of the 

world’s rivers, these data are often tightly controlled in IRBs and render these 

techniques less useful in these cases. 

 The AMHG approach proposed by Gleason and Smith (2014) provides the first 

known means of estimating river discharge without any a priori knowledge, in situ 

data, or ancillary data. AMHG is based on theory of hydraulic geometry as proposed 

by Leopold and Maddock (1953). Leopold and Maddock found that the width, depth, 

and velocity of a given cross section of a river (the two-dimensional plane 

orthogonal to river flow at any point along the channel) exhibit a power law 

relationship to discharge, giving the now classic equations they termed as  ‘at a 

station hydraulic geometry’ (AHG): 

W=aQb           (1) 

D=cQf            (2) 

V=kQm           (3) 

where W=width, D=depth, V=velocity, and a, b, c, f, k, and m are empirically fitted 

parameters. AHG has remained a powerful tool in hydrology, despite evidence that 

its empirical power law form is coincidental with typical channel geometry and not 

required by first principles (e.g. Richards, 1973; Ferguson, 1986). 
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 AMHG holds that the coefficients and exponents of AHG are functionally 

related for a given river reach and shows there is a log-linear relationship between 

each of a and b, c and f, and k and m (Gleason and Smith, 2014). Gleason and Wang 

(forthcoming) give a derivation of AMHG and show that it arises because individual 

AHG curves intersect at the same point in hydraulic space (e.g. the same values of 

width and discharge). It is the width-AMHG that enables remote sensing of 

discharge, which is formulated as 

𝑏 = −
1

log (𝑄𝑐)
log(𝑎) + 

log (𝑤𝑐)

log (𝑄𝑐)
,        (4) 

Where Qc and wc are the rating convergence points of a river’s AMHG. Gleason and 

Wang further show that in practice for rivers with a strong AMHG, Qc and wc are 

given as the spatial modes of time-mean width and discharge per cross section 

because ordinary least squares regression is invoked at a station.  

 Gleason and Smith (2014) were able to simplify equation 1 by replacing b with 

a function of log(a), as provided by AMHG (Equation 4). This simplification reduces 

the number of unknown parameters in Equation 1 from 2n+1 to n+1 for any n cross 

sections in a mass conserved reach, as Q is equivalent in such cross sections and W is 

easily given by remotely sensed observations. In this paper, W was manually 

measured from remotely sensed images (Table 1) at 15 cross sections for each of the 

two rivers in a 10km reach either containing or abutting the gauge used for 

validation. This simplified system of AHG curves per cross section is then sufficient 

for unconstrained, heuristic optimization of unknown parameters in Equation 1 to 
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solve for Q, for which Gleason and Smith used a genetic algorithm. Gleason et al 

(2014) give a recommended ‘global’ parameter set for use of this method in 

ungauged basins that includes recommend ranges for parameter tolerances and 

maximum and minimum possible flows, and we follow these parameters here save 

that we assume that minimum depth and velocity for the two very large rivers in this 

study are 1m and 1m/s, respectively. 

 This AMHG enabled flow estimation approach is only applicable if a river’s 

AMHG (Equation 4) may be predicted without in situ data: otherwise this method 

relies on a priori knowledge that limits its usefulness for our purposes here.  Gleason 

and Wang (forthcoming) suggest an empirical estimate for 1/log(Qc) as -0.30, and 

suggest using the spatial mode of time-mean observed discharges as log(wc) 

following their derivation of AMHG. Combined with the recommended 0.10 tolerance 

for AMHG parameters given by Gleason et al (2014), this yielded a remotely sensed 

estimate of the slope (1/log(Qc)) and intercept (log(Wc)/log(Qc)) of AMHG as -0.30 

+/- 0.10 and 0.99 +/- 0.10, respectively, for the Ganges and -0.30 +/- 0.10  and 0.90 

+/- 0.10, respectively, for the Mekong. Using gauge data to verify each river’s AMHG 

revealed that the Ganges AMHG slope was equivalent to -0.25 and AMHG intercept 

equivalent to 0.84, while Mekong AMHG slope and intercept were -0.28 and 0.83, 

respectively. Thus, following the procedure of Gleason and Wang to define each 

river’s AMHG yielded good agreement between remotely sensed AMHG and true 

AMHG, thus allowing for accurate discharge estimation. Results of discharge 

estimation are given below in each of the respective case studies. 
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5.4 CASE I: THE GANGES-BRAHMAPUTRA 

5.4.1 Current and historical geography of water resources 

  Fully ten percent of all people on earth live within the Ganges-Brahmaputra-

Megna basin (Jeuland et al., 2013; Rasul, 2014). The Ganges and Brahmaputra Rivers 

both arise in the Himalayas and enter the Bay of Bengal in Bangladesh below their 

confluence with the Megna River upstream of the Bangladeshi delta (Figure 1).The 

Ganges watercourse flows directly from Nepal into India and then Bangladesh, and 

80% of its basin lies within India (Ahmad, 2003). Conversely, the Brahmaputra flows 

east across Tibet, then makes a 90 degree southerly turn into northeast India and 

Bhutan before flowing into Bangladesh. 34% of the Brahmaputra basin is in India, 

while 50% lies within China, leaving these two powerful states in control of the 

majority of the river basin, although China controls the upland area. Bangladesh 

receives nearly all the water from these two mighty rivers and is extremely vulnerable 

to monsoon-driven river flooding, yet Bangladesh contributes very little to their flow: 

only 3.6% of the Ganges basin and 8.7% of the Brahmaputra basin are within 

Bangladesh (Islam et al., 1999). The Megna river basin is almost completely contained 

within Bangladesh and therefore it is of less interest to the present paper, despite its 

importance to the people of Bangladesh. 

 Both the Ganges and the Brahmaputra rivers are strongly affected by the 

Indian monsoon and exhibit huge variations in flow rate: flow in the Brahmaputra, for 

instance, can vary from 1,200cms to 28,000cms in the same year (Brichieri-Colombi 
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and Bradnock, 2003; Sarma, 2005). This strong seasonal flow variability has made 

flood management and guaranteeing dry season flow the pre-eminent challenges in 

managing the waters of the Ganges and Brahmaputra rivers (Jeuland et al., 2013). 

Climate change is expected to have significant impacts on water resources in these 

basins and may affect the seasonality of the monsoon, yet synoptic assessment of 

climate change in these basins is difficult and severely limited by available data 

(Dulal, 2014; Jeuland et al., 2013).  

 In contrast to the Mekong case study, there is little institutional history and 

currently only one treaty in place for either the Ganges or Brahmaputra Rivers. The 

1996 Ganges Water Treaty between India and Bangladesh provides a formula for 

sharing water passing the Farakka Barrage, a structure that diverts the Ganges into a 

more manageable system of channels just upstream of the Inda-Bangladesh border.  

This is based on the flow rate at the barrage, and also calls for discussion on 53 other 

rivers that flow from India into Bangladesh. However, this discussion has not 

occurred, and providing water from the barrage during dry season flows remains a 

thorny issue between the two states (Uprety and Salman, 2011).  These dry season 

flows are critical, as the relatively low flows can lead to water scarcity downstream if 

upstream users withdraw or impound too much water. There are no currently valid 

treaties concerning the Brahmaputra, but there are memoranda of understanding 

signed between India and China that promise to share flood season information. 

Relations, however, are poor: China denied constructing a dam on the Brahmaputra 

in Tibet even when presented with satellite images revealing the site operations (Ho, 
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2014). Such denial could play a strong role in shaping how satellite flow rate 

retrievals are implemented in the Ganges-Brahmaputra.  

 In sum, India and China dominate water resources management and 

diplomacy in the Ganges-Brahmaputra basin, as these powerful states also enjoy 

upstream positions. Of the less powerful states in the basin, Nepal and Bhutan are 

also upstream with ample water resources, but relations between these states and 

downstream states are generally good. This leaves Bangladesh in a vulnerable 

position as a downstream state with little bargaining power against its large 

upstream neighbors. There are also few formal agreements in effect in the basin, 

leaving states to develop water resources unilaterally as they see fit.  

5.4.2 Flow rate data and AMHG in the Ganges-Brahmaputra basin 

 There is a history of limited water data sharing in the basin, yet, “amazingly, 

there are no publicly available streamflow records for the rivers in the Gangetic plain 

in India” (Jeuland et al., 2013). This has exacerbated one of the principal conflicts of 

the basin: Bangladesh’s inability to forecast floods due to India’s reluctance to share 

upstream flow data. Currently,  India provides data from five gauges to Bangladesh, 

but these data are from stations located at or near the Bangladeshi border and are 

not sufficient to forecast floods beyond two to three days (Ahmad, 2003; Biancamaria 

et al., 2011; Hossain and Katiyar, 2006; Hossain et al., 2007). This is a critical issue, as 

Bangladesh is quite vulnerable: in 2000 the country was devastated by a major flood 

that it was unable to forecast far enough in advance (Ahmad, 2003; Babel and Wahid, 
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2011). Therefore, “from a Bangladeshi perspective, the upstream Ganges and 

Brahmaputra catchments must be considered as the two largest un-gauged river 

basins on the planet” (Jian et al., 2009). Clearly, there is a need for additional and 

transparent flow rate data within the basin that can be provided in part by AMHG. 

 In this study, we use AMHG to estimate Ganges river discharge on the furthest 

upstream station where public records of streamflow may be obtained, located at 

Hardinge Bridge, just downstream of the India/Bangladesh border (Figure 1). We feel 

that making discharge estimations further into the Gangetic plain where flow data 

are not publically available constitutes an intervention into local politics for the basin, 

so we restrict our demonstration of AMHG to this downstream location. Landsat TM 

Images were acquired (and therefore discharge was estimated) for 13 days spanning 

2001 to 2005, and images were taken on the same day as reported gauge flow for 

five images and within two days of reported gauge flow for all other images (Table 

1).  

 AMHG discharge estimation had a root mean square error (RMSE) of 

11,599cms and relative RMSE (RRMSE) of 56% for the 13 images in this study. This 

error is obviously very large, but this large error is expected as images span both wet 

and dry seasons and encompass huge variations in flow: the AMHG method is not 

expected to perform well in this situation (Gleason et al, 2014). Using only the nine 

dry season images available in this study gives an RMSE of 1,568cms and RRSME of 

28%, showing the efficacy of AMHG when only one of the monsoon seasons is 
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considered (Figure 2). Without this separation, flow estimations are of less use as 

peak flows are severely underestimated.  This accurate dry season performance is 

especially encouraging, as negotiation of dry season flows is a critical issue in Ganges 

water negotiations (Uprety and Salman, 2011; Jeuland et al., 2013).  

  It is important to note that the estimated flows in this study (and for all 

AMHG estimated flows) do not constitute a true ‘hydrograph:’ flow estimations are 

made at discreet and disconnected times as determined by when images were 

captured. AMHG can only provide a hydrograph with daily or monthly sampling if 

sufficient imagery to do so is available: unlikely in the humid and cloudy Gangetic 

plain. Thus, while AMHG performance in the dry season is encouraging, AMHG must 

be coupled with hydrologic models or other satellite products to give a full picture of 

water resources during the cloudy monsoon season. However; even opportunistic, 

cloud-free estimates of discharge upstream represent a significant advance in flood 

forecasting capability. Despite these challenges, AMHG can provide accurate point 

estimates of flow in the Ganges without any form of ancillary data, thus directly 

challenging India’s data monopoly and perhaps initiating some of the responses we 

discuss below. 

5.5 CASE II: THE MEKONG 

5.5.1 Current and historical geography of water resources 

 The Mekong River flows out of China’s Yunnan Province past Myanmar, Laos, 

Cambodia, Thailand, and Vietnam en route to the South China Sea (Figure 3). These 
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latter four countries (the ‘lower’ Mekong basin) are 77% of the total basin by area 

and contribute 80% of the river flow (Bakker, 1999), and the river and its delta 

support 65 million people, two-thirds of whom are subsistence fishers (Ziv et al., 

2012).  It is often claimed that the Mekong is a relatively ‘untouched’ or 

‘underdeveloped’ river system as the basin contains few dams or flow alterations, 

although numerous projects are on the books (Hirsch, 2010; Kummu and Sarkkula, 

2008; Lu and Siew, 2006; Ta et al., 2002). A key hydrologic feature of the basin is the 

Tonle Sap (a fluvial lake) in Cambodia, which alternately feeds and is fed by the 

mainstem Mekong and supports the livelihoods of over one million people.  

 The Mekong has been subjected to international and institutional oversight 

since the mid-20th century. In 1958, the Mekong Committee was established by the 

USA, along with other foreign aid agencies, to work towards a dam cascade on the 

mainstem Mekong that would provide hydropower to the region (Browder and 

Ortolano, 2000). This institution lasted until 1975 and the end of the Vietnam War, 

and was replaced in 1978 with the Interim Mekong Committee. In 1995, the Mekong 

River Commission (MRC) replaced the older institution and continues today, officially 

including only the four lower basin nations. Much has been written about these 

institutional structures, and Jacobs (1995; 2002) reviews both the Mekong Committee 

and the MRC thoroughly. In brief, the MRC focuses on the physical watercourses 

within the basin and only requires member nations to have “prior consultation” with 

one another in order to carry out water development projects, contrary to the 

original Mekong Committee in which members had veto power (Bakker, 1999; 
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Sneddon and Fox, 2006). The MRC also approves of and adopted the 1997 UN 

Watercourses Convention, with its language of equitable use and a purposeful 

disassociation from watersheds, which China, the upstream state, did not adopt 

(Browder and Ortolano, 2000; Sneddon and Fox, 2006).  

 This institutional environment, coupled with the relatively undeveloped nature 

of the Mekong, has directly fanned debate over the development of hydropower, the 

key objective of the MRC and its backers. Hydropower is a sustainable and carbon 

neutral source of electricity: attractive for the developing Mekong basin and 

requiring dam building.  However, The World Commission on Dams used the Pak 

Mun Dam in Thailand as its key case study to show how dams rarely deliver on all of 

their promises regarding electricity distribution,  relocation, and  livelihood 

compensation for displaced users of the former river (Hirsch, 2010). The effects of  

current dams in the Mekong  basin are numerous and complex:  food security has 

been disrupted and livelihoods diminished in the Tonle Sap, territory has been 

reorganized, and upstream states have been empowered vis-à-vis downstream 

neighbors, as seen in the Ganges-Brahmaputra (Ziv et al 2012; Kummu and Sarkkula, 

2008 ). Even smaller dams are disruptive: Ziv et al (2012) estimate that numerous 

tributary dams will have far greater impact on the Mekong than the large proposed 

dams that dominate the headlines. The question of dams has thus led to alarmist 

calls for immediate cessation of dam building in both the press and in academic 

publications (e.g. Vaidyanathan, 2011). 
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 Most dam building in the Mekong basin is implicitly linked to China. Chinese 

funding has been cited as a key factor in lower Mekong dam building, but China is 

also itself a riparian state in the Mekong basin (as in the Brahmaputra). Unilateral 

Chinese development is also a major concern for the lower riparians, and McNally et 

al (2009) offer the case of the Nu/Salween basin as a comparison of how unilateral 

Chinese action can adversely affect downstream riparians. In the Mekong basin, only 

about 16% of total basin runoff comes from Yunnan, but dam building there has had 

impacts, albeit disputed, on downstream countries. For instance in 1992, which was 

not a drought year, filling of a dam in Yunnan corresponded to unusually low 

discharge as recorded at downstream stations (Lu and Siew, 2006). In addition, 

unannounced water releases from Chinese dams have directly led to loss of life and 

property in downstream Cambodia (Lebel et al., 2005).   

 Importantly, China lacks a comprehensive transboundary policy and conducts 

its business case by case with regard to IRBs: the Yunnan provincial government 

handles policy for the Mekong. “Chinese policy” in the Brahmaputra therefore may 

not map neatly onto the Mekong, though comparison could still prove beneficial 

(Ho, 2014). In addition, China has shown a preference for bilateral action and has 

been more cooperative with regard to navigational uses of the Mekong than it has 

with regard to dam building, where it does not share its assessment of potential 

downstream dam impacts (Ho, 2014; Masviriyakul, 2004).  
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5.5.2 Flow rate data and AMHG in the Mekong basin 

 Despite current and historic participation in the MRC, the lack of hydrologic 

data is the basic problem facing all Mekong states (Campbell, 2007). Indeed, the 

MRC itself has issues with data sharing, as “the lack of basic data about instream 

flows… undermines the ability of downstream countries to negotiate to protect 

necessary minimum flow levels as outlined by the Mekong agreement (Bakker, 

1999),” and flow rate data are considered too thorny an issue to tackle at a general 

MRC meeting (Sneddon and Fox, 2006). While hydrologic modelling work that 

assimilates rainfall and land cover data has been performed to calculate flow rates 

within the basin, accurate estimates of flow are not made publically available by 

states that collect them for much of the Mekong basin (Haddeland et al., 2006; Kite, 

2001).  

 Flow data for Yunnan province are especially difficult to acquire and China has 

yet to share it with downstream states. The MRC has therefore officially requested 

information from China about dam-building activity and flow rates via a 

Memorandum of Understanding, but such information has not proven forthcoming 

(Lebel et al., 2005). Much like the US Bureau of Reclamation in its original studies of 

the Mekong, China uses its expertise to impose a ‘technically superior’ science of 

water on the Mekong without sharing results (Sneddon, 2012).  This policy constructs 

a data monopoly – and a bargaining position – that satellite flow retrievals could 

significantly alter. 
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 Here, we use a publically available (via the GRDC) gauge record to validate an 

AMHG discharge estimation for the Mekong main stem at Mukdahan, Thailand 

(Figure 3), using twelve Landsat MSS/TM images collected from 1972 to 1982 (Table 

1). Discharge is estimated with an RMSE of 1956cms and RRMSE of 36%- 

commensurate with Gleason et al.’s (2014) retrieval from the same satellite images 

(their estimation did not use Gleason and Wang’s (forthcoming) procedure for 

estimating AMHG). As with the Ganges (and other world rivers), the method 

underestimates  peak flows, tends to converge toward mean flow, represents 

discontinuous flow estimates over several years, and is limited by available image 

data. However, the Mekong case again demonstrates the ability of AMHG to provide 

accurate discharge estimates without ancillary data, in this case set to challenge the 

Chinese data monopoly if not set to provide a complete water balance for the 

Mekong. 

5.6 DISCUSSION: EXPLORING THE CASES 

 The flow retrievals given here present accurate point estimations of river 

discharge without in situ data or a priori knowledge in two IRBs where upstream data 

is tightly controlled. This is the first such demonstration of this kind, yet unless there 

is a significant advance in global image availability, AMHG alone will not be able to 

provide a full water balance in either case. As such, AMHG will likely be most useful 

in tuning hydrologic models of these basins or providing specific checks against 

other streamflow estimates. However, AMHG does represent a significant advance in 

the public availability of hydrologic data, and it is this advance that we find to be 
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most significant in our two cases. This is especially important when considering that 

the forthcoming SWOT mission promises to provide at least weekly discharge 

estimates (unaffected by clouds since SWOT is a radar) solely from the data it 

collects. Thus, AMHG offers a first look at how new techniques of data collection may 

affect local politics.  

 New technologies like AMHG discharge retrievals and future SWOT 

measurements stand poised to shape political conditions in IRBs dramatically by 

reconfiguring human interactions with water resources.  Historically, new 

technologies for measuring, ordering, and allocating natural resources have 

concentrated and expanded power in the hands of state “experts” and bureaucrats. 

Mitchell (2002), for instance, describes how the Egyptian state “enframed” the Nile 

river within the techno-centric discourse of economics, one whose application both 

transformed the river’s hydrology and expanded the spaces of state control and 

violence (Scott 1999; Mitchell 2002;Harris & Hazen 2006; Heatherington 2012). Yet, 

while major infrastructural projects like dams dramatize this process, seemingly 

straightforward technologies and information have quite complex effects on state 

power. On one hand, Meehan (2014) suggests that instead of concentrating state 

power in Tijuana, Mexico, “infrastructures clearly intended to enable state power may 

unexpectedly limit the scope of stateness” (Meehan 2014:222, emphasis in original; 

Mann 1986; 2008). On the other, state collection of data in various forms, as well as 

discourses of environmentalism, can deepen state authority in the eyes of citizens in 

subtle ways, as Agrawal (2005) demonstrates in Kumaon, India (Agrawal 2005; Painter 
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2005). Technological advances like AMHG that add to knowledge about nature have 

thus typically privileged state actors and inter-state governance at the expense of 

civil society users.  

 However, there are signs that such knowledge can be used to challenge 

existing practices of environmental governance.   Remote sensing and GIS data have 

empowered advocacy networks to challenge state projects, environmental or 

otherwise, in contexts as diverse as democratic Sweden and theocratic Iran 

(Rocheleau 1995; Sandstrom et al 2003; Aday & Livingston 2009). At the same time, 

Cold War rival states , the Asian Development Bank, and China have implemented 

new forms of environmental “expertise” that have already reshaped environmental 

and political realities along the Mekong river (Goldman 2005; Sneddon 2012; 

Sneddon and Fox 2011;2012). IRBs, which are defined by a particularly wide variety of 

actors, should be seen as uniquely complex assemblages of political, hydrological, 

and technological forces whose relations are reconfigured in the face of new 

technological interventions (De Landa 2006; Baghel & Nüsser 2010). It is thus 

reasonable to suggest that AMHG-enabled data has the potential to effect political 

and environmental change in our two basins, even if modestly (Barnes & Alatout 

2012; Bakker 2012; Dalby 2013).  

 Access to transparent information does not always result in increased 

cooperation – especially if it does not favour a powerful state actor. In the Ganges-

Brahmaputra basin, China has shown an outright willingness to deny even basic 
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satellite imagery, a sign that it views its data monopoly as a valuable political 

resource. In this basin, the novelty of AMHG flow rate retrievals may very well 

reinforce this, as their demonstrated accuracy could allow China to claim that the 

technology is immature and therefore inappropriate for use in negotiations. 

However, other actors in the basin have a well-established history of adopting  new 

water resource measurement technology, as evidenced by previous studies that 

leveraged then-novel satellite altimetry data to improve flood forecasting in 

Bangladesh (Biancamaria et al., 2011; Hossain et al., 2007; Moffitt et al., 2011; Nishat 

and Rahman, 2009). Transparent satellite-derived flow data can also have the 

immediate, concrete effect of further increasing this flood forecasting time:  by 

estimating discharge further upstream on the Ganges and Brahmaputra rivers, 

Bangladeshi water managers will be able to increase the time in which they are able 

to forecast floods. This represents a potential catalyst for better data-sharing with 

India, which has remained tightfisted with gauge-data, citing national security.  India 

may well deny the validity of AMHG retrievals, but this seems unlikely as it would 

weaken its own negotiating power along the Brahmaputra considering the Chinese 

data monopoly (Ho, 2014; Halslag 2011). Whether or not India (or China) 

acknowledges and incorporates AMHG retrievals into new negotiations, Bangladesh 

benefits dramatically from increased flood warning and autonomy in the face of 

Indian intransigence. At the same time, India’s disputes with China will likely lead it to 

adopt a favorable attitude toward satellite discharge estimation, which may push it 
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into closer cooperation with Bangladesh. A complex environment awaits Indian 

policy makers following the advent of broadly applied satellite flow rate retrievals. 

 The Mekong basin is similarly hostage to the Chinese state’s unwillingness to 

disclose gauge data. This is to the detriment of downstream states, but also to 

subsistence communities relying on the river’s abundant fisheries who stand to lose 

most from the current regulatory impasse (Bakker 1999). But state actors are not the 

only catalysts for regulatory change: the World Bank has demonstrated how new 

forms of “expertise” can transform not only the hydrology of the Mekong (which it 

implemented in Laos) but also power relations. Thus, local use and ecology are now 

subject to the whims of international investors and global bureaucrats (Goldman 

2005:181-220), as IRBs increasingly include states and actors beyond their bounds. In 

this context, it is not surprising that Lebel et al (2005) and Dore & Lebel (2010) have 

pushed for a more open and public production of data in the Mekong basin, which 

might better protect local users from such distant forces. We believe that an open-

access AMHG could challenge the more state-centric and technocratic management 

regime of the MRC. However, there are technological barriers barring full use of 

AMHG by local users in the Mekong: access to satellite data and knowledge of 

certain image processing techniques and computing power are required. These 

requirements are modest for the developed world, but could pose a serious barrier 

for non-state actors and ultimately reinforce the MRC’s inter-state basis. One way or 

another, AMHG alludes to a continued trend in which new techniques of data 

collection increasingly challenge a given state’s monopoly on scientific knowledge 
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within its borders: AMHG is the first such known technique, but others will surely 

follow.   

 Technologies like AMHG and the future SWOT mission, and the information 

they generate, thus make a significant difference to natural resource governance and 

consequently, political relations among states. Of course, there is a real danger of 

falling into state-based synecdoche to characterize each basin by highlighting only 

state actor relations (Bakker, 1999; Sneddon and Fox, 2006; Wolf, 2007). Although our 

insights are grounded in a thorough examination of each case, each is highly 

complex and evolving assemblages of political, hydrological, and technological 

forces. With time, satellite discharge estimations may empower non-state actors to 

push for more local, participatory governance within these basins and thus challenge 

state-based monopoly of technological expertise, as Lebel et al (2005) advocate. For 

the near future, however, our conclusions reflect the prevailing political order, in 

which states are arguably the most important actors for natural resource governance, 

both de facto and thanks to international law (Benvenisti 1996; McCarthy 2007). 

Future research should also direct greater attention to the variety of local actors 

whose everyday interactions with and demand for these water resources might also 

change dramatically with the advent of mature satellite discharge retrievals. Great or 

small, the transformative potential of technologies like AMHG flow-rate retrievals is 

crucial to understanding the changing politics of international river basins, in our 

three cases as much as elsewhere.  
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5.7 CONCLUSIONS 

 “Water,” writes Karen Bakker, “poses the problem of collective action in a 

particularly acute way” (Bakker 2012:620).  Indeed, a great many relations constrain 

and shape how upland runoff reaches the earth’s oceans beyond the physical 

mechanisms of water and energy transport: relations between state and civil society 

actors and relations between humans and the environment more generally. A third 

relation can dramatically transform both of these: the relation of technology to 

governance. It is this general relation that we have explored. In particular, we argue 

that by offering a more open and transparent source of information, satellite flow 

rate data retrievals have the potential to alter political relations along two major 

rivers crossing international borders: the Ganges-Brahmaputra and the Mekong. This 

is critical, as flow rate data is oft cited as the key variable both in determining 

international water resource management objectives and in determining climate 

change assessments. 

 We have sought here to imagine the scenarios and pose the questions that 

policy-makers should find important to water resource management given our 

expectations of satellite-based flow rate retrievals as a transformational catalyst in 

water resource governance.  Specifically, our findings contribute mostly to the two 

cases considered here. Satellite flow-rate retrievals will likely have the greatest effect 

on the Ganges-Brahmaputra basin, where India’s tense negotiations with China 

would benefit from further data to back up its claims, which in turn may shape Indian 

policy toward Bangladesh and encourage further data-sharing. At the very least, 
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Bangladesh gains increased flood forecast times, which benefit a population 

beleaguered by repeated floods in the absence of upstream gauge data. The 

Mekong will likely see fewer alterations in data-sharing or governance, as China’s 

position as both a superpower and an upstream state give it little incentive to 

change these relationships, from which it unilaterally benefits.   

 The enabling power of technology to realign relationships between 

governance and water resources is well established for our cases, but scholars must 

take into account the political and geographic contexts distinct to each basin when 

attempting to extend these conclusions beyond these case studies. This means 

keeping in mind unique hydrological conditions, historical legacies of river 

development projects, and the ongoing importance of existing institutions like the 

state. Finally, we are cognizant of the warning provided by Zeitoun and Allan (2008) 

against uninformed water professionals offering well-meaning but ultimately 

untenable solutions to water resource management in IRBs. As such, we have not 

provided any prescriptive solutions to any of the water conflicts outlined in the 

above case studies but have instead contextualized them and explored how flow rate 

data might affect each case. By not calculating flow rates for contentious or 

ungauged portions of basins, we hope to demonstrate the efficacy and utility of 

AMHG flow rate retrievals and characterize the policy environment in each case 

without imposing AMHG upon local actors who will, ultimately, determine its usage 

and success.  
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Figure 5-1. Map of the Ganges River 

 This map shows the Ganges and Brahmaputra Rivers (solid lines), as well as their 

combined watershed (dashed line). Bangladesh receives nearly all the water from 

these mighty rivers, but contains less than 10% of each river’s basin by area.  

Guaranteeing dry season flows and predicting floods for downstream states are the 

principal water resource conflicts in this basin, and basin politics are dominated by 
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China and India. AMHG discharge estimation was performed on the Ganges River 

using gauge data from the Hardinge Bridge, marked as an orange circle. 

 

Figure 5-2.  Discharge estimation in the Ganges River 

AMHG discharge retrieval was successful (RMSE=1568cms, RRMSE=28%) in 

estimating the dry season flows shown here. A scatter diagram is inset (with flow in 

thousands of cms on either axis), and shows the good agreement between gauge 

reported and AMHG estimated flows. Note that including three wet-season images 

drastically increased estimation error (RRMSE of 56%), as expected from previous 

studies of AMHG. While discharge estimation is accurate, the resultant flow values 
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are not a true hydrograph but instead disconnected point estimations of flow. Thus 

AMHG accurately circumvents data restrictions but does not provide a complete 

solution to water resources accounting. 

 

Figure 5-3. Map of the Mekong River 

This map charts the course of Mekong River from Yunnan province in China to the 

sea, with its watershed given as a dashed line. The lower four states of the basin 

(Thailand, Cambodia, Vietnam, and Lao PDR) contribute 80% of the flow to the 
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Mekong. Despite this water balance, Chinese water management practices can 

seriously affect downstream states, and dam building within and outside China is the 

principal source of water resource conflict in this basin. Flow estimations were 

performed using a gauge provided by the GRDC at Mukdahan, Thailand, as shown by 

the orange circle. 

 

Figure 5-4. AMHG estimation for the Mekong River 

 Discharge estimation was less successful in the Mekong (RMSE =1956cms, RRMSE 

=36%) than in the Ganges, but there is still good agreement between gauge 

reported and AMHG estimated flows (see inset scatter diagram with axes in 
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thousands of cms). As with other AMHG retrievals, peak flows on the Mekong were 

greatly underestimated, but this could be remedied if enough images of peak flow 

existed to perform a wet season only estimation. The accuracy of flow estimations on 

the Ganges (Figure 2) and here on the Mekong lends confidence to our conclusions 

that AMHG will play an important, albeit limited, role in these two basins. 

Table 5-1. Landsat images acquired over the Ganges and Mekong Rivers. 

Ganges Mekong 

Image Date Landsat scene ID Image Date Landsat scene ID 

4/11/2011 LE71380432001308SGS00 24/10/1972 LM11360491972298AAA05 

20/11/2001 LE71380432001324SGS00 11/11/1972 LM11360481972316AAA04 

5/10/2004 LE71380432002279SGS00 16/1/1976 LM21360491976016AAA04 

4/5/2004 LE71380432004125ASN02 3/2/1976 LM21360481976034AAA05 

24/8/2004 LE71380432004237PFS03 16/11/1978 LM31360491978320FAK02 

11/10/2004 LE71380432004285PFS01 11/11/1979 LM31360491979315AAA05 

27/10/2004 LE71380432004301ASN00 29/11/1979 LM31360491979333AAA09 

12/11/2004 LE71380432004317PFS00 17/12/1979 LM31360491979351AAA05 

28/11/2004 LE71380432004333ASN00 22/1/1989 LT41270481989022AAA02 

14/12/2004 LE71380432004349ASN00 23/2/1989 LM41270491989054AAA03 

31/1/2005 LE71380432005031PFS00 11/3/1989 LM41270491989070AAA03 

16/2/2005 LE71380432005047PFS00 20/4/1989 LT51270491989110BKT00 

21/4/2005 LE71380432005111PFS00   
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Chapter 6. Semi-automated effective width 

extraction from time-lapse RGB imagery of a remote, 

braided Greenlandic river. 

6.1 ABSTRACT 

  River systems in remote environments are often challenging to monitor and 

understand where traditional gauging apparatus are difficult to install or where 

safety concerns prohibit field measurements. In such cases, remote sensing, 

especially terrestrial time lapse imaging platforms, offer a means to better 

understand these fluvial systems. One such environment is found at the proglacial 

Isortoq River in southwest Greenland, a river with a constantly shifting floodplain and 

remote Arctic location that make gauging and in situ measurements all but 

impossible. In order to derive relevant hydraulic parameters for this river, two RGB 

cameras were installed in July of 2011, and these cameras collected over 10,000 half 

hourly time-lapse images of the river by September of 2012.  Existing approaches for 

extracting hydraulic parameters from RGB imagery require manual or supervised 

classification of images into water and non-water areas, a task that was impractical 

for the volume of data in this study. As such, automated image filters were 

developed that removed images with environmental obstacles (e.g. shadows, sun 

glint, snow) from the processing stream. Further image filtering was accomplished via 

a novel automated histogram similarity filtering process. This similarity filtering 
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allowed successful (mean accuracy 79.6%) supervised classification of filtered images 

from training data collected from just 10% of those images. Effective width, a 

hydraulic parameter highly correlated with discharge in braided rivers, was extracted 

from these classified images, producing a hydrograph proxy for the Isortoq River 

between 2011 and 2012.  This hydrograph proxy shows agreement with historic 

flooding observed in other parts of Greenland in July 2012 and offers promise that 

the imaging platform and processing methodology presented here will be useful for 

future monitoring studies of remote rivers. 

6.2 INTRODUCTION 

 Proglacial streams and rivers along land-terminating edges of the Greenland 

Ice Sheet are among the world’s most difficult fluvial systems to study in the field, 

owing to their remoteness, harsh climate, and braided morphology.  Discharge 

variations in large proglacial rivers are of particular scientific interest, as these 

systems typically derive water from the interior ablations surface Greenland Ice Sheet 

and are thus useful for inferring runoff mass losses from the ice sheet (Rennermalm 

et al., 2013; Smith et al. 2014).  However, their high sediment loads, unstable banks, 

and dynamic braided channels present challenges to traditional in situ river gauging 

techniques, and long term hydrographs for these rivers are rare.  While not unique to 

Greenland, these challenges are particularly evident there, with more than 100 large 

(> 1 km width) large braided rivers exiting the ice sheet with no observations of 

discharge whatsoever.  
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 Where in situ methods are impractical, remotely sensed imagery offers an 

increasingly viable option for obtaining scientifically useful estimates of river 

discharge in remote or otherwise inaccessible areas (Smith et al., 1997, Ashmore and 

Sauks, 2006, Durand et al., 2010, Gleason and Smith, 2014).  Braided rivers in 

particular typically display a power-law relationship between floodplain inundation 

area (which can be remotely sensed) and discharge, which has been exploited using 

satellites, aerial imagery, and terrestrial time-lapse photography (Smith 1995; 1996, 

Chandler et al., 2002; Ashmore and Sauks, 2006; Egozi and Ashmore 2008; Smith and 

Pavelsky, 2008; Bertoldi et al., 2009; Hundey and Ashmore, 2009; Bertoldi et al., 2010; 

Bird et al., 2010; Ashmore et al., 2011; Welber et al., 2012; Williams et al., 2013; Young 

et al., 2015).   

 Regardless of the technology used, each remotely sensed image must first be 

classified into areas of water and non-water, a task for which numerous 

methodologies exist. In satellite remote sensing, NIR wavelength image bands can 

reliably detect open water surfaces. However, satellite imagery often lacks the 

required spatial and temporal resolution to adequately capture hydrologic 

phenomena, especially for smaller rivers. This has led to the use of non-metric, true 

color (RGB) digital camera imagery to capture water surfaces as an inexpensive and 

image-on-demand alternative to satellite and airborne platforms, especially for 

braided rivers. To calculate hydraulic parameters (e.g. effective width, braiding index, 

sinuosity, or bed slope elevation), these studies have commonly classified water 

surfaces within images either manually or by supervised classification (Egozi and 
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Ashmore 2008; Bertoldi et al., 2009; Hundey and Ashmore, 2009; Ashmore et al., 

2011; Welber et al., 2012). Another parameter estimation approach relies on water 

surface delineation from automatically generated DEMs constructed from stereo-

imagery and other data sources (Chandler et al., 2002; Ashmore and Sauks, 2006; 

Bird et al., 2010; Bertoldi et al., 2010).  Additionally, Young et al (2015) recently 

demonstrated the effectiveness of calculating water stage change at a station from 

terrestrial photogrammetry, which they combined with assumptions of channel 

geometry and roughness to calculate river discharge via Manning’s equation. This 

approach is highly effective, but limited to situations where bathymetry is known or 

channel geometry may be simply described. Finally, structure-from-motion, a 

technique that leverages multiple vantage points of the same scene to reconstruct 

topography, has also been successfully leveraged to calculate floodplain geometry 

and water surface elevation, but is again impractical for long term monitoring with 

large data volumes (e.g. Fonstad et al., 2013, Javernick et al., 2014). 

 While each of these studies successfully calculated hydrologic parameters 

from remotely sensed images, their manual or time-intensive approaches are 

impractical for large data volumes. This is especially an issue for long term hydrologic 

monitoring sorely needed in many remote rivers, as using the image platform and 

processing developed by Ashmore and Sauks(2006) and Welber et al. (2012), for 

instance, could easily generate tens of thousands of images per year. Automated 

DEM generation methods would seem a ready alternative, yet these require 

numerous fixed targets of known position to persist from image to image, which are 
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seldom found or are difficult to install on dynamic braided river systems owing to 

their constantly shifting morphology. If such image platforms are to be viable for 

long term monitoring studies, a systematic procedure for automatic image quality 

selection and classification, preferably for RGB image data, is needed.  

 To that end, this paper proposes a semi-automated processing stream 

designed to classify and extract hydraulic parameters of interest from large volumes 

of RGB image data collected from a fixed terrestrial platform, and demonstrates its 

efficacy in a remote Greenlandic river. Automated filters are developed that remove 

obstacles to image classification based on easily calculated environmental variables, 

and an image similarity filter is developed that allows supervised classification of 

many images from minimal training data. Here, these filtering and classification 

techniques are employed to extract effective width (We, inundation area divided by 

reach length), a hydraulic parameter that has been shown to be highly correlated 

with discharge in braided rivers and has been successfully extracted from remotely 

sensed data in proglacial environments (Smith et al.,1996; Smith, 1997; Ashhmore 

and Sauks, 2006;  Smith and Pavelsky, 2008; Ashmore et al., 2011). To evaluate the 

robustness of the extraction, we assess image classification accuracy using manually 

generated ground truth data. 

6.3 DATA  

 This study was conducted on the proglacial Isortoq River in southwestern 

Greenland. The Isortoq, one of the largest braided rivers draining the Greenland ice 
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sheet, issues from the Issunguata Sermia glacier terminus with discharge dominated 

by meltwater outflow from the ablating ice surface (Smith et al., 2014).  In July 2011, 

two Nikon D200 model RGB cameras (focal lengths of 24 and 50mm) were installed 

250m above a reach of the Isortoq braid plain approximately 3.1 km downstream of 

the ice edge.   The camera system was identical to that developed by the Extreme Ice 

Survey project (www.extremeicesurvey.org) for use in severe Arctic conditions.  In 

addition to the cameras, a modified battery pack and electronic controller were 

housed inside a weatherproof case with an abrasion-resistant viewing window.  The 

case was mounted on a survey tripod and powered by a 12V gel battery recharged 

by solar panel. The cameras were oriented so as to image sections of the braid plain 

of approximately 1.5km x 2.0km and 2.0km x 2.3km, respectively (Figure 1), and 

captured one image every 30 minutes when light conditions permitted.  

 Camera data collection commenced July 22nd, 2011, and over 10,000 images 

were retrieved from the cameras by September 10th, 2012, covering most of two melt 

seasons. The camera setup proved robust:  the light sensor operated properly, the 

position of the cameras remained unchanged, and the batteries powering the 

cameras were still functional after the one year collection period for the wide focus 

camera.  However, a presumed Arctic fox chewed through the cables connecting the 

battery to the camera for the more narrowly focused platform and halted data 

collection only two months after installation. Therefore, all analyses presented in this 

paper refer to the wide focus camera, which remained continuously operable 

throughout the study period July 22nd 2011 –September 10th 2012. 
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6.4 METHODS 

 Classifying the RGB image data into water and non-water areas to extract We 

presented several technical challenges for the 10,327 images that were collected by 

the wide focus camera from July 2011 to September 2012.  Existing approaches for 

hydraulic parameter extraction from RGB data require either manual or supervised 

classification of water within each image and are thus inappropriate for the large 

data volumes generated in this study. Unsupervised classification techniques provide 

a straightforward alternative for large time-lapse camera datasets, yet also present 

additional challenges as the images collected here are extremely diverse and 

differing soil moisture in the braid plain gives the appearance of multiple classes of 

output. Environmental factors such as time-varying solar angles, blowing sand, dense 

fog, shadowing, snow and rain on the camera lens, and acute sun-glint from water 

surface are especially prevalent in the Isortoq image data. These factors were all 

addressed, and We accurately extracted, by the processing workflow described below 

and presented in Figure 2.  

6.4.1 Environmental Filtering 

 The first task for extracting We was to filter the large amount of image data 

into those images that were most easily classified into water and non-water areas by 

eliminating images containing the environmental obstacles described above. Once 

images are classified, water area (and therefore We) may be calculated. Several filters 

were developed to remove these poor quality images. First, images acquired during 

periods of non-flow (before and after melt season activity) were culled. Next, images 
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with shadowing were culled by calculating the zenith and azimuth angles of the sun 

relative to the river plain. Through visual inspection of the image time series, zenith 

angles less than 65 degrees and azimuth angles between 245-290 and between 70-

100  degrees were found to produce shadows created by steep valley walls that 

prevented accurate classification (note valley walls, Figures 1 and 2). Next, images 

that exhibited excessive sun glinting were removed. Sun glint was defined as when 

an image exhibited either a ratio of the 95th brightness percentile to the 5th 

brightness percentile greater than 1.8 or contained more than 1% of pixels with 

brightness value greater than 215. This filter was necessary, as sun glint was observed 

both on open water and saturated sand, making distinction between these very 

different fluvial environments difficult (Figure 2). Successful application of these 

winter, shadow, and sun glint filters culled 9,487 images from the image time series, 

leaving 840 images free of environmental obstacles that still captured every day of 

the two melt seasons. 

6.4.2 Similarity Filtering 

 Even with these stringent filters, unsupervised classification was still unable to 

delineate water surfaces with satisfactory accuracy, and the number of images 

remaining was still too large for supervised classification to be feasible. As such, a 

semi-supervised classification approach was developed. To perform this 

classification, another image filtering was needed to find images that were similar 

enough to one another to share training data from a small sample of images in a 

supervised classification. The presence of dense fog, blowing sand, or cloudiness 
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changes the brightness values of the imagery, so even images collected with 

identical solar geometry can be difficult to classify in an unsupervised manner. A 

similarity filter was developed that selected images that not only had similar solar 

geometry, but also had the same brightness and illumination and were all free of 

environmental obstacles not covered by the first filtering. 

  This similarity filtering was accomplished by calculating and comparing the 

histograms of each of the red, green, and blue bands for each image. Histograms of 

brightness values that fell into 100 bins evenly spaced from 0 to 255 (reflectance 

values) were calculated for each band of each image. Using the same bins for each 

image ensured that cross comparison of images would not be affected by stretching 

of the image data. Once these histograms were generated, the root mean square 

error (RMSE) between histogram counts per bin was computed in a band-by-band 

pairwise permutation, giving a per-image and per-band indication of the similarity of 

every image to each other image. The pairwise permutation tests all possible image 

pairs for similarity. That is, for any given image, the histogram bin counts in each of 

its RGB bands is compared against bin counts of every other image and the RMSE 

(across all bins) of each comparison is recorded. Then, the process is repeated for 

every other image in the set, which yields (n2-n)/2 RMSE values per image, where n is 

the number of images.  These band-by-band RMSE values were then averaged to 

arrive at an overall measure of image similarity: here termed an image’s similarity 

index. This metric was used to identify the 20% of the images that were most similar 

to each other, resulting in 168 images that were collected at similar sun angles 
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without any environmental obstacles. Importantly, the similarity filter also produced 

images that contained four basic elements: dark (non-sun lit, turbid) water, bright 

(sun lit or non-turbid) water, dark (wet) sand, and bright (dry) sand (see Fig. 1c), thus 

producing images easily classified from lumped training data- a process described 

next. 

6.4.3 Georectification and classification 

 Once the final filtering of images was complete, images were cropped to 

exclude the wide upstream floodplain and georectified into ground coordinates 

using a 4th degree polynomial transformation implemented in ENVI v4.8 (Figure 2).  

Eighty ground control points were manually extracted from a 2 m panchromatic 

World View 2 image acquired on September 23rd, 2011 (paired with a camera image 

collected 10 minutes later) and used to define the basis for the transformation. This 

warping polynomial was subsequently applied to all filtered images. After 

georectification, each image pixel had dimensions of 1m by 1m, an appropriate 

resolution for camera data collected at this scale. These georectified pixels allowed 

calculation of water surface area, and thus We, from the classified images. 

 To classify images into water and non-water areas for We extraction, training 

data representing four classes (dark water, bright water, dark sand, and bright sand) 

were manually collected from a random 10% sample (16 images) of the similarity 

filtered images. The RGB statistics generated from these training polygons were 

applied to all images passing the similarity filtering and used to train a maximum 
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likelihood supervised classification method performed in ENVI v4.8 for each image. 

This process requires that each image has nearly identical RGB composition in order 

to be successful, which was guaranteed by the similarity filtering. 

6.5 RESULTS AND DISCUSSION 

6.5.1 Image Filtering 

 The environmental and similarity filters developed in this study substantially 

reduced the number of images available for We extraction from image collection to 

classification. The automated environmental filtering removed 9,487 images with sun 

glint, shadowing, or winter conditions, leaving 840 images for further operations. The 

similarity filtering further reduced the image pool to 168 images that were ultimately 

passed to classification and We extraction. This is obviously a large percentage of 

images removed, but this stringent filtering left only very high quality images that 

were easily classified using the semi-supervised approach. However, this high degree 

of culling still left images with daily (or better) temporal resolution available for We 

extraction. If hourly or better resolution images are needed, then the similarity 

filtering would need to be performed on iterative batches of images, as there are 

other groups of images similar to one another that are not similar to all images as a 

whole that are removed by the similarity filter. Each of these groups could also be 

classified using their own lumped training data and output classes determined by 

their composition. This would extend the temporal coverage of the record, but since 

the similarity filter we propose yielded near daily coverage of the river we felt this 
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simplest case to be sufficient for the river in this study and did not identify further 

groups of similar images.  

 Water turbidity could have effected this successful filtering. As sediment load 

and river velocities change, water can appear darker or brighter depending on river 

turbidity, thus affecting our choice of two water classes (‘dark’ and ‘bright’). In the 

Isortoq, the monitoring section is very close to the glacial terminus (~3.1km), and as 

such the sediment load is fairly constant, the river well mixed, and sediment relatively 

unsorted, so ‘bright’ water corresponds to sunlight water, rather than less turbid water.  

Given these conditions, the two classes do cover nearly all the turbidity values observed 

in the Isortoq River after image similarity filtering.  In rivers with more variable turbidity 

or places where the bed is visible at low flows, more water/non-water classes and 

different filters might be needed to adequately cover the range of observed sediment 

loads.  

6.5.2 Accuracy assessment 

 The semi-supervised classification described here proved an effective and 

unbiased classification method. Figure 3 shows the overall accuracy, user’s accuracy 

for water, and user’s accuracy for non-water as a function of We from a random 

sample of 56 images (33% of filtered images). Accuracy was assessed using 

approximately 500 semi-random, manually derived assessment points for each class 

(water and non-water) per image. Of particular interest were both the overall 

accuracy (total number of correctly classified assessment points divided by total 
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number of assessment points, ~500), and the user’s accuracy for water and non-

water (percentage of image pixels classified correctly as assessed by the training 

data). These metrics provide an assessment of classification performance from the 

standpoint of each classified image: the paradigm that speaks directly to the fidelity 

of extracted We. Accuracy assessment indicates that overall accuracy is acceptable 

(mean accuracy for the assessment sample is 79.6%), and neither overall accuracy (r= 

-0.11) nor water user’s accuracy (r= 0.35) show strong correlation with We. This lack 

of correlation indicates that the classification of water is not affected by the extent of 

water inundation in the scene. There is a strong correlation (r=-0.79) between the 

user’s accuracy of non-water pixels and We, but this negative correlation is a 

reflection of the difficulty of classifying the small number of non-water pixels 

remaining in scenes where the braid plain was nearly completely flooded. The reason 

for this successful classification was the similarity of filtered images, which was 

guaranteed by the similarity index procedure described above. After classification, We 

was calculated as the area of classified water within a 1,000m reach located where 

the image data provided complete bank to bank coverage, indicated by the magenta 

polygons (dashed) in Figure 2.  

6.5.3 Extracted We hydrograph 

 The We hydrograph shown in Figure 4 is a proxy for discharge variations in the 

Isortoq River from 2011-2012.  Gaps in the date record indicate that there were no 

images that passed filtering on those dates, even though images were acquired half 

hourly. In the first melt season, there were 30 days with missing data over a total 
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melt season length of 49 days, but this includes a 15 day gap in late August where 

there is no data due to inclement weather. The second melt season has better 

temporal coverage, with only 31 of 104 days missing. This miss rate of about one-

third would occur with or without similarity filtering, as the majority of these data 

gaps are due to rain, fog, and snow events that preclude classification by any means: 

this is an issue for any high latitude camera-based study. Despite these gaps, the 

data record still provides good temporal coverage and allows analysis of the We 

hydrograph.  

 Historic melting of the Greenland ice sheet occurred in July of 2012 (Hall et al., 

2013; Tedesco et al., 2013), coinciding with destruction of the Watson River bridge in 

the town of Kangerlussuaq (Smith et al., 2014), located approximately 15km south of 

the Isortoq River. This flood event is clearly evident in Figure 4, as are the rising and 

falling limbs of the hydrograph leading up to this event. Figure 4 also reveals that the 

relative magnitude of We during this melt event was an order of magnitude greater 

than We in low flow stages. This shows that the Isortoq River behaves like other 

braided rivers with non-cohesive bed material, as its width adjusts rapidly to 

changing discharge. In addition, the peak We observed here corresponds to almost 

complete floodplain occupation by the river, highlighting the difficulty of installing 

traditional gauging equipment at this site. These variations in We as the melt season 

progresses are detected even though diurnal variations in We can be quite large: 

melting of the Greenland ice sheet has a strong diurnal forcing reflected in Figure 4. 

Time of day effects are minimized via the similarity filtering (which leaves images 
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with similar solar geometry), but measurable changes in We are evident despite this 

insolation matching and are compounded by classification errors. However, the 

filtering and classification procedures here ultimately yield We values that effectively 

capture both diurnal and day-to-day variation in the Isortoq River. For the full melt 

season captured in 2012, the We hydrograph has good temporal coverage and 

diurnal variations are small enough so that the larger trends in melting are clearly 

evident and align with expected melt activity in that year. 

6.6 CONCLUSIONS 

 This paper has demonstrated the efficacy of a fixed position RGB time-lapse 

camera platform for hydraulic parameter extraction for a large proglacial braided 

river in a remote area of Greenland. The operational camera delivered over 10,000 

half hourly images in just over one year of collection, and demonstrated remarkable 

climactic resilience in the Greenlandic winter. The other camera, however, was lost to 

a wildlife attack, pointing to the need for stronger housing for all camera 

components. Such a platform is useful for extraction of multiple hydraulic 

parameters, including effective width (We), a proxy for discharge variations. To fully 

realize this monitoring potential, the We variations extracted for each image could be 

calibrated with a rating curve built from intermittent field data. 

 The above accuracy assessments indicate that the semi-supervised 

classification method produced accurate and unbiased results. An accurately 

delineated water surface is necessary to preserve the fidelity of extracted hydraulic 
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parameters. The processing techniques described in this paper fall short of 

completely automated processing, yet this paper does present an analysis protocol 

that achieves a consistent standard of classification from images that are 

automatically selected for ease of classification. Furthermore, the similarity filtering 

presented herein allows for supervised classification of numerous images from 

minimal training data, enabling long term hydrologic records to be maintained 

without onerous manual classification of imagery or photogrammetrically 

challenging DEM extraction. 
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Figure 6-1. Study area and camera setup 

Figure 1 shows example images taken on July 17, 2012 of the Isortoq River by the 

two camera systems as well as the cameras themselves (foreground and background, 

panel a). The Issunguata Sermia Glacier is seen in the background, and nearly all 

water in this river is derived from its melting terminus. Only the wide focus camera (c) 

has a continuous data record from 2011-2012, as a presumed Arctic fox severed the 

wiring on the narrow focus camera (b). The yellow polygon in the wide focus image 

shows the target reach for We extraction, covering an area of approximately 1,000 by 

2,000m. 
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Figure 6-2. Image processing overview   
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The processing steps required to extract We from raw images are shown here. Every 

step until the final classification is completely automated, allowing for a vast 

reduction in processing time. Winter images were selected by a manual inspection of 

first and last observed open water flow. Shadowing was defined as when solar zenith 

angles were less than 65 degrees or solar azimuth between 245-290 or70-100 

degrees, and sun glint was defined as a ratio of pixel brightness and as a total pixel 

value threshold.  The final classification as shown the bottom panel has some 

obvious errors, including speckling and some misclassifications of both water and 

non-water. As Figure 4 shows, these filters did not significantly affect the temporality 

of the data and about two-thirds of all days during the two melt season study 

duration are represented. 
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Figure 6-3. Image classification accuracy assessment  

Accuracy assessment as a function of We from a 33% sample of post filtered images 

is presented here, with overall accuracy (a), water user’s accuracy (b), and non-water 

user’s accuracy (c) all showing acceptable performance. Overall accuracy and water 

user’s accuracy are not strongly correlated with We, suggesting that the amount of 

water in the scene does not strongly influence the calculation of water area. Non-

water accuracy, however, is strongly affected by the amount of water in the scene as 

the Isortoq River occupies nearly the entire valley at high flow, making classification 

of a few scattered non-water pixels challenging. 
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Figure 6-4. We hydrograph for the Isortoq River  

Successful image classification allowed for extraction of We across two melt seasons 

from the wide angle camera and gives a proxy for discharge in the braided Isortoq 

River. 22 statistical outliers, representing poorly classified images, were removed 

before generating this figure. These We time series clearly show historic flooding in 

Greenland in July of 2012, as well as the abrupt start of the 2012 melt season, and 

suggest that the camera platform and semi-automated classification techniques 

advanced here are sufficient for monitoring of this remote river. 
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Chapter 7. Characterizing supraglacial meltwater 

channel hydraulics on the Greenland Ice Sheet from 

in situ observations 

7.1 ABSTRACT 

 Supraglacial rivers on the Greenland ice sheet (GrIS) transport large volumes 

of surface meltwater toward the ocean, yet have received relatively little direct 

research. This study presents field observations of channel width, depth, velocity, and 

water surface slope for nine supraglacial channels on the southwestern GrIS collected 

between 23 July and 20 August, 2012. Field sites are located from the ice edge to 74 

km inland and span 494-1485 m elevation. We measured discharges larger than any 

previous in situ study, ranging from 0.006 to 23.12 m3/s in channels 0.20 m to 20.62 

m wide. All channels were deeply incised with near vertical banks, and hydraulic 

geometry results indicate that supraglacial channels primarily accommodate greater 

discharges by increasing velocity. Smaller streams had steeper water surface slopes 

(0.74-8.83%) than typical in terrestrial settings, yielding correspondingly high 

velocities (0.40-2.60 m/s) and Froude numbers (0.45-3.11) with supercritical flow 

observed in 54% of measurements.  Manning’s n values were larger and more 

variable than anticipated from channels of uniform substrate, ranging from 0.008 to 

0.154 with a mean value of 0.035 +/- 0.027 despite the absence of sediment, debris, 

or other roughness elements. Micro depressions and fractures in the channel bed 
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may help explain some of these roughness values, as these features were ubiquitous 

on channel beds in slower and shallower sections. However, other, unobserved 

sources of flow resistance likely contributed to these elevated n values and might 

include greater fluid viscosity due to low water temperatures and floating slush: 

future work should explicitly consider additional sources of flow resistance beyond 

bed roughness in supraglacial channels. We conclude that hydraulic modelling 

efforts for Greenland must allow for both sub- and supercritical flow, and most 

importantly refrain from assuming that uniform ice substrate leads to uniform 

hydraulic behavior, especially for Froude numbers and Manning’s n. 

7.2 INTRODUCTION 

 Recent decades have seen a surge in scientific interest in glaciers and ice 

sheets as climate change dramatically alters their role in the global climate system. In 

particular, the Greenland Ice Sheet (GrIS) has attracted widespread study as a vast 

store of freshwater that could be released into the ocean, leading to increasing rates 

of global sea level rise and changes in ocean circulation patterns. Numerous studies 

have estimated the freshwater runoff from the GrIS using a combination of 

gravimetry and/or climatological and glaciological modelling (e.g. Zwally et al., 2005; 

Rignot et al., 2008; van den Broeke et al, 2009; Schrama et al.,  2011; Zwally et al 

2011; Sasgen et al 2012; Barletta et al 2013; Andersen et al 2015), while fewer studies 

have attempted to use proglacial river discharge to directly estimate runoff to the 

ocean (Mernild and Hasholt, 2009; Mikkelsen et al., 2013; Hasholt et al., 2013; 

Rennermalm et al., 2013a; Fitzpatrick et al., 2014, Lindback et al., 2015; Overeem et 
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al., 2015; Smith et al., 2015).  This body of work has revealed that outflow of liquid 

water accounts for at least half of the mass loss from the GrIS (van den Broeke et al., 

2009; Enderlin, 2014), and this meltwater is generated on the surface of the ice sheet 

and creates a complex and perennial network of supraglacial streams, rivers, and 

lakes (Nobles, 1960; Ferguson, 1973; Rennermalm et al., 2013b; Chu, 2014). 

Supraglacial rivers in particular play an important role in transporting large volumes 

of meltwater across the ice surface and into moulins, vertical conduits that transport 

surface water to the subglacial system and out to the ocean (Smith et al., 2015). 

Despite emerging understanding of the importance of these channels, supraglacial 

rivers are understudied and basic supraglacial fluvial science remains in an early 

stage of development. 

 Supraglacial rivers and streams received relatively little scientific attention 

between the 1980s and quite recently, and the current surge in interest is attributed 

mostly to increased use of remotely sensed data. For instance, Joughin et al. (2013) 

used high-resolution imagery (2 m) to manually delineate streams in a small area in 

Western Greenland, showing a trellis drainage pattern where streams flow transverse 

to the direction of ice flow. Manually delineated rivers from coarser Landsat imagery 

(30 m) on larger study areas have provided insights on broad-scale hydrologic 

regimes. Lampkin and Vanderberg (2013) tracked large channels throughout a melt 

season and found that the total number of channels and the mean length of active 

channels increases during the melt season, with higher-order networks only 

developing above 800 m elevation. Poinar et al. (2015) similarly found that rivers 
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tend to lengthen at higher elevations (finding ~6 km streams at 1200 m elevation 

compared to ~40 km streams at 1700 m elevation).  To move away from time-

consuming manual delineation, Yang and Smith (2012) automated the extraction of 

supraglacial stream networks in high-resolution (2 m) WorldView-2 imagery, and 

Smith et al. (2015) used that method to characterize the supraglacial hydrology for a 

region of southwestern Greenland. Similarly to Lampkin and Vanderberg (2013), they 

found well-developed river networks dominated by the presence of moulins at 

elevations up to ~1600 m. Finally, Yang et al. (2015) showed that GrIS supraglacial 

river networks do not conform to expectations based on GrIS surface DEMs and 

traditional terrestrial watershed delineation techniques.  

 These more recent remote sensing studies have mapped hundreds of larger 

channels at a broad spatial scale, but revealed little about their local hydraulics. This 

knowledge gap in turn limits current understanding of supraglacial channels in the 

context of terrestrial fluvial hydrology and hydraulic theory, and highlights the need 

for field work to inform remote sensing studies. A small field-based scientific 

literature that considers the hydraulics of supraglacial channels does exist, with most 

studies conducted before the late 1980s. Early research focused on small (discharge 

less than 1 m3/s) streams near the margins of temperate alpine glaciers. Following 

Ferguson’s (1973) discovery of the perennial nature of these marginal streams, other 

researchers were interested in their hydraulic geometry, meandering behavior, and 

longitudinal profile (Parker, 1975; Knighton, 1981; Marston, 1983; Knighton 1985). 

More recently, McGrath et al. (2011) published a detailed field study of one 
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supraglacial stream catchment in Western Greenland, recording a stream incision 

rate of 3.3 ± 0.47 cm/day and a discharge of 0.17 ± 0.04 m3/s at the outlet of the 

catchment ~6 km from the ice edge. They noted that stream discharge only 

accounted for 52% of catchment meltwater production, with crevasses capturing the 

remaining runoff. None of these previous field studies occurred on the interior of ice 

sheets or glaciers, where crevassing is rare. In addition, most of the streams 

examined were on a scale too small to be observed in even high resolution satellite 

imagery, with channels often less than 40 cm wide. 

  More recently, researchers have sought deeper understanding of supraglacial 

hydraulics through creation of theoretical models of channel evolution (e.g. Jarosch 

and Gudmundsson, 2012; Karlstrom et al 2013; Kingslake and Sole, 2015). Using 

these models, both Jarosch and Gudmundsson (2012) and Karlstrom et al. (2013) 

found that the relationship between channel incision rate and overall ice sheet 

ablation rate exerts strong controls on the resulting planform morphology of 

supraglacial streams. These recent studies also highlight the marked differences 

between supraglacial and terrestrial streams: little to no sediment transport and 

strong thermal control renders many theories of terrestrial channel evolution and 

morphological change irrelevant. To date, no detailed field study has been made for 

large supraglacial rivers on a scale observable in remotely sensed imagery as 

described by Lampkin and VanDerBerg (2013) and Smith et al. (2015), nor have any 

in situ hydraulic studies been made for streams/rivers of the interior GrIS. A 
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compelling need therefore exists for basic, field-based studies of supraglacial 

channels to develop fluvial science on the GrIS. 

 In this paper, we characterize the hydraulics of nine different supraglacial 

channel reaches atop the GrIS, ranging from the ice edge to 74 km inland (1485 m 

elevation). These sites include rivers two orders of magnitude larger than any 

previously studied in situ, allowing for comparison with larger terrestrial streams and 

more directly informing remote sensing studies of the ice sheet surface. We analyze 

the basic hydraulics of these channels, both at-a-station and in a downstream 

direction, and compare our findings with those previously made for smaller scale 

alpine supraglacial environments and with terrestrial systems found on similar scales. 

We conclude with a synthesis of our findings and previous literature in an effort to 

guide future modeling and remote sensing studies of supraglacial channels. 

7.3 DATA AND METHODS 

 All data used in this study were collected in July and August of 2012, shortly 

after one of the most extreme surface melt events in the modern history of the GrIS 

(Hall et al., 2013; Tedesco et al., 2013). Data were collected in a transect from 494 to 

1485 m elevation, yielding nine separate datasets used to assess supraglacial 

hydraulics (Figure 1). These locations are all contained within the hydrologic potential 

basin of the Isortoq River and Issunguata Sermia glacier (as delineated by both 

Pitcher et al., (2015) and Lindback et al., (2015)).  Five of these datasets were 

collected in a downstream direction over reach lengths of 55-1093 m, while four 
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datasets were collected at-a-station over a period of less than two hours. Taken 

collectively, these nine datasets span a wide range of stream and river scales (0.20- 

20.62 m width) and an elevational transect across much of the ablation zone.  

 We adopted a channel naming convention after a combination of data 

collection type (at-a-station or downstream) and elevation; for example, AAS1328 is 

at-a-station data with elevation of 1328 m, and DS904 is downstream data with a 

highest reach elevation of 904 m. In addition to this convention, there are three 

channels with extra nomenclature. One reach has data of both types (AAS1485 and 

DS1485), one channel has downstream data collected on two separate days at 

adjacent reaches (DS534 upper and DS534 lower), and one channel has at-a-station 

data at two different cross sections (AAS1196 upper and AAS1196 lower). 

 Field measurements of channel elevation, width, cross-sectional depth, 

velocity, and water surface slope were collected in one of two ways: using traditional 

channel-survey techniques in small streams, or using a Sontek RiverSurveyor S5 

Acoustic Doppler Current Profiler (ADCP) in larger channels. Traditional channel-

survey techniques were applied for four reaches: DS904, DS534 upper, DS534 lower, 

and DS502, and their elevations were recorded with a Garmin eTrex handheld GPS 

unit. For these channels, measurements were taken at cross sections orthogonal to 

thalweg flow direction. Width was measured by laying a stadia rod across the stream. 

Depth was measured in equally spaced intervals by inserting a metric rod orthogonal 

to the stadia rod extending to the channel bed, and then averaged to yield an 
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average depth (d). Surveying the channels in this manner also allowed for calculation 

of hydraulic radius (R), and in cases where the stream was too deep to enter safely, a 

ladder was used as a span from which to collect measurements (Figure 2c-d). Stream 

surface velocity was measured by using a FloWav Phaser portable Doppler radar 

velocity meter to measure surface velocity, collected over a 1-minute interval. We 

were not able to measure velocity within the water column at most sites due to both 

safety considerations and the fact some streams were too shallow to insert 

instruments available to us at depth. Finally, water surface slope was measured via 

optical survey using a CST/ Berger 32X autolevel and stadia rod, and upstream and 

downstream points for calculating slope were located approximately 20 channel 

widths apart. All traditional field measurements were made by walking upstream, and 

cover reaches ranging from 55 to 1093 m. Upstream measurements were all 

collected within three hours of the first measurement in each dataset. 

 For the other five study reaches (AAS1196 upper,  AAS1196 lower, AAS1485, 

AAS1328, and DS1485), the ADCP was used to collect depth and velocity data along 

cross-sections The ADCP was deployed from a specially designed riverboard secured 

to a portable cableway extended across the channel with helicopter support (Figure 

2a-b). The ADCP collected cross-stream and streamwise vertical velocity for a 

number of discrete cells distributed vertically throughout the water column; an 

integrated RTK GPS recorded ADCP positions with a precision of +/- 0.03 m. Despite 

the exceptional water clarity of these supraglacial rivers (and thus low number of 

acoustic reflectors), the ADCP maintained acceptable signal-noise ratios within the 
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range specified by the manufacturer. A cross-sectional mean velocity was calculated 

by taking the average of all of the vertical cells for a given location in the channel 

and then calculating the mean of these depth-averaged velocities across the channel. 

The onboard RTK GPS was also used to determine river width and water surface 

slope. Width was calculated directly from the GPS position measurements, and slope 

was obtained by establishing two ADCP transects in close proximity to one another 

and using the difference in elevation between the two sites to calculate slope (Figure 

1). River depth measurements were taken continuously by the ADCP while traversing 

the channel, and a cross-sectional mean depth was calculated by averaging all 

depths across the transect. For each measurement, the ADCP made two consecutive 

passes (e.g. first starting stream left and then starting stream right), and an in-the-

field quality check was made to ensure that the discharges recorded on each pass 

matched one another to within 5%. Finally, the ADCP was floated downstream for 

159 m at site AAS1485 to establish a longitudinal water surface profile. 

 Measurements of width, depth, velocity, and slope were used to calculate river 

discharge (Q) as the product of cross-sectional area and mean velocity, Froude 

number (Fr, Eq. 1), Manning’s n (Eq. 2), stream power (Ω, Eq. 3), and both at-a-station 

(AHG) and downstream (DHG) hydraulic geometry (Leopold and Maddock, 1953, Eq. 

4-6) for each study reach. Average velocity was used to calculate these quantities for 

the larger ADCP-measured rivers, while the measured surface velocity was used in 

the case of the smaller streams. These differing velocities were used to ensure the 
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fidelity of derived quantities to in situ measurements, and section 2.1 shows the 

impact of this decision on the quantities derived from Equations 1-6. 

𝐹𝑟 =
𝑣

√𝑔𝑑
            (1) 

𝑛 =
1

𝑣𝑅
2
3⁄ 𝑆
1
2⁄
           (2) 

𝛺 = 𝑝𝑔𝑄𝑆            (3) 

𝑤 = 𝑎𝑄𝑏           (4) 

𝑑 = 𝑐𝑄𝑓           (5) 

𝑣 = 𝑘𝑄𝑚           (6) 

These derived hydraulic variables allow for comparison of our field data with data 

published for both smaller supraglacial streams and for terrestrial rivers. DHG is 

traditionally calculated by using a Q of fixed frequency (e.g. mean annual flow in the 

original work by Leopold and Maddock; bankfull flow more recently). Here, we 

assume that our downstream field measurements were made at a constant forcing 

discharge that constitutes such a fixed frequency for the day and time period over 

which they were collected.  

7.3.1 Sensitivity of derived hydraulics to velocity 

 The velocity-dependent derived hydraulic quantities discussed above (Q, Fr, n) 

were calculated from two different measures of velocity: average velocity in the case 

of ADCP measurements and surface velocity in the case of traditional field 
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techniques. Thus, n and Fr are not directly comparable across our two measurement 

scales, and we here calculate surface velocity from average velocity (and vice-versa) 

in a sensitivity analysis to determine the effect of using different measured velocities 

on our results.  

 In terrestrial open-water channels, velocity increases as a function of distance 

from the bed as the effect of frictional resistance of bed material lessens toward the 

free surface. While this vertical velocity profile is the subject of much research, it is 

commonly approximated by a power law, e.g. Equation 7. 

𝑣 = 𝑝𝑑𝑥            (7) 

Furthermore, if Manning’s equation is assumed to hold, then x = 0.1667 (Mueller, 

2013). The surface velocity is equal to the value of Equation 7 when d=dmax, and thus 

the coefficient p is given as Equation 8. 

𝑝 =
𝑣𝑠𝑢𝑟𝑓

𝑑𝑚𝑎𝑥
0.1667            (8) 

 The average velocity of such a profile is then equivalent to Equation 9,  

�̅� =
∫ 𝑝𝑑0.1667𝑑𝑑
𝑑𝑚𝑎𝑥

0
𝑑𝑚𝑎𝑥
⁄          (9) 

which may be solved to yield Equation 10.      

�̅� =
𝑣𝑠𝑢𝑟𝑓

0.1667+1
                                   (10) 
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Thus, given x=0.1667, the average velocity is always equal to ~85% of the surface 

velocity. Alternatively, standard USGS practice indicates that the average velocity is 

found at 0.6*d below the water surface, and solving Equation 7 given this depth-

velocity pair yields equation 11, where average velocity is always equal to ~92% of 

the surface velocity. 

�̅� = 𝑣𝑠𝑢𝑟𝑓0.6
0.1667         (11) 

While both of the above cases make strict assumptions of a power law velocity 

profile with an exponent of 0.1667, they agree with Rantz’s (1982) observation-

derived empirical conclusions that average velocity is smaller than surface velocity by 

a factor 0.85 or 0.86 for a natural channel and by a factor of 0.90 for a smooth 

artificial channel. Therefore, we assess the sensitivity of our derived hydraulic 

variables using Equation 10, which agrees with Rantz (1982) and represents the 

maximum expected difference between surface and depth-averaged velocities.  

Section 3.1 details how our derived hydraulics are affected by this sensitivity analysis. 

7.4 RESULTS 

 Our field efforts  provided data from supraglacial melt channels of two distinct 

scales: smaller streams with discharges between 0.006 - 0.402 m3/s collected on foot 

using traditional field methods, and larger rivers with discharges between 4.58 - 

23.12 m3/s collected via ADCP (Figures 3 and 4). These latter data in particular 

represent larger streams than included in any previously published supraglacial in 

situ study. The observed velocities at both scales were similar, ranging from 0.40 to 
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2.60 m/s. The larger, ADCP measured rivers were wider and deeper, with a width 

range of 7.19 to 20.62 m compared to 0.20 to 3.84 m and a depth range of 0.47 to 

2.21 m compared to 0.03 to 0.40 m (Figures 3-4, Table 1). Width/depth ratios were 

generally higher and more variable in the smaller streams (ranging from 1.2 to 42.2) 

than in the larger rivers (ranging from 6.8 to 17.3). Width/depth ratios for the larger 

channels are similar to those found by Knighton (1983) in streams with discharge less 

than 0.052 m3/s, where Knighton’s width/depth ratios ranged from 3.4 to 12.   

 All channels were free of debris and visually observed to be almost entirely 

devoid of suspended sediment.  Channels at both scales exhibited cryoconite pitting 

on the channel bed (see Figure 2c and cryoconite holes in Figure 2d). Cryoconite 

forms when airborne sediment settles in micro depressions in the ice sheet surface, 

thus raising local albedo and leading to faster melting than the surrounding ice to 

create ‘cryoconite holes’ on the surface (MacDonell and Fitzsimmons, 2008; Boggild 

et al., 2010; Wienties et al., 2011;Tedesco, 2013). Cryoconite was present in 

depressions on the channel bed at nearly every measurement site for the smaller 

scale streams in our study, but was not present in any of the larger rivers, despite 

widespread cryoconite deposits adjacent to the channel in the latter sites.  

 Our field investigation documented a wide range and large maximum values 

of slope across streams of both scales, and thus highly variable velocity and Fr. The 

larger rivers in this study had low slopes ranging from 0.01-0.36%, which in turn led 

to Fr ranging between 0.07 and 0.80 (Figure 3). These low slopes were a product of 
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site selection, as safety concerns limited our cableway setup to these gentler 

sections. Both slope and Fr  lacked central tendency, with coefficients of variation of 

0.76 and 0.92, respectively. The maximum Fr of 0.80 indicates that these low slope 

rivers were always measured under subcritical flow conditions. In contrast, Figure 4 

shows that slopes were steeper and more variable in smaller streams, ranging from 

0.75 to 8.83%: the upper end of this range would only be observed in the steepest 

mountain streams in terrestrial systems, and borders on the slope of debris flows. 

These very high slopes are found near the edge of the ice sheet near the glacial 

terminus (the final point of DS534 lower was only 33 m from a terminal moraine), in a 

similar terminal environment to where Knighton (1981) observed slopes of up to 25% 

in a temperate Norwegian Glacier. These steep slopes led to supercritical flow 

regimes in 22 of 41 observation sites where slope was measured, with Fr ranging 

from 0.45 to 3.11. These observations of supercritical flows are consistent with 

previous studies (Ferguson, 1973; Parker, 1975; Knighton, 1981; Marston, 1983; 

Knighton 1985), with Fr sometimes exceeding those found in terrestrial rivers (Fr 

ranges from 0.07 to 2.5 as summarized by Wu and Wang, 1999). However, these Fr 

are largely consistent with those previously reported for supraglacial streams, as 

Marston (1983) found Fr to range from 0.57 to 2.14.  

  Our calculations for Manning’s n are surprising, as they are higher and more 

variable than might be expected for channels with no sediment or bedforms and 

simple rectangular cross section: n ranged from 0.013 to 0.154 with a coefficient of 

variation of 0.92 for the larger rivers in this study (Table 1). This maximum value is 
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very rough, akin to floodplain flow in medium to dense brush or very weedy channel 

flow (Chow, 1959). However, only one dataset (DS1485) had n values this high: a 

maximum n of 0.047 was observed across all other large river reaches. For the smaller 

scale streams in our study, n ranged from 0.008 to 0.059 with a coefficient of 

variation of 0.40, which is similar to four out of five of our larger scale rivers and 

Marston’s (1983) reported n range of 0.013 to 0.039 in supraglacial channels. 

Manning’s n values at the lower end of this range indicate very smooth channels and 

are akin to straight terrestrial channels with few obstructions, but an n of 0.059 is still 

quite rough and would indicate winding channels with stones, weeds, and pools in 

terrestrial systems (Chow, 1959).  This result also mirrors Marston’s findings and his 

conclusion that n varies more widely than might be expected. Table 1 summarizes 

the ranges and central tendency for each of our derived variables at each scale. 

 Channels were deeply incised at both scales, so, AHG b was correspondingly 

low (max of 0.05) for our at-a-station data (all of which was collected at the larger 

scale via ADCP, Table 2). This agrees with Marston’s (1983) AHG results for three 

streams on a temperate Alaskan glacier with discharges ranging from 0.04 to 0.20 

m3/s, two orders of magnitude less than our at-a-station data. It is important to note 

that our at-a-station data contains at most six observations taken within a two hour 

time span, and while there were noticeable changes in discharge during the 

observational period (Figure 3), our AHG data is far less complete than Marston’s, 

who collected hourly measurements for six days. Thus, our AHG regressions are 

statistically weak, yet AHG b exponents do conform to our expectations given the 
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rectangular cross sectional geometry of the channels. AHG f and m values are 

unusual and range from -0.08 to 0.30 and 0.63 to 0.95, respectively.  

 The DHG of streams in our study is similar to DHG in terrestrial streams and to 

DHG previously reported for supraglacial streams (Table 2). In terrestrial systems, 

review of numerous studies indicates DHG predictably tends toward b ≈0.5, and f ≈m 

≈0.2-0.3 (Gleason, 2015). Our results agree with these previously published values, 

with b ranging from 0.35 to 0.60 and f and m ranging from 0.17 to 0.40 (excluding 

DS534 lower). This is in contrast to Knighton (1981), who found DHG m values higher 

than expected at the expense of b in two small supraglacial streams with discharge 

an order of magnitude less than our smaller scale rivers. 

7.4.1 Results of sensitivity analysis on velocity dependent hydraulics 

 Our two scales of observation yielded different measurements of velocity: 

surface velocity in the case of streams and depth averaged velocity in the case of 

rivers. We evaluated the potential bias introduced by velocity measurement 

technique to velocity dependent hydraulics in Equations 1-6 according to Equation 

10, as developed in section 2.1. In the cases of Q and Fr, this bias propagates linearly, 

such that a 15% change in v (from Equation 10) produces a 15% change in Q and Fr. 

Assuming such a bias for the smaller streams would reduce our exceptionally high 

maximum Fr of 3.11 to 2.64, closer to Wu and Wang’s (1999) maximum of 2.5 and 

Marston’s (1983) maximum of 2.14.  For larger rivers, all Fr would remain below 1 

even with a 15% increase from average to surface velocity, consistent with the low 
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slopes of these streams. The resultant changes in Q would affect DHG coefficients, 

but not DHG exponents (the latter are generally considered of greater fluvial interest 

and are scale independent), and likewise AHG coefficients are a function of channel 

geometry and remain unchanged (Gleason, 2015).   

 Manning’s n changes inversely with a change in velocity (Equation 2), and thus 

changing v  via Equation 10 increases roughness in larger rivers (by a factor of 1.17)  

and decreases roughness in smaller rivers (by a factor of 0.86). Computing average 

velocity in smaller streams allows direct comparison between Manning’s n across 

scales, as the ADCP was able to directly measure average velocity for the larger 

rivers. The updated small-stream n range becomes 0.007-0.051, consistent with the 

range of 0.014-0.047 found in larger rivers (excluding DS1485).  Conversely, if we use 

surface velocity to calculate n at both scales, n ranges from 0.008-0.059 and 0.016-

0.055 in smaller and larger channels, respectively, yielding n values that are 

consistent across scales but also highly variable. In sum, while we would have ideally 

been able to measure vertical velocity profiles in all channels, our smaller streams 

were simply too shallow for our equipment to do so. However, using measured 

surface velocity did not substantially impact the interpretation and main implications 

of our results, despite having a non-trivial influence on the actual values of the 

hydraulic quantities we calculated. Thus, the following discussion and interpretation 

of our results refers to hydraulic quantities derived from the original in situ velocity 

measurements (surface in small streams, depth-averaged in larger channels) in each 

case. 
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7.5 DISCUSSION 

 Our results indicate that Greenland’s supraglacial streams and rivers are 

heterogeneous, and this heterogeneity is observed both within and across channel 

sizes and ranges of discharge. Channels of both scales had similar ranges for n, but 

these ranges are quite large and do not exhibit strong central tendency at either 

scale. Slope and Fr were similarly variable across scales (Table 1).  Reaches at both 

scales had similar deeply incised channel geometry and uniform ice substrate.  

Despite having broadly similar hydraulic ranges, there were some distinctions 

between rivers of differing scales: larger rivers in this study were smoother, deeper, 

and had lower width/depth ratios than smaller scale streams. These results highlight 

the large hydraulic variability in our channels, and suggest that assuming constant 

values for hydraulic parameters (particularly n and Fr) is inappropriate.  

7.5.1 Manning’s n and flow resistance in supraglacial channels 

 Our largest n values, found at both scales, are akin to those found in 

vegetated channels with irregular sides (Chow, 1959). These high n were observed 

despite no flow impediments in the channels and little to no suspended sediment. In 

terrestrial systems, n is primarily a function of bed roughness elements and channel 

form, and following this paradigm in our channels leads to several hypotheses as to 

why these uniform substrate channels exhibited such high n values. First, ice stresses 

produce longitudinal cracks that intersect channels and persist in the bed, creating 

channel irregularites.  These cracks, along with the scalloping effect described by 

Marston (1983), likely contributed to the increased roughness observed across scales 



293 

 

(see the channel wall, lower left, and transverse channel cracks in Figure 5). Our 

observations also indicate that cryoconite pitting may be an additional and 

overlooked contributor to bed roughness in certain sections of streams where 

cryoconite is prevalent (Figure 5). Cryoconite was absent in the thalweg of smaller 

streams, and completely absent in the large rivers at high elevations, despite the 

widespread distribution of cryoconite holes adjacent to the channels in each case. 

Thus, our observations also suggest that any cryoconite-induced contributions to n 

may vary in a cross-stream direction as the channel transitions to faster and deeper 

flow and where cross-stream cryoconite pitting is not evenly distributed in the 

channel. 

 Despite these plausible mechanisms for increased bed roughness, they are 

unlikely to yield such high n values on their own. This is because Manning’s n, while 

commonly interpreted as a function of bed roughness in terrestrial systems (and 

rightly so), is in fact a manifestation of the wider physical principle of flow resistance. 

Thus, our elevated and widely ranging n values suggest channels offering significant 

resistance to flow. We speculate that the lower observed n values, which suggest 

smooth artificial channels, are indeed a consequence of minimal bed roughness, but 

that larger n values are associated with other sources of flow resistance.  One 

plausible source of this resistance is the presence of suspended slush ice in channels, 

especially at lower flows, as we visually observed slush in numerous cases but did not 

quantify its presence. Additionally, crack-induced turbulence can manifest as flow 

resistance if water enters into cracks at significant depths, and the temperature of 
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water in these channels is quite low, thus increasing the fluid viscosity and affecting 

the velocity profile. Future work should explicitly consider these and other forms of 

flow resistance, which will require field observations of more than just the basic 

quantities measured here. Our observations indicate that future modeling efforts also 

should consider the effects of cryoconite on both stream development (as the strong 

thermal controls on streams will be affected by increased cryoconite albedo) and 

stream hydraulics.  

7.5.2 Slope and Fr in supraglacial channels 

 In addition to elevated flow resistance, our smaller-scale field data do not 

conform to traditional terrestrial expectations of such steep channels. In contrast to 

terrestrial expectations that steeper streams within a watershed are found in the 

headwaters at higher elevations, Figure 6 shows the water surface slopes of DS534 

and DS502 were higher than those of DS904, located 400 m above these lower 

streams in the same watershed. This suggests that the local surface of the GrIS gets 

steeper as it approaches its terminus. This is consistent with glaciological 

characterization of the GrIS, where ablation, crevassing and other stresses increase at 

the ice margin, thus increasing local surface slope. Similarly, water surface slope 

actually increased with decreasing elevation for DS534 lower, suggesting a channel 

that steepens in the downstream direction (Figure 6).  In addition, terrestrial streams 

with slopes greater than 5% would be expected to be either braided or full of 

boulders and other debris (Rosgen, 1994), but supraglacial streams here lacked the 

sediment required for either of these phenomena to develop. Thus, the unique 
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supraglacial environment allows for terrestrial planforms found on gentle slopes to 

occur on steep sections of ice. 

 These steep slopes in turn yielded higher Fr than typical in terrestrial streams, 

with supercritical flow observed in 54% of our measurement sites in smaller streams. 

While consistent with previous research, our reported range of Fr (up to 3.11) is 

higher than Fr previously found in supraglacial systems, yet the sensitivity analysis 

reported in section 2.1 shows that using average velocity instead of measured 

surface velocity reduces this maximum to agree with previously published values. 

These high Fr were only found in smaller streams at lower elevation, and were 

consistent with the very high AHG m values found there. Our results affirm that 

supercritical flow is common in smaller supraglacial streams and that hydraulic 

models applied to supraglacial streams must be capable of representing both sub- 

and supercritical flow regimes in such environments. 

7.5.3 Hydraulic geometry of supraglacial channels 

 Ferguson’s (1986) derivation of AHG revealed that AHG exponents are 

controlled entirely by cross sectional geometry, provided a few key assumptions 

about flow depth and bed roughness are valid. Given his conclusions, our AHG 

exponent values would suggest deeply incised channels with near vertical walls, 

exactly as we observed. Additionally, the similar AHG results between our study and 

Marston’s (1983) covering two orders of magnitude in discharge, suggest that 

Ferguson’s key assumption that flows are relatively deep with R/D90 > 102 holds 
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across scales and may be applied more generally to the ice sheet. Our study and 

Marston (1983) both found very high AHG m values, suggesting that as discharge in 

supraglacial rivers increases in response to the strong diurnal forcing of insolation, 

flow velocities increase at a greater rate than depths at-a-station (Table 1). In 

contrast to AHG, the DHG of our supraglacial channels was similar to the DHG 

expected in terrestrial rivers: widths, depths, and velocities increased in a 

downstream direction at similar rates to streams found on land. This similarity is 

observed despite the ubiquitous addition of flow to channels due to melting of 

channel walls and other lateral inflow in the thermally-driven supraglacial 

environment.  

7.6 CONCLUSIONS 

 Our investigation of supraglacial channels on the GrIS revealed that these 

features are dissimilar from terrestrial systems and hydraulically heterogeneous. 

While all investigated channels were deeply incised, Manning’s n, Froude numbers, 

water surface slope, and stream power all exhibited a wide range of values across our 

nine study reaches. Compared to the smaller field studies of Marston and Knighton, 

conducted in the 1980s, our results have revealed numerous similarities between 

streams of the GrIS and smaller marginal streams on alpine glaciers. These hydraulic 

similarities occur despite presence of debris in those streams and despite the two 

orders-of-magnitude increase in scale in our Greenlandic sites. While this similarity 

across scales is encouraging, the most important similarity across these studies is the 

variability of hydraulics, as supraglacial channels are found to have diverse 
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roughness, velocity, and slopes within and across all scales.  Our results also suggest 

that the assumption that uniform ice substrate leads to uniform hydraulic behavior in 

supraglacial channels is not valid. Future work should seek to assess whether the 

wide ranges of parameters reported here (and previously) represent end members of 

a distribution of hydraulic quantities and examine any physical limits to these 

hydraulics in the unique supraglacial environment, and whether geomorphic 

discriminants may be used to usefully categorize supraglacial channels, much like 

Rosgen (1994) proposed for terrestrial streams. Given the important differences 

between supraglacial and terrestrial systems chronicled here, future research 

attempting to model or characterize supraglacial streams should consider the 

influence of cryoconite on both thermal erosion and flow resistance, allow for a wide 

range of hydraulic variable values (particularly n and Fr), and take care when applying 

terrestrial hydraulic theory. Moreover, this work has revealed the need for more 

detailed in situ research of the supraglacial environment, especially investigation of 

flow resistance. While this work is logistically challenging, such an effort is necessary 

to inform the increasing literature that leverages satellite imagery and DEMs to 

model the hydrologic and hydraulic behavior of the ice surface and ultimately the 

role of supraglacial channels in providing runoff to the global ocean. 
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Figure 7-1. Field locations  

Nine hydraulic datasets were collected from six different locations on the GrIS. Field 

sites are located from 494-1485 m elevation and from the ice edge up to 74 km 

inland. All sites are contained within the hydrologic potential basin of the Issunguata 

Sermia glacier, and span nearly the entire ablation zone. Discharges in the larger 

rivers at higher elevation (sites AAS1196, AAS1485, AAS1328, and DS1495) were 

measured by ADCP while the lower elevation sites (DS904, DS534, DS502) were 

measured on foot using traditional field techniques. 
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Figure 7-2. Field methods  

Field measurements were made in two ways: using an ADCP (a-b), and using 

traditional field methods (c-d). Helicopter support was leveraged to deploy the ADCP 

on rivers larger than ever before studied in situ, while traditional field investigation 

allowed for numerous detailed measurements over a five-day ice camp. These field 

methodologies ultimately yielded data on streams of two different scales, allowing us 

to compare channels across these scales and allowing comparison with a wider range 

of terrestrial and previously studied supraglacial systems. 
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Figure 7-3. Results from ADCP in large rivers  

Five in situ datasets were obtained for four large channels (7.19-20.62 m wide) via 

ADCP at elevations from 1196 to 1485m. At-a-station datasets (rivers beginning with 

‘AAS’) were collected over a period of less than two hours, while dataset DS1485 was 

made by moving the ADCP in a downstream direction to six different sites (Figure 1) 

over a period of less than one hour. Not that this means that the x axis corresponds 

to time for the AAS rivers and space for the DS1485.These streams are quite large, 

and have a maximum discharge of 23.12 m3/s, two orders of magnitude larger than 

any previously recorded in situ supraglacial discharge. Streams were rougher than 
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expected and n was also quite variable, suggesting that assuming a constant 

roughness for channels of this scale is inappropriate.  

 

Figure 7-4. Results from traditional field techniques in small streams   

Four in situ datasets were obtained for three small channels (0.20-3.84m wide) via 

traditional field methods. These reveal streams that are hydraulically heterogeneous 

and that exceed hydraulic expectations for terrestrial streams of a similar scale. Fr 

was much larger than in terrestrial streams and supercritical flow was common, but Fr 

largely agreed with previous measurements of supraglacial streams. Streams also had 

very steep slopes, and these steep slopes occurred on sinuous/meandering 

planforms that would only be found on gentler slopes in terrestrial environments.  As 
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with the larger rivers sampled by ADCP, n was both larger and more variable than 

expected for these streams of uniform ice substrate. 

 

 

Figure 7-5. Illustration of flow resistance 

This photo is typical of channels in this study, and shows cryoconite pitting 

(foreground), channel wall scalloping (lower left), and ice cracks that persist to the 

channel bed (running transverse across the center of the image). This figure 

illustrates the ubiquitous presence of cryoconite in the shallower and slower flow in 

the foreground and background and the relatively clean channel bed in the thalweg.  

Because cryoconite is associated with local pitting, this should yield asymmetric 
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roughness across the channel and could help explain the elevated roughness of our 

channels, yet we speculate that other factors besides bed roughness contribute to 

the high flow resistance observed here.  
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Figure 7-6. Elevation profiles 

 Downstream elevation profiles (with local water surface slope labeled at each 

measurement site) of in situ water surface slopes (expressed as a change in height / 

reach length) sampled along four streams in the same watershed are shown here 

(one imprecise GPS elevation measurement from DS534 upper was removed to make 

this plot). The slope of DS904 (at 904m elevation) is lower than the three other 

datasets collected 400m lower in elevation, suggesting an ice surface that increases 

in steepness as it loses elevation: consistent with glaciological understanding of the 

GrIS. This is in contrast to terrestrial expectations of a watershed, where steeper 

slopes are found at higher elevations. Additionally, within channel slopes for DS534 

lower mirror this trend, as this channel steepens as it moves downstream. The ADCP 

profile at AAS1485 shows that the larger rivers in this study had much lower slopes 

than the smaller streams, with a total slope of 0.01% over 160m. 
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Rivers min max mean C.V. 

w 7.19 20.62 14.79 0.34 

d 0.48 2.89 1.38 0.45 

 �̅� 0.43 1.82 0.91 0.62 

Q 4.58 23.12 12.04 0.48 

S 0.027 0.364 0.145 0.76 

Fr 0.074 0.796 0.317 0.92 

n 0.012 0.154 0.051 0.92 

Ω 0.03 0.42 0.13 0.92 

          

Streams min max mean C.V. 

w 0.20 3.84 1.13 0.58 

d 0.03 0.40 0.11 0.60 
𝒗𝒔𝒖𝒓𝒇 0.40 2.60 1.19 0.46 

Q 0.006 0.402 0.146 0.86 

S 0.737 8.827 2.776 0.76 

Fr 0.446 3.116 1.205 0.50 

n 0.009 0.060 0.029 0.39 

Ω 0.000 0.116 0.034 0.94 
 

Table 7-1. Ranges and central tendency (mean, coefficient of variation) of 

hydraulic parameters across scales for this study 

 

DHG a b  c  f k m 

DS904 0.38 0.49 -0.57 0.32 0.15 0.08 

DS534 upper 0.42 0.35 -0.59 0.40 0.12 0.17 

DS534 lower 0.63 0.65 -0.80 0.19 0.12 0.00 

DS502 0.55 0.60 -0.88 0.20 0.34 0.17 

Knighton (1981)  0.91 0.26 0.17 0.29 6.46 0.45 

Knighton (1981)  1.08 0.30 0.41 0.52 2.02 0.13 

Knighton (1981)  1.19 0.30 0.21 0.32 4.02 0.38 

AHG             

AAS1328 1.31 0.00 -0.06 0.15 -1.12 0.84 

AAS1196 upper 0.81 0.05 -0.50 0.30 -0.24 0.63 

AAS1485 1.17 0.00 0.38 -0.08 -1.38 0.95 

Marston (1983) n/a 0.11 n/a 0.34 n/a 0.37 

Marston (1983)  n/a 0.10 n/a 0.54 n/a 0.58 

Marston (1983)  n/a 0.08 n/a 0.43 n/a 0.46 
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Table 7-2. Table of at-a-station (AHG) and downstream hydraulic geometry 

(DHG) values for this and previous supraglacial studies. 

 Parameters a, b, c, f, k, and m are explained in equation 4, 5, and 6. 
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Concluding remarks 

  This dissertation began with a promise to learn more about the 

geomorphology of rivers and how that knowledge could help close the global river 

discharge knowledge gap. What then have we learned about rivers that we didn’t 

know when this dissertation began? We now know that rivers commonly exhibit at 

many stations hydraulic geometry (AMHG), a previously undiscovered fluvial 

phenomenon. AMHG directly contradicts several tenets of the long-standing field of 

hydraulic geometry, principally the idea that at a station hydraulic geometry is site 

specific and unpredictably variable. AMHG was discovered by applying spatial 

thinking to classic geomorphology, and continuing this line of thinking has also led 

to a methodology whereby the discharge of rivers may be estimated solely from 

repeated observations of their width. This is a critical innovation, as lack of river 

discharge knowledge is responsible for gaps in the closure of the global hydrologic 

cycle and limits effective water resources management in many regions of the world. 

I hope to build on this work in the future to fully realize a global accounting of river 

discharge.  

 We also now know that supraglacial rivers on the Greenland Ice Sheet behave 

very differently than their terrestrial counterparts of similar scale.  Most importantly, 

their uniform ice substrate does not yield uniform hydraulics, and thus scientists 

cannot make simplifying assumptions about their behavior when attempting to 

characterize river discharge atop the ice sheet. This necessitates future careful field 
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work and highlights the need for a separate hydraulic and geomorphic theory of 

supraglacial rivers as distinct from terrestrial rivers, especially as these key hydrologic 

features continue to play a prominent role in transporting meltwater from the 

surface of the ice sheet to the bed. 

 This dissertation has made these small contributions in our understanding of 

rivers, and it is my hope that these ideas are useful to the broader hydrology, 

geomorphology, Arctic, and political geography academic communities. At the close 

of this dissertation, I want to again thank my wife Binglei and my advisor Larry Smith 

for their foundational contributions, and I hope that this work will leave a lasting 

impression On Rivers. 

 

 




