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ABSTRACT OF THE DISSERTATION

Enabling remote-sensing based streamflow

estimation at the continental scale

by

Jacob Rubin Schaperow
Doctor of Philosophy in Civil Engineering
University of California, Los Angeles, 2023
Professor Steven A. Margulis, Chair

Forecasting streamflow on a continental scale is a challenge, especially in ungauged basins
where in-situ data is rare. We can combine numerical modeling with information from
remotely-sensed data to make best-estimates of discharge. The body of this dissertation is
split into three chapters. Chapter 2 presents a method for characterizing river channels, a key
input for hydraulic models, using information purely from remote sensing data. Chapter 3
describes a high resolution, near-global dataset of inputs to the Variable Infiltration Capacity
model, a land surface model that has been widely used for hydrologic forecasting, trend
analysis, and coupling with climate models. This dataset, ”VICGlobal,” represents a major
improvement on past land surface parameterizations for VIC, with higher resolution than
existing VIC inputs, and greatly simplifies the process for running VIC anywhere in the
world. Lastly, Chapter 4 focuses on a procedure called ”Inverse Streamflow Routing (ISR),”
a method for runoff estimation and discharge interpolation, originally proposed by researchers
at Princeton in 2013. We build upon their method and use an update borrowed from the

Ensemble Kalman smoother to reduce uncertainty in the a priori runoff estimate.
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CHAPTER 1

Introduction

Streamflow is a key hydrologic variable. Accurate measurements of river flow are needed to
make decisions about water resource management, such as how much water to allocate to
different regional stakeholders and how to best manage reservoirs to optimize hydropower
production, store water for dry spells, and provide storage capacity in case of loods. While
stream gauge networks are relatively dense in the U.S., there are very few stream gauges
worldwide, especially in developing countries in flood- and drought-prone areas such as Africa

and south Asia.

Hydrological modeling is one way to estimate streamflow in ungauged basins. In a hy-
drological modeling approach, precipitation estimates and other meteorological variables are
input into a computer model that uses conservation of mass, momentum, and energy to pre-
dict how precipitation is partitioned into runoff, infiltration, and evapotranspiration. The
runoff, or the portion of water that runs off over the land surface, eventually winds up in
rivers and streams and becomes streamflow. The runoff output from the hydrologic model
can be input into a river routing model or a hydrodynamic model to estimate the discharge
downstream. (Note that we use "streamflow” and ”discharge” interchangeably throughout

this dissertation.)

Satellite-based streamflow estimates are another way to fill in the gaps between stream
gauges. The recently-launched Surface Water and Ocean Topography (SWOT) satellite will
observe rivers worldwide and provide measurements of river width, surface slope, and wa-

ter surface elevation. Both hydrologic modeling and remote-sensing based discharge retrieval



algorithms have associated challenges. Hydrologic models are prone to error caused by uncer-
tain meteorological inputs. Satellite-based estimates are susceptible to errors due to retrieval
algorithm assumptions. Both methods require knowledge of input parameters. Hydrologi-
cal modeling requires knowledge of soil and vegetation parameters which control how much
and how soon precipitation becomes runoff. Satellite-based estimates, while observation-
based discharge estimates require knowledge of Manning’s roughness coefficient and channel
bathymetry. In this dissertion, we address these challenges related to streamflow estimation

at the continental scale.

1.1 Objective of the Dissertation

The objective of this dissertation is to address three challenges associated with continental-
scale hydrological modeling with the goal of estimating discharge in ungauged basins. First,
we showcase a method for estimating river bathymetry from satellite observations of river
width and water surface elevation. Bathymetry is an important parameter for hydrodynamic
models such as HEC-RAS ([HEC-RAS, 2008]) and LISFLOOD-FP ([Bates and De Roo, 2000]).
Bathymetry estimation via satellite could be a useful alternative to large-scale bathymet-
ric surveys. Second, we present a global parameterization of the Variable Infiltration Ca-
pacity (VIC) hydrological model at higher resolution (1/16°) than any previous global soil
and vegetation parameter dataset. The only other global VIC dataset is at 2°resolution
([Nijssen et al., 2001]). Hydrological models, such as VIC, solve the water and energy bal-
ance at the land surface to partition precipitation inputs into infiltration, evapotranspira-
tion, and runoff, and are sensitive to soil and vegetation parameters ([Demaria et al., 2007]).
Third, we develop a method for estimating runoff from streamflow measurements in order
to estimate runoff at the grid cell scale and interpolate discharge between gauge locations.
Our method builds on contributions by [Pan and Wood, 2013 and [Yang et al., 2020] while

addressing key limitations of their methods in order to make improved estimates of runoff



in the face of error-prone discharge measurements.

1.2 Organization of the Dissertation

The following chapters are organized as follows. Chapter 2 describes a method for estimating
river bathymetry from satellite measurements of river water surface elevation. In Chapter 3,
we present the VICGlobal dataset, a 1/16°resolution soil and vegetation parameter dataset
for the Variable Inlfiltration Capacity (VIC) hydrologic model. Chapter 4 is dedicated to the
Inverse Streamflow Routing technique. In this chapter, we build on a previously-developed
method for estimating runoff from streamflow measurements, addressing drawbacks in the
original method, and focusing on producing runoff and discharge estimates with appropriate
uncertainty bounds. Chapter 5 contains our concluding remarks and highlights directions

for future research.



CHAPTER 2

A Curve-Fitting Method for Estimating Bathymetry
From Water Surface Height and Width

River discharge estimation requires knowledge of bathymetry. However, aside from a few
locations where surveys have been conducted, bathymetric data are unavailable, even for
major rivers. It has been suggested that water surface elevation and flow width measure-
ments from the upcoming Surface Water and Ocean Topography (SWOT) satellite mission
(planned launch 2021) may be used to infer the submerged channel geometry; however, the
full potential of these measurements for inferring bathymetry has yet to be explored. We ap-
ply four different techniques, with varying assumptions about height-width relationships, to
predict unknown bathymetry. We call these “curve-fitting methods” the linear, slope break,
nonlinear, and nonlinear slope break (NLSB) methods. The linear and slope break methods
are based on a linear height-width relationship, while the nonlinear and NLSB methods are
based on a height-width relationship derived from hydraulic geometry equations. We gen-
erate SWOT-like observations of height and width based on 5 m gridded Upper Mississippi
River data, and evaluate the performance of each curve-fitting method given the SWOT-like
observations. The NLSB method predicts bed elevation and low flow area with the least
error, although the nonlinear method may be preferred in low data conditions. Additionally,
we show that our method outperforms previously suggested methods, and we propose an

NLSB-based bathymetry prior for Bayesian discharge estimation algorithms.



2.1 Introduction and Background

Estimating river discharge worldwide is a difficult problem because remote sensing platforms
cannot directly observe discharge ([Lettenmaier et al., 2015]). Following its 2021 launch, the
joint NASA /CNES Surface Water and Ocean Topography (SWOT) satellite mission will use
a Ka-band radar interferometer to measure water surface height and water-covered area for
rivers wider than about 100 m, with a repeat cycle of 21 days ([Biancamaria et al., 2016]).
Although SWOT cannot measure river discharge directly, researchers have developed a vari-
ety of indirect methods to estimate streamflow from SWOT measurements. These methods
fall into two categories: retrieval methods, which compute discharge at the time and lo-
cation of the SWOT overpass; and data assimilation methods, which use measured data
to constrain hydrodynamic model predictions of discharge at both measurement and non-
measurement times. Recent papers about SWOT discharge retrieval algorithms include
[Bjerklie et al., 2018], [Hagemann et al., 2017], [Durand et al., 2016], [Durand et al., 2014],
[Bonnema et al., 2016], and [Garambois and Monnier, 2015]. Recent progress in estimating
discharge through data assimilation includes [Brisset et al., 2018], [Oubanas et al., 2018b],
[Oubanas et al., 2018¢|, and [Yoon et al., 2016]. With the exception of the at-many-stations
hydraulic geometry method (AMHG; [Gleason and Smith, 2014]), which estimates discharge
based solely on river width fluctuations, physically-based discharge algorithms all use Man-
ning’s equation or more general forms of conservation laws, and thus require information
about the river channel bathymetry and roughness — essential parts of the governing equa-
tions. In the SWOT literature, these are known as “mass-conserved flow law inversion”
(McFLI) algorithms ([Gleason et al., 2018]). Bathymetry and roughness factor into dis-
charge algorithms through the shallow water equations (see e.g. [Chow et al., 1988]), which
are the depth-averaged mass and momentum conservation equations. These equations gov-
ern the way streamflow area, depth, and discharge change in time and space due to upstream

and lateral inflow boundary conditions.



Bathymetry and roughness are key parameters for physically-based river hydrodynamic
modeling ([Neal et al., 2015]; [Aronica et al., 1998]), but they are impractical to measure in
situ on a large scale. Acoustic Doppler current profilers are used to collect accurate, spatially
dense measurements of river bathymetry, but they must be deployed from boats. Remote
sensing techniques are limited by the ability of the sensor to penetrate water, especially
turbid water ([Marcus and Fonstad, 2008];[Legleiter et al., 2009]; [Pan et al., 2015]). Com-
pounding the problem, bathymetry gradually changes over time due to erosion, more quickly
during major storm events ([Buffington, 2012]), so even if a global bathymetry survey were
conducted, it would need to be redone periodically to account for changes in the river chan-
nel morphology. Roughness has been related to the river bed grain size ([Chow, 1959]), but
it also depends on flow depth and channel geometry ([Moramarco and Singh, 2010]).

Parameter estimation methods have been used to estimate bathymetric and roughness
parameters along with discharge; however, bathymetric and roughness parameters compen-
sate for one another to produce the same discharge estimate — the ”equifinality problem”
([Garambois and Monnier, 2015]). Prior information can be used to constrain the estimates.
Several SWOT-based discharge algorithms are designed to incorporate prior information
about these parameters. The Manning-Metropolis algorithm (MetroMan; [Durand et al., 2014]),
the Manning component of the Bayesian AMHG-Manning algorithm (BAM; [Hagemann et al., 2017)),
and variational data assimiliation algorithms ([Oubanas et al., 2018b]; [Oubanas et al., 2018c])
all postulate prior distributions for bathymetry and roughness. Below, we review how SWOT

discharge algorithms handle unknown bathymetry.

MetroMan ([Durand et al., 2014]) is a McFLI algorithm that estimates bathymetric and
roughness parameters using a Metropolis algorithm. It represents bathymetry using the
unobserved cross-sectional area of flow below the minimum observed water surface elevation
(A0). In the updated MetroMan method in [Durand et al., 2016], Ay priors are postulated
by solving Manning’s equation for A0 given observations of width, water surface slope, cross

sectional flow area change, and mean annual flow (QMAF) data from a global water balance



model. The accuracy of this method is limited by the QMAF estimate.

Bayesian-AMHG-Manning (BAM; [Hagemann et al., 2017]) is a more recent McFLI method
that uses priors based on flow-equation parameters measured in-situ at 10,081 USGS gauge
stations (HydroSWOT; [Canova et al., 2016]). They fit a multiple regression model to mea-
surements of width vs In(Ay), where Ay was taken as the smallest observed flow area. Because
the residuals of In(Ag) were approximately normally-distributed, [Hagemann et al., 2017]
used a lognormal prior for Aj, with mean and variance given by the regression model. This
approach is limited by the USGS database’s U.S.-only coverage, and it does not take height

data into account, even though SWOT will measure water surface height.

[Oubanas et al., 2018b] and [Oubanas et al., 2018c¢| used variational data assimilation to
estimate discharge, bathymetry, and roughness simultaneously using SWOT measurables.
They found that under uncertainty in either bathymetry or roughness, but not both, the
assimilation updates the parameter value correctly, but when both bathymetry and roughness
are unknown, it does not. This is consistent with equifinality, or the idea that there are

multiple parameterizations that result in the same model outputs ([Beven, 2006]).

[Bjerklie et al., 2018] estimated discharge using two different flow law equations param-
eterized using optical, laser, and radar remote sensing measurements. They assumed a
parabolic cross section based on analysis of the HydroSWOT in-situ database to infer bed
elevation from height-width measurements. They note that while the average cross section
in the database was a parabola, it is not necessarily the correct shape for a particular cross
section, and this contributes to error in discharge estimates — although their discharge

estimate were still accurate to within 20% of measured values.

Most recently, [Brisset et al., 2018] inferred roughness and discharge simultaneously in
a synthetic experiment and for a section of the Garonne River in France using varia-
tional data assimilation. They used the ”"low Froude” method to infer bathymetry given
limited in-situ depth measurements ([Garambois and Monnier, 2015]; [Gessese et al., 2013];

[Gessese, 2011]). The method allows inversion of a simplified version of the shallow water
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equations to solve to water depth along the river given knowledge of river depth, width, and
surface slope at one location. However, the low-Froude method assumes steady flow and
a small Froude number (typically less than 0.3), and these conditions may not hold true
through the length of the river, thus the method still has considerable dependence on in-situ

measurements.

Overall, accurate simultaneous inference of bathymetry, roughness, and discharge from
satellite measurements remains a difficult problem. Yet, the current body of literature
(e.g. [Oubanas et al., 2018c|; [Garambois and Monnier, 2015]) suggests that better knowl-
edge of bathymetry could make inference of roughness and discharge significantly easier.
While most existing work has focused on improving discharge estimates, only a few studies
have focused on estimating bathymetry using SWOT-like observations ([Mersel et al., 2013];
[Yoon et al., 2012]; [Durand et al., 2010]). [Mersel et al., 2013] first introduced a curve-
fitting approach for predicting unobserved bathymetry, using bathymetric survey data on
the Upper Mississippi, Illinois, Rio Grande, and Ganges-Brahmaputra rivers as a substi-
tute for SWOT measurements. This approach, from which we draw heavily in this paper,
uses height-width observations collected over a range of flow regimes to fit a model and
extrapolate to predict unobserved bathymetry. [Mersel et al., 2013] assumed measurements
were available at different river stages, ranging from bankfull to a low flow stage occurring
at some maximum channel exposure level, which they defined as the minimum observed
fraction of flow area to bankfull flow area, e = 1 — Al;f. They tested a linear height-width
model and a piecewise linear height-width model with one breakpoint, which they called
the linear and slope break methods. Throughout this paper, we will refer to the methods
of [Mersel et al., 2013] as M13. The slope break method predicted minimum bed elevation
accurately even at relatively low channel exposure. Notwithstanding its success, the slope
break method is lacking in that it assumes a piecewise linear height-width relationship —
slope break predictions will be biased if this assumption is violated. M13 addressed this by

restricting the application of the slope break method to a few “optimal”’ locations where



the slope break model is a good fit. They identified optimal locations using an arbitrary
threshold determined by trial and error. The fraction of “optimal” cross sections out of
the total number of cross sections depended on channel exposure: typically only 0-16% of
cross sections were defined as optimal. While restricting the slope break method to optimal
locations ensures accuracy, it limits the number of locations where the method may be ap-
plied. Furthermore, it may be possible to make more accurate predictions with less channel

exposure using nonlinear models vs. linear models.

Here, we propose a new method to estimate bathymetry solely using SWOT-like water
surface height and effective width measurements. An extension to M13’s methods, we call
our method a “curve-fitting approach” for predicting unobserved bathymetry. SWOT will
measure water surface elevation h and effective river width w, i.e. water covered area per
unit length of river. SWOT’s 21-day repeat cycle means that it will observe every river
between 78° N and 78° S approximately 100 times over its 3-year design life, more frequently
for rivers at higher latitudes (Biancamaria et al., 2016). By fitting curves to height and
width measurements at various river stages, we can predict the bathymetry below the lowest

observed water surface elevation for rivers worldwide.

Compared with previous river bathymetry estimation methods, our approaches are novel

in three respects:

1. Our curve-fitting methods are more general than those of M13; they can describe more
types of height-width relationships. Breakpoints are selected using breakpoint analysis

techniques, so there is no need for thresholds or trial and error.
2. We account for measurement uncertainty using Monte Carlo simulation.

3. Since our bathymetry estimates are not intended for use in simultaneous discharge
estimation, they are unaffected by equifinality because they are made independently

of roughness and discharge.



Parameterizing a height-width curve is much simpler than simultaneously estimating
bathymetry, roughness, and discharge using a hydraulic model or direct application of hy-
drodynamic equations. The final product can be taken as a stand-alone bathymetry dataset,
or it can be used as a prior for Bayesian methods such as MetroMan, BAM, or variational
data assimilation. We test our method over 30 river reaches in the Upper Mississippi River
system, and we postulate prior distributions for bathymetry parameters that could be used

in SWOT discharge algorithms.

2.2 Methods, Data, and Study area

2.2.1 Theoretical justification

We investigate two unknown bathymetry parameters: the minimum bed elevation z0 and the
low-flow wetted area A0, the area below the minimum observed water surface height. We
also estimate the bed slope (sg) by taking finite differences of zy. We chose these parameters
because hydrodynamic models incorporate bathymetry through flow area, wetted perimeter,
and bed slope. SWOT will observe water surface height (h) and effective flow width (w) each
time it passes over a sufficiently wide river — 100 m or more (Rodriguez et al., 2016). For
such wide rivers, wetted perimeter is approximately equal to flow width (Dingman, 2009), so
we focus on flow area and bed slope here. Both can be calculated given the full height-width
relationship, from h(w = 0) = 2 to h(w = wys) = hyp, where wys and hyp are bankfull width
and height. Our method consists of two major steps. First, we fit a model h(w) to observed
height and width data, then we extrapolate the fitted h(w) to predict zy = h(w = 0), as well

as the predicted submerged area Ay.

Flow area is related to the integral of the height-width curve. Knowing the h(w) rela-

tionship, we can write cross sectional area A for a given flow width w*,
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Aw?) = /0 R = hw)duw 2.1)

where h* = h(w*). Bed slope sy can be estimated using finite differences of the bed

elevations (Equation 2.2), where r is the coordinate along the river channel:

2o(r+ 1) — zo(r)
Ar

Sp = (2.2)

Although a higher-order difference could be used, we chose a forward first difference
because there were only a few adjacent river reaches in our study domain, and higher-order

differences would have precluded us from inferring slope at a number of river reaches.

The question remains as to what model to use for h(w). There are a variety of models we
might choose from: linear and nonlinear, piecewise or not. The hydraulic geometry equations
([Leopold and Maddock, 1953]) use power law relationships to relate width w, depth d, and

mean velocity v to discharge:

w = aQ® (2.3)
d=cQ’ (2.4)
v=kQ" (2.5)

Combining equations (2.3) and (2.4) yields:

C

Substituting d = h — 2y into Equation (2.6) yields:

11



h = Zo + #w”b (27)

Redefining the coefficient and exponent parameters yields:

h = zp + uw® (2.8)

The form of Equation (2.8) is equivalent to the cross section model derived by [Lawrence, Dingman, 2007
and which was used recently in a SWOT discharge context by [Bjerklie et al., 2018]. The
exponent s is the shape parameter. When s = 1, the cross section is triangular; when s = 2,
the cross section is parabolic; and when s — oo, the cross section is rectangular. The model
may also be piecewise. The M13 slope break method assumes there is one height-width
relationship at low flows and another at moderate-to-high flows. The slope break concept is
supported in the fluvial geomorphology literature ([Lewis, 1966]; [Fahnestock, 1963]), so we

consider the possibility of a piecewise h(w) relationship with one breakpoint.

We use Equation (2.8) as the basis for our nonlinear (NL) height-width model, where we
change the variable names here to be consistent with the methods that include breakpoints,

and rewrite as:

h = 20 + ulwsl (29)

Incorporating a slope break, or breakpoint, in the nonlinear height-width model leads to

the nonlinear slope break (NLSB) model:

Zo + ugw* for w < wy
h= (2.10)
20 + wpwyt + ug (w2 —wy?)  for w > w,

where w, is the width at the breakpoint. We test how well each model predicts z, and

Ay from height-width observations. We also test the simpler linear (L) and slope break (SB)

12



models given respectively by:

h =z +ww (2.11)

20 + ujw for w < wy

h = (2.12)
20 + wgwy + ug (w —wy)  for w > wy

The NL and NLSB models are based on hydraulic geometry equations, while the L. and
SB models are based on a linear height-width relationship. The SB and NLSB methods each
allow one breakpoint in the height-width relationship, while the L. and NL methods do not.
Each model implies a theoretical channel shape, illustrated in Figure 2.1. For simplicity, we
have assumed all cross sections are symmetric. Note that it is straightforward to implement
the L and NL cross sections in the hydraulic model LISFLOOD-FP ([Neal et al., 2015]).
This has been done, for example, by [Grimaldi et al., 2018], who parameterized LISFLOOD-
FP with exponential channel shape models based on in-situ bathymetry measurements in
the Clarence River, Australia. While our bathymetry predictions are intended to be used
in conjunction with models (including but not limited to LISFLOOD-FP) we do not use
any hydrodynamic modeling to derive our bathymetry predictions — they are derived from

observed height-width relationships only.

2.2.2 Data and study area

SWOT measurements are not yet available, so we developed our method using SWOT-like
measurements derived from a high-resolution bathymetry dataset corrupted with measure-
ment error. The core was a 5 m resolution gridded bathymetry dataset maintained by the
Upper Midwest Environmental Sciences Center (UMESC). The dataset covers 406 km of
the Upper Mississippi River and 124 km of the Illinois River near its confluence with the
Mississippi. Figure 2.2 shows the extent of the UMESC bathymetry data.
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Figure 2.1: Theoretical cross section models for linear (L), slope break (SB), nonlinear (NL),
and nonlinear slope break (NLSB) methods superimposed over the true reach geometry
for reach 1 of Pool 21. The models were fit given full channel exposure and assumed no

measurement error. The gray line shows the true, irregular reach geometry.
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We chose the Upper Mississippi River as the study area because it is one of a few
rivers whose bathymetry is well-measured and for which the measurements are freely avail-
able. Locks and dams divide the Mississippi River into pools. UMESC provides access to
bathymetry data for pools 4, 5, 7-10, 13, and 26 of the Upper Mississippi River, as well as
the La Grange pool of its tributary, the Illinois River. The pools range from 19 to 124 km
long. The bathymetry of each pool is summarized in the Supporting Information (SI; Table
S6).

The UMESC bathymetry data (http://www.umesc.usgs.gov/aquatic/bathymetry/download.html)
were collected in various years from 1992 to 2001 using a depth sounder calibrated with a
sounding pole ([Rogala, 1999]). The raw sounding data were interpolated over a 5 m res-
olution raster grid for the published version. We used river centerlines from HydroSHEDS
([Lehner et al., 2008]). Since SWOT measurements will be averaged over river reaches to
smooth out random errors ([Biancamaria et al., 2010]), for simplicity, we chose a reach length
of 10 km for this study ([Frasson et al., 2017]). This resulted in 51, 10-km long study reaches.

Shape parameters for these reaches varied from 0.6 to 4.5, with an average value of 1.9.

2.2.3 Generating SWOT-like observations

We derived SWOT-like observations using the UMESC data as ” ground-truth.” By sampling
these bathymetry data under different scenarios and accounting for measurement errors, we
produce SWOT-like height and width measurements for each river reach, to which we fit each
of the four models described in Section 2.1. We pre-processed the gridded bathymetry data
to obtain reach-average cross section geometry. Details are in the SI (Section S2), but the
main features are as follows: bathymetry data were extracted along transects perpendicular
to the river channel and averaged over 10-km reaches, over the non-braided portions of the
river. We selected the 30 least braided reaches for our study. In order to define bankfull
quantities, we imposed zero depth at the left and right river banks to make them even. While

treating uneven banks in this way is a limitation of the methodology since it is a departure
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from the true conditions existing in nature, our focus is on in-channel flow, and we found
conducted sensitivity tests that showed that this modification did not strongly affect the
performance of the curve-fitting methods (see SI, Section S3). Reach average geometry for

each of the 30 study reaches is included in the SI (Section S6).

In order to study a range of possible observation scenarios, we assumed measurements
were available from near bankfull elevation down to some low-flow elevation, in 5% channel
exposure increments. Channel exposure is 0% flow is at bankfull stage, and it is 100% when
the river channel is completely exposed. We defined channel exposure in terms of bankfull
flow width as e = 1 — w/wys. Note that we chose to differ from M13’s area-based definition
because bankfull width is easier to measure than flow area. Figure 2.3 shows a cross section
with horizontal lines drawn at bankfull height h;; and two additional measured heights ho
and hy. The corresponding widths are wy s, wo, and w;. Bankfull width wbf is not necessarily
measured by SWOT, but it is known in the context of our study from the UMESC data.
SWOT will make N measurements (wy,, h,,) over its lifetime. For a given river reach, there
will be some low-flow observation (wy, hy). We say that this location has been observed down

to the exposure level e; = 1 — wq /wyy.

We sampled the true height-width relationships at each river reach increments and added
independent, identically Gaussian errors with standard deviations of 10 cm for height and
10 m for width to account for measurement error. While SWOT observations can theoret-
ically be available at any exposure level, we used 5% increments to explore how accurately
we can predict bathymetry given a particular maximum observed channel exposure level.
We obtained 500 sets of SWOT-like observations for each river reach in order to represent

measurement errors.

There is substantial reason to expect that SWOT height measurement error will be about
10 cm. This is the value given in the SWOT Science Requirements ([Rodriguez et al., 2016]),
and it is close to SWOT Instrument Simulator height error estimates for the Sacramento

and Platte rivers ([Frasson et al., 2017]). Width error is less well-quantified, but because

17



ry
\4

142

140

Bed elevation (m)

138

136

0 100 200 [300 400 500 | 600
Vertical datum X (m)

Figure 2.3: Cross section geometry for reach 1 of Pool 21, defining bankfull conditions and

illustrating SWOT measurements of height and width. See Section 2.3 of the text.
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SWOT widths depend on water-covered area classification accuracy, it will probably be at
a similar magnitude to the pixel size, which ranges from 10 m in the far range to 60 m in
the near range ([Biancamaria et al., 2016]). We used a Monte Carlo approach to propagate
error, fitting the linear, SB, NL, and NLSB models to each of the 500 sets of observations
at each river reach, and reporting statistics of the ensemble of estimated model parameters

and predicted bathymetry parameters z; and Ay.

2.2.4 Curve Fitting

Given SWOT-like height and width measurements corrupted with Gaussian error and sam-
pled at exposure levels from 5-95% as described in Section 2.3, we estimated parameters
for each type of cross section model (L, SB, NL, and NLSB). We fit the models using mea-
surements above some assumed maximum exposure level e;, which we allowed to vary from

5-95%. Height-width data falling below e;, where w < wy, were excluded.

For the linear model, we estimated parameters using ordinary least squares regression.
For the SB model, we constrained the piecewise linear fit to be continuous at the breakpoint,
which we selected using a dynamic programming algorithm ([Zeileis et al., 2003]) that iden-
tifies the breakpoint such that the piecewise model has the minimum least squared error
(LSE). We required at least 5 data points to perform a fit (10 for the piecewise SB and
NLSB methods).

The hydraulic geometry power model in Equation (2.6) can be linearized by taking logs,
but when using the form of Equation (2.8), with unknown z;, nonlinear methods must
be used, so we estimated parameters for the NL and NLSB methods using the Levenberg-
Marquardt algorithm, which requires initial guesses for the model parameters. We used s = 2
as an initial guess for the shape parameter based on the finding in [Bjerklie et al., 2018] that
cross section shapes across the U.S. are on average parabolic. We used the minimum observed
water surface height as our initial guess for zy. Finally, we used linear regression with the

model i = min(hgs) + uw? to get an initial guess for the coefficient u. Occasionally, this
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initial guessing strategy led to a singular gradient at the initial guess, and the Levenberg-
Marquadt algorithm failed to parameterize the height-width model. In those cases, we
attempted the fit multiple times, with six sets of initial guesses starting with assumptions
of s = [1,2,3,4,5,6], and we selected the fit with the lowest LSE; this was almost always
sufficient to avoid singular gradients. For the NLSB model, we chose the breakpoint that
gave the lowest LSE out of all possible breakpoints, using a brute force method to find the
optimal breakpoint. We required a minimum of 4 points on either side of the breakpoint for

the nonlinear fits.

Lastly, we tried to ensure physical realism in the fitted height-width relationships. Some-
times, particularly when the maximum channel exposure was low, the width error was large
compared to the overall width fluctuations, and this led to negatively sloped height-width
relationships, % < 0. As this cannot occur in natural river channels, we removed these
fits from consideration. Also, natural river channels cannot be concave down at their lowest
point. Otherwise, they would diverge to infinite depths. We also found that extrapolating
concave down models could lead to wildly incorrect predictions. Therefore, whenever the

estimated j%’; < 0 for the NL or NLSB model, we used the L or SB model, instead.

Given fitted height-width models, it is possible to predict unobserved heights h(w < w;)

and calculate the unobserved low flow wetted area (Ag) by substituting the h(w) relation-

ship into Equation (2.1). For the linear and SB methods, A, = stwi. For the NL and
NLSB methods, Ay = Hilwfﬂ. Under the above considerations for physical realism, Ay is

guaranteed to be non-negative.

2.2.5 Error metrics

We report relative depth error (g4), relative Ay error (£4,), and bed slope error (g4,) as:

eq = (d—d)/d*100% (2.13)
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ea, = (Ag — Ag)/Ag * 100% (2.14)

Esg = (Sb — So)/SO * 100% (215)

where ¢4 is the percent by which the bankfull depth is overestimated, €4, is the percent
by which the low flow wetted area is overestimated, €y, is the percent by which bed slope is

overestimated, and d = h — zy is the flow depth.

2.3 Results

2.3.1 Validation of height-width model for a reach with no measurement error

We first present bathymetry prediction results under the deterministic case of no SWOT
measurement errors to evaluate the applicability of each of the four types of h(w) model to
the Upper Mississippi reaches. This also gives us a bound for bathymetry prediction accuracy
because prediction errors will be higher when there is measurement error than when there is
not. We fit each model to h — w observations at different exposure levels, and extrapolate to
predict the unobserved heights and widths below the water surface. Figure 2.4 demonstrates
how the h — w models were fit to the synthetic observations and shows h — w plots for Pool
21, reach 1, which has a shape parameter of about 4.5. At maximum channel exposure of
e1 = 20%, the steep observed h — w relationship is extrapolated downward, and the bottom
depth is overestimated. The h — w projections from each model become more accurate as

more of the channel is exposed.

The choice of h(w) model has significant implications. The NLSB method is able to
predict unobserved height and width accurately even at 20% exposure, whereas the linear
method continues to overpredict the depth, even at 80% exposure. Table 2.1 shows statistics

of d and Ay prediction errors for the deterministic case. Over the 30 nonbraided study
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Figure 2.4: Cross section height-width models fit to water surface elevation and width data

for Pool 21, reach 1, assuming perfect measurements are available at 5 percent increments

of channel exposure. Dashed lines indicate extrapolation, while the solid gray line shows the

true height-width relationship.
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€4 L SB NL NLSB ey, L SB NL NLSB
min -33% -39% -49% -32%  min -69%  -99% -99%  -91%
mean 0% 1%  -71% -3.1% mean 1100% 320% 95% 6.8%
max 8% 38% 15% 2% max 2400% 840% 1300% 250%
25th percentile 27%  2.4% -13% -10%  25th percentile 340%  26%  -55% @ -67%
median 45%  16% -5.4% -2.9% median 1400% 370% 25% -4.0%
75th percentile 61% 25% 1.1% -0.8%  75th percentile 1800% 580% 130%  53%

Table 2.1: Relative depth error (g4) and Ay prediction error (e4,) statistics over the 30
nonbraided study reaches. Depth and Aq predictions are for height-width data at 80%

exposure and no measurement error.

reaches, at 80% channel exposure, the linear method overpredicts bankfull depth by 40% on
average, while the NLSB method underpredicts by 3.1%. Low flow wetted area errors eA0
are larger, ranging from -69% to 2400% with a mean of 1100% for the linear method, and
ranging from -91% to 250% with a mean of 6.8% for the NLSB method. The SB and NL
methods perform better than the linear method but not as well as the NLSB method.

2.3.2 Bathymetry predictions over the study reaches: stochastic case

To assess how well bankfull depth, low flow wetted area, and bed slope are predicted when
accounting for measurement errors, we applied each model at different levels of channel
exposure, using Monte Carlo simulation to add random errors to synthetic width and depth

observations.

As in the deterministic case, depth was overestimated at low exposure levels. The reach
geometry considered in this study tended to have a steep height-width relationship at near-
bankfull width. Extrapolating a height-width model fit to these data results in an excessively
steep decline in height as width decreases. The linear and slope break methods were most

susceptible to this extrapolation error, while the functional form of the NL and NLSB meth-
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ods reduced the error. Figure 2.5 shows box and whisker plots of ¢4, as well as €5, and e4,,
over the 30 study reaches. In this figure, we account for measurement error with an ensem-
ble of 500 sets of error-corrupted observations per reach. There are 500 values of ¢4, €5,
and 4, for each reach, for each exposure level el. Across reaches and exposure levels, the
median ¢; was lowest for the NLSB method, somewhat higher for the NL. method, higher
for the SB method, and highest for the linear method (-7%, -8%, 27%, and 52% at 60%
channel exposure, respectively). However, increasing channel exposure led to lower ¢4 across

all methods.

Bed slope prediction error is related to depth prediction error, with the distinction that
it is possible for positive and negative depth errors to cancel. ey, is fairly large across all
models and decreases with increasing exposure levels. It is not until 80% channel exposure
when the NL and NLSB methods show an advantage due to their superior depth-prediction
accuracy. The NLSB method predicts sy with a median error of -14% of the true value at
60% channel exposure, but the 25th and 75th quartiles are -72% and 83%. Note that the box
and whisker plots in Figure 2.5 show only the errors less than 200% for clarity. Summary

statistics for the plots shown in Figure 2.5 can be found in the SI (Section S4).

€4, 1s high at low exposure levels; this is a result of overestimating depth. The NLSB
method is the least biased out of the four methods at all exposure levels; however, the median
bias is actually lower at 40% exposure than at 80% exposure — NLSB tends to underpredict

Ao somewhat at high exposure levels.

2.4 Discussion

2.4.1 Evaluating performance in the context of breakpoint locations

We employed four curve-fitting methods to extrapolate height-width relationships fitted to
error-corrupted measurements of flow width and water surface height to predict unknown

bathymetry parameters. Next, we evaluate the different methods and recommend which is
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Figure 2.5: Relative depth, slope, and low flow area prediction error (4,5, and €g4,) for
the linear, slope break, nonlinear, and nonlinear slope break methods. The box and whisker
plots show g4 and €4, for each method, lumped over all 30 study reaches. Slope errors (es,)
are for 16 adjacent reaches where finite differences could be calculated. Errors greater than
200% have been excluded from the plots so the difference between models can be seen more
clearly. Arrows and inset text show the percent of prediction errors higher (or lower) than

the truncation threshold.
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preferred. There are computational and accuracy tradeoffs between the methods. The linear
method is the simplest and the fastest to apply but the least accurate, while the NLSB
requires an iterative solution and good initial guesses for the parameters, but it is also more
accurate. The utility of the method depends on how well the assumed h(w) model matches
reality. For the 30 nonbraided Upper Mississippi River reaches, the NLSB model is the best
approximation of the true, fully-observed, height-width relationship, with an average RMSE
of 0.12 m, compared to 0.65 m for the linear model, 0.23 m for the SB model, and 0.32 m
for the NL model, where RMSE = SSTE and SSE is the sum of squared error between the
fitted h(w) model and the measured data.

The NLSB method had the smallest relative errors (Egs. 13-15), followed by the NL,
SB, and linear methods. We recommend using the NLSB method, but note that there are
also reasons to use the NL method. The NLSB method provides a somewhat tighter bound
to the bathymetry parameters than does the NL method, but it requires more h-w data
points to fit two models for the NLSB method than it does to fit one model for the NL
method. The advantage of the NLSB method is that it can handle the case when there is a
breakpoint, whereas the NL. method cannot. For a given reach, we would expect observation
of the breakpoint to reduce bathymetry prediction error. Specifically, our hypothesis was
that errors would decrease with channel exposure, drop suddenly once the breakpoint was
observed, and continue decreasing smoothly with channel exposure past the breakpoint. We
plotted €4 vs. maximum observed exposure level for each reach (Figure 2.6) to evaluate this
hypothesis. Figure 2.6 shows ¢4 for these 16 of the 30 study reaches. Recall from Section 2.3
that we modified the banks of the original UMESC cross sections in order to define bankfull
geometry for uneven cross sections. Since this may introduce artificial breakpoints into the
height-width data, we used only the 16 reaches where bank adjustments were less than 10%
of bankfull depth for Figure 2.6. These were reaches 1, 3, 4, 5, 6 in Pool 4; reaches 1, 4, 5 in
Pool 26; and reaches 1, 2, 3,4, 7,9, 11, 12 in La Grange Pool.

We calculated breakpoint locations for each reach assuming full channel exposure and

26



NLSB

A Breakpoint location

ed(%)
50 100 150 200 250

0

-50

Channel exposure (%)

Figure 2.6: NLSB depth prediction errors vs. exposure level. Each line corresponds to
one pool-reach combination (LAG=La Grange); markers show the breakpoint locations.
Breakpoint locations are not shown if they occur at an exposure level before any NLSB

predictions can be made at that reach, e.g. if there are fewer than 10 data points.
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no measurement error. The average breakpoint occurred at 27% channel exposure, with a
range of about 8-45% exposure. Breakpoints are indicated on Figure 2.6 — except they are
omitted in the case where the breakpoint occurred at such a low exposure level that no NLSB
predictions could be made, e.g. because there were fewer than 10 height-width observations

available.

As might be expected, ¢, decreased with exposure level, but in contrast to our hypothesis,
observing the breakpoint does not appear to be a prerequisite for good accuracy. Inspection
of the reach-average cross section shapes reveals that while there are some cross sections with
well-defined slope breaks, such as reach 5 in Pool 4, many cross sections (especially in La
Grange Pool) are parabolic in shape and thus well-approximated even without a breakpoint.
We found that spatial averaging from the cross-section scale to the reach scale caused the

h(w) curves to become smoother and decreased the importance of the breakpoints.

Since the NLSB method had better accuracy than the NL method and since it is robust to
the presence of a breakpoint in the reach-average height-width relationship, whether or not
it actually exists, we advocate for the NLSB method. However, for applications with fewer
than 10 observations the NL method may be the better choice. In the following sections,
we report further applications of our bathymetry prediction methods and comparisons with

previously developed methods.

2.4.2 Comparison to Mersel’s slope break method

[Mersel et al., 2013] used height and width relationships to predict bed elevations z, for
cross sections on the Upper Mississippi and several other rivers. They used cross section
data from 1495 cross sections, but they only predicted bathymetry at a fairly small subset
of those cross sections. They applied versions of the linear and SB methods at ”optimal”
locations only, classifying a cross section as an optimal location if the height and width
observations were close to linear, possibly with one breakpoint. The number of optimal

locations varied with exposure level and method; at best, the method predicted bathymetry
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at 63% of cross sections using the linear model and 16% using the SB model. While they
did not evaluate Aj, we can compare our 2, estimation results to theirs. They reported z0

RMSE values relative to bankfull depth.

M13’s results for the Upper Mississippi River were as follows: for the linear method,
RMSE was as low as 11% at 95% channel exposure, and as high as 302% at 20% exposure.
For the SB method, RMSE was as low as 3% at 95% channel exposure, and as high as 20% at
20% exposure. In general, the number of optimal locations where they were able to predict
2o varied with exposure, as well, ranging from 63% of cross sections at 20% exposure to 11%
of cross sections at 95% exposure for the linear method, and from 0.4% of cross sections at

20% exposure to 16% of cross sections at 95% exposure for the slope break method.

Our method makes predictions at all locations, not just ”"optimal” locations. Essentially,
there is a tradeoff between the accuracy of the method and its domain of applicability.
It is not a perfect comparison because M13 was applied only at optimal cross sections,
whereas our method was applied at nonbraided reaches. We calculated standard errors
(SE) of depth estimates SE = &2 for each reach and exposure level, using the mean z
prediction to calculate €4 to compare with M13’s deterministic approach. These values are
plotted in Figure 2.7, along with the original M13 results. We also calculated rRMSE =
\/% Zivzl SE, to summarize the errors at each exposure level. Applying the linear and SB
methods to all (not just optimal) reaches, reduces the accuracy of the depth prediction. Note
that both the NL and NLSB methods outperform the linear and SB methods, with average
depth SE as low as 15% for the NLSB method at 80% channel exposure.

2.4.3 Comparison to Hagemann’s A0 regression model

[Hagemann et al., 2017] (hereafter H17) fit a regression model to flow width and area, taking
A0 as the minimum observed flow area at a site and data from the HydroSWOT dataset

([Canova et al., 2016]) to formulate a prior for Ay based on width measurements alone:
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In(Ag) = 0.855 4 1.393 * mean(In(weps) — 1.7249043 x sd(In(weps) + €4, (2.16)

where w,ps are the observed width values. R? for the model was 0.70. They found that € 4,
was normally-distributed with standard deviation 0.948 and zero mean. Therefore, A, values
can be generated by simulating a normal random variable with mean equal to the right-hand
side of Hagemann’s regression equation, except for the error term, and a standard deviation
of 0.948, and taking its exponent. As our method uses both width and height measurements,
we expect it to be able to predict Ay with lower error than a solely width-based method. We
applied the NLSB method to the HydroSWOT data as a way to both validate the method

on a new dataset and compare its accuracy to that of another Ay prediction method.

HydroSWOT is a USGS dataset composed of acoustic Doppler current profiler mea-
surements of channel and flow characteristics in USGS stream gage network. It includes
measurements of flow rate, width, area, and velocity at 10,081 sites in the U.S., although
not all variables are measured at all sites. There were 4,274 sites with at least 10 height
and width measurements, which is required for the NLSB method. There were also 989
sites where all the width observations were zero, even though height varied. After excluding
these sites and sites with fewer than 10 height and width measurements, we applied H17’s
regression (Equation 16) and NLSB to the remaining 4,253 sites. We calculated Aq predic-
tion error as Ay — Ay, and plotted error histograms for the mean Ay predictions from each
method in Figure 2.8. The NLSB method far outperformed the H17 method, predicting the
mean Ay with an average error of -105 m? compared to 2570 m? for H17. This is a significant
difference in performance, considering that the mean true Ay value was about 1300 m?. The
NLSB method failed to fit a model at 48 sites, where the observed height-width data were
in very poor agreement with the NLSB model. Since the distributions have such different
shapes, we compare modes, as well. Using the Freedman-Diaconis rule for the number of
bins, which we used to generate Figure 2.8, we calculated the mode of the H17 prediction

errors as 250 m? and the mode of the NLSB prediction errors -10 m?.
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Figure 2.8: Histograms of Ay prediction error for the Hagemann regression model vs. the

NLSB method. There is one prediction for each of about 4000 HydroSWOT sites.
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The results of applying the NLSB method to the HydroSWOT dataset are encouraging
because of their accuracy but also because they demonstrate that the method has potential to

work in rivers besides the Upper Mississippi River, and without any sort of bank modification.

2.4.4 Prior distributions

As discussed in Section 1, SWOT discharge algorithms can use prior information about
Ag to constrain their posterior estimates of discharge, as well as bathymetry and roughness
parameters. The NLSB method predicts Ay with lower error than the L, SB, or NL methods,
so we developed a way to easily set up an Ay prior based on the NLSB fit, but which could
also be applied using the L, SB, or NL methods.

From looking at Figure 2.5, we might expect that the distribution of prediction errors
should vary with exposure level. Thus, we separated the €4, data by exposure level and
fit normal and lognormal distributions for each exposure level using method of moments
estimators. Visual inspection of the histograms showed the lognormal distribution to be the
much better fit. When fitting lognormal distributions to € 4,, we shifted the data by v = —1
because the lognormal distribution cannot produce negative values, and €4, can range from
—1 to co. €4, must take values within this range because €4, = ﬁ—g —1, and areas are required

to be positive. Thus, we assume €4, is distributed as:

(a0 =) ~ LN/, 0') (2.17)

Or, equivalently:

In(ea, —7) ~ N(p,0) (2.18)

where + is the shift parameter for the shifted lognormal distribution (Singh, 1998).

We added one more layer of parameterization by plotting the lognormal parameters p’
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and o’ vs. exposure level and fitting the observed relationship with a linear regression. The

resulting parameterization is given by:

[, =1.212 — 2.438k (2.19)

o} = 0.5901 + 1.1827k (2.20)

where ;. and o}, are lognormal location and scale parameters at exposure level k, where
k ranges from 0 to 1. The variable p) decreases with exposure level, while o} appears to
increase: this could be due to the tendency of €4, to occasionally take on very high values
at high exposure levels, when the denominator, Ay, is close to zero. The R? values for the
regression equations (2.19) and (2.20) are 0.83 and 0.72, respectively. Further details of the

fitting and subsequent parameterization can be found in the SI (Section S5).

As an example of how we can use the NLSB method with equations (2.19) and (2.20) to
generate an Ay prior, let us look at reach 1 of Pool 21 (with height and width measurements
down to 40% channel exposure). We fit the NLSB model to the height and width data and
used it to predict 1210 = 385m?. To incorporate error into our estimate of Ay, we rearrange

the formula for relative Ay error (Equation 2.14) as:

~

Ao

A(]:
1+ €4,

(2.21)

While € 4, is lognormally-distributed, Ay is distributed as i, with a reciprocal lognormal

0
distribution. We simulated 10,000 realizations of €4, ~ LN (u},0},v = —1), calculated A
realizations using Equation (2.21), and used the simulated values to plot the histogram in
Figure 2.9, which is the prior distribution for Ay. For this reach, the mean value of the prior

was close to the true value of Ay. The median of the Ay prior was 342 m?.

We evaluated the performance of exposure-level dependent priors for every pool, reach,

and exposure level by calculating bias and the 95% exceedance ratio (ER95; Moradkhani et
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Figure 2.9: Example A prior for Pool 21, reach 1, at 40% channel exposure, using the NLSB

parameterization for the lognormal prior. The true value (red dashed line) is 542 m?.
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al., 2006) for each Ay prior. We computed bias as the difference between the sample mean
and the true value, and ER95 the number of times the truth fell outside the 95th percentile

confidence range:

Bias; = mean(Ag — AJ™) (2.22)
LN

ERgs = + D (Afe > AT AR < AFP) (2.23)
i=1

for the i"* pool, reach, and exposure level.

The bias between the Ay priors and the true values for each pool, reach, and exposure
level where an NLSB model could be fitted ranged from -2620 m? to 40.9x10% m?2, but with
a much smaller mean value of 810 m%2. The ER95 was 5.3%; the majority of the priors

encompassed the true value.

So far, we have assumed the maximum observed exposure level (e;) is known. Once
SWOT begins making observations, we will not necessary know the observed exposure level
for a particular observation because we may not know the bankfull width. Therefore, we
also evaluated how well Ay could be estimated with a prior that is not dependent upon
exposure level. We did so by fitting a single distribution to all the €4, values as a whole.
The lognormal distribution was a good fit for the data, with parameters y/ = —0.02 and
o’ = 1.30. Essentially, we are saying that there is some uncertainty described by a lognormal
random variable €4, that does not vary with exposure level. The exposure-level varying
component of the Ay prior comes from the NLSB prediction Ay. We again calculated bias
and FRgs; and found that this assumption fares quite well. Bias ranged from -1970 m2 to
97.9x103m?, with a mean value of 3140 m%. ERgs was 5.0%, slightly lower than when we
used the additional knowledge about exposure level. Because the exposure level-dependent
prior had lower bias than the more general prior, we recommend using it when wy; (and thus

exposure level) is known.
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2.5 Conclusions

We evaluated four methods for using SWOT measurements of water surface height and flow
width to predict low flow area Ay, as well as minimum bed elevation zy and bed slope sg.
The nonlinear (NL) and nonlinear slope break (NLSB) methods recognize that reach-average
height-width relationships tend to have an exponential shape. They exploit this assumption
to predict depth with a median error of 1.1% and Ay with a median error of 13% at channel
exposure as low as 40%, evaluated in thirty 10-km reaches of the Upper Mississippi River.
Unlike a recently developed approach meant to be used only at “optimal” locations, the NL
and NLSB methods developed here can be applied over any nonbraided river reach. As such,
they could be used, for instance, to help produce global bathymetry maps based on SWOT
data.

We expect our methods to be useful for SWO'T discharge estimation algorithms that use
prior Ag distributions in a Bayesian parameter estimation framework, such as MetroMan
([Durand et al., 2014]; [Yoon et al., 2016]), BAM ([Hagemann et al., 2017]), or data assimi-
lation methods ([Oubanas et al., 2018b]; [Oubanas et al., 2018¢|). Equifinality makes it dif-
ficult for estimation algorithms to determine unknown bathymetry, roughness, and boundary
inflows simultaneously. Prior knowledge of bathymetry can be used to constrain ill-posed hy-
draulic inverse problems where bathymetry, roughness, and boundary inflows are unknown.
We showed an example of how the NLSB method can be used to generate a realistic Ay
prior from a limited number of height and width measurements. Such Ay priors could better

constrain the estimation problem and help overcome equifinality limitations.

Although we developed the curve-fitting methods specifically using data for the Upper
Mississippi River, the HydroSWOT database allowed us to evaluate them at 4000 sites across
the continental U.S., which has a broad range of climatologies. In general, we expect the NL

and NLSB methods to apply anywhere that hydraulic geometry relationships hold true.

Globally-available bathymetry predictions for large rivers have applications beyond pa-
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rameterizing SWOT discharge algorithms. They could also be used to improve the National
Water Model (NWM; [Gochis et al., 2016]), which currently assumes a trapezoidal cross sec-
tion of infinite depth with constant side slope of 1:20 for rivers in the continental United
States — an assumption that hinders NWM’s ability to forecast river stage and discharge
([Brackins et al., 2018]). Other potential applications include bathymetry mapping for nav-
igation and understanding how human disturbance such as dam construction affects river
bathymetry over time. Finally, this methodology was designed with SWOT in mind, but it
could potentially be applied using other flow width and river height data, such as spaceborne

lidar measurements from ICESat or ICESat-2.

2.6 Supporting Information

2.6.1 Tables of acronyms and variable names

Acronym  Explanation

AMHG  At-many-stations hydraulic geometry algorithm for discharge estimation
BAM Bayesian-AMHG Manning algorithm for discharge estimation
L Linear height-width model
McFLI Mass-conserved flow law inversion
MetroMan Metropolis-Manning algorithm for discharge estimation
NL Nonlinear height-width model
NLSB Nonlinear height-width model with one breakpoint
SB Slope break, linear height-width model with one breakpoint
SWOT  Surface Water and Ocean Topography Mission
UMESC  Upper Midwest Environmental Science Center

Table 2.2: Acronyms.
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Variable

Description

A
Ao

€1
€4

€d
€5y

h

S0

20

Wetted area

Low flow wetted area

Coefficient in the nonlinear height-width model
Flow depth

Exposure level

Exposure level at minimum observed flow width
Ao prediction error

Depth prediction error

Bed slope prediction error

Water surface height

Minimum observed water surface height

Shape parameter

Bed slope

Flow width

Minimum observed flow width

Minimum bed elevation

Table 2.3: Selected variable names.

2.6.2 Pre-processing UMESC bathymetry data

The UMESC bathymetry data consist of a dense grid of depth measurements. We wish to
characterize the river in terms of "reaches,” each with a uniform cross section along its length,
and derive height-width relationships for each reach from which to obtain error-corrupted,
SWOT-like, measurements. The preprocessing steps required to do so are described in this
section and illustrated in Figure S1. We used the R package WSEw (https://github.com/

jschapl/WSEw), to go from 2D bathymetry data to 1D reach-average height-width data.

1. Evenly-spaced transects are drawn perpendicular to the river centerline. We took river
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centerlines from HydroSHEDS ([Lehner et al., 2008]), and drew perpendicular bisec-
tors every 5 m (the highest resolution possible given the 5 m gridded bathymetry data)
along the centerline. We smoothed the river centerline using Gaussian kernel smooth-
ing before drawing the transects to avoid jagged portions of the original centerline
that otherwise caused many transects to be misaligned relative to the river channel.
Figure S1(a) shows transects drawn every 500 m along the centerline for Pool 21 of the

Mississippi River.

2. Rivers often consists of multiple channels, i.e. they can be braided. Also, rivers can
sometimes run parallel to lakes or wetlands. The UMESC data used in this study do not
provide a way to distinguish the main river channel from other nearby water bodies. To
avoid this issue, we restricted the analysis to nonbraided portions of the river. Figure
S1(b) shows examples of cross sections classified as ”braided” and “nonbraided.” We
extracted depths along each nonbraided transect. We calculated bed elevations at each
cross section by subtracting depth from the reference water surface height at the time

of the sounding, provided with the UMESC data.

3. Some of the cross sections constructed this way have uneven bank elevations, that is,
the bank elevation differs between the left and right banks. Uneven bank elevations
may occur naturally due to different soil materials on either bank, or they could be
spurious, a result of the resolution of the bathymetry data near the banks not being
fine enough to account for the steep changes in bed elevation occurring there. In order
to determine bankfull width and depth, we imposed zero depth at the right and left
banks to make them even. The example in Figure S1(c) shows the bank adjustment for
a particular cross section; averaged over a reach, the bank adjustments are less severe.
Sensitivity tests showed that this modification did not strongly affect the performance

of the curve-fitting methods (see Section S3 for details).

4. After correcting uneven banks, we calculated maximum bankfull depth as the difference
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in elevation between the tops of the banks and the thalweg, the point of lowest elevation
in the channel. We generated height-width data by entering heights from the bed
elevation to the bankfull depth, at 5 percent increments of exposure, and using the

cross section geometry to calculate the corresponding width.

5. SWOT observations will be reported at a reach scale, so we computed average cross
sections at the reach scale. We did this by taking the average cross section of all
nonbraided cross sections within a 10 km reach, but only for reaches where a significant
amount of the cross-sections within the reach are classified as nonbraided. Figure S1(d)
shows nonbraided cross sections within each of Pool 21’s three reaches. We performed
our analysis on the 30 least braided reaches, out of 51 reaches in the UMESC domain.
All these reaches were at least 30% nonbraided, with an average braided fraction of
42%. Figure S1(e) shows the average cross section shape and height-width relationship
for reach 1 of Pool 21.

2.6.3 Sensitivity analysis to bank adjustment during UMESC preprocessing

As noted above, the UMESC cross sections could have different bank heights on the left
and right sides. In order to define bankfull quantities, we assumed that the depth at both
of the cross section banks is zero. This required adjusting the cross section as shown in
Figure 2.10(c). We were concerned that adjusting the cross sections might introduce artificial
breakpoints in the height-width relationship, and thus promote curve-fitting methods that
account for breakpoints (SB, NLSB) over methods that do not account for breakpoints (L,
NL). We present the following sensitivity analysis to support our claim that this adjustment

does not seriously impact our results.

mazx(dby, 0b,.)

Ab =
dbf

(2.24)

where 0b;, 0b,, and dps are defined in Figure 2.10(c). Ab measures how much the bank
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Figure 2.11: Histogram showing Ab values for the 30 study reaches, calculated as cross-sec-

tion averages over each 10-km reach.

heights were adjusted, as a percent of bankfull depth; its average value for the 30 study
reaches was 15%. Figure 2.11 shows the distribution of Ab values for the 30 study reaches.
Ten of the reaches have Ab > 20%. The highest Ab value was 51%.

Although most of the reaches have fairly small bank modifications, we were concerned
about the potential impact of bank modifications on the performance of the curve-fitting
methods, so we performed a sensitivity analysis, splitting the reaches into two groups: those
with high Ab values (Ab > 20%) and those with low Ab values (Ab < 5%). We used the
L, SB, NL, and NLSB methods to predict bathymetry for both groups of reaches and we
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Figure 2.12: Box and whisker plots showing relative A, prediction error for each curve-fitting
method. The top row shows e4, calculated for the five reaches with the lowest Ab values,
while the bottom row shows 4, calculated for the eight reaches with the highest Ab values.
Errors higher than 200% have been truncated and excluded from the plots, but they are

indicated by annotations and arrows.

plotted the resulting €4, values in Figure 2.12. For both groups of reaches, error is lower
for the NLSB method than for the NL method and lower for the SB method than for the L
method, so we conclude that the bank adjustments do not bias our experiment in favor of
the SB or NLSB methods. Also, the magnitudes of the prediction errors do not differ greatly

between reaches with small bank adjustments vs. reaches with large bank adjustments.
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2.6.4 Relative errors for depth, slope, and low flow area prediction

In case the reader desires a closer look at the information shown in Figure 2.5, we have

tabulated the 25th, 50th, and 75th percentiles of the prediction errors in Tables 2.4, 2.5, and

2.6, below.
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9¥

Exposure L SB NL NLSB

Percentile 25th 50th 75th 25th 50th 75th 25th  50th 75th 25th 50th 75th
20% 74.4% 151% 256% 65.8% 114% 173% 2.0% 388% T77.6% -0.6% 24.3% 55.9%
40% 65.8% 90.6% 128% 28.0% 52.0% 73.3% -6.5%  9.8% 28.7% -155% 11% 20.2%
60% 20.7% 52.4% 82.6% -3.7% 26.5% 42.1% -231% -7.8% 3.6% -20.0% -7.0% 2.2%
80% -0.6% 25.9% 46.4% -5.0% 6.5% 21.0% -22.0% -12.0% 3.5% -15.6% -3.9% 0.2%

Table 2.4: Depth prediction errors (g4) relative to bankfull maximum depth at 25th, 50th, and 75th percentiles for each

method at 20, 40, 60, and 80% channel exposure

Exposure L SB NL NLSB

Percentile 25th 50th 75th 25th  50th 75th 25th  50th 75th 25th  50th  75th
20% -615% -208% 15.8% -651% -276% 25.8% -320% -156% 54.5% -283% -143% 21.6%
40% -334% -90.3% 110% -195% -51.2% 103% -159% -36.3% 120% -129% -8.1% 79.2%
60% -196%  -99.5%  199%  -148% -34.5% 99.5% -99.1% 10.9% 65.0% -72.0% -13.9% 82.9%
80% -232%  -671% 172% -59.3% -0.7% 113% -59.8% -18.7% 34.9% -20.1% 42% 39.1%

Table 2.5: Bed slope prediction errors (gg,) at 25th, 50th, and 75th percentiles for each method at 20, 40, 60, and 80%

channel exposure.



Ly

Exposure
Percentile
20%
40%
60%
80%

Table 2.6: Low flow wetted area prediction errors (€4,) at 25th, 50th, and 75th percentiles for each method at 20, 40,

60, and 80% channel exposure

25th
82.0%
150%
137%
9.0%

L
50th
335%
298%
342%
337%

75th
571%
524%
830%
1660%

25th
81.2%
60.9%
12.9%
-46.3%

SB
50th
239%
141%
176%
84.5%

75th
430%
265%
327%
568%

25th

13.2%
10.8%
-60.7%
-72.0%

NL

50th
137%
79.8%
-2.6%
-5.0%

75th
280%
158%
109%
207%

NLSB
50th
83.6%
12.8%

-28.2%

-23.4%

25th

0.1%
-33.4%
-69.5%
-72.6%

75th
203%
88.4%
48.2%
49.8%



2.6.5 Parameterizing the ¢4, distributions as a function of channel exposure

This section describes our method for postulating Ag priors based on the distribution of NLSB
bathymetry prediction errors, going into more detail than Section 4.4 of the main text. The
problem is as follows: Given h and w measurements down to a particular maximum observed
exposure level, we wish to postulate a prior distribution on Ay. It is also possible that we
will not know the exposure level, so we handle that case, too. Given that we have calculated
€ 4, replicates using Monte Carlo simulation based on 30 Upper Mississippi river reaches (the
prediction error distributions are shown, for example, in Figure 2.5), our strategy is to use
the distribution of these €4, values calculated for the Upper Mississippi River study area
to postulate prior distributions that we can use for predicting bathymetry in other rivers,

where the true bathymetry is unknown.

Plotting histograms ¢ 4,, we find that the prediction errors well-described by a lognormal
distribution. Figure 2.13 shows histograms of €4, values calculated using the NLSB method
over all 30 study reaches at 20, 40, 60, and 80 percent channel exposure. Fitted normal and
lognormal distributions are shown in the figure, as well. Clearly, the lognormal distributions
are the better fit. The shifted, or three-parameter, lognormal distribution needed to be used,

since €4, can range from -1 to oo.

We go one step further to develop €4, priors that depend on how much of the channel
is exposed. After obtaining lognormal distribution parameters for 5, 10, ..., 95% maximum
observed channel exposure, we plot the parameters vs. channel exposure (Figure 2.14), and
parameterize the parameters, so to speak. We tested linear, semilog, and loglog (where
possible) models for 4’ and &', the lognormal distribution parameters. We chose a linear
model for its simplicity and because it provided a good fit for both parameters, in terms
of R%. The resulting regression equations are shown in the main text (Equations 2.19 and

2.20).
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2.6.6 Average cross sections for the 30 study reaches

Of the 51, 10-km long Upper Mississippi River reaches defined for this study, we tested
our curve-fitting methods on a subset of 30 non-braided reaches. Figures S6-S15 show the
average cross section geometry and height-width relationships for each reach. Reaches are
identified by the Upper Mississippi River pool in which they are located. The dotted red
lines show the breakpoint location defined for the nonlinear slope break (NLSB) method.
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Figure 2.15: Average cross section geometry for non-braided reaches in Pool 4.
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Figure 2.16: Average cross section geometry for non-braided reaches in Pool 5.
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Figure 2.19: Average cross section geometry for non-braided reaches in Pool 9.
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Figure 2.20: Average cross section geometry for non-braided reaches in Pool 13.
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Figure 2.21: Average cross section geometry for non-braided reaches in Pool 21.
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Figure 2.22: Average cross section geometry for non-braided reaches in Pool 26.
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Figure 2.23: Average cross section geometry for non-braided reaches in the La Grange pool

(split over two figures).
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Figure 2.24: Average cross section geometry for non-braided reaches in the La Grange pool

(split over two figures).
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CHAPTER 3

A near-global, high resolution land surface parameter

dataset for the variable infiltration capacity model

Hydrologic models predict the spatial and temporal distribution of water and energy at the
land surface. Currently, parameter availability limits global-scale hydrologic modelling to
very coarse resolution, hindering researchers from resolving fine-scale variability. With the
aim of addressing this problem, we present a set of globally consistent soil and vegetation
parameters for the Variable Infiltration Capacity (VIC) model at 1/16° resolution (approxi-
mately 6 km at the equator), with spatial coverage from 60°S to 85°N. Soil parameters derived
from interpolated soil profiles and vegetation parameters estimated from space-based MODIS
measurements have been compiled into input files for both the Classic and Image drivers of
the VIC model, version 5. Geographical subsetting codes are provided, as well. Our dataset
provides all necessary land surface parameters to run the VIC model at regional to global
scale. We evaluate VICGlobal’s ability to simulate the water balance in the Upper Colorado
River basin and 12 smaller basins in the CONUS, and their ability to simulate the radiation
budget at six SURFRAD stations in the CONUS.

3.1 Background and Summary

The Variable Infiltration Capacity (VIC, https://github.com/UW-Hydro/VIC) model is a
macroscale, semi-distributed hydrologic model ([Hamman et al., 2018b];[Hamman et al., 2018a];

[Liang et al., 1994]) that calculates land surface states and fluxes by solving the surface water
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and energy balances. The model has a wide user base — the citation index Web of Science
shows the original VIC paper ([Liang et al., 1994]) has been cited nearly 2000 times, with
contributing authors from at least 56 countries. Despite the model’s popularity, there are only
a few ready-made soil and vegetation parameter datasets that modelers can use to run VIC
outside the continental United States. Previous global input datasets ([Nijssen et al., 2001];
[Su et al., 2005]; [Lin et al., 2019]; [Zhou et al., 2016]; [Adam et al., 2009]) have been com-
piled for VIC at resolutions ranging from 2° to 1/4°. Many studies, including [Su et al., 2005],
[Zhou et al., 2016, and [Adam et al., 2009] use parameters based on the 2° soil and vege-
tation parameters developed by [Nijssen et al., 2001] (henceforth N2001). As useful as the
N2001 dataset has been over the years, the VIC-modeling community would be well-served
by a higher-resolution update. The N2001 dataset and its derivatives are limited by the
dataset’s coarse resolution, geographically sparse subset of leaf-area index observations, and
assumptions of temporally-invariant albedo and 100 percent canopy coverage for all land
cover classes, as noted by [Bohn and Vivoni, 2019], who developed a new VIC parameter
dataset for North America that addresses these issues. Our dataset, VICGlobal, emulates

their approach at a global-scale.

VICGlobal’s predecessor, the N2001 soil and vegetation parameters, may be appropriate
for continental-scale modelling, but its coarse resolution makes it less useful for parameteriz-
ing VIC at smaller scales. Coarse resolution land surface models miss topographic variability,
distort river networks, and prevent proper representation of land-atmosphere interactions in
coupled land-atmosphere models. At coarse resolution, topographic characteristics such as
elevation and vegetation cover are averaged over a large grid cell, so the model will miss key
details such as the effect of terrain on the radiation balance and the effect of vegetation on
ET-soil moisture partitioning. This is particularly important in mountainous regions, where
there are large changes in topography across relatively small areas. While VIC does not
represent fluxes from one grid cell to another, it is frequently coupled to a routing model

to simulate how runoff flows between grid cells. At very coarse resolutions, the modelled
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river network loses its resemblance to the true river network, necessitating upscaling al-
gorithms to obtain usable coarse-resolution river networks (e.g. [Wu et al., 2012]). Finally,
high resolution land surface modelling could improve our ability to simulate land-atmosphere
interactions that occur over relatively small spatial scales ([Wood et al., 2011]). With 1/16°
grid cells and representation of up to 17 land cover classes within each grid cell, VICGlobal

is a step toward addressing each of these resolution-related challenges.

Regional-scale VIC inputs at 1/16° resolution already exist but have limited coverage out-
side North America. [Livneh et al., 2013] (henceforth L2013) set up the VIC model over the
conterminous United States (CONUS) using soil and vegetation data compiled from sources
including the Food and Agriculture Organization (FAO)/UNESCO Soil Map of the World
and the Advanced Very High Resolution Radiometer (AVHRR). The L2013 VIC parame-
terization is based on that of [Maurer et al., 2002], with calibration for a better match with
streamflow data. [Bohn and Vivoni, 2019] (henceforth BV2019) released an updated 1/16°
vegetation parameter dataset for the CONUS, Mexico, and part of Canada, improving on of
the limitations of the L2013 dataset, such as its assumption of temporally-invariant albedo.
They estimated time-varying albedo, leaf-area index (LAI), and fractional canopy cover using

observations from the Moderate Resolution Imaging Spectroradiometer (MODIS).

Drawing on the L2013 and BV2019 VIC parameterizations, we developed VICGlobal,
a near-global dataset of soil and vegetation parameters for the VIC model at 1/16° reso-
lution, which VIC users can download and subset to their region of study. We estimated
soil parameters based on the 30 arc-second FAO Harmonized World Soil Database (HWSD;
[Nachtergaele et al., 2012]). Vegetation parameters are based on 500 m resolution MODIS
observations. VICGlobal includes all the necessary parameters to run regional- to global-
scale VIC simulations. We provide MATLAB®) codes to subset the VICGlobal parameters
to a particular domain. In addition to parameters, meteorological forcing data are required
to run VIC. We do not include meteorological forcing data as part of VICGlobal. Instead,

we direct readers to existing forcing datasets with near-global coverage, such as the re-
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analysis datasets MERRA-2 ([Gelaro et al., 2017]) and GLDAS ([Rodell et al., 2004]), or
real-time measurement-based datasets — see e.g. [Xiao et al., 2016]; [Livneh et al., 2013];

[Livneh et al., 2015]; and [Bohn et al., 2019].

Finally, a note on the file format: The upgrade from VIC version 4 (VIC-4) to VIC version
5 (VIC-5) introduced two “drivers” for running the model. The Image driver takes NetCDF
files as inputs, while the Classic driver takes ASCII text files. The VICGlobal parameter

files are available in two formats: one for VIC-5 Classic, and one for VIC-5 Image.

3.2 Methods

This section describes how we used freely-available data to compile Classic driver input files
for the VIC model. First, we created parameter files for VIC-5 Classic, then we converted
them to NetCDF format for VIC-5 Image. VIC-5 Classic requires three parameter files: a
soil parameter file, a vegetation parameter file, and a vegetation library file. An optional
elevation band file can be provided to resolve sub-grid variability in elevation, which is
important in regions with complex topography. The parameters are arranged as a relational
database: each grid cell has a unique identifier, called a grid cell number, in the soil parameter
file, that VIC uses to find the corresponding rows of data in the vegetation parameter and
elevation band files. The Image driver uses a different setup, with all parameters stored in

a single NetCDF file.

3.2.1 Soil parameters

The soil parameter file for VIC-5 Classic is an ASCII text file that includes soil parameters
such as hydraulic conductivity and porosity, but also other kinds of static parameters, such
as average precipitation and time zone offset from GMT. Each row of the soil parameter
file represents one grid cell, and each column represents a different variable. We compiled

the soil parameter file using MERIT ([Yamazaki et al., 2017]) elevation data, soil texture
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data from the FAO HWSD, pedotransfer tables relating soil texture to other soil proper-

ties, and interpolated weather station data (WorldClim; [Fick and Hijmans, 2017]). Any

remaining parameters were set to suggested values from the VIC model’s documentation

([Hamman et al., 2018a]). The following sections describe the estimation of each variable in

the soil parameter file, summarized in Table 3.1.

Table 3.1: VIC model parameters for the soil parameter
file.  Parameters whose source is “VIC documen-
tation” were set to suggested values from the VIC
documentation ([Hamman et al., 2018a]). ~ Bold pa-
rameters have distinct values in each of the three soil
layers. Sources: WorldClim ([Fick and Hijmans, 2017],
HWSD ([Nachtergaele et al., 2012]), MERIT
([Yamazaki et al., 2017]). *values are calculated based

on HWSD soil texture data, using the pedotransfer

table.
Soil parameter Description Source
lat Latitude MERIT
lon Longitude MERIT
bin firt Variable infiltration capacity parameter VIC documentation
ds Fraction of Dsmax where nonlinear baseflow occurs ~ VIC documentation
dsmax Maximum velocity of baseflow (mm/day) HWSD*
ws Soil moist. at which nonlinear baseflow starts VIC documentation2
c Exponent used in baseflow curve VIC documentation
expt Campbell’s eqn. exponent for hydraulic conductivity HWSD*
Ksat Saturated hydraulic conductivity (mm/day) HWSD*
phig Soil moisture diffusion parameter (not used) Not used
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mnitm

elev

depth

avg_T

dp

bubble
quartz
bulk_density
sotl_density

offgmt

WCT fract

WPWDfract
Rough
snow_rough
annual_prec
resid_mozist
fs_active

July_Tavg

Initial moisture content (mm)

Elevation (m)

Thickness of each soil layer (m)

Average soil temperature (°C)

Soil thermal damping depth (m)

Bubbling pressure of soil (cm)

Quartz content

Bulk density of soil (kg/m3)

Soil particle density (kg/m3)

Time zone offset relative to GMT (hr)
Fractional soil moisture content at critical point
Fractional soil moisture content at wilting point
Surface roughness length of bare soil (m)
Surface roughness length of snowpack (m)
Average annual precipitation (mm)

Residual moisture fraction

Flag for whether to run frozen soils module

Average July temperature (°C)

3.2.2 Elevation and land mask

HWSD*

MERIT

HWSD

WorldClim

VIC documentation
HWSD*

HWSD*

HWSD

VIC documentation
Based on longitude
HWSD*

HWSD*

VIC documentation
VIC documentation
WorldClim

Assumed zero

WorldClim

The VICGlobal soil parameter file uses the Multi-Error-Removed Improved-Terrain (MERIT;

[Yamazaki et al., 2017]) digital elevation model (DEM) to define the elevations, latitudes,

and longitudes of each land grid cell.

The MERIT DEM is an error-corrected and ex-

tended version of the SRTM DEM, with 3 arc-second resolution and coverage from 60°S to
85°N and 180°W to 18 °E. Specifically, MERIT is a combination of the SRTM, AW3D, and

67



Viewfinder Panoramas’ DEMs, corrected for striping, speckle, absolute bias, and tree height
bias. We used bilinear interpolation to aggregate MERIT to 1/16° resolution and derive a
1/16° MERIT-based land mask and DEM (Figure S1).

3.2.3 Soil texture data

Soil texture (percent sand, silt, and clay) and bulk density were obtained from the FAO
HWSD, a gridded soil parameter dataset derived from in-situ measurements of the soil
column. We used a 0.05° resolution NetCDF dataset converted from the original HWSD
Microsoft Access database by [Wieder et al., 2014]. We resampled the HWSD soil data
from 0.05° to 1/16° resolution using bilinear interpolation with the MATLAB®) function
griddedInterpolant. While HWSD has near global coverage, there are missing data in some
places around the world, notably Greenland and northern Africa. We filled in these missing
data using inpainting, a gap-filling method from the field of image processing. We used
the MATLAB®) function inpaintnans ([D’Errico, 2012]), which uses a partial differential
equation method to fill in missing data, to fill gaps in the HWSD data over the MERIT land

mask. Figure 3.1 shows the HWSD bulk density data before and after inpainting.

The HWSD data are divided into ”topsoil” and ”subsoil” parameters. The first 30 cm
of the soil column are considered topsoil and the lower 70 cm subsoil. VIC is typically run
with three soil layers, so we created a three-layer soil parameter file by breaking up the 30
cm HWSD topsoil layer into two soil layers: one of 10 cm and one of 20 c¢m, so the final soil
parameter file has three layers, with thicknesses of 10 ¢m, 20 cm and 70 cm, from top to
bottom of the soil column. Ten centimeters has been a common choice for the uppermost
layer soil depth in VIC modeling applications since its use by [Liang et al., 1996]. Soil layer
depths are typically used as calibration parameters. VICGlobal values should be considered

a starting estimate.
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Figure 3.1: Bulk density data from the Harmonized World Soils Database (HWSD). The
top panel shows HWSD bulk density data resampled to 1/16° resolution, the middle panel

shows bulk density after infilling holes, and the bottom panel shows the difference.
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3.2.4 Calculating soil parameter values based on soil textures

Pedotransfer functions (e.g. [Cosby et al., 1984]) relate readily available soil properties, such
as soil texture, to less easily-observed properties, such as hydraulic conductivity. After re-
sampling the HWSD data from 1/4° to 1/16° resolution, we estimated soil parameters by
classifying each grid cell’s USDA soil texture class and assigning physical soil properties
based on a lookup table included with the VIC documentation ([Hamman et al., 2018al;
[Schaake, 2000]). The lookup table (Table 3.2.4) relates the 12 USDA soil texture classes
to bulk density, field capacity, wilting point, porosity, saturated hydraulic conductivity,
and slope of the soil water retention curve in Campbell’s equation. We classified soil tex-
tures using the USDA soil texture triangle, as implemented by the MATLAB®) function
soil_classification ([Hoffman, 2016]). Figure 3.2 shows the derived USDA soil texture map.
We used these along with the lookup table to estimate saturated hydraulic conductivity
(Ksat), the exponent in Campbell’s equation for hydraulic conductivity (expt), fractional
soil moisture at the critical point (wcr frqc), where the critical point is about 70% of field ca-
pacity, fractional soil moisture at the wilting point (wpwpsree), quartz content, and porosity
for each soil layer. The lookup table ([Schaake, 2000]) did not include quartz content, so we
supplemented it with the soil texture-quartz content lookup table from Peters-Lidard et al.

([Peters-Lidard et al., 1998]).
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1L

USDA class Field capacity Wilting point Porosity Kgu (e¢m/hr) b Quartz content

Sand 0.08 0.03 0.43 38.41 4.1 0.95
Loamy sand 0.15 0.06 0.42 10.87 3.99  0.85
Sandy loam 0.21 0.09 0.4 5.24 4.84  0.69
Loam 0.32 0.12 0.46 3.96 3.79  0.19
Silt loam 0.28 0.08 0.52 8.59 3.06  0.05
Silt 0.29 0.14 0.43 1.97 5.3 0.41
Sandy clay loam 0.27 0.17 0.39 2.4 8.66 0.61
Clay loam 0.36 0.21 0.48 4.57 7.48  0.09
Silty clay loam 0.34 0.21 0.46 1.77 8.02 0.25
Sandy clay 0.31 0.23 0.41 1.19 13 0.5

Silty clay 0.37 0.25 0.49 2.95 9.76  0.08
Clay 0.36 0.27 0.47 3.18 12.28 0.25

Table 3.2: USDA soil texture class lookup table. Field capacity, wilting point, porosity, saturated hydraulic conductivity
(Ksat), and b are taken from a lookup table ([Schaake, 2000]), which is provided with the VIC version 4 software

documentation. b is the slope of the retention curve, in log space.



We set the variable infiltration capacity parameter b,z = 0.2, the maximum base-
flow fraction threshold d, = 0.001, and maximum soil moisture threshold wy = 0.9, their
suggested values from the VIC documentation. These parameters, along with maximum
baseflow velocity (dsmax) and soil depth, are typically calibrated. We set the baseflow
curve exponent c=2, the soil thermal damping depth dp = 4 m, soil density = 2685 kg/m?,
surface roughness = 0.001 m, and snow roughness = 0.0005 m, also based on guidance from
the VIC documentation. The soil moisture diffusion parameter phi, is not used in the cur-
rent version of VIC, so we set it to the no-data value (-999). The final few soil parameters —
dsmaz, initial soil moisture (initm), and bubbling pressure (bubble)— were calculated using

the following equations, based on guidance from the VIC documentation.

dsmax = slope * K gu (3.1)
INTEM = WET fraer * POTOSItY * 1 (3.2)
bubble = 0.32 % expt + 4.3 (3.3)

Equation (3.1) estimates dsmax for each grid cell as the product of soil-column average
K, and land surface slope, which was calculated from the elevation data using the MAT-
LAB®) function gradientm ([MathWorks, 2019]). Equation (3.2), where ¢; is the thickness
of soil layer [, assumes that initial soil moisture is equal to the fractional soil moisture con-
tent at the critical point. Equation (3.3) calculates bubbling pressure as a function of expt,
based on linear regression of bubbling pressure vs. expt ([Rawls, 1993]). Figures S2-S9 in
the Supplementary Information show maps of each soil parameter. We assumed residual soil
moisture, the amount of soil moisture that cannot be removed from the soil by drainage or

evapotranspiration, was zero.
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Figure 3.2: USDA soil texture classifications based on HWSD. Topsoil is soil from 0-30 cm

below the surface, and subsoil is soil between 30-100 cm deep.
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3.2.5 Elevation bands

VIC uses an elevation band file (also called a snow band file) to account for subgrid hetero-
geneity in grid cell elevations. The assumption of uniform elevation over an entire grid cell
can lead to modeling errors in mountainous regions, where higher topography is associated
with cooler temperatures and higher precipitation rates. The elevation band file accounts for
subgrid variability in topography by dividing each grid cell into a number of elevation bands,
each of which is simulated separately. VIC adjusts temperature, pressure, and precipitation
depending on the elevation in each band. We prepared an elevation band file with five eleva-
tion bands by comparing the 1/16° DEM used for the soil parameter file with a 30 arc-second
DEM. Both DEMs were derived by aggregating MERIT data. For simplicity, we assumed
precipitation was evenly distributed among elevation bands within a grid cell. The elevation
band file is provided with the caveat that using elevation bands requires more computing
power; users may wish to turn elevation bands on or off (via the VIC global parameter file)

depending on their needs.

3.2.6 Vegetation parameters

VIC-5 Classic uses a vegetation parameter file to define the fractional cover of different
vegetation types within each grid cell and some of their physical properties. Other vege-
tation parameters are stored in the “vegetation library” file. (VIC-5 Image simply stores
all parameters in a single “parameter” file.) The VIC-5 Classic vegetation parameter file
consists of information about fractional cover of each land cover type in each grid cell, and
their corresponding root zone depths and root fractions within each root zone. The vege-
tation parameter file can optionally include time-varying LAI, fractional canopy cover, and
albedo data, but it is simpler to specify these in the vegetation library (at the cost of not

representing some spatial heterogeneity).

We used MODIS land cover data from the 0.05° MODIS MCD12C1 Collection 6 data
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Figure 3.3: MODIS MCD12C1 majority land cover types (IGBP classifications).

product ([Friedl and Sulla-Menashe, 2015]) to assign fractional land cover values to each grid
cell by calculating the average land cover for MCD12C1 observations over the 2017 calendar
year. We chose 2017 because it was the most recent year with data in all the MODIS-
based datasets used for this study, and there is very low interannual variability of land cover
([Sulla-Menashe et al., 2019]) in MCD12C1 Collection 6. Figure 3.3 shows majority land
cover types from the 2017 MCD12C1 observations.

Like all global land cover data products, MCD12C1 makes classification errors. Sulla-
Menashe et al. ([Sulla-Menashe et al., 2019]) reported 67% overall IGBP classification ac-
curacy for 2001 land cover. Classification errors are more common in the “mixed” land
covers, such as cropland/natural vegetation mosaic, shrublands, grasslands, and savannas.
Fortunately for our purposes, the vegetation parameters for commonly-confused land covers
tend to be fairly similar themselves, which reduces the impact of misclassification on land
surface modelling results. For example, the LAI of open shrubland is not too different from

the LAI of closed shrubland.
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We calculated root fraction as a function of land cover class following the method of
[Zeng, 2001], who defined the following formula (Equation 3.4) for use in parameterizing

land surface models:

Y=1—=(e"+e") (3.4)

where Y = cumulative root fraction, d = depth, and a and b are empirical parameters
defined by ([Zeng, 2001]) for each International Geosphere-Biosphere Programme (IGBP)
land cover type, based on a rooting depth database compiled from more than 200 field
surveys. We used this formula with depths of 0.1 m, 0.7 m, and dr, corresponding to three
root zones. The value of dr, the maximum rooting depth for each IGBP land cover type,
was taken from [Zeng, 2001]. This method assumes that the depth and distribution of roots
depends only on the land cover type; we assume that land cover type is the primary control
on root characteristics. Table 3.3 shows root fractions and root zone depths for each IGBP

land cover type.
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Depth(1) Depth(2) Depth(3) Fract(l) Fract(2) Fract(3)

L.

Open water 0.1 0.6 0.8 0.44 0.45 0.11
Evergreen needleleaf forest 0.1 0.6 1.1 0.34 0.51 0.14
Evergreen broadleaf forest 0.1 0.6 2.3 0.32 0.44 0.23
Deciduous needleleaf forest 0.1 0.6 1.3 0.34 0.5 0.16
Deciduous broadleaf forest 0.1 0.6 1.3 0.31 0.52 0.17
Mixed forest 0.1 0.6 1.7 0.25 0.52 0.22
Closed shrublands 0.1 0.6 1.8 0.31 0.49 0.21
Open shrublands 0.1 0.6 2.4 0.33 0.43 0.24
Savanna 0.1 0.6 1.7 0.36 0.45 0.19
Woody savanna 0.1 0.6 1 0.37 0.5 0.13
Grasslands 0.1 0.6 0.8 0.44 0.45 0.11
Permanent wetlands 0.1 0.6 0.8 0.44 0.45 0.11
Cropland 0.1 0.6 0.8 0.33 0.55 0.12
Urban 0.1 0.6 0.8 0.44 0.45 0.11
Cropland /natural vegetation mosaic 0.1 0.6 0.8 0.33 0.55 0.12
Permanent snow and ice 0.1 0.6 0.8 0.44 0.45 0.11
Barren 0.1 0.6 3.3 0.22 0.46 0.31

Table 3.3: Root zone depths (m) and fraction of roots in each zone for IGBP land cover classes.



Like previous large-scale VIC vegetation cover datasets, our vegetation parameter file ne-
glects land cover change over time. However, it does have a few other advantages over past
vegetation parameter datasets. The land cover classification used in the N2001 and L2013
VIC parameter sets is referred to as ”UMD-NLDAS” because it is a modified version of the
AVHRR-based University of Maryland (UMD) land cover product ([Hansen et al., 2000]).
The UMD-NLDAS classification was modified for the North American Land Data Assimila-
tion project (NLDAS; [Mitchell et al., 2004]) to exclude open water, urban, and snow and ice
land cover classes (see BV2019). VICGlobal uses 17 IGBP land cover classes, including ur-
ban, barren, perennial snow and ice, and inland water bodies, permitting better description

of land cover variability than the 11 UMD-NLDAS classification.

3.2.7 Vegetation library file

The vegetation library maps each land cover type to a set of vegetation parameters (Table
3.4). We adapted the LDAS vegetation library ([Cherkauer, 1999]) for use with the 17 IGBP
land cover classes, taking monthly average LAI, fractional canopy cover (fcanopy), and
albedo values obtained from recent MODIS data products. We set architectural resistance
(ro) and minimum stomatal resistance (r,,;,) to values from literature (described below).
The rest of the parameters, which are described in the N2001 paper, were left to their
original LDAS vegetation library values. This section describes how we estimated LAI,
fcanopy, albedo, rqg, and r,,;,, and how we transferred the remaining parameters from the

11 UMD-NLDAS land cover classes to the 17 IGBP land cover classes.
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Parameter Description Source

Overstory Flag for whether the land cover type has an overstory LDAS

Ry (s/m) Architectural resistance SECHIBA

Rpin (s/m) Minimum stomatal resistance SiB

LAI Monthly average leaf-area index 2017 GLASS LAI

Canopy cover fraction
Albedo

Roughness length (m)

Displacement height (m)

WindH

RGL

Solar attenuation
Wind attenuation

Trunk fraction

Table 3.4: VIC model parameters for the vegetation library file.
to IGBP classification, following BV2019, are assigned the source “LDAS” ([Cherkauer, 1999]).
SECHIBA ([Ducoudré et al., 1993]).  SiB

tions:

[Liang et al., 2013a];

Monthly average partial vegetation cover fraction

Monthly average albedo

Average roughness length

Average displacement height

Wind measurement height

Minimum incoming shortwave radiation for transpiration to occur
Radiation attenuation factor

Wind attenuation factor through the overstory

Ratio of total tree height that is trunk

[Xiao et al., 2016]; [Liang et al., 2013b].

([Sellers et al., 1986]). MODIS ([Didan et al., 2015])

2017 MODIS NDVI
2017 GLASS albedo
LDAS)

LDAS

LDAS

LDAS

LDAS, set to 0.5
LDAS, set to 0.5
LDAS, set to 0.2

Parameters remapped from UMD-NLDAS

GLASS cita-



We used MODIS observations from the year 2017 to calculate monthly average LAI,
fecanopy, and albedo for each IGBP land cover type. We calculated LAI and albedo from
the MODIS-based Global LAnd Surface Satellite dataset (GLASS; [Liang et al., 2013a];
[Xiao et al., 2016]; [Liang et al., 2013b]) and fcanopy from NDVI observations (MCD13C1;
[Didan et al., 2015]) The expression used for fcanopy follows BV2019:

(3.5)

NDVI—NDVI,.. \*
NDVI,.. — NDVI,.

feanopy = (

where NDV I,,;,, and NDV I,,,.. are the minimum and maximum values of NDVI observed

for that month. Monthly LAI, fcanopy, and albedo values were calculated by averaging over
all grid cells of the same land cover type, counting only cells that were at least 90% homoge-
nous, to avoid noise from grid cells with multiple land covers. Excepting perennial snow
and ice land cover, the vegetation parameters in the VIC vegetation library should describe
snow-free vegetation. Therefore, before calculating LAI, fcanopy, and albedo for each land
cover class, we used fractional snow cover data from MOD10CM ([Hall and Riggs, 2015]),
a global 0.05 degree monthly snow cover dataset, to exclude grid cells with more than 90%

snow cover. Additionally, we set albedo to 0.05 for open water, and we set LAI and fcanopy

to 0 for open water and perennial snow and ice.

The resistances r,,;, and ry play a role in determining how much plant transpiration
occurs. Higher resistance means less transpiration. Stomatal resistance is resistance to the
release of water through the plant stomata, and architectural resistance is the aerodynamic
resistance between the leaves and the canopy top ([Ducoudré et al., 1993]). Two sets of
resistance parameters have been used in past large-scale VIC implementations. N2001 ran
VIC over the entire globe using r,,,;, values adapted from Dorman and Sellers’ global database
of 7 values ([Dorman and Sellers, 1989]) computed using the Simple Biosphere Model
(SiB; [Sellers et al., 1986]). The [Nijssen et al., 2001] 7 values were taken from Ducoudre
et al.’s SECHIBA land surface parameterization ([Ducoudré et al., 1993]). The other set of

Tmin and ro parameters are those used in the LDAS vegetation library and in studies such
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as [Livneh et al., 2013]. This set of 7y, values comes from [Mao and Cherkauer, 2009] and
[Mao et al., 2007]. We used the r,,;, values from SiB ([Sellers et al., 1986]) and the ry values
from SECHIBA ([Ducoudré et al., 1993]) for VICGlobal as they appeared to be the better

documented values.

For the other parameters in the vegetation library file (displacement height, roughness
length, etc.), we assigned values using the existing LDAS vegetation library. Since there
are 17 IGBP land cover classes, and only 11 UMD-NLDAS land cover classes in the LDAS
vegetation library, we re-assigned some IGBP land cover classes to take the parameters of
UMD-NLDAS land cover classes. We remapped barren land, permanent wetlands, snow and
ice, urban land, and water bodies to take the parameters of “grasslands” from the LDAS
vegetation parameter file. While the characteristics of the barren, snow and ice, urban, and
water land cover types clearly differ from those of grasslands, their low LAI and fcanopy
values, corresponding to sparse vegetation, essentially “turns off” the other vegetation pa-
rameters in the VIC model, as pointed out by BV2019. The other remappings were more

straightforward. Croplands and croplands/natural vegetation mosaics inherited values from

4 4

“croplands,” savannas became “wooded grasslands,” and woody savannas became “wood-
lands.” We were thus able to assign vegetation parameter values to the each of the 17 IGBP

land cover classes.

To calculate global average time series of seasonally-varying vegetation parameters would
be of limited interest as the seasonal cycle would average out across the equator. Therefore,
we calculated average monthly fcanopy, LAI, and albedo for each vegetation type in each
hemisphere, and we developed two separate vegetation library files: one for the northern
hemisphere and one for the southern hemisphere. Maps of January and July LAI, fcanopy,
and albedo are shown in Figure 3.4. For illustrative purposes, the parameter values in this
figure have been averaged over the 17 IGBP land cover classes using area-based weighting.
Figures S14-S19 show maps of the remaining vegetation parameters. Figures S20-S22 show

the cycle of LAI, fractional canopy cover, and albedo for each vegetation type, averaged
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separately over each hemisphere.

3.3 Data Records

Soil and vegetation parameters for the VIC model are available for download at Zenodo
([Schaperow and Li, 2020]) in NetCDF format for version 5 of the VIC model. The files
are stored as zip archives. Classic.zip contains ASCII text files with soil parameters, vege-
tation parameters, elevation bands, and two vegetation library files — one of the northern
hemisphere and one for the southern hemisphere — for VIC-5 Classic. Image.zip contains a
NetCDF “parameter” file with all the soil and vegetation parameters described above and a
NetCDF “domain” file describing the VICGlobal domain (all land mass between 60°S and
85°N) for VIC-5 Image. MATLAB(®) codes for subsetting either set of parameters from the

entire VICGlobal extent to a subregion of interest.

3.4 Technical Validation

3.4.1 Streamflow and snow-water equivalent in the Upper Colorado Basin

Having created input files for the VIC model, we tested the parameters in a large, well-studied
river basin. We used the VICGlobal parameters to run VIC in water balance mode over the
Upper Colorado River Basin (UCRB), a 293,600 km? basin in the western United States.
We ran VIC once using the VICGlobal parameters and once using the 1.2013 parameters.
Both simulations used the meteorological forcing data from L2013, at a six-hourly timestep,

in water balance mode, for the 6-year period from Oct. 1, 2005 to Sept. 30, 2011.

We compared estimated streamflow from the VICGlobal and L2013 simulations with nat-
uralized streamflow estimates from the U.S. Bureau of Reclamation (USBR; [Prairie and Callejo, 2005])
at Lees Ferry, Arizona (Figure 3.5). Naturalized flow is measured streamflow adjusted for

the effects of reservoir storage and management and consumptive uses such as irrigation. We
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Figure 3.4: Maps of leaf-area index, albedo, and fractional canopy cover values. Parameter

values have been averaged over the 17 IGBP land cover classes using area-based weighting.
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Figure 3.5: Monthly discharge estimates at Lee’s Ferry (the outlet of the Upper Colorado
River Basin). The dotted cyan line shows the uncalibrated VICGlobal estimate, the dark
blue line shows the calibrated VICGlobal estimate, the red line shows the L2013 estimate,

and the black line shows the U.S. Bureau of Reclamation naturalized streamflow data.

compared our VIC model outputs with naturalized streamflow because our VIC implementa-
tion does not simulate consumptive water use or reservoir storage. Due to differences in soil
and vegetation parameters between the two sets of input files, there are notable differences
in the hydrographs from each simulation. Relative to the 1.2013 results, the uncalibrated
VICGlobal peak flows’ timing is too early and their magnitude is too high. This is expected

given that the L2013 parameters have been calibrated to get a good match to gauge data.

To understand the cause of this mismatch, we examine seven commonly calibrated soil
parameters, which are difficult or impossible to estimate from measurements: ds, ws, dsmaz,
binfi, and the thicknesses of each soil layer (¢1, to, t3). Taking a closer look at these soil
parameters in the UCRB (Figure 3.6), we see that the infiltration capacity parameter b, iy
is considerably higher in the VICGlobal parameters than it is in the L2013 parameters,
which would tend to cause higher runoff rates. ds is lower for VICGlobal than for L2013, so
nonlinear baseflow occurs at a lower fraction of dsmax, tending to make baseflow peaks occur

earlier. dsmax is considerably higher for VICGlobal than for L2013 in much of the UCRB,
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so the maximum baseflow rate is higher for VICGlobal. Finally, the thicker soil layers
in L2013 mean that more water can infiltrate into the soil before baseflow occurs. Table
3.5 describes each of the seven calibration parameters and their influence on VIC model
outputs. VIC users seeking more guidance on calibrating soil parameters should consult the
VIC model documentation and relevant literature ([Demaria et al., 2007]; [Shi et al., 2008];
[Gou et al., 2020]). We calibrated the VICGlobal parameters b;, fii, dsmax, and t3, the same
parameters calibrated by L2013, to get a good match between predicted and observed (USBR
naturalized) streamflow. However, decreasing b;,;; on its own was not enough to reduce
the high runoff estimates produced by the VICGlobal parameters (VIC’s sensitivity to by, i
depends on the water-holding capacity of the upper two soil layers). By introducing the
thickness of the second soil layer t5 as a fourth calibration parameter, we were able to reduce
runoff and increase transpiration. The final set of calibrated parameters was by, rir = 0.038,

dsmax = 0.60 mm/day, to = 1.5 m, and ¢3 = 1.6 m.
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Variable Description Effect Min Max
ds Fraction of dsmax where nonlinear  For soil moisture (SM), linear 0 1
(NL) baseflow begins. baseflow term increases with ds,
while NL term decreases
dsmax  Max baseflow vel. in lowest soil layer Baseflow increases o dsmaz. 0 About 30 mm/day
ws Fract of max SM at which NL Higher value inc. the SM required 0 1
baseflow occurs. for rapid increase in baseflow (NL
baseflow term), causes delayed
baseflow peaks.
bin fitt Infilt. capacity param. Defines Higher b, lower infilt, higher surf. 0 0.4
shape of VIC curve. runoff.
t1 Thickness of upper soil layer Thicker soil, more water can be 0.01 m 0.5 m
stored before baseflow. More evap.
occurs given more water stored in
soil.
t2 Thickness of middle soil layer Controls water avail. for 0.05 m 1m
transpiration. Thicker soils store
more water.
t3 Thickness of bottom soil layer Thicker soil, more water can be 0.5 m 2.5 m

stored before baseflow. Controls

water avail. for baseflow.

Table 3.5: Commonly calibrated soil parameters in the VIC model and their effects on model outputs. The baseflow

equations are found in [Liang et al., 1994].
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Figure 3.6: Maps of VICGlobal and L2013 soil parameters in the Upper Colorado River

Basin.

For this analysis, we used manual calibration because the model run time made auto-
mated methods, which require hundreds to thousands of model runs, impractical. We used
a custom MATLABG®) application — a graphical user interface for running the VIC model,
tuning its parameters, and displaying its outputs — to assist with manual calibration. We
assumed the calibrated parameters were uniform over the basin. In addition to calibration
by trial and error, VICGlobal users may also wish to explore automated calibration meth-
ods such as the Shuffled Complex Evolutionary algorithm (SCE-UA; [Duan et al., 1992]) or

Dynamically-Dimensioned Search (DDS; [Tolson and Shoemaker, 2007]) when practical.

The calibrated VICGlobal simulation outperformed the L2013 simulation, with a Kling-
Gupta efficiency (KGE; [Gupta et al., 2009]) of 0.24, compared to -0.26 for L2013 and -1.7
for the uncalibrated VICGlobal simulation. We also compared simulated snow-water equiv-
alent (SWE) between the VICGlobal and L2013 simulations. Spatial patterns of simulated

SWE were consistent between the two simulations (Figure 3.7a-c), as were patterns of snow
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Figure 3.7: Time-average snow-water equivalent (SWE) maps (a-c) and basin-average SWE
time series (d) for the Upper Colorado River Basin comparing simulations using the L2013

and VICGlobal parameters.

accumulation and melt (Figure 3.7d). VICGlobal SWE was 3 mm higher than L2013 SWE,
on average. Snow sublimation, including canopy sublimation, was higher for L2013 than for
VICGlobal, which helps explain the slight overestimate of SWE by VICGlobal relative to
L2013. Overall, VICGlobal is able reproduce the timing, magnitude, and spatial pattern of
L2013-simulated SWE in the UCRB, with no need for parameter calibration.

3.4.2 'Water balance in 12 unregulated CONUS basins

Beyond the Upper Colorado Basin, we evaluated the VICGlobal parameters’ potential for
modelling the water and energy balance in 12 basins, ranging from 1500-25000 km?, chosen
for good spatial coverage of the CONUS. Modelled discharge was compared with monthly

observations at USGS reference stream gages ([Falcone, 2011]) at each basin outlet; we used
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Figure 3.8: Monthly discharge predictions for 12 CONUS basins compared to USGS reference

gauge measurements.

the DDS method to calibrate b, i, dsmax, ty, and t3. (These basins are small enough for
automatic calibration to be practical.) The calibration was performed with L2013 meteo-
rological forcing data, for calendar year 1993, with the VIC model run from 1990-1992 as
spin-up. After 500 model evaluations (50 for the Clearwater River), the average discharge
calibration KGE was 0.47, with a maximum of 0.82 for the Clearwater River in Idaho and a
minimum of 0.00 for the White River in Arkansas. Using the calibrated parameters, we per-
formed a validation run from 1994-2011. Table 3.6 shows goodness of fit between modelled
and measured discharge for the 18-year validation run. Figure 3.8 shows discharge plots for
each basin over the validation period. Good matches can be seen for the Clearwater, New,
Homochitto, Mattawamkeag, Gasconade, Trinity, and Little Fork rivers, while the White,
Sheyenne, Brazos, and San Simon rivers did not respond well to calibration, suggesting that
parameters other than the four calibrated here are to blame. See e.g. [Demaria et al., 2007]

for more insight on VIC calibration.
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Calibration (1993) Validation (1994-2011)

KGE RMSE KGE RMSE DA (km?)
Clearwater River 0.83 167 0.50 214 14268
Homochitto River 0.72 60 049 58 2073
Suwannee River 0.71 42 037 81 6136
New River 0.69 38 0.57 47 2952
Mattawamkeag River 0.64 86 0.70 66 3676
Gasconade River 0.62 235 0.72 115 8265
Sheyenne River 0.60 9 -0.87 28 7582
Trinity River 0.46 76 0.51 56 1980
Little Fork River 0.24 43 0.52 44 4383
San Simon Wash 012 1 -0.04 1 1482
Brazos River 0.05 1 -0.65 10 3348
White River 0.01 60 -1.47 117 25791

Table 3.6: Goodness of fit metrics for the 1994-2011 validation run over 12 CONUS basins.

90



3.4.3 Surface radiation budget validation with SURFRAD

To evaluate how well the (uncalibrated) VICGlobal parameters simulate the surface radia-
tion balance, we ran VIC over six SURFRAD ([NOAA, ]) sites, using soil parameters from
the 1/16° grid cell containing the SURFRAD sites. We ran hourly simulations in energy
balance mode from 1995-2011, with 1994 as a spin-up year. Meteorological inputs were
taken from meteorological stations at the sites provided input data for the model, except for

precipitation, which we took from 1.2013.

The first row of Figure 9 shows modelled and observed net radiation, upwelling longwave,
downwelling longwave, upwelling shortwave, and downwelling shortwave radiation averaged
over each day from 1995-2011 for six SURFRAD sites in the CONUS. Downwelling shortwave
and longwave radiation predictions similar to the observations because the SURFRAD data
were used as inputs for the VIC model (but not identical because precipitation inputs were
taken from L2013 due to lack of ground measurements at the sites). There is a positive bias
for net radiation resulting from a slight low bias for upwelling shortwave radiation. Overall,

the bias is small.

The second and third rows of Figure 9 show scatterplots of predicted vs. observed
upwelling shortwave and longwave radiation, with one-to-one lines shown in black. The
correlation between predicted and observed upwelling shortwave and longwave radiation is
close to 1 (ranges from 0.96-0.99 for all sites). Running VIC with VICGlobal parameters
allows simulation of upwelling longwave radiation with an RMSE of 25 W/m? and RMSE
of 15 W/m? for upwelling shortwave radiation. In Figure 3.9, we have excluded data at
times when snow covers the ground to address the scale-issue — the spatial scale of the
VIC simulations (a 1/16° grid cell) is much larger than that of the SURFRAD measurement
— because of snow’s large role in determining upwelling solar radiation, we excluded times
when either the VIC model or SURFRAD measurements had snow on the ground using an
albedo threshold of 0.4; none of the VICGlobal albedos for non-snowy land surfaces are this
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Figure 3.9: First row: Hourly modelled and observed net radiation, upwelling longwave,
downwelling longwave, upwelling shortwave, and downwelling shortwave radiation from
1995-2011 for six SURFRAD sites in the CONUS. Dashed lines show predictions, while
solid lines show observations. Second and third rows: scatterplots of predicted vs. observed
upwelling shortwave and longwave radiation, with one-to-one lines shown in black. Key:
Black = net radiation, red = downwelling shortwave, cyan = upwelling shortwave, green =

downwelling longwave, blue = upwelling longwave.

large.

3.5 Usage Notes

We have described VICGlobal, a globally-consistent 1/16° VIC parameter dataset with soil
and vegetation parameters derived from the latest satellite-based remote sensing datasets
(MODIS and MERIT, which is based on SRTM data) and in-situ soil data from the FAO

HWSD. In addition to its higher resolution, VICGlobal has an advantage over previous
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global VIC setups due to its inclusion of seasonally-varying fractional canopy cover, LAI,
and albedo, and because it explicitly accounts for barren, wetland, open water, and perennial

snow and ice land covers. VICGlobal is provided in geographic coordinates, referenced to

the WGS84 ellipsoid and datum.

VICGlobal has a few limitations. Its parameters are uncalibrated, so users must calibrate
sensitive yet hard-to-measure parameters such as soil depth and the variable infiltration
capacity parameter to get a good match between simulated and observed discharge. Several
of the vegetation parameters, such as roughness length and displacement height, are assumed
constant in time, even though realistically these parameters change as vegetation blooms
and senesces throughout the year. And while we believe our monthly, hemisphere-average
fractional canopy cover, LAI, and albedo are a major improvement over past global datasets,
the most realistic parameter set would have them vary from grid cell to grid cell, even for the
same vegetation type. Despite its limitations, we hope that VICGlobal, with its relatively
high spatial resolution, wide coverage, and easy availability will be a valuable resource for

VIC users.

3.6 Supporting Information

This Supporting Information includes:

e A plot of the resampled 1/16°MERIT DEM (Figure 3.10) and plots of each spatially-

varying soil parameter (Figures 3.11 to 3.22).

e Plots (Figures 3.23 to 3.28) of vegetation parameters not shown in the main text. The

vegetation parameters have been averaged over the 17 IGBP land cover classes.

e Plots (Figures 3.29 to 3.31) of the monthly LAI, albedo, and fractional canopy cover
for each of the 17 IGBP land cover types calculated based on several MODIS data

products, described in the main text.
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Figure 3.10: Elevation map showing the MERIT DEM resampled to 1/16°resolution. The

spatial domain covers all the world’s land, except Antarctica.
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Figure 3.11: Maximum baseflow velocity dsmaz. Values greater than 100 mm/day have

been censored to show spatial variability.
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Figure 3.12: The exponent (expt) in Campbells’s equation for hydraulic conductivity, cal-
culated based on the FAO’s Harmonized World Soils Database (HWSD). Topsoil values
represent the first 30 cm of the soil column, and subsoil values represent soil from 30-100 cm

deep.
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Figure 3.13: Saturated hydraulic conductivity (K ) for topsoil and subsoil, calculated based
on HWSD data.
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Figure 3.14: Initial soil moisture for topsoil and subsoil, calculated based on HWSD data,

assuming the soil is initially at the critical point.
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Figure 3.15: Bubbling pressure, calculated as a function of the Campbell’s equation expo-

nent, expt.
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Figure 3.16: Quartz content, estimated using a pedotransfer table and HWSD soil texture

data.
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Figure 3.17: Fractional soil moisture content at the critical point (about 70% of field capacity)
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Figure 3.18: Fractional soil moisture at the wilting point wpwp fract-
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Figure 3.19: Average annual precipitation from WorldClim. Values greater than 4000 mm

have been censored to show spatial variability.
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Figure 3.20: Average temperature from WorldClim, used as the bottom boundary condition

for the VIC model’s soil heat flux algorithms.
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Figure 3.21: Average July air temperature, used for treeline computations if this option is

chosen in the VIC global parameter file..
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Figure 3.22: of fgmt, the time zone offset from Greenwich Mean Time/UTC.
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Figure 3.23: This map shows the area-weighted overstory fraction averaged over all the land
cover classes within a single 1/16°grid cell. Overstory equals one if a vegetation cover class

has an overstory and zero otherwise.
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Figure 3.24: Architectural resistance 70, shown averaged over the different land cover classes

for a given grid cell.
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Figure 3.25: Minimum stomatal resistance rmin for a land cover class, shown averaged over

the different land cover classes for a given grid cell.
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Figure 3.26: Vegetation roughness length, shown averaged over the different land cover

classes for a given grid cell.
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Figure 3.27: Vegetation displacement height, shown averaged over the different land cover

classes for a given grid cell.
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Figure 3.28: Minimum incoming shortwave radiation in order for transpiration to occur
(RGL), shown averaged over the different land cover classes for a given grid cell. Typically,
this is about 30 W/m? for trees and 100 W/m? for crops, according to the VIC documenta-

tion.
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Figure 3.29: Hemisphere-average monthly leaf-area index (LAI) values for each IGBP land

cover type. Gray lines show comparison to L2013 parameter values, when available. LAI
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Figure 3.30: Hemisphere-average monthly canopy cover fraction (fcan) for each IGBP land

cover type. Gray lines show comparison to L2013 parameter values, when available. fcan
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Figure 3.31: Hemisphere-average monthly albedo values for each IGBP land cover type.
Black lines show comparison to L2013 parameter values, when available. Albedo values

calculated using snow-free MODIS observations from 2017.
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CHAPTER 4

An ensemble-based formulation for inverse streamflow

routing and its application to the Allegheny Basin

Inverse streamflow routing (ISR) algorithms use point measurements of streamflow to esti-
mate spatially-distributed upstream runoff. Since direct measurement of runoff is imprac-
tical at large scale, ISR provides a framework for estimating this key hydrologic variable
from measurements of more easily observed point streamflow measurements. We build on
the existing ISR algorithm to make the method more easily applicable to realistic problems,
with large, high resolution basins and prior runoff estimates generated through ensemble

hydrologic modeling.

In this paper, we present an ensemble formulation for ISR that (1) provides a consistent
probabilistic framework for estimating runoff and discharge, as well as the error of the esti-
mate, (2) builds in flexibility to the method by relaxing the assumption of linear forward and
measurement models, and (3) eliminates the need to store extremely large runoff covariance
matrices (smaller RAM requirement). We compare and contrast the new method, which we
call ”Ensemble ISR (EnISR)” with the existing ISR framework in the literature. Also, we
implement a sub-domain localization method to further reduce computational needs, thus

making the method more easily applicable to large, high resolution domains.

We find that EnISR runoff and discharge estimates are comparable with ISR runoff and
discharge estimates from previously developed methods, but with the added advantages of
straightforward uncertainty propagation and lower RAM storage requirements. We highlight

two scenarios, one where daily discharge measurements are available at the basin outlet, and
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one where 10-day measurements are available at multiple grid cells along the river channel,
representing the expected SWOT-based discharge measurement scenario. In both cases, the
posterior runoff and discharge estimates are a better match to the observations than the

prior estimates, with narrowed uncertainty bounds.

4.1 Background and Motivation

4.1.1 Introduction

Streamflow data play an important role in shaping infrastructure and public policy decisions:
reservoir management, flood mitigation, flood risk analysis, and water allocation decisions
all rely on accurate streamflow estimates. Streamflow data, which can be thought of as
the sum of runoff from each point in the river basin, are also widely used for calibrat-
ing land surface models (LSMs), which help us understand the impacts of climate change
on the water cycle. Traditionally, streamflow data, also known as discharge, has been de-
rived from in-situ gage stations. Unfortunately, these gage networks are sparse globally
([Hannah et al., 2011]), and the available information is often not openly shared between
countries ([Gleason and Hamdan, 2017]). The recent launch of the Surface Water and Ocean

Topography (SWOT) mission in December 2022 offers a potential solution.

SWOT orbits the Earth with a 21-day repeat cycle, observing rivers wider than 100 m ev-
ery 2-4 times per cycle, depending on latitude ([Biancamaria et al., 2016]). Various retrieval
algorithms have been developed to estimate discharge using SWO'T’s water surface eleva-
tion measurements. One leading method involves using the Manning equation to estimate
discharge at each SWOT overpass location and time ([Durand et al., 2023]). This method is
simple, but it only provides discharge estimates at overpass locations and times, and it relies
on good estimates of Manning’s roughness coefficient and average cross sectional area of flow.
Discharge estimates are expected to have errors on the order of 15% ([Durand et al., 2023]).

While these discharge estimates may have higher uncertainty and less frequent temporal
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sampling compared to gage measurements, they provide spatial coverage far beyond that of

existing gage networks.

Various algorithms, including interpolation ([Paiva et al., 2015]) and data assimilation
([Li et al., 2020], [Larnier et al., 2019], and [Oubanas et al., 2018a]) have been proposed to
fill the gaps in between spatiotemporally sparse streamflow measurements in the context of
SWOT. One method, inverse streamflow routing (ISR, [Pan and Wood, 2013], [Fisher et al., 2020],
[Yang et al., 2020]) is particularly interesting because of its capability to simultaneously es-
timate both spatially-distributed runoff and river discharge. ISR estimates upstream runoff
from point discharge measurements ([Fisher et al., 2020] calls this “the first sweep”), which
may be sparse in space and/or time), then the runoff estimates are routed forward through
the algorithm (“the second sweep”) to produce spatiotemporally continuous streamflow es-
timates. Generating discharge estimates in this way is appealing because it ensures that
discharge estimates will be consistent with the flow network (i.e. increasing downstream)
and we can use the routing model to produce discharge estimates at any location within the
basin. Furthermore, spatially-distributed runoff estimates are interesting in their own right,
since they could provide us with a more effective method for calibrating spatially-distributed

LSMs compared to the traditional, discharge-based calibration.

To clarify terms, since there may be different definitions of runoff in the literature, we
are specifically referring to lateral flow into streams that is generated through surface and
subsurface flow processes ([Beven, 2012]). Figure 4.1 shows a sample river basin schematic
illustrating this concept. ”Runoff” at each grid cell flows along the flow direction network
until it reaches the river channel, where it becomes ”streamflow.” In ISR, we seek to estimate
gridded runoff given streamflow measurements at one or more gage locations. These runoff
estimates can then be used to estimate streamflow in between measurement times and at

ungaged locations.

Large-scale, spatially distributed runoff estimation has mainly been done using hydrologi-

cal models. Models such as the Variable Infiltration Capacity (VIC) model ([Liang et al., 1994]),
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Figure 4.1: A schematic of a small river basin. The basin is modeled as a collection of grid
cells, with flow directions (blue arrows), river centerlines (red lines), and gages (blue circles)

superimposed.

Noah-MP ([Niu et al., 2011]), and the Community Land Model ([Lawrence et al., 2019]) con-
vert precipitation, air temperature, and other atmospheric forcings into predictions of runoff,
evaporation, and other water balance states and fluxes. These models can estimate runoff
at high spatial and temporal resolution — however, they are limited by the accuracy and
precision of the inputs (i.e. soil hydraulic properties, vegetation cover, and many others).

Precipitation data, whether from gage, ground-based radar, or satellite measurements, con-
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tain significant uncertainty ([Kidd and Huffman, 2011]) and have a strong effect on the ac-
curacy of model-based runoff estimates. For example, [Bardossy et al., 2022] found that up
to 50% of error in streamflow prediction could be attributed to precipitation input uncer-
tainty. In addition, topography, land cover, and soil properties play a role in determining
how precipitation and snowmelt are partitioned into the various components of the water
balance. For example, tree-covered areas slow down runoff via canopy interception, and soil
hydraulic conductivity determines how quickly water travels through the soil, which influ-
ences how quickly hydrograph peaks occur. These parameters, particularly soil parameters,
are spatially heterogenous and difficult to measure ([Heuvelink and Webster, 2001)), leading
to model uncertainty. Routing these model-based runoff estimates to estimate discharge can

lead to significant errors between predicted and true discharge.

Since ISR uses discharge measurements to revise an initial guess of runoff and produce
an updated estimate, ISR can be viewed as a type of data assimilation algorithm called a
fixed lag Kalman Smoother ([Bruhwiler et al., 2005]). This approach balances uncertainty
in hydrological model predictions with uncertainty in streamflow measurements to make a

combined estimate that leverages information from each source.

4.1.2 Inverse streamflow routing literature review

This section summarizes the contributions of past ISR research. A complete mathematical
description of ISR methods follows in Section 2. The ISR literature consists of three studies:
[Pan and Wood, 2013] (henceforth PW13) originally developed the ISR method for runoff
estimation, and tested it in the Ohio River basin in the context of an observing system
simulation experiment (OSSE). [Fisher et al., 2020] (henceforth F20) conducted experiments
to test ISR’s ability to estimate discharge at ungaged locations and also conducted sensitivity
tests regarding gage configuration within the Ohio basin. [Yang et al., 2020] (henceforth
Y20), the most recent contribution to the ISR literature, introduces a novel correlation

model in an effort to take advantage of spatial and temporal correlations in actual runoff
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errors, and evaluates ISR’s performance in the context of the SWOT mission.

PW13’s experimental design set the stage for both (F20 and Y20) subsequent ISR studies.
PW13 ran the VIC model once with daily precipitation data from the National Land Data
Assimilation System project phase 2 (NLDAS-2) ([Xia et al., 2012a], [Xia et al., 2012b]) to
produce synthetic true runoff ("NLDAS runoff”) and once with Tropical Rainfall Mea-
suring Mission (TRMM) Multi-satellite Precipitation Analysis (TMPA) version 3B42RT
([Huffman et al., 2007]) precipitation to produce an initial guess for runoff (" TMPA runoff”).
In this controlled (synthetic) experiment the goal is to assess whether runoff and streamflow
can be estimated when the initial guess contains expected (but known) levels of error. F20

and Y20 use the same data and experimental setup for the Ohio River basin.

PW13 updated the runoff initial guess (which can also be thought of as the ”prior” runoff
estimate in a Bayesian context) using (a) synthetic truth discharge produced by routing the
NLDAS runoff through a river routing model (no measurement error) and (b) real USGS gage
discharge measurements. PW13 assumed that prior runoff errors, a key input for the method,
were uncorrelated with variance proportional to the square of the runoff initial guess. Given
error-free discharge measurements from 75 gages for the 490,600 km? Ohio basin, PW13’s
attempt at recovering synthetic truth runoff succeeded in decreasing bias from 0.553 mm/day
to 0.145 mm/day and reducing RMSE from 1.962 mm/day to 1.283 mm/day. While the
posterior runoff estimate showed skill in estimating true runoff for the no measurement error
case, its performance was significantly degraded in the real USGS gage discharge case, where
PW13 assumed error-free discharge measurements, but used USGS discharge measurements
to estimate posterior runoff. Neglecting to account for errors between USGS discharge and
the synthetic truth discharge may have contributed to degraded runoff estimates in the real

USGS discharge case.

F20 explored the potential of using ISR as an interpolator for estimating discharge at
ungaged locations along the river channel using the ”two-sweep” approach discussed above.

We use the term "interpolator” because in both PW13 and F20, discharge errors were set
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to zero, even if the actual discharge measurements (e.g. USGS gages) being used for the
inversion do, in fact, have error. F20 notes that ISR produces improved discharge estimates
even when using a "null” initial guess, which is set equal to the long-term mean runoft within
the basin. This is meant to serve as a noninformative prior, meaning the updated (posterior)
runoff estimate depends entirely on the routing model and the discharge measurements. We
note that this null prior is only truly noninformative when discharge measurement error
is assumed zero and when prior uncertainty is very large compared to the true underlying
errors between the prior and the truth. F20 did not show runoff estimation results, since

their focus was on streamflow interpolation only.

Y20 used SWOT-like discharge "measurements” to implement ISR in the Ohio River
basin and in 16 large river basins around the world, ranging in size from 218,000 km? (the
Senegal River basin) to 4,680,000 km? (the Amazon River basin). Y20 introduced a runoff
error correlation model that takes advantage of prior runoff error correlations to estimate
runoff more effectively. Given a good choice of prior runoff error correlation parameters, they
obtained improved discharge estimates in each basin, with Kling-Gupta Efficiency (KGE;
[Gupta et al., 2009]) increasing, for example, from 0.291 to 0.527 for the Yenesei River basin,
after calibrating the prior runoff error model to achieve the best discharge estimates at

calibration gages.

Y20’s calibration of runoff error correlation parameters addresses an inconsistency in the
PW13 ISR method. PW13 use a runoff initial guess equal to the output from forcing the VIC
model with TMPA precipitation and assume, at the same time, that the runoff errors are
uncorrelated, which is unlikely to be true. By estimating runoff error spatial and temporal

correlation parameters, Y20 attempt to better represent the prior runoff errors.

Y20 used the same proportional runoff error variance model as PW13, and generated
SWOT-like measurements assuming 30% relative discharge error. Unfortunately, they do
not state what proportionality constant they used for their prior runoff error model, which

could be problematic, i.e. if prior runoff error variance is too large, more trust will be placed
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on the measurements than is appropriate.

4.1.3 Contributions of this paper

In this paper, we examine the state of the art for ISR with more theoretical rigor than
has been done previously, and we develop Ensemble ISR (EnISR), which is based on the
ensemble batch smoother (EnBS), to address limitations of the Y20 ISR method. We fully
characterize Y20’s ISR setup in a data assimilation context, investigate the effects of Y20’s
runoff error model assumptions, and determine when and why ISR produces negative runoff
values. Ultimately, we set up a framework for a full end-to-end ensemble data assimilation
approach, where the prior runoff ensemble could be generated by running an LSM with
uncertain meteorological and land surface parameters, more effectively representing runoff
uncertainty as a function of input uncertainty, rather than arbitrarily pre-specifying runoff
uncertainty, as has been done in previous ISR papers. For comparison and consistency with
previous ISR papers, in this paper we maintain the PW13/Y20 ISR paradigm of specifying
runoff errors a priori. Our intention here is to propose a framework for performing ISR with
realistic, ensemble representations of runoff error, which could then be used in the context

of a full end-to-end data assimilation approach in future work.

While ISR is a promising method for (potentially SWOT-based) runoff and discharge

estimation, several aspects of ISR deserve further investigation, or could be improved:

1. Although ISR is a data assimilation method and should be capable of providing con-
fidence bounds around its estimates, no past ISR paper has explored this aspect of its

potential.

2. ISR can produce physically unrealistic negative runoff estimates - more could be done

to understand how and why these negative estimates arise.

3. Past ISR implementations use an arbitrary runoff error covariance model that assumes
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that prior runoff error is proportional to the prior mean runoff - this may not hold true

in realistic scenarios.

4. Storing the error covariance can be extremely computationally intensive, particularly

for larger basins or at higher spatial resolutions.

Previous ISR papers (PW13, F20, Y20) have described ISR as a fixed-interval Kalman
smoother, however, the assimilation problem has not been fully characterized in that context.
We recognize that the ”runoff initial guess” in PW13 should be the mean of the prior runoff
distribution in the Kalman smoother, which, in order to be fully characterized should also
have a clearly specified covariance matrix. This allows generation of probabilistic posterior
runoff estimates that account for errors from both information sources: the model (or ”initial
guess”) and the measurements. Analytical propagation of runoff error to discharge through
the linear routing model is difficult due to the need to account for cross correlations between
runoff at different locations and timesteps. [David et al., 2019] devised a scheme for runoff-
to-discharge error propagation, but it holds for >monthly timesteps only. With EnISR, error

propagation is as simple as routing each ensemble member through the routing model.

Viewed as a Kalman smoother, Y20 ISR assumes additive Gaussian errors and linear
forward and measurement models (while there is technically no forward model, it can also
be thought of as a trivial linear model). Non-Gaussian errors violate these Kalman filter
assumptions and can theoretically lead to a suboptimal update. In realistic applications of
ISR, the runoff prior may come from an ensemble of runoff estimates, either from different
reanalysis datasets (see, for example, [Emery et al., 2020]), or by corrupting the precipitation
inputs of a hydrological model with postulated errors. Neither of these cases is likely to
produce Gaussian runoff errors. Instead of using an assumed runoff error covariance matrix,
EnISR uses an ensemble batch smoothing approach to estimate the runoff error covariance
from the ensemble. This nonparametric approach could make it a better choice for cases

where runoff errors are known to be non-Gaussian.
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EnISR also provides important computational benefits over Y20 ISR. Y20 ISR requires
storing the runoff error covariance matrix, which can grow extremely large and may not fit
in computer memory, limiting Y20 ISR’s ability to estimate runoff in large basins or at high
spatial /temporal resolution. EnISR does not need to store the full runoff error covariance
matrix in order to calculate the Kalman gain. The largest matrix EnISR needs to store is
orders of magnitude smaller than the largest matrix Y20 ISR stores. We also introduce a
novel localization method that can further reduce the computational burden for both Y20
ISR and EnISR by breaking down the full basin into sub-basins and applying ISR to sub-

basins.

4.2 Methods

4.2.1 Inverse streamflow routing method overview

River routing models estimate how long it takes for water to flow (over the hillslope) to
the grid cell outlet. Water is presumed to travel from one grid cell to another according
to the 1D diffusive wave equation and pre-specified wave celerity (flow velocity), following
the flow direction network (see, for example, Figure 4.1). ISR uses a linear routing model
(Equation 4.1) to route runoff (z) through a basin with n grid cells to discharge (y) at m
gage locations (e.g. the basin model in Figure 4.1). This formulation is used in both the UW
routing model ([Lohmann et al., 1998]) that is commonly coupled to VIC, and the RAPID
river routing model ([David et al., 2011]). In state-space notation, the routing (runoff-to-

discharge) model can be written

Y = H(].Tt + Hlxt—l + ...+ Hkxt_k (41)

where:

e H_is the m x n matrix that adds the contribution of the runoff at time ¢ — 7 to

120



discharge at time .
e 1, is an n X 1 runoff vector at time ¢
e y, is an m x 1 discharge vector at time ¢

e (k+1) is set to the maximum number of time steps for water to flow from the farthest
point in the basin to the outlet, to account for contributions from all cells in the basin

(essentially the time of concentration).

H. is determined based on the flow network and an assumed value of wave celerity (how
quickly water moves through the network). We assume that the time step is long enough
that a grid cell completely drains within one time step, such that h; ;, an element of H,, has

value 1 if cell 7 contributes to gage 7 at time lag 7 and 0 otherwise.

Inverse Streamflow Routing (ISR) uses the relationship in Equation (4.1) to update an
initial guess of runoff in a manner similar to the Kalman Filter. However, due to the
contribution of runoff at previous time steps to discharge at the current time step, the

update must be performed using overlapping time windows.

In order to capture information contained in future discharge measurements about runoff
at the current time step, PW13 augmented the state vector (z;) over a time window of length
s+1, where s+1 > k+1 (where k is the time of concentration, rounded to the next timestep)
is necessary to advance the algorithm forward in time. The current estimate of runoff (the
state variable) is updated in batches in each time window given all discharge measurements
within that window. This is done by augmenting the state vector to include runoff at times
t to t — s and rewriting Equation (4.1) for the augmented state vector. Because their values
depend partially on discharge measurements in the next time window, runoff estimates at the
last k + 1 time steps within the current window are considered ”partially updated.” These
runoff estimates are overwritten in the next time window. The augmented state vector is

given by
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T
'f; = |:th, Tp—1y.+,Lt—g (42)
The augmented state vector z; (Equation 4.2) has length n x (s+1) and each component
vector xz; has length n, representing runoff at each grid cell for the time step denoted in its
subscript. The augmented routing model is derived by writing out measurement model for

a single time step at all s + 1 time steps in the interval [t — s, ¢]:

Yt = Hory+ Hixyq + ...+ Hpxyy,
Y1 = Hoxyy + Hizpo + ...+ Hyxp_g (4.3)

Y—s = HOxtfs +Hiwg g1+ oo+ Hywy g

By defining time-augmented streamflow and runoff vectors y; and z; we can write the

time-augmented routing model compactly as

g = Hi + Loy (4.4)

where H and L are augmented linear model operators defined to make Equation (4.4)
equivalent to Equation (4.3). They are m(s 4+ 1) x n(s + 1) block matrices composed of the
H, matrices for different lag times 7. H is the upper triangular matrix given in Equation

4.5.

(H, H, H, 0 0]
0 H, H. . H, 0
H= (4.5)
0 0 0 H, H,
0 0 0 0 Hy |

and L is the lower triangular matrix given in Equation 4.6.
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(0 0 0 0 0]
0 0 0 0 0
L= (4.6)
Hy, --- H.y H, 0
i 0 Hi -+ Hp1 Hgf
At each time window [t — s, ..., t], the runoff initial guess is updated using an update
similar to a Kalman filter (reviewed in more detail in the next section), as follows:
a:} = m_tl + K <y_{5 — Ha:_tL - E:L‘ik) (4.7)

where K , the Kalman gain, is calculated based on the runoff and discharge error covari-
ance matrices and z;" and z;” represent the updated runoff and the initial guess, respectively.

xfi . is the partially-updated runoff vector using the update from the previous window.

PW13 and follow-on papers ([Fisher et al., 2020]; Y20) showed that it is possible to
estimate spatially-distributed runoff based on discharge measurements, but key questions
remain about the estimation method and its associated uncertainties. Putting ISR in the
context of the Kalman smoother can help us better understand the method and how we can
improve it. In the next section, we provide background on the Kalman filter and explain
how ISR can be seen in this framework. In the following sections, we drop the bold notation

for time-augmented variables (e.g. ;) for simplicity of notation.

4.2.2 The Kalman filter /smoother

ISR seeks to estimate unknown runoff based on imperfect discharge measurements. The
Kalman filter ([Kalman, 1960]) provides the best estimate of an uncertain state given a
set of uncertain measurements, given that the state variables and measurements can be

treated as Gaussian (normally-distributed) random vectors. The Kalman filter starts with
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an estimate of the state at an initial time ¢, and uses a forward model to propagate that
estimate forward in time. If the state vector is a normally-distributed random variable and
the forward model is linear, then the state variable will continue to be normally-distributed
as it is propagated forward in time, and can therefore be fully represented by its mean vector

and covariance matrix.

The forward model f is given by

To1 = [, o, uy) (4.8)

where x; is the state vector, a are time-invariant parameters, and u, are forcing data.
Equation (4.8) is used to propagate the state forward in time until a measurement becomes
available. The relationship between the (uncertain) measurements and the state variable is

given by

Yyr = M () + vy (4.9)

where the measurement model M relates the states (x;) to the measurements (), and
vy represents the measurement error. M (z;) is equivalent to the routing model (Equation
4.1). If the errors in the states and measurements are Gaussian and the forward model and

measurement model are linear, the mean update is given by

T =7, + Ki(ye — 1) (4.10)

where T, is the posterior mean, 7, is the prior mean, K, is the Kalman gain, and

Uy = M (x;) are the predicted measurements.

Similarly, the covariance update is given by

Pt =(-KH)P’ (4.11)
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where P," = cov(x]") is the posterior error covariance, P, is the prior error covariance,

and H is the linear measurement model operator (y, = M(x;) = Hx;). (It can be shown

that the covariance of the errors are equal to the covariance of the state vector).

The Kalman gain is equal to

K,=P H" (HP, H" + R,)™' (4.12)

where P, H is the cross covariance between the state and the predicted measurements,
HP[ HT is the covariance of the predicted measurements, and R; is the measurement error

covariance.

4.2.3 The PW13 approach

PW13’s inverse streamflow routing method can be viewed as a Kalman smoother with over-
lapping windows and no forward model. When viewed through the lens of the Kalman
filter, the runoff estimate ;" is a normally-distributed random variable with mean equal to
the "runoff initial guess” (e.g. from a land surface model) and with covariance P, . The
PW13 Kalman gain (Equation 4.12) is computed assuming there are no measurement errors

(R; = 0). PW13 perform experiments under two sets of assumptions:

1. Uniform initial guess equal to long-term mean runoff and uncorrelated covariance ma-

trix equal to long-term variance

2. Initial guess obtained by forcing the VIC model with TMPA precipitation and uncor-
related covariance matrix with entries proportional to the square of the prior mean

runoff.

Here, we consider the consequences of these assumptions. In the first case, the runoff
error covariance matrix P, = ¢ for all ¢, where o2 is the long-term runoff variance, which

is calculated from the (known) synthetic truth. The Kalman gain simplifies as follows:
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K, =P HT (HP,HT)™ (4.13)
K =o’IHT (Ho*THT)™' (4.14)

K=H"HH")™! (4.15)

Equation (4.15) shows that under this set of assumptions, the Kalman gain is time
invariant. Neither the value of the long-term runoff mean nor variance has any effect on the
update, and the posterior runoff estimate is simply the downstream discharge redistributed
evenly over the contributing grid cells (which is guaranteed to be non-negative, as long as
the discharge measurements are non-negative). The discharge is effectively spread over the
upstream cells, with equal volume originating from each cell, spaced out over bands of travel
time. Visually, the change in runoff resembles a bullseye, with concentric circles radiating

out the from gage location.

In the second case, a runoff estimate produced by forcing the VIC model with TMPA
precipitation is taken as the runoff initial guess (implicitly the prior mean). Runoff errors
are assumed uncorrelated with variance proportional to the square of the prior mean. In
other words, o, = a xx;, , where the proportionality constant « is the coefficient of variation

« = 04, /s, Therefore, the Kalman gain K; has the form

-1
Ki=IToa1THT (HI © x;21THT) (4.16)

where © is the Hadamard product, 1 is the ones vector, and I ®x; 1Tisa diagonal matrix
with the squared prior runoff values (x; )? on the diagonal. Notably, the proportionality
constant a cancels out (because there is no measurement error). In this case, the updated
runoff estimates depend on the initial guess. The assumption is that cells with larger prior
runoff values have more uncertainty and require larger corrections. It can be shown that

each entry in the Kalman gain K, is the ratio of the squared prior runoff for the current cell
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divided by the squared prior runoff of all cells that contribute to discharge at that gage and
time (minus discharge at any upstream gages contributing to the current gage). If desired,
one could exploit this to calculate the Kalman gain without needing to perform matrix

inversions, which could be useful for very large or very high-resolution domains:

(

> i — if cell 4 is upstream of gage j
k€] "k
K;;= —Zx—l:z, if cell 7 is downstream of gage j
kej 'k
0 if cell 7 is disconnected from gage j

\

where the sums are over the contributing grid cells to gage j.

4.2.4 The Y20 approach

Y20 modified the PW13 ISR method by relaxing the assumption of uncorrelated runoff

errors. They used the following runoff error covariance model:

Pi,j = pL,T(di,jaTi,j) * 0; % O’j (417)

where P ; is the covariance between a runoff at a particular location and time 7 and
runoff at another location and time j. prr(d,7) is a correlation function in terms of space
and time lag 0 and 7 between z; and x;, and o0; and o; are the standard deviations of the z;

and z;. The form of p(9, 7) is given by

prr = e onillemia/T (4.18)

where L and T are space and time decorrelation lengths that determine how quickly
correlation decays with space and time. This is a stationary model, as L and T do not
change in space or time. The standard deviations o; are assumed to be proportional to the

mean prior runoff via 0; = o X x;, the same assumption used by PW13. This leads to the
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following form for the Kalman gain:

K= (0*® 0 0 /M) H [H(®, 0> 0 T/ HT + R (4.19)

where ®, = z; 2, is the n(s + 1) x n(s + 1) matrix of prior runoff values, A is the
distance matrix, and 7 is the time lag matrix. A potential drawback of this approach is
that if the mean prior runoff is inappropriately small, then the method will place too much

emphasis on the prior and underestimate the uncertainty or vice versa.

Although they consider measurement errors by adding random errors to the discharge
time series, it is not clear whether Y20 use R corresponding to 30% relative discharge error
or whether they continue to assume R; = 0 in their calculation of the Kalman gain. They
also do not report what proportionality constant o they use to relate runoff error standard
deviation to the mean runoff value. It is possible that their favorable runoff estimates are a
consequence of assuming R = 0 or using a very large runoff error proportionality constant

(equivalent because as a — 0o, R becomes insignificant in Equation 4.19).

4.2.5 EnISR: A ensemble framework for ISR

Now that we have provided background on ISR and how it relates to the Kalman filter,
we can introduce our "Ensemble ISR” method, a new runoff estimation algorithm that
addresses three key problems with the ISR method. Although ISR has been shown to
provide reasonable runoff estimates under idealized conditions, it still has limitations for

general application, namely:

1. Assumes additive Gaussian runoff and discharge errors, which is unlikely to be the case

in realistic scenarios

2. Although ISR is a data assimilation method, there has been no discussion of error

propagation in past ISR papers
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3. Extremely large covariance matrices must be stored, which makes it impractical to run

ISR for large basins at high resolution.

Our proposed method, EnISR, uses an ensemble Kalman smoother update. This has

three benefits:

1. Like Y20 ISR, EnISR uses a Kalman smoother formulation to produce a posterior
estimate of runoff. However, unlike Y20 ISR, EnISR estimates the Kalman gain, which
determines the update, based on the full distribution of the prior runoff, rather than
just based on their mean and covariance. This makes EnISR applicable even when
runoff and discharge errors are non-Gaussian and therefore not fully characterized by

their mean and covariance.

2. EnISR makes error propagation trivial, as both runoff and downstream discharge errors

can be simply estimated from the ensemble.

3. EnISR dramatically reduces storage requirements compared to past ISR implementa-

tions.

EnISR is based on the ensemble Kalman filter method ([Evensen, 2003]), a more flexible
method compared to the Kalman filter (or Kalman smoother) that allows specification of non-
Gaussian random variables and nonlinear state transition and measurement models, and has
been shown to work well in many contexts, even in the presence of non-Gaussian state errors
and/or measurement errors (see, e.g., [Moradkhani et al., 2005], [Andreadis et al., 2007],
[De Lannoy et al., 2012]). An added benefit of an ensemble update is that we do not
have to store the (very) large augmented state error-covariance matrix C,,. Our ISR ap-
proach can be thought of as a moving-window ensemble Kalman batch smoother (EnBS;

[Margulis et al., 2015]).

To set up the method, we start with a prior ensemble x,gi) fori=[1,2,..., M]. The larger

the ensemble size (M) compared to the length of the state vector (n(s+1)), the more accurate
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the estimates of the sample covariances used to perform the ensemble Kalman update. For
this reason, we recommend choosing the smallest possible assimilation window s = k4 1. As
the number of ensemble members increases, the EnISR estimate will approach the Y20 ISR
estimate, given the Y20 assumptions of additive Gaussian runoff and measurement errors

are satisfied. Equation (4.7) shows the ensemble update equation:

0 =20 4 R (gt of) — H 4 1a),) (420

where vfi) are simulated measurement errors, which are required in order to prevent
unrealistic collapsing of the ensemble ([Burgers et al., 1998]). (The formulation in Equation

(4.20) assumes discharge measurements errors are additive.)

Measurement errors are described by the additive model given in Equation (4.21). Let

our measurement of discharge y; be a random vector that is related to the true discharge by

Yyr = v+ (4.21)

where v; ~ N(py,,%y,) is a Gaussian error term with mean m,, and covariance C,,.
This is the same additive Gaussian model used for discharge measurement error in Y20.
Discharge errors are assumed unbiased (p,, = 0), uncorrelated, and with standard deivation
proportional to the discharge measurement (o, = ¢,y;), where o,, is the standard deviation
of discharge error for observation y; and ¢, is the percent discharge error (e.g. for 5%
discharge error, ¢, = 0.05). Since EnISR does not require additive Gaussian discharge

errors, other forms could be used, as well.

We compute the updated runoff value in Equation (4.20) using Equation (4.22) to es-

timate the Kalman gain using the sample covariances in Equation (4.22), which are esti-

mated from the prior runoff ensemble xii)_ and the ensemble of predicted measurements

¥ = He'” + LX0,.
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Ky = Coy (G + C) B (4.22)

This can be compared with Equation (4.12) from our description of the Kalman filter
above. C,, = P H" is the cross covariance between the state and the predicted measure-
ments and Cy, = HP, H” is the covariance of the predicted measurements. Note that these

equalities are only true if runoff and discharge errors are additive and Gaussian.

We also wish to comment on the length of the assimilation window, s 4 1, a topic that
has not seen sufficient attention in the ISR literature. PW13, F20, and Y20 have used a
window length of s = 2(k + 1). At the lower limit, the window length can be s = k + 1
without affecting ISR estimates. This works for PW13 ISR. For Y20 ISR, however, choosing
an assimilation window that is too short can cut off the influence of the a priori runoff
error correlation time 7', which influences the Kalman gain and could artificially reduce the
update provided by measurements at a past or future time steps. We recommend choosing
an assimilation window that is as short as possible, in order to reduce the length of the state
vector (therefore minimizing the computational burden associated with ISR) while ensuring
that the window is wide enough such that a priori temporal correlations will be taken into
consideration for the update. A shorter assimilation window also has benefits for EnISR, as
the number of degrees of freedom involved in estimating the runoff error cross correlation
matrix C, will be smaller, enabling better Kalman gain estimates with smaller ensemble

sizes.

4.2.6 Localization

Like other ensemble-based assimilation methods ([Houtekamer and Mitchell, 2001]), Ensem-
ble ISR can suffer from spurious correlations in the sample covariance matrices used to com-
pute the Kalman gain (Equation 4.22). Localization methods ([Houtekamer and Mitchell, 2001];

[Hamill et al., 2001]) can reduce the effect of spurious correlations by superimposing a pro-
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posed covariance structure (where variables that are farther apart have less correlation than
variables that are closer together). This is known as covariance localization. However, co-
variance localization is not a good approach for ISR because there are often non-spurious
long-range correlations stemming from the flow network configuration — covariance local-
ization would remove the physically-based correlations along with the spurious correlations.
Instead, we look to another class of localization methods, known as ”domain localization”
(see e.g. [Ott et al., 2004], [Hunt, 2007]). These methods update the state vector only over a
limited spatial domain, assuming that observations outside the domain have little influence
over the state vector. Here, we demonstrate a domain localization method applied to EnISR.
By reducing the size of the state vector, the localization avoids spurious correlations, reduces

storage requirements, and speeds up processing time.

The approach is as follows:

1. We start by sorting the gages from upstream to downstream by arranging them from

smallest to largest drainage area.

2. Next, we define the ISR problem for the upstream-most gage. The size of this problem
will be determined by n4,,, the number of cells in the sub-basin, my,;, = 1, the number
of gages in the sub-basin, and sg,; + 1, the length of the assimilation window for the

sub-basin.

3. Step through each assimilation window for the upstream-most sub-basin, solving for

updated runoff at each grid cell and time step.

4. Move to the sub-basin with the next smallest drainage area. If there are any cells
in this sub-basin whose runoff values have already been updated due to an upstream
gage, these values are considered fixed and do not come into the state vector for the
current sub-basin. They are used to compute the predicted measurements, but they

are not included in the update equation.
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5. Repeat Steps 2-4 for the remaining gages, moving from upstream to downstream.

4.3 Study Area and Experimental Design

4.3.1 The Allegheny River Basin

We perform numerical experiments in the Allegheny River Basin to explain results from past
ISR implementations and implement our new EnlISR framework. We chose the Allegheny
Basin as our study area because it is located within the greater Ohio River basin, which
has been the study area for past ISR papers and of several SWOT-based discharge retrieval
studies (e.g. [Andreadis et al., 2007]; [Durand et al., 2010]), yet it is small enough to quickly
and repeatedly run the various ISR algorithms (233 grid cells at 1/8°resolution, compared
to 3681 grid cells for the Ohio Basin overall).

Figure 4.2 shows a map of the 33750 km? Allegheny Basin. We consider any grid cell
with an upstream drainage area greater than 5000 km? to be a "river pixel” (shown in red
in the figure). Two gage locations are singled out for closer analysis: the outlet gage (black)

and an upstream gage (green) in the headwaters of the basin.

We obtain a priori discharge predictions by routing the TMPA runoff through our routing
model (Equation 4.1). Figure 4.3a-b shows scatterplots of TMPA vs. NLDAS runoff and
discharge. Overall, the TMPA runoff prior is slightly low biased compared to the NLDAS
synthetic truth, with an overall mean of 1.0 mm/day, compared to 1.3 mm/day for the
NLDAS runoff. Likewise, on average, the prior discharge is low-biased compared to the true
discharge, with mean discharge at the outlet equal to 242 m3/s for TMPA vs. 301 m?/s
for NLDAS. Figure 4.3c-d shows discharge time series at the outlet and at the upstream
gage highlighted in Figure 4.2. The TMPA prior is smaller than the true runoff, with a
notable exception on June 18, 2009 when the prior discharge spikes much higher than the

true discharge.
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Figure 4.2: Map of the Allegheny River Basin as modeled by VIC at 1/8° resolution. The
colormap indicates flow accumulation, the total upstream area of upstream cells contributing
to current cell, with dark blue representing no upstream area and bright yellow the full basin

upstream area, and corresponds to the theoretical river network.

We used GRWL ([Allen et al., 2018]) river widths to identify the width of each "river
pixel” in the Allegheny Basin. The 14 downstream-most pixels are wide enough to be
observed by SWOT (these are shown in a later figure). SWOT-based discharge estimates will
be available each time the satellite passes over the river channel (about once every ten days for

the Allegheny Basin). We assume here that discharge errors from SWOT retrieval algorithms
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Figure 4.3: Panel (a) shows a scatterplot of predicted (TMPA) and true (NLDAS) runoff
for each timestep and grid cell. Panel (b) shows a scatterplot of predicted (TMPA) vs. true
(NLDAS) discharge at all river pixels. Panels (c¢) and (d) show discharge time series at the

outlet and for the upstream gage.

are Gaussian with mean zero and standard deviation equal to 15% of the true discharge value.
This is in line with expectations from recent SWOT publications ([Durand et al., 2023]).
Discharge measurements may be SWOT-based discharge estimates or gage measurements.
Throughout this paper, we assume that SWOT discharge measurements are available every

10 days with 15% error and that gage measurements are available daily with 5% error.

4.3.2 Experimental Design

We developed EnlISR in order to address limitations of past ISR methodologies (PW13, Y20)
and set the stage for future innovations: for example, relaxing the linear model requirement

makes it possible to directly use a hydrological model as the forward model. We use a series
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of observing system simulation experiments to compare the performance of EnISR with Y20
ISR, using the Allegheny River basin as a study area. We devised the first four experiments
(E1-E4 in Table 4.1) to assess and compare the performance of EnISR vs. Y20 ISR under
similar assumptions, where they are expected to perform similarly. The latter three experi-
ments (E5-E7) provide insight on our localization method for reducing computational costs.
The experiments are run either for the “gage” case, with daily streamflow at the outlet or
for the ”"SWOT” case, with SWOT-like streamflow “measurements” at virtual gages for river
pixels wider than 100 m, every 10 days, which is similar to the frequency with which SWOT
will observe the Allegheny basin. For the gage case, we use a gage at the outlet as the
"calibration” gage, whose measurements we use to estimate runoff via ISR, and we set aside
an upstream gage (see Figure 4.2) as a "validation” gage, to check how well the ISR runoff
estimates reproduce discharge at the upstream gage. For the SWOT case, we use 14 virtual
gage locations, where SWOT discharge estimates are expected to be available. These SWOT
virtual gages, which are shown in a later figure, consist of the 14 downstream-most "river

pixels” shown in Figure 4.2 and do not include the aforementioned upstream validation gage.

Table 4.1: Summary of numerical experiments performed in this paper. All experiments are
run from Mar-Jun, 2009. Prior mean runoff is set equal to the TMPA runoff, while runoff

error covariance parameters (Equation 4.17) are described in the table.

Case ISR method Measurements, freq., error Prior runoff error correlation
E1 Y20 gage at outlet, daily, 5% L =40 km, T = 5 days

E2  EnISR gage at outlet, daily, 5% L =40 km, T = 5 days

E3 Y20 SWOT, 10-day, 15% L =40 km, T = 5 days

E4 EnISR SWOT, 10-day, 15% L =40 km, T = 5 days

E5 EnISR Outlet, upstream gage, or both, 5% L =0 km, T = 0 days

E6 EnISR Outlet, upstream gage, or both, 5% L = 40 km, T = 5 days

E7 EnISR with localization SWOT, 10-day, 15% L =40 km, T = 5 days
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For the Y20 ISR cases, mean prior runoff is set equal to the TMPA runoff, and the
runoff errors are assumed to come from a covariance model (Equation 4.17) where errors are
implicitly assumed to be correlated with spatial and temporal correlation lengths equal to
40 km and 5 days, respectively, and the standard deviation of prior runoff errors is assumed
proportional to the prior mean runoff value (we used proportionality constant o = 1). Y20
found these spatial and temporal correlation parameters produced good discharge estimates
in the Ohio Basin, using the same TMPA-NLDAS experimental setup used here. For EnISR,
we used the same prior runoff error covariance model to generate random errors with which
we corrupted the TMPA runoff to produce a prior runoff ensemble with additive Gaussian
errors. We limited our analysis to the 120-day period from March 1-June 28, 2009 for ease

of computation.

In Sections 4.1 and 4.2, we seek to understand how our assumption of proportional runoff
error variance affects ISR runoff estimates and how and when ISR runoff estimates can
become negative. In Section 4.3, we compare EnISR to Y20 ISR under similar assumptions,
in order to show that the new method is equivalent to the existing method when runoff
and discharge errors are additive Gaussian. In Section 4.4, we demonstrate our localization
method and seek to understand how our domain localization method will affect the ISR

estimates.

4.4 Results and Discussion

4.4.1 How runoff error model assumptions affect ISR estimates

Viewed as a data assimilation algorithm, ISR updates an a priori ”guess” of runoff based
on discharge observations, by weighting the relative uncertainty between the predicted and
actual discharge measurements. Since there are many more unknowns (runoff at each grid cell
and time) than measurements (discharge at each gage), there are many possible combinations

of runoff that can produce the same discharge. ISR uses the routing model (Equation 4.1)
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to assign runoff to upstream grid cells in order to get a match to discharge (or as close to
a match as is appropriate given errors in the discharge measurements). If we assume that
runoff errors are correlated, as did Y20, then runoff in cells nearby a gage (and times nearby
a measurement time) will be influenced by measurements at that gage, even if they are not

hydrologically connected to the gage by the flow network.

We focus here on the effect of the assumption of proportional variance; that is, PW13
and Y20 both take the standard deviation of prior runoff error (o) to be proportional to
the mean prior runoff value. This prior uncertainty, along with the flow network and a priori
correlations, dictates where ISR adjusts runoff from the prior to the posterior. Grid cells
and times with larger a priori runoff values are considered more uncertain, and may receive
a larger update — potentially leading to degraded estimates if the initial estimate was close
to the truth to begin with. Grid cells and times with small a priori runoff are considered

well-known, and receive little update.

Figure 4.4a shows the mean difference between true and prior runoff. Cells with prior
runoff larger than true runoff are red, and cells with prior runoff smaller than true runoff are
blue. Figure 4.4b shows the change in Nash Sutcliffe Efficiency (NSE, [Nash and Sutcliffe, 1970])
(ANSE = NSE,pst — NSE,ior). NSE measures the goodness of fit between two data series
and ranges from —oo to 1, with NSE=1 indicating a perfect match and NSE=0 implying
that the model is no better than using the mean of the data as the estimate. Therefore, when
ANSE > 0, we say that runoff estimates have improved, and when ANSE < 0, we say
that runoff estimates have degraded. Cells where prior runoff is larger than true runoff (red)
in Figure 4.4a, for example, Cell 1, tend to experience decreases in NSE (blue) in Figure
4.5b. Cells where prior runoff is much smaller than true runoff (dark blue) in Figure 4.4a,

for example, Cell 3, tend to see little change in NSE (white) in Figure 4.5b.

The assumption of proportional runoff variance gives rise to three possible situations,
which are illustrated by Figure 4.5, which plots runoff time series for each of the three cells

indicated in Figure 4.4. The posterior runoff appearing in Figure 4.5 is not produced in a
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Figure 4.4: Runoff estimation results from experiment E1 (Y20, gage). Panel (a) shows
temporal average prior runoff bias, calculated as F[z; — z;]. Panel (b) shows change in
NSE for each grid cell, calculated as NSE,o50 — NSEprior. When ANSE > 0, ISR’s runoff
estimate is better than the prior. When ANSFE < 0, ISR’s runoff estimate is worse than the
prior. Colorbars have been fixed at the limits shown in order to resolve spatial variability

more clearly.

vacuum — rather, all cells contributing to discharge at the gage are updated together, as a
group.

Since ISR is a one-to-many problem, where one gage records runoff generated by many
upstream cells, there is no guarantee that the correct grid cells will be updated in the correct
direction. The proportion of the update that goes to a particular grid cell depends on its
prior uncertainty, compared to the uncertainty associated with prior runoff estimates in other
grid cells. The direction of the update is such that the posterior discharge will more closely
match the measured discharge. So if prior runoff at a cell is large, it can be updated upward
or downward depending on if measured discharge is larger or smaller (respectively) than the

a priori discharge estimate.

For example, if there are two grid cells contributing runoff to the outlet, and both are

located the same distance (for the sake of argument, assume they are equally distance along
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the river network and also in terms of absolute distance) away from the gage, the grid cell with
a higher prior runoff (and therefore more uncertain, according to the proportional variance
assumption) will receive a larger update, in the direction required to make posterior discharge
close to observed discharge (within measurement error) than the cell with the smaller (and

therefore considered more certain) prior runoff.
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Figure 4.5: Time series of prior, true, and posterior (estimated using Y20 ISR) runoff, along
with shaded 95% uncertainty bounds, for the three cells indicated in Figure 4.4. Vertical
axis limits have been truncated to show details. The horizontal lines in the runoff time
series plots show mean prior, posterior, and true runoff for each cell in blue, red, and black,
respectively. Note that the runoff uncertainty bounds for the Y20 estimates come from the
Kalman update (Equation 4.11) — whereas analytical propagation of runoff uncertainty to

discharge uncertainty is not straightforward.

In Cell 1, the prior runoff is higher, on average, than the true runoff: the assumption of
proportional variance results in an inappropriately large update to runoff in this cell, which
makes the posterior runoff estimate worse than the prior, with lower NSE. The most common
case is that of Cell 2. In this grid cell, the mean prior runoff is smaller than the true runoff,
yet not so small that we underestimate its uncertainty (the true runoff falls within 2 standard
deviations of the prior, such that x; — 20, <z, < x; + 20,,). This allows ISR to provide

a useful update, with an improved match to true runoff. Finally, for Cell 3, prior runoff is
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much lower, on average, than the true runoff: the proportional variance assumption places
a lot of confidence in the prior estimate, and there is very little change in NSE. Table 4.2
gives an overview of the three cases illustrated by Cells 1-3 in Figure 4.5, along with ANSFE

values for each case.

Table 4.2: Average change in pixel-wise NSE (posterior - prior) for each prior runoff scenario,
as illustrated by Cells 1-3 in Figure 4.5. Expected ANSE indicates our expectation, based
on the discussion in the text, of whether there will be an improvement in NSE from the
prior to the posterior estimate. In general, we expect a different runoff estimation outcome
depending on whether the prior mean runoff is larger than, smaller than, or much smaller
than true runoff. *Note that when prior mean > truth, runoff estimates can be, but are not

always, degraded.

Prior vs. truth Example grid cell Expected ANSE ANSE
Prior mean > Truth  Cell 1 <0 0.17*
Prior mean < Truth  Cell 3 >0 0.58
Prior mean << Truth Cell 4 0 0.15

This is captured in more detail in the left-hand panel of Figure 4.6, where we plot absolute
runoff for the posterior runoff estimates vs. absolute prior runoff error for each grid cell and
time. The colors in the scatterplot denote instances where prior runoff is much smaller than
true runoff (blue), instances where prior runoff is larger than true runoff (red), and other
instances (cyan). When prior runoff is small (blue), posterior runoff is not much improved
over the prior, while when prior runoff is large (red), it is more likely that there will be
significant change: either improvement or degradation. We define ”small” prior runoff (blue)
such that the true runoff does not lie within 2 standard deviations of the prior mean, and
we define large runoff (red) as instances where prior runoff is larger than true runoff, noting
that for proportional error, it is impossible for prior runoff to be "too high” in the sense that

the true runoff will always fall within 2 standard deviations of the prior mean. Runoff at
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other cells and times (cyan) is smaller than the true runoff, but is still a "reasonable” guess

in the sense that the true runoff falls within 2 standard deviations of the prior mean.

The histograms on the right-hand side of Figure 4.6 further illustrate this point, with
posterior absolute error (#; — x;) increasing by 0.22 mm/day for instances with large prior
runoff. Grid cells and times with ”small” prior runoff see a decrease in error of 0.34 mm/day.
That this occurs despite the small prior runoff uncertainty for these grid cells likely is related
to the values of uncertainty at other nearby grid cells. Gage discharge error is assumed to
be fairly low (5%), so if all contributing grid cells have small prior uncertainty, then they
may still receive an update. Other instances (when prior runoff is neither larger nor much

smaller than true runoff) see a decrease in error of 0.12 mm/day.

In summary, under the proportional variance assumption, we expect the greatest reduc-
tion in runoff errors when prior runoff is smaller than true runoff, yet not so small that prior
runoff uncertainty does not encompass true runoff (however, even in this scenario, a small
runoff prior can lead to reduced runoff errors in the posterior estimate, if other contributing
cells also have small prior runoff). When prior runoff is large, these grid cells and times are
more volatile — when there is an update due to a mismatch between prior and observed
discharge, these instances will receive the bulk of the update, even if the prior estimate was

already close to the truth.

4.4.2 Occurrence of negative runoff values in ISR estimates

ISR as implemented by PW13, F20, and Y20 can produce physically unrealistic negative
runoff estimates. Although these do not occur frequently (no more than 1.5% of runoff
values were negative in our experiments), we wish to understand why negative estimates
occur and what can be done to prevent them. Before considering the Allegheny case, let us
consider an idealized basin with two grid cells (with runoff values x;; and z;5) and one gage
at the outlet (with discharge y;). This lets us hone in on the circumstances under which

negative runoff values can arise. The Y20 ISR update equation is
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Figure 4.6: Left-hand plot shows absolute error of prior and posterior runoff, calculated
as shown on the axis labels, for each grid cell and time in the E1 experiment (120 time
steps, 233 grid cells) in the Allegheny basin. Instances where prior runoff is greater than
the true runoff are shown in red, instances with prior runoff smaller than true runoff, but
still capturing true runoff within their 2 standard deviation uncertainty bounds are shown in
cyan, and instances with prior runoff much smaller than the true are shown in blue. Points
to the right of the 1:1 line have an improved runoff estimate, while points to the left of the
1:1 line have a degraded runoff estimate. The histograms on the right-hand side change in
absolute error (A absolute error) corresponding to each set of points on the scatterplot. A

absolute error< 0 indicates that posterior errors have been reduced from the prior.

v, =wy + Ki(ys — 9r) (4.23)

where z;” where is the posterior mean runoff vector, z; is the prior mean runoff vector,
K, is the Kalman gain, 1, is the discharge measurement, and ¢, is the predicted measure-

ment. Written for one cell only, and assuming uncorrelated prior runoff errors for simplicity
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(equivalent to PW13’s ISR implementation), the update equation is

2
01

—(ye — 9t) (4.24)
’ R

where Uﬁl is the prior error variance for cell 1 and 022 is the prior error variance for cell 2.
Note that we have assumed perfect measurements to simplify the expression for the Kalman
gain. By no means does this update equation guarantee non-negativity. If we replace the
expressions for prior error variance with the variance model proposed by PW13 (which states

that runoff error standard deviation is proportional to the prior mean runoff), we obtain

2
Ti1

5 (e — ) (4.25)
’ ’ ‘T%,l + x%g

where xi] indicated the squared prior mean runoff. This equation shows that two condi-
tions are required to produce negative runoff estimates. First, the predicted measurement g,
must be greater than the observation y; in order to make the second term in Equation (4.25)
negative — when the prior runoff (and consequently discharge) has a high bias. Second, the
Kalman gain must not be so small such that K;(y; — #;) is small compared to x;;. These
conditions are likely to be satisfied when observed discharge y; is small and when z;; is

either close to 0 or large compared to z,,.

In Figure 4.7, we show posterior mean runoff estimates for cell 1 in the idealized two-cell
basin as a function of the mean prior runoff estimate in each grid cell. In the left-hand panel,
negative runoff estimates occur when z,; is larger than z,, because the observed discharge
is smaller than the predicted measurement. In the right-hand panel, there are no negative
runoff estimates because y; is larger, and the (y; — ¢;) term is not large enough to produce

negative runoff estimates within the range of prior mean runoff values shown.

In general, negative runoff is likely to occur at a grid cell if that grid cell has a high
prior runoff compared to other contributing cells and the measured discharge at the gage is

relatively low. This fact should be considered when choosing a runoff prior. For example, the
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Figure 4.7: Shows the posterior mean runoff estimate for a single grid cell ("grid cell 1”
in an idealized basin with two grid cells) as a function of prior runoff at each cell. The
left-hand panel shows posterior runoff when the observed discharge is low (y; = 1 mm/day),
and the right-hand panel shows posterior runoff when the observed discharge is high (y, = 3
mm/day). The colorbar shows the posterior mean runoff estimate (in mm/day) for grid cell

1, with blue indicating negative posterior runoff estimates.

TMPA-based prior uses TMPA precipitation data to drive a hydrological model and produce
runoff estimates. The prior runoff will roughly correspond to storm tracks (for rainfall-runoff
events) or snowy areas (for snowmelt runoff events). Due to Y20’s assumption of proportional
runoff error variance, having areas of unusually high runoff in one part of the basin on a
given day can cause these grid cells to get a disproportionately large update compared to

other cells, potentially going into the negative.

Negative runoff estimates occurred in the Allegheny basin on June 18, 2009, when the
TMPA runoff prior was disproportionately high in the south portion of the basin. Runoff
snapshots on this date (Figure 4.8) show that the 95th percentile a priori runoff estimate
on this date is 10.7 mm, while the median runoff is only 0.36 mm. These high prior runoff
values result in a prior discharge estimate that is much higher than the measured discharge.

There is therefore a need for a significant negative update to the state vector. The grid cells
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with a much higher prior runoff (and therefore uncertainty) than others will receive the vast
majority of the runoff update, resulting in negative posterior runoff estimates in these cells

to make up for the more ”certain” runoff values in cells with lower prior mean runoff.
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Figure 4.8: Snapshot on June 18, 2009 of TMPA runoff prior, posterior mean runoff, and
true runoff from experiment E1 (Y20 ISR with daily gage measurements at the outlet). Very
large prior runoff values in the southern portion of the basin (compared to other cells) lead
to negative posterior runoff estimates there. Colorbar limits have been truncated to show

spatial variability.

While negative runoff estimates rarely occurred in the Allegheny basin experiments
(TMPA is overall low biased in the Allegheny basin, so there are few times when a a large
downward adjustment of runoff is needed), we would like to propose options for handling
negative runoff values should they occur. One approach is to run ISR with a so-called
noninformative prior (PW13, [Fisher et al., 2020]), where prior runoff is set equal to some
presumed long-term mean value. Since negative runoff estimates occur due to large spatial
variations between prior runoff in neighboring cells, this guarantees that there will be no
negative runoff estimates, at the cost of not using all available a priori runoff information
and only relying on discharge measurements. Other possible approaches include using a
constrained Kalman filter ([Simon, 2010]) or Gaussian anamorphosis techniques (e.g. per-
forming the update in log space, as in ([Girotto et al., 2014]), and the Particle Smoother

([Margulis et al., 2015]). We performed experiments with updates in log space in order to
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avoid negative runoff estimates (not shown), but we found that there are trade-offs (associ-
ated with violations of the Kalman Filter’s Gaussianity assumption) in terms of optimality

of the update.

4.4.3 Comparison of EnISR vs. Y20 ISR

We next demonstrate that given the same set of inputs (TMPA prior with Gaussian errors),
EnsISR is equivalent to Y20 ISR. Both methods, Y20 and EnsISR, use the TMPA runoff
prior used in past ISR papers (PW13, F20, Y20). We perform two sets of experiments: one
with daily ”gage” discharge and one with 10-day "SWO'T” discharge measurements. Runoff
and discharge estimates are compared to synthetic (NLDAS) truth. As shown in Table 4.1,
experiments E1 and E3 use the Y20 ISR method, while experiments E2 and E4 use EnISR.

Figures 4.9 and 4.10 show prior and posterior discharge estimates at the outlet (the
calibration gage) and at an upstream gage (a validation gage, which is not used for the ISR
estimate). Gage locations are shown in the study area map (Figure 4.2). As expected, Figures
4.9 and 4.10 show that the EnISR and Y20 prior and posterior mean estimates are nearly
identical — we attribute any differences to error in the EnISR ensemble representation of
the prior and posterior runoff distributions. Importantly, EnISR, but not Y20 ISR, provides
uncertainty bounds on the discharge estimates, a key piece of information for assessing real-

world ISR implementations where true discharge data are not available.

Posterior discharge estimates at the outlet have very tight uncertainty bounds in Figure
4.9, corresponding to the daily high-accuracy discharge measurements at every time step at
that gage. Figure 4.10 shows higher uncertainty for discharge estimates at the upstream
validation gage, since there are many possible combinations of runoff that can produce the
same discharge at the outlet, and not all of them are a good match for discharge at the
upstream validation gage. In both cases, the true discharge data fall within the range of the

posterior discharge uncertainty bounds.
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Figure 4.9: Discharge estimates at the Allegheny basin outlet (calibration gage) with daily,
5% error, discharge measurements corresponding to experiments E1 (using Y20 ISR) and
E2 (using EnISR). Bold lines indicate the mean and shaded areas indicate 95% confidence
intervals for EnISR (Y20 ISR does not produce discharge uncertainty estimates). Panels (a)
and (b) show discharge estimates over the whole study period. Panels (c¢) and (d) showed a

zoomed in view from days 20-60 - March 20 to April 29, 2009.

Figures 4.11 and 4.12 show Y20 and EnISR runoff estimates for Experiments E3 and FA4,
where we assume that discharge measurements are available every 10 days at all river pixels
with channel width > 100m (shown in Figure 4.13), with 15% relative error (the ?SWOT”
case). As in the "gage” case, we show posterior discharge estimates for the outlet and
for an upstream validation gauge. Again, we see a reduction in error compared to the prior
discharge estimates, both at the outlet and at the upstream validation gage, with uncertainty
reduced most at observation times (denoted by gray vertical lines in Figures 4.11 and 4.12).
The NSE of the mean discharge estimate at the outlet increases from 0.51 to 0.77 for both

Y20 ISR and EnISR, with the time-average standard deviation of the discharge estimate
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Figure 4.10: Discharge estimates at an upstream validation gage (not used as an input for
ISR) with daily, 5% error, discharge measurements corresponding to experiments E1 (using
Y20 ISR) and E2 (using EnISR). Bold lines indicate the mean and shaded areas indicate 95%
confidence intervals for EnISR (Y20 ISR does not produce discharge uncertainty estimates).
Panels (a) and (b) show discharge estimates over the whole study period. Panels (c¢) and (d)
showed a zoomed in view from days 20-60 - March 20 to April 29, 20009.

decreasing 30% from 156 m?/s to 109 m?3/s, while the NSE of the validation gage increases

from 0.48 to 0.75, with discharge standard deviation decreasing from 44 m?3/s to 34 m3/s.

Discharge uncertainty estimates are shown here by 95% confidence intervals about the
mean discharge estimate. Uncertainty is reduced at measurement times, but increases as
time passes between measurements, eventually reverting to the prior. Our ability to estimate
discharge uncertainty is unique to EnISR — it is straightforward to estimate the variance of
the discharge estimate by applying the method of moments to the prior or posterior discharge
ensemble. For Y20 ISR, the propagation of error from runoff to discharge is a challenge due

to the lag terms in the routing model.
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Figure 4.11: Discharge estimates at the Allegheny basin outlet, with 10-day, 15% error,
discharge measurements ("SWOT case”) corresponding to experiments E3 and E4. Bold
lines indicate the mean and shaded areas indicate 95% confidence intervals. Vertical lines
(gray) show measurement times. Panels (a) and (b) show discharge estimates over the whole
study period. Panels (c¢) and (d) showed a zoomed in view from days 20-60 - March 20 to
April 29, 2009.

The outlet and upstream gage shown in Figures 4.9 to 4.12 are illustrative of overall
improvement in discharge estimates from the prior to the posterior. Table 4.3 shows the
improvement in discharge NSE at the 31 "river pixels” (shown in the study area map Figure
4.2) for both the gage case and the SWO'T case for experiments E1-E4. In each case, posterior
NSE increased compared to the prior, from 0.36 to 0.88 for the gage case (E1-2) and from
0.36 to 0.75 for the SWOT case (E3-4).

We also compare runoff estimates between Y20 ISR and EnISR. Median runoff NSE
increases significantly from 0.06 to 0.34 for Y20 ISR (E1 and E2). For the SWOT case,
on the other hand, median runoff NSE only increases from 0.06 to 0.12 for Y20 ISR (E3)
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Figure 4.12: Discharge estimates at an upstream validation gage, which was not used as input
for ISR, with 10-day, 15% error, discharge measurements ("SWOT case”) corresponding
to experiments E3 and E4. Bold lines indicate the mean and shaded areas indicate 95%
confidence intervals. Vertical lines (gray) show measurement times. Panels (a) and (b) show
discharge estimates over the whole study period. Panels (c) and (d) showed a zoomed in

view from days 20-60 (March 20 to April 29, 2009).

Table 4.3: Prior and posterior discharge NSE, calculated for both the gage and SWOT

measurement cases for experiments E1-4.

Experiment Prior NSE  Posterior NSE
E1 (Y20, gage) 0.36 0.88
E2 (EnISR, gage) 0.36 0.87
E3 (Y20, SWOT) 0.36 0.75
E4 (EnISR, SWOT) 0.36 0.75
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and 0.11 for EnISR (E4). We computed NSE by comparing the true runoff and the mean
estimated runoff at each grid cell. Figure 4.13a-c¢ shows prior and posterior runoff NSE
maps. We show only the results for EnISR in the figure; results for Y20 ISR are essentially

identical.
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Figure 4.13: Maps of mean runoff NSE for experiments E2 (EnISR with gage measurements)
and E4 (EnISR with SWOT measurements). The top row shows NSE, the bottom row shows
change in NSE (ANSE = NSE,,st —NSE,;or). Red dots show either gage locations (panels
(b) and (d)) or SWOT measurement locations (panels (c¢) and (e)). The green dot shows an
upstream validation gage, which is not used as an input for ISR. Black dots show grid cells

of interest.

Finally, we look at estimates of runoff in space and time. In Figure 4.5, we saw how
grid cells with prior runoff larger than true runoff tended to have degraded posterior runoff
estimates, cells with prior runoff somewhat less than true runoff tended to have improved
posterior runoff estimates, and cells with prior runoff much smaller than true runoff tended

to have no update. This result is borne out for EnISR as well as Y20 ISR, with identical
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runoff time series for Experiments E1 and E2. Figure 4.14 shows EnISR runoff estimation
results for the three grid cells with varying runoff priors for the SWOT measurement case
(E4); the posterior runoff time series for each cell identical to the Y20 estimates in Experi-
ment E3 (not shown). Runoff uncertainty is still reduced relative to the prior, particularly
around measurement times, but there is less reduction in runoff uncertainty than in the daily

measurement case.
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Figure 4.14: Prior and posterior runoff time series for two cells indicated in Figure 4.13.
Solid lines indicate means and shaded areas indicate 95% confidence bounds. Gray vertical

lines show measurement times.

Even though measurements are available only once every 10 days, the effect of the update
lasts beyond the immediate observation time due to the assumption of a priori temporal error
correlation of ' = 5 days. It might seem unexpected that the SWOT scenario performs worse
than the gage scenario, given that both experiments use a similar number of measurements.
The SWOT scenario uses 14 x 12 = 168 measurements compared to 120 measurements at
the outlet in the gage scenario. In both cases, this is a highly underconstrained problem,
since there are 120 x 233 unknowns (runoff at each time and grid cell). Since the SWOT
virtual gages are so close together (SWOT only observes rivers wider than 100 m), the
discharge measurements at each gage are highly correlated with one another, providing
similar information, and in this case, the 14 gages likely act more like one gage, providing

only 1 x 12 = 12 independent discharge measurements. The higher measurement error (15%

153



vs. 5%) for the SWOT scenario plays a role, as well. In larger river basins where rivers
wider than 100 m occur in a greater portion of the basin, SWOT measurements should be

expected to provide more improvement in ISR runoff estimates.

In this section, we have shown that EnISR produces equivalent runoff and discharge esti-
mates to Y20 ISR under similar assumptions of additive Gaussian errors, with the advantage
of improved uncertainty characterization in EnISR. The ISR methods improved runoff and
particular discharge estimates at ungaged locations, with discharge NSE increasing from 0.36
to 0.88 and 0.75 for the gage (outlet) and SWOT measurement cases, respectively. In future
work, we could envision using EnISR to update an ensemble of a priori runoff estimates
generated by forcing a hydrologic model, such as VIC, with error-corrupted precipitation
and other input data. Although we use additive Gaussian runoff errors here in order to
compare with Y20, as an ensemble data assimilation method EnISR can accommodate the

non-Gaussian runoff errors expected to arise from this method of analysis.

4.4.4 EnISR: Addressing computational challenges
4.4.4.1 Constraints on memory and computation time

With larger basins and higher spatial resolutions, both Y20 and EnISR require increasing
amounts of computational resources. Computational challenges take two forms: storage
limitations and computation time. The augmented runoff error covariance matrix C,, can
require a very large amount of RAM to store: its size increases with the square of the
augmented runoff vector. For example the Ohio River basin, has a travel time of 16 days
(PW13) and therefore a minimum assimilation window time of 17 days. At 1/8°resolution,
there are 3681 grid cells. The length of the augmented state vector is 17 x 3681 = 62577, so
C,, will be 62577 x 62577. Assuming each number is stored with double precision, this will
require about 31 GB of RAM. The main computation time limitation is the time it takes

to invert HC, H” to calculate the Kalman gain. This m(s + 1) x m(s 4 1) matrix tends to
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be much smaller than C,, because the number of gages m is much smaller than the number
of cells n. However, with hundreds of potential virtual gages from SWOT, the computation

time associated with this matrix inversion could quickly grow.

Memory constraints are less of an issue for EnISR. Under EnISR, there is no need to
store the runoff error covariance matrix. Instead, we calculate the approximate Kalman gain

as the product of

K; = Coy(Cyy + C) 71 (4.26)

The largest matrix that needs to be stored is the runoff-discharge cross covariance matrix
CA'W, which is estimated from the ensemble of runoff and discharge vectors. Its size (n(s+1) x
m(s+1)) would be about 640 MB for the Ohio basin example above, assuming m = 75 gages
(as in the Y20 study). However, we should note that generating an ensemble of correlated
errors to produce the prior runoff ensemble can be computationally intensive. Depending
on the error model and how the errors are generated, this can potentially require storage
of the full runoff error covariance matrix for the entire length of the study period. We
recommend using a random number generator, such as the copula-based random number
generator CoSMoS ([Papalexiou and Serinaldi, 2020]), that does not require storage of C'f,

to generate the correlated errors.

4.4.4.2 A localization method for applying ISR to high dimensional basins

ISR operates on an augmented state vector whose length (n(s+1)xn(s+1)) can be very long.
This leads to the computational challenges noted in the previous section and also means that
a larger number of ensemble members are needed to accurately estimate the Kalman gain

for EnISR. We can address both of these challenges using localization methods.

As described in Section 2.6, our localization method splits the basin into sub-basins, with

one sub-basin per gage. (It is also possible to apply this localization to sub-basins with more
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than one gage, at the cost of needing to store larger error covariance matrices.) Each sub-
basin ng,, grid cells and travel time kg,;,. Assimilation is done for each sub-basin, starting
with the upstream-most sub-basin and continuing downstream to the outlet. It is important
to understand whether there will be any drawbacks to subdividing the basin in this way.
For simplicity, let us examine the idealized case where the runoff error covariance matrix
is diagonal so that there is no a priori correlation between runoff error at one grid cell and
time and another grid cell and time. Then the Kalman gain K; = PHY(HPH” + R)™! only
updates runoff at cells that are upstream of the gage. This information is embedded in the
routing model operator H. However, if we assume that there is spatial or temporal correlation
in the runoff, then cells that are upstream of the gage will receive an update, and also cells
that are nearby to those cells in space or time. In this case, there is a trade-off between
reducing computational demands and using all available information to estimate runoff. The
portion of the update that cells near the sub-basin boundary would have received due to
their correlation with cells in the neighboring sub-basin will be lost, with more information

lost as the basin is broken down into progressively smaller sub-basins.

As a proof of concept for the localization method, we selected two virtual gages in the
Allegheny basin, one at the outlet, and one in the headwaters (Figure 4.2), dividing the basin
into two sub-domains. (Experiments E5-E6 in Table 4.1.) We ran EnISR three times: once
with only the upstream gage, once with only the downstream gage, and once with both gages.
Experiments E5 and E6 use the TMPA runoff prior and daily discharge measurements. In
E5, we assume there is no a priori runoff correlation; this is considered an ideal scenario for
localization, since there will be no loss of information across sub-basin boundaries. In E6,

we use a spatial and temporal correlation parameters L = 40 km and 7" = 5 days.

The time series plots in Figure 4.15 illustrate how runoff in the upstream and downstream
sub-basins can, to an extent, be estimated in a separate steps without loss of information. In
the top row of Figure 4.15, we show sub-basin average runoff time series for E5, with no prior

runoff error correlation. The top row of Figure 4.15 shows that runoff in the downstream sub-
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Figure 4.15: Sub-basin mean runoff estimates in the upstream and downstream sub-basins
of the divided Allegheny basin. Top row shows results from experiment E5, with no prior
runoff error correlations. Bottom row shows results from experiment E6, with correlation
parameters L = 40 km, T' = 5 days. Posterior mean estimates from EnISR with one gage at

the outlet, one upstream gage, or both are shown, along with true and prior mean runoff.

basin is entirely unaffected by discharge measurements at the upstream gage, while posterior
runoff is the upstream basin is the same regardless of whether or not the downstream gage is
present. The bottom row of Figure 4.15 shows that when prior runoff correlation is present,
runoff in the downstream sub-basin is affect by measurements at the upstream gage. Table
4.4 shows runoff NSE changes for each sub-basin average runoff time series in Figure 4.15.
Note that there is no change in runoff NSE (ANSE = —0.02) in the downstream basin given
measurements at the upstream gage in E5, but there is an increase in NSE for E6, where

there is a priori spatiotemporal correlation.

In experiment E7, we apply EnISR with localization to the Allegheny basin for the SWOT

observation scenario, using the same setup as Experiment E4, but using domain localization,
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Table 4.4: NSE improvement ANSE = NSE,,ss — NSE,r for the upstream and down-
stream Allegheny sub-basins. Experiments E5 and E6 use the TMPA runoff prior and daily
discharge measurements, with correlation parameters L = 0, T' = 0 for E5 and L = 40 km,

T =5 days for E6.
Sub-basin ANSE Upstream sub-basin Downstream sub-basin

E5, upstream 0.38 -0.02
E5, outlet 0.19 0.24
E5, both 0.36 0.23
E6, upstream 0.35 0.15
E6, outlet 0.3 0.32
E6, both 0.35 0.32

splitting the basin into 14 sub-basins, one for each gage. While localization decreased the
length of the state vector by 80%, the median NSE barely increased (from 0.06 to 0.07).
Fortunately, we are still able to reduce uncertainty in prior discharge estimates and improve
our estimates of discharge in between SWOT measurements, as can be seen in Figures 4.16a
and 4.16b, where discharge NSE increases from 0.57 to 0.69 at the outlet, with the 95%
confidence interval reduced 16% from 156 to 131 m?®/s. Overall, the mean discharge NSE at

the 31 river pixels in Figure 4.2 increases from 0.35 to 0.57.

Due to the localization, which reduces the amount of influence the a priori runoff error
correlations have on the update, the updated discharge moves back toward the prior more
quickly here than in the non-localized case (shown in Figures 4.2c and 4.2d). Users should
keep in mind this significant tradeoff in accuracy compared to the full, non-localized EnISR
method. One possible solution would be to split the basin into a smaller number of sub-
basins (with sub-basin size specified to satisfy RAM requirements), rather than using one
gage for each sub-basin. We do not test this approach here, but it is likely that such a hybrid

method could be used to navigate RAM constraints while minimizing loss due to a priori
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Figure 4.16: Discharge estimates at the outlet and upstream gage with 10-day, 15% error,
discharge measurements ("SWOT case”) corresponding to experiments E7 (using domain

localization) and E4 (without localization).

runoff correlations in one sub-basin not affecting runoff estimates in nearby sub-basins.

4.5 Conclusions

We developed an alternative formulation for inverse streamflow routing based on the Ensem-
ble Batch Smoother. This data assimilation-based approach has computational advantages
over existing ISR algorithms, provides uncertainty quantification, and builds flexibility into a
methodological framework by providing a path forward for a conventional data assimilation
approach using a nonlinear forward (hydrological) model to produce the prior runoff estimate
(although we leave implementation of such a model to future work). We also developed a
domain localization method that can dramatically reduce the computational expense of ISR,

making it practical to implement for large basins with many gage locations.
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We showed that EnISR can match the performance of Y20 ISR under similar assumptions,
with the added benefits of producing runoff discharge uncertainty estimates and using less
computer memory due to its ensemble formulation. For the TMPA runoff prior and daily
discharge measurements at the basin outlet, EnISR increased the median NSE of runoff at
a grid cell from 0.06 to 0.34. For the SWOT-like measurement case, with higher errors and
less frequent measurements, runoff NSE did not increase as much (from 0.06 to 0.11) but
the method still has potential for larger basins, where SWOT measurements will be spread
out and provide more spatial coverage, possibly in conjunction with gage measurements.
Both methods produce greatly improved discharge estimated at ungaged basins, with NSE
increasing from 0.36 to 0.88 for the gage case and 0.75 for the SWO'T case.

ISR can be performed at any resolution where flow direction maps are available. Thus,
runoff can be estimated at spatial scales limited only by the resolution of the underlying

elevation data used to derive the flow network maps.

ISR-derived runoff estimates have utility in three realms:

1. Runoff estimates for understanding the water balance at varying scales
2. Interpolating discharge where gages are unavailable

3. Calibrating hydrological models to runoff vs. traditional discharge-based calibration

With the advent of SWOT-based discharge estimates, EnISR would be a prime candidate
for generating spatiotemporally continuous discharge estimates from sparse SWOT virtual
gages. EnISR represents a pathway for using SWOT to produce continental- to global-
scale discharge estimates, along with uncertainty quantification. Future work could also
use existing stream gage datasets, such as GRDC ([GRDC, 2023]) or the USGS’s GAGES-
IT ([Falcone, 2011]) to produce discharge data at ungaged locations. The high temporal
frequency and relative accuracy of gage discharge estimates could also be used to make

runoff estimates in basins around the world, which could in turn be used as an alternative
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method for hydrological model calibration. Calibrating hydrological models to runoff at
individual grid cells offers an advantage over traditional discharge-based calibration, which
can introduce spatial discontinuities in calibrated parameters. Also, calibrating one grid
cell at a time makes it possible to use parallel computing to speed up processing with the

potential to calibrate each grid cell on a different processor.
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CHAPTER 5

Conclusions and Future Work

5.1 Summary and Original Contributions

We estimated bathymetry using satellite-based measurements of river width and water sur-
face elevation. The method works by fitting simple mathematical relationships to river width
and water surface elevation observations and extrapolating to the hypothetical center of the
channel. We showed that the nonlinear model based on hydraulic geometry relationships
outperformed a linear model for estimating the unobserved channel depth. Our method pro-
vides a way to estimate the cross sectional area of flow below the minimum observed water
surface elevation, a critical parameter for the Manning’s equation-based SWOT discharge

retrieval algorithm.

The Variable Infiltration Capacity (VIC) model is a widely used hydrological model, but
setting up input files for a new region (particularly outside the continental United States)
is an arduous process. We produced a 1/16°resolution dataset of soil, vegetation, and other
inputs to the VIC model and made them publicly available for other researchers to use freely.
This dataset is considerably higher resolution than previously published datasets (the only
other global VIC input dataset is at 2°resolution), allowing researchers to better resolve

spatial variability in water and energy states and fluxes at the land surface.

Lastly, we developed a runoff estimation method based on the Inverse Streamflow Routing
(ISR) method of Pan and Wood (2013) that accounts for errors in the runoff initial guess and

measurements and propagates those errors to the final estimate. Our method, ” Ensemble ISR
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(EnISR)” which is based on the Ensemble Kalman Batch Smoother, is more computationally
efficient than past ISR methods, provides runoff and discharge uncertainty estimates, and can
estimate runoff without requiring Gaussian runoff errors, which could be a key consideration
when applying ISR with a runoff prior generated from, e.g., an ensemble of hydrologic models.
We show when and where we expect posterior estimates to be improved (or degraded) vs.
the prior, and we demonstrate that EnISR is equivalent to past ISR methods under similar
assumptions, in synthetic experiments with both in-situ (gage) and remote sensing-based

(SWOT) discharge measurements.

5.2 Potential for Future Work

The SWOT satellite launched in 2022 will produce a 3-year record of water surface elevation
measurements, which can be used to estimate discharge via various discharge retrieval algo-
rithms ([Durand et al., 2016]). These ”virtual gauge” measurements, along with streamflow
measurements from in-situ gauges, can (1) be used to estimate streamflow at unobserved
locations via the ”two-sweep ISR” method, and (2) produce spatiotemporally continuous
runoff maps, along with their associated uncertainty estimates, using our Ensemble ISR al-
gorithm. The runoff prior for the Ensemble ISR algorithm could be produced using the VIC

model with our VICGlobal parameters.

One exciting potential use of these runoff maps is for calibration of distributed hydrolog-

ical models. Hydrologic model calibration is challenging for three reasons:

1. Discharge is a spatially-aggregated variable. Calibrating to a spatially-aggregated vari-
able leaves out valuable information about spatially-distributed model parameters, and
creates the potential to get "the right answer for the wrong reason” due to parameter

equifinality.

2. Parameters calibrated to discharge tend to have discontinuities from one basin to an-
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other.

3. Automated calibration methods require running the hydrologic model hundreds or
thousands of times, which is computationally prohibitive for high resolution or large-

scale models.

Calibrating to spatially-distributed runoff, rather than spatially-aggregated discharge,
could solve each of these challenges. In particular, for a semi-distributed hydrologic model
such as VIC, that can be run for individual grid cells, the calibration problem is easily

parallelized by running (and calibrating) each grid cell on a separate processor.
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