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Abstract

Two applications of a river routing model based on the observed river network and a linearised solution to the convective-
diffusion equation are presented. One is an off-line application to part of the Amazon basin (catchment area 2.15 M km?) using
river network data from the Digital Chart of the World and GCM-generated runoff at a grid resolution of 2.5 degrees latitude
and 3.75 degrees longitude. The other application is to the Arkansas (409,000 km?) and Red River (124,400 km?) basins as an
integrated component of a macro-scale hydrological model, driven by observed meteorology and operating on a 17 km grid. This
second application makes use of the US EPA reach data to construct the river network. In both cases, a method of computing
parameter values & priori has been applied and shows some success, although some interpretation is required to derive ‘correct’
parameter values and further work is needed to develop guidelines for use of the method. The applications, however, do demon-
strate the possibilities for applying the routing model at the continental scale, with globally-available data and @ priori parameter
estimation, and its value for validating GCM output against observed flows.

Introduction

One of the key datasets for validating global climate mod-
els (GCMs) is river flow data from the world’s major rivers
—catchments of the order of 10,000-100,000 km? and
above. This is an important source for validation as river
flow is an output which represents the integration of all the
atmospheric and hydrological processes, including human
intervention, operating within a catchment. It also pro-
vides an opportunity to assess the terrestrial water balance
at a spatial scale similar to that on which GCMs operate
(200-300 km grids). While river flow data are not without
errors, flow is considerably easier to measure than either
evaporation or soil moisture. River flow data are also
widely collected as part of national water resources pro-
grammes and have been collated through a number of
international initiatives, e.g. through the World Climate
Programme at the Global Runoff Data Centre (e.g.
Diumenil et al., 1993) and through UNESCO under the
FRIEND (Flow Regimes for International Experimental
and Network Data) programme (Gustard, 1994).

In general, runoff in GCMs, even on an annual basis, is
predicted relatively poorly for the world’s major drainage
basins (e.g. Russell and Miller, 1990, Sausen et al., 1994).

In some cases, this is partly due to problems in predicting
rainfall but, in many other cases, it is the land-surface
scheme which may be at fault. Consequently, to identify
where the major problems are and how predictions might
subsequently be improved, validation against both precip-
itation fields and river flow is urgently required. With
regard to precipitation, satellite information, such as that
produced by the Tropical Rainfall Measuring Mission, is
beginning to make this possible on the global scale. In
terms of flow, important diagnostics are the seasonality of
the estimated runoff, compared to observed flows, and the
location within the basin where modelled and estimated
runoff diverge. This latter diagnostic can be examined by
considering flows at successive downstream gauging points
within each major basin. However, to compare anything
other than annual volumes, the correct timing and attenu-
ation of runoff is fundamental and so a suitable river rout-
ing procedure is required. This should include both within
and between grid-box routing, dependent on the time and
space scales represented, and, if there is no significant
feedback between the routed water and the atmosphere, it
may be carried out off-line.

In addition to the important point of validation, river
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routing is required to provide the correct timing of fresh-
water flows into the major oceans for the case of coupled
land-atmosphere-ocean models. Given the area drained by
some of the world’s largest rivers, this can mean a time lag
since the generation of runoff of the order of several
months, compared to most current practice in which
runoff from atmospheric models is input directly and
immediately into the oceans. The large wetlands of conti-
nental interiors (e.g. the Niger, Senegal, Okavango and
Sudd in Africa) also comprise special cases which may be
significant for atmospheric fluxes. In general, these are fed
by rainfall from outside the immediate area and, therefore,
the local evapotranspiration may be increased by the pres-
ence of the wetland in an otherwise dry area. An example
of the order of magnitude of this effect is the Niger wet-
lands (Sutcliffe and Parks, 1989) which have a flooded area
which varies seasonally between about 2000 and 40,000
km? and annual water losses which range from 20 x 10° to
50 % 10° m3, i.e. from 500 mm up to 1250 mm. This far
exceeds the maximum annual regional evapo-transpiration
loss during a wet year of only 480 mm, thus illustrating
the potential impact of lateral water transfers on the water
flux back into the atmosphere. The seasonal pattern of
river flows downstream is also dominated by the wetland.
In cases such as this, routing of runoff to the wetland, its
storage, subsequent losses, and the onward passage of
water downstream all have to be modelled, and, because of
the feedback with the atmosphere, the routing must be
coupled fully into the atmospheric model.

Several routing schemes have been put forward for use
with GCMs; these range from simple grid-to-grid advec-
tion schemes or series of linear reservoirs (Miller et al.,
1994; Sausen et al., 1994; Oki et al., 1996), through those
which include simple representations of within-grid rout-
ing components (Lohmann et al., 1996; Liston et al., 1994;
Nijssen ez al., 1997) or floodplain inundation (Vérésmarty,
et al., 1989), to those which are more closely linked to the
observed river channel network (Naden, 1993). In all cases,
estimation of the parameters for global application is an
important consideration. This paper develops the network
width function approach to river routing (Kirkby, 1976;
Mesa and Mifflin, 1986; Naden, 1992) and its application
to the continental scale, including the use of globally-
available data and methods for parameter estimation. The
examples given are an offline GCM validation in the
Amazon basin and an application, as part of a macro-scale
hydrological model, to the Arkansas and Red River basins
in the Mississippi (Kilsby ez al., 1999).

The model

Given the requirement for a river-routing component
linked to global climate models, key factors are that the
model should be capable of using globally-available data;
should be computationally efficient (especially if it is to be
used in fully-coupled mode); should be physically-based
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and, therefore, require little calibration. At the continental
scale, it is also important that the model should be able to
route generated runoff from within each GCM grid box.
There are two ways in which this problem can be
approached. Either water can be routed from grid box to
grid box (e.g. Sausen et al., 1994; Oki ez al., 1996), or it
can be routed directly from each grid box to the point of
interest, whether this is a flow gauging station for valida-
tion, an ocean input, or an internal wetland site. The first
of these approaches more easily allows for feedback
between the routed flow and the water content of each grid
box, thus enabling non-linear losses from the channel to
the floodplain or aquifer to be included, if appropriate.
The second enables more efficient computation and, in the
form described here, incorporates within-grid as well as
grid-to-point and point-to-point routing elements.

The formulation used may be described as a lumped
routing model with distributed inputs. Its physical basis is
provided by the observed river network and by the Saint
Venant equations for open channel flow which describe the
conservation of both mass and momentum at any cross-
section within the flow. It is assumed that the movement
of water is dominated by the friction, bed slope and pres-
sure slope terms, thus allowing the use of a convective-
diffusion approximation (Beven and Wood, 1993). The
movement over time of a unit volume of water per unit
width of channel added instantaneously to the system at its
upstream end (s = 0) is described by
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with boundary conditions
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where g, is the perturbation discharge per unit width of
channel (m?s1)
D is a diffusion or attenuation coefficient (m?s-1)
¢ is a wave velocity (ms™!)
s is distance (m)
t is time (s)
& is the Dirac delta function.

It is also assumed that, for large basins in which the
response is slow (days to months), a linearised solution to
this equation will be adequate. Assuming ¢ and D to be
constant in both space and time, this is given (Eagleson,

1970; van de Nes, 1973) by
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and represents the instantaneous response at distance s and

time # to an instantaneous input at time ¢ = 0 and distance
s=0.
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GRID-TO~-POINT ROUTING ELEMENT

For the case where the flow derives from a lateral input
added over a distance s and time 7, the step response func-
tion which represents the space-time response of the net-
work to an unending uniform input is derived by
integrating Eqn. (2) with respect to both space and time,
such that
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The solution to Eqn. (3) is given by Naden (1992) as
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where erfz is the error function
erfc 2 is the complementary error function
(Abramowitz & Stegun, 1965).

For input over discrete space and time steps, 4s and Az,
the instantaneous response at point (s,2) is then given by
subtracting replicas of the step response function, given by
Eqn. (3), offset by time Ar and space As, and scaling to
unit volume. To deal with a network of channels, this
response also needs to be weighted by the number of chan-
nels contributing at successive distances away from the
point of interest. These weights are derived from mapped
blue line data in the form of a network width function
(Kirkby, 1976). The normalised network width function
(NNWF) is simply the number of channel crossings at
successive distances along the network upstream from the
point of interest, expressed as a proportion of the total
number of channel crossings over the whole network. It
represents the spatial layout of the channels and provides
a measure of the geomorphological dispersion (Rinaldo et
al., 1991; Snell and Sivapalan, 1994) of the channel flow.
The instantaneous response function for the network as a
whole at the downstream outlet is then given by

NRF(t) = IlA_t i NNWE,[Clnds, 1)~ C((n— 1)As, 1)
n=1

—C(nds,(t — A))+ C((n—DAs,(t — A))]  (5)
where NRF(#) is the network response function

NNWEF, is the normalised network width function
at n space increments from the outlet

m is the maximum number of space incre-
ments in the network width function.

This response function is convolved with the generated

runoff to provide the outflow at the point of interest. This

gives continuous output at the outflow point for a stepped

lateral input. For flow calculated over discrete time inter-

vals, the function should be integrated over time to pro-

vide volumes of flow during those time intervals (Todini,
1996).

POINT-TO-POINT ROUTING ELEMENT

In the case of outflow from interior wetlands or for the
case of validation against nested catchments, it is also nec-
essary or expedient to route water from a single inflow
point down the main channel as well as dealing with the
lateral input to the channels within the area. In this case,
the convective-diffusion Eqn. (2) needs only to be inte-
grated over time to give the instantaneous response func-
tion for a step input at the upstream end of the main stem.
The step response function is, therefore, given by

Cs0= | ats v
0

= O.S[ exp( %) erfc[ j/ZDLt] + erfc[ j/—;TEt—] i|(6)
t t

and the channel response function for a main stem of
length s and a step input over period At is given by

CRF(1) = % [Cs,0)— C(s,1 + AD)] )

COMMENT

It is important to realise that this method of river routing
is designed fundamentally to route water from an area
directly to a point. As seen above, the chain can be broken
to incorporate specific features where water can accumu-
late and interact with the surrounding land/atmosphere.
However, for the simple case where there is no feedback,
the method is volume conserving and routing is not
sequential. Methods for accommodating water losses in
this type of approach have been developed by Franchini
and Todini (1989); these can be applied in cases where the
loss is constant or a function of the surrounding land sur-
face but is independent of the flow. In cases where losses
are a function of the flow, the linearity assumption of the
method no longer holds and alternative formulations
should be used.

In addition to the simplicity and computational
efficiency of the method, it has the advantage of being
physically based (Franchini and O’Connell, 1996) and,
under certain assumptions, the two parameters ¢ and D can
be related to channel geometry (see below). Unlike simple
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grid-to-grid advective schemes, it also includes, explicitly,
the dispersion of the flood wave and the use of the
observed river network constrains the model parameters to
physically-realistic values. For example, the parameter D
properly describes the hydraulic diffusion and does not
also have to subsume the geomorphological dispersion as
this is included through the network width function.
Similarly, the velocity, expressed in parameter c, relates to
the mapped distance along the river network and not to an
ad hoc straight line distance between grid cells. While it is
appreciated that both the mapped distance and the precise
detail of the network width function are related to the map
scale used (Naden, 1993), it is anticipated that simple
adjustment factors might be developed to accommodate
this, if necessary.

Derivation of parameters a prior:

As the method described above is physically-based, then
there is an inbuilt relationship between the parameters ¢
and D, and the geometry of the flow (Dooge, 1973). This
is described by the relations:

3 9o E)z
=3y, p=to|1-F 8
c=a% zso[ 4 ®

where vg is the steady state reference velocity (ms™)
So is the energy slope (approximated by the chan-
nel bed slope)
qo is the steady state reference discharge per unit
width (m?s™1)
Fy is the Froude number.

However, these relations only hold under the assump-
tion of a uniform channel. In the case of large river basins,
the channel geometry changes downstream and so, under
the lumped formulation developed above, ¢ and D must be
considered to be ¢ffective parameters. It is also known that
channel geometry changes in a consistent fashion down-
stream and, therefore, hydraulic geometry relations
(Leopold and Maddock, 1953) may be used to estimate
these effective parameters. A method for doing this has
been formulated by Snell and Sivapalan (1995) and fol-
lowed up by Robinson ez al. (1995). This makes the
assumptions of steady state, gradually-varied flow, negligi-
ble variation in velocity over the cross-section and uniform
roughness height. Use is then made of both downstream
and at-a-station hydraulic geometry relationships, and a
regional flood relationship, which describes the variation of
flood discharge with catchment area for a constant return
period. The effective wave velocity is calculated using a
weighted harmonic mean of the wave velocities in all
reaches — essentially a mean travel time, The effective dif-
fusion coefficient is calculated using a simple weighted
arithmetic mean. Assuming a homogeneous rainfall distri-
bution and a rectangular network width function, the
resulting equations for the effective values of ¢ and D are
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where &) is at-a-site width exponent

by is downstream width exponent

4y is downstream width scaling coefficient

/1 is at-a-site depth exponent

/> is downstream depth exponent

¢z is downstream depth scaling coefficient

@ is regional discharge area exponent

¢ is regional discharge area coefficient

¢3 is maximum network path length exponent

B is link slope exponent

a is link slope coefficient

A is catchment area (m?)

po is effective rainfall rate (ms™).

These equations are applied below, with limited pub-

lished data, to both the Amazon, and the Arkansas and
Red River basins.

Application of the method to
continental-scale basins

The routing method described above has beenapplied pre-
viously, with some success, to the case of catchments of
the order of 10,000 km? in the UK using digitised river
network data from both 1:50k and 1:250k Ordnance
Survey maps (Naden, 1993). This paper focuses on appli-
cations at the continental scale.

AMAZON BASIN

In the case of the Amazon basin, the use of globally-avail-
able data with GCM output was tackled and so this pro-
vides an example of an off-line application for the purpose
of validating GCM output against river flow data. The
Amazon is the largest river basin in the world with an area
of around 7,050,000 km? and a mainstream channel length
of some 6,516 km (van der Leeden et 4l., 1990). The exam-
ple given here is for the lowest site with flow data at
Manacapurii, which drains an area of 2.15 M km? and has
a mainstream length of 4,617 km. Manacapurq is on the
Rio Solimdes, upstream of the confluence where the Rio
Solimdes and the Rio Negro combine to form the River
Amazon.
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Available data

The river network data used were provided on CD ROM
from the Digital Chart of the World at a scale of 1:1M
(DCW; Denko, 1992). Morley and Walker (pers.comm.)
have assessed the accuracy of these data for the derivation
of catchment boundaries and river networks at a catchment
scale of 10,000 km? in the UK. They concluded that using
the blue lines depicting watercourses is adequate, even at
this relatively small scale, for representing the main river
network structure, and hence the definition of the network
width function. However, the digital elevation data on the
DCW are digitised contour lines at 1000 foot contour
intervals supplemented by triangulated spot heights and
contours at 250 foot intervals below 1000 feet. Gridded
elevations at a scale of 1 km derived from these data were
not detailed enough for the definition of catchment bound-
aries except when used in association with the blue line
data. Other inaccuracies in the DCW data themselves have
also been noted—in particular, the difference in drainage
density between adjacent map sheets. However, at the
scale of the Amazon, this sort of inaccuracy is relatively
unimportant.

The DCW river network data consist of unstructured
river segments, i.e: they have no downstream connectivity.

Many groups are currently involved in improving the-

DCW dataset and a-partly cléaned-up version was made
available in Arc/Info format through the USGS EROS
Data Centre and. University College London. The dataset
for the Amazon :comprises over 60,000 arcs and is held in
33 half degree.blocks. However, these data had to be sub-
stantially edited to produce a dataset which could be used
to generate a network width function. The requirement for
this is a topologically-structured set of single channels. To

provide continuity across the boundaries: required: the:

snapping of blue lines in adjacent blocks and either adding
links or moving links.as appropriate. In addition, methods
had to be devised for treating mid-channel islands, braids,
swamps, wide 'channels’which are represented in the DCW
by both banks of the river, and the delta at the mouth of
the Amazon.

The methods used were a mixture of manual and auto-
mated techniques (Tauveron, 1996), checked against the
charts of the US Defence Mapping Agency. It was, for
example, necessary to delete specific arcs where basins out-
side the Amazon were mistakenly connected (e.g. the Rio
Chiquicara flows into the Pacific Ocean but, because of the
inclusion of the Huarez aquaduct, this also appeared to be
a tributary of the Amazon). The smallest. mid-channel
islands were removed automatically and braided channels
were disconnected at their upstream ends. In the case of
the large rivers represented by both banks, one of the lines
was deleted and the tributaries reconnected to the new sin-
gle channel. For the delta area, about 300 km in length
with numerous large islands, e.g. the Ilha de Marajo is
itself about 50,000 km?2, three outlets to the ocean were
recognised and connected arcs were edited accordingly.

Each of these solutions introduces a slight error in the pre-
cise location of the rivers but it is not thought that the
changes will significantly affect the overall network width
function. Given the problem of defining catchment bound-
aries from the DCW elevation data, an approximate
boundary was added using the buffer command in
Arc/Info, with a buffer width of 20 km to avoid a non-
convex polygon; a 5% overestimate of the basin area
resulted.

For validating GCM output, good river flow data are
required. This is a problem for large rivers where slopes
are very shallow, control points are limited and backwater
effects may extend over considerable distances, leading to
significant hysteresis in stage-discharge rating curves.
Thus, while water level data exist for a large number of
sites in the Amazon basin, reliable flow data are rather lim-
ited. Daily flow data for 1 January 1979 to 31 December
1989 for the Rio Solimdes at Manacapuri were made
available by the Brazilian Departmento Nacional de Aguas
¢ Energia Eléctrica (DNAEE) and ORSTOM (Guyot,
pers.comm.).

Generated runoff was available on a daily basis from the
Hadley Centre control run CBYUNA of the third climate
version of the Meteorological Office Forecast/Climate
GCM (Hall ez al., 1995) for a 10 year period from March
1979 to February 1989. The generated runoff includes
both. surface runoff and subsurface drainage from the
soil and represents the total water lost from the land-
atmosphere system.. The model uses a 360-day year with
appropriate adjustments for the incident radiation. To
make comparisons between the GCM output and observed
flow data, the last five or six days of observed flow in each
year were omitted. Strictly speaking, the observed flow
data should have been resampled on a 360/365 or 360/366
interval. However, given the smooth nature of the
observed flow hydrograph, the method adopted is not
thought to have. introduced- a significant error. The reso-
lution of the GCM is 2.5 degrees latitude and 3.75 degrees
longitude, equivalent to a grid of approximately 280 by
420 km. This provides 63 grid boxes over the entire
Amazon basin and 31 grid boxes for the basin to
Manacapura. Figure 1 shows the final network description
with the catcliment boundary and overlaid grid boxes.

Network width functions were derived for the Amazon
to Manacapurd and subdivided according to the GCM
grid using a Lambert azimuthal equal area projection.
They are shown in Fig. 2a in terms of the number of indi-
vidual channels against distance from the basin outlet in
each of the grid boxes.

Model results

To derive the network response functions, the routing
model was calibrated using the first four years of the
observed flow data. This provided values of 0.32 ms™! for
the wave velocity and 99,500 m2s! for the diffusion
coefficient and a Nash-Sutcliffe efficiency of 53% over
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v/

Fig. 1. River network of the Amazon to Manacapurii (*) showing catchment area defined by Arc/Info 20 km buffer zone and GCM grid

squares (2.5 degrees latitude; 3.75 degrees longitude).

those four years. Much of the cause of the relatively low
efficiency is the difference in water volumes between the
generated runoff and observed flow rather than the per-
formance of the routing model. As shown in Table 1, the
generated runoff underestimates the observed flow by an
average of 21%. This is despite overestimating the basin
area, which would tend to counteract this bias. The dis-
crepancy is largely due to an underestimation of the
amount of rainfall (Cox, pers.comm.). This is similar to
findings from other GCM runs such as those shown in
Kuhl and Miller (1992), Russel and Miller (1990) and
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Sausen ez al. (1994). There is also a tendency for the dis-
crepancy in volumes to increase over the nine-year period.

The calibrated network response functions against time
are shown in Fig. 2b. The calibrated value of the kinematic
wave velocity (0.32 ms™') agrees well with figures derived
by Richey et al. (1989) and Miller ez al. (1994) and is con-
sistent with the passage of flood peaks down the Amazon
as derived from ERS-1 and TOPEX/Poseidon radar
altimetry (Birkett, 1998). This value is, however, some-
what less than the 0.42 ms™! calculated from the residence
time and grid dimensions used by Vorosmarty et al. (1989)
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Fig. 2. Manacapurii Basin—(a) gridded network width functions; (b) gridded network response functions with a wave velocity of 0.32 ms™
and diffusion coefficient of 99,500 m?s~".
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Table 1. Comparison of volumes of generated
runoff and observed flow

Year Generated runoff Observed flow %underestimate
mm mm
1980 1023 1143 10.5
1981 1125 1248 9.9
1982 1110 1435 22.6
1983 1123 1194 5.9
1984 1057 1406 24.8
1985 1046 1272 17.8
1986 1010 1440 29.9
1987 987 1372 28.1
1988 919 1343 31.6
average 1044 1317 20.7

but does fall within their estimate of the likely range of
velocities (0.17 to 0.57 ms™). In fact, a lower value might
be expected because of floodplain inundation which is
treated explicitly by Vorosmarty ez al. (1989) but is only
implicit in the model used here.

Figure 3 shows the observed flows, generated runoff and
routed runoff using the calibrated routing parameters. The
timing of the peak runoff at Manacapuri, as determined
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by the spatially-cumulated generated runoff, is out of
phase with the observed flow by a factor of about three
months. Extrapolated to the mouth of the Amazon, the
phase difference would be about six months and, given the
volume of the Amazon freshwater flow, this may well
affect the salinity gradients in the Atlantic and hence the
global circulation. Figure 3, therefore, demonstrates the
importance of river routing for making detailed compar-
isons between GCM output and measured flows. In this
case, allowing for the underestimated runoff volumes,
implementation of the routing model shows reasonably
good agreement between the modelled runoff and the
observed flow.

Estimated parameters from hydraulic geometry

When using calibrated values, the fitted routing parame-
ters may compensate for shortcomings in the timing of
runoff production, especially in cases where the runoff
generation has not been, or cannot be, validated on small
basins where routing has a negligible influence on the tim-
ing of the hydrological response. Consequently, it is
important to be able to derive these parameters indepen-
dently and, as shown above, this may be possible through
channel geometry, provided there is a physical basis to the
routing model.

In the case of the Amazon, there is a little published
information on the hydraulic geometry of the river—
notably in Oltman ez al. (1964), Richey er al. (1989) and
Mertes et al. (1996)—which can be used to estimate values
of ¢ and D using the & priori method derived by Robinson
et al. (1995) outlined above. The data used are described
in Table 2 and the relationships derived from these data
are given below:

downstream hydraulic geometry at low water (» is chan-
nel width; 4 is mean channel depth):

w=19.0 0°% ; 4 = 0.51 QO30
slope relationship:

So = 1.57 403

Table 2a. Catchment areas and main stream lengths for
the Amazon

flow x1000 m’s™

100

50

1986 1987 1988

Fig. 3. Comparison of observed flow (bold dotted line), GCM-
generated runoff (solid line) and routed GCM runoff (dashed
line) for the gauging station at Manacapuri.
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Site Catchment Distance from
area* Manacapura**
10% km? km

Saé Paulo de Olivenga 990 3326

Santo Anténie do Ica 1163 3477

Itapeua 1821 4290

Manacapuria 2233 4617

* from Richey ez al. (1989)

** maximum length of channel to Manacapura from DCW;
intermediate distances calculated using thalweg distances of
Mertes ez al. (1996)
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Table 2b. Hydraulic geometry at low flow for
the Amazon

Site Minimum Width at Depth at Thalweg
discharge* low water**  low water**  slope**
ms! m m 103 mm
Sad Paulo de 20,000 2000 10.0 0.033
Olivenga
Manacapurd 70,000 3600 14.5 0.024

* from Richey et al. (1989)
** from Mertes et al. (1996)

channel length relationship:
max{L,} o A%+
discharge-area relationship for low flow:
0 =673 X 10715 A5+

The effective rainfall rate has been assumed to be the
mean observed flow (used as a surrogate for generated
runoff) of 3.6 mm/day, or 4.2 X 10 ms™!, as the flow
record shows essentially a single hydrograph over the
entire year. In the absence of published data, some
assumptions must also be made about the at-a-station
hydraulic geometry. From examples of cross-sections plot-
ted in Oltman et al. (1964), two very different types of
channel may be defined. One is approximated by a para-
bolic cross-section, with an assumed constant slope and
Manning’s roughness coefficient, giving a width exponent
of 0.23 and a depth exponent of 0.46 (Ferguson, 1986).
The other is defined as an actively eroding meandering/
braided river (Mertes ef al., 1996) with an asymmetric
cross-section in which the width increases much more
rapidly than the depth with increasing flow at medium to
high flows. Exponents for this type of river are given by
Williams (1978) as 0.54 and 0.26 for the width and depth
respectively.

Applying these two types of cross-section, Eqns. (9) and
(10) give a kinematic wave velocity of between 0.30 and
0.66 ms~! and a diffusion coefficient of between 42,500 and
60,500 m2s~1. It should be noted that the wave velocity is
sensitive to (b1 + f}), i.e. it is essentially a function of the
velocity exponent, while the diffusion coefficient is only
affected by the value of the depth exponent (f1). The esti-
mated wave velocities bracket that found by calibration
and the estimated diffusion coefficients are of the same
order of magnitude as the calibrated value. The fact that
the calibrated velocity is near the lower limit of the esti-
mated values and the diffusion coefficient is slightly
underestimated is probably due to the fact that the esti-
mates are based entirely on the within-channel geometry
whereas the calibrated values include the effects of flood
plain inundation and exchange of water between the flood

plain and the main channel. These processes would tend
to reduce the wave velocity and increase the diffusion
coefficient compared to values which assume in-bank
flows.

Figure 4 shows the observed flow and routed GCM
runoff using the calibrated values and the two hydraulic
geometry extremes for the period 1980-1985. It is clear
that the assumption of a parabolic cross-section yields a
wave velocity which is too rapid, causing early and more
pronounced peaks. However, the assumption of an actively
eroding meandering/braided channel provides routed
runoff very similar to that using the calibrated values, sug-
gesting that the method is not over-sensitive to small dif-
ferences in the parameter values. Consistency between the
calibrated and estimated values also lends support to the
physical basis of the method and to the possibility of esti-
mating parameter values a4 priori, provided there is
sufficient channel geometry data on which to make these
estimates. This is not only desirable as an independent
means of providing parameter values but is necessary in
cases where there are limited observed flows or where the
volumes of GCM-generated runoff are so poor that cali-
bration is impossible.
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Fig. 4. Comparison of observed flow (bold dotted line), routed GCM
runoff using calibrated parameters (solid line) and estimated para-
meters based on an assumed parabolic cross-section (dotted line) and
an actively eroding channel (dashed line).

ARKANSAS~-RED RIVER BASINS

The fact that routing generated runoff is fundamental for
making detailed comparisons between GCM output and
measured flows has been demonstrated in an off-line
example in the case of the Amazon. The application to the
Arkansas and Red River basins, within the GCIP
(GEWEX Continental-scale International Project) initia-
tive, provided the opportunity to integrate the routing
within a macro-scale hydrological model operating on an
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hourly time interval and using the observed meteorologi-
cal forcing made available by GCIP (Kilsby ez al., 1998).
In addition, the routing model has been implemented in
such a way as to provide flows for a series of nested catch-
ments, thus showing its potential to act as a useful tool for
pinpointing where the modelling of generated runoff needs
to be improved.

Available data

The network width functions (NWFs) were derived using
the river reach data of the US Environmental Protection
Agency as provided on the GCIP Reference Data Set
(GREDS) CD-ROM (Rea and Cederstrand, 1994). These
data are derived from cartographic sources at a scale of
1:250k. Because the hydrological model was based on a 17
km grid and the area to the west of the Arkansas and Red
River basins is semi-arid, a number of additional links
between grid squares had to be included manually. This
was done on the basis of the USGS catchment boundaries
and the network generated from a 500 m digital elevation
model. The Arkansas and Red River basins cover an area of
over 534,000 km? and there are 1923 grid squares for which
NWFs and network response functions are required. The
gauging stations chosen for comparison of the generated
and observed runoff are Syracuse (66,800 km?2), Hutchinson
(100,752 km?), Tulsa (193,000 km?) and Murray Dam
(409,000 km?) on the Arkansas River and Burkburnett
(53,276 km?), Gainesville (79,725 km?) and Index
(124,398 km?) on the Red River.

Calibration of the routing model parameters was not
possible due to the fine grid and large datasets of gener-
ated hourly runoff. Consequently, & priori estimates of the
routing parameter values were calculated using the method
of Robinson ez al. (1995) and the hydraulic geometry data
available in Leopold and Maddock (1953) for rivers of the
Mid-West USA. The basic channel geometry data from
Leopold and Maddock (1953) are for mean annual flow
and have been plotted in Fig. 5. These provide the rela-
tionships given in Table 3. The network length to catch-
ment area relationship was derived from the river network
data and the catchment areas for the seven gauging stations
of interest. Substituting these parameter values into Eqns.
(9) and (10) gives the following equations for the effective
wave velocity and diffusion coefficient:

¢ = 10.59 A1 p03¢ 11

D = 0.00568 A" )™ (12)

Model Resulis

The effective rainfall rate corresponding to the mean
annual flow was derived from observed river flow data sup-
plied by the USGS for the period 19791988 for both the
Arkansas at Murray Dam and the Red River at Index. Due
to the strong rainfall gradient across the basin, the effec-
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Fig. 5. General relationships for US Mid-West rivers: a. hydraulic
geometry O width, A depth; b. regional discharge-area O and slope-
area A\ relationships.

tive rainfall rate for the mean annual flow at Murray Dam
corresponds to an effective rainfall rate for much higher
flow peaks, of the order of the mean annual flood, in the
upper parts of the basin. A similar, but less pronounced,
trend is seen in the Red River. However, the method
adopted for calculating the catchment average ¢ and D
parameters assumes uniform rainfall and the nested rout-
ing procedures will work only if driven by the effective
rainfall rate for the most downstream basin. Table 4a gives
the estimated values for the wave velocity and diffusion
coefficient using these effective rainfall rates and Eqns.
(11) and (12). The calculated values of wave velocity are
reasonable and accord with general practice, but the diffu-
sion coefficients tend to be somewhat underestimated.
Network response functions for each of the 1923 grid
squares have been calculated using these ¢ and D values
and the gridded NWFs, on the assumption that each grid
square contributes to only one downstream gauge. This
means that, for the nested catchments, routing parameters
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Table 3. Relationships derived from data for rivers in the Mid-West USA

At-a-station
channel width

Downstream
channel width

At-a-station
channel depth

Downstream channel depth
Slope-Area relationship

Mean annual flow-Area
relationship

Network length-Area
relationship

w o Q026 Leopold and Maddock (1953)
w = 9.23 Q05 R? =0.94 Fig. 5a: data from Leopold and
Maddock (1953)
d o« Q040 Leopold and Maddock (1953)
d =026 Q%4 R? =0.83 Fig. 5a: data from Leopold and Maddock (1953)
So = 40.3 4045 R? =0.89 Fig. 5b: data from Leopold and Maddock (1953)
0=62X1074%77 Rz=0.73 Fig. 5b: data from Leopold and
Maddock (1953)
max{L,} « A% R?=0.85 Data from US EPA river reach

files and areas for selected gauging stations

Table 4a. A priori effective parameters for river routing

on the Arkansas and Red Rivers

Effective Effective
wave diffusion
velocity coefficient
ms™! m?s!
Arkansas River
Syracuse (66,800 km?) 0.65 252
Hutchinson (100,752 km?) 0.70 381
Tulsa (193,000 km?) 0.77 735
Murray Dam (409,000 km?) 0.86 1570
Red River
Burkburnett (53,276 km?) 0.62 191
Gainesville (79,725 km?) 0.66 287
Index (124,398 km?) 0.70 450

Table 4b. Effective parameters for joining stretches of

main river

Effective Effective

wave diffusion

velocity  coefficient

ms™! m?s~!
Syracuse to Hutchinson (440 km) 0.74 493
Hutchinson to Tulsa (432 km) 0.94 1322
Tulsa to Murray Dam (527 km) 1.20 3557
Burkburnett to Gainesville (245 km) 0.72 412
Gainesville to Index (530 km) 0.75 623

must be calculated for the joining stretch of main channel
for use in Eqns. (6) and (7). The methods used follow the
assumptions behind the calculation of the effective para-
meters. Thus, the effective value of ¢ for the joining reach
was calculated on the basis of the time dimension; in other
words, how much quicker does the flow peak have to travel
through the joining reach to make up for the smaller wave
velocity in the upstream catchment. Values of D were cal-
culated as a weighted average based on the mainstream
length in the respective catchments. The values obtained
were checked by comparing the network response function
for the entire catchment with that produced using the sep~
arate components of the upstream and downstream catch-
ments and the joining channel. The resulting effective
parameters for the joining stretches of main channel are
given in Table 4b. It will be noted that the effective val-
ues are higher than the corresponding catchment values
because of the need to offset the effect of the upper catch-
ment. The overall response functions for each of the seven
catchments, as derived from the gridded network response
functions and the joining stretches of main river, are
shown in Fig. 6.

Figure 7 shows the results of implementing the routing
model described above in the UP model (Kilsby et al.,
1999). The spatially-cumulated runoff (solid line), routed
runoff (dashed line) and ‘observed’ flow (thick dotted line)
are shown for the two more downstream sites on the
Arkansas and for the lowest site on the Red River. In the
case of the Arkansas, naturalised flows were provided by
the US Army Corps of Engineers, Tulsa District. In the
case of the Red River, naturalised flows were not available
and observed flows which include the effects of regulation
are shown. In each of the three cases, the generated runoff
volumes underestimate the observed flows. Over the
period shown, this amounts to 0.2% for Tulsa (compared
to naturalised flows at the more upstream point of
Ralston), 28% for Murray Dam and 36% for Index. These
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flow volumes are not as accurate as those generated by the
highly calibrated model of Abdulla and Lettenmaier
(1997), but it should be borne in mind that the UP model
is more physically based (Ewen ez al., 1999) and has a
much more limited calibration.

It is clear from Fig. 7 that, in the case of the Arkansas
at both Tulsa and Murray Dam, the river routing
employed gives much more delayed peaks than those
shown by the naturalised flows. While the assumptions
behind the naturalisation of the flows are unknown and it
is difficult to separate out the effects of the timing of
runoff generation and routing at this scale, given the
influence of groundwater flow (Kilsby et al., 1999), the
evidence suggests that it is probably the routing which is
at fault. For example, if one looks at the June peak for
Tulsa and its counterpart at Murray Dam, the lag in the
naturalised flows is about two days while that for the
routed flow is about four days. Similarly, assuming that
the generated runoff has the correct timing, the naturalised
flows suggest a within-river delay of about three days for
Tulsa and five days for Murray Dam, whereas the routing
used here provides delays of five and nine days respec-
tively. These delays are consistent with the estimated
velocities and the distance between each gauging station
and the peak in its network width function. Consequently,
to match the naturalised flows, velocities should be
approximately twice the estimated velocities. High wave
velocities would be consistent with large differences
between flood peaks and baseflows (e.g. flash floods in
semi-arid areas) and with canalisation of the main river
channel. It should also be noted that the recession limbs
are of a similar shape in both the routed and naturalised
flows suggesting that the values of D are not unreasonable.
Again low values of D would be consistent with canalised
flows.

In the case of the Red River, even using the observed
flows, it can be seen that the routing model tends to pro-
duce too much of a delay on the hydrograph, although the
overall magnitude of the main flow peak is of the right
order. However, the hydrograph shapes are indicative of
substantial flow regulation and the lack of naturalised flows
in this case precludes a full assessment of the routing
model. It does, however, raise the question, within the
context of global climate modelling, as to how far man-
made influences on flow regime need to be included to
provide realistic timing of ocean inflows. For validating
GCMs, use of naturalised flow data, if available, will
suffice.

Discussion

Flow regulation within the Mississippi basin makes an
assessment of the routing model difficult, although the
availability of naturalised flows for the Arkansas has made
comparisons possible. The difficulty of separating the tim-
ing of runoff production and routing is also acknowledged.
However, the UP modelling system was calibrated on a

limited number of small catchments with diverse charac-
teristics. These showed good agreement with gauged flows
in cases where the influence of routing is negligible. Thus,
there is some confidence in the timing of runoff produc-
tion. Similarly, because of the relatively fine grid scale, the
spatial production of runoff is much better defined com-
pared to GCM data and the use of rainfall radar data on
an hourly time step provides good spatial and temporal
definition in terms of the dominant driving variable. It has,
therefore, been concluded that it is the routing which pro-
vides too much of a delay in the modelled runoff. The
main reason for this is thought to lie in the use, in Eqns
(11) and (12), of an effective rainfall rate derived from the
mean annual flow. As there are distinct hydrograph peaks
in the case of the Arkansas and Red Rivers, this assump-
tion is less justified than in the case of the Amazon.
Furthermore, if a rainfall rate consistent with the peak
flows seen in Fig. 7 is used, then the estimated wave veloc-
ity can be approximately doubled to 1.2 ms™ for Tulsa and
1.6 ms! for Murray Dam. The value of D would also
increase to more reasonable values for basins of this size
(1755 m2s? for Tulsa and 6000 m?s! for Murray Dam).
Given the sensitivity of ¢ and D to the choice of effective
rainfall rate, further exploration of the range of possible
values and their effect on the routing parameters should be
considered. Other points regarding the & priori estimation
of the routing parameters are discussed below.

Firstly, it should be noted that two differences stand out
between the derivations given here and those of Robinson
et al. (1995). One is that, in this case, the hydraulic geom-
etry at the mean annual flow, rather than bankfull, has
been used in the calculations. Although this has been used
consistently with a regional mean annual flow-area rela-
tionship, the downstream hydraulic geometry does assume
that the mean annual flow has a consistent frequency of
occurrence throughout the basin. Flow estimates are given
for different return periods for a number of stations in
Kansas by Jordan (1986) and, if these are used with suit-
able adjustments to the downstream hydraulic geometry,
the resulting estimates of the wave velocity and diffusion
coefficient are very similar. This, therefore, reinforces the
original results, stressing the use of consistent relations
rather than a particular frequency of occurrence.

The other major difference between the parameters in
this study and those found by Robinson ez al. (1995) for
the Hutt catchment lies in the slope-area relationship. The
diffusion coefficient is highly dependent on this but it
plays no part in estimating the wave velocity. The slope-
area relationship in this case has been estimated on the
basis of only ten points from Leopold and Miller (1953);
these are all on river reaches with a catchment area of over
500 km?2. It is therefore likely that this does not reflect the
overall slope-area relationship of the basin. The exponent
of —0.45 is rather more than the —0.6 often quoted (Hack,
1957) and more than the value of —0.75 which represents
a balance between. uniform frictional loss and minimisation
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of total work (Richards, 1982). However, the effect on D
of decreasing the exponent will be offset by a concomitant
increase in the coefficient. It is, therefore, unclear, without
additional data, how the estimate of D might change.

Finally, it is also worth revisiting the assumptions which
Robinson ez al. (1995) make in moving from single esti-
mates of ¢ and D to the effective values for an entire river
network. Assumptions of homogeneity of rainfall and a
rectangular network width function were both made to
force an analytical solution. Neither of these assumptions
hold for the Arkansas and Red River basins. To get around
these assumptions, the effective parameters should be
determined by numerical integration over the observed
network width function, perhaps weighted by the rainfall
distribution (cf. Naden, 1992). The results of Robinson et
al. (1995) suggest that the network average value for ¢ is
about half that of the outlet river reach while the average
value for D is only fractionally less than the value for the
outlet river reach. If these results are found to be gener-
ally applicable, there is scope for developing this routing
method globally with a minimum amount of information
on channel geometry, or perhaps using remote sensing to
provide the required parameters from an analysis of water
waves, from radar altimetry, as they pass through the
downstream reaches of major rivers.

Concluding remarks

This paper has presented the application of a physically-
based method for routing generated runoff through conti-
nental-scale catchments using available river network data
from cartographic sources and published channel geome-
try data.

The method gives good results in the case of an off-line
test of GCM-generated runoff against observed flow on
the scale of the Amazon at a daily time interval. Digital
network data were derived from the Digital Chart of the
World and the sensitivity of the method to different
assumptions about the channel geometry has been illus-
trated. The application of the method to the Arkansas and
Red River basins within a macro-scale hydrological model
operating on a 17 km grid using nested catchments has also
been presented. In this case, the network width functions
were calculated from the US EPA river reach data.
Routing parameters were estimated using published chan-
nel geometry data. Naturalised flows suggested that initial
estimates were too low but that these might be corrected
by using a different effective rainfall rate, consistent with
the individual hydrographs rather than that derived from
the mean annual flow.

Further work is needed to elucidate the necessary scale
of global river network data for the purpose of routing and
to improve the estimation of routing parameters based on
channel geometry. In particular, this should explore how
to determine a useful effective rainfall rate. It should also
include the numerical integration of cross-section ¢ and D
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values using weights from the observed network width
function and a relaxation of the assumption of uniform
rainfall. An assessment of how well routing parameters can
be estimated, in the absence of calibration, should also be
made using both hydraulic geometry and remote sensing
across a wide range of basins. This requires use of more
accurate generated runoff than that used here.

Notwithstanding these comments, it is clear that river
routing is necessary for the comparison of generated runoff
and observed river flows and for the correct timing of
runoff into the world’s oceans. The method adopted here
is physically based and incorporates both the effect of geo-
morphological dispersion through the use of the network
width function and hydraulic dispersion through the use
of the convective-diffusion equation. It, therefore, offers
substantial advantages over existing methods which use
either grid-to-grid box routing or a simple advection
velocity. Given the possibility of & priori parameter esti-
mation and the ability to use globally-available data, it pro-
vides a promising method for future development and
application at GCM and continental scales.
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