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Abstract

A new model for predicting the long-term flux of sediment from river basins to the coastal ocean is applied to a global data
set of 340 river basins. The model is based on relief, basin area (or, averaged discharge), and basin-averaged temperature. Basin-
averaged temperature is determined from basin location (latitude, longitude) and the lapse rate across the basin relief
(hypsometric approximation). The sediment flux model incorporates climate through basin temperature and hydrologic runoft.
Solutions are provided for each of the major hemispheric climate regions (polar, temperate and tropic). The model successfully
predicts the pre-anthropogenic flux of sediment to within the uncertainties associated with the global observations (within a
factor of two for 75% of rivers that range across five orders of magnitude in basin area and discharge). Most of the “problem”
rivers are associated with low observational loads (often smaller rivers where anthropogenic impacts are often magnified, and
temporal variability is high). Model predictions provide a baseline for researchers: (1) to question the quality of observational
data where available and disagreement is greatest, (2) to examine a river basin for unusually large anthropogenic influences (i.e.
causes of erosion or causes of hinterland sediment retention), and (3) to uncover secondary factors not addressed by our model
(lithology, lakes). The model provides a powerful tool to address the impact of paleo-climate fluctuations (warmer/colder;
wetter/drier) on the impact of sediment flux to the coastal ocean.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Marine sedimentary basins are the tape recorders of
earth history, recording through proxy, climate vari-
ability, tectonic history and other large-scale dynamic
events. Crucial to this understanding is knowledge of
the ambient flux of sediment transported by rivers, as
rivers contribute 95% of sediment entering the ocean
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(Table 1; Syvitski, in press). Knowing the average
flux can help assess the impact of perturbations in the
supply and transport of load. This paper provides a
model for estimating this long-term flux of sediment
to the ocean knowing a river’s geographic location
and a few basin characteristics. The paper explains
how the model can be used to estimate the pre-
anthropogenic flux of sediment and the role of climate
change on sediment supply. The model is built on a
large global database of environmental factors, river
basin characteristics and sediment transport observa-
tions. We suggest that the physics of the problem is
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Table 1
Global estimates of the flux of sediment from land to the ocean
(after Syvitski, 2003)

Transport Global flux ~ Estimate  Reference
mechanism GT/year grade
Rivers: suspended 18 B* Milliman and
load Syvitski, 1992
bed load 2 B~ Milliman and
Syvitski, 1992
dissolved load 5 B* Summerfield and
Hulton, 1994
Glaciers, sea ice, 2 C Hay, 1994
icebergs
Wind 0.7 C Garrels and
Mackenzie, 1971
Coastal erosion 0.4 D Hay, 1994

contained within a database of global observations,
with Earth having run the experiment in hundreds of
locations under a wide range of environmental set-
tings. We use a whole planet approach to assess the
environmental factors, to allow for estimates in areas
where there are no observational data.

Global databases on the very large rivers were first
assembled to estimate the sediment flux to the world
oceans (Holeman, 1980; Holland, 1981; Milliman
and Meade, 1983). Milliman and Syvitski (1992)
quadrupled the size of these databases (to 280 rivers)
to emphasize the importance of the sediment flux
from small mountainous rivers. This larger data set
overcame the rather impossible task of otherwise
extrapolating observations from large rivers to the
smaller rivers. Milliman and Syvitski (1992) argued
that the modern flux of fluvial sediment (20 GT/year)
provides an over-estimate of pre-anthropogenic fluxes
by 50%.

Whereas predicting the global ensemble flux of
sediment to the ocean is one problem, developing a
model to predict the flux from an individual river
basin is another. A variety of factors influence the
“natural” sediment load of a river, but the significant
factors are the size of a drainage basin (Wilson, 1973;
Milliman and Syvitski, 1992) and large-scale relief
within the basin (Pinet and Souriau, 1988; Milliman
and Syvitski, 1992; Harrison, 1994). Other influences
largely scale with one of these two parameters. For
example, local relief (Ahnert, 1970; Jansen and Paint-
er, 1974) is correlated with large-scale relief (Sum-
merfield and Hulton, 1994). Ice cover and ice-melt

scales with solar radiation and relief (Andrews and
Syvitski, 1994). Precipitation intensity is somewhat
captured through basin relief (Fournier, 1960; Jansen
and Painter, 1974; Hay et al., 1987), and runoff is
correlated with basin area (Walling, 1987; Milliman
and Syvitski, 1992; Mulder and Syvitski, 1996).
Mulder and Syvitski (1995) revised the global data
set of Milliman and Syvitski (1992) by substituting
maximum relief values for height classes. Mulder and
Syvitski (1996) developed a deterministic relationship
for predicting the load of rivers based on the large-
scale relief and drainage area. Syvitski and Morehead
(1999) developed the relationship in terms of a
balance between a gravity-driven sediment yield (first
term in 1) and potential energy (second term in 1):

Os R\"
g\ /24574 ﬁ(A1/2> ) (1)

where Os is the long-term sediment load (kg/s); R is
relief defined as the highest point of elevation (m)
minus the elevation (m) of the discharge station; A4 is
basin area (km?); p is grain density (2650 kg/m?); g is
acceleration due to gravity (9.8 m/s®) and f§ and n are
constants of proportionality. Solving Eq. (1) for Qs
and using n=1.5 (from regression analysis) yields:

@:Ode:’r/21‘11/27 (2)

where a=fpg"?=2x 10" [M L™ %> T~ ']. Syvitski
and Morehead (1999) determined f to be dependent
on climate and suggested =10~ "° for cold northern
rivers. Morehead et al. (in press) recently explicitly
introduced basin temperature into Eq. (2) as:

@: O(R3/2A1/Zek7, (3)

where T is mean surface temperature of the drainage
basin °C), and k and « are constants (2 x 1077,
0.1331, respectively). Syvitski (2002) applied Eq.
(3) to 48 polar rivers and predicted the flux of
sediment to within a factor of 2, across four orders
of magnitude in basin area and discharge.

This paper tests the general applicability of Eq. (3)
to an improved global river database, discusses the
limitations of the database, provides important revi-
sions to Eq. (3) using a planetary approach to basin
climate, and provides examples of model application
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Fig. 1. Global distribution of 3423 met stations providing monthly averages on precipitation and temperature, with most stations reporting

between 50 and 100 years of observations.

related to anthropogenic issues, global warming, and
paleo-climate change scenarios.

2. Database

To analyze Eq. (3), a database of long-term aver-
ages of the temperature distributed throughout a river
basin is required, as well as a method to predict basin
temperature where direct observations are lacking.
Analysis of Eq. (3) requires GIS information on river
basin area and relief along with an estimate of the
accuracy of these values. The exercise also requires a
significant number of globally distributed rivers, each
having useful (quantity and quality) observations on
their sediment load and discharge of rivers, to allow
for a planetary approach.

Load and discharge measurements came from the
Milliman and Syvitski (1992, see references therein)
database with corrections' and new data supplied by
Milliman et al. (1995), Mulder and Syvitski (1995,
1996), Wang et al. (1998), Syvitski et al. (2000),

! Corrections required due to data transfer errors and data
quality errors.

Meybeck and Ragu (1996), and Syvitski (2002).
The new river database consists of 340 rivers from a
wide variety of sources.

Climate information is derived from an analysis of
geographically located (latitude, longitude, altitude)
meteorological data comprising 3423 global stations
(NOAA NCDC: National Oceanic and Atmospheric
Administration, National Climate Data Center). The
database consists of monthly averaged precipitation
and temperature observations, with most stations
reporting observations of between 50 and 100 years
duration (collected variably between the years 1700
AD and 1995 AD). Station locations largely reflect
the global distribution of human population (Fig. 1).
NCEP/NCAR (National Centers for Environmental
Prediction/National Center for Atmospheric Research)
“Reanalysis” data was provided by the NOAA-
CIRES (Cooperative Institute for Research in En-
vironmental Science) Climate Diagnostic Center,
Boulder, Colorado (http://www.cdc.noaa.gov/). The
reanalysis data was used to evaluate temperature at
17 pressure surfaces, and derive a 2.5° grid of global
lapse rates (change in temperature with elevation).
The lapse rates (Fig. 2) were calculated with pressure
to height conversion formulas (Wallace and Hobbs,
1977). Surface temperature values (Fig. 3) were
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Fig. 2. (A) The NCEP/NCAR Reanalysis of global lapse rates [°C/km] on a 2.5° grid. Note the strong latitudinal banding. (B) Lapse rate
[°C/km] and latitude for every pixel in a global grid (A) along with the predicted fit (Eqs. (5)—(7)).

calculated from the 1000-mb level NCEP-derived
temperature, and then relating this 1000 mb grid to
a surface pressure grid (Trenberth, 1992) to correct for
elevation using the lapse rate.

The final database contains values on rivers drain-
ing into the ocean as measured at the most seaward

gauging station.” River locations are from gauge
station reports, published sources, or estimates from
atlases. Large rivers (>25,000 km?) were co-located

2 These include stations that can be hundreds of kilometers from
the coastline. For a full discussion, see Syvitski and Morehead (1999).
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Fig. 3. (A) 2.5° grid of surface temperatures (see text). (B) Global station temperature versus latitude and the best-fit model (Egs. (5)—(7)). (C)
Lapse-adjusted temperature versus latitude shows the general tightening of the fit.
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with the STN-30 (30 min simulated network typol-
ogy) database of the University of New Hampshire-
Global Hydrological Archive and Analysis System
(UNH-GHAAS) that contains environmental infor-
mation on >600 individual drainage basins in a GIS
data compendium at 0.5° (lat., long.) spatial resolu-
tion (Vordsmarty et al., 2000a,b). The UNH data is
based on ETOPOS5 (Earth Topography-5 Minute)
(Edwards, 1989) and incorporates corrections for
hydrological stream flow errors. Maximum relief
was determined from a 1 km global Digital Elevation
Model (DEM) HYDROIK elevation derivative data-
base (http://edewww.cr.usgs.gov/landdaac/gtopo30/
hydro/index.html) and then verified on published
maps.

3. Data quality

The data for our analysis is derived from a variety
of sources, using a variety of methods, which warrants
an overview of data quality. Reliability issues in the
final database include differences between data sets,
non-representative data, and lack of data or missing
values. In short, uncertainty is introduced through
missing data and combining different data sources.
For example, the accuracy of the estimated latitudes
and longitudes depends on the number and/or spread
of the data points within a basin, and the STN-30
delineation of basin boundaries.

We compared the same variables where overlap
occurred between the databases to estimate the level
of agreement. When comparing drainage areas of the
larger river basins, i.e. >25,000 km?, the mean
variance is + 1.3%. Some of the differences for
defining basin area lay in the measurement techniques
used by STN-30 compared to the often-unreported
techniques used to define gauging station’s upstream
area. The STN-30 dataset is based on ETOPOS and
ARC/INFO flow direction algorithms. Errors may be
introduced by artificial DEM topography, even
though the STN-30 dataset incorporates corrections
for most of these errors. When comparing location for
basins (as used in the basin temperature calculation
outlined below) with drainage areas <25,000 km?,
mean variance is *+ 1.0°, with the centroid of the
drainage basin is estimated to be within + 200 km.
This contributes one of the errors in arriving at a

basin average temperature as measured at sea level
(see discussion below).

Observational errors include loads estimated from
too few samples; samples collected over too few years
and therefore may not capture the high-energy events,
measurement techniques, and human impacts. Mey-
beck et al. (in press) note that most “global river data”
include load estimates that range from samples col-
lected from simple surface bucket sampling, to depth-
integrated sampling with multiple vertical profiles;
discrepancies can exceed 100% on sediment concen-
tration determined between sampling methods.

Observational uncertainties on the long-term sed-
iment flux of rivers can therefore be large, and may
range from a factor of two for estimates for well-
monitored rivers (Meybeck et al., in press), to in
excess of an-order-of-magnitude for poorly moni-
tored rivers. Uncertainties in the later case are asso-
ciated with short-term measurements of sediment
load that may or may not contain the important
transport events (see Morehead et al., in press). There
can be order of magnitude year-to-year variation for
many rivers. In 1977 the Eel River load was 0.6 kg/s,
in 1965 the load was 4838 kg/s. Even large rivers
with reduced inter-annual variability, like the Mis-
sissippi, have order of magnitude ranges (1963: 2916
kg/s vs. 1951: 16,524 kg/s). Inman and Jenkins
(1999) note the El Nino/Southern Oscillation-induced
climate changes recur on a multidecadal time scale
that is in general agreement with the Pacific/North
American climate pattern: a dry climate extending
from 1944 to about 1968 and a wet climate extending
from about 1969 to the present. Sediment loads
measured in any one of these periods provide very
different mean load estimates, with the wet period
contributing sediment flux about five times greater
than the dry period. Similarly, in East Africa a sharp
rise in precipitation following a decade of relatively
low rainfall is concomitant with sharp increases in
sediment yields (Wasson, 1996).

It is difficult to assess the impact of changes in the
flux of sediment to the oceans because of the
conflicting impacts of man (Syvitski, in press). Glob-
ally, soil erosion is accelerating (e.g. deforestation,
agriculture practices), while at the same time sediment
flux to the coastal zone is globally decelerating (e.g.
water diversion schemes, dams). There are over
36,000 large reservoirs in the world. Between 1951
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and 1982 large dams were being constructed at a rate
of 900 per year (Vorosmarty et al., 2003). Unfortu-
nately this period is when most of the world river
loads were obtained. Where known we used the pre-
dam river loads in our database (e.g. Colorado, Mis-
sissippi, Krishna, Nile, Han, Yesil-Irmak, Sakarya,
Kizil-Irmak, Ebro, Columbia, Rio Grande, Orange,
Zambesi, Savannah, Volta, Roanoke, Altamaha).
However, there remain many rivers in the database
whose fluxes strongly reflect the impact of reservoir
impoundment of sediment.

Other sources of error are caused by a mismatch
between years of observations in reported water dis-
charge (often much longer) and reported sediment
discharge (see Syvitski et al., 2000), and by combining
data from different countries that use different mea-
surement techniques (see Bobrovitskaya et al., 1997).
We were unable to verify water discharge for 73 out of
the 340 rivers in the data set and there are missing
values of either relief or drainage area on 20 rivers.

4. Computing average values for river basins

Eq. (3) for Os requires a single mean temperature
representative of the basin as a whole. The area-
average of a property (i.e. temperature, elevation, or
latitude) that varies spatially throughout a river basin
is computed as an area-weighted average of the
gridded value for all pixels in the basin. Let N; be
the number of pixels that contribute flow to the kth
pixel in the gridded DEM, and let 4, be the total area
spanned by this set of pixels; the contributing area for
the kth pixel. Let P; denote the property value that is
stored for the jth pixel, and let da; denote the area
spanned by the jth pixel. The area-weighted basin
average is computed as:

1
Vi = A—Zz}daj. (4)
kj:1

At the Earth’s equator (latitude zero), 1° spans about
111.12 kilometers. At other latitudes, the east—west
dimension is reduced by the factor cos (lat.). This
means that for “geographic” DEMs, da; varies with
latitude and will impact the calculation of A;. If a
quantity like temperature is parameterized in terms of

latitude, longitude and altitude (see below), then a
basin-averaged location and altitude is first computed
and used in the formula to obtain a basin-averaged
temperature value.

5. Parameterization of temperature

Meteorological stations in the climate database
used in this study are not distributed in sufficient
spacing to be useful in quantifying the temperature
within a drainage basin. Polar, desert and mountain-
ous regions have poor distribution of climate data
(Fig. 1). To compensate we have developed a simple
method to approximate the temperature (within 3 °C)
at any location on earth. Fig. 2B shows a plot of lapse
rate [°C/km] with latitude for every pixel in a global
grid of lapse rates (Fig. 2A). Each pixel in the grid
spans 2.5° latitude by 2.5° longitude. Due to the
overall parabolic shape of the curve with a dip near
the top, the following nonlinear fitting functions were
used to approximate the data.

L(x) = (aox” + a){1 — axexp[—(x/a3)’]}
(modified quadratic) (5)

L(x) = [agcos(arx)|{1 — azexp[—(x/a3)*]}
(modified cosine) (6)

L(x) = [agcos(arx) + as]{1 — azexp[—(x/as)’]}
(modified cosine 2) (7)

The bracketed factor with the exponential was used to
model the dip in the curve near the equator, which is
known to be due to the effect of clouds (reflectance,
evaporative cooling). Here L is lapse rate [°C/km], x
is latitude [°], and the subscripted parameters are
found by nonlinear regression.

Given the best-fit parameters (Table 2), Egs. (5)—
(7) are used to remove the effect of elevation on
temperature from the meteorological data of 3423
mean annual temperatures. That is, the quantity

To =T+ [L(x)H] (8)

is computed for each station, where H is the elevation
[km], x is the latitude [°], L is the estimated lapse
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Table 2
Regression coefficients on lapse rate and temperature models

Adjusted temperature versus latitude:

Modified Cosine2 (Eq. (7)): ap=25.25; a;=0.03719; a,=10.36;
a3=0.2220; a,=18.13

Quadratic (Eq. (5)): ap=—0.01010; a; =29.67; a,=0.06516;
a;=28.087

Lapse rate versus latitude:

Modified Cosine2 (Eq. (7)): ap=2.609; a; =0.030; a,=5.464;
a3=0.1252; a,=33.77

Quadratic (Eq. (5)): a¢p=—0.0001121; a;=2.363; a,=—2.052;
ay=—104.9

rate [°C/km] and T [°C] is the mean annual temper-
ature for the station. Fig. 3A shows the planetary grid
of mean temperatures, and the temperature distribu-
tion with latitude (Fig. 3B), and when the tempera-
ture at a location is corrected for its elevation (Fig.
3C). For latitudes north of about 28°N, the data splits
into two arms. This effect is almost wholly accounted

for by noting whether the predominant winds at the
station were coming from the sea (warmer) or from
land (colder). Stations that plot on the upper arm are
at latitudes from 28°N and 58°N and longitude from
—180° and —100° (i.e. west coast of North Amer-
ica), or longitude from —40° and 30° (i.e. western
Europe). The remaining stations plot on the lower
arm, including those that lie along the eastern and
northern coasts of North America and Eurasia. Sep-
arate fitting curves were used for each of the two
arms.

The mean annual temperature for each station was
predicted from latitude, longitude and altitude via the
formula:

T(x,0,H) = To(x,0) — [L(x)H]. 9)

Fig. 4 plots the observed versus predicted temper-
atures for each station. Predicted temperatures are

30 [ ||||||||||||||||||I||||||||||||||||||||||||||v"_a
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Fig. 4. Observed versus predicted temperatures for each station. Inset table shows the percentage of data points, out of 3423 stations, for which
the absolute value of the difference between the reported temperature and the predicted temperature is less than a given number, v. Half of the

data falls within 1 °C of our prediction, and 82% falls within 2.5°.
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typically within 3 °C of observed temperatures (see
uncertainty discussion below).

6. Improved sediment flux models

To apply Eq. (3) to our river basin data, we divided
the entries into the basic climate zones (polar: T <0
°C, temperate: 7>0 °C and latitude >30°, tropics:
latitude <30°) with the hemispheres kept separate.
The polar region defines river basins with some of the
following characteristics (Syvitski and Andrews,
1994; Syvitski, 2002): significant proportion of
precipitation falls as snow, snowmelt and or glacial-
ice melt dominated discharge, short discharge season
in late spring through summer, frozen active (soil
groundwater) layer for much of the year, discontin-
uous to continuous permafrost in some or all of the
drainage basin, minor contribution from convective
rainfall, precipitation largely from frontal systems,
and moderately low freeze—thaw events within the
sediment-producing alpine weathering environments.

The temperate region provides the transition re-
gion between polar and tropical regions, resulting in
rainfall discharge often of greater importance than
snowmelt discharge, a larger groundwater contribu-
tion to discharge, precipitation from both frontal and
convective systems, intense convective rainfall
events, and a high number of freeze—thaw events
in the alpine weathering zone. The tropics, including
the equatorial regions, are dominated by: high year-
round temperatures, intense convective rainfall,
strong monsoon periods outside of the desert regions
of Africa, and strong chemical weathering with
landslides common.

The average basin temperature in our database
falls nicely into the discrete climate zones of — 10,

Table 4
Regression coefficients on O, =z A™R*e "

No. of o3 oy o5k R?
rivers

Polar (T<0 °C)* 48
Temperate N 162
(lat>30°N,
7>0 °C)
Tropics N 62 0.31 040 0.66 —0.1 0.58
(lat. 0-30°N)
Tropics S 42 0.57 0.50 037 —0.1 0.67
(lat. 0-30°S)
Temperate S 26
(lat.>30°S,
T7>0 °C)

Global sector

2x107° 050 150 0.1 0.76
6.1x107° 055 1.12  0.07 0.63

13x107° 043 0.96 0 0.54

T 'is basin-average temperature (°C), 4 is drainage basin area (km?),
R is the maximum relief from sea level to the mountain-top (m), Os
is long term sediment load (kg/s).

10 and 25 °C, respectively, for polar, temperate and
tropical regions (Table 3). Within these zones there is
a wide variance in basin area and relief for all zones
except the temperate rivers of the southern hemi-
sphere, which are dominated by relatively small area
(and thus discharge) New Zealand and southern
Australian rivers. The zones demonstrating the high-
est sediment production or yield (load divided basin
area) were the tropics of the northern hemisphere
followed by the southern temperate zone (Table 3).
The polar rivers show the lowest values in sediment
yield.
Eq. (3) can be rewritten as:

Oy = a3 4™ R* M (10)

to allow the coefficients to be determined by multiple-
regression analysis based on groupings of river basins
within each climate zone (Table 4). Lumping the

Table 3

Averaged drainage basin characteristics by sector

Global sector T L A R Os Y 9]
Polar (T<0 °C)* -9 1232 390,000 1977 219 120 2666
Temperate N (lat.>30°N, T'>0 °C) 9.9 667 114,000 1724 581 549 981
Tropics N (lat. 0-30°N) 20.3 1050 251,000 2552 1602 3648 3799
Tropics S (lat. 0-30°S) 22.7 1451 458,347 1875 1299 823 6570
Temperate S (lat.>30°S, 7>0 °C) 9.2 434 68,000 1698 168 2999 502

T'is basin-average temperature (°C), L is length (km) of rivers, 4 is drainage basin area (km?), R is relief from sea level to the mountain-top (m),
Os is sediment load (kg/s) of rivers, Y is sediment yield (T/km?/yr), i.c. Os/d, Q is discharge (m?/s).
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world’s river basins into climate zones helps to even
out the otherwise dominance of 162 basins from the
temperate region of the northern hemisphere, but also
highlights the bare minimum of 26 basins to represent
the Southern temperate zone. The delineation of
climate into zones and its impact on sediment load
is obvious with the cold regions sensitive to relief
(large o5) compared to their tropical counterparts
(small «s) (Table 4). The colder the basin temperature,
the lower the predicted loads (i.e. k£ being positive);
the warmer the temperature, the higher the loads (i.e. £
is negative) (Table 4).

To compare the impact of climate on sediment
loads we developed four scenarios where we could, in
effect, move a basin similar in basin area and relief to
the various climate zones (Fig. 5). We assumed an
ideal temperature for each of the climate zones: — 10
°C for polar, +10 °C for temperate, and +25 °C for

the tropical basins. All of the climate zone predictions
were generally similar, with the large area and high
relief basin being predicted to produce the highest
sediment loads, and similarly the low relief and small
area basin producing the smallest sediment loads. At
the detail level, the differences were large (Fig. 5).
The higher sediment yields from tropical rivers pro-
duce the most sediment when relief is held low
(scenarios 1 and 4: Fig. 5). While all climate zones
produced high volumes of sediment when the relief
and basin areas were large, the temperate rivers were
found to be the rivers with the highest sediment yield.
Is this an impact of humans (the greatest population is
located in this zone), or does this show the great
impact of high numbers of freeze—thaw events in the
alpine environments of the temperate zone?

There is a direct relationship between drainage
basin area and the volume of water discharged to
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Fig. 5. Sediment load prediction scenarios based on Os=o034%R*¢*” and coefficients listed in Table 4. An ideal temperature for each of the
climate zones was provided as — 10 °C for polar, +10 °C for temperate, and +25 °C for the tropical basins.
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the sea. Hydrological runoff, @, is dependent on
three factors: (1) the amount of precipitation (P)
that falls on the drainage basin, (2) the amount of
water lost to evaporation (F) including evapotrans-
piration, and changes in the long term storage (S) of
water including changes in permanent snow fields,
glaciers, lakes and deep groundwater reservoirs.
Thus,

© =P — E+5, (11)

with discharge, O, being defined as:

0=06/A. (12)

Since the distribution of drainage areas in our basins
range over five orders-of-magnitude (90—7,500,000
km?) and the vast majority of these basins have only
one order-of-magnitude range in runoff values (50—
500 mm/year), then there is a relatively good chance of
a relationship being found between discharge and area
(Table 5) such that:

0= oyd™. (13)

Table 5 is based on fewer rivers than Table 4, and
there are too few rivers in the southern temperate
zone to solve for the regression coefficients. Still in
the other zones, there is a very good relationship
found between discharge and basin area. If the same
rivers were used to develop Table 4 and Table 5, then
it would be possible to substitute Q for 4 in Eq. (10).
To accommodate the missing values, multiple-regres-
sion analysis was then done on the Table 5 rivers to

Table 5

Regression coefficients on Q=u;4*

Global sector No. of rivers oy o0 R?

Polar (T<0 °C)* 34 0.093 0.82 0.89

Temperate N 128 0.039 0.85 0.75
(1at>30°N, 7>0 °C)

Tropics N (lat. 0-30°N) 53 0.53 0.70 0.76

Tropics S (lat. 0-30°S) 36 0.11  0.74 0.66

Temperate S ? ? ?

(1at>30°S, T>0 °C)

16— not sufficient data

T is basin-average temperature (°C), 4 the drainage basin area
(km?), Q is average discharge (m?/s).

Table 6
Regression coefficients on Os= 00" R*e"

No. of o oy og k R?
rivers

Polar (T<0 °C)* 34

Temperate N 128
(lat.>30°N,
T7>0 °C)

Tropics N 53 2.0 0.45
(lat. 0-30°N)

Tropics S 36 162 0.65 —0.05 —0.16 0.76
(lat. 0-30°S)

Temperate S 16 ? ? ? ? ?
(lat.>30°S,
T>0 °C)

Global sector

13x107% 055 15 0.1 078
L1x1077 053 L1 0.6 049

0.57 —0.09 0.54

T is basin-average temperature (°C), H is maximum relief from sea
level to the mountain top (m), Os is long term sediment load (kg/s),
O is average discharge (m*/s).

solve for sediment load as a function of discharge,
relief and temperature (Table 6):

Os = 0s Q" R* e (14)

Based on this solution, it is possible to redo the
sediment load scenarios allowing for discharge vol-
ume and relief to define the end member conditions
(Fig. 6). We again assumed an ideal temperature for
each of the climate zones: — 10 °C for polar, +10
°C for temperate, and +25 °C for the tropical
basins. While there are similarities between Figs. 5
and 6, as would be expected with (Table 5) and a
substitution of Eq. (13) into Eq. (10), there are
differences at the detail level. For example, the basins
in the southern tropics differ from basins in the
northern hemisphere tropics in terms of sediment
production, when discharge levels are held high
and relief is varied (scenarios 2 and 3: Fig. 6). Polar
rivers show the greatest sensitivity to relief for small
discharge rivers (scenarios 1 and 3: Fig. 6).

7. Temperature versus precipitation as a
controlling factor

While the impact of basin size and relief as
controlling factors on a river’s sediment load is
generally accepted (Milliman and Syvitski, 1992), this
paper contributes to the growing evidence that tem-
perature plays an important (albeit secondary) role.
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Fig. 6. Sediment load prediction scenarios based on Q,= 0" R*¢"T and coefficients listed in Table 6. An ideal temperature for each of the
climate zones was provided as — 10 °C for polar, +10 °C for temperate, and +25 °C for the tropical basins.

McCave (1984) provides an early review of the tem-
perature-dependence aspect of erosion rate, and the
nature of the exponential form of the term in (Eq. (10)
or Eq. (14)). The average temperature has been long
known to influence the rate of chemical breakdown of
the rocks (Berner, 1978), and includes an exponential
impact of temperature on this rate. More recent papers
have explicitly defined the role of temperature on
river loads (Harrison, 2000).

However we argue that basin-averaged temperature
has influence in excess of its impact on soil formation
or soil erosion. Temperature also defines the polar
feedbacks (frozen soils, snow and ice melt dominated
discharge, frozen river beds, lack of convective rain-
fall) and the temperate zone feedbacks (snow melt,
increasing lapse rate, freeze—thaw cycles, increasing
convective rainfall). Temperature also defines the
tropical zone feedbacks (convective rainfall-mon-

soons and typhoons, soil formation, tropical canopy).
Temperature also controls the pathway of precipita-
tion, from storage as ice and snow in the polar and
alpine regions, to rates of evaporation including
groundwater as well as other precipitation-to-dis-
charge dynamics. Delayed precipitation, from snow
or ice-melt is the main control on the discharge
dynamics of many temperate rivers, even for large
rivers like the Mississippi.

Most interesting was the lack of success in precip-
itation (rather than through discharge as given in Eq.
(14)) in being identified as strong (albeit secondary)
controlling influence on a river’s sediment load. In
fact the study originally set out to demonstrate this
influence. We applied most of the known precipitation
indices (mean, monthly maximum, Fournier index,
aridity index) without success in improving the mod-
el’s predictability.
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8. Uncertainty analysis

The ““fractional uncertainty” formula associated
with Eq. (10) is (Taylor, 1982, p. 73):

<a4 67A>2+(oc5 %RYJF(kaT)Z. (15)

Note that Eq. (15) is dimensionless, and & has units of
[1/°C]. With 64/4 estimated at 1.3% and OR/R esti-
mated at 1%. 67=3.0 (with 87% confidence) when
compared to individual climate stations (Fig. 3A). 6T
ranges from 3.0 for small basins and < 1.0 for larger
basins, with a global average of 2.0.

00s
o5 =

50s = 0.20s, and (16)

Os = 0s+60s = Os(140.2). (17)

Uncertainty in 7 turns out to be the dominant contri-
bution to the uncertainty in Os. Based solely on errors

in inputs, there is a high probability that the observed
load, Os’ will fall between 0.8 Os and 1.2 Os, where
Qs is our prediction or “best guess”’.

The uncertainty analysis of the sediment load
model (10) shows that most of the rivers are relatively
well predicted (Fig. 7). Seventy-five percent of our
rivers have their sediment loads predicted within a
factor of 2 (see Fig. 8) of the observed, and thus error
in inputs to our formula for Qs is not solely respon-
sible for the discrepancy. Rather, error in the model
for QOs, and/or the observed values Qs' are greater
than error due to uncertainty in input variables.

Based on a geometric argument, the fractional
uncertainty for DEM-derived contributing basin area
can be estimated as:

64 A
=38\ (18)

where 64 is uncertainty, 4 is actual basin area, and A4
is the area of a pixel, which is about 1 km?® (at the
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Fig. 7. Sediment load prediction based on predicted basin temperature, reported drainage area, DEM relief using Os=o034R*e"" and
coefficients listed in Table 4. Observational errors include loads estimated from too few samples; samples collected over too few years,
monitoring that does not capture the high-energy events, measurement techniques, and human impacts. Predicted errors include those related to
input variables, and impact of local geography (e.g. lakes) or local geology (highly erodible rocks).
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Fig. 8. Differences between predicted sediment loads (QOs=o034™R*¢

kT)

and observations of 320 rivers. Differences relate equally to

uncertainties in observations as well as uncertainties in model predictions. Lakes and reservoirs are associated with sediment retention and
identify many of the rivers with over-predicted loads (negative values). Most of the under-predicted rivers are associated with smaller rivers

where anthropogenic impacts are magnified.

equator) for GTOPO30 and HYDROI1K and = 3087
km? for the 1/2° STN-30 DEM. The formula shows
how fractional uncertainty of basin area depends on
pixel size, A4, when areas are estimated using DEMs.

9. Application of the sediment load model to
anthropogenic issues

Uncertainties regarding the long-term load of rivers
are of equal magnitude in both observations and
predictions (Figs. 7 and 8). Thus for rivers where
agreement is not good, it is not always possible to
assign “fault” with either the model or the observa-
tions. Observational uncertainties include: (1) esti-
mates from too few samples (e.g. Abitibi, Babbage,
Attawapiskat) where monitoring does not capture the
high-energy events, (2) measurement techniques, and

(3) human impacts. Prediction uncertainties include
those related to input variables (discussed above), and
those related to either local geography (e.g. lakes), or
local geology (e.g. highly erodible rocks).

Those rivers whose loads are grossly over-pre-
dicted or grossly under-predicted provide insight into
where the “fault” may lie, if examined for cause. A
number of rivers were found to have incorrect input
data (human error). The area of the Senegal River
upstream of the gauging station was found to be 3.1
times too large. The Mitchell River in the observa-
tional data had sediment loads for a river in NE
Australia but input parameters defined a Mitchell
River located in SE Australia. The Volga River had
a maximum relief 7.2 times too small. When cor-
rected, all three rivers were well predicted.

Lakes and reservoirs are known filters of sediment
load and account for the rivers in our database with
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grossly over-predicted loads. Vordsmarty et al. (2003)
estimates that 30% of the global sediment flux is
trapped behind large reservoirs. The Tagus (Tejo)
River in Portugal was subsequently identified as one
of the world’s most reservoir-impacted rivers. Other
examples include: the Odra (Oder) that drains the
Lake District of Poland; the highly engineered Rhine
(Germany) with its alpine load is filtered by Lake
Constance; the Omoloy (Russia) that drains hundreds
of thermokarst lakes; the Elbe (Germany) that is
filtered by large reservoirs surrounding Brandenburg,
Potsdam and Berlin, the lake-filtered Derwert (Tas-
mania) and Neveri (Venezuela); and Rangitaiki (NZ)
filtered through the Aniwhena hydro-station.

To correct for the Trapping Efficiency, TF, of lakes
and reservoirs the Brune equation can be used for
lakes and reservoirs >0.5 km® (Brune, 1953; Ward,
1980; Vorosmarty et al., 1997, 2003):

TE = 1 — (0.05/A7!/?) (19)

At = é (20)

where At,=water residence time change, v=volume
of reservoir (km®), and Q= discharge at basin mouth
of the reservoir (km*/year). To correct TE for small
lakes and reservoirs (<0.5 km?), the Brown equation
(Verstraeten and Poesen, 2000) can be applied:

E=100|1-— 1 (21)

C
1+40.0021D —
* w

where D depends on reservoir geometry (ranges
0.046—1, with a mean value of 0.1), and C=reservoir
storage capacity (m®), and W=drainage area above
the reservoir. When applied to the grossly over-pre-
dicted rivers with lakes or reservoirs (see Fig. 8), Egs.
(19) and (21) correctly adjust the predicted sediment
load to fall within a factor of two of observed loads.

The grossly under-predicted rivers are largely lo-
cated in areas of elevated soil erosion due to human
impact. The Huang (Yellow) River (PRC) is known for
its elevated sediment discharge due to farming pertur-
bations across its loess hills (Milliman et al., 1987,
Wang et al., 1998). The Tseng Wen and the Erhain
rivers (Taiwan) show the impact on erosion of road
construction, and the subsequent farming on very steep

slopes. The Waipaoa River (NZ) sees the combined
impact of landslides and land use. Three heavily
populated and impacted rivers in India (Godavari,
Narmanda, Manuk) have grossly elevated sediment
yields. Large river basins mitigate the impact of local
perturbations. An excellent example of the impact of
humans on a small watershed is the Lanyang River
basin, Taiwan, where two large road construction
projects increased sediment load export to the coast
by more than tenfold, for a period of 2—4 years
following each disturbance (Kao and Liu, 2001, 2002).

Human impact on the flux of sediment to the
global ocean is well recognized (Berner and Berner,
1987; Hu et al., 2001). Land use is the dominant
control on particulate fluxes in areas of low relief and
large-scale urbanization, in contrast to mountainous
regions where natural processes may still dominate
(Wasson, 1996). Land clearing in low relief areas
increases sediment yields by more than an order of
magnitude (Douglas, 1967). One exception in our
database, to the anthropogenic cause of elevated
loads, is the turbid Copper River (Alaska) that drains
one of the world’s largest ice fields outside of Green-
land and Antarctica.

The proposed sediment load model (10), therefore
provides a convenient method to determine the level
of human impact on reported sediment load observa-
tions. It also provides a method to determine the
reliability of input parameters used in the predictions.

10. Application of the load model to global
warming

Over the next hundred-year period, sea level fluc-
tuations will not greatly impact the drainage areas of
rivers, and denudation rates are too slow to impact the
relief of these basins. The climate parameters of Egs.
(10) and (14), that of temperature and precipitation
(i.e. via discharge), provide insight into the conse-
quences of climate scenarios. Basin-averaged temper-
atures will fluctuate between years, but it is only
across decades that a warming or cooling event will
affect the flux of sediment off a drainage basin.

In the Arctic, the likely location of short-term
climate warming, there could be large-scale release
of stored water, as melt of permanent snow-fields,
ablation of glaciers, or melt of permafrost occurs
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(Syvitski et al., 1998). When applied to the high-
latitude Colville River, Alaska, and basin tempera-
ture is varied, Eq. (10) indicates that there will be a
22% increase in sediment load for every 2°C warm-
ing of the drainage basin. Because Eq. (10) is a
steady state predictor, it is not known how long a
transition period will be to reach this increase in
sediment load. Because Eq. (10) is a function of 20th
century basin temperature, and even larger temper-
atures have occurred during the last 100 years since
the Little Ice Age (Syvitski, 2002), change in sedi-
ment load due to climate warming would likely
occur within decades.

Changes in mean annual runoff may also occur as a
result of changes in the regional or continental water
balance through hydrological feedbacks with changes
in atmospheric circulation (Vorosmarty et al., 2001).
Eq. (14) can predict a river’s sediment load to the
same accuracy as Eq. (10) (see Tables 4 and 6),
although some rivers are better predicted by Eq.
(10) and others by Eq. (14). Eq. (14) indicates that a
20% increase in discharge, without any intervening
basin warming, will result in a 10% increase in
sediment transport in the Colville River. When a basin
warming of 2°C is combined with a 20% increase in
runoff, then the sediment load of the Colville would
increase by 32%.

11. Application of the load model to paleo
environments

Over the Holocene period, sea level fluctuations
will greatly impact the drainage areas of rivers,
although denudation rates are still too slow to impact
the relief of these basins. Mulder and Syvitski (1996)
examined the impact of sea level recovery since the
last ice age on drainage basin area. Although basin
area will increase for all non-glacial river basins,
most basins show only a limited increase in their
drainage area. In the landscape surrounding the large
ice sheets, isostatic rebound causes a decrease in
their drainage area, although most of these rivers
also show limited change in their drainage area. In
most cases the increase or decease is within a factor
of two. For rivers fronted by a wide continental shelf
the small rivers may become tributaries of the larger
rivers, or in some cases large rivers will merge to

form giant rivers (Mulder and Syvitski, 1996). Eq.
(10) will show the largest impact from these large-
scale merges.

Polar and even temperate river basins may have
seen a 10°C fluctuation between ice age and modern
climate, with concomitant but smaller variations in
precipitation. On a tropical river, such as the Fly,
Papua New Guinea, the associated change from ice-
age temperature would be of a much smaller magni-
tude. If the temperature changed by 2 °C, the sedi-
ment load would increase or decrease by 18% (Fig. 9).
If the precipitation on the Fly would have changed by
20%, the sediment load would increase or decrease by
12%. For the Fly, the observed sediment load value
(951 kg/s) was most closely predicted from the
discharge formula (14) at 883 kg/s, compared to the
area formula (10) at 467 kg/s.

While not an exhaustive study, these few examples
show how the proposed sediment load model can
provide insight into the impact of fluctuations in sea
level, temperature and precipitation. Those working
on sediment mass balance studies in the offshore (e.g.
Nittrouer, 1999) may find the model a useful tool in
their paleoclimate investigations. Changes in regional
sediment accumulation rates could be used in Egs.
(10) and (14) in the inverse sense, where temperature,
discharge, or basin areas are varied to provide a
spectrum of possible sediment volumes for compari-
son to mapped sedimentary deposits.

As an important caveat, Meade (1996) reminds us
that global load values (whether observed or pre-
dicted) are not exactly the sediment flux to the
coastal ocean, but flux estimates of the most seaward
gauging stations. These stations are often located well
inland, and seaward filters such as deltaic and tidal
flats often influence the magnitude of the sediment
load reaching the coastal ocean. In the case of the
Amazon, 20% (Meade, 1996) to 30% (Nittrouer et
al., 1995) of the annually delivered load (1 BT/year)
is retained by its delta; the remainder is deposited on
the continental shelf and coast. In the case of the
Ganges and Brahmaputra Rivers, 32% (Goodbred
and Kuehl, 1999) to 55% (Meade, 1996) of their
combined annual sediment load (1.1 BT/year) is
retained by their delta, with the remainder reaching
the shelf and deep sea. In the case of the Yellow
River, 82% (Meade, 1996) of the annual load (1.1
BT/year) is retained by its delta; the remainder
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Fig. 9. Example on the effect of climate change on a tropical river, the Fly situated in Papua New Guinea. In this case the discharge formula (14)
provides a more accurate prediction of the observed value, as compared to the area formula (10). As temperature increases by 2 °C, the sediment
load decreases (non-linearly) by 18%. As the precipitation increases by 20%, and with a concomitant increase in discharge, the sediment load

increases by 12%.

deposited on the shelf and coast. Until a method is
developed to estimate this filtering effect, Eqs. (10)
or (14) provide maximum estimates of sediment
available to be spread across shelves and down
continental slopes.

12. Summary

We have presented a model for predicting the long-
term flux of sediment from river basins to the coastal
ocean that requires only a small number of input
parameters, namely basin area (or basin discharge),
basin relief, basin-averaged temperature and basin
location (latitude and longitude). Basin area and relief
can be measured with GIS (geographic information
system) software, and we provide a formula for
estimating mean annual temperature from a knowl-

edge of latitude, longitude and elevation that is locally
accurate to within 3 °C. We provide a method for
estimating model uncertainty as a function of uncer-
tainty in the input parameters and for ranking the
uncertainty that is contributed by each input parame-
ter. The uncertainty in basin temperature makes the
largest contribution to uncertainty in the long-term
sediment discharge prediction. Application of the
model to pre-Quaternary times will result in greater
uncertainties in basin area and relief.

Our formula for mean annual temperature incor-
porates data on lapse rates from a global grid (2.5°)
and long-term (>50 year) annual temperatures from
3423 meteorological stations distributed around the
world. Algorithms are derived to relate lapse rate with
latitude. Once the effect of elevation is incorporated,
local temperature can be derived as a function of
latitude, but with distinct “arms” for latitudes greater
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than 28° north. These two arms are almost entirely
due to whether prevailing winds at the station were
coming from land or from the sea. A simple rule,
based on latitude and longitude, allows for deciding
which arm a station would plot on. Further refinement
may be possible and is a goal in our effort to reduce
uncertainty in our predicted sediment discharges.

When developing predictive formulas for global
use, it is important to distinguish between different
sources of uncertainty. Given a predictive model
formula that depends on several input variables, a
well-known theorem makes it possible to estimate
how much of the discrepancy between observations
and predictions can be attributed to errors in the input
variables. The observations on sediment load in our
database of 340 river basins have the same magnitude
of uncertainties as the model predictions; more certain
observations must become available in order to test
improvements to the model.

Our sediment discharge model produces predic-
tions within a factor of two for 75% of the rivers in
our database, across five orders of magnitude in basin
area and discharge. Most of the outliers in the model-
data comparison are the result of either sediment
trapping in lakes or reservoirs, or from land use
practices that result in excessive sediment discharge.
Engineering formulas provide an effective way of
addressing the issue of sediment retention due to
reservoirs. However, there is no global formula for
taking into account anthropogenic impacts on soil
erosion. Our model can help in identifying problems
in the observational data set, whether due to human
error, quality of sampling, time span and frequency of
sampling, or other extraordinary influences (i.e.
unique geology, geography).

Finally, we have provided examples to illustrate
how the model can also be applied to global warming
studies and the examination of paleo-climate scenarios
(warmer/colder; wetter/drier). These examples show
the utility of this kind of model, particularly in cases
where observational data is unavailable. There are
possibly 800 rivers with known sediment load esti-
mates or measurements (J.D. Milliman, personal com-
munication, 2000), but reliable measurements are
arguably known for 300 rivers. Our method provides
a mechanism for fast and reliable predictions of the
sediment loads for the thousands of rivers that have
had no sediment load determination.
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