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ABSTRACT. Empirical relationships between river sediment yields and a
large number of hydroclimatic, biological, and geomorphological parameters are
investigated at the global scale. For a set of 60 major world river basins, the
environmental characteristics were extracted from various global computer data
sets, and natural river sediment fluxes were taken from the literature. It is found
that sediment yields can be best correlated by forming the products of hydrocli-
matic and geomorphological factors, that is, runoff intensity, basin slope, an index
characterizing rock hardness, and an index characterizing rainfall variability
over the year. The best parameter combination varies to some extent when the
rivers are grouped according to their average climatic situation, but itis alwaysa
combination of the above mentioned parameters that yields the most significant
models. In arid climates, however, regression coefficients are greater than in
humid climates, indicating that erodibility is much greater in arid climates. When
extraglolated to the total continental area on the basis of the corresponding data
sets, the empirical models result in a total sediment flux of about 16 Gigatons
discharged to the oceans every year, which is in good agreement with previous
estimates derived from compilations of world-wide river data. Consequently, two
global maps are proposed showing the spatial distributions of river sediment
yields on the continents as well as the inputs of these sediments to the oceansina
grid point scale. By far most of the sediments originate from the youn§ orogenic

elts of the continents, mainly due to a combination of steep morphologies and
high runoff intensities.

INTRODUCTION

The mechanical erosion of rocks and the subsequent transport of the eroded
materials to the oceans by rivers is one of the principal landscape forming processes on
Earth. River sediment fluxes (Fyss) play an important role in various natural geochemical
cycles such as the global carbon cycle. Also the transport and cycling of human released
contaminants is often strongly coupled to the transport of sediment in rivers, since many
contaminants have some degree of associations with the particulate phase in water
(Walling and Webb, 1985; Leenheer, 1991). Beside their role in natural cycles, scientists
became interested in studying sediment fluxes because of their often drastic changes due
to human impacts on natural ecosystems. Modern changes in drainage basin characteris-
tics, for example, by river damming, deforestation, or extensive cultivation, may
significantly alter natural mechanical erosion rates and river sediment fluxes. Such
perturbations can have severe consequences for agriculture, mainly through the loss of
fertile soils. But also in the estuaries and coastal zones, where sediments end up, an
alteration of the natural river sediment supply can provoke considerable changes of the
metabolism in the coastal zone and/or of coastline morphology (International Geo-
sphere Biosphere Program, 1995).

In order to assess the response of river sediment fluxes to regional and global
change, an understanding of the main factors that control the fluvial sediment transport
to the oceans is needed. Several attempts have been made to analyze, for example, the
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relationships between mechanical erosion rates and precipitation (Langbein and Schumm,
1958; Fournier, 1960; Douglas, 1967; Wilson, 1973; Ohmori, 1983). Other authors
considered climate as the dominant controlling factor (Jansson, 1982, 1988), while again
others pointed out the great influence of basin elevation and morphology on sediment
fluxes (Schumm and Hadley, 1961; Ahnert, 1970; Pinet and Souriau, 1988; Milliman
and Syvitski, 1992; Summerfield and Hulton, 1994), or they proposed multiple regres-
sion models combining various parameters to predict sediment fluxes world-wide
(Jansen and Painter, 1974; Probst, 1992).

The purpose of this paper is to determine the main factors and relationships that
control river sediment fluxes at the global scale. Our approach is based on a set of 60
major world rivers. The hydroclimatic, biological, geomorphological, and lithological
characteristics of the drainage basins of these rivers were extracted from a large number
of environmental data sets using the digitized basin contours. These characteristics were
then used for regression analyses together with literature data on the observed sediment
fluxes of the rivers to identify the most important controlling factors.

Many of the previous investigations suffered from strong data limitations, especially
with respect to environmental parameters. The numerous global environmental data sets
used in this study allow not only a very detailed description of the investigated river
basins, but they also allow an easy extrapolation of empirical relationships over the
continents. This is important because one can test whether these relationships agree with
the observed variability of river sediment fluxes based on compilations of world-wide
river data both at regional and global scales. First, we review some of the frequently cited
literature models in this respect. Then we present and discuss the most significant
relationships we found. We show that an extrapolation of these relationships to the
overall continental area is in good agreement with the compilations of world-wide river
data not only in terms of the global budgets but also in terms of the regional variability.
Consequently, two global maps for river sediment fluxes are proposed in a grid-point
scale: one map shows global sediment yields on the continents, while the other map
shows the local inputs of the river sediments into the oceans. These maps represent,
however, natural fluxes and do not account for sediment retetion due to damming of
many rivers. In a recent study, Vérosmarty and others (1997) estimated that this effect
may have reduced the global riverine sediment discharge to the oceans by about 16
percent.

DATA AND METHODS

River basins and literature data—Figure 1 shows the global distribution of the 60 river
basins considered in this study. The river names, the average climates of the basins (see
below), and the basin areas (A) are listed in table 1. The latter have been calculated in a
0.5° X 0.5° longitude/latitude grid point resolution using the digitized contour lines of the
basins (Pinet and Souriau, 1988; Ludwig, Probst, and Kempe, 1996). Also the endoreic
parts of the continents and the continental divides with respect to the different oceans
have been digitized. The calculated basin areas compare well with other estimates cited
in the literature. Discrepancies arise only for a few river basins that border to very dry
regions, where it is difficult to define the basin limits (for example, the Nile or the Niger
basins). Together, the 60 drainage basins cover about 50 percent of the total exoreic
continental area, and they are representative of the major climates on Earth (Ludwig,
Probst, and Kempe, 1996).

Table 2 lists the estimated runoff intensities (Q) and sediment yields (sediment fluxes
divided by basin area—in the following abbreviated as sFrgs) from literature sources for
these rivers. With very few exceptions, sFrss values were taken from the recently
published Global River Index (GLORI) database (Milliman, Rutkowski, and Meybeck,
1995), but all values refer to the discharge and basin size values used in this study. This
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means that we calculated mean annual sediment concentrations by taking the sediment
fluxes and the discharge values given in the GLORI database, then multiplied these
concentrations by the literature discharge estimates of table 2 (discharge = A X (), and
finally divided the resulting sediment fluxes by the basin areas calculated in this study. In
by far most of the cases, however, this does not change the values much. Note that we
always selected the values before damming of the rivers when this information was
available. For some rivers, today’s sediment fluxes can be considerably lower. A striking
example for this is the Nile River, which now discharges almost no sediments into the
Mediterranean Sea. One has also to mention that for most of the rivers, bedload
transport has not been measured. On average, bedload transport may account for an
additional flux of about 10 percent of the suspended matter flux (Milliman and Meade,
1983).

The values in table 2 are best estimates, and the numerous problems related to the
determination of average sediment yields for river basins must be kept in mind when
considering such a data compilation. Because of the temporal sediment storage capacity
in river basins, a regular sampling for especially long time periods is needed to obtain
reliable average values, and a high frequency of sampling is particularly important
during flood periods. Naturally not all the values in table 2 could have been determined
under these optimal conditions. Note, for example, that Meade and Parker (1985)
reported from the investigation of rivers of the United States that in some cases, more
than half the sediment load for the year is likely to be transported in only 5 or 10 days
within any individual year. Also Probst and Bazerbachi (1986) found for the Garonne
River in France that 50 percent of the sediment flux measured during a seasonal cycle
was discharged within 17 days, with again about half of it within one single day.
Especially in arid and semi-arid regions, where water discharge varies markedly both
between years and within years, it is of great importance to have detailed and long term
records. The flashiness of water discharges often observed in these regions makes it
difficult to obtain observations at the ganging station at rising stages. Especially therefore
data from semi-arid areas might be less reliable than data from other climates, unless data
are automatically recorded (Jansson, 1988).

Environmental characterization of the river basins.—The above basin contours were used
to extract the climatic, biological, morphological, and lithological characteristics of the
investigated river basins from a great number of global data sets, thus allowing a
complete environmental characterization of the basins. The parameters considered and
the corresponding data sets we used are listed in table 3. For each basin and each
parameter, one area-weighted mean value was calculated. One problem with such a
proceeding is the huge difference in size between the investigated river basins. For some
of the large basins, the climatic variability within the basin can be great (Ludwig, Probst,
and Kempe, 1996), making an average basin value not always meaningful. Nevertheless,
previous studies often proposed basin area itself to be an important controlling factor for
river sediment yields (Milliman and Syvitski, 1992), and for this reason we think that it is
important to include a broad range of basin sizes in a study like ours rather than to select
only river basins of more or less the same size. Note that all calculations were made in a
0.5° X 0.5° longitude/latitude grid point resolution. As the original resolution of the
considered data sets is different (table 3), we either extrapolated or interpolated the data
linearly to this resolution.

Many of the global environmental data sets we used are freely available for scientific
purposes. The data sets for Q) and APPT have been created at our institute by digitizing
and rasterizing (Ludwig and others, in press) the maps of the UNESCO Atlas of World
Water Balance published by Korzoun and others (1977). A comparison of the  values
resulting from the digitized data set with the values on table 2 for the 60 rivers
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Fig. 1. World-wide distribution of the river basins investigated in this study. The river names corresponding to the numbers are listed in table I.



investigated in this study revealed that the UNESCO maps are a realistic representation
of average runoff intensity on the continents. Because the UNESCO precipitation maps
give only mean annual values, we derived mean monthly precipitation totals by applying
the monthly percentages of annual precipitation resulting from the monthly precipitation
data sets of Legates and Willmott (1992) to the digitized and gridded UNESCO

precipitation data
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set.

TABLE 1

Digitized river basins, their basin areas, and their average climates

River Basin Basin  Area, CI° River Basin Basin  Area, CI® River Basin Basin  Area, CI”
¢ 10°km? # 108 km? #  10°km?
Amazon 1 5.903 (8) Yukon 21 0843 (5) Liao He 41 0188 (7)
Zaire 2 3.704 (8) Huanghe 22 0823 (@ Rufiji 42 0.180 (&)
Mississippi 3 3246 (T Danube 23 0.773  (7) Rio Negro (Argentine) 43 0.175 (4
Ob 4 3.109 (3) Orange 24 0716 (6) Hungho 44 0159 (8)
Parand s 2.868 (8) Colorado 25 0.708 (4) Rhine 45 0.156  (7)
Yenisei 6 2567 (5) Columbia 26 0.664 (7) Brazos 46 0.127 (6)
Lena 7 2465 (5) Kolyma 27 0639 (5) Loire 47 0107 (1)
Amur 8 1926 (7) Sao Francisco 28 0.621 (6) Rhéne 48 0097 (7)
Nile 9 1.874  (6) Si Kiang 29 0464 (8) Tana 49 0089 (6
Changjiang 10 1822 () Irrawaddy 30 0419 (8) Garonne ™" 350 0079 (D)
Ganges/Brahmaputra 11 1.636  (8) Don 31 0413 (7) Po 51 0.067 (7)
Mackenzie 12 1.615 (5 Senegal 32 0.369 (6) Gambia 52 0.063  (6)
Niger i3 1540 (6) Indagirka 33 0358 (5 Fly 53 0.058 (8)
Zambesi 14 1413 (6) Limpopo 34 0344 (6) Susitna 54 0.057 (5
Murray 15 1.131  (6) North Dvina 35 0329 (%) Purari 55 0.040 (8)
St. Lawrence 16 L.114 () Godavari 36 0311 (6) Tiber 56 0.016 (7)
Orinoco 17 1.026 (8) Magdalena 37 0285 (B) Rioni 57 0016 ()
Tigris/Euphrates 18 0927 (6) Fraser 38 0248 () Severn 58 0013 (7)
Indus 19 0912 (6) Yana 39 0243 (5) Waikato 39 0012 (7)
Mekong 20 0864 (8) Mahandi 40 0190 (6) Ems 60 0.000 (7)

* Clis a climatic index characterizing the average climate of the entire river basin—see text: (4) temperate dry;
(5) tundra and taiga; (6) tropical dry; (7) temperate wet; (8) tropical wet.

** Includes Dordogne.

TABLE 2
Drainage intensity and sediment yields for the rivers of table 7

River Basin Runoff, SF e River Basin Runoff, sFy. River Basin Runoff, SF o
mm tkm? yr" mm tkm? yr! mm t km2 yr"
Amazon 1067 % 203 ¢ Yukon 249 ™ # T Liao He 8s* 218"
Zaire 3737 13 Huanghe 72 1338 # Rufiji 173 * 95 ¥
Mississippi 1517 123 # Danube 239" 107*  Rio Negro (Argenting) 163" 72*
Ob 134 ° st Orange 15 # 124 % Hungho 753 # 815 #
Parana 189 ° 327 Colorado 28 # 190 % Rhine 462" 16 #
Yenisei 229" b Columbia 2807 17°* Brazos 54" 122#
Lena 216 " 8" Kolyma 2137 26 # Loire 246 " 7 #
Amur 178 ° 29 % Sao Francisco 193 % 10* Rhone 559" 580 #
Nile 487 64 * Si Kiang 646 * 149 # Tana 81" 1000 @
Changjiang 5107 264 % Irrawaddy 1026 # 620" Garonne 359 % 77 %
Ganges/Brahmaputra 737 * 640 * Don 66 " 16 *# Po 707" 277 %
Mackenzie 167 * 51k Senegal 68 " 65" Gambia 133798 54
Niger 130 % 26 # Indagirka 163 35* Fly 1325 % 1377
Zambesi 7L 344 Limpopo 15# 96 * Susitna 3683 193 #
Murray n* 254 North Dvina 318" 124 Purari 2137°% 2514 %
St. Lawrence 404 # 47 Godavari 323" 348 # Tiber 466 * 472*
Orinoco 1072* 205 % Magdalena 843 " 773 % Rioni 966 " 572 #
Tigris/Euphrates 17" 255 # Fraser 3967 72F Severn 485 " 82 #
Indus 263 * 274 7 Yana 1347 14# Waikato 1074 % 132*
Mekong 544 % 185 # Mahandi 495" 451 * Ems 404 £ 27 @

Sources: *, Global Runoff Data Centre Koblenz, 1991; #, references are listed in Milliman, Rutkowski, and
Meybeck, 1995; t, Charania, 1988; %, Probst, ms; §, Lesack, Hecky, and Melack, 1984; $, Meybeck, ms;
adée, 1987; @, Milliman and Syvitski, 1992.

£>
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TABLE 3
Environmental parameters considered in this study

Parameter Environmental parameter Abbrevi- Resolution Source
group : ation
hydroclimatic monthly and annual temperature mean (°C) MT, AT 0.5° % 0.5° Legates and Willmott, 1992
parameters monthly and annual MPPT. 0.5° x 0.5°  this study; Korzoun ant others. 1977;
precipitation total (mm) APPT Legates and Witlmott, 1992
mean annual runoff intensity (mm) Q 0.5° x0.5°  this study; Korzoun ant others, 1977
seasonal precipitation variability (mmy) Four 0.5° = 0.5° CORINE, 1992; Fournier, 1960
Aridity Index Arln 0.5° x 0.5° CORINE, 1992
biological biomass density (kg/m?) VegC 0.5°x0.5° Olson, Watts. and Allison. 1983; 1985
parameters netto primary production (kg/m?) NPP 0.5°x0.5°  Otson, Watts, and Allison, 1983; 1985
forest ratio (% of all vegetation types / 100) ForR 0.5° x 0.5° Olson, Watts. and Allison, 1983; 1985
Claussen and others, 1994
oranic carbon content in the soils (kg/m?) SoilC 10" = 10 USDA Soil Conservation Service
pedological average soil depth (cm) SoitH 1ex1° Webb, Rosenzweig. and Levine. 1991
parameters average soil texture Soil TI 1ox 1 Webb, Rosenzweig, and Levine. 1991:
CORINE, 1992
morphological modal basin elevation (m). maximum basin Elev, 10" < 1¢' FNOC, 1992
parameters - elevation (m) ElevM
local retief (m) LR 10" < 10" FNOC, 1992; Ahnert, 1970
surface slope (radian) Slope 3§ Moore and Mark, 1986
lithological chemical erodibility index of lithology LithCl 1°x1° Amiotte Suchet, 1995
parameters mechanical erodibility index of lithology LithM1 e x e Probst, 1992
anthropogenic mean population density (h/km?) PopD 25°%x25° Ahamer and others, 1992
parameters percent of cultivated area (%) CultA 0.5° x 0.3°  Olson, Watts, and Allison, 1983; 1985

Among the hydrocliplatic parameters, two parameters were calculated accounting
for seasonal variability. According to CORINE (1992), we quantified the seasonal
variability of precipitation by calculating the sum of the square of mean monthly
precipitation over mean annual precipitation for all 12 months of the year (see also
Ludwig, Probst, and Kempe, 1996). This parameter was named Four because Fournier
(1960) proposed a very similar index, although he only selected the ratio of the square of
precipitation of the month with the greatest value over the annual precipitation total.
Moreover, seasonal aridity was characterized as dimensionless parameter, by taking the
sum of two times the mean monthly temperature minus the monthly precipitation total
for all months of the year where this value is positive (CORINE, 1992).

The average organic carbon content in the soils was determined on the basis of a
global data set created at the Soil Conservation Service of the United States Department
of Agriculture. As additional soil parameters, we included in this study the data sets of
Webb, Rosenzweig, and Levine (1991) which contain information on the soil texture and
the soil profile thickness in a spatial resolution of 1° X 1° longitude/latitude. However,
spatial resolution is misleading here if one takes it as a measure for the spatial precision of
the data. The data sets were created by extrapolating the selected soil profiles represent-
ing each soil type in the FAO soil maps over the continents, following the FAO soil map
digitized by Zobler (1986). Local and regional variability, for example, of soil depth due
to climatic and morphological variability is thus not taken into account here. We used
this data set also to derive an index for soil erodibility based upon the average soil
texture. The average soil composition of each grid element was plotted in a soil texture
triangle (percent clay, percent silt, percent sand) and a three-point scale ranging from 1
(slightly erodible) to 3 (highly erodible) was assigned depending on the position of the
grid element in the triangle. Also this assignment was made according to CORINE
(1992).
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Information on lithology was taken from two global data sets created at our institute
during previous studies. One data set classifies the major rock types on the continents
according to their resistance to mechanical erosion, assigning a numerical index (LithMI)
to each rock type. LithMI ranges from 1 to 40 with 1 = plutonic and metamorphic rocks,
2 = volcanic rocks, 4 = consolidated sedimentary rocks, 10 = different rock types in
folded zones, 32 = non-consolidated sedimentary rocks, and 40 = recent alluvials
(Probst, 1992). A second global lithological map was developed to predict the consump-
tion of atmospheric CO; by rock weathering (Amiotte-Suchet, 1995; Amiotte-Suchet and
Probst, 1993a, b, 1995). This map allows us to assign a numerical index characterizing
the resistance of each rock type to chemical erosion (LithCI).

Finally one must also mention that all climatic distinctions made in our study follow
the simple climatic classification of Ludwig, Probst, and Kempe (1996). This classifica-
tion is based on the repartition of a given site in the Holdridge Life Zone Triangle
(Holdridge, 1947), depending on its average temperature and precipitation patterns
only. On the whole, eight climate types are distinguished: (1) polar with ice; (2) polar
without ice; (3) desert; (4) temperate dry; (5) tundra and taiga; (6) tropical dry; (7)
temperate wet; (8) tropical wet. All river basins were classified according to the average
temperature and precipitation characteristics of the entire basin. We consider to be dry
all climate types that fall either into the tropical or temperate dry climate type, or that are
desert. Consequently all other climate types are wet climate types. As far as we did our
calculations on a grid point level, we applied the same classification to the individual grid
points of the continents. Note that all regional and global budgets given in this study refer
only to the exoreic and ice-free areas of the continents, which we calculated to be about
106 X 109 km? on the whole.

PREVIOUS MODELS FOR THE PREDICTION OF RIVER SEDIMENT FLUXES

The following sections review some of the different models proposed in the
literature for the empirical prediction of river sediment yields. Table 4 gives an overview
of these models. The literature review is interesting not only because it gives a
state-of-the-art in the field of modelling but also because it mentions additional data,
which could not be included in our study. All models predicting mechanical denudation
rates estimated them from river sediment fluxes, so that the two terms can be considered
as synonyms here, which is, due to possible uplift and subsidence of river basins, not the
case in general. Whenever this was possible, we applied the proposed relationships to the
data sets used in this study, and the resulting amounts of total sediments that should be
discharged to the oceans according to the relationships were calculated to get an-order-
of-magnitude estimate when the authors did not extrapolate their findings to the global
scale. The calculated figures may then be compared with global and regional estimates
for river sediment fluxes that were made based upon compilations of world-wide river
data. Such compilations have been done, for example, by Holeman (1968) or by
Milliman and Meade (1983), resulting in global fluxes of about 20 Gt (gigatons, 109 t) and
13.5 Gt {with an upper limit of 16 Gt) per year, respectively. In a more recent work based
upon a greater number of river data especially for small basins, Milliman and Syvitski
(1992) supposed that global Frgs may be as great as 20 Gt/yr.

Relationships with precipitation.—Precipitation has been widely held to have a predomi-
nant influence on river sediment yields. Several non-linear relationships have been
proposed linking the two parameters. Some are depicted in figure 2. Although there is
little agreement in detail between these postulated relationships, certain common
elements emerge. An initial peak of erosion is observed in semi-arid environments, and a
progressive increase in denudation above a mean annual precipitation value of about
1000 mm occurs. The existence of such a two-maxima curve has been at least partly
related to the role of vegetation. The presence of vegetation greatly reduces the
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TABLE 4
Summary of the different models for sediment yield prediction discussed in the text

i’aramelers used Global
Study for sediment yield  (Regional) Remarks
prediction ” Frss,
Gt/yr
Langbein and Schumm, 1958 APPT (10.8)®  Hand-fitted relationship. The given sediment flux corresponds only to
: ‘about 42% of global APPT (250-1250 mm range).
Douglas, 1967 APPT (11.5)%  Hand-fitted relationship. The given sediment flux corresponds only to
about 42% of global 4PPT (250-1250 mm range)
Wilson. 1973 APPT (19.3)%  Hand-fitted relationship. The given sediment flux corresponds only to
about 42% of global APPT (250-1250 mm range).
Ohmori, 1983 APPT 56.6%  As above, but the relationship was also extrapolated to the remainder
58% of global APPT (incl. > 1250 mm range) - see text
Fournier, 1960 Four, Relief 64.0 Sediment yiclds were correlated with a seasonality index for
precipitation. Different relationships for different relief types.
Pinet and Souriau, 1988 Elev, Orogeny 1623 2 linear relationships with elevation depending on the orogeny type.
Type Important sedimentation (17.6 * Gt/yr) in young orogenies.
Ahnert. 1970 LR 93%  Linear relationship with local retief (which is the difference between
maximal and minimal elevation in a given sector).
Jansen and Painter, 1974 Q. A, Elev, Slope 267 Multiple correlation models depending on the climate type to which
AT, LithMI #, Vegl the drainage basins belong. Variable basin sizes.
Probst. 1992 - model 1 Stope, Q. APPT, 229 Multiple correlation model on the basis of data from targe river basins.
Vegl § Best model including 4 variabics.
Probst. 1992 - model {i Slope, LithMI. APPT 217 Multiple correlation model on the basis of data from targe river basins.
Q, Vegl Best model including 5 variables.

* For parameter abbreviations, see table 3.
# Note that the index Jansen and Painter (1974) used is different compared to the one used in this study—see
text.

§ Ve%l is an index characterizing the soil protection capacity of vegetation—see text.
$ Values calculated in this study.

1000

extrapolated)
Ohmori, 1983 :

Wilson, 1973

Denudation 100
Rate
(mm/kyr) 1

T T T T T T v T T T T
0o . 400 800 1200 1600 2000

Mean Annual Precipitation (mm)

Fig. 2. Pr())posed relationships between denudation rate and mean annual precipitation {figure from Summer-
field, 1991).
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erodibility of surface materials, and the abrupt retardation of mechanical denudation
rates above the precipitation value at the first maximum was attributed to a marked
increase of vegetation cover (Langbein and Schumm, 1958). With increasing precipita-
tion, the maximum protective effect of vegetation may be reached, and beyond a certain
threshold value, increasing precipitation (and thus also runoff) tends to increase the rates
of mechanical erosion.

Langbein and Schumm (1958) proposed a mathematical formula for their relation-
ship, but normally the curves in figure 2 were obtained through a by-hand-fitting of data
points, often with a great scattering of the data around the curve (as noted, for example,
by Wilson, 1973). Because all curves cover the APPT-range of 250 to 1250 mm, we fitted
spline interpolations to them in this range and then calculated the corresponding
sediment fluxes by applying the relationships to the global precipitation data set used in
this study. According to Summerfield (1991), a mean rock density of 2700 kg/m3 was
taken for the conversion of denudation rates to weight units. This leads to sediment
fluxes between 8.8 and 19.3 Gt/yr (table 4). Note that the 250 to 1250 mm precipitation
range contributes about 42 percent of total precipitation falling on the continents.

For the remainder 58 percent of precipitation, an estimation of the corresponding
Frss values is, of course, speculative. Taking only the relationship of Ohmori (1983),
which is based on the largest set of observations (as mentioned in Summerfield, 1991), an
extrapolation of the curve up to 2000 mm (see fig. 2) yields an additional sediment flux of
23.4 GUyr for the 1250 to 2000 mm precipitation range, corresponding to about 27
percent of total precipitation. Assuming then that the curve does not increase further
above 2000 mm and that the denudation rate remains constant, yields again a sediment
plus of about 24.4 Gt/yr for the rest of total continental precipitation {the <250 mm
precipitation range can be neglected here). The total amount of sediment that should be
discharged to the oceans according to the relationship of Ohmori would therefore sum
up to a value of about 57 Gt/yr.

It must be stated that the above made extrapolations are naturally debatable, and
the calculated sediment fluxes should only be considered as order-of-magnitude esti-
mates. But the extrapolations indicate that the proposed sediment yield-precipitation
relationships tend to produce much higher global sediment fluxes compared to the
world-wide river data compilations (see above), at least as far as they include a second
maximum in the range above 1000 mm (all curves except the one of Langbein and
Schumm, 1958).

In this context, it is also interesting to mention the approach of Fournier (1960) to
predict sediment yields, even if he established individual regressions for different ranges
of relief, and this approach can thus be considered as a combined parameter model
(combined parameter models are discussed below). He selected the month of the year
where precipitation is greatest and proposed river sediment yields to be correlated with
the ratio of the square of this monthly precipitation over the mean annual precipitation.
Fournier’s approach underlines the importance of a strong seasonality of precipitation
for sediment fluxes, but his index is naturally also highly correlated with total precipita-
tion. When he extrapolated his models to the total continental area, he calculated an
overall sediment flux of more than 64 Gt/yr, which is also far above from what is found
with the world-wide river data compilations.

Relationships with climate—Because precipitation is a central element of climate, the
relationships discussed above can be considered a special case of sediment yield-climate
relationships. Climate, however, is characterized by a multitude of additional parameters
and factors, of which temperature and seasonal variability are the most important.

One of the most extensive studies investigating the relationships between sediment
yields and climate is the one of Jansson (Jansson, 1982, 1988). She used a climatic
classification modified from Képpen’s classification (Képpen, 1936) which is different
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from the classification applied in this study because the Koppen classification also
distinguishes seasonal features such as the occurrence of dry or wet periods or monsoon
rains. Jansson reported very high sediment yields in the non-seasonal tropical climate but
relative low values in the tropical climate with a dry season (although a great scatter
occurred in nearly all climate classes that were studied). In contrast, the warm temperate
climates with a dry season were found to exhibit rather high values but not the warm
temperate climates without a dry period. Boreal climates were found to have low values,
except for climates being boreal as a consequence of altitude rather than of latitude,
where sediment yields were usually greater. Jansson did not try to extrapolate her
findings to the global scale to reach an estimate for the total sediment flux to the oceans,
probably because of the great amount of scatter in the data. But one may state here that
her investigations confirm to some extent the trends emerging in the above discussed
sediment yield-precipitation relationships: great sediment yields were found both in dry
regions (which may correspond to the first maxima in the Figs-APPT curves of fig. 2) and
in very humid tropical regions (which may correspond to the second maxima). However,
the great scattering in her data indicates that climate alone is probably not a useful
criterion to predict river sediment yields.

Relationships with basin elevation and morphology—Many studies have pointed out the
great influence of basin elevation and morphology on river sediment fluxes, but only a
few of them proposed mathematical relationships. Among these studies are the ones of
Pinet and Souriau (1988) and the one of Ahnert (1970). The former authors found river
sediment fluxes to be linearly correlated with mean basin elevation, whereas the latter
author proposed a linear, relationship with local relief, which is the difference between
maximal and minimal elevation in a given sector. For the study of Ahnert this is not
completely true because he considered both chemical and mechanical denudation rates,
even if it can be supposed that by far the larger parts in the values he used should reflect
sediment transport. ’

Looking mainly at river sediment yields of large world rivers, Pinet and Souriau
(1988) proposed the following two equations to describe mechanical denudation glo-
bally:

Ds = 419 X 107% Elev — 0.245 (1)
Ds = 61 X 107% Elev (2)

Ds is the mean denudation rate in m/kyr, and Elev the mean basin elevation in m.
Eq(1) is valid for mechanical denudation taking place in regions related to orogenies
younger than 250 my, while eq (2) is related to orogenies older than 250 my. The
considerable intercept in eq (1) was attributed by the authors to continental sedimenta-
tion in the basins associated with young orogenies.

An assignment of the crust ages of the continents is needed to apply these equations
to the total continental area on the basis of the elevation data used in this study. For a
first-order-approximation, we followed the distribution given by Burchfiel (1983) and
classified all grid points of the continents according to whether they belong to regions
older than 250 my or to regions younger than 250 my (fig. 3). Pinet and Souriau selected
this limit to separate young and old orogenies. Then egs (1) and (2) were applied to the
corresponding regions, resulting in a total sediment flux to the oceans of about 16.2
Gt/yr. About 5.2 Gt/yr originate from old continental crust (73 percent of the total area),
while 11 Gt/yr come from young continental crust (27 percent of the total area). In the
latter regions, however, more than 17.6 Gt/yr should be stored by continental sedimen-
tation according to the negative intercept in eq {1). This is more than the total amount of
sediments exported to the oceans. Note that for the calculations, only a mean rock
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Fig. 3. Distribution of continental crust younger than 250 my (modified from Burchfiel, 1983).

density of 2500 kg/m?® was taken this time for the conversion of denudation rates to
sediment fluxes according to the value taken by Pinet and Souriau.

The global sediment flux estimate derived is in better agreement with the estimates
from the world-wide river data compilations than is the case for the sediment yield-
precipitation relationships discussed above. But correlating river sediment yields with
elevation can hardly be justified on the basis of a causal relationship between both
parameters, because the flux of sediment at a specific location should be a function of the
gradient at that point, irrespective of its elevation above mean sealevel. This has also
been pointed out by Summerfield and Hulton (1994) who did a compilation of sediment
yield data for major world rivers together with a detailed characterization of the
morphology of the basins. They reported that, at first sight, the idea that mechanical
denudation rates vary as a function of mean elevation would appear to be supported by
their data, but they show at the same time that basin elevation is also strongly correlated
with other topographic factors, which show even greater correlation with sediment
yields, such as, for example, basin slope.

For this reason, it is interesting to look at the study of Ahnert (1970), because he
related denudation rates to local relief instead of mean elevation. He proposed the
following equation to be the best model for denudation rates:

Ds =153.5 X 107°LR — 10.88 x 1073 (3)

Ds is again the mean denudation rate in m/kyr, and LR the local relief in m. In his
work, Ahnert showed also that local relief is strongly correlated with slope, but it is
difficult to apply the relationship he found to the slope data used in our study. In order to
apply eq (3) to the global scale, we derived therefore from the elevation data used in this
study a global LR data set by calculating the difference between maximal and minimal
elevation in a 10’ X 10’ longitude/latitude resolution. This is comparable with the
approach of Ahnert. He derived local relief by taking the values from topographical
maps within sectors of 400 km? each, while a 10’ X 10’ grid element at the equator
comprises an area of about 340 km.? This is not greatly different but nevertheless finer
than the resolution selected by Ahnert, in as much as the size of one sector naturally
decreases when going to higher latitudes. With the data set thus created, a global
sediment flux to the oceans of about 9.3 Gt/yr is found with eq (3) (again a mean rock
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density of 2500 kg/m? was taken for the conversion of denudation rates to sediment
fluxes according to Ahnert). Given the fact that a finer resolution tends to produce
greater LR values than a coarse resolution, this is an upper limit.

The global scale éxtrapolations of the relationships presented here are naturally
dependent on the question of to what extent the data used to establish the relationship
are representative at the global scale. If this is the case, however, one may conclude thata
simple coupling of sediment yields to morphological parameters requires either a very
different behavior of mechanical denudation in the young orogenic belts of the conti-
nents (according to eqs 1 and 2 about 10 times greater than in the older parts of the
continents), or it leads to erosion rates that tend to be somewhat too low compared to the
estimates derived from the world-wide river data compilations. This is true in as much as
the global sediment fluxes calculated with the morphological parameter models should
be maximum values because they include also some desert parts of the continents, where
nearly no water runs off,

Combined parameter models—Because of indications both for climatic and morphologi-
cal controls, one may finally look at combined parameter models proposed to predict
river sediment yields globally. Jansen and Painter (1974) investigated sediment yields for
79 river basins (basin area > 5000 km?) together with 8 potential controlling factors:
runoff intensity (Q, mm), basin area (A, km?), mean elevation (Elev, m), Slope (relief
length ratio = equivalent to main channel slope, m/km), annual precipitation total
(APPT, mm), mean annual temperature (AT, °C), an index characterizing the soil
protection capacity of vegetation (Vegl, deserts = 1 to forest = 4), and an index charac-
terizing the softness of lithology (LithMI, 2 = hardly erodible to 6 = easily erodible). For
all rivers together, they found the following model to be the best model to predict
sediment yields globally (the unit of sFrgg is t km =2 yr~1):

log sFrgs = 0.100 log Q — 0.314 log A + 0.750 log Elev + 1.104 log Slope
+ 0.368 log AT + 0.786 log LithMI - 2.324 Vegl — 2.032 (4)

Jansen and Painter (1974) also grouped the basins according to a fourfold climatic
classification and repeated the statistics within each of the groups. The trends in the
resulting equations remained similar to those of eq (4). Sediment fluxes increased with
increasing runoff, altitude, relief, precipitation, temperature, and rock softness, and they
decreased with increasing basin area and increasing vegetation protection, even if some
prominent exceptions occurred. Based on their different climatic models, they extrapo-
lated the global sediment flux to be 26.7 Gt/yr.

In a similar study, Probst (1992} proposed on the basis of data for large river basins
two multiple regression models to predict sediment fluxes with 4 and 5 parameters,
respectively:

In sFrgs = 0.9655 In Slope + 0.0023 Q + 0.5692 In APPT — 0.8660 Vegl + 1.561 (5)

In sFpss = 1.028 In Slope + 0.0365 LithMI + 0.6932 In APPT
+0.0016 Q — 0.7516 Vegl — 72.3 X 1073 (6)

Variables and units are the same as in eq (4), but this time Slope was calculated in
the same way as in this study (but the unit is percent), Vegl ranges from zero to 6 (desert
to forest), and LithMI is the same index used in this study (see above). When he applied
eqs (5) and (6) to the’corresponding parameter averages calculated for 10° latitudinal
bands, he found total sediment fluxes of 22.9 and 21.7 Gt/yr, respectively.

As may be expected, the global sediment flux estimates derived by the combined
parameter models lie between the estimates obtained from the regression models
uniquely based on precipitation data and the models uniquely based on morphological
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data. However, one has to mention here that the above described combined parameter
models are very scale-dependent. The flux estimates have been established on the basis
of large scale averages, and it is doubtful whether similar results would be obtained if
equations were applied to finer spatial scales because many parameters enter the
equations in an exponential way.

A NEW APPROACH FOR THE MODELLING OF THE CLIMATIC, MORPHOLOGICAL AND LITHOLOGICAL
CONTROL OF RIVER SEDIMENT YIELDS

We have seen on the previous pages that literature models for the prediction of river
sediment yields can be highly variable with respect to the retained controlling param-
eters, as well as with respect to the total sediment fluxes they predict. This makes the
applicability of these models for prediction purposes highly questionable. We therefore
investigated what the major controlling factors for river sediment yields are on the basis
of the data used in this study, and whether it is possible to use them for prediction of
sediment yields not only on global but also on regional scales.

Identification of the controlling parameters—Figure 4 shows a graphically presented
correlation matrix between sediment yield (sFrss) and most of the environmental
parameters determined for the 60 river basins investigated in this study. The environmen-
tal parameters are listed in table 5. One can see that runoff (Q) has the strongest
correlation with sFrgs among all parameters considered. The next strongest correlation
with sFrgs includes total annual precipitation (APPT) and seasonal precipitation variabil-
ity (Four). VegC, LithMI, and Slope correlate much less well. Correlation of certain
variables with sFrgs does not necessarily indicate a causal relationship because multicol-
linearity exists between various parameters. Strong multicollinearity exists especially

Fig. 4. Correlation between sediment yields (sFrss) and different environmental parameters (bold lines; only
regressions significant with P < 0.1 are depicted) for the 60 river basins of table 1, as well as correlation
between these environmental parameters (fine lines; only regressions with correlation coefficients < —0.5 and
> +0.5 are depicted). Four parameter abbreviations, see table 3 {p. 270).
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TABLE 5
Average environmental characteristics for the rivers of table 1

AT, APPT, Four. VegC, NPP, ForR, SoilC, Elev. Slope. SoilH, LithMI, CultA. PopD,

River °C mm mm  kg/m? kg/m? % kg/m? m radian cm % h/km?
Amazon 241 2228 235 1L.7  0.669 68 11.2 455 0.0434 226 224 09 2
Zaire 23.6 1541 173 84  0.603 59 10.7 775 0.0370 310 9.6 35 15
Mississippi 11.0 893 86 3.1 0487 19 123 646 0.0497 214 16.1 384 27
Ob -0.4 524 57 44 0406 30 292 305 00345 216 260 126 7
Parana 212 1223 135 33 0424 19 113 503 0.0443 228 19.8 15.1 14
Yenisei 4.6 355 72 76 0377 55 15.4 769 0.0855 93 9.6 2.7 2
Lena -85 445 59 60 0318 50 13.6 608  0.0857 49 77 1.6 ]
Amur -1.0 391 97 69 0472 51 236 571 0.0699 137 11.6 7.3 29
Nile 242 816 111 28 0454 23 10.8 892 0.0577 221 5.2 17.8 28
Changjiang 14.5 1164 143 53 0457 31 12.8 1527 0.1321 196 123 255 205
Ganges/Brahm. 218 1516 269 3.7 0477 22 12.1 1406 0.1353 153 208 379 193
Mackenzie =35 463 46 82 0375 60 349 634 0.0964 184 85 02 1
Niger 27.1 1079 180 3.1 0467 30 6.1 377 0.0303 294 11.9 9.5 3
Zambesi 213 930 163 54 03522 43 7.4 994 0.0450 249 144 12.0 21
Murray 17.8 466 42 40 0444 31 84 272 0.0337 161 15.8 20.5 6
St. Lawrence 55 1058 92 58 0519 43 147 274 0.0407 210 4.6 24.1 25
Orinoco 25.6 2124 225 82 0592 51 124 347 0.0549 228 238 2.1 13
Tigris/Euphrates 203 287 42 16 0.332 5 3.6 625 0.0933 200 159 232 46
Indus 19.8 393 98 22 0331 1t 33 1671 0.1476 92 20.9 19.6 121
Mekong 232 2225, 322 8.1 0609 55 11.1 854 0.0858 210 135 16.2 59
Yukon 42 502 55 42 0251 35 19.7 748 0.1468 219 12.5 0.0 <]
Huanghe 8.7 501 78 20 0367 8 11.0 1839 01196 179 225 298 157
Danube 9.4 889 81 41 0577 28 15.5 514 01250 154 21.7 56.0 125
Orange 18.0 427 34 14 0318 6 38 1256 0.0484 160 13.2 53 9
Colorado 133 429 44 42 0322 24 43 1505 01718 176 1.2 2.1 6
Columbia 7.3 796 79 85 0442 43 8.1 1336 02197 232 49 10.1 16
Kolyma -10.2 415 46 37 0246 28 104 590 0.1195 24 12.0 0.0 <1
Sao Francisco 231 1132 156 4.0 0468 32 6.5 627  0.0449 261 6.0 5.7 45
Si Kiang 20.7 1595, 201 28 0463 11 10.4 598 0.0805 198 9.6 304 199
Irrawaddy 23.1 1936~ 298 85 0.631 56 10.9 745 0.1477 242 229 153 39
Don 6.8 583 53 1.2 0.500 2 11.6 138 0.0147 234 22.0 73.2 37
Senegal 283 674 147 2.7 0466 29 32 223 0.0216 133 14.3 10.3 6
Indagirka ~14.5 342 . 44 36 0.241 27 10.7 738 0.1261 37 14.8 0.0 <1
Limpopo 20.2 738 101 32 0434 30 6.5 795 0.0498 189 10.2 14.0 1
Northern Dvina 0.6 738 73 8.1 0.466 68 249 127 0.0141 343 193 0.5 1
Godavari 26.6 1149, 216 38 0.568 30 11.6 399 0.0433 154 48 442 260
Magdalena 234 2225 219 53 0.548 38 1.0 1224 02527 194 16.5 7.5 21
Fraser 53 953 90 142 0585 81 92 1173 0.2555 178 7.4 24 1
Yana -14.6 310 48 3.5 0235 25 10.1 746 0.1290 30 11.6 0.0 <1
Mahandi 265 1563 295 4.7  0.590 29 83 318 0.0497 147 7.0 50.0 412
Liao He 6.3 635 1t 36 0.503 23 17.3 488 0.0698 166 163 455 203
Rufiji 21.8 1061° 168 42 0496 35 93 864 0.0963 248 10.0 12.3 52
Rio Negro (Arg.) 12,5 370 - 40 1.7 0264 9 39 697  0.0773 178 9.3 42 14
Hungho 21.1 1843 263 77 0.605 56 10.7 897 0.1315 306 11.0 133 133
Rhine 8.1 1213 105 53 0539 33 17.8 379 01372 189 183 446 190
Brazos 18.1 795 74 25 0471 15 12.3 438 00255 256 182 247 24
Loire 10.9 969 83 33 0.569 23 15.0 306 0.0667 161 8.7 50.8 135
Rhéne 102 1131 99 3.7 0513 30 144 805  0.2443 127 88 * 332 103
Tana 245 525 77 47 0473 41 6.1 403 0.0383 316 1.1 11.1 31
Garonne 1.5 1079 93 47 0540 31 13.7 483 01211 139 - 58 360 71
Po 11.8 1049 95 35 0492 24 145 501 0.1903 161 212 53.1 167
Gambia 266 1067 214 23 050! 22 35 223 00336 172 15.5 237 9
Fly 262 3455 327 126 0512 60 11.6 198 00714 234 320 0.0 9
Susitna -0.5 711 76 4.1 0226 29 17.4 790 0.1899 186 18.3 0.0 1
Purari 22,5 3402 294 151 0.706 75 18.4 1176 02276 177 20.4 0.0 22
Tiber 131 1153 108 44 0533 39 17.7 437 02542 111 9.5 0.0 62
Rioni 83 1410 121 2.0 0486 9 100 1421 03093 23 132 283 26
Severn 9.4 981 84 1.0 0.600 0 16.7 153 0.0584 165 93  100.0 389
Waikato 1.7 1837 157 74 0.590 59 159 433 0.0922 140 10.0 0.0 3
Ems 8.6 1043 89 1.6 0.580 6 273 113 0.0391 213 24.1 80.0 169

For parameter abbreviations, see table 3 (p. 270).

between the different hydroclimatic variables as well as between the hydroclimatic and
the biological variables. The good correlation between Q and VegC may explain, for
example, why there is a positive correlation between VegC and sFrgs, whereas one
should expect an inverse relationship between both parameters because of the protec-
tion of the soils against mechanical erosion by a dense plant cover (as discussed above).
Note that no multicorrelation occurs between the hydroclimatic and the geomorphologi-
cal parameters.
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Linear multiple correlation statistics do not yield a significant increase in the
correlation between sFrgs and the parameters shown in figure 4, when compared to the
correlation between sFrgg and Q, However, some improvement is obtained by using the
product of certain parameters. The following equation gives the best model to describe
the sediment fluxes globally:

sFrss = 0.020 (Q X Slope X Four)
n=58 r=091, P<0.000] (7)

The units are t km~2 yr~! for sFrgg, mm for @ and Four, and radian for Slope; r is the
correlation coefficient, P is the significance level, and n is the number of river basins
considered in the equation. Note that the product of Q, Slope, and Four (in the following
also P3) was calculated by forming the product of all grid points in the basins and not as
the product of the basin averages. Including our index characterizing the abundant basin
lithology with respect to mechanical erosion (LithMI) in the parameter product can still
increase the correlation coefficient (r = 0.93), but this leads to a significant positive
intercept (P < 0.1) in the regression, which makes the model less suitable for sediment
yield predictions.

In eq (7), we omitted the Huanghe River in China and the Tana River in Kenya
from the regression. Both rivers have by far the greatest specific sediment fluxes of all
rivers included in this study. The extreme sediment yield found for the Huanghe River is
related to one of its tributaries, the Huangfuchuan River. This tributary drains a highly
erodible loess-covered terrain, leading to a specific sediment export of more that 50000
t km~2yr~! (Summerfield, 1991). Such local particularities cannot be taken into account
in a study such as this one. It has been show that it is probably the interaction of the great
erodibility of the abundant loess together with its extensive agricultural use that leads to
the extremely great sediment fluxes of the Huanghe River (Milliman and others, 1987).
Also the high sediment load of the Tana River seems to be related to a particular, very
erodible region in the basin (Charania, 1988), but the literature value for this river may
also to be less reliable.

On the basis of our global Q, Slope, and Four data sets, eq (7) results in an average
global sediment yield of 139.4 t km~?yr~! when applied to a total continental area
(exoreic and ice-free). The total sediment flux is 14.80 Gt/yr. This value is in good
agreement with the above mentioned world-wide river data compilations.

Climatic particularities—Forming the product of parameters can lead to large differ-
ences between the resulting values, with the risk that the regressions are strongly
influenced by extreme values. We tested therefore whether the above model or similar
models can be confirmed by making subgroups of the river basins. To form the
subgroups, the average climatic situation of the basins was selected. Figure 5 provides a
plot of mean annual sediment concentration versus specific runoff intensity for all rivers
investigated in this study, and the rivers are classified additionally according to their
average climatic situation. Although concentrations scatter over more than three orders
of magnitude, one can see that for a given runoff intensity, the rivers in dry climates
(white fills) tend to have greater concentrations than the rivers in wet climates (black fills).
Consequently, omitting the dry climate rivers from the regression in eq (7) does not
significantly change the regression coefficient, and the correlation coefficient increases
(r = 0.93). This indicates that the above presented parameter product is useful to predict
sediment fluxes in wet climates, whereas in dry climates sediment fluxes may behave
differently. Applied only to all wet grid points, eq (7) yields a global sediment flux of
14.10 Gt/yr, with a corresponding area of 68.9 10° X kmZ Note also from figure 5 that
the sediment concentrations of the wet climate rivers have the tendency to increase with
increasing runoff intensities. Concentrations tend toward a value of about 1g/l. This
concentration has been proposed by Probst and Sigha (1989) to be a limiting value in
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Fig. 5. Plot of mean annual sediment concentration versus mean annual drainage intensity for the river basins
of table 1.

surface runoff waters. For the dry climate rivers, TSS concentrations have a tendency to
decrease with increasing runoff intensities. Such behavior has also been reported by
Probst and Amiotte-Suchet (1992) for rivers of the Maghreb region in North Africa.
Taking only the group of river basins that belong to the dry climates, no clear
correlation between the observed sediment fluxes and environmental parameters or
parameter combinations of the river basins can be found. This is also less surprising
because the climatic variability can be great for these basins, making the average basin
values extracted from the data sets less meaningful. The climatic grouplng is based on the
average basin situation, but in some basins classified as dry, the river hydrology can be
strongly influenced by a particular part of the basin that has quite different environmen-
tal characteristics in comparison to the rest of the basin. For example, in the Colorado or
Rio Negro river basins, less than 20 percent of the basins can be classified as wet, but
according to the Q data set used in this study (see above) more than 70 percent of total
runoff originates from these basin parts. Another reason that could additionally contrib-
ute to generally weaker correlation in the dry climate river group is the already
mentioned fact that the literature estimates for these rivers are probably less reliable.
Table 6 lists the results when the regressions were performed within the individual
climate groups of river basins. The temperate and the tropical dry climates were lumped
together as one type named Dry Climates because only 2 rivers belong to the temperate
dry climate (not considering the Huanghe River), and this number does not allow
statistical analysis. For all three wet river groups, great correlation coefficients were
found. In the tundra and taiga climate, both the products of Q, Slope, Four, and LithMI
(P4) and of Q, Slope, and LithMI (P5) show the greatest correlation with SFTSS Four is
probably not a very meaningful parameter in this climate type, because of the temporary
storage of water as snow. Consequently, taking Four out of the parameter products does
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TABLE 6

Regression of sediment yield versus several parameters and parameter products

Correlation Coefficient r

Number

Climate of Rivers Q P2 P3 P4 P P6
Tundra and Taiga 10 0.65 0.89 0.94 0.98 0.98 0.97
Temperate Wet 19 0.49 0.83 0.75 0.73 0.75 0.76
Tropical Wet 12 0.87 0.73 0.92 0.96 0.96 0.93
Dry Climates 17 0.80 0.55 0.79 0.81 0.55 0.63

Regression Coefficient m (f{x) =m x x)
Number

Climate of Rivers Q P2 P3 P4 id) P6

Tundra and Taiga 10 0.22 13.13 0.037 0.00255 0.125 -
Temperate Wet 19 0.38 16.52 0.020 0.00119 0.114 197
Tropical Wet 12 0.83 26.70 0.020 0.00081 0.211 517
Dry Climates 17 118 25.73 0.088 0.01176 1.252 14.36

P2 = (Four X Slope); P3 = (Four X Slope X Q); P4 = (Four X Slope X Q X LithMI}; P5 = (Slope X Q X
LithMI); P6 = (Slc?pe X Q) P R P Q P 2
The boldface regressions are selected as the best models (see text).

All regressions are significant at least with P << 0.05. The regression coefficient was calculated by forcing the
regression to pass through the origin. It is only shown when the intercept was not significant in the regressions,
which means that for the intercept P > 0.1 (P> 0.05 for the values in italics).

not decrease the correlation coefficient. Also in the tropical wet climate type, P4 and P5
yield the greatest correlation coefficients with sFrgs. In the temperate wet climate,
however, it is the product of Four and Slope (P2) that is best correlated with sediment
fluxes, and neither the inclusion of Q) nor of LithMI in any of the parameter combina-
tions can improve the regressions with respect to this correlation.

One can suppose that Four should be especially important when strong precipita-
tion falls on soils that are in an intermediate position between field capacity and extreme
water limitation. This can then provoke a short-time overflow of the soils, which may
enhance sheet erosion compared to a site with the same annual climatic characteristics,
but where precipitation is more uniformly distributed over the year. Among the wet
climate types, it is probably in the temperate wet climate where the condition that water
limitation in the soils coincides with strong precipitation is the most often the case. In the
tropical wet climate, for comparison, one should expect a greater water excess on
average, and the soils should be closer to field capacity throughout the year.

When comparing the average situation for both climate types (fig. 6), it is interesting
to note that in the temperate wet climate, greatest Four values fall together with a
tendency toward a water limitation potential in the soils. The opposite is the case for the
tropical wet climate type, where greatest Four are encountered when the soils should be
at field capacity. This is indicating that seasonal variability of precipitation is probably
less important in this climate (although Four naturally has greater absolute values on
average in the tropical wet climate), and it could explain why Four is found in the
regressions to be especially important in the temperate wet climate type.

However, an important question here is whether the parameter Four is at least not
also partly correlated to precipitation intensity. Also this factor may naturally influence
mechanical erosion rates in a drainage basin. One may speculate that an uneven
precipitation distribution over the year (for example, the abundance of rain periods) may
fall together with a high frequency of thunderstorms and thus also with great precipita-
tion intensities. Additional parameters reflecting seasonal precipitation intensity are
needed to test this.
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For the group of dry climate river basins, the statistics in table 6 were performed in a
different way. As mentioned above, great amounts of the total runoff in these basins can
originate from small but quite humid parts of the basins, which may also influence
considerably the total sediment fluxes in these basins. We calculated therefore for the
wet basin parts of the dry climate rivers a theoretical sediment flux according to the most
significant regression models found in the wet river groups (boldface regressions) and
subtracted the values from the observed total sediment flux. The resulting Frgg values
were then used for regression with the basin characteristics, this time calculated on the
basis of the dry grid points only in the basins. With such a procedure, P4 is also found to
be best correlated with sediment fluxes, but note that the regression coefficients in nearly
all regressions are much greater than for the corresponding regressions in the wet climate
types (table 6). This means that erodibility in dry climates is much greater than in wet
climates. One explanation for this could be that water limitation in dry climates leads to a
vegetation cover that represents a much less efficient protection of the soils against
mechanical erosion. Soil protection by vegetation is probably a threshold phenomenon
rather than a continuous effect. There may exist a minimal vegetation cover density,
below which mechanical erosion rates rapidly increase. Biomass density often strongly
increases from dry to wet conditions. However, because we include modelled and
observed Frgg values in the regressions, the results presented here have to be taken with
caution. More data especially of river basins that are dry over the complete basin area
(monoclimatic) are needed to confirm such a trend.

Taking the boldface regressions of table 6, the global sediment flux to the oceans can
be determined on the basis of the corresponding data sets used in this study. Figure 7
shows the corresponding xy-plots, and table 7 gives the resulting sediment budgets,
regionalized for the different climate types, the different continents, and the different
ocean basins. Because of the lack of additional data, the model for the tundra and taiga
climate was also applied to the ice-free polar climate type in the budget calculations, and
the model for the dry tlimates also the desert climate type. Although these two climate
types cover considerable parts of the continents, they contribute very little to the total
sediment flux (0.05 Gt/yr for the ice-free polar climate, and 0.03 Gt/yr for the desert
climate). For the tropical wet climate, we preferred the sFyss-P4 model compared to the



lo the oceans: Present-day controls and global budgets 283

sFrss-P5 model as the better one because of a slightly greater correlation coefficient for
this regression. But note that taking the sFrss-P5 model instead would result in an
extrapolated sediment flux only about 7 percent lower than the value calculated with the
sFrss-P4 model. When extrapolated to the total continental area, our models yield a total
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Fig. 7. Plot of predicted (y-axis) versus observed (x-axis) sediment yields (t km~2 yr~!) according to the best
correlated parameter products in table 6 (p. 281).

TABLE 7
Fluxes of water and of sediments from the continents to the oceans

sFTss (t km-2 yrty Frss (Gt/yr)
Drainage Area®  Discharge # modelled modelled & modelled modelled and
(10 km?) (km3/yr) corrected corrected
Polar, without ice 3.892 762 13 8 0.049 0.032
Tundra & Taiga 23232 6930 32 28 0.733 0.646
Temperate Dry 9.635 729 115 249 .11 2403
Temperate Wet 16.918 7753 183 195 3.100 3.300
Tropical Dry 21.790 3101 181 207 3.943 4.520
Tropical Wet 24919 22403 235 204 5.858 5.090
Desert 5.940 66 5 7 0.027 0.044
Total 106.326 41744 139 151 14.822 16.035
Africa 18.288 4120 33 53 0.610 0973
Europe 9.564 3079 103 88 0.989 0.841
North America 23.020 7142 92 136 2,122 3.138
South America 17.732 11150 161 166 2.857 2.940
Asia 32518 15318 247 244 8.032 7.930
Australia 4.476 773 46 46 0.207 0.205
Antarctis 0.728 162 7 10 0.005 0.007
Total 106.326 41744 139 151 14.822 16.035
Arctic Ocean 16.982 3239 18 14 0313 0235
North Atlantic 27.300 13484 109 132 2.984 3.600
South Attantic 16.959 5074 35 31 0.599 0.523
Pacific 21.025 13532 293 352 6.165 7.407
Indian Ocean 16.594 5166 243 214 4.029 3.556
Mediterranean 6.739 1087 108 105 0.725 0.708
below 60° South 0.728 162 7 9 0.005 0.007
Total 106.326 41744 139 151 14.822 16.035

* Without endoreic and glaciated regions.
# According to Korzoun and others {1977)—see text.
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sediment flux of about 14.82 Gt/yr discharged to the oceans. About 40 percent
originated from the tropical wet climate, 21 percent from the temperate wet climate, 5
percent from the tundra and taiga climate, and 34 percent from dry climates (deserts,
temperate dry, tropical dry).

Influence of lithology—Summing the sediment fluxes for the wet climate types results
in a value of only 9.74 Gt/yr, which is considerably lower than the value calculated with
eq (7) for all wet continental grid points (14.82 Gt/yr, see above). This is due mainly to
the fact that LithMI was included in the regressions both for the tundra and taiga climate
and for the tropical wet climate. Taking instead for these two climates the sFrgs-P3
regressions (that is using runoff intensity, seasonal precipitation variability, and basin
slope), which have also still great correlation coefficients (table 6}, the resulting sediment
flux for the three wet climate types would increase to a value of 14.96 Gt/yr (tundra and
taiga, 2.16 Gt/yr, temperate wet, 3.10 Gt/yr, tropical wet, 9.70 Gt/yr). In our data,
lithologies that are less resistant to mechanical erosion are over-represented in the group
of tropical wet rivers. For this reason an important question is whether the regressions
would change with a set of tropical wet rivers with more variable lithologies. Probably
too much weight is given to LithMI in our regression models. This is important because it
could lead to a considerable underestimation of the total sediment budgets in table 7.

An assessment of the role of lithology on river sediment fluxes may be difficult in a
study like ours, since it may depend strongly on the variable contributions of the different
processes responsible for the sediment mobilization. The influence of lithology on
mechanical erosion rates is probably great with respect to channel erosion but less
important with respect to hill slope erosion because the outcropping lithologies are
normally covered by the soils. Unfortunately, there is little known about the general
contributions of channel erosion to total sediment fluxes, at least at the global scale.
Kattan, Gac, and Probst (1987) estimated channel erosion for the Senegal River to be at
least 20 percent of the total river transport, and Etchanchu and Probst (1986) found for
the Girou River (a tributary of the Garonne River in France) a value of 30 percent.

Basin area and sediment storage—In many studies, basin area was found to be
negatively correlated with sediment yields (Milliman and Syvitski, 1992; Probst and
Amiotte-Suchet, 1992; Probst, 1992}, and certain authors even proposed basin area to be
the most dominant controlling factor for sFrgs (Milliman and Syvitski, 1992). The
correlation matrix in figure 4 confirms the inverse relationship of A with sFgs at the
global scale, but the correlation is weak, as this was also noted by Summerfield and
Hulton (1994). In the literature, the effect of basin area on sediment yields has been
explained in several ways. Among the most common arguments, it was mentioned that
small basins generally exhibit steeper slopes and steeper stream gradients than large
river basins (Wilson, 1973). The latter often have great areas with low slopes and low
stream gradients especially in their downstream parts. Related to this, small basins tend
to have limited flood plain development, so that most of the material eroded from the
basin is just flushed out of the system, and little is deposited within the basin. Finally,
Jansson (1982) noted also that the probability of an intense storm covering the whole of a
river basin decreases with increasing basin size. For this reason, the maximum flood
discharge per unit area should be inversely related to the size of the drainage area, and
the capacity of the water flow to evacuate material deposited in a channel after local
thunderstorms should be smaller for large basins than for small basins.

Basin area can therefore be regarded to sum up several factors that may influence
sediment yields. Many. of these factors are considered as individual parameters in this
study, as is the case, for example, for Slope. Neglecting these factors, it is mainly the
relationship between basin size and the sediment storage capacity of a drainage basin
that has to be investigated more in detail. For this reason, we also grouped the river
basins investigated in this study according to their basin size and repeated the regression
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analyses within the different subgroups in order to test whether the results are different in
large compared to small basins. However, given the same hydroclimatic, morphological,
and lithological characteristics, no clear indications were found that large basins are
accompanied by enhanced sedimentation in the basins and thus a lower sediment
delivery out of the basins (Ludwig, in press). This does not, of course, mean that there is
no sedimentation in the basins. It implies that area only is an insufficient criterion to
detect sediment storage in the basins. The abundance of internal reservoirs, especially of
lakes, should be more important in this context (note that the lowest annual sediment
concentration among the rivers of table 2 is observed for the St. Lawrence River, which
has an important part of its basin area covered by lakes). It probably implies also that the
factors controlling the erosion processes in drainage basins clearly dominate the pro-
cesses controlling the sedimentation processes at the global scale.

Inverse correlation between sediment yields and basin area often reported in the
literature may be in many cases due to the fact that mean basin slope also often decreases
with increasing areas. Figure 8 shows the corresponding plot for the river basins
investigated in this study. Although the overall correlation is only weak, one can see that
greatest Slope values occur only in small basins and that there is a trend of smaller values
with increasing basin area. In more regional studies, where the environmental variability
of the investigated river basins is less important than in our study, such a trend may be
more distinct (going from larger to smaller scales, especially climatic variability may be
reduced while morphological variability is still important). It is also interesting to note in
figure 8 that the dispersion of the points is especially great for the dry river basins. This
may reflect the fact that in these basins considerable parts of the basin can be desert
(Ludwig, Probst, and Kempe, 1996), making the basin areas quite variable.

Nevertheless, it must be stated that the process of sediment retention in river basins
cannot be quantified on the basis of the data we used. Generally, it is possible that the
budgets we calculated with our empirical models may represent lower estimates.
Assuming that sedimentation can be important at least in some of the major river basins
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Fig. 8. Plot of mean basin slope versus basin area for the river basins of table 1.
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considered in this study implies that some of the regression coefficients we determined
can be too small to apply them to small river basins, where, on average, sediment
retention should be less important. Most of the continental area where no sediment data
are available consists in an increasing number of more and more small basins (Milliman

and Syvitski, 1992).

SPATIAL DISTRIBUTION OF RIVER SEDIMENT FLUXES

The results of the previous sections indicate that present-day river sediment fluxes
are mainly controlled by a combination of hydroclimatic, morphological, and lithologi-
cal factors such as Q, Slope, Four, and LithMI. Our findings are in good agreement with
the results of Phillips (1990) who found that slope gradient, runoff, and precipitation
factors together should account for most of the global variation in soil erosion rates. It
should be noted that the models presented here have a form similar to the Universal Soil
Loss Equation (USLE) proposed by Wischmeier and colleagues (Wischmeier, Smith,
and Uhland, 1958). Also the USLE includes rainfall intensity and slope as principal
controlling factors, but additional parameters are needed for the USLE, including soil
erodibility as a function of soil properties such as soil texture and the density and
structure of the vegetation cover, The USLE was originally designed for local scale
assessments of soil loss by rainfall from agricultural land, but the regression models
presented in this study indicate that a similar approach could be applied in order to
predict the variability of sediment yields also at global and regional scales.

Sediment yields on the continents—When our empirical relationships are applied to the
overall continental area fn a 0.5° X 0.5° longitude/latitude grid point resolution on the
basis of the corresponding data sets, it results in a global sediment yield map that depicts
a regional variability in good agreement with field data. Low sediment yields are typical
for the northernmost parts of the continents (north of 50°N) and naturally also for deserts.
Greatest values are found for the humid regions in the south of Asia and in Oceania, as
well as for the regions along young orogenic belts such as the Himalayas, the Andes, or
the Alps. Because of the great values in young orogenic belts, it is interesting to compare
the values resulting from our modelling with the study of Pinet and Souriau (1988)
discussed above. When we combine the modelling with the distribution of continental
crust ages depicted in figure 3, we calculate that about 10.4 Gt/yr of the global sediment
flux originates from young orogenies (younger than 250 my) and 4.4 Gt/yr from old
orogenies. These values are very close to the values we calculated with the relationships
of Pinet and Souriau (eqs 1 and 2). Our study is therefore in agreement with theirs in
terms of the estimated continental denudation rates but not in terms of the retained
controlling factors for river sediment fluxes. Note that the great sediment yields along the
young orogenic belts resulting from our modelling can have a twofold cause: on the one
hand these regions are characterized by steep slopes, and on the other hand runoff
intensity can be great because the mountain chains form barriers for the atmospheric
water circulation, leading to enhanced precipitation.

Nevertheless, the outstanding sediment yields for the Huanghe and the Tana rivers
manifest that the modelling approach cannot account for all local particularities docu-
mented by field data. Another problem is the lower reliability of the regression models
for the dry climate rivers compared to the wet climate rivers (see above). We created
therefore a second sediment yield map by using the modelled values as an interpolation
matrix to distribute the observed sediment fluxes for the river basins of table 2 over the
continents. This means that within the borders of the river basins we corrected all grid
point values according to:

sFrss(corrected) = sFrgs(modelled)
X sFrgs(basin average, observed)/sFigg(basin average, modelled) (8)
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Fig. 10. Plot of all grid points of the modelled and corrected sediment yield map versus the grid points of the
modelled sediment yield map in a 2.5 X 2.5 longitude/latitude resolution. For further explanations, see text.

For the grid points that do not fall into one of the basins, the values were obtained by
a triangular interpolation between the next basin values. Also the interpolation was
coupled to the modelled values according to:

sFrgs(corrected) = sFTSS(éorrected, interpolated)
X sFrss(modelled)/sFygs(modelled, interpolated) (9)

The map created is shown in figure 9. It is not much different from the modelled
map, but since the corrected map respects perfectly the sediment yields of table 2, the
great values that are found for the Huanghe and the Tana rivers are shown as well. Figure
10 depicts a plot of the grid points of the corrected sediment yield map versus the grid
points of the simply modelled map in a 2.5° X 2.5° longitude/latitude resolution. Note
the absolute values vary to some extent but not the general trends. Locally, the values
resulting from the applied proceeding could change naturally if additional basins were
included in the interpolation procedure, but bear in mind that the river basins included
here cover more than 50 percent of the continental area drained to the oceans.
Additional river basins could lead to some local changes, but they should not affect the
regional and global patterns much. We consider therefore this map to be the best
representation of the global distribution of river sediment yields that can be made on the
basis of the data used in this study.

Global sediment yield maps have been proposed, for example, by Milliman and
Meade (1983), Walling and Webb (1983), Jansson (1988), and Probst (1992). These maps
assigned skrgg values to the different regions of the continents on the basis of field data,
and their resolutions are thus limited to the basin or sub-basin scale. Where no data were
available, the values were normally assigned by subjective interpolation. Globally there
is a good agreement between these maps and the map in figure 9. This is especially the
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case for the map of Walling and Webb, which is more detailed than, for example, the
map of Probst.

Also the sediment budgets resulting from figure 9 have been added in table 7. The
comparison of the pure modelling approach and the combined modelling/interpolation
approach is interesting, because it can help to identify the regions where the modelling
deviates the most from observations. Note also, however, that the interpolation approach
is not without problems, because it has a tendency to extend local phenomenons to
larger scales, which might not be true in all cases. The most striking difference between
the maps is the fact that in the corrected map the sediment contributions from the dry
climate types increase considerably, whereas the contribution of the tropical wet climate
decreases. The tropical dry climate is now nearly of the same importance for the global
sediment flux as the tropical wet climate, although the runoff contribution from the
tropical dry climate is only less than 15 percent of the runoff contribution from the wet
tropical climate. A part of the increased sediment contribution from the dry climates is
naturally related to the fact that the Huanghe and the Tana rivers are included in the
corrected map (both rivers belong to dry climate types), but the values also increased in
other dry climate regions (for example, in North America). This underlines the impor-
tance of additional investigations on the controls of river sediment fluxes, especially in
dry climates.

One has also to mention that both maps (modelled as well as modelled and
interpolated) tend to smooth local variability. One of the shortcomings of our modelling
is that it cannot account for sediment storage in the basins. When there is storage in one
part of the basin, more must be eroded in another part of the basin to yield the average
sediment flux observed at the river mouth. Another smoothing effect could be related to
the limited grid point resolution of the data sets, which probably cuts off extremes by
averaging the values. An idea of the possible extent of smoothing can be obtained by
looking in detail at the Amazon Basin, where sediment yields have also been studied at
the sub-basin level. Gibbs (1967) and Meade and others (1985) reported that at least 80
percent of the sediments transported by the Amazon River originate from the Andes. In
the two maps we created, only about 60 percent of the total sediment load of the Amazon
comes from regions with elevations >500 m. These regions cover about 13 percent of the
total basin area and represent mainly the Andes.

Taking the values of the corrected map as the best estimates, global sediment
delivery to the oceans is about 16 G¢/yr. The specific sediment export from Asia, the
continent with the greatest average sediment yield, is about 5 times greater than from
Africa or from Australia, the continents with the lowest average sediment yields. It is also
interesting to note from the values in table 7 that the average sediment yields for
temperate wet, temperate dry, tropical wet, and tropical dry climate types are quite
similar (varying from about 200-250 t km~2 yr~!). The values are considerably lower
only for the other climate types. This again indicates that in order to predict the
variability of river sediment yields at the global scale, climate alone is obviously not very
meaningful.

River sediment delivery to the oceans.—Table 7 also shows that the Pacific and the Indian
Ocean together receive by far the bulk of the global sediment delivery: about 68 percent
of the global river sediment load to the sea can be attributed to these two oceans.
Milliman and Meade (1983) estimated that up to 70 percent of the world sediment
transport may originate from southern Asia and the larger islands of Oceania. The map
in figure 9 agrees with the dominant role of these regions for the global budget, but since
the 68 percent mentioned correspond to the entire Pacific and Indian oceans, this
indicates that the importance of these regions is probably not as great as estimated by
Milliman and Meade.

It is also interesting to look, in more detail, at the spatial distribution of the river
sediment discharge to the oceans. For a prediction of the local inputs of sediments into
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the oceanic system in a grid point resolution, we combined our global sediment yield
map shown in figure 9 with a river routing file that has been created by Miller, Russel,
and Caliri (1994) in a 2° X 2,5° latitude/longitude grid point resolution. The routing file
allows us to attribute an oceanic grid point to each grid point on the continents to which
they are drained in the same resolution as the river routing file. In a previous study we
presented the global river inputs of inorganic and organic carbon in the same way
(Ludwig, Amiotte-Suchet, and Probst, 1996).

Figure 11 shows the resulting map of river sediment fluxes to the sea, and figure 12
summarizes the holospheric distribution of these fluxes for the different ocean basins.
Because of the great differences in size of the rivers discharging to the oceans, variability
between the values for the different oceanic grid points is naturally great. More than 82
percent of the total sediment delivery enters the sea in the northern hemisphere. Locally,
the inflow of certain rivers can have a great influence on the regional budgets, as is the
case, for example, for the Amazon River into the Atlantic Ocean, for the Ganges/
Brahmaputra into the Indian Ocean, or for the Huange and Chanjiang rivers into the
Pacific Ocean. Taking the grid elements from 60° to 160°E longitude and 14°S to 46°N
latitude to represent Oceania as well as the south and southeast of Asia, we calculate that
about 46 percent of the global sediment flux enters the oceans in this part of the world.
This is considerably lower than the above mentioned 70 percent estimated by Milliman
and Meade (1983). Nevertheless, since this corresponds to only about 14 percent of the
global drainage area, it still underlines the important role of this region for the global
river sediment budgets.

CONCLUSIONS

Up to now, several attempts have been made to relate the variability of river
sediment yields to the variability of the environmental parameters characterizing the
corresponding river basins. Some of these attempts were briefly reviewed on the
previous pages. Although generalizations naturally have to be made with caution, we
have seen from the literature review that the models based simply on climatic controlling
parameters tend to overestimate the global sediment delivery to the oceans, whereas
models based purely on morphological parameters tend to underestimate the global
sediment flux. Consequently, the results of our study show that it is the combination of
different factors that yields the most significant regression models. Sediment yields are
best correlated by forming the products of a number of hydroclimatic, geomorphologi-
cal, and lithological factors, that is runoff intensity (Q), the steepness of morphology
(Slope), an index characterizing the seasonal precipitation variability (Four), and an
index characterizing the softness of lithology with respect to mechanical erosion (LithMI).
The best correlated parameter combination varies to some extent when the rivers are
grouped according to their average climatic situation, but it is always a combination of
the above parameters that yields greatest correlation coefficients.

When our models are applied to the total continental area, they produce a map of
the regional variability of river sediment yields in good agreement with field data. By far
the greatest values are found in the young orogenic belts of the continents. This is in
agreement with previous studies (such as the one of Pinet and Souriau, 1988), although
we have shown that it is not orogeny itself that leads to that elevated values but rather the
combination of the climatic and morphological particularities in these regions. We also
showed that with the same controlling factors, the regression coefficients are greater in
the dry than in the wet climates, even if it is more difficult to establish relationships for the
dry climate rivers because of the great environmental heterogeneity that is often typical
in these basins. This indicates a much greater susceptibility of dry climate regions to
mechanical erosion, which was postulated by many previous studies (for example,
Langbein and Schumm, 1958). One reason for a greater erodibility of the soils in these
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Fig. 11. Global discharge of river sediments to the world’s oceans.
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Fig. 12. Holospheric distribution of river sediment discharges to the world’s oceans.

regions may be less effi¢ient soil protection by vegetation. Soil protection by vegetation is
probably a threshold phenomenon, and there may exist a certain vegetation cover
density, below which erosion rapidly increases. Nevertheless, as we clearly demonstrate,
it would be misleading to consider climate alone as the most important controlling factor
for river sediment yields. For the total sediment flux to the oceans, we calculate a value of
14.8 Gt/yr with our modelling approach, and a value of 16.0 Gt/yr is found when the
modelling is combined with an interpolation of the observed sediment yields for the 60
river basins considered in this study. Also this is in good agreement with other estimates
based upon world-wide river data compilations.

The fact that the most significant regression model can vary for the different climate
groups does not necessarily mean that the processes of mechanical erosion and the
subsequent transport of the eroded materials out of the basins are different in these
climates. One has to keep in mind that the average parameters determined and used in
our study may be only indirectly related to the real processes responsible for the
observed sediment fluxes. A good example for this may be the parameter Four, found to
be more important in the temperate wet climate than, for example, in the tropical wet
climate. In the temperate wet climate, strong precipitation occurs mainly when the soils
tend to be water limited, while in the tropical wet climate, maximum Four values
coincide with soils that are at field capacity. The same Four value in the temperate wet
climate can thus have a greater erosion potential than in the tropical wet climate.

Naturally, the regression models presented here cannot cover all aspects of the
complex relationships controlling mechanical erosion rates and sediment fluxes in river
basins. One major shortcoming of our approach is the fact that it cannot account for
sedimentation processes taking place in river basins related to basin subsidence or
sediment trapping in internal reservoirs such as lakes, although we find that a simple
coupling of basin sedimentation to basin area may be misleading in this respect. This has
often been proposed in the literature. Because sediment retention in some of the major
river basins considered in this study may be important, it is nevertheless possible that the
relationships we established may result in somewhat too low values when applied to
small river basins, where on average sediment retention may be less important than in
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great basins. Given the fact that most parts of the continents where sediment data are
lacking consist of small basins implies that the 16 Gt/yr we determined as overall riverine
sediment delivery to the oceans is rather a lower estimate. In fact, Milliman and Syvitski
(1992) estimated a global riverine sediment flux of 20 Gt/yr based on a much larger
number of rivers and including more smaller southeastern Asian and Ocean rivers.

For this reason it would be interesting to do a similar study as ours but on the basis of
data for small rivers only. This would also have the advantage that mean environmental
basin characteristics are naturally more meaningful for small basins than for large ones.
As we clearly show for the basins of the dry climates, average basin values can be
misleading in identifying the principal controlling factors for river sediment fluxes.
Unfortunately, small rivers have often been overlooked up to now for long-term
monitoring of sediment loads, and the scarcity of available data makes it difficult to do a
global scale approach similar to our study.

Further studies may focus especially on river sediment fluxes in arid climates. In our
data, dry climate rivers that are monoclimatic over most of their basin area are
underrepresented, and additional data are needed to confirm the detected trends. This is
important because it can influence considerably the global and regional budgets.
Another point for further research could be the determination of additional parameters
that better describe the seasonal patterns in the river basins. As far as reliable water
budget models that can predict the variability of the water content in the soils over the
year may be available, it would be interesting, for example, to quantify the amount of
strong precipitation only when the soils are water limited. This may be more meaningful
than the parameter Four tested here. Also the role of lithology on river sediment fluxes
should be further investigated with additional data, since we have seen that omitting
lithology (LithMI) in the parameter products leads also to quite high correlation
coefficients, but the corresponding regression models predict considerably greater
sediment fluxes at global and regional scales. Finally, for the extrapolation of the
presented relationships to other than present-day conditions, more should be known
about the role of catastrophic events for the global fluxes. There is some evidence from
the geological record that such events may have had a considerable influence on global
sediment fluxes during geological times (Milliman and others, 1996).
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