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[1] Although rivers provide important biogeochemical
inputs to oceans, there are currently no descriptive or
predictive relationships of the spatial scales of these river
influences. Our combined satellite, laboratory, field and
modeling results show that the coastal dispersal areas of
small, mountainous rivers exhibit remarkable self-similar
scaling relationships over many orders of magnitude.
River plume areas scale with source drainage area to
a power significantly less than one (average = 0.65),
and this power relationship decreases significantly with
distance offshore of the river mouth. Observations of
plumes from large rivers reveal that this scaling continues
over six orders of magnitude of river drainage basin
areas. This suggests that the cumulative area of coastal
influence for many of the smallest rivers of the world is
greater than that of single rivers of equal watershed
size. INDEX TERMS: 4235 Oceanography: General: Estuarine
processes; 4528 Oceanography: Physical: Fronts and jets; 1899
Hydrology: General or miscellancous. Citation: Warrick, J. A.,
and D. A. Fong (2004), Dispersal scaling from the world’s rivers,
Geophys. Res. Lett., 31, L04301, doi:10.1029/2003GL019114.

1. Introduction

[2] Rivers are important sources of dissolved and partic-
ulate fluxes to the world’s oceans [Martin and Whitfield,
1983], and a disproportionate amount of this flux is derived
from small, mountainous rivers [Milliman and Syvitski,
1992; Carey et al., 2002]. Dispersal patterns of river dis-
charge (Figure 1a) directly influence many biogeochemical
systems, such as coastal sediment budgets [ Wheatcroft et al.,
1997], carbon export to oceans [Raymond and Cole,
2003], nutrient export and phytoplankton blooms [Smith
and Hitchcock, 1994], pollution dispersal [Bay et al.,
1999] and habitat functioning [McCulloch et al., 2003].
Research of ocean dispersal from the important small,
mountainous rivers, however, is confounded by the shear
number (tens of 1000s) and variability (e.g., watershed sizes
range 10 to >10,000 km?) of sites to be investigated.
Unfortunately, discharge dispersal from these small, moun-
tainous rivers is less well understood than dispersal from
the largest rivers of the world, such as the Amazon [Geyer et
al., 1996] and the Mississippi [Walker, 1996].

[3] Recent studies suggest that flood events are important
to the total fluxes from small, mountainous rivers [ Wheatcroft
et al., 1997; Warrick and Milliman, 2003], and that river
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plumes during these events are initially dominated by river
inertia due to high discharge velocities [Geyer et al., 2000].
This water dispersal will occur within thin (1-10 m) but
extensive (1-1000’s of km?) hypopycnal (i.e., positively
buoyant) river plumes, which spread along the ocean water
surface, and are important pathways for dissolved and
particulate materials.

[4] Since rivers exhibit self-similar scaling patterns over
both geomorphic and hydrologic properties [Rodriguez-
Iturbe and Rinaldo, 1997], a first-order assumption is that
power law relationships are applicable to river dispersal
from a relatively uniform geomorphic and hydrologic
region. This is to say that river plume area (P), watershed
area (A4), and the number of plumes (N) with areas greater
than i would be related over several orders of magnitude by:

P=cA® (1a)

Ni=aP™® (1b)
where a, b, ¢, and (3 are regionally-based, or perhaps
universal, constants. Here we investigate the applicability of
Equation 1 to small, mountainous river plumes using remote
sensing, scaling relationships from field and laboratory
investigations, and numerical modeling.

2. Remote Sensing

[s] Remote sensing analyses of river plumes can be used
to provide synoptic assessments of dispersal relationships.
Since discharge rates from large rivers of a region may not be
temporally coherent [e.g., Salisbury et al., 2001], we only
use imagery from small flooding rivers, which have received
coherent and intense pulses of rainfall. We cannot, however,
control for river plumes that may have significantly different
sediment grain size distributions or rates of flocculation,
although we assume that these factors have limited impor-
tance within the semi-continuous geomorphic regions we
present here [see Mertes and Warrick, 2001 for discussion].

[6] A remotely sensed image of extensive plumes off
Morocco was obtained by the NASA MODIS system aboard
the Aqua satellite in November 26, 2002 immediately
following intensive flooding (Figure la). Plumes in this
image were delineated by the extent of turbidity fronts,
which include spectral characteristics of suspended sedi-
ment, dissolved materials and phytoplankton. We assumed
that plumes advected only offshore and poleward of the river
mouths (the apparent direction of ambient currents). The
plumes from the Oued Nefifikh and Oued Mellah drainages
(labeled 6 and 7) could not be easily distinguished due to
cloud cover, so the total combined plume area is partitioned
equally between these rivers. Even though the Oued Sabou
plume (labeled 1) is not shown in its entirety in Figure 1a, the
total plume area for it is represented in Figure 1b. Using
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Figure 1. River plumes from flooding Moroccan rivers on
26 November 2002, as recorded by MODIS. (a) True-color
representation of plumes. Seven river mouths are identified
with yellow arrows (1 — Oued Sebou, 2 — Oued Bou
Regreg, 3 — Oued Yquem, 4 — Oued Cherrat, 5 — unnamed,
small drainage, 6 — Oued Nefifikh, and 7 — Oued Mellah).
A portion of the Oued Sabou plume extends north of the
figure boundary. (b) The relationship between watershed
drainage area and river plume area.

this methodology, plume areas range from 21 to 1100 km?
(Figure 1b). When compared to river drainage area, these
plume areas produce a power law slope (b; Equation 1a)
significantly less than one (0.60 + 0.09, r* = 0.89; Figure 1b).

[7] Previously reported remote sensing observations of
river suspended sediment plumes along 1300-km of the
California coast [Mertes and Warrick, 2001] varied between
1 and 230 km? in area (Figure 2a); and plume dispersal area
and watershed area exhibit a power relationship
(Equation la) in which b = 0.63 + 0.15 (r* = 0.63). Scatter
about this relationship is likely due to the combined local
effects of discharge variability and environmental forcing
on the plumes, since the residuals are not related to geologic
province or geographic region.

[8] Although there is scatter in the plume size-watershed
size relationship, the California plumes show a remarkable
power law size-frequency relationship throughout two orders
of magnitude of plume sizes (3 = 1.02 £ 0.03; Figure 2b).
Since this power law scale is indistinguishable from 1, the
observed cumulative plume area is equally distributed
between all plume sizes. The relationship between cumula-
tive plume area and cumulative watershed area is shown in
Figure 2c; 50% of the cumulative plume area is attributed to
less than 20% of the cumulative watershed area (representing
the smallest rivers of this region). These data closely match
theoretical plume relationships (shown with solid and dashed
lines; Figure 2¢) computed with Equation 1a and watershed
river size-frequency data from Leopold et al. [1964].

3. Scaling Relationships

[o] Previous laboratory investigations of buoyant plumes
[Fischer et al., 1979] can also be used to elucidate plume
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scales. This work shows that plume dispersal patterns are
largely a function of fluid fluxes of mass, momentum and
buoyancy. In these studies, the plume is described in terms
of a mass flux length scale (/p), which characterizes the
region of flow establishment near the river mouth, and a
momentum length scale (/;,), which characterizes the off-
shore transition point between momentum and buoyancy
dominated forcing. Plume areas associated with these length
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Figure 2. River plume relationships derived from satellite
remote sensing, numerical modeling and shipboard
observations. (a—c) Relationships from analyses of Sea-
WiFS remote sensing for coastal California watersheds on
February 9, 1998 [after Mertes and Warrick, 2001]. (a) The
relationship between watershed area and plume area.
(b) Size-frequency relationships of the California
river plumes. (c¢) Cumulative river plume area from
the cumulative coastal California watershed ranked by
watershed area (filled circles). Also shown are theoretical
plume area-watershed area relationships for four values of
b (lines), where the size-frequency relationship of source
watersheds was obtained from Table 5-2 of Leopold et
al. [1964]. (d, e) River plume numerical model results.
(d) Maximum river plume area as constrained by 31.5 psu
salinity threshold. (e) The relationship between plume
salinity threshold and power law slope, 5. (f) Maximum
plume areas following exceptional events from larger rivers
of the world (filled squares) along with results shown
previously in Figures 1b (unfilled squares), 2a (unfilled
circles) and 2d (unfilled stars). Large rivers include:
Amazon (Am), Mississippi (Ms), Columbia (Cb), Rhone
(Rh), Gulf of Maine (GM), and Connecticut (Ct), which
were obtained from Geyer et al. [2000], Walker [1996],
Hickey et al. [1998], Marsaleix et al. [1998], Stumpf and
Goldschmidt [1992], and Garvine [1974].
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scales (Pp ~ lé and P, ~ [;3) have been found to be related
to river discharge characteristics:

Po=0V"! (2a)

Py =012 (g) ! (2b)
where Q is river discharge, V is average river velocity, and
g is the buoyancy anomaly of river water as compared to
ocean water [Fischer et al., 1979].

[10] Within a relatively continuous geomorphic and
hydrologic region, O and V can be related to watershed
area, A, using discharge scaling relationships. Since flood
dispersal is a function of peak discharge rates [Geyer et
al., 2000], QO is proportional to approximately A°% as
shown by flood recurrence intervals due to probabilities of
spatially coincident precipitation, structure of stream chan-
nel networks, and flood wave attenuation [Dunne and
Leopold, 1978]. Using Manning’s equation, V' is propor-
tional to R*? s SY2 and n~!, where R is the hydraulic radius
(river cross sectional area divided by the wetted perimeter),
S is the channel slope, and n is the channel roughness
[Chow, 1959]. These parameters will vary with increasing
river size (in general, R will increase, while S and n will
decrease). However, these effects gypically negate each
other so that V' is proportional to A~ where C is between
—0.1 and 0.1 [Dunne and Leopold, 1978]. Hence, assuming
g is constant regionally, P, and P, are proportional to
approximately 4%85 and A4%43, respectively. Thus, b is
predicted to be considerably less than 1, consistent with
the remote sensing results presented above. Also note that b
for the inshore, mass flux scale (Py) is twice the offshore,
momentum scale (P,,), which suggests an inverse relation-
ship between b and distance from the river mouth.

4. Numerical Modeling

[11] Finally, numerical modeling can be used to further
evaluate scaling patterns of river plumes. We utilize
Blumberg and Mellor’s [1987] ECOM-3D primitive equa-
tion hydrodynamic model, which has been used in several
previous studies of river plumes [e.g., Garvine, 1999; Fong
and Geyer, 2002]. ECOM-3D employs the Mellor and
Yamada [1982] Level 2.5 turbulence closure model to
parameterize vertical mixing and Smagorinky’s [1963]
horizontal mixing scheme. In addition, a recursive
Smolarkiewicz and Grabowski [1990] method is used to
advect the scalar fields, minimizing the effects of numerical
diffusion. For simplicity, the influence of tides, winds, and
ambient currents are neglected and the river discharges are
perpendicular to the coast. While these variables are cer-
tainly important in river plume dynamics [see Morehead
and Syvitski, 1999; Horner et al., 2000; Fong and Geyer,
2001; Yankovsky et al., 2001; Fong and Geyer, 2002], they
are neglected in this study in order to ascertain the first-
order scaling relationships associated with the buoyancy
forcing.

[12] ECOM-3D is used to calculate plume areas for river
boundary conditions as parameterized by discharge varia-
bles (peak and total event discharge, stream depth, and
stream width) from nine northern California rivers, which
have the fundamental size relationships that exist in rivers
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throughout the world (see Supplementary Data'). Plume
areas for each modeled river-event are calculated using
salinity thresholds (calculated for 0.1 psu intervals from
the ambient ocean 32 psu) to define the plume boundary.
[13] Maximum plume areas for each modeled river-event
closely follow the power law patterns of Equation la (e.g., b
for the 31.5 psu salinity threshold is 0.70 = 0.07; Figure 2d).
Values of b are inversely related to the salinity threshold
used to define the plumes (Figure 2¢), which suggests that b
decreases with distance offshore (since plume areas often
equal zero for thresholds approaching 31 psu and lower,
thresholds lower than 31 psu are not considered).

5. Discussion/Conclusions

[14] Results from the three methods suggest that the first-
order scaling of small, mountainous river plumes exhibit
self-similar patterns, and b (Equation la) is substantially
less than unity. A value of b < 1 implies that the combined
smallest rivers spread their materials over a much larger area
than a single river of the same drainage area (e.g.,
Figure 2¢). These patterns largely arise due to the efficiency
of flood peak generation in small watersheds, which imparts
higher rates of river mass and momentum flux per unit
watershed area. Since watershed characteristics are known
to be fractal globally [Rodriguez-Iturbe and Rinaldo, 1997]
we predict that these patterns are applicable to small,
mountainous rivers worldwide.

[15] These patterns continue throughout the larger rivers
of the world (Figure 2f), as shown by the greatest observed
plumes from a number of these systems (comparable to 5—
100 year recurrence interval floods). However, the power
law exponent of these results (b = 0.68 + 0.04) is likely high
due to differences in event recurrence. Nevertheless, this
suggests global patterns of river plumes follow the size
relationships described above, even though dispersal forcing
mechanisms may be fundamentally different across these
systems [Garvine, 1995].

[16] The spatial and temporal scales of river biogeochem-
ical impacts are related to rates of alteration, uptake, disper-
sion, and settling of the various constituents within these
river plumes. For example, sediment particles have distinct
settling properties that remove sediment mass from river
plumes, while dissolved constituents (including nutrients),
remain in plumes until biologic uptake or other transforma-
tions occur, typically much farther offshore [e.g., Smith and
Hitchcock, 1994]. We therefore hypothesize that biogeo-
chemical processes will result in different scaling relation-
ships (Equations la and 1b) for each plume constituent, in
part because b appears to decrease with plume distance
offshore. For many constituents, however, not only do small,
mountainous rivers output significantly higher yields
[Milliman and Syvitski, 1992; Carey et al., 2002], but these
rivers also disperse materials of interest over cumulatively
larger areas than larger rivers of the same watershed size.

[17] River plumes are complicated dynamical systems
subject to several different oceanographic forcings and
hydraulic controls near the river mouth. Additionally, as
noted above, the details of the sedimentation and biological

"Auxiliary material is available at ftp:/ftp.agu.org/apend/gl/
2003GL019114.
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dynamics will be relevant to gain additional insight into
satellite imagery as well as information on the fate of
constituents of interest. Continued work is needed to eval-
uate these and other controls on river plumes and constit-
uent transport that are locally and regionally important to
the fundamental self-similar scaling relationships shown
here.
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