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Abstract

River plumes are generated by the flow of buoyant river water into the coastal
ocean, where they significantly influence water properties and circulation.
They comprise dynamically distinct regions spanning a large range of spa-
tial and temporal scales, each contributing to the dilution and transport of
freshwater as it is carried away from the source. River plume structure varies
greatly among different plume systems, depending on the forcing and ge-
ometry of each system. Individual systems may also exhibit markedly differ-
ent characteristics under varied forcing conditions. Research over the past
decade, including a series of major observational efforts, has significantly
improved our understanding of the dynamics and mixing processes in these
regions. Although these studies have clarified many individual processes, a
holistic description of the interaction and relative importance of different
mixing and transport processes in river plumes has not yet been realized.
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1. INTRODUCTION

Rivers carry more than one-third of land-based precipitation to the ocean (Trenberth et al. 2007),
focusing large freshwater fluxes through narrow outlets along the coast (Milliman & Farnsworth
2011). For example, the Mississippi River drains approximately 40% of the continental United
States to two distributaries, each of which is less than 1 km wide (Milliman & Meade 1983). The
impact of the terrigenous material carried by the river water into these ecologically sensitive
coastal waters depends strongly on the physical processes that transport and transform the
buoyant freshwater in the region around the river mouth as it merges with deeper, salty ocean
waters. In particular, the dilution rates and along-coast transport rates of the river-borne material
are determined by a suite of processes, including stratified-shear mixing, frontal processes,
geostrophic transport, and wind forcing. In the coastal ocean, these discharges form river plumes,
which are distinct regions where water properties and dynamics are significantly influenced by the
riverine freshwater. River plumes are also sometimes referred to as regions of freshwater influence
(ROFIs), although this term is more commonly reserved for systems with multiple freshwater
sources or shallow frictional shelves. The distinguishing dynamical feature of a river plume is the
horizontal advection of freshwater from the river mouth that defines the shape and character of the
plume.

River plumes are fundamentally multiscale flow structures, which occur in a range of sizes and
shapes. The primary independent parameters that determine the structure and scale of individual
plumes are freshwater discharge, tidal amplitude, coastline bathymetry/geometry, ambient ocean
currents and water properties, wind stress, and Earth’s rotation. Of these parameters, freshwater
discharge typically has the most variability within a system, often changing over an order of
magnitude within a single system, and among different systems, varying by over four orders of
magnitude. This large variability results in significant structural and dynamical differences among
systems. For example, the River Teign has a small discharge (5 m3 s−1) and forms a buoyant layer a
few meters thick seaward of the estuary mouth after each ebb tide (Pritchard & Huntley 2006); this
plume dissipates in a matter of hours and forms anew with each tide. The Merrimack River plume
is of moderate size (300 m3 s−1) and occasionally persists between tides, depending on the wind
(MacDonald et al. 2007). The Columbia River plume is large (10,000 m3 s−1), and it is strongly
affected by the tide near the estuary mouth but is persistent and governed by other processes far
beyond this tidal region (Horner-Devine et al. 2009, Hickey et al. 2010). The Mississippi River
plume is very large (30,000 m3 s−1) and is in a region with very small tides (Wright & Coleman
1971). It forms a huge, persistent plume that dominates the coastal circulation along most of the
Louisiana and Texas shelves (Cochrane & Kelly 1986, Murray 1998, Zhang & Hetland 2012,
Zhang et al. 2012).

The impact of a plume on shelf circulation and ecosystem health depends on the dilution
rate and transport processes within the plume. Dilution is controlled primarily by vertical mixing,
which increases the salinity of the plume and decreases the concentration of river-borne materials.
Transport in the plume is controlled primarily by horizontal advection, which is driven in large
part by plume buoyancy, and thus by mixing. Here, we focus specifically on the processes that
contribute to mixing (Section 3) and transport (Section 4) in river plumes. Most analyses and
observations consider processes active in specific regions of the plume in isolation. We begin,
therefore, by introducing the basic dynamical regions of the plume. The objective of this article is
not to provide a comprehensive review of previous research on river plumes (see O’Donnell 2010,
Chant 2011, Hetland & Hsu 2013) but rather to discuss and synthesize the processes relating to
mixing and transport to gain a more holistic picture of how the different processes acting at a wide
range of spatial and temporal scales interact.
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Source region: the
estuarine region,
inside the river mouth,
where the initial
buoyancy and
momentum of the
river plume are set

Liftoff: the location
of the bottom attached
salt front, where the
buoyant outflow loses
contact with the
bottom

Fronts: sharp lateral
gradients in fluid
density that form
internally and, most
commonly, on the
boundaries of the
plume

Near-field region:
the jet-like region of
initial plume expansion
where the momentum
of the plume layer
dominates over its
buoyancy, resulting in
intense mixing

2. THE DYNAMICAL REGIONS OF RIVER PLUMES

The dominant dynamical balance differs significantly among each region of a river plume, mo-
tivating a description of the river plume structure in terms of four dynamical regions (Garvine
1984, Hetland 2005, Horner-Devine et al. 2009).

First, in the source region, the buoyancy and momentum that initiate a river plume are de-
termined by estuarine processes, which are responsible for the initial transformation of river
discharge. Nash et al. (2009) show that the median salinity, thickness, and turbulent mixing rates
of the near-field Columbia River plume are set by the competition between the stratifying influ-
ence of river discharge and the mixing provided by tidal energy within the estuary, as expressed
by the estuarine Richardson number,

RiE = g ′
f

Q f

W E u3
tidal

. (1)

The reduced gravity is defined in general as g ′ = g(�ρ/ρo ), where g is the gravitational accelera-
tion, and �ρ is the density difference relative to background ocean water ρo . Here g ′

f represents
the density difference between fresh river water and salty ocean water, Q f is the river discharge,
WE is the estuary width, and utidal is the tidal velocity. More information on estuaries is presented
in recent reviews by MacCready & Geyer (2010) and Geyer & MacCready (2014).

In strongly forced systems, the estuarine discharge separates from the bottom near the river
mouth and forms the buoyant layer (Figure 1). The liftoff point is the location of the bottom-
attached salt front where the upper layer loses contact with the bottom and the upper-layer Froude
number Fr1 = 1. Here, Fr1 = u(g ′h)−1/2, and u and h are the upper-layer velocity and depth,
respectively. The dynamics of the liftoff process are explained by inviscid two-layer hydraulic
theory and are analogous to the case of strong barotropic forcing (Armi & Farmer 1986, Farmer
& Armi 1986), in which the point of hydraulic control (Fr1 = 1) is forced seaward from the point
of the smallest plume cross section and flow in the lower layer is arrested. Internal hydraulic theory
predicts that liftoff may result from either a deepening (Farmer & Armi 1986) or widening (Armi
& Farmer 1986) of the flow. In the deepening case, the interface remains horizontal seaward of
the liftoff point, whereas it shoals when the flow widens. Liftoff is often observed at or near a
sill, where depths are beginning to increase; however, shoaling of the surface layer is consistently
observed, indicative of the importance of lateral flow expansion. Finally, the liftoff front may be
maintained at an angle to the oncoming flow such that local Froude numbers are substantially
supercritical (MacDonald & Geyer 2005). In these cases, the liftoff front must be anchored at a
position in the channel where local Froude numbers are critical, with the remainder of the front
defined by a Froude angle ψ = sin−1 Fr−1

1 , such that Fr1 is critical with respect to flow normal to
the front.

Second, the jet-like near-field region begins at liftoff, or at the river mouth if liftoff occurs in
the estuary, and is generally considered to be the region where the river momentum exceeds the
buoyancy of the plume layer (i.e., Fr1 > 1). Thus, the near-field region is generally considered
to end where the flow ceases to be supercritical (Fr1 = 1; Hetland 2005, 2010), although this
point can be difficult to identify because Fr1 gradually transitions from supercritical to subcritical
over a significant fraction of the near-field area. The near field has much in common with an
engineering jet (e.g., Jirka et al. 1981, Jones et al. 2007), although its large aspect ratio isolates it
from significant lateral mixing (Chen & MacDonald 2006).

The near-field momentum balance is dominated by barotropic and baroclinic pressure gradi-
ents, turbulent interfacial stress between the discharging plume layer and the underlying ambient
water, and flow acceleration (McCabe et al. 2009), with the interfacial stress as the primary driver
of plume deceleration under low discharge conditions and peak ebb tide (Kilcher et al. 2012). In
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Figure 1
(a) Schematic representation of the plume liftoff process and the near-field plume region. (b) Large-scale mixing structures in the flow
acceleration region. Panel b adapted from Geyer et al. (2010). (c) Shear instabilities comprising the large-scale mixing structures.

Mid-field region: the
region where Earth’s
rotation begins to
dominate, arresting
plume spreading and
turning the plume in
the downcoast
direction

cases in which the river mouth is wide compared to the Rossby radius, LR = (gh)1/2
/ f , a near-field

region will not exist, and the discharge will exit the estuary as a far-field plume, attached to the
right bank (in the Northern Hemisphere). In regions with large tides, the dynamics in the near-
field region are strongly time dependent, and the near-field plume is also referred to as the tidal
plume (Horner-Devine et al. 2009, Kilcher & Nash 2010, Kilcher et al. 2012).

Third, the mid-field is the region where inflowing river water transitions from the inertial
near-field jet into a geostrophic or wind-dominated far-field plume. Lateral spreading is arrested,
inflow momentum is lost, and plume dynamics are increasingly dominated by Earth’s rotation. In
most systems, the plume is initially directed offshore and turns in the mid-field region to form a
shore-parallel coastal current. This process is driven by Earth’s rotation and is associated with a
corresponding increase in centripetal acceleration (Garvine 1987, McCabe et al. 2009), although
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Bulge: an unsteady,
anticyclonic eddy
circulation that can
form offshore of the
river mouth under
certain conditions,
expand continuously,
and accumulate a
fraction of the river
discharge

Far-field region: the
region beyond the
mid-field where the
plume water has lost
all memory of the
inflow momentum but
is still distinct from the
ambient receiving
water

ambient alongshore currents may also contribute to turning the plume (Fong & Geyer 2002).
Under sufficiently low wind conditions, some outflows can form a recirculating bulge region in
the mid-field, as discussed in Section 4.3. The momentum balance in the mid-field is dominated
by the Coriolis force, centripetal acceleration, and the cross-stream internal pressure gradient
(Garvine 1987, Yankovsky & Chapman 1997, Horner-Devine 2009, McCabe et al. 2009).

Finally, the far field is the region beyond the mid-field in which the plume no longer has a
memory of the initial momentum of the river discharge, and the dynamics are primarily governed
by Earth’s rotation, buoyancy, wind stress, and sometimes bottom stress. This region may extend
hundreds of kilometers from the mouth. When winds and ambient currents are not sufficient to
force the plume offshore, the far-field plume forms a geostrophic coastal current that transports
diluted river water in the direction of Kelvin wave propagation (hereafter referred to as downcoast).
The structure, dynamics, and propagation speed of the coastal current depend on the shelf slope
(Avicola & Huq 2002, Lentz & Helfrich 2002) and whether the plume is in contact with the
bottom (Yankovsky & Chapman 1997).

The anatomy of the prototypical large-scale plume, which is composed of all these regions,
is presented schematically in Figure 2. Numerical and laboratory model studies with simplified
geometry generate plumes similar to the prototypical plume (e.g., Fong & Geyer 2002, Avicola
& Huq 2003a, Horner-Devine et al. 2006), and field observations from a number of large-scale
plume systems indicate that they have a similar structure during low-wind conditions (e.g., Chant
et al. 2008, Hickey et al. 2010). However, it important to note that some of these regions will
be absent in many plumes, and thus the structure of the plume may be quite different than the
prototypical plume. This variability in plume structure and behavior is discussed in Section 5.

3. MIXING

3.1. Local Mixing: Regions and Processes Within the Plume

Mixing in river plumes may be defined as the transport of buoyancy and momentum across isopy-
cnal surfaces (e.g., Sherman et al. 1978, Ivey et al. 2008, Stacey et al. 2011). Because of the very
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Figure 2
Schematic representation of the prototypical plume comprising all dynamical regions. Other plume
morphologies are discussed in Section 5 and shown in Figure 5.

www.annualreviews.org • Mixing and Transport in Coastal River Plumes 573



FL47CH23-Horner-Devine ARI 21 November 2014 8:2

small aspect ratio of most river plumes, O(10−3), the vertical turbulent flux of density, w′ρ ′, is
generally considered to be dominant over the horizontal turbulent fluxes.

In practice, the intensity of turbulence is often quantified based on the turbulent kinetic energy
dissipation rate ε, which can be estimated from field measurements using microstructure tech-
niques (e.g., Moum et al. 1995) or overturn scales (Orton & Jay 2005). Turbulent mixing is typically
quantified in terms of the turbulent vertical salt flux w′S′ or the buoyancy flux B = (g/ρ)w′ρ ′.
The buoyancy flux in river plumes has been estimated directly using control volume techniques
(MacDonald & Geyer 2004, McCabe et al. 2008) or dye releases (Houghton et al. 2004, 2009).
In energetic mixing regions, the plume maintains a gradient Richardson number, Rig, of order
0.25, and an order unity turbulent Froude number, Frt , resulting in maximal mixing efficiencies
� � 0.2 (e.g., Ivey & Imberger 1991) and allowing buoyancy flux to be estimated from dissipation
measurements as B = �ε. Here, the gradient Richardson and turbulent Froude numbers are
defined according to Rig ≡ N 2(∂zu)−2, where N 2 = −g∂zuρ−1

0 , and Frt = urms N −1 L−1, where
L is the scale of the large eddies.

The net impact of mixing in a specific region of the plume depends not only on the intensity
of the turbulence and the density gradient available for mixing, but also on the spatial extent of
the active mixing area and the duration of the mixing event. Mixing throughout the plume can
be related to the discharge by considering the plume in isohaline coordinates, as described by
Hetland (2005). The volume of plume water contained within an isohaline, with salinity SA, can
be related to the discharge and the average mixing across that isohaline surface as

SA
∂

∂t
V fA = SAQ f +

∫
SA

w′S′ dA, (2)

where VfA is the volume of freshwater contained within the isohaline SA, and w′S′ is the vertical
salt flux across the isohaline surface. In the limit of no mixing, w′S′ = 0, the plume expands
like a balloon. In the steady-state limit, the input of freshwater is balanced by mixing across the
isohaline surface. Hetland (2005) continues this analysis by differentiating Equation 2 with respect
to salinity so that mixing and discharge can be related in specific regions of the plume, as defined
by particular salinity ranges. Typically, lower salinity classes of the plume near the source are
associated with stronger mixing and are smaller; higher salinity classes have weaker mixing and
are larger.

3.1.1. Mixing in the near-field region. Some of the most intense turbulence and mixing in the
plume occur in the near-field region, where ε values are observed to be as high as 10−4 to 10−3 m2

s−3 (MacDonald & Geyer 2004, MacDonald et al. 2007, McCabe et al. 2008, Kilcher et al. 2012).
As described in Section 2, plume expansion seaward of the liftoff point (Fr1 = 1) causes the plume
interface to shoal rapidly, following internal hydraulic theory (Armi & Farmer 1986). Shoaling
of the interface in turn causes the upper layer to accelerate according to the inviscid upper-layer
momentum equation, u ∂xu = −g ′ ∂xh, where h is the interface depth. Acceleration in the upper
layer and shoaling isopycnals increase Fr1 and drive local Rig values down, resulting in intense
mixing. Turbulence is most intense in the shoaling region immediately seaward of the liftoff point
and subsequently decreases throughout the near field (Luketina & Imberger 1987, MacDonald
et al. 2007, McCabe et al. 2008).

The decrease in mixing is a consequence of the entrainment of low-momentum, salty ambient
water into the plume, which will decelerate the plume and decrease the Froude number according
to

∂Fr1

∂x
=

∂W
∂x hu(Fr2 + 2) − 3we W Fr2

2W hFr(Fr2 − 1)
, (3)
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where W is the plume width, we is an entrainment velocity of ambient fluid across the base of the
plume, and x is in the streamwise direction (Hetland 2010). Thus, the seaward evolution of Fr1

results from competition between the acceleration associated with spreading and the deceleration
associated with mixing, the left and right terms in the numerator, respectively.

Plume spreading enhances mixing in the near-field region by increasing shear as described
above and also by increasing the planform area over which mixing occurs (Yuan & Horner-
Devine 2013). The expansion is driven by lateral density gradients and the resulting stream-normal
barotropic pressure gradient, which is particularly strong in the immediate vicinity of the river
mouth, as discussed by McCabe et al. (2009). The lateral fronts expand away from the axis of the
plume as freely propagating gravity current fronts, resulting in a spreading rate that is proportional
to the local internal gravity wave speed, c = (g ′h)1/2 (Wright & Coleman 1971, Hetland &
MacDonald 2008, Chen et al. 2009, Hetland 2010, Yuan & Horner-Devine 2013). In addition
to these mechanisms, recent observations by MacDonald & Chen (2012) provide evidence that
spreading may locally enhance turbulence as the divergence of the plume stretches the turbulent
eddies. This effect was not observed in subsequent laboratory experiments of spreading plumes
(Yuan & Horner-Devine 2013), however, and the impact of spreading on local turbulent mixing
processes remains uncertain. McCabe et al. (2009) discuss the relative role of rotation in plume
spreading. They argue that the important quantity for plume spreading is the sum of the stream-
normal pressure gradient and the Coriolis term. Spreading will vary across the plume; the pressure
and Coriolis terms are in opposition on the upcoast edge of the plume but are in concert on the
downcoast edge.

Mixing in river plumes is dominated by stratified-shear flow instabilities (Stacey et al. 2011,
Yuan & Horner-Devine 2013), particularly Kelvin-Helmholtz (KH) instabilities (Thorpe 1969,
Kantha et al. 1977, Trowbridge 1992, Smyth & Moum 2000). In the near-field plume, strong
shear, on the order of 0.5–1 s−1, is often present at the plume base, with density differences of
15–20 kg m−3 between the plume and ambient waters. Corresponding gradient Richardson num-
bers are maintained at approximately 0.25, providing sufficient conditions for the development
of KH billows (e.g., Thorpe 1973, Smyth et al. 2001) and subsequent turbulent mixing. KH-like
structures have been observed acoustically in estuarine and plume flows (Tedford et al. 2009,
Geyer et al. 2010) at larger scales, although Geyer et al. (2010) indicate that these are self-similar
structures at scales an order of magnitude larger than the KH billows actually responsible for
mixing (Figure 1b). The size of KH billows is set by the Ozmidov scale, Lo = ε1/2 N −3/2, which is
O(10 cm) in strongly stratified plume regions. Less than 10% of the interfacial volume is occupied
by coherent overturn structures capable of initiating significant mixing (MacDonald et al. 2013).
Turbulent dissipation rates and turbulent buoyancy fluxes resulting from stratified-shear mixing
processes are best nondimensionalized by the quantity g ′�U (Imberger & Ivey 1991, MacDonald
& Geyer 2004).

3.1.2. Wind and wave mixing. Wind stress generally results in lower turbulence levels than
are observed in more energetic areas such as the near field or plume front. Houghton et al.
(2009) use dye release measurements in the far-field plume and show that the salt fluxes vary from
approximately 5 × 10−5 kg m s−1 during low wind conditions to 3 × 10−4 kg m s−1 for high winds
(12 m s−1). Assuming � = 0.2, these are equivalent to average dissipation rates of 2 × 10−6 m2

s−3 and 1 × 10−5 m2 s−3, which are one to two orders of magnitude lower than rates observed in
the front or near field. However, wind typically acts over the entire plume, and the spatial area of
active mixing may be large enough to make the net effect substantial.

Mixing of the plume by the wind relies primarily on shear in the surface Ekman layer. Ekman
transport in the surface layer will be constant for a given wind stress, but the flow speed is inversely
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proportional to the plume depth. A model of plume mixing by the wind was presented by Fong
& Geyer (2001) and later modified by Lentz (2004) and Hetland (2005). The wind drives Ekman
transport in the plume layer, which drives vertical shear and shear mixing. As described by Fong &
Geyer (2001), the influence of wind on the far-field plume is modified by upwelling or downwelling
winds, which tend to thin or thicken the plume, respectively, thus modifying the mixing response.

It is convenient to define a freshwater thickness, h f = ∫ η

−H (S0 − S)/S0 d z, which is the vertical
integral of the salinity anomaly, S0 − S, relative to the ambient water salinity, S0. An upper limit to
g′ is defined as g ′

f = g�ρ f ρ
−1
0 , where �ρ f is the density difference between purely freshwater and

ambient water. By combining conservation of mass, g ′h p = g ′
f h f , the Ekman transport equation,

uE h p = τ f −1, and the definition of the critical bulk Richardson number, Ric = g ′h pU −2
E , one can

calculate the critical plume thickness for a given wind stress as

h p = 2τ

ρ0 f

√
Ric

g ′
f h f

. (4)

The plume will mix to the critical depth, which depends on the wind stress and freshwater thickness,
and then mixing will be suppressed. If the plume has already mixed to this point, or past it, no
further mixing will occur. Thus, in this case, the wind supplies the kinetic energy for mixing, but it
is modulated by rotation in a way that prevents the wind from continually accelerating the fluid. In
a nonrotating case, a continuously applied wind would keep accelerating the fluid, and the plume
would continually mix. Thus, rotation limits the amount of mixing that can occur for a given wind
stress.

Wave breaking generates intense turbulence at the ocean surface, with observed dissipation
rates reaching values of 10−3–10−1 m2 s−3 in typical wind waves (Agrawal et al. 1992, Gemmrich
2010, Thomson 2012). The wave height is the primary scale that determines the penetration
depth of breaking wave–enhanced turbulence (Terray et al. 1996), suggesting that plumes may be
strongly influenced by wave breaking when their thickness is of the same order as the wave height,
although this has yet to be tested in the field. Using a numerical model, Gerbi et al. (2013) find
that wave breaking has a substantial effect on the structure and dynamics of a river plume but find
little impact of wave breaking on mixing, presumably because the plume they investigate is too
thick to feel the effect of intensified surface turbulence at the density interface. Wave breaking is
parameterized in their model as a surface source of turbulent kinetic energy that diffuses down
into the water column, following Craig & Banner (1994).

3.1.3. Frontal mixing. Intense turbulence is often observed in plume fronts generated by ener-
getic tidal plumes, with dissipation rates on the order of 10−4–10−3 m2 s−3 (Orton & Jay 2005,
O’Donnell et al. 2008, Horner-Devine et al. 2013), which are of a similar magnitude to those ob-
served in the near-field plume region. However, the contribution of the front to the mixing budget
of the plume and the magnitude of this contribution relative to mixing in the near- or far-field
plume regions are still uncertain. Current estimates of the frontal mixing contribution to the total
mixing range from approximately 100% (Pritchard & Huntley 2006) to 20% (Orton & Jay 2005)
and possibly much less (Cole 2014). Whereas turbulence is very high in the plume front, it decays
exponentially behind the front (O’Donnell et al. 2008, Horner-Devine et al. 2013), resulting in a
narrow band of active mixing. O’Donnell et al. (2008) estimate the size of the frontal mixing region
based on laboratory grid turbulence experiments (Itsweire et al. 1993) as LI = 5 ufr N −1, resulting
in estimates ranging from 15 m in the Connecticut River plume to 60 m in the Columbia River
plume. Here ufr is the frontal propagation speed. The total area of frontal mixing is a function of LI

and the plume circumference, both of which may change as the plume front propagates offshore.
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Kilcher & Nash (2010) show that the frontal Froude number Fr = ufr (g ′h)−1/2 in the Columbia
River plume is relatively constant in the tidal plume front during ebb tides, in large part because
of increasing freshwater flux from the estuary. This suggests that mixing may be maintained as the
frontal circumference increases, at least in a large tidal plume such as the Columbia River plume.
As the ebb tide ends and the estuary discharge decreases, the front speed drops below the ambient
internal wave speed, and it releases internal solitons, losing further energy to the wave field (Nash
& Moum 2005; Jay et al. 2009, 2010).

3.1.4. Mixing in the bottom boundary layer. When a plume interacts with the seafloor, there
may be convective adjustment owing to Ekman transport in the bottom boundary layer (see
Section 4.6). Although it is widely accepted that this process influences the plume frontal position,
it is not well understood how the associated mixing alters plume water masses. In shallow shelves
with strong tides, bottom stress associated with the tidal flow may mix the plume from the bottom.
This is more common in the type of broad, shallow seas that are found in northern Europe and
are referred to as ROFIs (see Simpson 1997). In these regions, the interaction of the rotational,
oscillatory bottom boundary layer with the plume’s stratification results in counter-rotating tidal
ellipses in the surface and bottom layers (Visser et al. 1994, Souza & Simpson 1996). This form
of tidal straining can periodically increase and decrease the vertical stratification (De Boer et al.
2006, 2008), can cause the plume to periodically separate from the coast (De Boer et al. 2009),
and may drive mixing (Fisher et al. 2002).

3.2. Integrated Plume Mixing: Quantifying and Comparing Mixing
Within and Across Plumes

The net dilution of freshwater as it traverses through a plume is determined by the sum of the
mixing processes and is thus essential in a complete description of plume mixing and transport.
To understand how the different mixing processes described in Section 3.1 combine to produce
the total dilution of the plume and to compare the relative contributions of each, one needs to
develop a framework for comparison.

3.2.1. Mixing budget. Many studies investigate the role of mixing in the context of an energy
balance (e.g., Winters et al. 1995, Wunsch & Ferrari 2004, MacCready et al. 2009). The most
relevant to the present review is that by MacCready et al. (2009), who investigate mixing in the
Columbia River plume using an energy balance for the estuary and plume regions. MacCready
et al. show how three types of energy—kinetic energy associated with the flow field, barotropic
energy associated with sea surface height displacements, and baroclinic energy associated with
density differences—change in response to various forcing terms. The energy balances in the
Columbia River estuary and plume show that pressure work dominates the balance in the estuary,
whereas either winds or tides were most important for driving mixing in the plume, depending on
the relative strength of the winds and the magnitude of the tides. Although mixing is observed to
be weaker, more heterogeneous, and more episodic in the wind-driven plume than in the estuary,
the net mixing is a significant component of the total energy budget in both. The energy balance
approach is most effective when hydrodynamic model results are used that capture the full spatial
and temporal variability of a system; it is virtually impossible to generate sufficient observational
data to adequately evaluate the mixing budget as described by MacCready et al. (2009).

3.2.2. Comparison of plume mixing estimates. Although considerable work has been done to
estimate mixing rates in different regions of the plume, we are still unable to quantify the relative
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importance of each process or region in the net mixing in a plume. A notable exception is work by
Pritchard & Huntley (2006), who compare wind, tidal, and frontal mixing within the River Teign
plume. They argue that these three processes can explain all the mixing required to completely
disperse the small, tidally pulsed plume. Pritchard & Huntley model mixing in this system based on
in situ observations. Using a potential energy budget that is much simpler than that in MacCready
et al. (2009), they estimate the magnitudes of net wind, tidal, and frontal mixing and compare
them to the total potential energy supplied by the buoyant outflow. Their energy budget is based
on

φ = 1
η + H

∫ η

−H
gz(ρ̄ − ρ) d z, (5)

where ρ̄ is the vertical mean density. The term φ represents the mechanical energy required to
vertically homogenize the water column and is used as a metric to quantify stratification (e.g.,
Simpson et al. 1981, Burchard & Hofmeister 2008).

The River Teign forms a very small plume with Q f ∼ 5 m3 s−1; its plume is mixed out entirely
on each tide and forms anew on the following ebb. Pritchard & Huntley (2006) find that frontal
mixing dominates in this plume and is capable of mixing 100% of the buoyancy input on each
tide. Wind mixing is only comparable to frontal mixing with winds between 15 and 20 m s−1, and
tidal mixing is always negligible. This result is in sharp contrast to the results from the Columbia
River plume (MacCready et al. 2009), suggesting that the relative contributions of each mixing
process depend on the magnitude of the river discharge and plume.

The normalization presented by Pritchard & Huntley (2006) provides a framework for compar-
ing the relative importance of different mixing mechanisms in the dilution of a plume. It considers
the rate of energy converted to mixing due to a specific process relative to the total energy required
to mix the freshwater discharge completely into the ambient ocean. We express this ratio here
as the ratio of the turbulent buoyancy flux B for an individual mixing process to the available
potential energy from the estuary:

M = 2
B A

g ′
f Q

γ T ∗, (6)

where γ = g ′
M (g ′

f − g ′
M )−1, and A is the horizontal area over which the buoyancy flux acts. The

mixing normalization M differs from that of Pritchard & Huntley (2006) in two ways. First, we
consider the amount of energy required to mix the discharge from its initial g ′

0 to a final g ′
M ,

instead of complete mixing over the entire water depth. Second, we introduce a nondimensional
time variable T∗, which represents the fraction of time for which the process is active. For example,
T∗ is between 0.3 and 0.5 for a process that occurs only on the ebb tide. In theory, individual M
terms representing the various components of a single plume realization should sum approximately
to 1.

Measurements of ε or B from observations in various regions (e.g., Luketina & Imberger 1987,
Houghton et al. 2004, MacDonald & Geyer 2004, Orton & Jay 2005, MacDonald et al. 2007,
McCabe et al. 2008, O’Donnell et al. 2008, Kilcher et al. 2012, Horner-Devine et al. 2013) could be
used to estimate M, but these estimates are typically point measurements, which must be assumed
representative of processes over some unknown volume and time fraction. Approximations of the
spatial and temporal extent of mixing can be made, in some cases more reliably than others, but
in any case, they generally inject significant uncertainty into estimates of M from available field
data.

A comparison of values of M estimated based on plume turbulence measurements summarized
in Section 3.1 illustrates the challenges in constructing a meaningful mixing budget. Near-field
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M values based on observations from the Columbia and Merrimack Rivers (e.g., MacDonald et al.
2007, Kilcher et al. 2012) appear reasonable and suggest that near-field mixing might be responsi-
ble for 10–30% of the total required mixing. However, estimates based on observations from the
far-field regions of the Delaware Bay outflow and Hudson River (Houghton et al. 2004, 2009);
frontal regions in the Columbia River (Orton & Jay 2005), Merrimack River (Horner-Devine
et al. 2013), and Connecticut River (O’Donnell et al. 2008); and the mid-field plume region
of the Columbia River (McCabe et al. 2008) appear far less robust, with values ranging from
less than 0.2% to nearly 400%. Clearly, these observational estimates are significantly impacted
by errors in estimating the volumetric extent of mixing and variability of mixing across plume
regions. This highlights an important gap in our current understanding of plume dynamics, for
which most studies to date are process oriented and focused on point measurements, which may
or may not be representative of the entire plume over larger spatial and temporal scales.

The range of estimates above also highlights the difficulty in using temporally and spatially
isolated measurements from different regions to draw broad conclusions about plume mixing.
As conditions may vary from ebb to ebb, enhanced mixing in one region might decrease the
energy available to mix in a subsequent region, thus altering the chain of M values leading to
complete dilution. This highlights the fact that many different pathways to dilution may exist for a
single system, depending on a variety of external forcing mechanisms. Hetland (2005) describes a
plume as a series of connected regions, with each region setting the water properties that enter the
next region. Although this mixing sequence has been well characterized using numerical models,
these models necessarily involve parameterizations of the mixing processes. It is a tremendous
observational challenge to resolve the mixing processes across the temporal and spatial scales of the
plume necessary to accurately compare interconnected mixing processes acting in different regions
of the plume. For example, using multiyear ferry-based measurements of the Fraser River plume,
Halverson & Palowicz (2008) show that increased river discharge decreases the salinity of the water
exiting the near field, thus quantifying the net mixing across the near-field plume under different
forcing. Recent in situ measurements of the Columbia and Merrimack River plumes using multiple
concurrent platforms may bring us closer to the goal of actively comparing interconnected mixing
processes occurring in different regions of a plume. Also, recent advances in remote sensing may
offer solutions to estimating mixing across the entire plume synoptically (Chickadel et al. 2011).

4. TRANSPORT

4.1. Plume Transport

Transport of river water away from the mouth is driven primarily by the plume’s buoyancy,
wind stress, and ambient coastal currents and is strongly mediated by Earth’s rotation. Mixing
processes near the river mouth or in the core of the near-field plume play an important role in
plume transport because baroclinic pressure gradients, proportional to internal density gradients,
drive plume transport. In the absence of significant external forcing, transport away from the river
mouth may be dominated by the retention of river water in a persistent eddy feature referred to
as the bulge. In this section, we describe the dominant parameters that modify the alongshore
transport. Most alongshore transport occurs in the coastal current region of the plume, which
is typically in geostrophic balance. However, winds, tides, and bottom slope will influence the
structure and transport in the coastal current; this is described in order to present a full picture of
the transport processes.
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4.2. Control Volume Approach

Nof & Pichevin (2001) provide a theoretical framework for understanding the alongshore transport
in a simplified river inflow. Their approach is based on the layer-averaged alongshore momentum
equation, integrated over a control volume that bounds the river mouth region. Equation 7 is
a generalized expression for the control volume–integrated alongshore momentum for a river
entering at angle θ i:

−
∫∫

A

∂

∂t
(uh)d xd y︸ ︷︷ ︸
M t

+ f
∫∫

A
(vh)d xd y︸ ︷︷ ︸
M C

+ U Q
2

cosi

(
2 + 1

Fr2
i

)
︸ ︷︷ ︸

M i

+Fe =
∮

c

(
u2h + g ′h2

2

)
d y︸ ︷︷ ︸

M cc

. (7)

Mt and MC are the momentum contributions due to the unsteadiness of the plume and Cori-
olis force resulting from the net cross-shore velocity in the control volume, respectively. Mi is
the inflow contribution of the alongshore momentum as well as the alongshore component of
the baroclinic pressure force acting on the control volume at the inflow. This term is zero if the
river inflow is perpendicular to the coast, θi = 90◦, and provides a contribution in the positive
x direction if θi < 90◦. Fri is the inflow Froude number, based on the average inflow velocity,
depth, and density anomaly. Fe represents the external forces acting on the plume, including winds,
bottom drag, and the force imparted by ambient currents. Mcc is the momentum flux out of the
control volume in the coastal current plus the baroclinic pressure force back on the control volume.
Because it is positive definite, this term provides a force on the control volume in the negative x
direction. It is important to note that Equation 7 is a layer model and does not explicitly include
mixing processes. This is a reasonable approximation in systems in which winds and tidal mixing
are low and much of the plume mixing occurs in the estuary and the near-field plume.

Pichevin & Nof (1997) consider the simplified case in which the inflow is perpendicular to the
coast (M i = 0), the flow is steady (M t = 0), there is no net across-shore flow (M C = 0), and
there are no external forces (Fe = 0). In this case, no force exists to balance the flux of momentum
into the coastal current Mcc, resulting in what they refer to as the momentum imbalance paradox.
Because this is not possible, one of the neglected terms in Equation 7 must be nonzero.

4.3. The Bulge and the Reduction of Alongshore Flow

Nof & Pichevin (2001) conclude that the momentum equation can be satisfied if an unsteady
growing recirculation region, referred to as the bulge, exists. The bulge, which is shown in
Figure 2, is a persistent feature in most simplified numerical models (e.g., Oey & Mellor 1993,
Kourafalou et al. 1996, Garvine 2001, Fong & Geyer 2002) and laboratory experiments (Avicola
& Huq 2003a,b; Horner-Devine et al. 2006) simulating river plumes, when there is no ambient
current and the wind stress is low or moderate. Bulge formation requires that the estuary width
is narrow relative to the Rossby deformation radius [i.e., the Kelvin number K = W f (g ′h)−1 is
less than 1] (Garvine 1995, Huq 2009). When present, the bulge is a subtidal feature that grows
continuously in time, accumulating between 25% and 75% of the river’s freshwater discharge
and causing a corresponding reduction in the transport of freshwater away from the river mouth
region in the coastal current (Fong & Geyer 2002, Horner-Devine et al. 2006). The mechanism
leading to retention in the bulge is associated with splitting of the buoyant current as it impinges
on the coast at a stagnation point downstream of the river mouth. Based on the momentum
balance presented by Whitehead (1985), the fraction that returns to the bulge rather than flowing
into the coastal current depends on the incidence angle of the impinging bulge current (Avicola
& Huq 2003a, Horner-Devine et al. 2006). Recently, a well-defined bulge circulation and
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corresponding reduction in alongshore freshwater transport have been observed in large-scale
field sampling efforts (e.g., Chant et al. 2008, Horner-Devine 2009). The unsteadiness of the
bulge flow is documented in satellite observations (Horner-Devine et al. 2008), and its impacts
on the coastal ecosystem have been observed (Chant et al. 2008, Kudela et al. 2010).

The bulge flow consists primarily of a large eddy rotating anticyclonically in which the momen-
tum is in gradient-wind balance (Yankovsky & Chapman 1997; Nof & Pichevin 2001; Horner-
Devine et al. 2006, 2009),

u2
θ

r
+ f uθ = g ′ ∂h

∂r
. (8)

This balance is typically expressed in a cylindrical coordinate system in which uθ is the azimuthal
velocity and r is a radial coordinate with its origin at the center of the bulge. There is an initial setup
period, during which the unsteady acceleration term ∂ur/∂t is also important in the momentum
balance. After this 1–2-day period, the bulge is in gradient-wind balance, despite the fact that
it is continually expanding (Horner-Devine 2009). Nof & Pichevin (2001) assume M t � 0 and
model the offshore expansion as a constant net cross-shore migration speed Cy, and the resulting
alongshore momentum balance is between MC and Mcc. If the bulge is in gradient-wind balance,
this results in predictions for the central depth Hb, radius Rb, and migration speed Cy for the bulge
(see Nof & Pichevin 2001). In their formulation, the alongshore transport in the coastal current
is given by

Qcc

Q
= 1

1 + 2α
, (9)

where α = −2uθ / f r is the nondimensional bulge vorticity. When the potential vorticity is zero,
corresponding to a relatively intense eddy with α = 1, Equation 9 predicts that 33% of the river
discharge will be transported away from the river mouth in the coastal current, and the remaining
67% will accumulate in the bulge. When the eddy is weaker (α � 1), the coastal current transport
is predicted to increase (Figure 3). Few field data exist to test Equation 9, but estimates from both
the Columbia River (Horner-Devine 2009) and Hudson River (Chant et al. 2008) plumes suggest
that it provides a reasonable prediction (Figure 3).

The drawback of Equation 9 is that it cannot provide an a priori estimate of the alongshore
transport because it depends on the observed bulge vorticity α. Efforts to predict Qcc Q−1 a priori
do so based on the inflow Rossby number Roi = U f −1W −1 (Fong & Geyer 2002, Horner-
Devine et al. 2006), which can be interpreted as the inflow vorticity. Here, U and W are the inflow
velocity and width, respectively. Qcc Q−1 is less sensitive to Roi compared with the prediction for
α (Figure 3). This may be related to the amount of mixing occurring in the near-field plume,
which will determine the degree of modification of vorticity between the inflow and the bulge.
A good understanding of how inflow conditions set α may provide the information necessary to
generate an a priori prediction of alongshore plume transport for this simplified case.

4.4. The Role of Wind

In addition to mixing via Ekman shear (Section 3.1.2), wind may also translate a plume and enhance
or limit transport. Wind is often the dominant driver of transport in a plume. In the case of a
thin plume that is not in contact with the seafloor, this transport is straightforward and should
correspond to Fe ∼ M cc. In general, a downwelling wind will enhance alongshore transport,
whereas an upwelling wind will diminish it (Fong & Geyer 2001). An upwelling wind is an along-
shore wind in the opposite direction to the coastal current that creates a divergent, offshore flow
due to Ekman transport; a downwelling wind blows in the same direction as the coastal current
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Figure 3
Comparison of theoretical predictions for the coastal current transport from Equation 9 (Nof & Pichevin
2001) with numerical (Fong & Geyer 2002), experimental (Horner-Devine et al. 2006), and field
observational (Chant et al. 2008, Horner-Devine 2009) estimates. Note that the abscissa is Ro for the
laboratory and model data and α for the theory and field data. These correspond to estimates of the
normalized vorticity at the inflow and in the bulge, respectively.

and creates a convergent, onshore flow. However, for a plume in which the pycnocline intersects
a significant stretch of the seafloor, wind forcing is more complicated. For an unstratified shelf,
the convergence or divergence of the Ekman transport at the coast will cause a setup or setdown
of the sea level, which in turn will drive geostrophic alongshore currents in the same direction as
the alongshore wind stress (e.g., Csanady 1977). Buoyancy-driven coastal currents will respond
to the wind in the same way, with two notable modifications. First, the buoyancy-driven flow will
be superimposed on the wind-driven currents, such that an upcoast wind will only drive upcoast
currents if it can overpower the buoyancy-driven flow (Zhang & Hetland 2012). Second, the
cross-shore density structure must evolve in response to the wind stress such that it is also in
geostrophic balance with the wind-driven currents (Whitney & Garvine 2005, Zhang 2013).

4.5. Modification of Transport by Other Processes

Although the bulge flow described in Section 4.3 provides a useful baseline for understanding
plume transport and presents a good target for analytical modeling, it is applicable only a fraction
of the time in real plumes due to coastline geometry, ambient currents, tides, and winds that often
dominate plume transport (e.g., Kudela et al. 2010).

When the inflow angle θi is reduced below 90◦, the inflow contributes momentum in the
alongshore direction that can act to balance the flux of momentum into the coastal current (M i ∼
M cc). Thus, the offshore expansion and Coriolis term decrease, and more fluid is transported away
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from the river mouth in the coastal current. Almost all the river discharge is carried downstream in
the coastal current when θ i is less than a critical angle between 40◦ and 60◦ (Garvine 2001, Avicola
& Huq 2003b, Horner-Devine 2004). The propensity to generate a bulge is related to the degree of
flow separation from the coast (Bormans & Garrett 1989) and is explained in terms of a separation
ratio d f/u, where d is the maximum offshore distance of the separated flow (Avicola & Huq 2003b).

Ambient along-coast currents can also significantly influence plume transport, augmenting
transport if the current is in the same direction or decreasing transport if the current opposes
the plume. Fong & Geyer (2002) show that the barotropic transport component augments the
baroclinic transport that is present in the plume in the absence of an ambient current. Even a
relatively small ambient current of 0.2 m s−1 is sufficient to increase the alongshore transport to
match the river discharge.

Isobe (2005) reports that tidal currents stabilize the bulge and increase alongshore transport.
His simulations suggest that after approximately 60 days, the coastal current transport is equal to
the river discharge in small- to medium-sized discharges with tidal currents of 0.3 m s−1.

4.6. Coastal Currents over Sloping Bathymetry

Near the source, there can be significant cross-shore currents and substantial mixing. Eventually,
however, in the absence of prominent headlands or bays, the flow will evolve such that the currents
are very nearly in geostrophic balance, oriented along shore, with density gradients primarily
oriented offshore. The flow within the coastal current is in thermal wind balance such that the
vertical shear is in balance with the horizontal density gradients. However, this balance does not
set the transport of the coastal current, which is specified upstream by the value of Qcc.

If a buoyancy-driven current interacts with the bottom, it will adjust such that the bottom
flow is zero. Such balance is similar to the buoyancy arrest in the bottom boundary layer during
upwelling conditions described by MacCready & Rhines (1993) but occurs through the entire water
column. If the bottom currents are initially downcoast in the same sense as the surface buoyant
flow, this will drive an offshore Ekman transport within the bottom boundary layer in which light
coastal current water is pushed beneath heavier shelf water. The unstable water column mixes and
reduces the integrated salinity at a particular depth due to the offshore flux of freshwater in the
bottom boundary layer. The net effect of this process is to drive the plume front offshore, into
deeper waters. Eventually the geostrophic transport within the plume front comes into balance
with the thermal wind shear such that the flow at the bottom is approximately zero, thus halting
further offshore migration of the plume front. This process is described in detail by Chapman &
Lentz (1994) and Yankovsky & Chapman (1997) in a series of idealized numerical experiments.
Curiously, these numerical experiments suggest that the cross-shore density gradients within the
plume front remain roughly constant through the offshore migration process, such that the plume
front retains its structure as it is pushed offshore. Observations (e.g., Kirincich & Hebert 2005) of
buoyancy-driven flow over the continental shelf support the idea of buoyancy arrest; in fact, it is
a very reasonable approximation to assume quiescent bottom currents for buoyancy-driven flows
over the continental shelf at timescales of more than a few rotational periods.

Lentz & Helfrich (2002) and Avicola & Huq (2002) investigate the influence of a sloping bottom
on the propagation of a plume. When the plume propagates along a vertical wall, the propagating
nose is fed by currents along the wall, with a return flow back toward the source, relative to the
translating nose. The nose propagation speed is given by c w = √

g ′h p = (2Qg ′ f )1/4, where hp is
the maximum thickness of the plume, and Q is the net transport carried within the plume. If the
plume propagates over a very gently sloping bottom, with slope α, with the propagation speed
entirely determined by the bottom slope, the propagation speed reduces to c α = αg ′ f −1. For
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intermediate cases, the propagation speed is

c p = c w

1 + c w/c α

. (10)

This theory is able to explain the arrival time of pulses of freshwater from the Chesapeake River
plume observed at Duck, North Carolina (Rennie et al. 1999).

5. DISCUSSION

5.1. Pathways of Dilution

Individual mixing and transport processes associated with freshwater discharge to the coastal
ocean are the core components of any river plume system, and the isolation and investigation
of these processes are the focus of most river plume studies to date. However, the integration
of these individual processes creates the resulting plume structure and defines the pathway to
dilution for terrestrially derived freshwater. As described in Section 2, freshwater dilution begins
in the estuary, where a variety of mixing processes driven by tides and river discharge can serve to
increase the discharge salinity before it reaches the coastline, and it continues offshore through a
series of plume regions before its ultimate dissolution into the adjacent ocean waters. There are
several resulting plume structures, depending on the relative importance of the various mixing
and transport processes, resulting in a variety of dilution pathways. The nature of these pathways
is critically important for identifying the overall fate and transport of the freshwater discharge, as
well as any nutrients, pollutants, sediments, or other admixtures within the plume.

Owing to the addition of salt into the plume by mixing, the plume will become increasingly
diluted as it evolves, characterized by an ever-decreasing density difference between the plume
and ambient ocean waters. Thus, depending on the nature and strength of the mixing processes
relative to the initial magnitude of the discharge, the dilution pathway may terminate at any stage,
such that the far-field plume may be observed only for a subset of river discharges or may contain
only a fraction of the total discharge.

In some cases, limited initial discharge or enhanced mixing may result in the dilution of the
entire freshwater signal before the plume has time to pass through all the potential stages of its
evolution (i.e., near field, mid-field/bulge, far field/coastal current). This is certainly the case for
the River Teign plume (Pritchard & Huntley 2006) and other very small discharge plumes, but
it is likely to be the case even for larger plumes, at least during specific times of the year. Other
plumes, such as the Merrimack or Columbia River plumes (Hickey et al. 2010), may be dissolved
within the mid-field region, depending on forcing conditions. Even plumes that lack a near-field
region, such as the Delaware Bay plume, may be swept offshore and mixed away prior to the
formation of a coherent coastal current, depending on wind conditions. Thus, a myriad of plume
structures, and resulting pathways to dilution, can exist. Figure 4 illustrates the possible dilution
pathways that could exist, depending on various physical considerations at several critical points
in the evolution of a plume. We note that in a single system, the dilution pathway and associated
plume structure may shift as a function of river discharge, tidal range, winds, and so on, such
that it is possible that a single system could at different times display many of the possible plume
structures.

Most river discharges are associated with an estuary, where dilution begins in the laterally
constrained lower reaches of the river channel. If freshwater discharge is high enough to maintain
a supercritical value of Fr1 at the river mouth through all phases of the tidal cycle, then no estuary
exists, and all dilution processes are pushed into the unconfined coastal ocean. In very limited cases,
with sufficiently small discharges, complete dilution could occur within the limits of the estuary,
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Figure 4
A schematic representation of mixing pathways in river plumes based on the presence or absence of different plume regions. Pathways
A–D correspond to plumes A–D in Figure 5.

such that no plume is formed (see Geyer & MacCready 2014 for a detailed review of estuarine
processes). The vast majority of discharge conditions are characterized by both an estuary and a
plume.

At its simplest, the plume structure can be reduced to two defining aspects: (a) Does a super-
critical near-field region exist, and (b) does a recirculating bulge exist? A near-field region exists
if conditions at the mouth are supercritical with respect to an internal Froude number. If this
condition is not met, then the plume will form a far-field plume or coastal current upon discharg-
ing from the estuary, with the dynamics of the forming plume strongly influenced by rotation.
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If the supercritical condition is met, then a near-field region will be present until the outflow
conditions are reduced to subcritical with respect to the internal Froude number at some distance
(typically on the order of kilometers) from the river mouth. Beyond the near-field region lies a
transition region, or mid-field plume, where the processes active in the near field transition to the
geostrophic dynamics active in the far field. Ultimately, far enough downstream, the plume will
become geostrophic, entering the final stage of plume dilution. All these regions may be influ-
enced by winds, waves, background currents, and tidal currents. The relative importance of wind
is typically considered to be weakest in the near field, where the inertia of the river discharge is
dominant.

5.2. A Menagerie of Plumes

The variety of dilution pathways identified in Figure 4 emphasizes that river plumes are multi-
scale flow structures comprising a number of distinct processes and regions. Plume dynamics are
determined by stratified mixing processes operating at scales of 10−2–10 m, large-scale transport
processes at scales of 103–105 m, and a host of other processes that span the range between these
scales. In an individual river plume, the processes that are most important are determined by the
scale, geometry, and forcing of the plume. Figure 5 shows a menagerie of plume morphologies,
which represent most river plumes observed in the field. The imprint of some of these observed
plume types is shown by the color-coded pathways in Figure 4. These plume types represent
characteristic morphologies based largely on the geometry of the coast and the magnitude of the
discharge. However, external forcing, such as wind in particular, will often alter the morphology
of the plume such that the shape of the plume and the dilution pathways may be very different
under different forcing conditions.

Prototypical plumes (plume A), comprising all dynamical regions, have a relatively high dis-
charge and narrow mouth, and their dynamics are strongly modified by Earth’s rotation. These
plumes have the morphology observed in laboratory and numerical model experiments for a sim-
plified coastal inflow. Examples exhibiting this morphology are the Columbia River plume (Hickey
et al. 2010, 1998), the Merrimack River plume (MacDonald et al. 2007), the Niagara River plume
(Masse & Murthy 1992, Horner-Devine et al. 2008), and the Hudson River plume (Chant et al.
2008). Important dynamical constraints in this type of plume include the internal Froude number,
Fr1, which sets the scale and intensity of the near field, and the Rossby number, which sets the
scale for the downstream transition to a coastal current (Yankovsky & Chapman 1997) and the
alongshore transport (Fong & Geyer 2002, Horner-Devine et al. 2006).

Nonrotational plumes (plume B), which have no mid-field or geostrophic coastal current, feel
little effect of Earth’s rotation, either because they are too small, as in the case of the River Teign
plume (Pritchard & Huntley 2006), or because the river mouth is close to the equator, as in the case
of the Amazon River plume (Lentz & Limeburner 1995). Their behavior is primarily characterized
by an internal Froude number, Fr1, resulting in various outflow conditions (Kashiwamura &
Yoshida 1978), and can often be considered analogous to an engineering jet (e.g., Jirka et al. 1981,
Atkinson 1993, Chen & MacDonald 2006, Jones et al. 2007). Many plumes in laboratory studies
(e.g., Yuan & Horner-Devine 2013) are nonrotational and thus fall into this category.

Wide estuary plumes (plume C), which have no near field, a weak mid-field, and no bulge,
have a sufficiently wide mouth that the freshwater separates from one side due to Earth’s rotation
inside the estuary. These plumes are similar to a geostrophic coastal current that adjusts as it
rounds the corner into the coastal ocean, and as such comprise primarily far-field plumes. Classic
examples include the Chesapeake Bay plume (e.g., Valle Levinson et al. 1998, Johnson et al.
2001, Dzwonkowski & Yan 2005) and the Delaware Bay plume (e.g., Whitney & Garvine 2006,
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River plume morphologies: prototypical (plume A), nonrotational (plume B), wide estuary (plume C), angled inflow (plume D), delta
plume (plume E), and region of freshwater influence (plume F). Inset images show examples of each plume type: (plume A) the
Columbia River (SeaWiFS), (plume B) River Teign (Pritchard & Huntley 2006), (plume C) Chesapeake Bay (Donato & Marmorino
2002), (plume D) Eel River (Geyer et al. 2000), (plume E) Mekong River (Wisdom Project), and (plume F) Rhine River (De Boer et al.
2009).
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Tilburg et al. 2007) outflows. In these plumes, rotation is of primary importance, and they can be
characterized by the Ekman and Rossby numbers.

In angled inflow plumes (plume D), which typically have no bulge, the inflow is at a small angle
to the coast, so it has a significant component of alongshore momentum initially. An example is the
Eel River plume along the northern California coast (Geyer et al. 2000). This plume orientation
can significantly affect plume transport, depending, in particular, on whether the inflow is aligned
with or opposed to the direction of the coastal current. Depending on its size, this type of plume
may be characterized by the internal Froude number or the rotational influences defined by the
Ekman and Rossby numbers.

Delta plumes (plume E), which have mutually interacting regions, enter the ocean through
a delta system, delivering freshwater via a number of river channels. Plumes formed by each
of the channel outlets will interact with each other, depending on the spacing of the channels
(Yuan et al. 2011). This formation is characteristic of many of the world’s largest river systems
(Wiseman & Garvine 1995), including the Mississippi (e.g., Wright & Coleman 1971), the
Changjiang (Yangtze) (Beardsley et al. 1985), the Nile, and the Mekong Deltas. In this case,
plume characterization is highly dependent on the overall size of the plume and also the nature
and spacing of the individual distributaries.

In ROFIs (plume F), which have a strong interaction with the bottom, bottom friction is
important and controls the cross-shore scale of the plume. Shallow marginal seas contribute to
this type of plume being more prevalent along European coasts, with the Rhine (Simpson et al.
1993) and Liverpool Bay (Verspecht et al. 2009) as classic examples. The critical balance in these
plumes exists between the destratifying effects of mixing due to bottom friction and the stratifying
effects of sheared flow in the presence of lateral density gradients, characterized by the Simpson
number,

Si =
g
ρ0

∂ρ

∂x H

cDU 2
. (11)

5.3. Future Research Needs

Research on river plumes over the past several decades has resulted in the development of a frame-
work for understanding the transformation of river discharge and its dissolution into the ambient
ocean, including an idealized view of the plume structure and a detailed understanding of many
mechanisms responsible for plume mixing. Modern numerical models have shown significant skill
in predicting plume water properties, positions, and circulation patterns (MacDonald et al. 2007,
Chant et al. 2008, Liu et al. 2009, Hetland & DiMarco 2012). However, significant gaps still exist
in our understanding, including a mechanistic understanding of the role of winds and waves on
plumes, the evolution of frontal mixing as plumes evolve, and the ultimate fate of river plumes as
they merge into and alter ambient shelf and ocean waters. Perhaps more importantly, our under-
standing of plume mixing mechanisms focuses on specific locations within a plume. The significant
spatial and temporal variability in plume structure and mixing processes precludes meaningful
comparisons of these mixing estimates between plumes and even within the same plume system.
Furthermore, no coherent scaling framework exists that sufficiently explains the relationships be-
tween plume forcing and mixing in various plume regions and that would enable intercomparisons
among plume regions, among different forcing conditions for the same plume, and among different
plume systems. Finally, no good methodology exists for making synoptic measurements of plume
mixing. Thus, although significant advances have been made in understanding a few specific plume
types and mixing process, we still lack a general framework in which to compare and contrast
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all plume types and predict the dominant mixing mechanisms and circulation patterns within a
plume.
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