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Where the Rivers Meet the Sea

The transition from salt to fresh water is turbulent, vulnerable, and incredibly bountiful

By Rocky Geyer, Senior Scientist and Chair
Applied Ocean Physics & Engineering Department
Woods Hole Oceanographic Institution

he sea lions stop bellowing and slip,

one by one, off the jetty into the mo-
cha-brown water of the Fraser River, near
Vancouver, British Columbia. The surface
of the water is smooth, except for a line
of ripples moving slowly upriver. The sea
lions seem to know that the calm surface
belies turmoil beneath.

The tide has just turned, and a tongue
of salt water is first creeping, then gallop-
ing, back into the Fraser just a few hours
after being expelled by a strong outflow

during the previous ebb. Although the
surface appears calm, the underwater
intersection of fresh and salt water roils
with turbulent eddies as strong as any in
the ocean. The confusion of swirling wa-
ter and suspended sediments disorients
homeward-bound salmon, providing an
easy feast for the sea lions.

Not all rivers end as dramatically as
the Fraser. But the mixing of freshwater
streams and rivers with salty ocean tides in
a partly enclosed body of water—natural
scientists call it an estuary—fuels some of
the most productive ecosystems on Earth,
and also some of the most vulnerable.

Long before the advent of civilization,
early humans recognized the bounty of
the estuary and made these regions a focal
point for human habitation. Unfortunate-
ly, overdevelopment, poor land use, and
centuries of industrial contamination have
taken a toll on most estuaries. Boston Har-
bor, San Francisco Bay, and the Hudson
River are poster children for environmen-
tal degradation.

Yet there is hope. Estuaries are the
borderlands between salt- and freshwa-
ter environments, and they are incred-
ibly diverse both biologically and physi-
cally. The diversity and the high energy of

MIXING IT UP IN GOTHAM—WHOI Senior Research Assistant Jay Sisson (left) and Engineer Craig Marquette maneuver a box corer after plucking
a 30-centimeter-deep sample of sediment from the bottom of the Hudson River in June 2001. Within sight of Manhattan, the researchers
measured the rate at which sediment accumulates along this intersection between salty ocean water and fresh river water.
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the ecosystem make estuaries remarkably
resilient. With a better understanding of
these systems, we can reverse their decline
and restore the ecological richness of these
valuable, albeit muddy, environments.

How does an estuary work?

From a physicist’s point of view, the
density difference between fresh and salt
water makes estuaries interesting. When
river water meets sea water, the lighter
fresh water rises up and over the denser
salt water. Sea water noses into the estuary
beneath the outflowing river water, push-
ing its way upstream along the bottom.

Often, as in the Fraser River, this oc-
curs at an abrupt salt front. Across such a
front, the salt content (salinity) and den-
sity may change from oceanic to fresh in
just a few tens of meters horizontally and
as little as a meter vertically.

Accompanying these strong salinity
and density gradients are large vertical
changes in current direction and strength.
You can't see these swirling waters from
the surface, but a fisherman may find that
his net takes on a life of its own when he
lowers it into seemingly placid water.

Pliny the Elder, the noted Roman
naturalist, senator, and commander of
the Imperial Fleet in the 1st century A.D,,
observed this peculiar behavior of fisher-
mens’ nets in the Strait of Bosphorus, near
Istanbul. Pliny deduced that surface and
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FLOOD OF ACTIVITY—A satellite image shows plumes of sediment suspended in the waters
of the Fraser River as they pour into the Strait of Georgia in June 2003. The mixing of Rocky
Mountain and Pacific waters creates one of the world’s most productive estuaries.

bottom currents were flowing in opposite
directions, and he provided the first writ-
ten documentation of what we now call
the “estuarine circulation.”

Saltwater intrusion

The opposing fresh and saltwater
streams sometimes flow smoothly, one
above the other. But when the velocity
difference reaches a certain threshold,
vigorous turbulence results, and the salt
and fresh water are mixed. Tidal currents,
which act independently of estuarine cir-
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culation, also add to the turbulence, mix-
ing the salt and fresh waters to produce
brackish water in the estuary.

In the Fraser River, this circulation
is confined to a very short and energetic
frontal zone near the mouth, sometimes
only several hundred meters long. In other
estuaries, such as San Francisco Bay, the
Chesapeake Bay, or the Hudson River, the
salt front and accompanying estuarine cir-
culation extend inland for many miles.

The landward intrusion of salt is care-
fully monitored by engineers because of
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A COASTAL MIXING BOWL— Nutrient- and sediment-laden fresh water from the Fraser River in British Columbia rides up and over salty ocean
waters, which are beginning to march upriver during flood tide. The interaction of the two water masses of different salinities and densities in the
estuary creates underwater turbulence and mixing that naturally flushes and energizes the coastal system.

SeaWiFS Project, NASA/Goddard, and ORBIMAGE
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the potential consequences to water sup-
plies if the salt intrusion extends too far.
For instance, the city of Poughkeepsie,
N.Y,, 60 miles north of the mouth of the
Hudson River, depends on the river for its
drinking water. Roughly once per decade,
drought conditions cause the salt intru-
sion to approach the Poughkeepsie fresh-
water intake. The last time this happened,
in 1995, extra water had to be spilled from
dams upstream to keep the salt front from
becoming a public health hazard.

The lifeblood of estuaries

Estuarine circulation serves a valuable,
ecological function. The continual bot-
tom flow provides an effective ventilation
system, drawing in new oceanic water and
expelling brackish water. If it weren’t for
this natural “flushing” process, the waters
of the estuary would become stagnant,
pollution would accumulate, and oxygen
would be depleted.

This circulation system leads to incred-
ible ecological productivity. Nutrients and
dissolved oxygen are continually resup-
plied from the ocean, and wastes are ex-
pelled in the surface waters. This pumping
action leads to some of the highest growth
rates of microscopic plants (researchers
call it “primary production”) in any ma-
rine environment. This teeming popula-

tion of plankton provides a base for di-
verse and valuable food webs, fueling the
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growth of some of our most prized fish,
birds, and mammals—salmon, striped
bass, great blue heron, bald eagles, seals,
and otters, to name a few.

The vigor of the circulation depends in
part on the supply of river water to push
the salt water back. The San Francisco Bay
area has become a center of controversy in
recent years because there are many inter-
ests competing for the fresh water flowing
into the Bay—principally agriculture and
urban water supplies extending to Southern
California. Environmentalists are deter-
mined that San Francisco Bay should get
“its share” of the fresh water coming from
the Sacramento-San Joachim delta because
the vast freshwater habitats in the region
are particularly vulnerable to salt intrusion.

Estuarine circulation is also affected by
the tides; stronger tides generally enhance
the exchange and improve the ecological
function of the system. The Hudson estu-
ary, for example, is tidal for 153 miles in-
land to Troy, N.Y. The Algonquin Indians
called the river Mohicanituk, “the river
that flows both ways.”

Mucking up the system

Estuaries have their problems. Some
are self-inflicted; some are caused by the
abuses of human habitation.

An estuary, with all of its dynamic stir-

rings, has one attribute that promotes its
own destruction: It traps sediment. When

SEEING THROUGH MUD—Photograph (left) and x-ray image (right) of sediments from a region
of rapid deposition in the Hudson estuary. The sharp change in color (left) indicates a change
from fresh, oxidized sediment to older, anoxic mud. X-rays reveals laminations of silt (light
colors) and mud (dark) formed by repeated deposition and erosion over tidal cycles.

Chris Sommerfield, University of Delaware

suspended mud and solids from a river
enter the estuary, they encounter the salt
front. Unlike fresh water, which rides up
and over the saline layer, the sediment falls
out of the surface layer into the denser,
saltier layer of water moving into the estu-
ary. As it drops, it gets trapped and accu-
mulates on the bottom. Slowly, the estuary
grows muddier and muddier, shallower
and shallower.

Occasionally a major flood will push
the salt right out of the estuary, carrying
the muddy sediment along with it. Sedi-
ment cores in the Hudson River indicate
that sediment may accumulate for 10, 20,
or even 50 years, laying down layers every
year like tree rings. But then a hurricane
or big snowmelt floods the river, wipes out
the layers of sediment, and sends the mud
out to sea.

The “episodic” behavior of sediment
deposition is good news and bad news. It
is good because a big storm can keep an
estuary from getting too shallow too fast.
In fact, it appears that over the last 6,000
years, the natural dredging by large storms
has maintained nearly constant water
depth in the Hudson estuary.

The bad news is that the sediment re-
tains a “memory” of all of the contami-
nants that have passed through it over the
years. Environmental regulations are far
stricter now than they were 50 years ago,
and we have stopped using many chemi-
cals that play havoc with the environment.
For instance, polychlorinated biphenyls
(PCBs) were banned in the 1970s because
they were shown to be toxic to fish and
wildlife, and to the humans who consume
them. Yet we still have a contamination
problem in the Hudson and other rivers
because PCBs are slow to decay and each
new flood remobilizes these “legacy” con-
taminants and prolongs our exposure.

Trickle-down effects

Billions of dollars are now being spent
to clean up American estuaries contami-
nated by industrial pollution. In Boston,
for instance, the new sewage system cre-
ated to save Boston Harbor cost taxpayers



Assistant Jay Sisson, and a professional diver examine an instrument tripod covered with hydroids
and mud dfter six months on the bottom of the Hudson River. Researchers chronicled currents, the
flow of sediments, and changes in river bed elevation due to erosion and deposition.

about $5 billion. The Superfund program
of the U.S. Environmental Protection
Agency collects and spends billions of dol-
lars more to remediate estuaries.

Often the remediation strategies are
complex and controversial. In the case
of Hudson River, there is a heated debate
about whether PCB-contaminated sedi-
ments should be removed—dredged with
high-tech methods that theoretically mini-
mize environmental harm—or left undis-
turbed. That debate pivots on the episodic
storm phenomenon: Are the contaminated
sediments there to stay, or could they get
stirred up when the next hurricane washes
through the Hudson Valley?

Aside from cleanup initiatives, parts of
the Hudson need to be dredged for navi-
gational purposes. Dredging is not that
costly or difficult, but finding a place to
put contaminated sediments is a problem.
The Port of New York has been filling up
abandoned Pennsylvania coal mines with
its contaminated mud, but that is not a
long-term solution.

While the problems of American estu-
aries are complicated and expensive, they
pale in comparison to Asian estuaries. The
entire nation of Bangladesh lies within the
estuary and lower floodplain of the Ganges-
Brahmaputra River. Other Asian rivers such
as the Mekong, Chiang Jiang (or Yangtze),

and Huang Ho (or Yellow River) are crowd-
ed and strained by concentrated human
settlements. Global sea-level rise is causing
aloss of land, increased flooding, and in-
creased salt intrusion in these estuaries.
The demand for water upstream for
irrigation and domestic use significantly
reduces freshwater flow through these
systems. The Indus River and Huang Ho
estuaries have suffered from drastic re-
ductions of freshwater flow over the past
several decades, and the impact of these
human alterations is just now being recog-
nized. New policies about land use, water
diversion, and even global carbon dioxide
production (which affects global warming
and sea level rise) will be needed to pro-
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tect these vulnerable estuarine environ-
ments and their human inhabitants.

Stirring up new ideas

One of the challenges of estuarine
research is that most of the significant
problems are interdisciplinary, involving
physics, biology, chemistry, geology, and
often public policy and economics. Estu-
aries are also incredibly diverse, coming in
all shapes and sizes. Yet scientists are con-
tinually challenged by public policymakers
to generalize our results from studies of
one estuary and apply them to the rest of
the world’s estuaries.

As scientists, one of our roles is to pre-
dict changes in the environment, given
different natural and human-induced in-
fluences. To foresee the health of estuaries
in the future, we have some fundamental
questions to answer about the present and
the past. How far will salt intrude if river
flow is cut in half? Do changes in river
flow increase or decrease the rate at which
sediments shoal the estuary? What ef-
fect do such changes have on the fish that
spawn in fresh water?

What we learn will be critical for a hu-
man population that increasingly values
coastal waters. We need sound public
policy to reduce vulnerability to coastal
flooding and to protect drinking water,
food supplies, and some of the world’s
most important habitats. We will develop
better policies only if we can ground them
in better science.
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