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Review	of	Lecture	1

• Q1:	What makes a good writer:
• Answer:	
– Having something to say
– Logical thinking
– A few simple, learnable rules of style (the tool you
will learn in this class!)
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Review	of	Lecture	1

• Q2:	Can	I	write	in	Chinese	in	the	first	draft	and	
then	translate	into	English?

• Answer:	YES!	
– You	can	(confirmed	by	many	scientific	writing	
books	and	professors).	

– But	you	need	to	follow	English	rules	(learn	in	this	
class)	and	spend	a	decent	amount	of	time	in	the	
revision.
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Review	of	Lecture	1

• Q3:	Is	it	really OK	to	use “I” or “We”?
• Answer:	YES!
– The	active	voice	is	livelier	and	easier	to	read
– It	is	a	myth	that	avoiding	first-person	pronouns lends	
objectivity	to	the	paper.

– By	agreeing	to	be	an	author	on	the	paper,	you	are	taking	
responsibility	for	its	content.	Thus,	you	should	also	claim	
responsibility	for	the	assertions	in	the	text	by	using	“we”	
or	“I.”

– Journals want active voice!
– Great	authors	use	“we”	and	“I”!
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Review	of	Lecture	1

• Q4:	Principles	of	effective	writing:
1. Cut	the clutter (unnecessary	words	and	phrases)	
避免使用冗长的词组

2. Use	the	active	voice	(subject	+	verb	+	object)运
用主动语态

3. Write	with	verbs:	use	strong	verbs,	avoid	turning	
verbs	into	nouns,	and	don’t	bury	the	main	verb!
正确运用动词
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Review	of	Lecture	1

• Q5:	When	is	it	OK	to	use	the	passive	voice?
• Answer:	
– The	method	section.
– Avoid	using	“we”	and	“I”	in	every	sentence
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Overview	of	the	writing	process	
1. Prewriting
– Collect,	synthesize,	and	organize	information
– Brainstorm	take-home	messages
– Work	out	ideas	away	from	the	computer
– Develop	a	road	map/outline

2. Writing	the	first	draft
– Putting	your	facts	and	ideas	together	in	organized	

prose
3. Revision
– Read	your	work	out	loud
– Get	rid	of	clutter
– Do	a	verb	check
– Get	feedback	from	others

A	lot	of	people	skip	
this	stage,	which	is	
not	a	proper	way.	
You	will	end	up	
convolute	over	
these	stages.	

Don’t	write	and	revise	at	the	same	time!	
One	sentence	doesn’t	need	to	be	perfect	
before	moves	to	the	next	sentence.	
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What	does	your	writing	process	now?	

Proportionally,	how	much	time	do	you	think	you	
(will)	spend	on	each	step?

1. Prewriting
2. Writing	the	first	draft
3. Revision
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What	I	think	it	should	be	(roughly!)

1. Prewriting	(70%)

2. Writing	the	first	draft	(10%)

3. Revision	(20%)

Literatures
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Example

River	plumes	as	a	source	of	large-amplitude	
internal	waves	in	the	coastal	ocean
- By	J.	D.	Nash	and	J.	N	Moum
- 4	pages	and	4	figures

• Main	idea(s)?
• How	long	did	you	read	the	paper?
• What	did	you	focus	on?
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How	to	read	literatures

• Suppose	you	only	have	30	min	to	read	a	new	
paper,	how	will	you	spend	your	time	in	each	
section?

– 5	min	abstract
– 12	min	figures/tables	(3	min	each)
– 10	min	discussion
– 3 min	conclusion
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Abstract:	Satellite	images	have	long	revealed	the	surface	expression	of	large	amplitude	
internal	waves	that	propagate	along	density	interfaces	beneath	the	sea	surface.	
Internal	waves	are	typically	the	most	energetic	high-frequency	events	in	the	coastal	
ocean,	displacing	water	parcels	by	up	to	100	m	and	generating	strong	currents	and	
turbulence	that	mix	nutrients	into	near-surface	waters	for	biological	utilization.	While	
internal	waves	are	known	to	be	generated	by	tidal	currents	over	ocean-bottom	
topography,	they	have	also	been	observed	frequently	in	the	absence	of	any	apparent	
tide-topography	interactions.	Here	we	present	repeated	measurements	of	velocity,	
density	and	acoustic	backscatter	across	the	Columbia	River	plume	front.	These	show	
how	internal	waves	can	be	generated	from	a	river	plume	that	flows	as	a	gravity	current	
into	the	coastal	ocean.	We	find	that	the	convergence	of	horizontal	velocities	at	the	
plume	front	causes	frontal	growth	and	subsequent	displacement	downward	of	near-
surface	waters.	Individual	freely	propagating	waves	are	released	from	the	river	plume	
front	when	the	front’s	propagation	speed	decreases	below	the	wave	speed	in	the	
water	ahead	of	it.	This	mechanism	generates	internal	waves	of	similar	amplitude	and	
steepness	as	internal	waves	from	tide-topography	interactions	observed	elsewhere,	
and	is	therefore	important	to	the	understanding	of	coastal	ocean	mixing.
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River plumes as a source of large-amplitude internal
waves in the coastal ocean
Jonathan D. Nash1 & James N. Moum1

Satellite images have long revealed the surface expression of large
amplitude internal waves that propagate along density interfaces
beneath the sea surface1–3. Internal waves are typically the most
energetic high-frequency events in the coastal ocean4–6, displacing
water parcels by up to 100m and generating strong currents and
turbulence7 that mix nutrients into near-surface waters for bio-
logical utilization. While internal waves are known to be gener-
ated by tidal currents over ocean-bottom topography8–13, they have
also been observed frequently in the absence of any apparent tide–
topography interactions1,7,14. Here we present repeated measure-
ments of velocity, density and acoustic backscatter across the
Columbia River plume front. These show how internal waves
can be generated from a river plume that flows as a gravity current
into the coastal ocean. We find that the convergence of horizontal
velocities at the plume front causes frontal growth and subsequent
displacement downward of near-surface waters. Individual freely
propagating waves are released from the river plume front when
the front’s propagation speed decreases below the wave speed in
the water ahead of it. This mechanism generates internal waves of
similar amplitude and steepness as internal waves from tide–
topography interactions observed elsewhere11, and is therefore
important to the understanding of coastal ocean mixing.
It is generally assumed that internal waves radiate from locations

where tidal currents flow over topographic features such as shelf-
breaks10, banks11 and sills12,13. In the last case, waves formed down-
stream of a sill are trapped to the topography when their wavespeed c
equals that of the opposing tidal flow u. They are released and
propagate upstream as free waves when u slackens below c (refs 8, 9,
15). The Froude number F ¼ u/c # 1 sets the criterion for free wave
propagation.
In the atmosphere, gravity currents16 are well-known to excite

large-amplitude waves. Perhaps the most famous is the ‘Morning
Glory’, a series of ,500-m amplitude undulations over the Gulf of
Carpenteria off northern Australia17,18. Wave generation from gravity
currents has also been observed in thunderstorm outflows19 and
mountain slope drainage winds20. However, the large scales of
atmospheric flows make it difficult to obtain the detailed measure-
ments necessary to show the process by which freely propagating
waves emerge from a gravity current. Although laboratory exper-
iments21,22 have helped to show this evolution, these experiments
were limited to small, sub-geophysical scales. Neither atmospheric
nor laboratory observations have clearly defined the criterion for
wave release.
Rivers issue into the coastal ocean as tidally modulated pulses of

fresh water that form positively buoyant gravity currents23. The
evolving properties of these gravity currents are determined by the
initial momentum at the river’s mouth, by interactions with coastal
currents and winds, and by the Earth’s rotation, which tends to turn
the current to the right in the Northern Hemisphere. These factors all

affect the location, propagation speed and sharpness of the gravity
current front.
Satellite images capture single snapshots of waves radiating from

the mouth of the Columbia River (Fig. 1; refs 1, 2). However, they
provide no information on the waves’ internal structure. Nor do they
show the sequence of events leading to their generation, since these
images are acquired infrequently (,1 per day). Our recent in situ
observations across a front at the northern edge of the tidally pulsing
Columbia River plume provide the necessary sequencing to clearly
define the condition for the formation of large-amplitude internal
waves from a gravity current. By analogy to topographic release of
waves from a sill, this condition is described in terms of a Froude
number.
Satellite sea surface temperature (SST) distinguishes the warm,

summertime plume from cold, recently upwelled coastal waters (Fig.
2a–c) on 23 July 2004. High tide coincided with the image shown in
Fig. 2a. Plume remnants from the previous tidal cycle’s discharge
appear in the offshore thermal structure. Ebb currents started to flow

LETTERS

Figure 1 | Synthetic aperture radar (SAR) image of the Columbia River
plume on 9 August 2002. Image indicates regions of enhanced surface
roughness associated with plume-front and internal wave velocity
convergences. Similar features appear in images during all summertime
months (April–October; see http://oceanweb.ocean.washington.edu/rise/
data.htm for more Columbia River plume images) and from other regions1,2.
SAR image courtesy of P. Orton, T. Sanders and D. Jay; image was processed
at the Alaska Satellite Facility, and is copyright Canadian Space Agency.

1College of Oceanic and Atmospheric Sciences, Oregon State University, 104 COAS Admin Bldg, Oregon State University, Corvallis, Oregon 97331, USA.
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Figure 2 | Progression of the Columbia River plume from satellite-derived
SST images. Times (23 July 2004 UTC) are 11:50 (a), 19:22 (b) and 21:31 (c).
Red line in left panel is ship track. Diamonds show locations where plume
front was crossed; filled diamonds correspond to the four crossings
presented in Fig. 3. Near-surface fluid velocities behind the plume front up at

selected crossings are indicated in b and c (45-s average over
0m , z , 5m); vectors are grouped to correspond to time of SST images.
The 17 8C isotherm is contoured and represents the approximate front
location. Location of the wave packet at 22:53 as imaged by shipboard
X-band radar is shown in c.

Figure 3 |Three stages of awave-generation event. a, Frontal growth at the
plume’s leading edge; b, c, wave fission from the plume front; and d, free
propagation of a train of large-amplitude internal waves. Shown are density
(left), acoustic backscatter (middle) and cross-front component of
horizontal velocity (right) in a reference frame aligned with the front (see
Methods). Positive distances and velocities are approximately northward;
velocities are relative to a stationary reference frame. Panels are shifted to
align the plume front (as determined from sea surface salinity); vertical black
lines represent the plume front (zero cross-front distance). Only cross-front

velocity is shown for the freely propagating waves in d. Particle streamlines
and velocity vectors (u,w) in a reference frame moving with the front
(translating at speed u f as indicated) are contoured over the density plots. A
schematic cartoon illustrating frontal growth in a reference frame moving
with the plume front (at speed u f) is shown in upper left inset. Velocities of
the near-surface fluid behind the plume front (up) and ambient water ahead
of it (u a) are indicated. Also shown for pass 4 (panel a) are vertical profiles of
density ahead of (red, ambient) and behind (blue, plume) the front.
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shortly thereafter, producing a pulse of fresh and warm water visible
in Fig. 2b. At 19:00 UTC, the plume front flowed northward as a
gravity current with u f < 0.6m s21 (Fig. 2b), opposed by weak
winds from the north and a southward near-surface current
(u a < 2 0.1m s21) that helped sharpen the front. (u f and u a

represent the cross-front components of the frontal propagation
speed and the velocity of ambient fluid ahead of the front.) 1.5 h later,
plume-front velocities turned eastward (Fig. 2c). During this tran-
sition period, a packet of waves was released.
Cross-front snapshots of velocity, density and acoustic backscatter

capture the growth of the plume front, the release of two individual
waves, and the free propagation of a train of waves away from the
plume front (Fig. 3). In its initial phase, the plume front moved
northward at,0.6m s21 and vertical displacements at the front grew
to 20m during a ,2-h period (Fig. 3a). Twenty-five minutes later
(Fig. 3b), the cross-front component of the plume velocity weakened
and the isopycnal depression at the plume front (now almost 25m)
separated from it. One hour later (Fig. 3c), this distinct and solitary
wave had propagated 400m ahead of the plume front, and a second
wave emerged. Following this, a train of freely propagating internal
waves were observed (Fig. 3d). The full generation sequence is
summarized as a progression: frontal growth ! wave fission !
freely propagating waves. The space–time plot (Fig. 4) of front,
wave and ship locations illustrates this progression.

In analogy to topographic control, the Froude number F ¼ u f /c
based on the frontal velocity u f is a natural parameter governing the
flow22,24,25. In a reference frame moving with the front, F represents
the ratio of the opposing flow speed required to keep the front
stationary (u f), to the internal wavespeed in the medium into which
the front advances (c).
In a fluid with vertical gradients in both density and velocity, the

intrinsic speed of a long, small-amplitude linear wave is determined
from the hydrostatic Taylor-Goldstein equation26. Intrinsic wave-
speeds in the ambient coastal waters (c a < 0.4m s21; Fig. 4b) are
roughly half that within the highly stratified brackish plume.
Measured wavespeeds in the ambient waters (c) are ,30% greater
than c a owing to finite amplitude effects6. We may thus form two
Froude numbers: (1) F a ¼ u f/c a based on the intrinsic properties of
the ambient fluid, and (2) F ¼ u f/c based on themeasuredwavespeed
in that medium (Fig. 4b, c). Fa always exceeds F.
Initially the front moves at a speed u f that exceeds both c a and c

(F . 1; Fig. 4b). During this phase, horizontal velocity convergence
at the plume’s edge is intense (Fig. 3a; Du < 1m s21 in Dx 0 ¼ 10m)
and drives.0.3m s21 vertical velocities. (See Methods for definition
of x 0 .) This convergence provides a means of converting the gravity
current’s kinetic energy to potential energy. Since the frontal velocity
exceeds all internal wavespeeds ahead of the front, this potential
energy is trapped at the front and cannot radiate ahead of it (Fig. 4a,
b). Waves may, however, propagate back towards the plume source27,
but these were not captured in this study.
As the plume front decelerates, F decreases below unity (Fig. 4c);

wave fission ensues. With the transition of F from super- (F . 1) to
subcritical (F , 1), the depression that was originally locked to the
freshwater front advances into the ambient fluid as a freely propagat-
ing wave. In this way, the wave inherits the vertical displacement
structure of the front. Because c increases with amplitude6, F also
decreases as frontal vertical displacements grow. It is therefore
impossible to predict the precise timing of fission from F a alone.
Only when frontal amplitudes are sufficiently large does c exceed u f,
permitting fission to occur.
Following fission of the first wave (Fig. 3b), sustained convergence

at the front continues to displace fluid downward, creating anew the
disturbance from which subsequent waves emerge. In Fig. 3b, the
wave is,50m ahead of the freshwater front, moving to 400m ahead
in Fig. 3c, by which time the front has regenerated its vertical
displacement to sufficient amplitude for a second wave to release.
Once released, waves propagate freely at c < 0.40 2 0.45m s21

with 20-m amplitude (Fig. 4b). These were tracked more than 5 km
from their release location (Fig. 4a). Meanwhile, the increasingly
subcritical front forces waves with successively smaller amplitude.
This factor, together with reduced convergence, limits frontal growth
and restricts the amplitudes of the released waves. By the time of our
last crossing, the frontal velocity gradient had been reduced to
,0.4m s21 over 1,000m. Ultimately, the front loses its velocity
signature entirely.
In summary, internal waves generated from the Columbia River

plume are of similar amplitude and steepness to those generated over
topography elsewhere in the coastal ocean10. Although less energetic
than some waves which propagate through deep water (for example,
through the South China Sea28), these plume-generated internal
waves are large compared to the local water depth, and have
important implications for biology and turbulent mixing.
Wave fission from a decelerating gravity current represents an

important mechanism for generation of large-amplitude internal
waves in the coastal ocean and explains their existence in the absence
of a topographic generation site7,14. The Froude number criterion
controlling the timing of wave fission is analogous to that of
topographic generation; that is, in each case, free propagation occurs
when the wavespeed exceeds the background velocity that arrests the
disturbance. For topographic control, that velocity is relative to
topography8; for a gravity current, that velocity is relative to the

Figure 4 | Time-evolution of plume front and wave packet. a, Location of
ship (grey), plume front (blue) and wavepacket (red) as a function of time.
Ordinate is distance from the first frontal crossing along a curved trajectory
perpendicular to either plume front or leading wave. b, The speed of the
plume front (u f, blue) as computed from the rate of change of front location.
The first-mode linear wavespeed ahead of the plume (ca, green) reflects the
slowly-changing background density and velocity structure in the ambient
ocean; observed wavespeeds computed from first-differences of wave
location (c, red) are higher. Corresponding Froude numbers are shown in c;
F was computed using c ¼ 0.45m s21. The vertical grey bar represents the
first wave fission event (Fig. 3b) and F ¼ 1; light shading represents the
domain over which fission and free propagation are permitted (F , 1).
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to 20m during a ,2-h period (Fig. 3a). Twenty-five minutes later
(Fig. 3b), the cross-front component of the plume velocity weakened
and the isopycnal depression at the plume front (now almost 25m)
separated from it. One hour later (Fig. 3c), this distinct and solitary
wave had propagated 400m ahead of the plume front, and a second
wave emerged. Following this, a train of freely propagating internal
waves were observed (Fig. 3d). The full generation sequence is
summarized as a progression: frontal growth ! wave fission !
freely propagating waves. The space–time plot (Fig. 4) of front,
wave and ship locations illustrates this progression.

In analogy to topographic control, the Froude number F ¼ u f /c
based on the frontal velocity u f is a natural parameter governing the
flow22,24,25. In a reference frame moving with the front, F represents
the ratio of the opposing flow speed required to keep the front
stationary (u f), to the internal wavespeed in the medium into which
the front advances (c).
In a fluid with vertical gradients in both density and velocity, the

intrinsic speed of a long, small-amplitude linear wave is determined
from the hydrostatic Taylor-Goldstein equation26. Intrinsic wave-
speeds in the ambient coastal waters (c a < 0.4m s21; Fig. 4b) are
roughly half that within the highly stratified brackish plume.
Measured wavespeeds in the ambient waters (c) are ,30% greater
than c a owing to finite amplitude effects6. We may thus form two
Froude numbers: (1) F a ¼ u f/c a based on the intrinsic properties of
the ambient fluid, and (2) F ¼ u f/c based on themeasuredwavespeed
in that medium (Fig. 4b, c). Fa always exceeds F.
Initially the front moves at a speed u f that exceeds both c a and c

(F . 1; Fig. 4b). During this phase, horizontal velocity convergence
at the plume’s edge is intense (Fig. 3a; Du < 1m s21 in Dx 0 ¼ 10m)
and drives.0.3m s21 vertical velocities. (See Methods for definition
of x 0 .) This convergence provides a means of converting the gravity
current’s kinetic energy to potential energy. Since the frontal velocity
exceeds all internal wavespeeds ahead of the front, this potential
energy is trapped at the front and cannot radiate ahead of it (Fig. 4a,
b). Waves may, however, propagate back towards the plume source27,
but these were not captured in this study.
As the plume front decelerates, F decreases below unity (Fig. 4c);

wave fission ensues. With the transition of F from super- (F . 1) to
subcritical (F , 1), the depression that was originally locked to the
freshwater front advances into the ambient fluid as a freely propagat-
ing wave. In this way, the wave inherits the vertical displacement
structure of the front. Because c increases with amplitude6, F also
decreases as frontal vertical displacements grow. It is therefore
impossible to predict the precise timing of fission from F a alone.
Only when frontal amplitudes are sufficiently large does c exceed u f,
permitting fission to occur.
Following fission of the first wave (Fig. 3b), sustained convergence

at the front continues to displace fluid downward, creating anew the
disturbance from which subsequent waves emerge. In Fig. 3b, the
wave is,50m ahead of the freshwater front, moving to 400m ahead
in Fig. 3c, by which time the front has regenerated its vertical
displacement to sufficient amplitude for a second wave to release.
Once released, waves propagate freely at c < 0.40 2 0.45m s21

with 20-m amplitude (Fig. 4b). These were tracked more than 5 km
from their release location (Fig. 4a). Meanwhile, the increasingly
subcritical front forces waves with successively smaller amplitude.
This factor, together with reduced convergence, limits frontal growth
and restricts the amplitudes of the released waves. By the time of our
last crossing, the frontal velocity gradient had been reduced to
,0.4m s21 over 1,000m. Ultimately, the front loses its velocity
signature entirely.
In summary, internal waves generated from the Columbia River

plume are of similar amplitude and steepness to those generated over
topography elsewhere in the coastal ocean10. Although less energetic
than some waves which propagate through deep water (for example,
through the South China Sea28), these plume-generated internal
waves are large compared to the local water depth, and have
important implications for biology and turbulent mixing.
Wave fission from a decelerating gravity current represents an

important mechanism for generation of large-amplitude internal
waves in the coastal ocean and explains their existence in the absence
of a topographic generation site7,14. The Froude number criterion
controlling the timing of wave fission is analogous to that of
topographic generation; that is, in each case, free propagation occurs
when the wavespeed exceeds the background velocity that arrests the
disturbance. For topographic control, that velocity is relative to
topography8; for a gravity current, that velocity is relative to the

Figure 4 | Time-evolution of plume front and wave packet. a, Location of
ship (grey), plume front (blue) and wavepacket (red) as a function of time.
Ordinate is distance from the first frontal crossing along a curved trajectory
perpendicular to either plume front or leading wave. b, The speed of the
plume front (u f, blue) as computed from the rate of change of front location.
The first-mode linear wavespeed ahead of the plume (ca, green) reflects the
slowly-changing background density and velocity structure in the ambient
ocean; observed wavespeeds computed from first-differences of wave
location (c, red) are higher. Corresponding Froude numbers are shown in c;
F was computed using c ¼ 0.45m s21. The vertical grey bar represents the
first wave fission event (Fig. 3b) and F ¼ 1; light shading represents the
domain over which fission and free propagation are permitted (F , 1).
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Abstract:	Satellite	images	have	long	revealed	the	surface	expression	of	large	amplitude	
internal	waves	that	propagate	along	density	interfaces	beneath	the	sea	surface.	
Internal	waves	are	typically	the	most	energetic	high-frequency	events	in	the	coastal	
ocean,	displacing	water	parcels	by	up	to	100	m	and	generating	strong	currents	and	
turbulence	that	mix	nutrients	into	near-surface	waters	for	biological	utilization.	While	
internal	waves	are	known	to	be	generated	by	tidal	currents	over	ocean-bottom	
topography,	they	have	also	been	observed	frequently	in	the	absence	of	any	apparent	
tide-topography	interactions.	Here	we	present	repeated	measurements	of	velocity,	
density	and	acoustic	backscatter	across	the	Columbia	River	plume	front.	These	show	
how	internal	waves	can	be	generated	from	a	river	plume	that	flows	as	a	gravity	current	
into	the	coastal	ocean.	We	find	that	the	convergence	of	horizontal	velocities	at	the	
plume	front	causes	frontal	growth	and	subsequent	displacement	downward	of	near-
surface	waters.	Individual	freely	propagating	waves	are	released	from	the	river	plume	
front	when	the	front’s	propagation	speed	decreases	below	the	wave	speed	in	the	
water	ahead	of	it.	This	mechanism	generates	internal	waves	of	similar	amplitude	and	
steepness	as	internal	waves	from	tide-topography	interactions	observed	elsewhere,	
and	is	therefore	important	to	the	understanding	of	coastal	ocean	mixing.
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shortly thereafter, producing a pulse of fresh and warm water visible
in Fig. 2b. At 19:00 UTC, the plume front flowed northward as a
gravity current with u f < 0.6m s21 (Fig. 2b), opposed by weak
winds from the north and a southward near-surface current
(u a < 2 0.1m s21) that helped sharpen the front. (u f and u a

represent the cross-front components of the frontal propagation
speed and the velocity of ambient fluid ahead of the front.) 1.5 h later,
plume-front velocities turned eastward (Fig. 2c). During this tran-
sition period, a packet of waves was released.
Cross-front snapshots of velocity, density and acoustic backscatter

capture the growth of the plume front, the release of two individual
waves, and the free propagation of a train of waves away from the
plume front (Fig. 3). In its initial phase, the plume front moved
northward at,0.6m s21 and vertical displacements at the front grew
to 20m during a ,2-h period (Fig. 3a). Twenty-five minutes later
(Fig. 3b), the cross-front component of the plume velocity weakened
and the isopycnal depression at the plume front (now almost 25m)
separated from it. One hour later (Fig. 3c), this distinct and solitary
wave had propagated 400m ahead of the plume front, and a second
wave emerged. Following this, a train of freely propagating internal
waves were observed (Fig. 3d). The full generation sequence is
summarized as a progression: frontal growth ! wave fission !
freely propagating waves. The space–time plot (Fig. 4) of front,
wave and ship locations illustrates this progression.

In analogy to topographic control, the Froude number F ¼ u f /c
based on the frontal velocity u f is a natural parameter governing the
flow22,24,25. In a reference frame moving with the front, F represents
the ratio of the opposing flow speed required to keep the front
stationary (u f), to the internal wavespeed in the medium into which
the front advances (c).
In a fluid with vertical gradients in both density and velocity, the

intrinsic speed of a long, small-amplitude linear wave is determined
from the hydrostatic Taylor-Goldstein equation26. Intrinsic wave-
speeds in the ambient coastal waters (c a < 0.4m s21; Fig. 4b) are
roughly half that within the highly stratified brackish plume.
Measured wavespeeds in the ambient waters (c) are ,30% greater
than c a owing to finite amplitude effects6. We may thus form two
Froude numbers: (1) F a ¼ u f/c a based on the intrinsic properties of
the ambient fluid, and (2) F ¼ u f/c based on themeasuredwavespeed
in that medium (Fig. 4b, c). Fa always exceeds F.
Initially the front moves at a speed u f that exceeds both c a and c

(F . 1; Fig. 4b). During this phase, horizontal velocity convergence
at the plume’s edge is intense (Fig. 3a; Du < 1m s21 in Dx 0 ¼ 10m)
and drives.0.3m s21 vertical velocities. (See Methods for definition
of x 0 .) This convergence provides a means of converting the gravity
current’s kinetic energy to potential energy. Since the frontal velocity
exceeds all internal wavespeeds ahead of the front, this potential
energy is trapped at the front and cannot radiate ahead of it (Fig. 4a,
b). Waves may, however, propagate back towards the plume source27,
but these were not captured in this study.
As the plume front decelerates, F decreases below unity (Fig. 4c);

wave fission ensues. With the transition of F from super- (F . 1) to
subcritical (F , 1), the depression that was originally locked to the
freshwater front advances into the ambient fluid as a freely propagat-
ing wave. In this way, the wave inherits the vertical displacement
structure of the front. Because c increases with amplitude6, F also
decreases as frontal vertical displacements grow. It is therefore
impossible to predict the precise timing of fission from F a alone.
Only when frontal amplitudes are sufficiently large does c exceed u f,
permitting fission to occur.
Following fission of the first wave (Fig. 3b), sustained convergence

at the front continues to displace fluid downward, creating anew the
disturbance from which subsequent waves emerge. In Fig. 3b, the
wave is,50m ahead of the freshwater front, moving to 400m ahead
in Fig. 3c, by which time the front has regenerated its vertical
displacement to sufficient amplitude for a second wave to release.
Once released, waves propagate freely at c < 0.40 2 0.45m s21

with 20-m amplitude (Fig. 4b). These were tracked more than 5 km
from their release location (Fig. 4a). Meanwhile, the increasingly
subcritical front forces waves with successively smaller amplitude.
This factor, together with reduced convergence, limits frontal growth
and restricts the amplitudes of the released waves. By the time of our
last crossing, the frontal velocity gradient had been reduced to
,0.4m s21 over 1,000m. Ultimately, the front loses its velocity
signature entirely.
In summary, internal waves generated from the Columbia River

plume are of similar amplitude and steepness to those generated over
topography elsewhere in the coastal ocean10. Although less energetic
than some waves which propagate through deep water (for example,
through the South China Sea28), these plume-generated internal
waves are large compared to the local water depth, and have
important implications for biology and turbulent mixing.
Wave fission from a decelerating gravity current represents an

important mechanism for generation of large-amplitude internal
waves in the coastal ocean and explains their existence in the absence
of a topographic generation site7,14. The Froude number criterion
controlling the timing of wave fission is analogous to that of
topographic generation; that is, in each case, free propagation occurs
when the wavespeed exceeds the background velocity that arrests the
disturbance. For topographic control, that velocity is relative to
topography8; for a gravity current, that velocity is relative to the

Figure 4 | Time-evolution of plume front and wave packet. a, Location of
ship (grey), plume front (blue) and wavepacket (red) as a function of time.
Ordinate is distance from the first frontal crossing along a curved trajectory
perpendicular to either plume front or leading wave. b, The speed of the
plume front (u f, blue) as computed from the rate of change of front location.
The first-mode linear wavespeed ahead of the plume (ca, green) reflects the
slowly-changing background density and velocity structure in the ambient
ocean; observed wavespeeds computed from first-differences of wave
location (c, red) are higher. Corresponding Froude numbers are shown in c;
F was computed using c ¼ 0.45m s21. The vertical grey bar represents the
first wave fission event (Fig. 3b) and F ¼ 1; light shading represents the
domain over which fission and free propagation are permitted (F , 1).

LETTERS NATURE|Vol 437|15 September 2005

402
© 2005 Nature Publishing Group 

 

Use	active	voice

propagating front22. This mechanism will be realized for any river
with discharge velocities exceeding coastal internal wavespeeds.

METHODS
Density, biological fluorescence and turbulence profiles were obtained from
within 2m of the surface to the bottom using the Chameleon turbulence
profiler29; its horizontal resolution is limited by the unequal but nominally
100-m spacing between profiles. Our perspective of the structure of the waves
and front is augmented with a rapidly sampled echosounder (Biosonics 120 kHz;
acoustic scatterers include zooplankton and density microstructure) and acous-
tic Doppler current profiler (ADCP; RD Instruments 300 kHz), both mounted
1m beneath the sea surface

Nine transects across the plume front were acquired as part of an inter-
disciplinary effort to understand river influences in coastal ecosystems (http://
www.ocean.washington.edu/rise/index.htm). Front and wave locations were
determined from Chameleon density and ADCP velocity profiles. Frontal
orientation was determined by combining X-band shipboard radar and ADCP
velocity. The front was assumed perpendicular to the wave-induced fluid
velocities, consistent with available radar images. The distance from the leading
wave x 0 is x 0 ¼ [x 2 xw(t)] · n, where x is a measurement location, xw(t) is the
location of the leading wave at time t as computed from a linear interpolation of
the crossings, and n is the unit vector normal to the front (and in the direction of
wave propagation). The distance between the leading wave and the plume front
(as determined from the surface salinity) is subtracted from x 0 to yield the cross-
front distance in Fig. 3. This coordinate transformation minimizes spatial
Doppler shifting (the tendency for features to look compressed or elongated
when measured from a moving platform) at the expense of smearing temporal
information (approximately 1 h of data goes into each image). We implicitly
assume that changes in the waveform are small over each transect’s duration.

Eigenvalues and eigenvectors of the Taylor-Goldstein equation provide the
propagation speeds and vertical structure functions for long wavelength, small
amplitude, hydrostatic disturbances26. These solutions depend only on the
density stratification and velocity shear of the background flow, so they are
intrinsic to the medium. To predict finite amplitude wavespeeds, higher-order
corrections are required, such as that provided through solutions of the
Korteweg deVries (KdV) equation6. Solutions to the KdV equation for a 20-m
wave in a non-shearedmedium suggest an increase of 30–40% inwavespeed over
the linearmodes (when computed using the Taylor-Goldstein equation in a non-
sheared medium). This is in accord with measured wavespeeds, for which a
similar ,30% increase is observed as compared to the linear wavespeeds in a
sheared medium. Finite amplitude wavespeeds in a sheared medium have not
been computed.
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River plumes as a source of large-amplitude internal
waves in the coastal ocean
Jonathan D. Nash1 & James N. Moum1

Satellite images have long revealed the surface expression of large
amplitude internal waves that propagate along density interfaces
beneath the sea surface1–3. Internal waves are typically the most
energetic high-frequency events in the coastal ocean4–6, displacing
water parcels by up to 100m and generating strong currents and
turbulence7 that mix nutrients into near-surface waters for bio-
logical utilization. While internal waves are known to be gener-
ated by tidal currents over ocean-bottom topography8–13, they have
also been observed frequently in the absence of any apparent tide–
topography interactions1,7,14. Here we present repeated measure-
ments of velocity, density and acoustic backscatter across the
Columbia River plume front. These show how internal waves
can be generated from a river plume that flows as a gravity current
into the coastal ocean. We find that the convergence of horizontal
velocities at the plume front causes frontal growth and subsequent
displacement downward of near-surface waters. Individual freely
propagating waves are released from the river plume front when
the front’s propagation speed decreases below the wave speed in
the water ahead of it. This mechanism generates internal waves of
similar amplitude and steepness as internal waves from tide–
topography interactions observed elsewhere11, and is therefore
important to the understanding of coastal ocean mixing.
It is generally assumed that internal waves radiate from locations

where tidal currents flow over topographic features such as shelf-
breaks10, banks11 and sills12,13. In the last case, waves formed down-
stream of a sill are trapped to the topography when their wavespeed c
equals that of the opposing tidal flow u. They are released and
propagate upstream as free waves when u slackens below c (refs 8, 9,
15). The Froude number F ¼ u/c # 1 sets the criterion for free wave
propagation.
In the atmosphere, gravity currents16 are well-known to excite

large-amplitude waves. Perhaps the most famous is the ‘Morning
Glory’, a series of ,500-m amplitude undulations over the Gulf of
Carpenteria off northern Australia17,18. Wave generation from gravity
currents has also been observed in thunderstorm outflows19 and
mountain slope drainage winds20. However, the large scales of
atmospheric flows make it difficult to obtain the detailed measure-
ments necessary to show the process by which freely propagating
waves emerge from a gravity current. Although laboratory exper-
iments21,22 have helped to show this evolution, these experiments
were limited to small, sub-geophysical scales. Neither atmospheric
nor laboratory observations have clearly defined the criterion for
wave release.
Rivers issue into the coastal ocean as tidally modulated pulses of

fresh water that form positively buoyant gravity currents23. The
evolving properties of these gravity currents are determined by the
initial momentum at the river’s mouth, by interactions with coastal
currents and winds, and by the Earth’s rotation, which tends to turn
the current to the right in the Northern Hemisphere. These factors all

affect the location, propagation speed and sharpness of the gravity
current front.
Satellite images capture single snapshots of waves radiating from

the mouth of the Columbia River (Fig. 1; refs 1, 2). However, they
provide no information on the waves’ internal structure. Nor do they
show the sequence of events leading to their generation, since these
images are acquired infrequently (,1 per day). Our recent in situ
observations across a front at the northern edge of the tidally pulsing
Columbia River plume provide the necessary sequencing to clearly
define the condition for the formation of large-amplitude internal
waves from a gravity current. By analogy to topographic release of
waves from a sill, this condition is described in terms of a Froude
number.
Satellite sea surface temperature (SST) distinguishes the warm,

summertime plume from cold, recently upwelled coastal waters (Fig.
2a–c) on 23 July 2004. High tide coincided with the image shown in
Fig. 2a. Plume remnants from the previous tidal cycle’s discharge
appear in the offshore thermal structure. Ebb currents started to flow

LETTERS

Figure 1 | Synthetic aperture radar (SAR) image of the Columbia River
plume on 9 August 2002. Image indicates regions of enhanced surface
roughness associated with plume-front and internal wave velocity
convergences. Similar features appear in images during all summertime
months (April–October; see http://oceanweb.ocean.washington.edu/rise/
data.htm for more Columbia River plume images) and from other regions1,2.
SAR image courtesy of P. Orton, T. Sanders and D. Jay; image was processed
at the Alaska Satellite Facility, and is copyright Canadian Space Agency.
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8-Northern-region-(off-Oregon-and-Washington-north-of-about-43oN):-

Straight-coast-and-two-main-sources-of-fresh8water-input:-CR-(46oN)-and-
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- Wind:-moderately-upwelling8favorable-in-summer-and-strongly-
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8-Middle-region-(35-–-43-oN):-
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monthly-mean-winds-remain-upwelling8favorable-all-year.--
8-South-California-Bight-(32-–-35oN):-
- Coast-turns-sharply-eastward-at-35oN-
- Sheltered-from-strong-wind-forcing-found-in-elsewhere-in-the-system:-weak-
winds.--
8-North-Baja-California-(NBC:-22-–-32oN)-
- Winds-are-stronger-than-SCB,-upwelling8favorable-all-year-round,-weaker-
than-the-summer-winds-off-northern-region.--
- Several-capes:-most-prominent-at-Punta-Eugenia-(27828oN)-
-
Marchesiolo-et-al,-2003-JPO-
In-spring-frontal-insta8-bilities-appear-along-the-newly-formed-coastal-current-and-
roll-up-into-cyclonic-vortices.-Most-filaments-occur-in-summer,-associated-with-
strong-squirts-(~1-m/s)-forming-both-cold-and-warm,-mushroom8shaped-patterns-at-
multiple-scales-(Figs.-2-and-3),-especially-south-of-Cape-Blanco.-In-autumn,-meanders-
and-eddies-are-the-dominant-patterns,-both-inshore-and-offshore-of-the-CC.-In-
winter,-the-offshore-eddy-field-is-strongest.-There-is-significant-vertical-motion-
within-the-cold-filament-that-impacts-the-PBL-with-evident-patchiness-in-its-depth-
(Fig.-3b)-and-the-associated-vertical-mixing-intensity.-
-
Kurian-2011-JGR-
It-is-also-shown-that-the-formation-of-long8lived-eddies-and-eddy-activity-are-
greatest-roughly-between-latitudes-32°–40°N,-with-a-distinct-minimum-to-the-north-
of-about-42°N.-There-are-few-key-eddy-generation-sites-along-the-coast;-these-sites-
include-Punta-Eugenia-(∼28°N),-Point-Conception-(∼34°N),-and-Cape-Blanco-
(∼43°N).-Both-studies-report-less-seasonal-variation-in-eddy-birth,-though-the-eddy-
strength-is-highest-during-summer.-Eddies-propagate-westward,-with-cyclones-(and-
anticyclones)-showing-a-general-tendency-for-poleward-(and-equatorward)-
deflection,-as-shown-globally-by-Chelton-et-al.-[2007,-2011]-and-for-the-CCS-region-
by-Morrow-et-al.-[2004].-Eddy-radii-of-approximately-60–80-km-and-propagation-
speeds-around-2-km/day-have-been-reported.-
-
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The prewriting step

Get organized first!

• Don’t try to write and gather information
simultaneously

• Gather and organize information BEFORE
writing the first draft
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Organizing	your	thoughts…

Do	you	have	an	organizational	system?

If	you	don’t,	create	one	that	suit	you!

Spend	more	time	organizing	and	less	time	
writing.	It	is	just	plain	less	painful!
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Develop	a	road-map

• Arrange	key	facts	and	citations	from	literature
• Develop	a	crude	road-map/outline	BEFORE	
writing	the	first	draft

• Think	in	sections	and	paragraphs	(NOT	
sentences)
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Example	of	outline

• List	(2-4)	goals	(your	proposed	answers)
• List (2-4) key papers that	provide	
foundation	of	your	work

• List	(2-4)	main	ideas	in	the	
introduction

• List	(2-4)	main	findings	of	your	
study

• List	possible	
comparisons/discussions

You	need	to	
think	about	
these	points	
even	BEFORE	or	
while	DOING	
experiments!

Why	you	write	
the	paper

Link	findings	to	
introductions
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River	plumes	河口冲淡羽

River plumes as a source of large-amplitude internal
waves in the coastal ocean
Jonathan D. Nash1 & James N. Moum1

Satellite images have long revealed the surface expression of large
amplitude internal waves that propagate along density interfaces
beneath the sea surface1–3. Internal waves are typically the most
energetic high-frequency events in the coastal ocean4–6, displacing
water parcels by up to 100m and generating strong currents and
turbulence7 that mix nutrients into near-surface waters for bio-
logical utilization. While internal waves are known to be gener-
ated by tidal currents over ocean-bottom topography8–13, they have
also been observed frequently in the absence of any apparent tide–
topography interactions1,7,14. Here we present repeated measure-
ments of velocity, density and acoustic backscatter across the
Columbia River plume front. These show how internal waves
can be generated from a river plume that flows as a gravity current
into the coastal ocean. We find that the convergence of horizontal
velocities at the plume front causes frontal growth and subsequent
displacement downward of near-surface waters. Individual freely
propagating waves are released from the river plume front when
the front’s propagation speed decreases below the wave speed in
the water ahead of it. This mechanism generates internal waves of
similar amplitude and steepness as internal waves from tide–
topography interactions observed elsewhere11, and is therefore
important to the understanding of coastal ocean mixing.
It is generally assumed that internal waves radiate from locations

where tidal currents flow over topographic features such as shelf-
breaks10, banks11 and sills12,13. In the last case, waves formed down-
stream of a sill are trapped to the topography when their wavespeed c
equals that of the opposing tidal flow u. They are released and
propagate upstream as free waves when u slackens below c (refs 8, 9,
15). The Froude number F ¼ u/c # 1 sets the criterion for free wave
propagation.
In the atmosphere, gravity currents16 are well-known to excite

large-amplitude waves. Perhaps the most famous is the ‘Morning
Glory’, a series of ,500-m amplitude undulations over the Gulf of
Carpenteria off northern Australia17,18. Wave generation from gravity
currents has also been observed in thunderstorm outflows19 and
mountain slope drainage winds20. However, the large scales of
atmospheric flows make it difficult to obtain the detailed measure-
ments necessary to show the process by which freely propagating
waves emerge from a gravity current. Although laboratory exper-
iments21,22 have helped to show this evolution, these experiments
were limited to small, sub-geophysical scales. Neither atmospheric
nor laboratory observations have clearly defined the criterion for
wave release.
Rivers issue into the coastal ocean as tidally modulated pulses of

fresh water that form positively buoyant gravity currents23. The
evolving properties of these gravity currents are determined by the
initial momentum at the river’s mouth, by interactions with coastal
currents and winds, and by the Earth’s rotation, which tends to turn
the current to the right in the Northern Hemisphere. These factors all

affect the location, propagation speed and sharpness of the gravity
current front.
Satellite images capture single snapshots of waves radiating from

the mouth of the Columbia River (Fig. 1; refs 1, 2). However, they
provide no information on the waves’ internal structure. Nor do they
show the sequence of events leading to their generation, since these
images are acquired infrequently (,1 per day). Our recent in situ
observations across a front at the northern edge of the tidally pulsing
Columbia River plume provide the necessary sequencing to clearly
define the condition for the formation of large-amplitude internal
waves from a gravity current. By analogy to topographic release of
waves from a sill, this condition is described in terms of a Froude
number.
Satellite sea surface temperature (SST) distinguishes the warm,

summertime plume from cold, recently upwelled coastal waters (Fig.
2a–c) on 23 July 2004. High tide coincided with the image shown in
Fig. 2a. Plume remnants from the previous tidal cycle’s discharge
appear in the offshore thermal structure. Ebb currents started to flow

LETTERS

Figure 1 | Synthetic aperture radar (SAR) image of the Columbia River
plume on 9 August 2002. Image indicates regions of enhanced surface
roughness associated with plume-front and internal wave velocity
convergences. Similar features appear in images during all summertime
months (April–October; see http://oceanweb.ocean.washington.edu/rise/
data.htm for more Columbia River plume images) and from other regions1,2.
SAR image courtesy of P. Orton, T. Sanders and D. Jay; image was processed
at the Alaska Satellite Facility, and is copyright Canadian Space Agency.

1College of Oceanic and Atmospheric Sciences, Oregon State University, 104 COAS Admin Bldg, Oregon State University, Corvallis, Oregon 97331, USA.

Vol 437|15 September 2005|doi:10.1038/nature03936
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实际的河流冲淡羽（河口偏角）

Angled	inflow	river	plume	dynamics

理想状态下的河流冲淡羽

旋转平台模拟
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1. How much does the inflow angle modify the alongshore transport of freshwa-
ter?

• ANSWER: The coastal current transport varies from 0 - 0.4Q as the in-
flow angle varies from 0o - 90o.

• This trend has already been shown by me (conference paper) and Avicola
and Huq (2003), but neither of these accurately quantify the transport.

2. What is the critical inflow angle, θc?

• ANSWER: The coastal current transports all of the river flow when the
river angle is below a critical value, θc. This angle is approximately 40o

- 50o.

• Below this angle the bulge is also observed to be steady, which is required
by a simple volume balance.

• I also show that θc is a function of Fri and Roi.

3. Can the variation in coastal current flux with inflow angle be predicted by an
alongshore momentum balance?

• ANSWER: The alongshoremomentum in the coastal current balances the
component of alongshore momentum from the source. i.e.

UQ cos θsrc =
∮ d

c
u2hdy. (1)

This is a simple result that one should expect, but it turns out to be com-
plicated to interpret since there are a number of other terms in the mo-
mentum balance that must be zero, or sum to zero, for the above balance
to hold.

• The above balance doesNOT hold for perpendicular inflows, when cos θsrc =
0. In this case, one or more of the other momentum terms must be non-
zero. This is consistent with Nof and Pichevin (2001).

• The alongshore balance also does not appear to predict the critical be-
haviour observed for 0 < θsrc < θc. The component of inflow mo-
mentum directed alongshore decreases smoothly as θsrc increases, so we
would expect that the alongshore transport would do the same. I’m still
not really sure how to prove this, but it seems intuitively obvious.

2. Motivation

Prior to approximately 10 years ago, oceanographers typically assumed that all of
the freshwater water discharged from a river into the ocean (or large lake) was carried
alongshore by the coastal current. Since that time, however, numerical, laboratory
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4. Previous work

There are four key papers that provide the foundation for this work.

1. Garvine (1987)

• Garvine (1987) developed a non-linear layer model that included treat-
ment of fronts as discontinuities to study the behavior of estuary plumes
and fronts. He found that plumes with smaller inflow angles tended to
generate coastal currents that were supercritical.

• This model is different than ours, since he forces the plume to be steady
by imposing an alongshore ambient current.

• It presents a possible explanation for the critical angle observed in our ex-
periments. Strong fronts are observed between the bulge and the coastal
current for low inflow angles. The existence of this front may modify the
dynamics such that the coastal current transport is increased.

• This last point has not been fleshed out completely and may be important
in the ultimate interpretation of our data.

2. Pichevin and Nof (1997) and Nof and Pichevin (2001)

• Pichevin and Nof (1997) examined steady oceanic inflows analytically
using a two-layer, inviscid model. They considered the alongshore mo-
mentum balance in the vicinity of the mouth and showed that inflows
perpendicular to the coast cannot be steady due to the unbalanced flux of
momentum into the coastal current.

• In a subsequent paper, Nof and Pichevin (2001) (hereafter referred to as
NP) showed that the offshore migration of a growing bulge at the in-
flow provides a Coriolis force to balance the coastal current momentum
flux. In this case, the momentum balance was satisfied only when the
unsteady bulge was included. Pichevin and Nof (1997) only consider the
case where the inflow angle is 90o, however.

• At smaller inflow angles, the inflow introduces an alongshore momen-
tum flux from the source, thereby reducing the imbalance described by
Pichevin and Nof (1997). This is an important starting point for the
present work.

3. Horner et al (2000)

• In Horner et al (2000), we showed that the pluem becomes steady for low
inflow angles, and presumed that the coastal current transport must bal-
ance the discharge under these conditions. We also showed preliminary
data supporting the theory that the critical angle depended on Fr.
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4. Avicola and Huq (2003)

• Avicola and Huq (2003) considered the effect of both the channel exit
radius of curvature and the inflow angle on the plume behaviour. They
define a separation ratio Γ = df

u . Here, d is the maximum distance from
the wall to the inflowing jet and is defined in terms of the the inflow angle
and the radius of curvature of the channel exit. In their experiments, they
found that a gyre formed when Γ > 0.5 and a steady current formed when
Γ < 0.5. The critical inflow angle was found to be between 60o and 75o.

• It is unclear why Avicola and Huq (2003) obtain a critical inflow angle
that is significantly greater than any of the other experiments. The most
likley conclusion is that it is related to the radius of curvature, which is
confounded with the inflow angle in their experiments.

• It would be good to incorporate their separation ration into our description
of the plume, but I have not done that yet.

In summary, evidence exists that the coastal current transport increases as the
inflow angle decreases and that full transport is obtained for low inflow angles. In
addition to confirming this result with more detailed experiments, this paper will
provide four important contributions. It will

1. provide an accurate measurement of the coastal current flux.

2. show how the critical angle depends on bulk parameters of the inflow (Ro &
Fr).

3. describe how the inflow angle affects the momentum balance.

4. describe the occurence of a critical angle and, thus, how the flow is modified
from an unsteady to a steady flow.



!

JANUARY 2008 Horner-Devine 3

and analytical studies have shown that an idealized plume behaves quite differently.
Instead of the above picture, as much as 70% of the river discharge may accumulate
in a large, gowing eddy near the river mouth called the bulge. How much river wa-
ter is transported away from the mouth has important consequences for those trying
to model coastal water quality and ecosystem health, since it determines the fate of
many nutrients, sediment, micro-organisms and contiminants that are carried in the
river water. In addition, it dramtically alters the residence time that organisms experi-
ence in the region near the mouth. There is growing evidence that this residence time
may play an important role in fueling or mediating planktonic blooms and perhaps
the generation of low dissolved oxygen zones.

Despite clear evidence from idealized models that the bulge exists, observations
of the bulge in field data remain scant. Although there have been a few recent stud-
ies that have documented a bulge circulation in the Hudson, Columbia and Niagara
plumes, few other field studies have observed this coastal structure. This may partly
be a result of the difficulty in sampling plumes adequately to resolve the large spa-
tial scales and relatively short time scales associated with the bulge. However, it is
also clear that the bulge may not form under some circumstances, such as strong,
persistent winds.

In a previous conference paper, I showed that the angle that the river makes with
the coast can dramatically alter the behavior of the bulge, causing it to dissapear for
small inflow angles. In the present paper I extend these results, confirming that all
the discharge is transported alongshore for the low inflow angle cases and presenting
the momentum balance that explains this phenomenum.

The results presented here will help coastal managers predict the alongshore im-
pact of river inflows and will extend our understanding of why river plumes do what
they do.

3. Experimental methods and description of data

All of the results presented here were obtained on the 2m diameter rotating table
(Figure 1). The table and experimental techniques are described in Horner-Devine
et al (2006) and Horner-Devine (2006) and the details are not repeated here. The pa-
per describes three different sets of experiments, which focus on the bulge dynamics,
coastal current fluxes and dependence on Fr and Ro, respectively.

1. Experiment 1: Bulge

• Description of data: Simultaneous PIV/PLIF in a horizontal sheet inter-
secting the bulge is used to measure the velocity and density fields in the
bulge region. These are used to determine the structure of the bulge and
the growth rate.

• For this set of experiments, all parameters (T, g’, Q) are fixed except for
the inflow angle, which is varied between 0o and 90o. The parameters for
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Direction
of rotation

Coastal wall

Diffuser
(W=5cm,
  H=1cm)

Freshwater
source

Tank wall
  (r = 92cm)

Inner tank
wall
 (r = 22cm)

Tsrc

FIG. 1. Schematic of the rotating table.

these runs are listed in Table 1.

2. Experiment 2: Coastal current

• Description of data: Simultaneous PIV/PLIF in an angled sheet in the
coastal current is used to make direct measurements of the freshwater
transport and momentum flux in the coastal current. This is compared
with the freshwater discharge and alongshore momentum fluxes from the
river inflow.

• As in experiment 1, all parameters (T, g’, Q) are fixed except for the
inflow angle, which is varied between 0o and 90o.

3. Experiment 3: Dependence of the critical angle on Fr and Ro

• This set includes approximately 45 simple dye experiments in which T,
g’, Q and θsrc are varied and the dependence of the critical angle on Ro
and Fr is deduced.

• For these experiments, no velocity or density data were measured. In-
stead, video of the plume is interogated to determine if the plume is steady
or unsteady.

JANUARY 2008 Horner-Devine 5

Expt. Run T Q θi g′ W H Ro Fr

− − s cm3 s−1 degrees cm s−2 cm cm − −
169 1 25 9.8 90 7 5 1 0.78 0.74
170 2 25 9.8 20 7 5 1 0.78 0.74
171 3 25 9.8 40 7 5 1 0.78 0.74
172 4 25 9.8 60 7 5 1 0.78 0.74
173 5 25 9.8 80 7 5 1 0.78 0.74
174 6 25 9.8 70 7 5 1 0.78 0.74
175 7 25 9.8 50 7 5 1 0.78 0.74

Table 1. Experimental parameters for the angled inflow bulge runs
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5. Analysis

a. Bulge dynamics

The main conclusion from the bulge dynamics section is that the bulge is unsteady
if the inflow angle is above the critical inflow angle. This is shown qualitatively in
Figure 2. In order to be more quantitative, we fit a line to a cross-shelf velocity profile
and use that to locate the center for the bulge circulation. The location of the center
is then plotted in time, and the rate of growth is computed. These data show that the
bulge grows for θsrc > 40o.
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FIG. 2. Plume evolution for plumes with different inflow angles. The contour marks 20% of
the inflow buoyancy. Columns a, b, and c correspond to t/T = 2, 5, and 7 s, respectively.
Rows I - IV correspond to runs with θi = 90o, 70o, 40o and 20o, respectively. The black
shaded triangle shows the location and angle of the hinged inflow wall.

b. Coastal current transport

The non-dimensional transport is plotted in Figure 3. This result is the backbone
of the paper. It confirms that the coastal current transports all of the river discharge for
low angles, and less and less freshwater for inflow angles above the critical angle. I
plotted the cos θsrc curve on the plot, but it doesn’t really have a clear interpretation.
I think that it mostly means that the disharge is set by the alongshore momentum,
which will have a cos θsrc dependence.

Results
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is also non-zero, although that calculation is quite noisy. Note thatM t is negative in
equation 2.

• Is it possible thatMt = MC?

This would require that Mp = 0. That proposed balance (Mt = MC ) is
something like an inertial balance, which was shown to apply to this region by
Garvine (1987). However, Garvine considered a steady flow, so Mt = 0 and
the advective acceleration balanced Coriolis. It makes sense that Mp is less
important for runs in which the inflow Fr is high.

• Alternately,Mt = 0, andMC = Mp.

This is contradicted by figure 5, but I don’t have complete confidence in those
data due to noise in the velocity measurements and the limited size of the field
of view. However, it seems unlikley that the flow in this turning region is
geostrophic, which is implied byMC = Mp.

• Finally, there could be a three-way balance. Mt + MC + Mp = 0. This would
be quite difficult to prove.
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FIG. 5. Mt

d. Dependence on Ro & Fr

This section was part of the original motivation for the work. Garvine (1987)
found that lower inflow angles resulted in supercritical coastal currents, and I sup-
posed that this result would have consequences for the dynamics of the bulge. This
hypothesis turned out to be true; the critical inflow angle is different depending on
the inflow Fr. The connection to Garvine’s result is not that direct, however. We find
that a higher Fri results in a higher θc.

I’ll try to dissect this a bit better. Garvine found that low inflow angles resulted
in high coastal current Froude number. The bulge (or turning region) is subject to an
inertial momentum balance and the coastal current is geostrophic. He finds that the
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two are separated by a strong front, which he refers to as a coastal front. When the
inflow angle is large, there is more mixing in the turning region (due to the longer
streamlines), the flow entering the coastal current is subcritical and the coastal front
that divides the bulge from the coastal current is not as strong.

My hypothesis is that the coastal front is related to the steadiness of the bulge
and the critical angle. Thus, if the inflow Fr is high, it will still be supercritical even
for higher inflow angles and the front will be maintained. This causes the plume to
remain steady. This hypothesis implies that the unsteadiness is somehow related to
the upstream propagation of some disturbance from the coastal current. I still need to
sort that out.
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FIG. 6. Inflow angle and inflow Froude number regime plot.
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Compositional	organization

• Like	ideas	should	be	grouped
• Like	paragraphs	should	be	grouped
• Don’t	“Bait-and-Switch”	your	reader	too	many	
times.

e.g.,	when	discussing	a	controversy,	follow:
arguments	(all)	赞同的观点
counter-arguments	(all)	反对的观点
rebuttals	(all)	反驳
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Week	2	Assignment

Find	a	research	(can	be	SRTP)	or	an	experiment	
(you’ve	done	in	previous	courses),	write	an	
outline	in	order	to	prepare	a	manuscript.	
– List	3 goals	(your	proposed	answers)
– List 3 key papers that	provide	foundation	of	your	
work with their main ideas

– List	3 main	ideas	in	the	introduction
– List	3 main	findings	of	your	study
– List	possible	comparisons/discussions	

Send	the	outline	(with	key	papers)	by	email:	
kjyyxz2017@163.com before	Sunday Dec.	10th


