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ABSTRACT. Linear and nonlinear internal waves are widespread phenomena with 
important implications for the ocean’s ecology. Here, we review the biological impacts of 
non-breaking internal waves for three broad categories of organisms: sessile organisms, 
passive plankton, and depth-keeping plankton. We use heuristic simulations to contrast 
the effects of passing internal waves for each of these groups. In the case of irradiance, 
an isobaric quantity, light availability is only modulated for passive plankton. Wave-
induced horizontal transport enhances this effect, because transport in the direction of 
wave propagation implies that passive plankton spend longer within each wave. This is 
true for both linear waves, where horizontal transport is due exclusively to Stokes drift, 
as well as for weakly nonlinear waves, where transport arises from both nonlinearity and 
Stokes drift. In the case of depth-keeping plankton, a similar effect is seen for isopycnal 
properties. In a simple example, where we set the vertical distribution of temperature to 
match that of density, wave-induced horizontal transport alters the overall water tem-
peratures depth-keeping plankton are exposed to. These results emphasize that horizon-
tal transport within internal waves is not only important to dispersal but also modulates 
the effects of wave-induced vertical disturbances on plankton. 

INTRODUCTION
Internal waves modulate the local envi-
ronment of coastal marine organisms in 
numerous ways. They can inject nutri-
ents into the euphotic zone (Sandstrom 
and Elliott, 1984; Lucas et al., 2011), they 
can displace phytoplankton vertically 
and affect the solar irradiance they are 
exposed to (Kamykowski, 1974; Holloway 
and Denman, 1989; Evans et  al., 2008), 
they can concentrate vertically swimming 
plankton and transport them (Zeldis 
and Jillett, 1982; Shanks, 1983; Franks, 
1997; Lennert-Cody and Franks, 1999; 
Pineda, 1999), they can dampen thermal 
stress and provide nutrients to coral reefs 
(Leichter et  al., 2003; Wall et  al., 2015), 
and they can bring hypoxic deep water 
to shallow benthic environments (Booth 

et al., 2012; Walter et al., 2014). 
Here, we limit our scope to the bio-

logical impacts of non-breaking internal 
waves. These waves displace isopycnals 
vertically as they propagate, inducing 
vertical and horizontal currents but only 
little mixing between waters of different 
densities. While fluid properties such as 
temperature or nutrient concentrations 
can change slowly in time due to mixing, 
buoyant fluxes, and biological activity, 
they generally follow isopycnals. Thus, 
passing internal waves change the envi-
ronment of marine organisms by deform-
ing the vertical distribution of fluid prop-
erties. For marine organisms anchored 
to a substrate, internal waves pass by at 
their propagation speed c. For marine 
organisms that drift with ocean cur-

rents, however, both wave-induced and 
background currents can cause the rela-
tive propagation speed of the wave to be 
faster or slower, so the drifting organisms 
are exposed to internal wave troughs or 
crests for longer time periods than are 
stationary organisms. 

Prior studies have quantified wave- 
induced total horizontal transport for 
water parcels and both neutrally buoy-
ant and vertically swimming plank-
ton (e.g., Inall et al., 2001; Shroyer et al., 
2010; Zhang et  al., 2015; Franks et  al., 
2020; Garwood et  al., 2020). However, 
to our knowledge, no studies have inves-
tigated how horizontal drift in an inter-
nal wave can change the overall exposure 
of plankton to various environmental 
properties. Throughout this manuscript, 
we consider three categories of marine 
organisms: (1) those, such as coral reefs, 
that are anchored to a substrate and are 
not moved by internal waves, (2) plank-
tonic organisms, such as non-swimming 
phytoplankton, that are moved by inter-
nal wave velocities both horizontally 
and vertically, and (3) planktonic organ-
isms, such as strong swimming larvae, 
that are moved horizontally by internal 
wave velocities but that perfectly oppose 
wave vertical velocities in order to main-
tain a fixed depth (Figure 1). We refer 
to these organisms as “sessile,” “passive,” 
and “depth-keeping,” respectively. In the 
sections that follow, we review biolog-
ical impacts of non-breaking internal 

“Internal waves modulate the immediate environments of marine 
organisms either by displacing the organisms vertically or by advecting 

waters with different properties to their depths.” 
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waves, focusing on four broad categories: 
(1) wave-induced concentration changes 
in depth- keeping plankton, (2) wave- 
induced transport of passive and depth- 
keeping plankton, (3) wave- induced 
environmental variability for passive 
plankton in a property field that var-
ies only with depth, such as solar irradi-
ance, and (4) wave-induced environmen-
tal variability for depth-keeping plankton 
and sessile organisms in a property field 
that is approximately constant along iso-
pycnals, such as temperature. We then 
contrast time series of these properties as 
they apply to virtual organisms released 
in both linear and weakly nonlinear 
internal waves (Box 1).

ENHANCED CONCENTRATIONS 
OF BUOYANT OR 
SWIMMING PLANKTON
In propagating internal waves, the hor-
izontal gradients of wave-induced sur-
face horizontal velocities generate areas 
of convergence and divergence ahead of 
troughs and crests, respectively (Ewing, 
1950a, 1950b). Although incompress-
ible flows do not induce concentration 

changes in passive plankton, vertical 
swimming decouples plankton from fluid 
velocities and can result in accumulation 
(Genin et  al., 2005; Hoecker-Martínez 
and Smyth, 2012). Internal waves, there-
fore, can only concentrate plankton that 
at least partially resist vertical velocities, 
such as floating eggs or vertically swim-
ming plankton (Ewing, 1950b; Franks, 
1997; Lennert-Cody and Franks, 1999, 
2002; Omand et  al., 2011). The areas of 
maximum and minimum plankton con-
centrations will be offset from the areas 
of maximum convergence and divergence 
and will occur above wave troughs and 
crests, respectively. 

Buoyant surface films are also most 
concentrated and dispersed above inter-
nal wave troughs and crests, respec-
tively (Ewing, 1950a,b). In low wind, 
the interaction of internal waves with 
surface films and capillary waves pro-
duces a banding pattern at the ocean’s 
surface: areas with concentrated surface 
films dampen ripples and produce sur-
face slicks, while areas with dispersed 
films remain rough (Ewing, 1950a,b). 
These visible internal wave signatures 

have been exploited by biological ocean-
ographers to assess the potential of inter-
nal waves to concentrate vertically swim-
ming plankton: enhanced concentrations 
of plankton, fish larvae, and pelagic crabs 
have all been observed in surface slicks 
(Zeldis and Jillett, 1982; Shanks, 1983, 
1988; Jillett and Zeldis, 1985; Shanks and 
Wright, 1987). Even organisms that are 
not vulnerable to ocean currents, such 
as fish and pilot whales, were observed 
in association with internal wave troughs 
(Kingsford and Choat, 1986; Moore and 
Lien, 2007). These relationships are likely 
indicative of a reactive process, in which 
higher trophic levels seek higher concen-
trations of prey and/or drift algae cre-
ated by internal wave motions (Kingsford 
and Choat, 1986; Moore and Lien, 2007; 
Lévy et al., 2018). At an offshore bank, a 
three-way interaction between euphau-
siid swimming behavior, internal waves, 
and topography promoted near-surface 
shoals of euphausiids, which were then 
exploited by herring, seabirds, and whales 
(Stevick et al., 2008). Schooling fish may 
benefit not only from internal wave 
troughs concentrating vertically swim-
ming zooplankton prey above the pycno-
cline but also from the waves increasing 
the vertical space available for schooling 
and feeding (Bertrand et al., 2008). 

In the Benguela Current, the thicken-
ing of a turbid surface layer above inter-
nal wave troughs decreased light pene-
tration and induced the upward vertical 
migration of a foraging fish (Kaartvedt 
et al., 2012). Thus, by affecting light pen-
etration in the ocean, internal waves 
can also increase feeding opportunities 
for predators that must avoid their own 
visual predators (Kaartvedt et  al., 2012). 
Variability in depth- keeping abilities 
between planktonic prey and predators 
can lead to differential vertical advection 
by internal waves and different concen-
tration patterns, both of which will influ-
ence trophic interactions (Macías et  al., 
2010; Greer et al., 2014). While they con-
centrate vertically swimming prey, inter-
nal waves may also concentrate floating 
plastic and contaminants (Shanks, 1987). 

FIGURE 1. This article considers three categories of marine organisms: (1) passive plankton (gray 
and green circles), (2) depth-keeping plankton (gray and black copepods), and (3) sessile organisms 
(green macroalga). The gray and blue arrows show the direction of wave propagation, while the 
black arrows show wave-induced plankton movement between the two time steps. The first time 
step is in gray, except for the macroalga that is fixed. Drawings by Tracey Saxby (Chlamydomonas), 
Jane Hawkey (copepod), and Diana Kleine (Chlorophyta), Integration and Application Network, 
University of Maryland Center for Environmental Science (https://ian.umces.edu/imagelibrary/)

https://ian.umces.edu/imagelibrary/
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Our heuristic examples focus on high-frequency internal 
waves, that is, on internal waves at the local buoyancy fre-
quency, with periods on the order of tens of minutes. In 
the coastal ocean, these internal waves are ubiquitous and 
can take many forms, including internal tidal bores, solitary 
waves, wave packets, boluses, or intermediate solibores 
(e.g., Farmer and Smith, 1980; MacKinnon and Gregg, 2003; 
Bourgault et al., 2007; J. Nash et al., 2012). Here, we simu-
late weakly nonlinear oscillatory internal waves (Figure 2b). 
As internal waves steepen, they become increasingly non-
linear and induce horizontal velocities that approach the 
wave propagation speed (u/c → 1). Although coastal internal 
waves usually display some degree of nonlinearity, we also 
include comparisons with linear internal waves (Figure 2a). 
In contrast to nonlinear internal waves, linear internal waves 
induce weak horizontal velocities, compared to their propa-
gation speed (u/c << 1) (Figure 2a).

Internal-wave-induced vertical and horizontal velocities, w 
and u, respectively, can be derived from internal wave iso-
pycnal displacements, η (Stastna and Lamb, 2002; Chang 
et al., 2011): 

 w (x, z, t ) = –c ,
∂η(x,z,t)

∂x  (1)

and

 
u (x, z, t ) = c ,

∂η(x,z,t)
∂z  

(2)

where t is time, x is positive in the direction of wave propaga-
tion, and z is positive upwards.

The shape of both linear and weakly nonlinear internal 
waves can be described by analytic expressions that cap-
ture the spatial distribution of η over time. For instance, the 
structure of a mode-1, linear progressive wave is described 
by a sinusoid in the horizontal (Woodson, 2018):

 η (x, z, t ) = φ(z)cos(kx – ωt ),
ηmax

2
 (3)

where ηmax  is the maximum isopycnal displacement, φ(z)  is 
the wave’s vertical structure, k is the horizontal wavenumber, 
and ω is the wave frequency. The horizontal wavenumber 
and wave frequency can be calculated from the wavelength λ 
and the wave period T, with k = 2π /λ and ω = 2π /T. The wave 
propagation speed is related to the wavelength by c = λ/T.

Various mathematical functions, including cnoidal func-
tions, can be used to capture the wide range of weakly 
nonlinear wave shapes (see review by Apel, 2002). The lin-
ear limit of the cnoidal function is associated with a cosine-
squared wave (Equation 4), while the most nonlinear limit is 
associated with a hyperbolic secant wave (Equation 5), also 
known as a solitary wave or soliton:

 
η (x, z, t ) = ηc + ηmaxφ(z)cos2 ,( )kx – ωt

2
 (4)

 

η (x, z, t ) = ηmaxφ(z)sech2 ,( )kx – ωt
2  (5)

where ηc is the crest elevation. In solitons, isopycnals return 
to their equilibrium depths at infinity, thus ηc is equal to zero 
and not included in Equation  5. In reality, internal wave 
characteristics, such as wave shape and wave propagation 
speed, are determined by background ocean velocity and 
density structure. Here, for ease of comparison, we apply the 
same parameters to both linear and weakly nonlinear inter-
nal waves; we set ηc to 0 m, ηmax to 2.5 m, c to 0.3 m s–1, and 
T to 900 s (15 min). We propagate these waves in a water 
column of 20 m, with φ(z)  = sin(–πz/H ) (Figure 2). Although 
these wave parameters are realistic (e.g.,  Garwood et  al., 
2020), examples are provided for illustrative purposes only.

To contrast the wave-induced environmental variability for 
sessile organisms, as well as for passive and depth-keeping 
plankton, we use Equation 3 to simulate linear internal waves 
and Equation 4 to simulate weakly nonlinear internal waves 
(Figure 2a,b). Passive organisms are numerically advected 
through these wave fields using Equations 1 and 2 evaluated 
at the organisms’ positions (xorg, zorg) at time t, with a time 
step of 1 s. Depth-keeping organisms are advected in the 
horizontal only using Equation 2, while sessile organisms are 
not moved by the flow, but the flow around them is recorded.

Box 1. Internal Wave Simulations
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FIGURE 3. Wave-induced horizontal transport 
(m) from integrated Eulerian velocities (left) 
and Stokes drift (middle) for passive (teal) and 
depth-keeping (pink) plankton in linear (top) 
and weakly nonlinear (bottom) waves. Total 
transport is also shown (right). Note that the 
scale of the x-axis is different for linear and 
weakly nonlinear waves. 

HORIZONTAL DRIFT IN 
INTERNAL WAVES: STOKES 
DRIFT, EULERIAN MEAN FLOW, 
AND TOTAL TRANSPORT
Propagating internal waves can con-
centrate vertically swimming plankton 
locally, and these high- concentration  
regions will shift in the direction of wave 
propagation. However, how far individ-
ual organisms will be transported will 

depend on wave nonlinearity: net trans-
port will be limited in linear internal 
waves (Franks, 1997), whereas organ-
isms in nonlinear internal waves may be 
displaced large distances (Figures 2 and 
3c,f). In parts of Massachusetts Bay, for 
instance, patches of low chlorophyll a 
concentrations may be caused by non-
linear internal waves transporting phy-
toplankton away from the area (Lai et al., 

2010). Nonlinear internal waves usu-
ally enhance onshore transport of larvae, 
which can promote recruitment (Shanks, 
1983, 1988; Pineda, 1999; Garwood et al., 
2020). However, highly energetic non-
linear internal waves can also transport 
larvae away from productive areas and 
expose them to mechanical stress, result-
ing in energy loss and lower survival 
(Ruvalcaba-Aroche et al., 2019). 

FIGURE 2. Paths for depth-keeping (left) and passive (right) plankton in linear (a), weakly nonlinear (b), and solitary (c) waves with parameters ηc = 0 m, 
ηmax = 2.5 m, c = 0.3 m s–1, T = 900 s (15 min), z = 0 to –20 m, and φ = sin(–πz/H). Black and white circles show plankton start and end points, respec-
tively. Horizontal motions are 50% exaggerated. Colors show wave-induced horizontal velocities at the starting points of the paths, with red velocities in 
the direction of wave propagation. With the solitary wave, velocities are relative to the starting point of passive plankton. Gray lines show unperturbed 
isopycnals (dashed) and isopycnals displaced by the wave (solid).
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In what follows, we define the Eulerian 
contribution to transport as the integral 
of horizontal currents measured at a fixed 
location, over a wave period. The total 
transport is assessed over the time period 
between organisms encountering two 
adjacent, identical wave phases (e.g., crest 
to crest, or trough to trough), which we 
define as the organisms’ residence time 
in the wave τ. Stokes drift results from 
how drifting organisms experience wave 
velocities and is defined as the difference 
between the total plankton transport 
and the Eulerian contribution, calcu-
lated at the organisms’ depth in an ocean 
at rest (Figure 3). 

Typically, only highly nonlinear inter-
nal waves are assumed to transport plank-
ton over large distances due to the small 
(and often neglected) Stokes drift associ-
ated with linear internal waves (Pineda, 
1994, 1999; Shanks, 1995; Lamb, 1997). 
Nonlinear internal waves of depression, 
for instance, induce wave velocities that 
are constantly in the direction of wave 
propagation above the pycnocline, driv-
ing net transport in the direction of the 
wave’s propagation, and vice versa at 
depth (Apel et al., 1985; e.g., Figure 2b,c). 
Thus, in nonlinear internal waves, both 
time-mean Eulerian velocities and Stokes 
drift contribute to transport. Linear 
internal waves, however, induce alter-
nating positive and negative wave veloc-
ities of equal magnitudes at all depths 
(e.g., Figure 2a). The Eulerian transport 
is therefore zero; net transport for drift-
ing organisms is due only to Stokes drift 
(Thorpe, 1968; Dewar, 1980; Franks et al., 
2020). Although Stokes drift is non-zero 
in both linear and nonlinear internal 
waves, it is stronger in nonlinear internal 
waves (Figures 2 and 3b,e).

For internal waves in the absence of 
a mean flow, Stokes drift is in the direc-
tion of wave propagation for both pas-
sive and depth-keeping organisms near 
the top and bottom of the water column 
(Henderson, 2016; Franks et  al., 2020; 
Figures 2a and 3b,e). Mid-water, passive 
organisms are transported in the opposite 
direction, while there is no net transport 

for depth-keeping organisms (Franks 
et al., 2020; Figures 2a and 3b,e). In all 
cases, wave-induced horizontal trans-
port will occur along the same axis as 
internal wave propagation (Lamb, 1997), 
and while this may be in the cross-
shore direction for many coastal inter-
nal waves (e.g., Lee, 1961; Shroyer et al., 
2011; Richards et al., 2013; Colosi et al., 
2018; Sinnett et  al., 2018), some coast-
lines favor along-shore displacements 
(Liévana MacTavish et al., 2016). At other 
sites, the direction of internal wave prop-
agation can vary spatially as wave trains 
refract through background currents and 
over sloping bathymetry (Thomas et  al., 
2016; Hamann et  al., 2018). Moreover, 
interactions between internal waves and 
depth-varying background currents can 
modify both the magnitude and the direc-
tion of these predicted wave-induced 
transports (Garwood et al., 2020).

The specific paths of plankton in inter-
nal waves will dictate the environment 

they are exposed to (Box 2). Depth- 
keeping and passive plankton spend more 
time in parts of internal waves where cur-
rents are moving in the same direction as 
propagation, (e.g., above wave troughs 
and below wave crests in linear waves; 
Figure 2), and less time in parts of the 
waves where currents are in the opposite 
direction to wave propagation. In our lin-
ear internal wave example, for instance, 
notice how both passive and depth- 
keeping plankton spend more time being 
moved in the positive direction than in 
the negative direction (Figure 4b,c). Our 
weakly nonlinear wave example makes 
this particularly obvious. Notice how the 
residence time in the wave τ (Box 2)—
shown by the length of the planktonic 
records—decreases with depth: plank-
tonic records in the top half of the water 
column (warm colors, positive displace-
ments) extend past the wave period 
(dashed line), while planktonic records in 
the bottom half (cold colors, negative dis-
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FIGURE 4. Time series of horizontal displacements (m) for pas-
sive (middle) and depth-keeping (right) plankton in linear (top) and 
nonlinear (bottom) internal waves. Horizontal displacements calcu-
lated by integrating Eulerian velocities (left) are also shown. Colors 
indicate organisms’ depths, while horizontal dashed lines show the 
wave periods (15 min). Note that the scale of the x-axis is different 
for linear and weakly nonlinear waves. 
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We use solar irradiance, normalized by surface solar irradiance, QI = Iz/ I0, as an 
example of an environmental property that depends only on depth, and tem-
perature, QT, as an example of an ocean property that is associated with ocean 
density (Figure 5). The environmental conditions for each virtual organism 
were calculated from its horizontal and vertical position at every time step, with

 QI (xorg, zorg, t ) = QI
—

(zorg ), (6)

and

 QT (xorg, zorg, t ) = QT ( ρ—(zorg – η [xorg, zorg, t ] )) (7)

where QI
—

 and ρ— are the vertical profiles of normalized solar irradiance and den-
sity, respectively, in an unperturbed ocean (Figure 5a). Thus, QT ( ρ— ) represents 
the temperature profile in an unperturbed ocean (Figure 5d), and Equation 7 
accounts for how it is modified by the wave (Figure 5e). Note that although 
organisms may be moved vertically by internal waves, which will affect their 
total solar irradiance, the vertical profile of solar irradiance itself is not modified 
by the waves (Figure 5b).

INTEGRATING ENVIRONMENTAL CONDITIONS

Generally, the time-integrated environmental conditions encountered by 
marine organisms (represented by bold variables) can be described by

 Qz = ∫0
τ
Qz(zorg) dt (8)

for an environmental property that varies with depth (Qz) and by

 Qρ = ∫0
τ
Qρ(ρorg) dt (9)

for an environmental property that is constant along isopycnals (Qρ) and 
deformed by internal waves. Importantly, these integrations must be performed 
while following planktonic organisms. The period over which these integrations 
are performed, τ, denotes the residence time of the organisms in the wave. We 
defined this to be the time between an organism encountering two adjacent, 
identical wave phases (e.g., crest to crest, or trough to trough). Only in the case 
of sessile organisms will τ always be equal to the intrinsic wave period.

Depth-keeping plankton and sessile organisms remain at fixed depths 
throughout the passage of an internal wave. Therefore, their overall exposure 
to an environmental property that depends only on depth remains unaffected 
by internal waves. In such cases, Equation 8 can be simplified to Qz = τ Qz(z0), 
where z0 is the organisms’ depth before and throughout the wave. Similarly, 
for Qρ constant in time, passive organisms that remain on an isopycnal have 
Qρ = τ Qρ(ρ0), where ρ0 is the water density surrounding the passive organ-
isms before and throughout the wave. The discussion here focuses on cases 
in which internal waves influence marine organisms’ time-integrated environ-
mental conditions, such as irradiance for passive plankton moved vertically, 
and temperature for depth-keeping and sessile organisms.

placements) end before the wave period. 
Residence time also varies in the linear 
wave although differences are small and 
thus less noticeable (Figure 4b,c). 

PASSIVE PLANKTON IN 
VERTICAL GRADIENTS 
UNAFFECTED BY 
INTERNAL WAVES
In the ocean, a few environmental prop-
erties such as solar irradiance and pres-
sure are determined predominantly by 
depth. Because irradiance is “stationary” 
in the water column, wave-induced ver-
tical displacements will move passive 
phytoplankton through irradiance gra-
dients (Figure 5), potentially changing 
their growth rates (e.g.,  Kamykowski, 
1974; Kahru, 1983; Holloway and 
Denman, 1989; Evans et al., 2008). Bands 
of enhanced chlorophyll a have been 
observed via remote sensing and by drift-
ing profilers, consistent with a deep chlo-
rophyll maximum being lifted by inter-
nal waves (da Silva, 2002; Muacho et al., 
2013; Lucas et al., 2016). This process can 
increase primary productivity compared 
to production in an unperturbed ocean 
(da Silva, 2002; Muacho et al., 2013; but 
see also Holloway and Denman, 1989). 
In the South China Sea, regions in which 
internal waves were present but not break-
ing were associated with higher chloro-
phyll a than nearby regions without much 
internal wave activity (Pan et al., 2012). 

To properly assess how vertical 
motions affect primary production, 
however, the phasing of internal waves 
with respect to variable surface irradi-
ance must be taken into account. For 
instance, the phasing of M2 internal tides 
with respect to daylight hours and the 
phasing of higher- frequency waves with 
respect to patchy cloud coverage both 
have the potential to modulate primary 
production (Kamykowski, 1974; Evans 
et al., 2008; Muacho et al., 2013). High-
frequency internal waves may affect pri-
mary production more strongly than 
internal tides, as phytoplankton dis-
played higher daily photosynthesis when 
subjected to rapidly changing light than 

Box 2. Environmental Conditions Encountered 
by Virtual Marine Organisms
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phytoplankton subjected to slowly fluctu-
ating light, despite an overall equal aver-
age light level (Flameling and Kromkamp, 
1997). Strongly nonlinear internal wave 
packets can induce downward isopyc-
nal displacements of tens of meters; 
their passage can therefore significantly 
deepen any isopycnal- following subsur-
face chlorophyll maximum and reduce 
the total solar irradiance that reaches 
photosynthetic organisms (Haury et  al., 
1983). However, internal motions need 
not be that large to influence plankton 
(Cheriton et  al., 2009). Bottle experi-
ments in Toolik Lake, Alaska, demon-
strated that internal waves with small 
amplitudes (~1 m) and periods of 2–6 h 
could modify photosynthesis by –15% to 
200%, compared to an unperturbed water 
column (Evans et al., 2008).

Linear internal waves move passive 
organisms up and down an equal vertical 
distance from their equilibrium depths 
in an unperturbed ocean (Figure 2a). 
Passive phytoplankton, therefore, are sub-
jected to both enhanced and decreased 
solar irradiance throughout a wave com-
pared to their exposure in an unperturbed 
ocean (Figure 6). However, because of 
the exponential decrease of irradiance 
with depth (Figure 5a), the enhance-
ment associated with upward motions 
will be greater than the depletion associ-
ated with downward motions. In weakly 
nonlinear internal waves of depression, 
isopycnals are only displaced downward 
(Figure 2b,c), so passive phytoplankton 
are only exposed to decreased solar irra-
diance (Figure 6). Using a Type III irradi-
ance profile (Paulson and Simpson, 1977; 
Figure 5a), we show that accounting for 
Stokes drift in both linear and nonlinear 
waves reduces estimates of the aver-
aged solar irradiance received by phyto-
plankton in the top half of the water col-
umn due to longer residence time at the 
trough of the waves, and vice versa at 
depth (Figure 6c,f). For environmental 
properties that increase with depth, such 
as pressure, passive organisms would be 
subjected to enhancements in a weakly 
nonlinear internal wave of depression.
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FIGURE 5. Irradiance (a) and temperature (d) profiles in an unperturbed ocean, with associated 
wave fields (b and e) for the weakly nonlinear internal waves illustrated in Figure 2. Time series of 
irradiance (c) and temperature (f) experienced by passive and depth-keeping plankton, respectively, 
at the depth shown by the thick black lines in wave fields (b) and (e).

FIGURE 6. Wave-induced change in irradiance, normalized to surface irradiance (Iz /I0), estimated 
for passive organisms using isopycnal displacements at a point (Eulerian, at left) and including drift 
(middle) in the linear (top) and nonlinear (bottom) internal waves. The relative effect of drift on the 
organisms' average irradiance exposure (%) is also shown (right). At depth, including drift increases 
the average irradiance estimated (positive differences) because it reduces the time organisms 
spend at the trough of the wave.
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Because pressure increases with depth, 
plankton that regulate their buoyancy 
through gas vacuoles, such as cyanobacte-
ria (Oliver, 1994), will become less buoy-
ant if internal waves displace them to 
greater depth, and vice versa. As any diver 
knows, the effects of these displacements 
require control because they are mag-
nified by the positive feedback between 
depth and gas compression. Thus, inter-
nal waves could increase the metabolic 
costs of depth regulators that rely on gas 
vacuoles or swim bladders. In laboratory 
experiments, gray mullet fish larvae exhib-
ited higher survival when water motions 
kept them below the water surface, thus 
preventing excessive bladder inflation 
(C.E. Nash et  al., 1977). Moreover, early 
sunlight exposure can be fatal to these lar-
vae (C.E. Nash et al., 1974), and seabirds 
have been observed to feed where internal 
waves bring organisms closer to the sur-
face (Haney, 1987); it is possible that fluc-
tuations in the internal wave regime thus 
modulate the survival of mullet fish larvae 
and other zooplankton.

ORGANISMS AT A FIXED 
DEPTH IN VERTICAL 
GRADIENTS DISPLACED BY 
INTERNAL WAVES
In the absence of mixing and over short 
timescales, many ocean properties such 
as temperature, nutrient levels, oxygen, or 
phytoplankton concentrations are often 
relatively constant along isopycnals. This 
means that isopycnal-following phyto-
plankton communities that are moved up 
and down by internal waves are exposed 
to fluctuating irradiance, but remain 
surrounded by water at a constant tem-
perature, for example. However, organ-
isms that move with respect to water 
parcels, including those that maintain a 
fixed depth, cross isopycnals as internal 
waves propagate past them (Figure 5e,f; 
Garwood et  al., 2020). Grazers that can 
resist internal-wave-induced vertical dis-
placements may therefore see layers of 
high phytoplankton density advected 
to them from above or below (Witman 
et al., 1993). Many studies have also doc-

umented internal waves displacing deep 
waters to shallower depths in kelp forests 
(Zimmerman and Kremer, 1984; McPhee-
Shaw et al., 2007), macroalgal communi-
ties (Ladah et  al., 2012), and coral reefs 
(Leichter et  al., 1996, 2006). Because 
these deeper waters can host higher zoo-
plankton concentrations, internal waves 
may bring “plankton storms” that supply 
reefs with both larvae and food (Leichter 
et  al., 1998). The cooler, nutrient-rich 
waters moved by the internal waves may 
also deliver nutrients (Zimmerman and 
Kremer, 1984; Leichter et al., 1996, 2003) 
and decrease thermal stress (Wall et  al., 
2015; Reid et  al., 2019), likely influenc-
ing zonation in coastal benthic environ-
ments. Although the water motions even-
tually reverse, internal waves can have a 
lasting impact if mixing occurs or if bio-
logical processes such as prey capture and 
nutrient absorption occur more rapidly 
than the timescale of each wave. 

In Monterey Bay, California, high- 
frequency internal waves cause intrusions 
of low oxygen, low pH waters in coastal 
ecosystems (Booth et  al., 2012; Walter 
et al., 2014). In these shallow water envi-
ronments, market squid lay their egg cap-
sules directly on the seafloor (Zeidberg 
et al., 2012); by modulating oxygen, pH, 
and temperature, internal waves may 
thus affect squid embryonic develop-
ment (Navarro et al., 2016). Not only will 
wave-induced low oxygen, low pH intru-
sions modify environmental conditions 
for sessile organisms or egg capsules, they 
can also determine the vertical distribu-
tion of zooplankton (Wishner et al., 2013). 
The effects of internal waves on water 
properties, however, need not be instan-
taneous. At Dongsha Atoll in the South 
China Sea, for example, lasting depletion 
in dissolved oxygen was observed, poten-
tially caused by internal waves delivering 
enhanced particulate organic matter that 
was subsequently degraded by microbes 
(Wang et al., 2007). 

Similar to sessile organisms, depth- 
keeping plankton encounter a range of 
along- isopycnal properties through-
out internal waves. However, unlike ses-

sile organisms, depth- keeping plankton 
drift with internal waves (Shanks, 1983; 
Shanks and Wright, 1987; Pineda, 1999; 
Franks et  al., 2020); thus, average envi-
ronmental conditions differ for sessile 
organisms and depth-keeping plankton, 
even at the same depth (Figure 7).

Where temperature gradients exist, 
linear internal waves that propagate past 
sessile and depth-keeping organisms 
induce both warm and cold water tem-
perature anomalies, shown by the posi-
tive (red) and negative (blue) temperature 
changes in Figure 7a,b. In weakly non-
linear internal waves of depression, how-
ever, the same organisms only encounter 
warm temperature anomalies as warmer 
waters are displaced downward (pro-
vided temperature decreases with depth; 
Figure 7d,e, where all lines are red). In 
both linear and weakly nonlinear waves 
propagating through a linear temperature 
gradient (Figure 5d), the average water 
temperature depth- keeping plankton 
experience over a single wave is higher 
in the top half of the water column than 
the average temperature of water pass-
ing over sessile organisms, and vice versa 
at depth (Figure 7c,f). This difference is 
due to the fact that planktonic organisms 
above mid-water spend more time drift-
ing with wave troughs (where tempera-
tures are warmer) than sessile organ-
isms spend in the same troughs, and vice 
versa at depth (Figure 7—notice the rel-
ative lengths of red areas). In general, 
the trends described will hold for any 
fluid property that decreases with depth. 
However, the magnitude of the “drifting 
effect” and its vertical structure will be set 
by the vertical gradient of fluid proper-
ties. For other environmental properties, 
such as nutrient levels that often increase 
with depth, the passage of internal waves 
of depression will result in depletions for 
fixed-depth organisms.

CONCLUSIONS
Internal waves modulate the immediate 
environments of marine organisms either 
by displacing the organisms vertically or 
by advecting waters with different prop-
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erties to their depths. In our heuristic 
weakly nonlinear internal wave example, 
passive plankton at 5 m were displaced 
a maximum of 2.3 m downward, which 
reduced their total irradiance expo-
sure by 18.7% over a period of 16.7 min-
utes. In the same waves, depth-keeping 
plankton at the same initial depth were 
exposed to an average wave-induced tem-
perature increase of 0.5°C (or 2.7%) over 
17.6 minutes. Compared to the 15-min-
ute wave period, Stokes drift in the direc-
tion of wave propagation increased 
the residence time of both passive and 
depth-keeping plankton at 5 m by 11% 
and 17%, respectively, further enhanc-
ing internal wave effects. Even when both 
irradiance and temperature decrease with 
depth, weakly nonlinear internal waves of 
depression decrease the irradiance expo-
sure of passive plankton, while the same 
waves instead increase the temperatures 
experienced by organisms at a fixed depth 

(Figures 6 and 7). These opposing trends 
are explained by the fact that when-
ever internal waves move passive organ-
isms to greater depths (where irradiance 
is reduced), they displace warmer waters 
from shallower depths to fixed-depth 
organisms. By resisting vertical veloci-
ties, fixed-depth organisms essentially 
move in the direction opposite to passive 
organism displacements, relative to the 
wave field. Overall, mooring observations 
of wave-perturbed oceans provide a good 
characterization of the environment of 
sessile organisms. However, to truly cap-
ture the internal-wave-induced environ-
mental variability for plankton, horizon-
tal drift should also be considered. For 
example, for passive and depth- keeping 
plankton initially located at 5 m, total 
horizontal transport in our weakly non-
linear internal waves was, respectively, 
~30 m and ~50 m in the direction of wave 
propagation. Although our examples 

focused on the simple case of an inter-
nal wave without ambient flow, the effects 
demonstrated would be magnified in the 
presence of large ambient velocities. 
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