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[1] A unique set of full year, deep water observations from the middle of Lake Michigan’s
southern basin are analyzed to quantify the seasonal variability of the dominant
near-inertial internal Poincaré wave. At this mid-lake location, the Poincaré wave is seen to
describe more than 80% of the observed surface current variability for much of the year,
with characteristic near-inertial frequency and clockwise-rotating velocities. The
dominance of the near-inertial seiche on the flow decreases with depth. The wave persists
during the “stratified period,” roughly May through late December, and is supported
by as few as 1–2 degrees of thermal stratification over 150 m; only after complete water
column mixing does the wave go dormant for January through April. The strongest
Poincaré wave activity is seen to correspond to the period of strongest summer thermal
stratification (August), in spite of the relatively weak winds at this time. A simple inertial
slab model optimized with linear friction is shown to capture the seasonal variability of the
near-inertial energy at this location reasonably well. The vertical structure of the wave
shows good agreement with that calculated with a standard normal modes formulation,
which is in turn used to characterize the potential shear and mixing caused by the wave.
Late-spring and summer events of elevated Poincaré wave activity are shown to generate
sufficiently strong shear with persistent periods of sub-1 Richardson numbers within the
thermocline, suggesting that the near-inertial seiche is likely generating thermocline
instabilities in the lake’s interior.
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1. Introduction

[2] In large stratified lakes, the effect of the earth’s rota-
tion has a pronounced influence on the character of the
dominant wind-generated internal seiches [Csanady, 1972;
Antenucci and Imberger, 2001, hereafter AI 2001;Mortimer,
2004, 2006]. Rotational seiches have been shown to enhance
lateral dispersion [Stocker and Imberger, 2003], contribute
significantly to basin scale mixing [Gómez-Giraldo et al.,
2006], and greatly enhance nearshore thermal variability
[Troy et al., 2012]. In the Great Lakes, the dominant rota-
tional seiche is seen to dominate offshore currents [Rao and
Schwab, 2007], and therefore likely plays a key in offshore
dispersion of biota and pollutants.
[3] Two types of basin scale internal waves are typically

seen in large stratified lakes: (1) shore-trapped internal

Kelvin waves, which have largest influence nearshore and
decay offshore with the scale of the internal Rossby radius
(e.g., Beletsky et al. [1997] and Mortimer [2004] for Lake
Michigan); and (2) internal Poincaré waves, which induce
horizontal motion across the entire lake. These waves have
their largest induced velocities in the lake’s interior and
vanishing influence nearshore (AI 2001). Our focus here is
on internal Poincaré waves, which we show dominate the
motion in Lake Michigan’s interior for much of the year.
[4] The relative importance of rotation on internal seiches

is captured by the Burger number, defined as Si ≡ ci/fL,
where ci is the long internal wave speed, f is the Coriolis
parameter (e.g., 10�4 s�1 as for Lake Michigan, the focus of
this study) and L is a horizontal length scale of the basin,
e.g., the lake radius for an idealized circular lake (AI 2001).
As a stratified lake becomes very large (Si→ 0), the influence
of Kelvin waves is restricted to a relatively thin nearshore
zone, whereas the Poincaré wave dominates the majority of
seiche-induced motion in the lake’s interior. Also, for very
large lakes, the theoretical Kelvin wave period becomes very
large (e.g., 1 month for Lake Michigan) relative to meteoro-
logical variability, and no periodic signature of internal
Kelvin waves is typically seen [Troy et al., 2012].
[5] For truly large lakes where Si → 0, the periods of the

various permissible Poincaré modes converge to the inertial
period, and the energy in these near-inertial modes is pri-
marily in the form of horizontal kinetic energy with only
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modest vertical displacements of the thermocline [Mortimer,
2004; AI 2001]. This is the case for Lake Michigan, the
focus of the work described herein, for which the Burger
number remains O(10�2) or less for most of the year.
[6] While many vertical/horizontal/azimuthal internal

Poincaré modes are possible (AI 2001), in general the lowest
modes prevail, because it is the lowest modes that are most
excited by a spatially uniform wind stress [Csanady, 1972].
The structure of the lowest two longitudinal modes in an
ideal rectangular stratified basin, highlighted in Figure 1,
have largest velocities in the lake center, with velocities
everywhere in phase across the basin, rotating clockwise
(in the northern hemisphere) at near-inertial period. Higher
lateral modes in real basins can take the form of additional,
similarly characterized, rotating cells in the basin, i.e., a
single cell for the lowest mode and two cells for the second
mode, etc. This was shown theoretically by Schwab [1977]
for Lake Ontario and simulated by Gómez-Giraldo et al.
[2006] for Lake Kinneret. Because the lowest Poincaré
modes for very large lakes have similar, near-inertial peri-
ods, observation-based spectral determination of various
unique modes is not always possible, especially in light of

the seasonal variation of the thermal stratification that in
turns causes seasonal variation in the periods. Unpublished,
ongoing numerical simulations suggest that Lake Michigan’s
fundamental Poincaré response is a combination of a whole-
basin mode and a two-basin (North/South) mode, similar to
those described by Schwab [1977] for Lake Erie, although
Mortimer [2004, 2006] found higher transverse modes in
Lake Michigan and these are also likely present at times.
[7] For reference, the work described herein describes

measurements near the deep center of Lake Michigan’s
southern basin; following the Poincaré structure described
above, this is the location where the lowest modes should
induce the largest surface currents and the smallest thermo-
cline displacements. The local inertial period at the mooring
is 17.7 h.
[8] Because both wind and thermal stratification vary

strongly with seasons, the internal Poincaré wave character-
istics manifested in the Laurentian Great Lakes are expected
to exhibit strong seasonal variability, with corresponding
seasonal variability in the wave’s impact on transport and
mixing. However, the two required ingredients for internal
Poincaré waves – wind and thermal stratification – have
opposite seasonal patterns for Lake Michigan, with the
strongest winds during the unstratified winter/spring period
and weak winds during the strongly stratified summer period.
Unfortunately, many measurements are restricted to the
summer period because of logistical constraints, and there-
fore the seasonal effects of wind and stratification on the
dominant internal seiche are not well-understood in the
Great Lakes.
[9] In this paper we utilize a unique full-year mooring data

set from Lake Michigan’s interior in order to examine the
seasonal variability of near-inertial Poincaré wave activity in
the lake. The paper is organized as follows: Section 2
describes the observations used in the analysis; Section 3
describes the seasonal variability inferred from the obser-
vations and attempts to recreate this variability with a simple
slab model; we also present the vertical structure of the
wave-induced currents, and examine the potential for wave-
induced vertical mixing. Section 4 restates our fundamental
conclusions and discusses the results; and Section 5 con-
cludes with some hypotheses and future work related to the
role of near-inertial Poincaré waves in basin-scale mixing
and energetics.

2. Measurements and Methods

[10] The measurements described in this paper were taken
as part of the Episodic Events in Great Lakes Experiment
(EEGLE), a large multidisciplinary project examining the
role of episodic events – generally winter storms – on the
nearshore and offshore transport of biogeochemically impor-
tant materials in the Great Lakes [Green and Eadie, 2004].
The experiment involved an array of physical observations
during 1998–1999 in Lake Michigan including moored
temperature chains, single point velocity meters, whole water
column acoustic Doppler current profilers (ADCP), wave
measurements, and standard meteorological observations.
All of the data are archived at http://www.glerl.noaa.gov/
eegle/data/data.html.
[11] In this paper we focus on the measurements of tem-

peratures and velocities in the middle of Lake Michigan’s

Figure 1. The gravest modes of internal Poincaré wave
solutions [after Csanady, 1968; Antenucci and Imberger,
2001; Mortimer, 2004] for flat-bottomed, stratified rectan-
gular basin (500 km � 130 km, roughly the size of Lake
Michigan). Shown are (a and b) a single-celled mode and
(c and d) a double-celled mode. The propagations of phase
(solid lines) and maximum amplitude (dotted lines) of iso-
therm displacement for the rectangular basin are shown in
Figures 1a and 1c, with the trajectories of particles during
a period displayed in Figures 1b and 1d. The periods of
the modes are 17.55 hrs for the single-celled mode and
17.52 hrs for the double-celled mode.
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southern basin at station CM1, which was located at
42 41.76′ N, 87 01.25′ W, and had a water depth of 154 m
(Figure 2). The measurement period spanned just over one
year, from 15 May 1998 to 2 June 1999. Instruments at
mooring CM1 included an array of single point vector-
averaging current meters (EG&G VACM) placed at 12, 22,
57, 117, and 154 m depths (hereafter denoted CM1–12,
CM1–22, CM1–57, CM1–117, and CM1–154 respec-
tively), which were sampled at 15 min intervals. CM1–57
returned only about one month of data and is not used in
our analysis. Temperature measurements were also made
continuously over the whole water column during the same
period, with thermistors placed at 17, 27, 32, 37, 47, 77, 87,

97, 107, and 154 m depths. A nearby meteorological buoy
measured wind and air properties, as well as water surface
temperature, except for a brief period during winter. Addi-
tional measurements were taken at various locations around
the lake, but are not utilized here.
[12] As a brief introduction to the data analyzed in this

paper, the raw currents, wind stress, and temperatures at the
mid-lake mooring are displayed in Figure 3. Wind and
stratification show the typical seasonal variability experi-
enced in Lake Michigan, with mid-lake thermal stratification
beginning in May and strengthening through September,
with a mixed layer depth of 15–20 m. Bottom waters at this
location remain near 4�C for most of the year, and full
turnover is not seen until roughly 1 Jan 1999 (Julian day 1 of
1999, hereafter “DOY,” e.g., DOY 1 1999). Wind is weakest
in summer, with the strongest winds occurring from
November through March. Eastward and northward currents
at this location are seen to be of roughly equal magnitude,
and strongest during the summer period, when winds are
generally weak but thermal stratification is strong. The
magnitude of the observed currents decreases with depth in
the water column, especially during the strongly stratified
period.
[13] Ice records from the winter of 1998–1999 indicate

that ice cover over the majority of the lake was minimal for
the entirety of the winter, with ice only forming in Green
Bay and the far northern shore of the lake.
[14] In order to isolate the velocities associated with the

near-inertial internal Poincaré seiche, we employ a phase-
preserving Butterworth band-pass filter centered on a period
of 17.5 h with a band width of 4 h for much of the analysis.
Several filters and filter types were tested in order to ensure
that the results were not filter-dependent. For the majority of
the year we show that the current record at CM1 is so

Figure 2. Lake Michigan and mooring CM1 location.
Instruments at mooring CM1 included an array of single
point vector-averaging current meters placed at 12, 22, 57,
117, and 154 m depths, with thermistors placed at 17, 27,
32, 37, 47, 77, 87, 97, 107, and 154 m depths.

Figure 3. Wind speed, currents, and thermal stratification for mid-lake location in Lake Michigan’s
southern basin, years 1998–1999. Shown are (a) measured wind speed, and raw measured currents (gray:
northward; black: eastward) from (b) 12 m depth, (c) 22 m depth, (d) 117 m depth, and (e) 154 m depth
(near-bottom). (f) Full water column temperatures. Energy is seen to clearly decay with depth, with currents
roughly equal in the north/east directions during the stratified period.
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thoroughly dominated by the near-inertial Poincaré seiche
that the effect of band-passing the data is primarily to
remove spurious high-frequency noise, with the exception of
the brief unstratified period (Jan-March), during which the
Poincaré wave is largely absent. We additionally apply the
Hilbert transform to the band-passed data in order to infer
the time-varying amplitude, period, and phase of the wave-
induced velocities and temperatures.

3. Observations and Analysis of Near-Inertial
Seiche

3.1. Basic Characteristics

[15] The near-inertial (band-passed filtered) currents from
CM1–12 are shown in Figure 4. The dominance of the near-
inertial seiche at the mid-lake location can be seen for most
of the year (in comparison with the raw data shown in
Figure 3; this domination is quantified subsequently). The
envelopes of the eastward and northward velocity time series
are nearly identical for this period of domination, in keeping
with the expected roughly circular, clockwise-rotating
velocity orbits associated with the near-inertial seiche in a
large stratified basin [Mortimer, 2004, 2006; AI 2001].

Rotary wavelet analysis (not shown) performed on the cur-
rents shows that all perceivable energy in near-inertial fre-
quencies lies solely in the clockwise-rotating spectrum.
[16] Near-inertial currents are seen to begin in May, when

the measurements began, and the induced surface currents
peak in late July and early August. Although winds increase
into the fall and winter period, the near-inertial energy
steadily decreases, until it disappears almost entirely at DOY
1 1999, which corresponds to the complete homogenization
(turnover) of the water column. At this point, the top-bottom
temperature difference over 150 m of water is less than
1 degree. Near-inertial activity again resumes as soon as a
small vertical temperature contrast develops, which occurred
at roughly DOY 130 in 1999, as seen by the temperature
records also shown in Figure 4.
[17] The relationship between the near-inertial surface

current and those at various other depths is not constant
through the year, which is also seen in Figure 4; we show
later that this is because the vertical (modal) structure of the
wave-induced currents is set by the stratification, which
evolves seasonally. For example, the modal shape during the
mid-summer (e.g., DOY 200) has very strong vertical shear
over the top portion of the water column, leading to very
large near-surface velocities relative to those at deeper
depths.
[18] A representative subset of the raw (unfiltered) time

series, taken from the most strongly stratified period, is
displayed in Figure 5, to illustrate the perfectly periodic
nature of the signal at the mid-lake location (this pure peri-
odicity can be seen upon closer inspection to a large degree
for the entire period of Poincaré domination). The velocities
are also seen to be extremely large (for the entirely wind-
driven Great Lakes), approaching 50 cm/s at this location,
for a prolonged period. The associated particle pathline
illustrates the clockwise-rotating nature of the velocities, and
the near-circular particle orbits additionally highlight the
equality between the induced eastward and northward cur-
rents, as well as the lack of other processes influencing
motion at this location during this period. For example,
neglecting lateral variations in the velocity field, during the
period DOY 200–220, a particle released in the mixed layer
near CM1 would have traveled almost 700 km - nearly twice
the north-south length of Lake Michigan – to end up only
40 km from its original location.
[19] The period of the seiche was calculated as a function

of the time of year, by fitting lines to subsets of the Hilbert
transform-derived phase of the band-passed currents at 12 m
depth (Figure 6); other depths showed similar periods and
temporal variability. As shown by AI 2001 and Mortimer
[2004, 2006], the periods of the fundamental Poincaré
modes converge to the inertial period as the Burger number
approaches zero (weakest stratification), and decrease as
stratification strengthens. Figure 6 shows that for the period
during which the lake is strongly stratified, the identified
period of the dominant seiche(s) at CM1 is relatively con-
stant at 17.4–17.5 h (the local inertial period at the mea-
surement location is 17.7 h but varies north to south across
Lake Michigan’s full basin from 17.4 to 18.0 h, respectively
[Mortimer, 2006]).
[20] The observed period agrees with that expected for the

lowest Poincaré modes [Mortimer, 2006], in that it is nearly
equal to the inertial period, which is to be expected for a lake

Figure 4. Water temperatures and near-inertial currents.
Water temperatures are shown (a) at surface, 17, 27, 32,
37, 47, 77, 87, 97, 107, and 154 m depths. Band-passed
(near-inertial) eastward currents from (b) 12 m depth, (c) 22 m
depth, (d) 117 m depth, and (e) 154 m depth. Near-inertial
currents are largest with the strongest thermal stratification,
disappearing only upon complete homogenization of the
water column (approximately January 1). Northward currents
(not shown) appear identical when viewed at this scale,
because the near-inertial seiche induces clockwise-rotating
velocities of roughly equal magnitude.
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as large as Lake Michigan. This spectrally perceived
“dominant” period is likely a combination of the two lowest
modes for the basin, as discussed later; the combination of
the non-stationarity of the record (due to wind and stratifi-
cation variability) and the nearly identical (nearly inertial)
periods for the lowest Poincaré modes make spectral sepa-
ration of the various modes extremely difficult, if not
impossible [Schwab, 1977; Mortimer, 2004]. This is not an
issue for smaller lakes for which spectra can be readily used
to identify various fundamental Poincaré modes [e.g.,
Antenucci et al., 2000]. Additionally, the method of using a
fit to the Hilbert phase in order to infer the wave period is
somewhat noisy, since the wave phase to some degree resets
with strong wind events.
[21] The response to individual wind events is shown in

Figure 7, which shows the near-inertial wave phase in
response to wind-forcing during a subset of the data during
the strongly stratified period. The phase is seen to shift
slightly in response to strong wind events, as seen by shifts
in the spacing between successive waves (e.g., DOY 228,
231), suggesting that to some degree the wave is slightly
reset from strong winds. This is discussed further in
Section 4. Wind-wave phase response is similar for the
weakly stratified period (not shown), with the difference
being that the Poincaré wave is so weak during that period
that the phase is occasionally entirely reset by wind bursts,
which are very strong and prolonged during the weakly
stratified period.

Figure 5. Raw (unfiltered) (a) eastward and (b) northward velocities and (c) associated particle pathline
for strongly stratified period when Poincaré wave activity is most dominant at mid-lake location CM1. The
sense of rotation for all of the orbits is clockwise and the dominant period is roughly 17.4 h.

Figure 6. Dominant near-inertial period from the 12 m
depth current measurements, as estimated with Hilbert
transform. Shown are (a) water column temperatures;
(b) dominant period, with local inertial period shown as gray
line; and (c) estimated Burger number.
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3.2. Seasonal Variability

3.2.1. Relative Dominance of Near-Inertial Seiche
[22] Velocity spectra are presented in Figure 8, for both

the stratified and unstratified periods. The spectra again
show the clear dominance of the near-inertial seiche during
the stratified period, and the disappearance of this energy
during the unstratified period.
[23] The spectra also show periodicity in a broad band

centered at an approximately 90 h period, which matches the
lowest “vortex mode” described by Saylor et al. [1980]. The
relative strength of the 90 hr vortex mode is seen to be
stronger for the deeper (117 m) depth, which is because the
vortex mode is a barotropic feature, with near-uniform
influence over depth, whereas the Poincaré wave is a bar-
oclinic feature with minimal influence at great depths.
[24] Some additional energy is also seen at a period close

to the near-inertial first harmonic (8.65 hrs); this harmonic is
seen more in the near-surface currents (12 m depth), but it is
not known whether this harmonic is an indication of wave
nonlinearity. The waves are certainly not nonlinear with
respect to wave steepness, with several meters of thermo-
cline deflection across the O(102) km basin. The nonlinear
advection term (e.g., u ∂u/∂x) associated with these waves,
however, which would generate energy at a near-inertial
harmonic, should be of maximum order O(U/Lw � 0.1),
where U is the velocity scale (0.5 m/s at maximum), L is the
horizontal length scale (50 km), and w is the wave period
(w � f, 10�4 s�1). Therefore it is plausible that the waves
may be weakly nonlinear during periods of strongly elevated
energy.
[25] Although not shown, very concentrated energy is seen

in the eastward velocity spectra at a period of 2.18 hrs, which

corresponds with the east-west transverse barotropic seiche
period of 2.19 h identified by Mortimer and Fee [1976] and
2.17 hrs calculated by As-Salek and Schwab [2004]. This
energy is not seen in the northward velocity spectra (not
shown), which seems to definitively identify this feature as
the east-west barotropic seiche. It is interesting to note the
difference in the character between the spectral peaks of the
fundamental baroclinic (near-inertial) and barotropic (2 h)
seiches. The barotropic seiche has a very narrow peak, since
its frequency is set by the total water depth, which changes
negligibly over the year; the baroclinic (Poincaré) seiche is
much broader spectral peak, most likely because (1) the
baroclinic period evolves seasonally with the stratification
and (2) multiple near-inertial modes may influence the mea-
surement location.
[26] The seasonal cycle of the relative dominance of the

near-inertial seiche is highlighted in Figure 9, which shows
the spectral energy in various spectral bands, including near-
inertial (NI) and near-four-day (N4). The near-inertial seiche
is seen to completely dominate the near-surface currents for
the majority of the stratified period, containing more than
80% of the energy during the strongly stratified period of the
year. The dominance is also seen readily by eye, simply
looking at the raw currents (e.g., Figure 5).
[27] The influence of the near-inertial seiche is seen to

decay with depth, with all depths following a similar sea-
sonal variation, and nearly complete disappearance of the
near-inertial seiche upon complete homogenization of the
water column (DOY 1 1999). The variation in near-inertial
energy with depth can be well-explained with the vertical
structure of the lowest vertical mode, which has large near-
surface velocities above the thermocline and very small
velocities in the hypolimnium (this is discussed further in a
subsequent section). At depth (154 m), the near-inertial
seiche at its strongest is only responsible for at most 60% of
the observed variability, suggesting that the lake bottom
boundary layers in the deeper portions of the lake are not
nearly as heavily influenced by the seiche (the seiche should,
however, have increasing near-bottom influence as one
considers shallower waters, in accordance with the cross-
shelf evolution of the vertical structure of the wave).
3.2.2. Seasonal Stratification and Wind Stress
Variations
[28] In terms of the thermal stratification, the internal

Poincaré seiche is seen to be supported by top-bottom tem-
perature differences of 1–2 degrees and greater, which
coincides with the observed period of near-inertial currents
(Figures 3 and 4). For the observations presented here, that
spans the period except 1 Jan 1999 to 2 May 1999. The
amount of energy absorbed by the near-inertial seiche
appears to depend primarily on the strength of the stratifi-
cation and only weakly on the wind stress magnitude, with
the seasonal variability of the Poincaré wave-induced
velocities following the seasonal stratification pattern, and
not the seasonal wind stress pattern (Figure 10). This trend is
noticeable in fall, when winds are relatively strong and
stratification is still present, but yet the amount of energy in
the basin-scale seiche is less than during the stronger-strati-
fied, but weaker-winded summer period.
[29] Curiously, in winter, long-term observations at

NOAA’s buoy 45007 (located near CM-1) show the average
over-lake wind speed is roughly double that of the summer

Figure 7. Wind stress, currents, and wave phase during the
strongly stratified period. Shown are (a) eastward (black)
and northward (gray) wind stress, (b) eastward (black) and
northward (gray) raw currents, and (c) near-inertial wave
phase obtained via Hilbert transform. Large wind bursts
are seen to reset the Poincaré wave phase, e.g., DOY 228,
and this may serve to keep multiple near-inertial modes
aligned for most of the stratified period.
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months (effectively quadrupling wind stress). Yet the mid-
lake observations discussed here show that total kinetic
energy is actually at a minimum during winter (e.g.,
Figures 3 and 9). Where does the increased energy go? At
present we have only hypotheses, all of which represent
energies not resolved by this data set. Spectrally, high-
frequency processes (less than the sample period of 15 min),
namely waves and turbulence, are not captured by this data
set, although in general one can observe an elevation of the
(resolved) high frequencies during winter. Surface waves at
buoy 45007 are approximately 3–4 times as large in winter
as in summer, and therefore represent a potential sink for
the elevated wind energy imparted to the lake. Spatially,
wind will preferentially accelerate shallow nearshore waters,
in turn causing turbulence that will ultimately be dissipated;
however, a cursory look at nearshore current records from
1998 to 1999 does not show greatly elevated currents dur-
ing winter. Ongoing work seeks to place the present mea-
surements in the context of the global lake energy budget
and to determine the pathways of energy flux for the lake.

3.3. Slab Model

[30] An effort was made to explain the observed seasonal
variability of the near-inertial seiche strength with the
simplest model possible that would contain the primary

ingredients to the seiche: wind and thermal stratification.
Following Pollard and Millard [1970] and D’Asaro [1985],
who modeled baroclinic near-inertial wave generation in the
surface mixed layer, a simple slab model with linear friction
was first attempted. The model equations for the depth-
averaged mixed layer horizontal velocities (u, v) are:

du

dt
� fv ¼ tx

Hr
� ru ð1Þ

dv

dt
þ fu ¼ ty

Hr
� rv ð2Þ

Here tx and ty are the eastward and northward components
of wind stress, respectively; H is the surface mixed-layer
thickness; r is the mixed-layer density; and r is linear fric-
tion coefficient. The fundamental response of this model is
clockwise-rotating inertial oscillations that are damped with
a time scale of 1/r The model is best suited for unbounded
domains with negligible lateral variability, where pressure
gradients are not important (in this way, one should argue
that it is not suitable for the modeling of internal Poincaré
waves). Nevertheless, it has proved successful at capturing
basic characteristics of wind-driven flow in a variety of

Figure 8. Eastward velocity spectra at 12 m, 22 m, 117 m, 154 m depths for stratified and unstratified
seasons. The strongly stratified season refers to the period DOY 171–296 in 1998, and the unstratified
season refers to the period DOY 15–108 on 1999. The two red lines are located at the periods of 90 h and
17.7 h (inertial period), corresponding to the southern basin vortex mode and near-inertial seiche, respec-
tively. Gray lines indicate lines of 95% confidence. The maximum peaks are shown in the embedded
windows in Figures 8a and 8b.
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oceanic settings [MacKinnon and Gregg, 2005], and the
simplicity of the model makes it very attractive.
[31] To apply this model to the stratified portion of the

measurement period where a mixed layer could be defined
(DOY 220–320 of 1998), the wind stress was estimated
using standard bulk coefficients applied to the observed
winds; the mixed layer thickness was defined as the depth at
which the maximum Brunt-Väisälä frequency occurred
(defined in the usual manner as N2≡� g

r
dr
dz ), which was

determined from the whole-water column thermal observa-
tions (Figure 3). Other definitions of mixed-layer thickness
are obviously possible (e.g., isotherms and the zero-crossing
of the normal modes profile), but the location of maximum
stratification is defensible from the standpoint of the zero-
stress assumption at the base of the mixed layer, since ver-
tical turbulent momentum exchange (stress) would be most
severely damped where thermal stratification was strongest.
It is also straightforward to calculate with a standard vertical
profile of temperature.
[32] The results of the slab model application are shown

in Figure 11. Here the decay scale 1/r has been taken to be
10 days, in order to produce good agreement between the
model and the observations. Figure 11 shows, surprisingly,
that the slab model does actually reproduce much of the
observed near-inertial variability, especially if one is inter-
ested in the seasonal trends of near-inertial energy. This is
surprising for a number of reasons, given the numerous
(invalid) assumptions in the slab model. That the model
reproduces the magnitudes of the observed currents

Figure 10. Seasonal variation of near-inertial currents
(12 m depth), top-to-bottom temperature contrast, wind
stress, and 90-h (vortex mode) currents. Near-inertial and
vortex mode current magnitudes are obtained from the enve-
lope of the Hilbert transform, with all time series smoothed
to isolate seasonal variability. Wind stress has been doubled
to scale to the chosen (left) axis. The variables t, uNI, uN4,
and dT indicate wind shear stress, near inertial current, near
4 days current, and the temperature difference between sur-
face and bottom at CM1, respectively. Near-inertial energy
is strongest when stratification is strongest and winds are
at their weakest.

Figure 9. Seasonal variation of the relative energy of the near-inertial seiche (NI) and 4-day vortex
modes (N4) [Saylor et al., 1980], as quantified with monthly records. Also shown are the energies in
the low-frequency (period > 125 h, LF); high-frequency (period < 15 h, HF); and middle range (20 hours <
period < 65 hours, MR). Axes have been scaled differently to show the range of energies for a given depth.
The dominance of the near-inertial seiche at this location is over 90% for almost the entire strongly stratified
season, when winds are actually weakest; the 4-day vortex mode is seen to be strongest when winds are
strongest.
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reasonably well seems to be a fortuitous fluke, given that
with the radial variability in the Poincaré velocity field
(Figure 1) it would then match poorly at locations closer to
shore.
[33] Because the model’s response is inertial, and the

actual (observed) Poincaré wave is near-inertial, it would
seem unlikely that such agreement would occur since the
absorption of wind energy by the wave depends on the rel-
ative phase between wind and wave-induced currents.
However, as found in the examination of the wind-phase
relationship for the observations (Figure 7), the wind does
appear to slightly “reset” the wave phase, and this periodic
resetting may be significant enough to eliminate the need for
the model to exactly capture (and retain) the wave phase. In
essence, the Poincaré wave may be “inertial enough” that
only minor drift occurs between waves of (modeled) inertial
and (observed) near-inertial periods over several days before
getting reset by another wind burst. The same idea may be
true for multiple excited near-inertial modes in the lake: they
may remain virtually perpetually phase-locked for most of
the stratified season, drifting slightly, and then becoming re-
aligned with the next wind burst.
[34] If one attempts to optimize the agreement between the

observations and the model by tuning the decay constant
throughout the year, the fitted decay timescale is seen to vary
from 10 days during the strongly stratified period to 4 days
when stratification is severely weakened at the end of the
calendar year. The model does quite poorly during periods
of very weak stratification, largely because the location of
maximum N2 – which was our choice for the mixed layer
thickness - becomes ambiguous. It does appear that one of
the primary reasons the slab model succeeds at capturing the
seasonal variability of the Poincaré absorption of wind
energy is that the model does capture the thickness of the
mixed layer, which in turn determines the magnitude of the
wave response (equations (1) and (2)). Additionally, most of
the elevated winter wind energy is seen from spectra to be at

low frequencies of several days and more, which one can
show does not project efficiently onto the inertial slab
model.

3.4. Vertical Structure and Potential Mixing

[35] While the 4 single point current measurements at the
mooring do not provide extensive information on the vertical
structure of the currents associated with the near-inertial
Poincaré seiche, a simple normal modes model was applied
to more completely infer this vertical structure, in order to
quantify the seiche’s influence on cross-thermocline shear

Figure 11. Slab model [e.g., D’Asaro, 1985] results and observations. Shown are (a) eastward (black)
and northward (red) wind stress; (b) location of the base of the mixed layer, as defined by location of max-
imum buoyancy frequency N2; (c) observed near inertial u current; and (d) modeled u current. A decay
constant of 10 days of 1/r is used to give good agreement. Despite the extreme simplicity of the model,
it performs well in capturing the seasonal variability in the near-inertial signal.

Figure 12. (a) Observed temperature profiles for various
times of the stratified period, and (b) associated fitted normal
modes solutions. Normal modes solutions in Figure 12b are
scaled by observed near-inertial velocity magnitude at 12 m
depth.
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and potential mixing. The linearized, inviscid, hydrostatic
normal modes equation for a fluid with buoyancy frequency
distribution N2 is

d

dz

1

N 2

dyn

dz

� �
þ 1

c2n
yn ¼ 0 ð3Þ

[e.g., Kundu et al., 2012]. Here yn(z) is the normal mode
eigenfunction for the nth baroclinic mode (from which the
vertical and horizontal velocity functions are recovered), and
cn is the celerity of that mode. Underlying this equation is
the assumption of separable wave-like solutions of the form
q = Sqn (x, y, t) yn (z), where q is a dependent field variable
(e.g., horizontal or vertical velocity u or w); once the
eigenfunction y(z) and eigenvalue cn are found, the flow
velocities themselves can be recovered via the normal mode
equations.
[36] The normal modes solutions for horizontal velocity

distributions were found numerically by solving (3) contin-
uously in time for the observed thermal stratification, using
the interpolated thermal stratification for N2 (z). Only the
first vertical mode was considered, because of its assumed
dominance [e.g., Csanady, 1972] as well as the relatively
coarsely spaced velocity measurements that could not
resolve higher vertical modes. The solution of this equation
yielded the horizontal velocity distributions u(z) and v(z),
which were then scaled with the observed near-inertial cur-
rent measurement magnitudes at 12 m depth (obtained from
the envelope of the Hilbert transform) to obtain an estimate
of the full water column Poincaré wave-induced velocity
distribution at CM1.
[37] Figure 12 shows some sample observed thermal pro-

files and their associated scaled horizontal modal velocity
profiles for various times during the year, including the very
weakly stratified period. The normal modes solutions for the
lowest mode yield largest velocities near the surface, with
weak opposing velocities below the thermocline, as
observed in the near-inertial currents (Figure 4); in general
the velocity distributions mirror the thermal distributions.

Maximum shear is concentrated in the thermocline, as
expected. The root mean squared error between the fitted
normal modes solutions and the raw currents at 22 m and
117 m depths were 5.2 cm/s and 1.5 cm/s, respectively,
suggesting that the fitted normal modes give reasonable, but
not perfect representations of the observed vertical structure.
[38] While linearized stratified shear instability can only

be truly diagnosed by solving the Taylor-Goldstein equation
for the observed shear and temperature profiles, the mini-
mum Richardson number in the thermocline – where shear
and stratification are largest - will generally govern the sta-
bility of the thermocline [e.g., Troy and Koseff, 2005]. The
consequences of mid-lake, wave-generated turbulence are
also large in the thermocline, which is traditionally a barrier
to vertical exchange during the strongly stratified period.
[39] The gradient Richardson number is defined here as:

Ri z; tð Þ ¼ N 2

1
2

∂û
∂z

� �2 þ ∂v̂
∂z

� �2h i ð4Þ

where û z; tð Þ and v̂ z; tð Þ are the observation-scaled, slowly
varying normal modes solutions for horizontal velocity as
described above. The factor of 1/2 is an averaging factor that
is present because the current fields û and v̂ are the Hilbert
transform magnitudes of the near-inertial fields, i.e., they
change slowly with time with wave episodes but do not
resolve individual near-inertial cycles. Implicit here is an
assumption that while the velocity field rotates clockwise over
a near-inertial period, the magnitude of the shear remains
constant (for truly circular current fields, near-inertial period-
icity in shear should only occur when other flow processes are
added to the wave-induced flow).
[40] Figure 13 shows the calculated Richardson number

distribution for the record, with color map scaling chosen to
highlight episodes of sub-1 Richardson number. From the
figure it is apparent that during times of elevated Poincaré
wave activity, the Poincaré wave-induced shear on its own is
likely sufficiently strong to generate shear instabilities in the

Figure 13. (a) Interpolated water column temperatures, (b) induced horizontal velocities calculated
from fitted normal modes analysis, (c) associated Richardson number distribution, and (d) thermocline
Richardson number.
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thermocline (e.g., DOY 150–160; 200–220; 265–275).
During these times, the zone of appreciably low Richardson
number is seen to be a broad region about the thermocline,
while less-intense episodes are concentrated over a narrower
vertical extent. The Richardson number in the unstratified
portion of the water column is high, suggesting that the shear
provided by the wave in the majority of the water column is
too weak to generate turbulence.
[41] The two strongest (potential) mixing events (DOY

150–160 and DOY 200–220) occur, respectively, (a) in the
late spring when stratification is still relatively weak and
Poincaré wave activity is just commencing, and (b) in the
mid-summer when stratification is strongest but Poincaré
wave activity is also at its peak. These events are charac-
terized by a broad vertical region, centered about the ther-
mocline, with sub-1 Richardson numbers (Figure 13). The
vertical thermistor spacing is not suitably fine to resolve any
mixed layer deepening associated with these events.
[42] It must be emphasized again that these calculations

are for the near-inertial wave only, as they are derived from
normal modes profiles fitted to the near-inertial observa-
tions, and thus the calculations neglect other processes (e.g.,
barotropic seiches, topographic waves, wind-driven surface
currents) that are likely present. However, the near-inertial
seiche is likely the dominant mechanism causing mid-water
shear at this deep location, as it is the dominant baroclinic
process, and given the weak summer winds (which could
generate shear at the base of the mixed layer). Additionally,
provided a given process has a timescale comparable to, or
greater than, the near-inertial period of the Poincaré wave,
shear from other processes will be additive for some portion
of the wave period, further lowering the Richardson numbers
for that period, given the clockwise rotating nature of the
velocity fields.

4. Discussion

[43] A unique whole-year set of current and thermal
observations from deep water in Lake Michigan’s southern
basin has been analyzed to provide insight into the seasonal
variability of the near-inertial internal Poincaré wavefield,
which is seen to thoroughly dominate currents at this loca-
tion. The data show a pronounced seasonal structure, with
wave activity beginning in spring with the first local occur-
rence of thermal stratification (roughly May 1), strengthen-
ing through summer with maximum energy during early
August, and weakening steadily throughfall. It is not until
the complete homogenization of the water column – which
occurred at approximately January 1 – that the wave goes
dormant for the winter period.
[44] The seasonal cycle of the wave is seen to mirror the

seasonal variability in the stratification, with the strongest
Poincaré wave activity occurring when the top-to-bottom
thermal stratification is maximum. Wind is of course the
source of the near-inertial wave energy, but interestingly the
near-inertial energy maximum occurs during mid-summer
when winds are at a minimum.
[45] The dominance of the near-inertial seiche on surface

currents at the measurement location (the center of Lake
Michigan’s southern basin) is complete, with more than 80%
of the energy attributable to the seiche during its strongest
period. The influence decreases with depth, in keeping with

the normal modes for the water column. In keeping with
theoretical solutions [Csanady, 1968; AI 2001] and obser-
vations in large lakes (e.g., Mortimer [2004, 2006] for Lake
Michigan), the associated motions are clockwise-rotating
motions at near-inertial periods, with near-surface currents
as strong as 50 cm/s during the strongly stratified period.
While multiple Poincaré modes may have possibly influ-
enced the currents at the measurement location, spectra
could not resolve separate near-inertial peaks. This is a
general issue with the detection of Poincaré wave modes in
very large lakes: all of the dominant periods are near-inertial,
and spectral separation is virtually impossible given the
additional complication of the non-stationarity of the
wavefield.
[46] A simple slab model, forced by observed winds, was

applied to the measurements in an attempt to re-create some
of the observed seasonal variability. Surprisingly, when
optimized, the model was able to re-create much of the
observed seasonal variability during the stratified period.
This is in spite of the model’s neglect of a host of processes
and effects potentially important in the transfer of wind
energy to the Poincaré wavefield, including the spatial non-
uniformity of the wind field, transfer of energy to the
hypolimnium, boundary effects, and pressure gradients (the
list does not stop here). Nevertheless, the model may provide
some utility in a predictive sense for other systems. The
decay timescale, when used as a temporally varying fitting
parameter, varied from 10 days during the strongly stratified
period to 5 days during weak, late-season stratification. It is
believed that the model performs reasonably well because it
does account for the varying mixed layer thickness, which is
essentially the amount of water accelerated by the wind, as
well as the temporal variability of the wind field, which has
more energy at inertial timescales during the summer and
less in the winter.
[47] Based on the model’s success and an examination of

wave episodes observed during the strongly stratified period,
which generally lasted 5–10 days, it appears that strong wind
events during the stratified period does reset the wave phase
to some degree. If this is the case, multiple near-inertial
Poincaré modes may essentially remain in phase for most of
the summer period, drifting from one another only very
slightly in between wind bursts due to their similar periods,
with the next wind burst serving to restore phase alignment
between different near-inertial modes (this would make
spectral separation virtually impossible). This hypothesis
could be further tested with idealized numerical simulations.
[48] While the vertical resolution of the measurements

was not high (4 sensors), the observed vertical structure of
the wave-induced currents matched reasonably well with the
structure of the associated normal modes solutions for the
observed thermal stratification. These solutions suggest a
zone of elevated internal wave-induced shear over the top
30 m of the wave column. Corresponding analysis based on
fitted (continuous) normal modes solutions was carried out
in order to infer the wave-induced Richardson number, for
the purpose of performing a preliminary assessment of the
degree to which the near-inertial seiche may cause signifi-
cant vertical mixing, at least locally, during the stratified
period. The analysis suggests that the strongest Poincaré
wave events do induce sufficiently strong thermocline
shear (Ri < 1) for prolonged periods, further suggesting that
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near-inertial Poincaré waves do likely generate thermocline
instabilities. Further work is needed - ideally with vertically
well-resolved current measurements (i.e., ADCP) and con-
current microstructure measurements - to fully characterize
the role of the near-inertial seiche on vertical mixing in
Lake Michigan, even at this single location.

5. Conclusion

[49] The year-round measurements and their analysis
provide unique insight into the seasonal variability of near-
inertial internal Poincaré wave activity, as perceived in deep
water at the middle of Lake Michigan’s southern basin.
However, the extrapolation of these inferences to other
locations – ultimately for the purpose of explaining basin-
scale energetics and mixing – is heavily dependent on
knowledge of the basin-scale structure of the fundamental
Poincaré mode(s). Our (unpublished) numerical simulations
suggest that the fundamental internal Poincaré response of
Lake Michigan, at least in terms of induced surface currents,
is a combination of several modes, with velocities in phase
across most of the basin, decaying nearshore; this was also
found by Mortimer [2004, 2006]. Ongoing work seeks to
determine the spatial structure of the dominant near-inertial
modes, especially in terms of the vertical shear associated
with the fundamental modes, in order to scale-up direct
measurements of shear and vertical mixing at discrete loca-
tions. To that end, additional direct measurements of micro-
structure are needed in the Great Lakes.
[50] The knowledge of how basin-scale vertical mixing

occurs in the world’s largest lakes (e.g., the Laurentian Great
Lakes) is at present poor, owing to a lack of focused studies
where turbulent microstructure is directly quantified. The
growing consensus regarding basin-scale mixing in smaller
lakes (and the ocean) is that boundary mixing plays a key
role in the overall budget [Wüest and Lorke, 2003]; this is
also found for lakes in which rotational effects are important
[Hodges et al., 2000]. Boundary-induced mixing will almost
certainly be significant in the Laurentian Great Lakes given
the strong nearshore currents that occur during the summer
periods. However, there is little observational evidence in
the Great Lakes to support the conceptual model of nonlinear
shoaling internal waves causing elevated boundary mixing,
as has been found for smaller lakes and the world’s oceans.
The relative role of Poincaré waves in the world’s largest
lakes, in terms of their contribution to basin-scale mixing, is
therefore potentially much more significant than previously
appreciated, given the seasonal dominance shown herein, the
strong vertical shear associated with these waves, and the
lateral extent over which they dominate currents. In the limit
of a very large stratified lake, could basin-scale mixing be
accomplished primarily in the lake’s interior?
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