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Abstract
Lateral intrusions flowing from the boundaries of lakes and oceans might influence basin-scale distributions

of heat, chemical solutes, sediments, and organisms. Here, observations of numerous intrusions from multiple
locations in a small lake were used to examine the relation of intrusions to a lakewide internal seiche, and to
estimate mean exchange between sloping bottom boundary layers (BBLs) and the lake interior. BBL waters were
observed periodically separating from the bed and flowing laterally offshore. Boundary layer separation was ini-
tiated where strong downslope flows encountered upslope-propagating temperature fronts. These separation
events propagated upslope, coherent with the vertically propagating internal seiche, resembling previously
reported cases of upslope-propagating internal bores. Following separation, jets flowed offshore immediately
above temperature fronts, transporting boundary layer water at least 61 m into the interior. Jet propagation
could be traced upwards, from the bed at 9.4 m depth to the base of the surface mixed layer. Mean offshore
transport was most intense within the metalimnion (4–7 m depth). Intruding intermediate-temperature thermo-
cline water was likely supplied both by river inputs and by boundary mixing of cold and warm waters. These
findings suggest that periodic jets, resulting from seiche-induced boundary layer separation, transported signifi-
cant quantities of water from the boundary layer toward the stratified lake interior, with possible implications
for distributions of sediments, solutes, and organisms.

In the interior region of lakes and oceans, vertical turbulent
mixing is often inhibited by stable density stratification. How-
ever, mixing can be greatly intensified in the near-bed region
called the bottom boundary layer (BBL) (Wuest and
Lorke 2003; Trowbridge and Lentz 2018; Henderson and
Nielson 2022). When lateral exchanges occur between
boundary-mixed regions and the stratified interior (hereinafter
BBL-interior exchanges), intense near-boundary mixing may
influence basin-scale transport in both lakes (Goudsmit
et al. 1997; Wuest et al. 2000) and oceans (Ledwell et al. 2000;
McDougall and Ferrari 2017). BBL-interior exchanges are vital,
partly because they transport heat, sediments (Ostrovsky
and Yacobi 1999; Tian et al. 2019), and chemicals (Ostrovsky
et al. 1996; McPhee-Shaw 2006) from boundary regions
of intense mixing into the interior. Furthermore, as
interior waters replace exported boundary-mixed waters, near-
bed stratification may be replenished—a requirement for

continued efficient BBL mixing (Garrett 1990; Gloor et al.
2000). Despite the significance of BBL-interior exchanges,
cases where exchange flows are traced in detail from the BBL
to the interior have been limited to isolated events (e.g., Marti
and Imberger 2008; Inall 2009; Wain et al. 2013). These obser-
vations demonstrate the potential importance of intrusions,
but more spatially extensive observations are needed to map
the distribution of intrusions throughout basins, and more
temporally extensive observations are needed to evaluate the
influence of intrusions on time-averaged transport.

Internal waves can generate sharp temperature fronts,
which are sometimes associated with BBL-interior exchanges.
For example, in lakes and the coastal ocean, internal waves
generated by winds or tides can periodically transport dense
waters upslope, with upslope-propagating fronts forming at
the leading edge of the dense water masses (Thorpe and
Lemmin 1999; Boegman et al. 2005; Cossu and Wells 2013).
Sometimes, these fronts steepen near the bed to form breaking
“internal bores” (Lamb 2014). When downslope-flowing
lower-density BBL waters encounter fronts, the BBL waters can
be lifted (“separated”) from the bed, and deflected to form
intrusion currents or jets flowing offshore immediately above
temperature fronts (Fig. 1, Cheriton et al. 2014; Masunaga
et al. 2017; slightly different separations occurring in a lower
layer beneath fronts were described by Boegman and
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Ivey 2009). Through multiple tidal cycles in the costal ocean,
periodic offshore jets can generate intrusions extending kilo-
meters from slopes (Cheriton et al. 2014; Masunaga
et al. 2017). In lakes, similar patterns of periodic boundary
layer separation and lateral transport have been described,
either near the stationary nodes of a vertically standing inter-
nal seiche (hereinafter “seiche”) (e.g., Boegman et al. 2003;
Marti and Imberger 2008; Boegman 2009), or propagating up
a slope with a vertically propagating seiche (Nielson and Hen-
derson 2022). Vertically propagating seiches, which were
examined previously using mid-lake observations (Henderson
and Deemer 2012; Henderson 2016a), are contrasted with ver-
tically standing seiches in Fig. 2. Previous studies have not
compared detailed observations of small-scale flow separations
(Fig. 1) with observations of larger, basin-scale seiching
motions (Fig. 2).

In a small reservoir called Lacamas Lake (Camas, Washington),
Nielson and Henderson (2022) showed that BBL separation
occurred repeatedly, providing an opportunity for a detailed exam-
ination of intrusions. However, Nielson and Henderson (2022)
focused on BBL turbulent mixing, leaving the contribution of

intrusions to offshore transport and their role in BBL-interior
exchanges unexplored. Here, separation events measured during
two successive years at multiple locations in Lacamas Lake were
used to examine the relationship between BBL separation, the
internal seiche, and lateral transport. High-resolution profiles of
BBL temperature and velocity were used to describe the flows asso-
ciated with BBL separation. Profiles spanning the metalimnion
were used to describe vertical propagation of separated jets, and
profiles from adjacent sites were used to trace jets a short distance
from the BBL into the stratified interior. Transport was averaged
over many seiche cycles to evaluate the contribution of jets to
BBL-interior exchanges, and to estimate the rate at which
exchanges could replenish interior waters. These results are com-
pared with previous studies, and implications of periodic BBL sepa-
ration are discussed.

Methods
Field site

Lacamas Lake is a small monomictic reservoir in the north-
west United States. Narrow basin geometry (Fig. 3) constrains
across-lake currents and limits the influence of Coriolis,

Fig. 1. Boundary layer separation and offshore flow. (a) A warmer mixed layer (bed-normal orange and maroon isotherms), associated with a down-
slope current (upper gray arrow), converges with upslope-flowing colder waters (lower gray arrow) below a sharp temperature front (blue and green iso-
therms). The more buoyant layer is deflected offshore as a jet (red arrow) above the nearly horizontal front. Circular arrows indicate BBL mixing.
Temperature and velocity along vertical profiles 1 and 2 (dashed lines, panel a) are illustrated in panels (b) and (c). In temperature profiles, vertical lines
indicate bottom mixed layers. As the front propagates upslope, temperature and velocity profiles at a fixed location may resemble profile 1 before front
arrival, and profile 2 after front arrival.

Nielson and Henderson Bottom boundary layer separation
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yielding dominant along-lake flows (Henderson and
Deemer 2012). Summertime tracer releases indicate that river
inflow at the lake’s northwest end plunges below the surface
mixed layer, before intruding into the interior between about
4 and 7 m depth (Harrison 2021 pers. comm.). Surface water
flows out at the southeast end. Beneath the surface mixed
layer, currents are forced by vertically propagating wind-
generated internal seiches with horizontal and vertical

wavelengths of approximately 3000 m (twice the lake length)
and 6 m, and periods between about 0.5 and 1 d (Henderson
and Deemer 2012).

Data were collected during 13 June to 25 August 2015, and
during 7–21 September 2016. Observations were obtained
from four sites in 2015 (S2 and S4–6, white circles, Fig. 3a)
and two sites in 2016 (S1 and S3, black circles, Fig. 3a). Bound-
ary layer separation was examined by comparing observations

Fig. 2. Schematic showing idealized (a) vertically standing, and (b) vertically propagating, internal waves. In each panel, four successive cross-sections
are drawn a quarter-cycle apart to illustrate a complete wave cycle. Colored curves indicate tilting of isotherms, and white arrows indicate water velocity.
Panel (a) shows a vertical mode three, with three velocity reversals along each vertical profile, but vertical modes 1, 2, 3, 4, and higher, are also possible,
depending on vertical wavelength. Seiches in many lakes resemble (a), with strong reflection from the bed (reflection coefficient R≈1). However, dissipa-
tion in the bottom boundary layer can lead to significant vertical propagation (R< 1). Panel b illustrates the vertically propagating seiche that would result
from complete absorption (R¼0; the pictured upward phase propagation corresponds to downward energy propagation). Propagation, which is some-
times represented in simulations as coupling between standing modes (Brink and Allen 1978; Shimizu and Imberger 2009), was first identified in Lacamas
Lake (Henderson and Deemer 2012; Henderson 2016b). Re-examination of previous observations indicates other cases of discernable net propagation
[see fig. 8 of Serra et al. (2007); figs. 6, 8 of LaZerte (1980); and figs. 6, 8 of Vidal and Casamitjana (2008)].

Fig. 3. Lacamas Lake, (a) showing depths and locations of study sites from 2015 (white circles) and 2016 (black circles). Origin of coordinate system at
45.6098�N, 122.4366�W. (b) Deployment-long average temperature profile from S4, with approximate coverage of velocity measurements at S6 (gray
box) and S3 (dashed box).

Nielson and Henderson Bottom boundary layer separation
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obtained from closely-spaced pairs of sites. One pair, on the
slope at the inlet end, was horizontally separated by 61 m
(S1 and S3, depths 6.6 and 9.4 m). A second pair, on the slope
at the outlet end, was separated by 32 m (S5 and S6, depths
8.4 and 8.2 m). At all sites, instruments were mounted on alu-
minum plates resting flat on the lakebed, and on an attached
vertical line, which was held taut by a subsurface buoy. The
deployment-long average profile from S4 shows strong sum-
mertime stratification (Fig. 3b), typical in Lacamas (Nielson
and Henderson 2022), and the approximate coverage of veloc-
ity instruments from sites S6 and S3 (described below). The
mean temperature gradient was particularly strong between
4 and 7 m depth, a region hereafter referred to as the
metalimnion.

Instrumentation
Vertical lines of RBR Solo-T loggers measured temperature

every 4 s with an estimated accuracy of � 0.006�C. At all sites,
10–14 such loggers measured stratification with high spatial
resolution within 2 m of the bed (Supplementary Table S1). At
S1, S3, S4, and S6, additional loggers measured stratification
with lower vertical resolution at higher elevations, spanning
most of the water column. Each line of temperature loggers
was equipped with an RBR Solo D pressure logger to determine
instrument depths.

Paired upward-facing 2-MHz Nortek Aquadopp Acoustic
Doppler Current Profilers (ADCPs) were deployed at S6 in
2015, and at S3 in 2016. Both ADCPs in 2015, and one ADCP
in 2016, operated in pulse-coherent mode, measuring velocity
with high spatial resolution (1.5-cm vertical bins, with two
0.5-s samples every 15 s) along profiles extending from
z = 0.155 m to 2.06 m, where z is the elevation above the
local bed (corresponding depths for S6 are indicated by a gray
box in Fig. 3b; all elevations subject to a 1–4 cm error owing
to frame settling and sedimentation during the deployment).
During 2016, one ADCP operated without pulse-coherent
sampling, providing longer profile range, extending to
z = 7.9 m, at the cost of lower spatial resolution (0.75 m verti-
cal bins; depth range indicated by dashed lines in Fig. 3b). For
the pulse-coherent instruments, estimated root-mean-squared
(rms) velocity errors were just under 1 mm s�1 for 0.5-s mea-
surements, and comparisons between paired instruments indi-
cate significantly smaller errors in half-hourly running means
(Henderson 2016a, b). For the longer-range profiler, manufac-
turer’s estimates suggest rms error of 2.4 mm s�1 in half-
hourly averaged velocity. This estimate is consistent with an
estimate obtained by Henderson (2016b) from the high-
frequency noise floor in the velocity spectrum when bin size
is accounted for (manufacturer’s estimates are also supported
by comparisons between biased and unbiased estimates of
velocity variance, Henderson et al. 2017).

All instrument clocks were synchronized prior to deploy-
ment. Upon recovery, clock drifts of a few seconds were
observed.

Data analysis
Water density was estimated using temperature and a fresh-

water equation of state. Density (ρ) profiles were converted to
buoyancy b¼ g ρ0�ρð Þ=ρ0, where g = 9.80 m s�2 and the refer-
ence density ρ0 ¼1000 kg m�3. The intensity of stratification
was quantified by the squared buoyancy frequency
N2 ¼ db=dz, where the vertical derivative was estimated using
adjacent temperature measurements. A conservative mini-
mum resolvable N2 was estimated as 10�4 s�2 using a doubled
temperature error (0.012�C) and the smallest vertical logger
spacing (0.1 m; larger spacing gives smaller N2 error).

Temperature fronts were identified as local maxima in N2,
with peak values exceeding 5 � 10�3 s�2. Cases where such
fronts could be traced propagating between the bed and
z > 1.5 m coincided with prolonged boundary layer separation
[see Nielson and Henderson (2022)]. At each end of Lacamas
(sites S2 and S6), all such “BBL separation events” were identi-
fied and the time of frontal arrival at the lowest instrument
location (z = 0.17 or 0.18 m) was recorded.

Vertical frontal propagation was compared with seiche
propagation. Owing to BBL dissipation in the deep lake, the
seiche in Lacamas propagates with an upward phase speed (czÞ
near the theoretical speed of a linear, hydrostatic internal
wave (Henderson and Deemer 2012):

cz ¼2πσ2λx
N

ð1Þ

where σ is the wave frequency, λx is the horizontal wavelength
of the seiche (3000 m, twice the lake length), and N is the
buoyancy frequency associated with the mean temperature
profile. The associated time for propagation (tpÞ between
heights z1 and z2 is

Δtp ¼
ðz2
z1

dz
cz

: ð2Þ

Propagation times were calculated from Eqs. 1 and 2 and
the temperature profile at S4, using a typical seiche period of
0.75 d. These seiche propagation times were compared with
observed times for upward propagation of fronts.

Temperature measurements were also used to define a
lakewide seiche phase. Temperatures measured at opposite
ends of the lake (at z = 1 m at sites S2 and S6) were
differenced to obtain a time series ΔT. To focus on seiche
motions, rather than slowly-varying currents or higher-fre-
quency waves and turbulence, ΔT was band-passed to remove
oscillations with long (> 1.3 d) and short (< 0.4 d) periods. The
seiche phase ϕH was then calculated as the complex argument
of the Hilbert transform of band-passed ΔT (Bendat and Pie-
rsol 2000). The resulting time series of ϕH measured progress
through seiche cycles, increasing by 360� each cycle, and
enabled comparison with the timing of BBL separation. To
compare BBL separation events measured at the bed with ϕH

Nielson and Henderson Bottom boundary layer separation
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measured 1 m above the bed, a time lag correction was applied
using Eqs. 1 and 2.

The transport of separated BBL water toward the interior
was evaluated at S3 using isothermal-mean analysis
(McDougall and McIntosh 2001; Henderson 2016a). Water
was partitioned into temperature classes, and a mean transport
velocity uT was calculated from the mean depth-integrated
transport of water in each class. The velocity uT associated
with a specific temperature class is attributed to the mean
depth of that class, and provides an estimate of the
Lagrangian-mean velocity of water particles averaged over
seiche periods, accounting for Stokes-drift corrections.
Deployment-long average velocities are presented, but a 4-d
running mean was used to separate seasonal and seiche-
induced fluctuations (Henderson 2016a). To estimate near-
surface transport, the velocity measured at the highest ADCP
bin was extrapolated to the surface. Below the lowest ADCP
bin, velocity was assumed to trend linearly to zero at the bed.
Resulting errors in estimated near-bed transport are likely
small, given small near-bed velocities. In contrast, errors in
near-surface transport may be substantial, because near-surface
velocity and neglected shear can be large, and because the
highest ADCP bin was 1.8 m from the surface at S3. To exam-
ine the role of jet-like intrusions, jets were identified as regions
of strong offshore velocity (> 0.02 m s�1) immediately overly-
ing fronts (at S3, these regions ranged in thickness from
0.75 m near the bed to 1.5–2.25 m higher in the water col-
umn). Mean transport velocities were calculated twice, once
including jet velocities, and once with jet velocities set to zero.
The difference between the two estimates was the transport
velocity resulting from jets.

To approximately evaluate the potential of the observed
mean transport velocity to flush the stratified interior, the
water column was divided into shallow (0–4 m depth) and
metalimnion (4–7 m) layers. The “interior” was identified as
the region between the along-lake coordinates of S3 and S6.
From measured bathymetry, a trapezoidal interior volume V
was estimated between S3 and S6 as 1.75�106 and
1.07�106 m3, respectively, for shallow and metalimnion
layers. At S3, the areas Av of vertical, across-lake cross-sections
were estimated as 420 and 207 m2 for the two layers. For each
layer at S3, the lateral flux of boundary waters into the inte-
rior, in m3 s�1, was estimated as Q¼AvuT , where uT was the
layer-average of uT . At S6, similar calculation was not possible
using the measurements presented here, because only short-
range ADCPs were deployed at that site. Instead, fluxes were
estimated from uT measured very near S6 during the same sea-
son in 2012 (Henderson 2016a; upper and lower areas Av at S6
were 1352 and 732 m2). The lateral fluxes from the two lake
ends were found to converge in the metalimnion, adding
water to the lake interior, and to diverge in the surface layer.
For each layer, a residence time was calculated as V= ΔQj j,
where ΔQ is the total lateral flux into the interior from both
lake ends. An associated mean upward velocity between lower

and upper layers was estimated as ΔQj j=Ah, where Ah is the
lake’s horizontal area between S3 and S6 at 4-m depth.

Backscatter intensities measured by ADCPs often provide
qualitative information about sediment concentrations in the
water column, although backscatter can also be affected by
plankton and small-scale temperature variability (Lavery
et al. 2013). Raw backscatter amplitudes (A), in counts, were
corrected for sound attenuation and converted to decibels
(BSdB) using

BSdB ¼Asþ20log10 Rψð Þþ2αwR, ð3Þ

where s = 0.43 counts/dB, R is the along-beam range, ψ is a
near-field correction (eq. 18 of Downing et al. 1995), and the
water absorption coefficient αw ¼1:19 was estimated from fig.
1 of Lohrmann (2001). Eq. 3 was applied to each of the three
ADCP beams, and reported BSdB values are averages across the
three beams.

Results
Temperature oscillations and internal seiching

Owing to the lakewide seiche, temperatures measured near
the base of the metalimnion (7 m depth) oscillated with
approximately a 0.5- to 1-d period (Fig. 4a). Consistent with
the horizontal mode-one seiche structure (Henderson and
Deemer 2012), temperature oscillations at opposite ends of
the lake (sites S2 and S6) were about half a cycle out of phase.
As defined, seiche phase ϕH ≈ 180� when temperature was
maximum at S2 (e.g., vertical dotted line, Fig. 4a,b) whereas
ϕH ≈ 0� or 360� when temperature was maximum at S6
(e.g., vertical dashed line).

Detailed observations of boundary layer separation
A typical BBL separation event at S6 is shown in Fig. 5. Dur-

ing the period shown, near-bed temperature steadily increased
until the sudden arrival of a cold-water layer on yearday
198.99 (Fig. 5a). The cold layer was capped by an intense tem-
perature front, which yielded a thin interface of high N2

(Fig. 5b, dashed line). This cold front extended almost hori-
zontally to nearby site S5 (not shown). A similar, but less
intense, interface of high N2 capped a warmer bottom mixed
layer prior to front arrival (Fig. 5b, solid line).

Downslope velocities (u<0, blue in Fig. 5c) were associated
with increasing temperatures (Fig. 5a), as warmer water was
advected from higher elevations (consistent with profile 1 of
Fig. 1b). At front arrival, the downslope-flowing buoyant water
was lifted from the bed, above the upslope-flowing cold layer.
Vertical velocities in this buoyant layer, integrated for 5 min
during separation, matched the layer’s vertical displacement
(not shown). Following separation, relatively high velocities
persisted within the buoyant layer, forming a detached jet of
offshore-flowing water immediately above the cold front (con-
sistent with profile 2 of Fig. 1c). After yearday 199.05, the

Nielson and Henderson Bottom boundary layer separation
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Fig. 4. Time series of temperature fluctuations and seiche phase. (a) Hourly-mean temperatures measured 1 m above the bed near the inlet (S2, gray
line) and outlet (S6, black line). (b) Seiche phase as characterized by band-passed difference between temperatures shown in (a). Dashed line marks a
local maximum temperature at S6, which corresponds to a phase near 0� or 360�. Dotted line marks a local maximum at S2, which corresponds to a
phase near 180�.

Fig. 5. Observations at S6 showing boundary layer separation at yearday 198.99. All vertical axes extend to the bed at 8.2 m depth. Intensified stratifi-
cation marking the top of warm and cold mixed layers respectively marked by solid and dashed black lines. (a) Temperature, (b) squared buoyancy fre-
quency N2, (c) velocity (positive upslope), (d) squared shear S2, (e) relative backscatter.

Nielson and Henderson Bottom boundary layer separation

31

 19395590, 2023, 1, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12246 by W

ashington State U
niversity, W

iley O
nline L

ibrary on [11/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



upper part of the jet moves above the 2-m profile shown in
Fig. 5. The separation of the boundary layer was particularly
clear in squared shear S2 (i.e., the squared vertical derivative of
the velocity, Fig. 5d). Prior to front arrival, shear was elevated
in the buoyant bottom mixed layer below the high-N2 cap
(i.e., below the solid line). This high-shear layer was displaced
above the intense cold front (dashed line) during flow separa-
tion. A band of particularly intense shear coincided with the
cold front (dashed line).

Prior to front arrival, backscatter was elevated within the
warm bottom mixed layer (beneath the solid line, Fig. 5e). Fol-
lowing BBL separation, backscatter within the separated layer
remained elevated, whereas near-bed values below the cold
front (dashed line) were low.

Timing of BBL separation
All temperature fronts that propagated between the bed

and z¼1:5m, here called “separation events,” resembled the
flow separation shown in Fig. 5. Specifically, such fronts all
propagated upwards (i.e., no cases of downward frontal propa-
gation from z = 1.5 m to the bed were observed), and transi-
tions from downslope to upslope flow always coincided with
frontal arrival at the bed. During 2015, the Hilbert transform
indicated 94 seiche cycles, while a total of 75 and 92 separa-
tion events were identified at S2 and S6, respectively. There-
fore, separation occurred during most seiche cycles. When
plotted by seiche phase, separation events clustered around
ϕH = 180� for S2 and ϕH = 0� for S6 (Fig. 6). Therefore, separa-
tions were coherent with the lakewide seiche, alternating
between inlet and outlet ends. Since arrival of temperature
fronts coincided with velocity reversals at the bed, similar
results are obtained if velocity reversals are used to identify
separations (not shown).

Vertical extent of BBL separation
Observations near the inlet (S3) highlight the vertical

extent and propagation of BBL separation events. Tempera-
tures oscillated with 0.5- to 1-d period owing to the seiche
(Fig. 7a), and temperature fronts were observed propagating
upward (black lines, Fig. 7b). As was observed near the outlet,
frontal arrivals at the bed (9.4 m depth) coincided with transi-
tions from downslope to upslope flow (yellow to blue, Fig. 7c).
Note that downslope or offshore velocities are positive near
the inlet (Fig. 7), but negative near the outlet (Fig. 5). Jets con-
tinued to flow offshore immediately above fronts (bands of
red immediately above black lines, Fig. 7c) even as the fronts
propagated well above the bed. These offshore jets eventually
reached the base of the mixed layer (about 4 m depth), with
particularly strong flows between about 4 and 7 m depth.
Immediately below fronts, water flowed more slowly onshore.

Fronts propagated upward across the elevations of individ-
ual isotherms (Fig. 7a,b), indicating that water was not
advected upward with the fronts. Therefore, frontal propaga-
tion could not be explained by oscillating advection of a

consistently sharp thermocline. Instead, fronts were likely
generated by the strain field associated with the upward-
propagating internal seiche. At S3, over days 257–265, the
observed time for vertical propagation of fronts from 9.4 to
6.6 m depth was between 4.1 and 10.5 h, with an average of
7.2 h, comparable to the vertical seiche propagation time of
7.3 h (Eqs. 1 and 2). Therefore, the consistent phase between
fronts and the lakewide seiche (Fig. 6) was likely maintained
as the seiche propagated up through the lake.

Lateral extent of BBL separation
To evaluate the lateral extent of BBL separation, observa-

tions from S3 (Fig. 7) were compared with observations
obtained 61 m onshore at S1 (Fig. 8). Frontal elevations deter-
mined from temperatures at S3 (dashed lines, Fig. 8) coincided
with fronts at S1 (yellow or red bands, Fig. 8). Close examina-
tion shows that temperatures also coincided. Therefore, fronts
and associated isotherms extended horizontally over at least
the 61 m between S1 and S3. Furthermore, velocities of about
0.03 m s�1 in offshore jets (Fig. 7c) suggest a between-site
advection time of about 30 min. Since the elevated velocities
persisted for several hours, there was ample time for the water
that separated from the bed at S1 to flow past S3.

In the metalimnion of Lacamas, the turbulent BBL often
extends 0.5–1 m vertically above the lakebed, which corre-
sponds to a horizontal extent of 11–22 m given the observed

Fig. 6. Polar histogram showing the seiche phase ϕH associated with BBL
separation events. Values around the perimeter (black arrow) indicate
phase in degrees. Each wedge represents a 36� range of seiche phase,
and the radial length of each wedge indicates the number of occurrences
(gray arrow) of separation events observed in the given phase range. Blue
and red wedges respectively indicate separation events observed near the
inlet (S2) and outlet (S6).
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bed slope between S1 and S3. Therefore, the observed jets
transported water well outside the BBL. It is unclear how far
the jets traveled beyond S3 into the stratified interior.

Mean transport
At S3, mean transport was mostly offshore (i.e., toward the

lake interior, Fig. 9, black curve), except for thin regions near
the bed (> 7.5 m) and near the surface (< 2.5 m). Averaged

across shallow (0–4 m depth) and metalimnion (4–7 m)
layers, transport velocities at S3 were 0.1 and 9.3 mm s�1.
Corresponding velocities near S6 during the same season in
2012 were 8 mm s�1 onshore and 3 mm s�1 offshore in shal-
low and metalimnion layers [fig. 10 of Henderson (2016a)].
When the contribution of offshore jets was removed (Fig. 9,
gray curve), mean metalimnion transport at S3 was reduced
by 72%. Therefore, in the metalimnion, jets were responsible

Fig. 7. Time series observations of (a) temperature, (b) squared buoyancy frequency, and (c) velocity at S3. All vertical axes extend to the bed at 9.4 m
depth. Temperature fronts (black lines), and overlying offshore jets (positive velocities at the inlet end), repeatedly propagated from the bed to the base
of the surface mixed layer.

Fig. 8. Time series observations of (a) temperature and (b) squared buoyancy frequency from S1. Vertical axes extend to the bed at 6.6 m depth.
Dashed lines mark fronts at S3, 61 m offshore of S1 (same as black lines in Fig. 7).
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for most transport of water away from the sloping bed toward
the stratified interior.

At S3, estimated offshore mean flux Q was �0.04 m3 s�1 in
the shallow layer and 1.9 m3 s�1 in the metalimnion.
Corresponding estimated fluxes toward the interior at S6
were �10.8 and 2.2 m3 s�1. These outlet-end (S6) fluxes
were substantial, despite small outlet-end velocities, owing
to the relatively large outlet-end lake width. Extrapolation
of the measured profile of weak mean velocity across such a
wide lake width makes estimated outlet-end fluxes particu-
larly prone to error. Transport from the lake ends con-
verged in the lower layer and diverged in the upper layer.
From this, lake-interior residence times of 1.9 and 3.0 d
were estimated for the lower and upper layers, and a mean
interior upwelling velocity at 4 m depth was estimated as
1.0�10�5 m s�1.

Discussion
Observed spatial and temporal structure of intrusion
events

Through many cycles of an internal seiche, BBL waters
were observed repeatedly separating from the bed and flowing
laterally toward the lake interior. Strong temperature fronts
propagated up the sloping lakebed. Upslope and downslope
BBL flows converged on these fronts, and the downslope flows
were deflected to create offshore-flowing jets immediately
above the fronts (Figs. 1, 5). For any given depth in the meta-
limnion, one separation event was observed at each end of
the lake almost every seiche cycle. Separations were coherent
with the lakewide seiche, coinciding with the transitions from
downslope to upslope flow (Fig. 6). Separated jets carried
boundary layer water at least 61 m into the interior, and their
vertical propagation could be traced from the bed at 9.4 m
depth to the base of the surface mixed layer at about 4 m
depth (Figs. 7, 8). This vertical propagation of separated jets
was consistent with vertical propagation of the seiche,
observed in this lake by previous researchers (Henderson and
Deemer 2012; Henderson 2016b).

Figure 10 depicts the likely oscillating flow pattern in Lac-
amas. Consistent with previous observations, a lowest-hori-
zontal-mode seiche is shown propagating vertically, with a
vertical wavelength that increases with increasing depth, such
that the total lake depth spans more than one complete verti-
cal wavelength (Henderson and Deemer 2012). Consistent
with the observations presented here, temperature fronts and
separated jets are shown propagating up the sloping bed, with
one flow separation from each end of the lake every seiche
cycle.

The lakewide pattern of isotherm tilting shown in Fig. 10
could be anticipated from Fig. 2b. However, the intensity of
the observed fronts, with temperature jumping several degrees
within the 0.15 m sensor spacing (Fig. 5b), was not clear from

Fig. 9. Profile of mean transport velocity uT , with (black) and without
(gray) the contribution of offshore-flowing jets.

Fig. 10. Schematic showing vertical seiche propagation and BBL separation. The four successive lake cross-sections are drawn a quarter-cycle apart to
illustrate a complete seiche cycle. Temperature fronts form at the lake ends where isotherms (colored curves) group together. Jets of separated boundary
layer waters (red arrows) flow offshore immediately above these fronts. The patterns of fronts and separated jets propagate up the sloping bed at each
end of the lake.
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the previous mid-lake observations (Henderson and Deemer
2012; Henderson 2016a) on which Fig. 2b was based. Such
intense fronts suggest local violations of the linear wave the-
ory previously used to interpret observations of the lakewide
seiche. Furthermore, the location of offshore jets immediately
above temperature fronts could not be anticipated from linear
theory. The observed formation of intense fronts with small
isotherm slopes is consistent with the analysis of Thorpe
(1992), which showed that nonlinear wave dynamics can lead
to near-bed fronts, despite small isotherm slopes, if isotherm
slope is comparable to bed slope. Consistent with observa-
tions, this theory predicts fronts that propagate with internal
waves, crossing isotherms as they do so.

In the ocean, similar offshore jets have been observed
above fronts formed by upslope-propagating internal tidal
bores (Cheriton et al. 2014; Masunaga et al. 2017). In Lac-
amas, fronts did not exhibit the order-one frontal slopes asso-
ciated with breaking bores, except possibly within 18 cm of
the bed, where no measurements of temperature were made
(Nielson and Henderson 2022). Therefore, steepening of fronts
may not be essential to flow separation. In other lakes, sepa-
rated jets have been observed near the thermocline (Ostrovsky
and Yacobi 1999; Boegman et al. 2003; Marti and
Imberger 2008). However, these jets were associated with
intrusions near the base of the surface mixed layer or at the
fixed nodes of vertically standing seiches. In contrast, the lat-
eral jets in Lacamas propagated upslope with internal waves,
like the cases observed in the coastal ocean (e.g., Masunaga
et al. 2017). The conditions required for vertical seiche propa-
gation are discussed by Henderson and Deemer (2012) and
Henderson (2016b).

Note that the observed sudden transitions from down- to
up-slope near-bed flow are a general property of upslope-
propagating flow separations. Specifically, if a velocity field
propagates upslope without changing form at speed cslope,
then ∂u=∂x¼� ∂u=∂tð Þ=cslope. Consequently, sudden transition
to upslope flow (large ∂u=∂t >0) must be associated with
intense convergence of bed-parallel flow (large ∂u=∂x<0), and
therefore divergence of BBL waters from the bed.

The regular occurrence of separation events suggests regular
renewal of BBL waters by exchange with the stratified interior.
Some of the water carried away from the bed by offshore jets
may cycle back into the BBL. However, the strength of the
observed jets, and their extension far from the BBL region of
intensified mixing, suggests that significant renewal of BBL
waters each seiche period is possible, consistent with the sim-
ulations of Ulloa et al. (2019).

Potential formation of intermediate nepheloid layers
Separated jets can transport sediments and organic matter

away from sloping beds (McPhee-Shaw 2006; Masunaga
et al. 2017; Tian et al. 2019), forming thin layers of high sedi-
ment concentration called “intermediate nepheloid layers”
(INLs). INLs may transport significant sediment volumes

toward lake interiors (Ostrovsky and Yacobi 1999; Samolyubov
and Ivanova 2015). In Lacamas, high ADCP backscatter was
observed within jets (Fig. 5e). Since such high backscatter can
indicate high concentrations of suspended sediments or
plankton (Hay 1983; Lavery et al. 2010), the separated jets in
Lacamas may have contributed to sediment transport. How-
ever, ADCP backscatter can also be intensified by small-scale
density fluctuations associated with turbulent mixing (Lavery
et al. 2013). Consequently, without direct measurements of
sediment concentration, the possible importance of separated
jets to sediment transport in Lacamas remains uncertain.

Comparison with other intrusion mechanisms
Although the intrusions in Lacamas resembled those

observed by Masunaga et al. (2017), they differ from several
other forms of intrusion described by previous researchers.
Intrusions may occur when bursts of intense turbulence
generate well-mixed regions within the BBL, which subse-
quently slump toward the interior under the action of gravity
(McPhee-Shaw 2006; Wain and Rehmann 2010). In Lacamas,
separation was preceded by particularly intense BBL mixing
(Nielson and Henderson 2022). However, the separated jets
were not consistently more well-mixed (i.e., lower N2), than
the onshore-flowing water immediately beneath the fronts
(Figs. 5, 7). This is likely because the intrusions were a coher-
ent part of the internal wave velocity field, and were not gen-
erated solely by gravitational collapse of an isolated mixed
region.

Laboratory experiments have shown that internal waves
can generate nonpropagating intrusions with a vertical spac-
ing much less than the internal-wave wavelength (McPhee-
Shaw and Kunze 2002), possibly owing to various instability
mechanisms (Thorpe 1998). In contrast, the intrusions in Lac-
amas propagated vertically, with a vertical spacing comparable
to the vertical wavelength of the seiche (this spacing is
implied by the equivalence of frequencies and propagation
speeds). Intrusions can also be generated by changes in bed
slope (Inall 2009), but such intrusions do not propagate
upslope.

Intrusions can also result from mixing in the presence of
depth-varying stratification. For example, where a stationary
thermocline intersects a sloping boundary, BBL mixing of cold
and warm waters generates water of intermediate density. By
volume conservation, intermediate waters must then flow
away from the BBL, with persistent mixing implying a persis-
tent thermocline intrusion velocity (Phillips et al. 1986). In
contrast to such a steady intrusion at a fixed thermocline,
intrusions in Lacamas occurred as intense pulses associated
with the passage of propagating fronts. Nevertheless, when
averaged over many seiche periods, creation of intermediate
waters by mixing may be rapid where the mean thermocline
meets the sloping bed. Volume conservation then implies a
mean transport of thermocline waters into the interior
(Masunaga et al. 2017). Time-averaged transport in Lacamas
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was consistent with this suggestion, as will be discussed in the
next section.

Mean transport from boundaries
When averaged over many seiche periods, intrusions gener-

ated substantial mean offshore transport at metalimnion
depths (4–7 m). The intermediate-density waters required to
sustain this mean transport might be supplied by mixing, as
outlined above, or by river inflows. Mean transport from the
inlet end at metalimnion depths (1.9 m3 s�1) was comparable
to typical summertime river discharge (1.93 m3 s�1, Deemer
and Harrison 2019), suggesting a significant role for river
inflows. However, separated jets were also observed near the
outlet (S6). These outlet jets could not be explained by river
inflows, suggesting a role for mixing. The associated mean
transport velocity near the outlet was slow, but if maintained
across the relatively large outlet-end lake width, this transport
would contribute significantly to the total flux of thermocline
waters into the lake interior.

Net lateral inflow at metalimnion depths and outflow in
the surface layer suggests upwelling somewhere within the
lake interior (Fig. 11). Estimated fluxes suggest residence times
of 2–3 d for both the metalimnion and surface layers. These
estimates are very approximate, because (1) across-lake vari-
ability was neglected when estimating fluxes, (2) it is not
known how far the intrusions extend into the interior, and
(3) different regions within the interior may be flushed at dif-
ferent rates. Also, extrapolation of ADCP measurements to the
surface, which neglects near-surface velocity shear, makes
surface-layer fluxes are particularly prone to error. Neverthe-
less, metalimnion flux estimates do not require such extrapo-
lation, and the estimated inlet-end metalimnion flux agreed
well with typical summertime river discharge.

Analysis based on previously published observations sup-
ports the interior upwelling, and order-of-magnitude residence
times, estimated here. Specifically, upwelling must often occur

when riverine inflows intrude at the metalimnion and outflows
are drawn from the surface layer (Killworth and Carmack 1979).
Such cases are common in temperate lakes during summer
(Peeters and Kipfer 2009). Dividing interior volumes of meta-
limnion and surface layers by river inflow (1.93 m3 s�1) then
yields residence times of 6 and 10 d, respectively, for the two
layers. Therefore, residence times within a factor of 2-3 of those
estimated from our observations could be anticipated from
using relatively well constrained estimates of river discharge
and lake bathymetry. More novel than such calculations based
on intrusions near the inlet is the additional flux resulting from
intrusions near the outlet. The factor-of-two reduction in resi-
dence times associated with such outlet intrusions is highly
uncertain. Nevertheless, these results show that near-boundary
creation of mixed waters could potentially contribute signifi-
cantly to lakewide circulation.

This study has examined exchanges between the boundary
and the stratified interior, and does not consider spatial vari-
ability of flows and mixing within the interior. However,
owing to such variability, some water particles may remain
within the stratified interior longer than the calculated resi-
dence times if other particles move through the interior more
quickly. More detailed observations or modeling studies would
be required to examine this possibility.

Conclusions
As noted by previous researchers, seiche-coherent BBL sepa-

ration may be a mechanism for BBL-interior exchanges, with
potential implications for the transport of sediments, chemical
solutes, and organisms. Here, temperature and velocity profiles
observed in a small lake were used to examine separation and
associated boundary-interior exchange. During two field cam-
paigns, hundreds of BBL separation events were observed.
Sharp horizontal temperature fronts formed where downslope-
flowing BBL waters encountered upslope-propagating cold-
water layers. Convergence of boundary-parallel flows initiated
separation of the downflowing BBL waters, which detached
from the bed and flowed offshore above the temperature fronts.
Repeated separation events were coherent with the lakewide
internal seiche. At a given elevation, separation events at each
end of Lacamas occurred roughly once per seiche cycle. Upward
propagation of temperature fronts and associated separated jets
matched the upward propagation speed of the internal seiche.
Jets were observed flowing at least 61 m into the stratified lake
interior, although actual advection distances may have been
greater. When averaged over multiple seiche cycles, the sepa-
rated jets were responsible for a mean lateral flux from the slop-
ing bed into the interior at metalimnion depths. Near the inlet,
much of this flux may have been supplied by inflowing river
waters. Near the outlet, the mean offshore transport at meta-
limnion depths may be explained if intermediate waters were
created by BBL mixing of cold and warm waters.

Fig. 11. Inferred mean advection in Lacamas. Black, red, and blue lines
respectively indicate water surface, isotherm at 4 m depth, and isotherm
at 7 m depth. Vertical dashed lines mark inlet and outlet sites of transport
velocity profile estimates. Dark gray arrows represent estimated mean
fluxes. Light gray arrows indicate interior up-welling, inferred from
observed lateral convergence in the metalimnion (blue area) and lateral
divergence near the surface (orange area).

Nielson and Henderson Bottom boundary layer separation

36

 19395590, 2023, 1, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12246 by W

ashington State U
niversity, W

iley O
nline L

ibrary on [11/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Data availability statement
Data available by request.

References
Bendat, J. S., and A. G. Piersol. 2000. Random data: Analysis

and measurement procedures, 3rd ed. Wiley.
Boegman, L. 2009. Currents in stratified water bodies 2: Internal

waves, p. 539–558. In Encyclopedia of inland waters, v. 1.
Academic Press. doi:10.1016/B978-012370626-3.00081-8

Boegman, L., J. Imberger, G. N. Ivey, and J. P. Antenucci.
2003. High-frequency internal waves in large stratified
lakes. Limnol. Oceanogr. 48: 895–919. doi:10.4319/lo.
2003.48.2.0895

Boegman, L., G. N. Ivey, and J. Imberger. 2005. The degenera-
tion of internal waves in lakes with sloping topography.
Limnol. Oceanogr. 50: 1620–1637. doi:10.4319/lo.2005.50.
5.1620

Boegman, L., and G. N. Ivey. 2009. Flow separation and
resuspension beneath shoaling nonlinear internal waves.
J. Geophys. Res.: Oceans 114: 1–15. doi:10.1029/
2007JC004411

Brink, K. H., and J. S. Allen. 1978. On the effect of bottom fric-
tion on barotropic motion over the continental shelf.
J. Phys. Oceanogr. 8: 919–922. doi:10.1175/1520-0485
(1978)008%3C0919:OTEOBF%3E2.0.CO;2

Cheriton, O., E. McPhee-Shaw, W. Shaw, T. Stanton, J.
Bellingham, and C. Storlazzi. 2014. Suspended particulate
layers and internal waves over the southern Monterey Bay
continental shelf: An important control on shelf mud
belts? J. Geophys. Res.: Oceans 119: 428–444. doi:10.1002/
2013JC009360

Cossu, R., and M. G. Wells. 2013. The interaction of large
amplitude internal Seiches with a shallow sloping lakebed:
Observations of benthic turbulence in Lake Simcoe,
Ontario, Canada. PLoS One 8: e57444. doi:10.1371/
journal.pone.0057444

Deemer, B. R., and J. A. Harrison. 2019. Summer redox
dynamics in a eutrophic reservoir and sensitivity to a Sum-
mer’s end drawdown event. Ecosystems 22: 1618–1632.
doi:10.1007/s10021-019-00362-0

Downing, A., P. D. Thorne, and C. E. Vincent. 1995. Backscat-
tering from a suspension in the near field of a piston trans-
ducer. J. Acoust. Soc. Am. 97: 1614–1620. doi:10.1121/1.
412100

Garrett, C. 1990. The role of secondary circulation in bound-
ary mixing. J. Geophys. Res.: Oceans 95: 3181–3188. doi:
10.1029/jc095ic03p03181

Gloor, M., A. Wuest, and D. M. Imboden. 2000. Dynamics of
mixed bottom boundary layers and its implications for
diapycnal transport in a stratified, natural water basin.
J. Geophys. Res.: Oceans 105: 8629–8646. doi:10.1029/
1999jc900303

Goudsmit, G. H., F. Peeters, M. Gloor, and A. Wuest. 1997.
Boundary versus internal diapycnal mixing in stratified nat-
ural waters. J. Geophys. Res.: Oceans 102: 27903–27914.
doi:10.1029/97JC01861

Hay, A. E. 1983. On the remote acoustic detection of
suspended sediment at long wavelengths. J. Geophys. Res.:
Oceans 88: 7525–7542. doi:10.1029/JC088iC12p07525

Henderson, S. M. 2016a. Turbulent production in an internal
wave bottom boundary layer maintained by a vertically
propagating seiche. J. Geophys. Res.: Oceans 121: 2481–
2498. doi:10.1002/2015JC011071

Henderson, S. M. 2016b. Upslope internal-wave stokes drift,
and compensating downslope Eulerian mean currents,
observed above a lakebed. J. Phys. Oceanogr. 46: 1947–
1961. doi:10.1175/JPO-D-15-0114.1

Henderson, S. M., and B. R. Deemer. 2012. Vertical propaga-
tion of lakewide internal waves. Geophys. Res. Lett. 39:
L06405. doi:10.1029/2011GL050534

Henderson, S. M., J. Arnold, H. T. Özkan-Haller, and S. A.
Solovitz. 2017. Depth dependence of nearshore currents
and eddies. J. Geophys. Res.: Oceans 122: 9004–9031. doi:
10.1002/2016JC012349

Henderson, S. M., and J. Nielson. 2022. Bottom boundary
layers, p. 562–573. In T. Mehner and K. Tockner [eds.],
Encyclopedia of inland waters, 2nd ed. Elsevier. doi:10.
1016/B978-0-12-819166-8.00063-3

Inall, M. E. 2009. Internal wave induced dispersion and
mixing on a sloping boundary. Geophys. Res. Lett. 36:
L05604. doi:10.1029/2008GL036849

Killworth, P. D., and E. C. Carmack. 1979. A filling-box model
of river-dominated lakes. Limnol. Oceanogr. 24: 201–217.
doi:10.4319/lo.1979.24.2.0201

Lamb, K. G. 2014. Internal wave breaking and dissipation
mechanisms on the continental slope/shelf. Annu. Rev.
Fluid Mech. 46: 231–254. doi:10.1146/annurev-fluid-
011212-140701

Lavery, C., C. Dezhang, and J. Moum. 2010. Measurements of
acoustic scattering from zooplankton and oceanic micro-
structure using a broadband echosounder. J. Mar. Sci. 67:
379–394. doi:10.1093/icesjms/fsp242

Lavery, A. C., W. R. Geyer, and M. E. Scully. 2013. Broadband
acoustic quantification of stratified turbulence. J. Acoust.
Soc. Am. 134: 40–54. doi:10.1121/1.4807780

LaZerte, B. D. 1980. The dominating higher order verti-
cal modes of the internal seiche in a small lake.
Limnol. Oceanogr. 25: 846–854. doi:10.4319/lo.1980.
25.5.0846

Ledwell, J. R., E. T. Montgomery, K. L. Polzin, L. C. St Laurent,
R. W. Schmitt, and J. M. Toole. 2000. Evidence for
enhanced mixing over rough topography in the abyssal
ocean. Nature 403: 179–182. doi:10.1038/35003164

Lohrmann, A. 2001. Monitoring sediment concentration with
acoustic backscattering instruments. Nortek Technical
Note.

Nielson and Henderson Bottom boundary layer separation

37

 19395590, 2023, 1, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12246 by W

ashington State U
niversity, W

iley O
nline L

ibrary on [11/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/B978-012370626-3.00081-8
https://doi.org/10.4319/lo.2003.48.2.0895
https://doi.org/10.4319/lo.2003.48.2.0895
https://doi.org/10.4319/lo.2005.50.5.1620
https://doi.org/10.4319/lo.2005.50.5.1620
https://doi.org/10.1029/2007JC004411
https://doi.org/10.1029/2007JC004411
https://doi.org/10.1175/1520-0485(1978)008%3C0919:OTEOBF%3E2.0.CO;2
https://doi.org/10.1175/1520-0485(1978)008%3C0919:OTEOBF%3E2.0.CO;2
https://doi.org/10.1002/2013JC009360
https://doi.org/10.1002/2013JC009360
https://doi.org/10.1371/journal.pone.0057444
https://doi.org/10.1371/journal.pone.0057444
https://doi.org/10.1007/s10021-019-00362-0
https://doi.org/10.1121/1.412100
https://doi.org/10.1121/1.412100
https://doi.org/10.1029/jc095ic03p03181
https://doi.org/10.1029/1999jc900303
https://doi.org/10.1029/1999jc900303
https://doi.org/10.1029/97JC01861
https://doi.org/10.1029/JC088iC12p07525
https://doi.org/10.1002/2015JC011071
https://doi.org/10.1175/JPO-D-15-0114.1
https://doi.org/10.1029/2011GL050534
https://doi.org/10.1002/2016JC012349
https://doi.org/10.1016/B978-0-12-819166-8.00063-3
https://doi.org/10.1016/B978-0-12-819166-8.00063-3
https://doi.org/10.1029/2008GL036849
https://doi.org/10.4319/lo.1979.24.2.0201
https://doi.org/10.1146/annurev-fluid-011212-140701
https://doi.org/10.1146/annurev-fluid-011212-140701
https://doi.org/10.1093/icesjms/fsp242
https://doi.org/10.1121/1.4807780
https://doi.org/10.4319/lo.1980.25.5.0846
https://doi.org/10.4319/lo.1980.25.5.0846
https://doi.org/10.1038/35003164


Marti, C., and J. Imberger. 2008. Exchange between littoral
and pelagic waters in a stratified Lake due to wind-induced
motions: Lake Kinneret. Israel. Hydrobiologia. 603: 25–51.
doi:10.1007/s10750-007-9243-6

Masunaga, E., R. S. Arthur, O. B. Fringer, and H. Yamazaki.
2017. Sediment resuspension and the generation of inter-
mediate nepheloid layers by shoaling internal bores. J. Mar.
Sys. 170: 31–41. doi:10.1016/j.jmarsys.2017.01.017

McDougall, T. J., and P. C. McIntosh. 2001. The temporal-
residual-mean velocity. Part II: Isopycnal interpretation and
the tracer and momentum equations. J. Phys. Oceanogr.
31: 1222–1246. doi:10.1175/1520-0485(2001)031<1222:
TTRMVP>2.0.CO;2

McDougall, T. J., and R. Ferrari. 2017. Abyssal upwelling and
downwelling driven by near-boundary mixing. J. Phys.
Oceanogr. 47: 261–283. doi:10.1175/JPO-D-16-0082.1

McPhee-Shaw, E. 2006. Boundary-interior exchange: Review-
ing the idea that internal-wave mixing enhances lateral
dispersal near continental margins. Deep-Res. Part II Top.
Stud. Oceanogr. 53: 42–59. doi:10.1016/j.dsr2.2005.
10.018

McPhee-Shaw, E., and E. Kunze. 2002. Boundary layer intru-
sions from a sloping bottom: A mechanism for generating
intermediate nepheloid layers. J. Geophys. Res.: Oceans
107: 3-1–3-16. doi:10.1029/2001JC000801

Nielson, J., and S. M. Henderson. 2022. Bottom boundary
layer mixing processes across internal seiche cycles: Domi-
nance of downslope flows. Limnol. Oceanogr. 67: 1111–
1125. doi:10.1002/lno.12060

Ostrovsky, I., Y. Yacobi, P. Walline, and I. Kalikhman. 1996.
Seiche-induced mixing: Its impact on lake productivity.
Limnol. Oceanogr. 41: 323–332. doi:10.4319/lo.1996.41.2.
0323

Ostrovsky, I., and Y. Yacobi. 1999. Organic matter and pig-
ments in surface sediments: Possible mechanisms of their
horizontal distributions in a stratified lake. Can. J. Fish.
Aquat. Sci. 56: 1001–1010. doi:10.1139/f99-032

Peeters, F., and R. Kipfer. 2009. Currents in stratified water
bodies 1: Density-driven flows, p. 530–538. In G. Likens
[ed.], Encyclopedia of inland waters, v. 1. Academic Press.
doi:10.1016/B978-012370626-3.00080-6

Phillips, O. M., J. H. Shyu, and H. Salmun. 1986. An experi-
ment on boundary mixing: Mean circulation and transport
rates. J. Fluid Mech. 173: 473–499. doi:10.1017/
S0022112086001234

Samolyubov, B. I., and I. N. Ivanova. 2015. Effect of internal
waves on intrusions in a thermocline and on upwelling.
Phys. Wave Phen. 23: 76–80. doi:10.3103/
S1541308X15010124

Serra, T., J. Vidal, X. Casamitjana, M. Soler, and J. Colomer.
2007. The role of surface vertical mixing in phytoplankton
distribution in a stratified reservoir. Limnol. Oceanogr. 52:
620–634. doi:10.4319/lo.2007.52.2.0620

Shimizu, K., and J. Imberger. 2009. Dampingmechanisms of inter-
nal waves in continuously stratified rotating basins. J. Fluid
Mech. 637: 137–172. doi:10.1017/S0022112009008039

Thorpe, S. A. 1992. Thermal fronts caused by internal gravity
waves reflecting from a slope. J. Phys. Oceanogr. 22: 105–108.
doi:10.1175/1520-0485(1992)022<0105:TFCBIG>2.0.CO;2

Thorpe, S. A. 1998. Some dynamical effects of internal waves
and the sloping sides of lakes, p. 441–460. In J. Imberger
[ed.], Physical processes in lakes and oceans, v. 54. Ameri-
can Geophysical Union. doi:10.1029/CE054p0441

Thorpe, S. A., and U. Lemmin. 1999. Internal waves and tem-
perature fronts on slopes. Ann. Geophys. 17: 1227. doi:10.
1007/s005850050847

Tian, Z., Y. Jia, S. Zhang, X. Zhang, Y. Li, and X. Guo. 2019.
Bottom and intermediate nepheloid layer induced by
shoaling internal solitary waves: Impacts of the angle of
the wave group velocity vector and slope gradients.
J. Geophys. Res.: Oceans 124: 5686–5699. doi:10.1029/
2018JC014721

Trowbridge, J. H., and S. J. Lentz. 2018. The bottom boundary
layer. Ann. Rev. Mar. Sci. 10: 397–420. doi:10.1146/
annurev-marine-121916-063351

Ulloa, H. N., G. Constantinescu, K. Chang, D. Horna-Munoz,
O. S. Steiner, D. Bouffard, and A. Wüest. 2019. Hydrody-
namics of a periodically wind-forced small and narrow strat-
ified basin: A large-eddy simulation experiment. Environ.
Fluid Mech. 19: 667–698. doi:10.1007/s10652-018-9645-1

Vidal, J., and X. Casamitjana. 2008. Forced resonant oscilla-
tions as a response to periodic winds in a stratified reser-
voir. J. Hydraul. Eng. 134: 416–425. doi:10.1061/(ASCE)
0733-9429(2008)134:4(416)

Wain, D. J., and C. R. Rehmann. 2010. Transport by an intru-
sion generated by boundary mixing in a lake. Water Resour.
Res. 46: 1–11. doi:10.1029/2009WR008391

Wain, D. J., M. Kohn, J. Scanlon, and C. Rehmann. 2013.
Internal wave-driven transport of fluid away from the
boundary of a lake. Limnol. Oceanogr. 58: 429–442. doi:
10.4319/lo.2013.58.2.0429

Wuest, A., G. Piepke, and D. C. Van Senden. 2000. Turbulent
kinetic energy balance as a tool for estimating vertical diffu-
sivity in wind-forced stratified waters. Limnol. Oceanogr.
45: 1388–1400. doi:10.4319/lo.2000.45.6.1388

Wuest, A., and A. Lorke. 2003. Small-scale hydrodynamics in
lakes. Annu. Rev. Fluid Mech. 35: 373–412. doi:10.1146/
annurev.fluid.35.101101.161220

Acknowledgments
This material is based upon work supported by the National Science

Foundation under Grant No. 1355211, and the Royal Society Interna-
tional Exchanges Scheme. The ASLO Limnology and Oceanography
Research Exchange (LOREX) program funded J. Nielson summer research
at Dalhousie University (NSF-IRES Grant No. 1831075 to ASLO). We thank
Daniel Kelley and Clark Richards for collaborating through LOREX and Lee

Nielson and Henderson Bottom boundary layer separation

38

 19395590, 2023, 1, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12246 by W

ashington State U
niversity, W

iley O
nline L

ibrary on [11/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s10750-007-9243-6
https://doi.org/10.1016/j.jmarsys.2017.01.017
https://doi.org/10.1175/1520-0485(2001)031%3C1222:TTRMVP%3E2.0.CO;2
https://doi.org/10.1175/1520-0485(2001)031%3C1222:TTRMVP%3E2.0.CO;2
https://doi.org/10.1175/JPO-D-16-0082.1
https://doi.org/10.1016/j.dsr2.2005.10.018
https://doi.org/10.1016/j.dsr2.2005.10.018
https://doi.org/10.1029/2001JC000801
https://doi.org/10.1002/lno.12060
https://doi.org/10.4319/lo.1996.41.2.0323
https://doi.org/10.4319/lo.1996.41.2.0323
https://doi.org/10.1139/f99-032
https://doi.org/10.1016/B978-012370626-3.00080-6
https://doi.org/10.1017/S0022112086001234
https://doi.org/10.1017/S0022112086001234
https://doi.org/10.3103/S1541308X15010124
https://doi.org/10.3103/S1541308X15010124
https://doi.org/10.4319/lo.2007.52.2.0620
https://doi.org/10.1017/S0022112009008039
https://doi.org/10.1175/1520-0485(1992)022%3C0105:TFCBIG%3E2.0.CO;2
https://doi.org/10.1029/CE054p0441
https://doi.org/10.1007/s005850050847
https://doi.org/10.1007/s005850050847
https://doi.org/10.1029/2018JC014721
https://doi.org/10.1029/2018JC014721
https://doi.org/10.1146/annurev-marine-121916-063351
https://doi.org/10.1146/annurev-marine-121916-063351
https://doi.org/10.1007/s10652-018-9645-1
https://doi.org/10.1061/(ASCE)0733-9429(2008)134:4(416)
https://doi.org/10.1061/(ASCE)0733-9429(2008)134:4(416)
https://doi.org/10.1029/2009WR008391
https://doi.org/10.4319/lo.2013.58.2.0429
https://doi.org/10.4319/lo.2000.45.6.1388
https://doi.org/10.1146/annurev.fluid.35.101101.161220
https://doi.org/10.1146/annurev.fluid.35.101101.161220


Bryant and Danielle Wain for collaborating through Royal Society e-GAP.
We also thank the anonymous reviewers for suggestions that improved
this paper.

Conflict of Interest
None declared.

Submitted 29 October 2021

Revised 23 August 2022

Accepted 17 September 2022

Associate editor: Josef D. Ackerman

Nielson and Henderson Bottom boundary layer separation

39

 19395590, 2023, 1, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12246 by W

ashington State U
niversity, W

iley O
nline L

ibrary on [11/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	 Periodic boundary layer separation and lateral intrusions observed above a sloping lakebed
	Methods
	Field site
	Instrumentation
	Data analysis

	Results
	Temperature oscillations and internal seiching
	Detailed observations of boundary layer separation
	Timing of BBL separation
	Vertical extent of BBL separation
	Lateral extent of BBL separation
	Mean transport

	Discussion
	Observed spatial and temporal structure of intrusion events
	Potential formation of intermediate nepheloid layers
	Comparison with other intrusion mechanisms
	Mean transport from boundaries

	Conclusions
	Data availability statement

	References
	Acknowledgments
	Conflict of Interest



