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Kelp forests affect coastal circulation but their influence on upwelling around headlands is poorly understood. Tidal-
cycle surveys off two headlands with contrasting kelp coverage illustrated the influence of kelp forests on headland up-
welling. Underway acoustic Doppler current and backscatter profiles were collected simultaneously to surface water
temperature. Surveys occurred along three off-headland transects in July 25–29, 2018, off Isla Natividad, locatedmid-
way on the western coast of the Baja California peninsula. Flows and water temperature distributions off the headland
with no kelp coverage were consistent with headland upwelling. In contrast, the kelp around the headland with dense
coverage: 1) attenuated the ambientflow; 2) favored an increase in effective radius offlow curvature; 3) promoted flow
ducting, which consists of enhancing flow through channels unobstructed by kelp; and 4) suppressed headland upwell-
ing. Kelp suppressed upwelling by channeling the flow away from the headland, keeping nearshore waters warmer
than offshore.
Plain language abstract: This study documents a way inwhich biology can affect physics in coastal ocean environments.
In particular, the study describes how a kelp forest suppresses the upward pumping of cool subsurface waters that is
typically found around headlands. Such suppression of subsurface waters injection occurs via a process that we refer
to as ‘flow ducting.’ In flow ducting, coastal flows are channelized through kelp gaps, concentrated in bands <30 m
wide, and kept away from the morphological influences of a headland. This ducting is analogous to the tortuous
flow through porous media.
Keywords:
Headland upwelling
Flow ducting by kelp
Flow attenuation by kelp
Upwelling suppression by kelp
1. Introduction

Flow around headlands or points can produce localized upwelling
(e.g., Figueroa and Moffat, 2000; Aiken et al., 2008), hereafter referred to
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as ‘headland upwelling.’ Some of the consequences of headland upwelling
are localized cooler surface waters and enhanced primary productivity
around the headland. Headland upwelling is linked to secondary or trans-
verse flows (e.g., Geyer, 1993; Pattiaratchi et al., 1987), which can be ex-
plained with cross-stream dynamics. In turn, cross-stream dynamics are
related to streamwise flows through centrifugal accelerations, as these are
proportional to the square of streamwise flows (e.g., Hench et al., 2002;
Hench and Luettich, 2003; McCabe et al., 2009).

Streamwise flows moving around a headland or coastline point, result
in a) streamwise flow acceleration, and b) an increase in centrifugal accel-
eration as flows separate from the headland (e.g., McCabe and MacCready,
2006; Stansby et al., 2016). Streamwiseflow acceleration occurs within the
radius of curvature of the headland and causes a drop in surface elevation.
This drop in elevation represents an offshore pressure gradient, and is anal-
ogous to Bernoulli's principle of rapid flow causing low pressure. Dynami-
cally, and in the cross-stream direction, the increase in centrifugal
acceleration is balanced at the surface by the elevation slope (pressure gra-
dient). However, this dynamic balance at the surface changes with depth as
the streamwise flow decreases, because of bottom friction, together with
the centrifugal acceleration. The cross-stream pressure gradient is depth-
independent in such a way that there is a near-bottom imbalance in favor
of the pressure gradient. This imbalance supports a sub-surfaceflow toward
the headland, eventually upwellingwhen impinging on the coast. Headland
upwelling is localized, concentrated within the radius of coastline or flow
curvature, and expected along coastlines with enough bend to cause
streamwise flow accelerations. Headland upwelling is similar to flows
around meandering channels, where the secondary circulation drives up-
welling off the inner bend of the meander (e.g., Hey and Thorne, 1974).

Along coastal temperate regions, and particularly off Eastern Boundary
Currents (e.g., Benguela, Humboldt, Azores and California currents), kelp
forests are common. These forests are known to attenuate waves and in-
crease form drag on flow (Gaylord et al., 2007; Rosman et al., 2013). Over-
all, wind-waves and currents are expected to weaken over areas covered by
kelp forests. These effects on hydrodynamics in turn influence ecosystem
functions including larval dispersal, dissolved oxygen concentrations, pH
values, and nutrient uptake (Jackson, 1977; Jackson and Winant, 1983;
Fram et al., 2008; Gaylord et al., 2007). Flow attenuation by kelp forests
in the vicinity of headlands should hypothetically suppress headland
upwelling.

The objective of this study is to test this hypothesis by determining
whether kelp forests that appear off a headland indeed hinder headland up-
welling. To do so, underway current velocity profiles and surface water
temperature were collected off two headlands, one with dispersed kelp cov-
erage, and one with dense kelp coverage. The study was performed on Isla
Natividad, found off Punta Eugenia, themost prominent point in themiddle
of the western coast of the Baja California peninsula (Fig. 1a), near the
southernmost limit of the California Current.

2. Methods

To test the hypothesis that kelp forests suppress headland upwelling,
data were collected over two headlands at either side of Isla Natividad
(Fig. 1b). The sampling strategy consisted of three offshore transects around
headlands on the eastern (1E, 2E, 3E) and western (1W, 2W, 3W) coast of
the island. Both headlands were located over the southern half of the island
(Fig. 1b) but only the western headland had dense kelp (Macrocyctis
pyrifera) forests around it. The objective of the sampling strategy was to
capture variations of the flow around the headland throughout full tidal cy-
cles. Because the study area is dominated by mixed tides with semidiurnal
dominance, sampling was designed to cover at least one 25-hr cycle.
This strategy also allowed separation of tidal and residual or subtidal sig-
nals (e.g., Valle-Levinson and Atkinson, 1999) to identify flow fields typical
of headland upwelling. Wind conditions should be sufficiently weak
(<7–8 m/s) to allow towed-ADCP data collection.

Each transect was covered by Acoustic Doppler Current (ADCP) profiles
of water velocity, acoustic backscatter, and values of surface water
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temperature. Raw data were recorded at 2 Hz while the ADCP was towed
on a catamaran on the side of a boat from the local fisher cooperative. Ac-
ceptable data were trimmed to allow 3-beam solution values with >70%
good and <100 m2/s transport. On the east side of the island, transects
were traversed at ~2 m/s over waters with minimal kelp presence. East-
side transects were covered on July 25th, 2018, for 12 h, because of an
emergency for the fishing cooperative, and then re-occupied from July 26
to July 27, 2018. Transects on the west side were sampled over dense
kelp forests (see photo on Fig. 1b). Sampling was executed interruptedly,
again because of cooperative emergencies, from July 28th to July 29th,
2018. Wind conditions during ADCP sampling averaged<3 m/s, according
to data from a station 20 km away, at Cedros Island.

The survey on the east side of the island extended mainly over three
transects around a headland. Transect 1E was a few tens of meters to the
west of the headland, while 2E and 3E were to the east. Sampling covered
one full diurnal tidal cycle with ensembles of 25 velocity profiles and tem-
perature values. Boat and ADCP speeds of 2 m/s on the east side repre-
sented ensembles of ~12.5 s (i.e., 25 profiles) with a spatial resolution of
25 m. Surface water temperature and velocities were used to construct
Hovmöller or phase diagrams (along-transect distance vs time) that pro-
vided information on the offshore temperature structure and its variation
with time at each of the three transects. These diagrams provided the first
diagnosis for headland upwelling. Typical data processing (e.g., Valle-
Levinson and Atkinson, 1999) was followed to obtain the vertical structure
of tidal residual currents along each of the three transects. Residual flow
contours provided a second diagnostic for headland upwelling.

On the west side of the island, in contrast, transects were mostly sam-
pled over kelp forests and had a similar spatial extent as on the east side.
Data were collected while towing at mean speeds of ~1 m/s, slower than
on the east side because of the kelp density. Transducer pairs in the ADCP
were nearly perpendicular and parallel to flow direction, allowing resolu-
tion of gaps in kelp. Water velocity and backscatter profiles were used to
identify the predominant direction and vertical structure of overall currents
in the region sampled. This was done with 80-profile ensembles for a hori-
zontal resolution of ~40 m. Data coverage of <12 continuous hours
precluded separation of tidal residual currents from tidal currents. Further-
more, all data were processed to achieve a spatial resolution of 4 m by av-
eraging 8 profiles. Surface temperature values and ~40-m resolution
surface velocities were also arranged in Hovmöller diagrams to diagnose
headland upwelling. Surface velocity data with 4-m resolution resulted in
noisy phase diagrams because of flow ducting through kelp, as explained
in Results and Discussion.

On the west side, backscatter profiles with 4-m horizontal resolution were
also used as proxy for kelp presence. Backscatter signals helped detect kelp
grouping and their effect on flows. Backscatter profiles B(z, t) were collapsed
into absolute values of depth-averaged anomalies |I|. |I| was calculated by ver-
tically averaging B(z, t) to obtain Ba (t). Ba was transformed, following
Pleuddemann and Pinkel (1989), and Rippeth and Simpson (1998), to
Bt (t) = 10 log(Ba). Finally, |I| was calculated at each time from the absolute
value of [Bt - < Bt >], where <Bt> is a horizontal low-pass filtered version of
Bt centered, arbitrarily, at 40 m. This horizontal filtering eliminated the
trend in backscatter observed from the beginning to the end of each transect
repetition. Gaps in |I| at the surface remained practically depth-independent,
suggesting a reliable representation of kelp fronds.

3. Results

3.1. East-side headland (scarce kelp coverage)

Phase diagrams of surfaceflow and temperature (Fig. 2a, b, c) and cross-
sections of residual flows (Fig. 3a, b, c) show evidence of headland upwell-
ing. Surface temperature increased offshore at the three transects during
the times when the streamwise flows were strongest, i.e., most markedly
around July 26.8. These features were more evident over transects 2E
and 3E than on 1E as they were around and downstream of the headland,
whereas 1E was just upstream of the headland. In transect 1E, streamwise



Fig. 1. Study site over the east and west side of Natividad Island, which is placed in a regional context as the yellow star on a). Sampling transects appear on b) with
corresponding kelp coverage (color contours in relative units) and photographs of ADCP towing conditions, illustrating the kelp forest on the west side (1W, 2W, 3W).
Regional flow direction was southeastward during sampling. Black contours on b) delineate dense kelp forests in proximity of sampling. Kelp coverage data courtesy of
Tom Bell (UCSB).

A. Valle-Levinson et al. Science of the Total Environment 825 (2022) 153952

3



Fig. 2. Surface properties over thewest and east side of Natividad Island. Panels a), b) and c) (on the right) show phase diagrams of surface temperature (in color) and velocity
vectors on the east of the island. Vertical axes display day in July 2018. The gap between 25.8 and 26.5 indicates an interruption in the surveys. Panels with labels exhibit the
bathymetric profile of each transect. Panels d), e), f) (on the left) show phase diagrams of surface temperatures, velocity vectors and bathymetric profiles on the west side of
the island. Visible, tightly spaced, dots on these panels represent time and position of measurements.
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flows were weaker than at the other two and were deflected offshore in the
proximity of the headland (Fig. 2a–c). The relatively lower temperature and
the modified flow fields developed as the flow was moving around the
headland, indicative of headland upwelling manifestations near the air-
water interface.

Cross-sections of the mean flow off the east-side headland further sug-
gested localized headland upwelling. The streamwise flow component
(colored contours in Fig. 3a, b, c) was dominated by southeastward flow
in Transects 2E and 3E that weakened at the surface in Transect 1E as the
mean flow sorted its way around the headland, and even reversed direction
in the lower layer. In the stream-normal component (arrows in Fig. 3a, b, c),
the three transects described typical secondary circulation conditions. Off-
shore residual flow appeared consistently near the surface out to ~600 m
from the transect origin. Onshore flow centered at a depth of ~10 m
(Fig. 3a, c), and developed most robustly between 200 and 600 m from
the transects' origin.
4

3.2. West-side headland (dense kelp coverage)

Off the west-side headland, surface water temperature consistently de-
creased offshore over the three transects (Fig. 2d, e, f). This onshore in-
crease in surface water temperature was contrary to expectations from
headland upwelling despite the headland being more prominent than the
one on the east side. Surface water temperature distributions in space and
time suggested that some mechanism was suppressing headland upwelling
on this side of the island. Surface flow fields were much more incoherent
from transect to transect on the west side than on the east side of the island.
This heterogeneity was likely because of kelp influence on the flow.

Effects of kelp coverage on flow fields over the west side were only sug-
gestive with smoothed fields, i.e., 80-profile ensembles with ~40 m resolu-
tion. These fields (Fig. 3d through h) displayed bands of enhanced flow
magnitude that were 100–200 mwide. Banding was attributed to blockage
or attenuation by apparent obstacles, likely kelp forests. However, there



Fig. 3. Cross-sections (distance from shore vs depth) of residual flows on the east side of the island and tidally evolving flows on the west side. Residual flows [a), b) and c)]
display along-shelf flow (in color) and cross-shelf flow (as vectors). Transects 1E, 2E and 3E refer to those labeled on Fig. 1b. Shore is on the left. Positive along-shelf flow is
away from the viewer and vectors toward the right represent offshore flows. Continuous thick lines indicate bottom profiles with corresponding masking of side-lobe effects
on velocity fields. Panels d) through h) indicate 80-profile ensembles of the along-shelf flow on the west side of the island, only for Transect 1W (as labeled on Fig. 1b), and at
different tidal phases (as shown in the insert of d). The coast on these panels is on the right. As in panels a), b) and c), blue contours indicate flows toward the viewer.
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was no clear correspondence between smooth flow and |I|, an indicator of
kelp presence (Fig. 3d through h). In addition to these bands of enhanced
flow, the fields over transect 1W illustrated tidal variations and vertically
sheared structures in the streamwise flow. The vertically sheared structure
was inhomogeneous along the transect, likely from spatially varying drag
on the flow. Moreover, these smoothed fields provided a larger scale con-
text to the fine scale (~4 m) flow fields that explain the hindrance of head-
land upwelling off the west-side headland.

Effects of kelp coverage on flows were most evident with the high hor-
izontal resolution (~4 m) data (Fig. 4). Velocity fields seem to have been
ducted between kelp plants as indicated by dark-blue vertical banding in
the along-shelf flow (Fig. 4). This banding showed spatial scales between
10 and 30 m. Moreover, flows off the west kelp-covered headland were
overall weaker (max of 0.3 m/s) than off the east uncovered headland
(over 0.5 m/s). Peaks in |I|, representing most kelp coverage, were associ-
ated with narrow bands (between 20 and 30 m wide) of hampered flows,
or flow ducting between kelp. Ducting on transect 1W (Fig. 4) was only ev-
ident when the surface flow was southward (negative or blue contours in
Fig. 3). Transect 1Wwas near the northern edge of the kelp forest sampled,
so when the surface flowwas northward (bottom two panels on Fig. 4), the
flow at transect 1W was already ducted by upstream kelp coverage (to the
south) of the transect. Because of this flow ducting at different portions of
the kelp forest, the ambient streamwise flow was isolated from morpho-
logic influences from the coastline thus hindering headland upwelling
(Figs. 2, 3, 4).

4. Discussion

Observations near a headland on the east side of Isla Natividad provided
evidence for headland upwelling in both, instantaneous surface properties
and in cross-sections ofmeanflows (Figs. 2 and 3). This headland upwelling
has been shown to be linked to flow separation at horizontal scales of the
headland scale, usually defined by its radius of curvature,R. Thus, headland
upwelling strength would be linked to centrifugal acceleration, Us

2/R,
which is connected to the streamwise flowUs. Although the west-side head-
land has smaller radius of curvatureR than the east-side headland, the local
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or effective radius of curvature becomes larger due to kelp presence and
flow ducting. In addition, kelp coverage attenuates ambientflowsUs that fur-
ther reduces centrifugal accelerations.

Kelp coverage off a headland has four immediate effects on headland-
related flows: attenuation of ambient flows; increase of effective radius of
curvature; stimulation of flow ducting; and suppression of headland up-
welling. Because of flow ducting through a complex network of kelp plants,
it is hypothesized that flows should be channelized through tortuous, duct-
like paths within a kelp forest. Conceptually similar to preferential flow in
porous media (Simunek et al., 2003), flow ducting in kelp forests results
in highly irregular flow patterns. Most kelp forest hydrodynamic experi-
ments use bottommounted ADCP's which are placed in open patches inside
kelp forests to avoid interference by individual kelp plants (Gaylord et al.,
2007; Rosman et al., 2013). Therefore, the flows thus observed could be
biased as higher than average by nature of the experimental design. Obser-
vational biases should be considered when modeling coastal flows and
larval, nutrient, or pollutant dispersal in kelp forests. While flows entering
kelp forests are attenuated and could cause reduced dispersion of dissolved
and suspended material, flow ducting should actually increase dispersion
(Nepf, 2012). Flow ducting should also provide localized sites of fertiliza-
tion and nursey grounds (safe spaces) for various species.

In other coastlines with prominent headlands, it is possible that the
wind stress varies around headlands (Winant et al., 1988; Winant and
Dorman, 1997). A wind stress increase on one side of the headland may
favor upwelling processes. In the particular case of Isla Natividad, the spa-
tial scales of the island and of the headlands seem to be too small to produce
spatial variability in thewind stress (Winant et al., 1988). Furthermore, the-
oretical results with spatially constant wind stress may produce upwelling
around headlands (Winant, 2006). The observations off Isla Natividad,
strongly suggest that the upwelling is hampered by kelp forests.

5. Conclusion

Observations around headlands with contrasting kelp coverage illus-
trated the influence of living organisms on coastal hydrodynamics. Obser-
vations indicated flow attenuation within a kelp forest and demonstrated



Fig. 4. Same cross-sections as in Fig. 3d through h, i.e., Transect 1W, but for data with 4-m resolution and with the proxy for kelp distribution |I|. Dots on each panel indicate
position of data thatmet the trimming criteria described inMethods. Panels a) and b) illustrate surfaceflowgoing toward the viewer at the higher-low tide of the cycle. Panels
d) and e) display opposite conditions at the lower-high tide of the cycle, with surfaceflowmoving away from the viewer. Flow ducting is best documented in panels a) and b) as
the transect is on the upstream side of the kelp forest, relative to the overall flow. Panels d) and e) display the same transect but on the downstream end, relative to the overall
flow, of the kelp forest.
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flow ducting through kelp forests. Flow ducting consists of mini-channels,
~10 to 30 m wide, of relatively enhanced flow through kelp forests.
Additionally, flow ducting increases the effective radius of curvature
around a headland and prevents headland upwelling. Flow ducting may
enhance the creation of safe spaces, having wide-reaching ecological
implications.
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