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[1] Shelf seas are an important global carbon sink. In the
seasonal thermocline, the subsurface chlorophyll maximum
(SCM) supports almost half of summer shelf production.
Using observations from the seasonally stratified Celtic Sea
(June 2010), we identify wind-driven inertial oscillations as
a mechanism for supplying the SCM with the nitrate needed
for phytoplankton growth and carbon fixation. Analysis of
wind, currents, and turbulent dissipation indicates that
inertial oscillations are triggered by a change in the wind
velocity. High magnitude, short-lived dissipation spikes
occur when the shear and wind vectors align, increasing the
daily nitrate flux to the SCM by a factor of at least 17.
However, it is likely that the sampling resolution of
turbulent dissipation does not always capture the
maximum wind-driven peak in mixing. We estimate that
wind-driven inertial oscillations supply the SCM with ~33%
to 71% of the nitrate required for new production in shelf
seas during summer. Citation: Williams, C., J. Sharples,
C. Mahaffey, and T. Rippeth (2013), Wind-driven nutrient pulses to
the subsurface chlorophyll maximum in seasonally stratified shelf seas,
Geophys. Res. Lett., 40, 5467–5472, doi:10.1002/2013GL058171.

1. Introduction

[2] Shelf seas are regions of high biological activity, dis-
proportionately contributing 15–30% of the global oceanic
primary production [Wollast, 1998] while occupying only
8% of the global ocean surface area. Temperate shelf seas
have been implicated as substantial sinks for atmospheric
carbon dioxide (CO2) at the sea surface [Thomas et al.,
2004; Borges et al., 2005; Jahnke, 2010]. The carbon seques-
tration capability of European shelf seas has been particularly
well documented [Frankignoulle and Borges, 2001; Borges
et al., 2006]. In these shelf seas annual primary production
is partitioned approximately equally between the relatively
short duration spring bloom and weaker but more sustained
growth in the subsurface chlorophyll maximum (SCM)
within the base of the seasonal thermocline through the sum-
mer [Hickman et al., 2012], with a deficit in sea surface pCO2

correlated to the chlorophyll concentration in the SCM
[Kitidis et al., 2012]. The diapycnal nutrient flux from the
bottom mixed layer (BML) to the SCM sets a limit on sum-
mer new production [e.g., Sharples et al., 2001].

Observations of vertical nitrate fluxes in shelf seas have
demonstrated typical background rates of 1–2mmolm�2 d�1

[e.g., Sharples et al., 2001; Williams et al., 2013], which can
be augmented significantly by topographically driven internal
waves [e.g., Sharples et al., 2007; Lucas et al., 2011; Tweddle
et al., 2013]. Shear and instabilities at the thermocline arising
from wind-driven inertial oscillations potentially provide
another mechanism for generating a vertical turbulent nitrate
flux [Rippeth, 2005; Rippeth et al., 2005]. These inertial
oscillations are generated by a sudden change in wind forcing
which causes the surface layer to oscillate horizontally over
the bottom mixed layer at the inertial frequency [e.g.,
Pollard, 1980; Itsweire and Hellend, 1989]. They have been
observed and extensively reviewed in the scientific literature
[e.g., van Haren et al., 1999; Knight et al., 2002] and identi-
fied as an important mechanism in the vertical advection of
nutrient-rich deep water in the coastal zone [Lucas et al.,
2013]. However, current shear and mixing generated by this
slab-like motion of the surface layer is thought to occur in
short-lived spikes, when the wind and shear vectors are
aligned [Burchard and Rippeth, 2009]. Here we present obser-
vations of vertical turbulent nitrate fluxes during contrasting
periods of calm weather and strong winds, thus demonstrating
the large impact that winds can have on daily rates of nitrate
supply to the SCM. We show that the increased nitrate flux
is dominated by a few very short bursts of turbulence.
Moreover, we use these observations to estimate the likely
contribution that episodic wind events could have on the pri-
mary production in a temperate shelf system.

2. Methods

[3] Measurements were collected from the RRS Discovery
(cruise D352) during neap tides at a station in the Celtic Sea
located on the NW European shelf at station IM1 (Figure 1;
49°25′N, 08°58′W). The sampling campaign, (decimal days
156 to 161 in 2010) consisted of measurements of vertical
profiles of turbulent kinetic energy dissipation, water and
wind velocity, inorganic nutrients, and chlorophyll a (here-
after chl a).

2.1. Water Column Structure, Chlorophyll a and
Inorganic Nutrients

[4] A rosette frame, supporting a Seabird 911 conductivity,
depth, temperature (CTD) instrument, a Chelsea Instruments
Aquatracka MkIII fluorometer and 10 L Niskin bottles, was
used to collect vertical profiles (e.g., Figure 1b) of salinity,
temperature, chl a fluorescence, and seawater samples.
Seawater samples were analyzed onboard the vessel for
inorganic nutrients and extracted chl a concentrations.
Inorganic nutrient concentrations were determined using a
Bran and Luebbe QuAAtro five-channel segmented flow
nutrient analyzer. Discrete measurements of chl a were
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determined by filtering 1L of seawater onto a Whatman glass
fiber filter (GF/F) and extracting with acetone. Fluorescence
was determined against chl a using a Turner TD-700 fluorom-
eter [Evans et al., 1987]. The extracted chl a concentrations
were used to calibrate the fluorescence sensor, with calibration
having a root mean square deviation of ±0.1mgm�3.

2.2. Turbulence and Vertical Structure of the
Water Column

[5] Vertical profiles of velocity microstructure, tempera-
ture and salinity were collected over two sampling cam-
paigns (days 156 to 158, and 160 to 161) using a Rockland
Oceanographic VMP500 Velocity Microstructure Profiler.
Profiles were taken continuously during each time series,
with each down-up profile taking approximately 10min.
Interruptions to the time series occurred due to either ship
repositioning or a conductivity-temperature-depth (CTD)
operation. The microstructure velocity shear measured from
the VMP500 was used to calculate the dissipation of turbu-
lent kinetic energy (TKE), ε, following Rippeth et al. [2003].

2.3. Meteorology and Tidal Currents

[6] Meteorological and current data were collected from a
mooring at the IM1 station. A surface toroid buoy was fitted
with an Airmar PB200 meteorological sensor package, and

recorded 10 min averages of wind speed and direction, which
were used to calculate the wind stress at the sea surface. An
upward-looking 150 kHz acoustic Doppler current profiler
(ADCP), attached to a frame on the seabed, measured
components of velocity through the water column at 2m
vertical resolution and averaged every 2min. The difference
in velocity of both components at each depth bin within the
thermocline was used to calculate the mean interfacial shear
squared term (S2 = (du/dz)2). This interfacial shear was
calculated using the vertical difference in the two horizontal
velocity components [e.g., Burchard and Rippeth, 2009].
The weather station on the surface buoy recorded 10 min
averages of wind speed and direction, which were used to
calculate the wind stress at the sea surface.

2.4. Flux Calculations

[7] Nitrate fluxes were calculated from TKE dissipation
and nitrate concentrations following Sharples et al. [2007],
with means and 95% confidence intervals estimated using a
Gaussian bootstrap resampling method [Efron and Gong,
1983]. If the rate of the turbulent nitrate supply into the
SCM is greater than the nitrate uptake rate by phytoplankton
in the SCM, nitrate from the BML may be mixed through the
thermocline and into the surface layer. Thus, estimating the
nitrate flux out of the upper thermocline and into the SML

Figure 1. (a) Sea surface chlorophyll composite from 10–16 June 2010 showing the Celtic Sea and sampling station IM1
(indicated by white cross; image courtesy of NEODAAS). (b) Typical profile of nitrate (dashed line with open circle),
chlorophyll a (green solid line), temperature (red dotted line), and salinity (blue dashed line) from CTD 007 (6 June 2010
at 02:31 h), showing that the position of the subsurface chlorophyll maximum corresponds to the base of the thermocline
and a sharp nitrate gradient.
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is also of interest, as it provides an indication of whether the
rate of nitrate assimilation by phytoplankton in the SCM ex-
ceeds the rate of nitrate transport from the BML via turbulent
mixing. In order to correctly identify the thermocline base

and top accurately, we calculated the fluxes across fixed
isopycnals rather than fixed depths. The base of the nitracline
was defined as the 1025.2 isopycnal (±0.05) kg m�3 and the
top of the nitracline as the 1025.45 (±0.05) kg m�3 (Figure 2,
top). The density-nitrate relationships at the top and base of
the nitracline were calculated within these isopycnal bands
(Figure 2, bottom) and were statistically robust (R2 = 0.68
and 0.83, respectively, p< 0.0001). The “background” ni-
trate flux was estimated from the second VMP sampling cam-
paign taken during low winds. The wind-driven nitrate flux is
described in the results and was estimated over the initial 50 h
VMP sampling period during enhanced winds.

3. Results and Discussion

3.1. Water Column Structure

[8] The thermocline was typically 30m thick in all pro-
files, and vertical salinity variations were small (<0.1
(PSS)) so that the density structure was driven primarily by
temperature variations (Figure 2, top). The isopycnals
encompassing the SCM covered a vertical range of up to
15m (Figure 2, middle). The thermocline consistently
coincided with the SCM peak, the position of which varied
vertically between depths of 35 to 50m. An SCM was
evident in all CTD casts before, during, and after the wind
mixing event. The concentration of the SCM peak varied
considerably throughout all CTD profiles (0.4 to 1.4mg
m�3), indicating either horizontal patches of chl a or the
turbulent erosion of phytoplankton from the SCM via vertical
mixing. Surface chl a concentrations were consistently below
0.05mgm�3, and nitrate concentrations were below the limit
of detection (0.1mmolm�3). The bottom mixed layer was
replete in inorganic nutrients; nitrate concentrations were
relatively stable at a concentration of 9.5 to 10mmolm�3

below the nitracline. The nitracline was observed to
correspond with the SCM peak (Figure 2).

3.2. Wind-Driven Mixing

[9] Wind data from the IM1 mooring indicated a pro-
nounced increase in wind stress from <0.05 Nm�2 (wind
velocity <5m s�1) on day 156 to 0.10 Nm�2 (wind velo-
city = 8m s�1) on day 157, with a wind stress peak excee-
ding 0.25 Nm�2 (wind velocity> 12m s�1) on day 158
(Figure 3a). Shear magnitude (s�2) at the base of the ther-
mocline appeared to oscillate between 6 × 10�4 s�2 and
<1 × 10�4 s�2 with a frequency of 12 to 15 h (Figure 3c).
Intermittent spikes of high dissipation within the thermocline
occurred during the initial VMP time series (days 156–158)
and ranged between 1×10�7 and 1×10�5m2 s�3 (Figure 3d);
these spikes have been annotated as J, K, L, and M on
Figure 3d. Dissipation within the thermocline was strongly in-
termittent, varying by more than two orders of magnitude
(Figure 3d). The largest observed mixing event during the first
VMP time series occurred on day 157.4 (event K), with a dissi-
pation rate of 6 ×10�5m2 s�3, more than two orders of magni-
tude larger than the other mixing events observed (J, L, andM).
Turbulent kinetic energy dissipation events corresponded with
periods of enhanced shear (Figure 3c and J, K, L, and M on
Figure 3d). Interestingly, we failed to sample turbulent kinetic
energy dissipation during the strongest shear event (just after
day 159.0). The largest mixing event observed (event K) could
be interpreted as anomalous; however, it appears consistent
with measurements immediately before and after it and is made

Figure 2. (top) Temperature (°C) versus density (kgm�3)
measured from the CTD profiles during the VMP sampling
campaign. (middle) Chlorophyll a (mgm�3) versus density
(kgm�3) measurements during the VMP sampling period.
(bottom) Nitrate (mmolm�3) concentration relative to
density values (kgm�3). The nitrate-density gradients at
the top and base of the thermocline were 19.74 and
40.32mmolm�4, respectively. The solid lines mark the
1027.2 (± 0.05) kg m�3 and 1027.45 (± 0.05) kg m�3

(marked by dotted lines isopycnals), which describe the
density band marking the top and base of the SCM where
fluxes were calculated over respectively.
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up of seven individual dissipation values within the isopycnal
band. Confidence in event K implies that large dissipation peaks
are extremely short-lived and difficult to resolve, even with the
continuously profiling VMP. It is therefore possible that we
may have underestimated the magnitude of spikes in dissipation
during event L and M. Following Burchard and Rippeth
[2009], analysis of the shear andwind vectors demonstrated that
the alignments of the wind direction and the shear directions
corresponded to spikes in diapycnal mixing across the thermo-
cline during three of the four mixing events within the first

VMP time series (K, L, and M). Furthermore, the shear vector
within the thermocline was seen to rotate in a clockwise direc-
tion at close to the inertial frequency following an increase in
the wind speed on day 157. Wind-driven inertial mixing events
are believed to be separated by the local inertial frequency if the
wind direction stays the same. Mixing events K and L, and L
andM (Figure 3d) were separated by a period of approximately
15 h corresponding to the local inertial frequency at this latitude
(15.7 h) while the wind direction was blowing toward the south.
There was a consistent lag in diapycnal mixing events, with
peak mixing occurring approximately 1.5 to 3 h after the initial
shear-wind alignment. This lag was due to maximum shear oc-
curring when the rate of shear growth switches from positive to
negative (i.e., =0), which occurs 90° after the wind vector and
shear vector alignment [Burchard and Rippeth, 2009]. Thus,
shear production will have occurred throughout the shear-wind
alignment, eventually resulting in shear instabilities and subse-
quent mixing following the alignment. A change in the wind
forcing at the beginning of the time series generated inertial os-
cillations in the surface layer, where the alignment of the wind
and shear vectors appeared to result in periods of enhanced
shear at the thermocline. Several dissipation events occurred
at the beginning of the time series (event J) coincidingwith a pe-
riod of high shear. Current data before event J was unavailable;
this enhanced shear and dissipation may have been the result of
a wind-shear vector alignment that occurred when no ADCP
measurements were available (pre-day 157).
[10] During the second VMP time series, no clear sepa-

rated spikes of dissipation from the background dissipation
were observed as the wind stress increased from calm to
0.08Nm�2 (Figure 3d). The dissipation of turbulent kinetic
energy remained between 1 × 10�9 and 1 × 10�8m2 s�3 for
the duration of the second VMP time series.
3.2.1. Nitrate Fluxes
[11] The daily background supply of nitrate to the base of

the thermocline was calculated during the second VMP time
series (day 160) as 1.3 (95% CI =1.0 to 1.6) mmol m�2 d�1,
which was consistent with the canonical nitrate flux estimates
of 1 to 2mmolm�2 d�1 for northwest European shelf seas
[Sharples et al., 2001, 2007; Rippeth et al., 2009].
Assuming the Redfield C:N ratio of 6.6 [Redfield, 1958], this
flux is capable of supporting 105mg C m�2 d�1 of new pro-
duction (Table 1). Estimates of euphotic zone depth inte-
grated total primary production from this period were
between 174 and 386mg C m�2 d�1 [Hickman et al.,
2012]. The background turbulent supply of nitrate was capa-
ble of supporting 27 to 60% of the total primary production
observed in the euphotic zone, implying that the remaining
production was regenerated. During enhanced winds, how-
ever, the nitrate flux into the base of the thermocline
increased almost 17-fold to 22 (2 to 81) mmol m�2 d�1.
This flux would be capable of supporting 1735 (166 to
6404) mg C m�2 d�1 of new production. The wind-driven

Figure 3. (a) Wind stress calculated from the 10min time-
averaged wind speed (m s�1) measured from the Airmar
PB200 weather station on the surface buoy at IM1. (b)
Direction (°) of the interfacial shear (10min smoothed) within
the thermocline (dots) and the wind vector (crosses). (c)
Instantaneous log10 dissipation of turbulent kinetic energy, ε,
within the thermocline (m2 s�3). All measurements were taken
at station IM1 in the Celtic Sea (49°25′N, 08°58′W) during
decimal days 156.8–160.8 (6–8 June) in 2010.

Table 1. Daily Wind-Driven and Background Nitrate Fluxesa

Flux Top of Thermocline Base of Thermocline

Daily background nitrate flux (mmolm�2 d�1) 0.2 (0.1–0.2) 1.3 (1.0–1.6)
Background potential nitrate driven production (mg C m�2 d�1) 13 (10–15) 105 (82–128)
Daily nitrate flux during enhanced winds (mmolm�2 d�1) 0.3 (0.2–0.6) 22 (2–81)
Potential nitrate driven production during enhanced winds (mg C m�2 d�1) 23.8 (12–48) 1735 (166–6404)

aDaily nitrate fluxes (mmolm�2 d�1) into the top and base of the nitracline, during both low and enhanced winds (with and without spike J described in
Figure 6). Daily nitrate fluxes have been converted into potential nitrate driven production using the Redfield ratio (mg C m�2 d�1).
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nitrate flux, therefore, provided between 500 (43 to 1659)%
and 1000 (95 to 3680)% of the nitrogen needed to support
the total PP that has been observed in the Celtic Sea, and thus
the wind is an important, perhaps essential, supplier of nitrate
to the SCM. If mixing events K, L, and M are omitted from
the flux calculation, the daily nitrate flux was 3 (2 to 4) mmol
m�2 d�1, which is of a similar magnitude to the canonical
shelf sea nitrate flux estimates [e.g., Sharples et al., 2001,
2007; Rippeth et al., 2009; Williams et al., 2013], as well
as our estimate during low wind and no enhanced dissipation
events (Table 1). Thus, high dissipation events induced by
shear spikes drive the high nitrate flux which is only observed
during the periods of high wind.
[12] Only a small amount of the nitrate supplied from the

BML appears to be either surplus to phytoplankton nitrogen
requirements and/or is not assimilated quickly by phyto-
plankton in the SCM, and hence a small amount was able
to reach the SML (0.3mmolm�2 d�1; Table 1). This indi-
cates that potentially 500 to 1000% of the nitrate that is esti-
mated to be required for production may have been
assimilated by phytoplankton within the SCM. The intermit-
tent mix events were observed at the base of the thermocline,
but not at the top into the nitrate deplete surface layer.
However, the small increase in nitrate supplied to the SML
during enhanced winds was equivalent to a twofold increase
in new production (13 to 24mg C m�2 d�1; Table 1).
[13] The increase in nitrate supplied to the surface during

enhanced winds was not observed in the surface nitrate
concentrations, which were consistently <0.1mmolm�3

(BLD). It is likely that nitrate supplied to the surface layer
from the thermocline would have been immediately removed
via efficient nutrient uptake by small-celled phytoplankton
[Chisholm, 1992]. Data from nutrient uptake experiments
conducted on the same research cruise (C. Williams,
unpublished data, 2013) indicate that the surface layer com-
munity was capable of assimilating up to 0.1mmolm�3 h�1

of nitrate. Assuming an approximate 10m thick surface
layer, this is equivalent to a depth integrated uptake rate of
approximately 1mmolm�2 h�1, and thus any additional
nitrate supplied via turbulent fluxes would not have been
captured in our observations. However, it is important to note
that the estimates of PP used in our calculations are based on
bottle measurements of PP. The phytoplankton community
would have been isolated from transient nutrient fluxes. and
thus bottle measurements are likely to underestimate the rate
of PP at the SCM. Additionally, estimating nitrate concentra-
tions based on density could introduce some uncertainty to
our flux calculations, as phytoplankton can assimilate
nutrients on relatively short timescales compared to changes
in the density-nitrate relationship [e.g., Lucas et al., 2011].
However, the density-nitrate gradient varied by less than
1mmolm�4 throughout the VMP time series.

4. Summary

[14] Shelf seas are an important global carbon sink, with
primary production in the SCM thought to account for a
significant fraction of the carbon fixation occurring there
[Kitidis et al., 2012]. In order for carbon fixation to be accu-
rately predicted in shelf seas, biophysical models need to
incorporate the effect of wind-driven inertial oscillations,
which as we have demonstrated, can potentially supply large,
intermittent fluxes of nutrients into the euphotic zone.

Additionally, these large, intermittent mixing events are
likely to erode and export carbon from the SCM, removing
particulate organic carbon from the euphotic zone and
transporting it to the BML. The importance of high temporal
resolution sampling of turbulence in order to fully capture
and quantify the importance of these short-lived wind-driven
mixing events is clear. It is possible that some excess nitrate
supplied to the base of the thermocline may reach the nitrate
limited surface community, though the evidence suggests
that nitrate may be assimilated more rapidly than the tradi-
tional sampling resolution for nutrients.
[15] The overall contribution of wind-driven mixing events

to annual carbon fixation in the Celtic Sea can be estimated
by approximating how often this mixing mechanism might
occur through a typical stratified season. Using wind data
from 10 successive summers in the Irish Sea, Sherwin
[1987] estimated that wind-driven inertial oscillations may
occur every 2weeks during the summer period (120 days).
This is equivalent to approximately nine wind-driven inertial
events occurring every summer, with each event potentially
supplying 22 (2 to 81) mmol m�2 d�1 of nitrate to the
SCM. The total supply of nitrate to the SCM during summer
via wind-driven inertial oscillations would therefore be 197
(19 to 728) mmol m�2 y�1, with the potential to support 15
(1.5 to 58) g C m�2 y�1 of new production annually in the
SCM, respectively. Measurements of the depth integrated
daily total PP from the Celtic Sea [Hickman et al., 2012]
equate to an annual summer total PP estimate of 21 to 46 g
C m�2 y�1. Therefore, we can estimate that between approx-
imately 33% and 71% of the total summer primary produc-
tion is supported by wind-driven fluxes of nitrate-rich deep
water into the base of the thermocline. This finding implies
that up to 71% of the summer PP may be unaccounted for
in models that do not simulate the mixing associated with
inertially generated shear spikes correctly, either due to
insufficiently resolved wind forcing or poor parameterization
of thermocline mixing.
[16] The findings here have shown that the maintenance of

and production in the SCM is likely to be dependent on wind
for the nitrate supply which sustains it. The frequency of
wind events is determined by the position of the Jet Stream,
and as our climate changes, the position of the storm track
is expected to be altered [Hu and Wu, 2004]. Thus, the
frequency and intensity of storms over the Northwest
European Shelf Seas may change, impacting on the number
and seasonality of the intermittent inertial mixing events. We
have demonstrated that wind-driven inertial oscillations are
an important mixing mechanism that need to be considered
in order to gain accurate global carbon fixation estimates.
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