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Abstract Thermistor data from around Kaikoura
Peninsula, New Zealand, show that in the synoptic
band, temperature fluctuations at 1 m are coherent
with the along-shore wind with a 90° phase differ-
ence. At 5 m, however, the coherence is not as high,
and the phase relationship is in the opposite sense.
Along this coast, wind-driven advection of the
coastal current and upwelling have opposite effects
on temperature. A simple model is developed which
has along-shore advection and upwelling terms
parameterised in terms of the wind and two unknown
coefficients. Solving for the coefficients shows that
at | m, temperature variability is determined by
along-shore advection, whereas at 5 m, temperature
variability is determined principally by upwelling.
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INTRODUCTION
It is well known both in New Zealand (Andrew 1988;
Creese 1988: Jones 1988 Schiel 1988) and

elsewhere (e.g., Underwood & Fairweather 1989,
Menge et al. 1999) that predators and grazers can
affect the structure of sessile invertebrate and
macrophyte populations, and that such processes can
vary considerably on a localised scale.

However, physical processes within the offshore
environment can also affect the recruitment of
organisms and productivity on rocky coasts, and may
account for variation among sites (Gaines &
Roughgarden 1985; Underwood & Fairweather
1989; Menge 1992). An example of such a process
is upwelling, which may bring nutrients into the
coastal zone and also isolate coastal surface waters
from oceanic waters. For example, Farrell et al.
(1991) found that barnacle larvae in central
California were brought inshore during times when
there was a relaxation of along-shore winds and a
cessation in upwelling. They found alternating
periods of onshore and offshore transport of the
surface water layer over a period of a few weeks
during spring and summer. Other studies in central
California have shown a good correlation between
larval abundance, settlement, and recruitment of
intertidal organisms (Gaines & Roughgarden 1985).
These processes may account for some of the
differences in rocky shore populations between the
east and west coast of the South Island of New
Zealand (Menge et al. 1999).

Ecological studies around the Kaikoura
Peninsula, South Island, have found significant
variation among intertidal sites in the recruitment
and growth of macrophytes (Ramage & Schiel 1999;
Schiel & Taylor 1999). We hypothesised that some
of this variation was because of differences in the
character of the water mass around the peninsula,
particularly as it influences inshore reefs, and that
similar processes to those happening off California
may be important near Kaikoura Peninsula.

With predominantly south-westerly winds, the
east coast of the South Island is generally a
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Fig.1 Map of Kaikoura Peninsula, New Zealand, showing thermistor locations. Codes indicate site names:

FS = Field Station, WH = Whakatu Point, WA = Wairepo Flats, FB = First Bay, ST = Sharks Tooth Point,
SR = Seal Rect, and WW = Wairoa Point. Depth (m) of thermistors is designated by the number after the
location code. Fine line around the peninsula indicates the position of the reefs exposed at low tide.

Scalc is in metres.

downwelling coast. During northerly winds, there
may be a cessation of downwelling, or even
upwelling, which could bring deep nutrient-rich
waters into the coastal zone. There is at least one
documented case of northerly winds inducing
upwelling off Kaikoura (Heath 1972).

The coastal current flowing north-eastwards past
the Kaikoura Peninsula is the Southland Current,
fluctuations in which are known to be strongly wind
driven (Chiswell 1996). Temperatures within the
Southland Current decrease to the south, so that
increased transport in the Southland Current, usually
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associated with increased southerly winds, leads to
a drop in coastal sea surface temperature. Such an
event was observed by Heath (1970) who recorded
a rapid decrease in temperatue off Kaikoura
following a severe southerly storm.

Therefore, southerly winds can lead to a drop in
temperature because of acceleration of the Southland
Current, whereas northerly winds can decrease
temperature because of upwelling. Thus the two
effects of along-shore advection and upwelling work
in opposition along this coast, and temperature
variability is unlikely to be simply related to
fluctuations in wind stress. To understand these
processes better around Kaikoura Peninsula, we
deployed temperature thermistors in late 1997 at
several depths around the peninsula.

In this article, we use wind records from Kaikoura
to investigate the competing roles of upwelling/
downwelling and along-shore advection on water
temperature around the peninsula, We show that that
in the synoptic band (i.e., where temperature is
controlled by weather events), temperature
fluctuations at 1 m are coherent with the along-shore
wind with a 90° phase difference. At 5 m, however,
the coherence is not as high, and the phase
relationship is in the opposite sense. We use these
findings to derive a simple model which has along-
shore advection and upwelling/downwelling
parameterised in terms the along-shore wind and two
unknown coefficients.

REGIONAL HYDROGRAPHY

Several different water masses are thought to be
potentially important in the region. The waters
inshore are those of the Southland Current. Water
within the Southland Current is mainly subtropical
water (STW), mixed with some Australasian
subantarctic water (Houtman 1964), and it has
generally been suggested that the source of the
current is water from the Subtropical Front (STF)
west of New Zealand. This view was corroborated
by Heath (1975).

The Southland Current is bounded to the east by
low salinity subantarctic water (SAW), and
differences in both temperature and salinity between
the inshore and offshore waters are sufficiently large
to form a sharply delineated front, known locally as
the Southland Front.

Although the mean currents in the region are
thought to be from the south, it is also known that
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there is some variability in the flows, and it may be
that on occasion Kaikoura is bathed by STW from
the north. Recently, Shaw & Vennell (1999)
documented “wisps™ of SAW intruding across the
STF into the Kaikoura region, but whether these
waters impact the coastal zone is not known.

METHODS
Thermistor data

Thermistors were deployed at seven sites around the
Kaikoura Peninsula (Fig. 1). The sites were chosen
principally to obtain reasonable sampling around the
peninsula, but because of the variable and
occasionally rough sea conditions, the final
locations also depended on their ease of access.
The southern shore of the peninsula is especially
difficult to work from because of exposure to large
swells from the south. At most sites, probes were
deployed at 1 m depth below chart datum. At some
sites, additional thermistors were deployed at 5, 10,
and 20 m depths. We denote the thermistor records
according to a 2-character location (see Fig. 1)
and depth. For example, the 1 m record from
directly off the Edward Percival Field Station is
denoted as FSI.

Because of data failures, losses of some
thermistors, instrument failures, and poor weather
preventing instrument turn-around, no sites returned
complete records at all depths. The most complete
record for 1 m was from FS1. At 5 and 10 m, the
most complete records were from FB5 and FBI10,
respectively.

Temperature probes were from Onset Corporation
(Optic StowAway), with a range of -5 to 37°C. Over
the central portion of their range, these thermistors
are accurate to within 0.1°C (Onset Corporation
data). They were set to record temperature at 30-min
intervals. Each probe was put into a protective sheath
and attached to heavy weights on the sea floor. They
were turned around by divers at 3-month intervals,
the exact timing depending on sea conditions. Over
the course of the year, several probes were lost
through cases being broken and others could not be
read. In some cases, data were recovered by the
manufacturer.

Meteorological data

Wind speed (m s-!), air dry and wet bulb
temperatures (°C), and radiation (MJ m™2) were
obtained from the NIWA climate database. The wind
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Fig. 2 Four of the temperature records collected around Kaikoura Peninsula, New Zealand. Locations and
instrument depths are as indicated in Fig. 1. FS1 has been plotted with no offset, other records have been successively

oftset by 2°C.

records came from the recording anemometer in the
New Zealand Meteorological Service station located
at the highest point on the Kaikoura Peninsula. Wind
speed and direction were used to obtain wind
velocity components. These were then rotated into
along-shore and cross-shore directions. The along-
shore direction was chosen to maximise the variance
in the along-shore wind, and put the along-shore
direction at 65° east of north, which is about the same
as the orientation of the South Island (i.e., the large-
scale topography, rather than the local Kaikoura
Peninsula).

Observations

The principal records used in the analysis in are
shown in Fig. 2. These records have been low-pass
filtered using a Butterworth filter with half-power
period of 3 days to remove the diurnal heating signal.

The thermistors were deployed in mid February
when temperatures were near the maximum their
seasonal maximum. This is consistent with the
offshore cycle which shows highest sea surface
temperature in February (Chiswell 1994; Uddstrom
& Oien 1999).

The annual cycle was removed from records that
were long enough to allow a fit. Although the annual
cycle is not our main focus, it is of sufficient interest
to warrant some discussion. Where the records were
long enough, a 365-day period sinusoid was fitted
using a least-squares technique, to return amplitude
and phase. Three records at 1 m (FS1, WWI, and
WAT1) returned amplitudes of between 4 and 4.5°C,
with the highest temperatures occurring about the
first week in February. The two records from 5 m
(FB5 and ST5) returned slightly lower amplitudes
and a phase retarded by c. 10 days compared to the



Chiswell & Schiel— Influence of advection and upwelling on coastal temperature 311
5
0
S 5
2
3
@
@
£
2 -10
-15}20-m sites
A) S L
B)C) D) ¥E)
-20

1998

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar

1999

Fig.3 Detrended temperature. Records have had an annual cycle removed, and have been filtered with a low-pass
filter to remove diurnal cycles (see text). Records are displaced according to instrument depth (i.e., S m records are
displaced by 5°C). Cooling events labelled A-E are discussed in the text.

I m values. The single record from [0 m (FB10)
returned similar values to the 5 m records.

Sites returning nearly a full year of data from 1,
5, 10, and 20 m depths were low-pass filtered and
their annual cycles were removed (Fig. 3). Perhaps
the most noticeable features of the synoptic band are
distinct cooling events superimposed on this low-
frequency oscillation. Some of these events, but not
all, occurred at all sites. We do not show them here,
but histograms of these temperature records confirm
cool events were more common than warm events.
These events were short-lived, usually lasting only
a few days, and in general occurred during the
summer. They typically had larger amplitudes at the
deeper sites.

We have labelled five cool events (A-E) in Fig. 3.
The events are not consistent throughout the records.
For example, Event A showed a 1-2°C drop in all

sites, except ST10, whereas Events B and D were
much stronger at the deeper sites, showing up to 4°C
drop at 5 m depth. In some cases, e.g., Events A
and E the events were seen uniformly around the
peninsula. Other events (C, D) had larger amplitude
on the south side of the peninsula. Even within
relatively shore distances around the peninsula, there
are differences in the events, e.g., compare the 5-m
records at FB and ST.

Figure 4 shows the along-shore wind scaled by
an arbitrary constant and superimposed on the
temperature record from 5 m (FB5) for the time
period covering events D-E. Each of these cooling
events was preceded by a relatively strong northerly
wind event (negative U), suggesting that they are
indeed responses to upwelling. However, it is
interesting to note that not all northerly events are
followed by cool events (e.g., the wind event on 3
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drop).

Cross-spectra between the along-shore wind and
temperature at | m (FS1) and 5 m (FB5) depth were
calculated using a weighted overlapped segment
method as described by Harris (1978) (Fig. 5). Ata
depth of 1 m, coherence-squared exceeds the 95%
confidence levels at several bands centred near 7 and
5 days, and, even though the records have been low
pass filtered, at | day. The significant coherence at
1 day does not necessarily suggest a direct link
between the wind and temperature, because daily
radiative heating will be coherent with diurnal cycles
in the wind field. The other peaks in the synoptic
band, however, probably indicate a direct influence
of the wind forcing on temperature. Cross-spectral
phase where coherence-squared exceeds the 95%
confidence limits is statistically indistinguishable
from 90°. At 5 m, however, there is less coherence
between the along-shore wind and temperature, with
significant coherence occurring only near 7-8 day
periods. Cross-spectral phase is statistically
indistinguishable from -90°.

Bearing in mind that differentiation of a
timeseries leads to a 90° phase change in its Fourier
transform, the coherences shown in Fig. 5 suggest
that wind is coherent with the time-derivative of
temperature, and this observation leads us to the
development of the model discussed in the next
section.

3 Fig. 4 Along-shore wind veloc-
B) ¢ D) £) ity (light line) scaled by an arbi-
trary constant and superimposed
2 on the detrended temperature
(solid line) record from 5 m at FB
for the time period covering events
. B-E shown in Fig. 3.
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If coastal temperature is controlled only by along-
shore advection and upwelling (i.e., all other process
such as radiative heating and wind mixing are
ignored), the rate of change of temperature can be
written:

ar  JdT or (1)

—_— U W

ot .8 oz

The co-ordinate system is such that x is along-
shore (positive to the north), z is vertical (positive
up), u is the along-shore current, w is the vertical
velocity. For simplicity, we refer to w as the up-
welling velocity, but wis negative for downwelling,
1.e., from the model’s perspective downwelling is
negative upwelling. Temperature within the
Southland current increases to the north, and
temperature decreases with depth, so that locally
both 07/0x and 9770z are positive.

Chiswell (1996) has shown that fluctuations in
the Southland Current off Otago were in phase with
the Invercargill wind, and can be modelled by
convolving the wind velocity with an impulse-
response function which is nearly a delta function.
This is probably because of the influence of bottom
friction. Off Otago observed current showed higher
coherence with along-shore wind velocity than with
wind-stress calculated assuming a quadratic stress
law. Based on Chiswell’s earlier result, we model
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Fig. 5 Cross-spectra between temperature and along-shore wind. Left panels: at [ m (Site FSI). Right panels: at
5 m (Site FBS). In each case, lower panel shows coherence-squared with 95% confidence limits indicated by the
horizontal line. Upper panels show cross-spectral phase where coherence-squared exceeds 95% confidence levels.

Vertical bars on phase show the 95% confidence limits.

the along-shore current as proportional to the along-
shore wind velocity.

The upwelling velocity w is taken to be
proportional to Ekman transport t/f, where 7 is the
along-shore wind-stress (Pond & Pickard 1978).
Empirical tests not detailed here show a better result
is obtained if t is a linear rather than quadratic stress
(re., Toc V).

Thus, the model derived from Equation |
becomes:

or
o

where U is the along-shore wind velocity, oc and 8
are fitable parameters; o has dimensions ® m~! and
B is dimensionless. The first term on the right hand
side is the advective term; since 97/0x is unknown,
we have assumed it to be constant, in which case it
collapses into .. We denote the second term as the
upwelling term—downwelling occurs when this
term is negative. Since we can estimate 97/dz, and
it has some time dependence (see later) 9770z is not
incorporated into . Both o.and B are positive so that
an increase in U (i.e., a downwelling, southerly
wind) leads to a drop in temperature from the
advective term, but an increase in temperature from

:—aU+B%U 2)

the upwelling term. It is worth noting here that the
absolute values of o and P are unimportant in this
analysis because they do not provide much
information on the physics involved. Instead, the
relative roles of advection to upwelling are given by
the dimensionless ratio o/(Bo7/0z).

To develop the model, we use the low-passed, but
not seasonally detrended, temperature from two
depths (1 m and 5 m) to estimate d7/dz. Since no
sites returned full records at both these depths, we
use the records from FS1 and FB5, denoted as 7| and
Ts, respectively. This forces us to make the explicit
assumption that there are no spatial temperature
gradients around the peninsula (this point is treated
in the Discussion). The vertical temperature gradient
is estimated as d7/0z = (T~Ts)/4, this term is
smoothed by using an annual cycle fit in order to
reduce noise introduced by the spatial differences
between FS and FB. The resulting time dependent
function is shown in Fig. 6. During the winter
months, the stratification breaks down. For some
reason, we get 7 slightly cooler than T5 during the
winter, and so force d7/dz = 0 from April to August
to avoid the upwelling term changing sign in winter.
What causes this apparent inversion is not clear, it
could be evidence of active heat loss in the upper 1 m
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(the 1-m thermistors are mostly in the surf zone).
Maximum stratification occurs in December, when
0T/9z reaches 0.45° m™'.

Parameters o and 3 were determined separately
for 1 and 5 m depths by choosing them to obtain a
“best-fit” between modelled and observed dT/dr. The
best-fit criterion used here was to maximise mean
coherence-squared between the two time series over
the synoptic band. Coherence-squared is
independent of the relative amplitudes of the time
series, so this procedure produces only relative ratios
o to PB. For completeness, absolute values were then
determined so that modelled and observed 07/dr had
the same energy in the synoptic band.

Temperature at 1 m is best fit by the model with
o=2.1x10% m; B =0. Temperature at 5 m is
best fitwith =62 x 107° m™; B =1 x 107, At
maximum stratification we obtain a/(3d7/dz) = 0.13.
It therefore appears that l-m temperatures are
unaffected by upwelling, whereas those at 5 m have
an upwelling response. A physical interpretation of
this is that because of the presence of a mixed layer
at the surface, the vertical temperature gradient is
zero, so that when upwelling or downwelling occurs,
there is no associated temperature signal. At 5 m,
however, there is sufficient stratification to allow
upwelling to induce a temperature signal. It appears
that in peak summer, upwelling at 5 m is ¢. 7 times
more important than advection.

Figure 7 shows how well the model performs. In
the left panels, we show coherence between 977/d¢

Aug Sep Oct Nov Dec Jan Feb Mar

1999

and its predictor (—al) and in the right panels, we
show the coherence between d75/0¢ and its predictor:

oT
(—aU+ B B:U)

Because the model for d7,/9¢ is proportional to
U, the coherence between d7)/dt and U is essentially
the same as that between T and U, except that the
phase has been rotated by 90° (coherence is slightly
increased because of numerical effects associated
with the differentiation of 7,). This is, of course,
what was expected, and the model does not much
mmprove the skill of predicting 7', beyond getting the
phase right.

At 5 m, however, skill using the model is
increased over using the wind alone (compare Fig.
5B with Fig. 7B). Using the model increases both
the coherence levels (especially in the 5-10-day band
where coherence-squared doubles) and brings the
phase close to zero.

DISCUSSION

Based on | year of data, coastal temperature from
around Kaikoura Peninsula shows cooling events
occurring mainly during the summer. These events
contribute to variability within the synoptic band. In
this band, temperature at both | and 5 m is coherent
with the along-shore wind, but with different
cross-spectral phase. At 5 m, the time-derivative of
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Fig. 7 Cross-spectra between time-derivative of temperature and model results (see text).
Left panels: cross-spectra between 07 /o and (-al). Right pancls: cross-spectra between 97,/0r and (—oU + B — V).

temperature is in phase with the wind, whereas at
1 m, the time-derivative of temperature is out of
phase with the wind.

The model introduced here produces a predictor
that has along-shore advection and upwelling
parameterised in terms of the along-shore wind
velocity. This predictor has higher coherence with the
time-derivative of temperature than does wind alone.
At 1 m, the best-fit is obtained with the upwelling
term set to zero. This intriguing result may be
because the mixed-layer is deep enough so that
temperature at | m sees little or no effect of
upwelling. At 5 m, however, the thermocline is well
enough developed during the summer so that
upwelling produces a signal. Per unit wind speed,
upwelling produces nearly an order of magnitude
more temperature change than does along-shore
advection.

However, along-shore advection and upwelling
(or downwelling) are not the only processes that can
affect coastal temperature. The results presented here
are pertinent to the synoptic band only, but other
processes including radiative heating, wind mixing,
and tidal mixing which are generally more important
at other time scales may also have some impact in
the synoptic band. For example, although we do not

oz

show it, temperature has a strong diurnal signal
associated with radiative heating. The diurnal
amplitude is about 1°C in summer, and it is modu-
lated on timescales of days. While this modulation
is probably because of changes in cloudiness
associated with the passage of weather systems, we
could find no coherence between it and the along-
shore wind. This suggests that any linkage between
along-shore wind and radiative cooling is complex,
and thus unlikely to lead to the observations seen
here.

Similarly, wind mixing leads to cooling at the
surface and warming at the base of the thermocline.
Under certain conditions wind mixing could reduce
temperature at 1 m while increasing temperature at
5 m, and could thus lead to the 180° phase difference
seen between 1 and 5 m. However, two factors point
to this mechanism being unlikely for the obser-
vations made here. One is that such a mechanism
would lead to the temperature signal being in
phase—or out of phase—with wind stress, yet we
find cross-spectral phase between 7T and U is c. 90°
(Fig. 5). Also, since U routinely goes negative, we
would expect a higher coherence between T and U]
than with U. In fact coherence (not shown) reduces.
We do not suggest that such a mechanism does not
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exist, for example, strong northerly winds will lead
to increased vertical mixing and will confound the
advection-upwelling mechanism proposed here, but
it seems they do not overcome it.

Tidal mixing, which in other regions can have a
large impact on coastal temperatures can probably
be safely excluded as a mechanism, because even
though tides have some modulation in the synoptic
band (e.g., the 14-day spring-neap cycle), these
modulations will not be coherent with the local wind.

A simple model of the form used here omits
considerable complexity in the dynamics. In
particular, water mass variations are ignored, and the
relationship between wind stress and along-shore
current has been extremely simplified. The model
also assumes that upwelling and downwelling are
symmetric processes, but this is unlikely to be little
better than a first approximation (de Szoeke &
Richman 1981). Similarly, the use of the low-pass
filtered vertical temperature gradient (Fig. 6) and the
assumption of constant along-shore temperature
gradient are only first approximations to reality.
Incorporating variable d7/0x and 0770z could
increase the fits, but such parameter manipulation
would not significantly affect the conclusions
derived from the model.

We have not shown it explicitly here, but cross-
spectra between the year-long records from the two
most separated sites (FS1 and WWI1) shows
significant coherence at all time scales with zero
phase difference. This suggests that the water
masses impinging the peninsula are the same all
along the coastline, and was the basis of the
assumption of no spatial gradients around the
peninsula that we had to make in order to develop
the model. However, there are temperature
differences between these sites, and this difference
shows a seasonal signal. During summer FS1 gets
up to 1°C warmer than WW 1. Summer is also when
the temperature difference shows largest synoptic
band oscillations. We speculate that this reflects the
more sheltered location of the Field Station site so
that during periods of calm weather local heating
leads to a warmer surface layer. During or after
strong wind events, this local heating is either
broken down by mixing or flushed away by
advection.

Geographical variation of exposure to offshore
events, combined with mechanisms such as this is
probably why cooling events do not always have the
same amplitude around the Kaikoura Peninsula. If
this localised variability in the responses to
upwelling and advection proves to be the true over
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a longer time span, very localised events may
determine differences in the biota among sites.

One cannot expect the model derived here to
provide precise predictions of coastal temperature.
Its main purpose is to explain the observed phase
difference between | and 5m, and between
temperature and wind. It has provided an analysis
of the different roles along-shore advection and
upwelling play in determining coastal temperature
variability. The importance of this study is that it
helps direct future research into the region,
particularly as it relates to the linkages between
onshore and offshore events.
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