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ABSTRACT
SatelUte images of SST and related oceanographic data (i.e., coastal water
temperature, wind, atmospheric pressure and sea level) are analysed as part of a
study of temperature variabiUty along the coast of Nova Scotia. Simple dynamical balances and multiple spectral analysis are used to understand and model the
observed temperature changes in the summers of 1985 and 1986.
It is shown that approximately 75% of the night-pass AVHRR satelUte images
may be affected by undetectable fog contamination. Near the coast IR-derived SST
is also shown to be biased high by about 2°C. However, the high correlation between
IR-derived SST and in situ measurements gives credibiUty to the spatial patterns
mapped by the NOAA satelUtes. For example, the cold water seen in the images may
indicate upwelUng at specific sites along the coast rather than alongshore advection
of temperature signals.
Temperature-inferred upwelUng velocity is highly coherent with the alongshore
wind stress in the 0.04-0.15cp<f frequency range: a simple wind-driven inviscid model
can explain the transfer function between wind and upwelUng. The inclusion of interfacial friction is shown to have a minor effect in this frequency range. Surprisingly
the coherence between upwelUng and nearshore temperature is low. This is due to
rapid temporal changes in the vertical temperature gradient which were used to estimate upwelUng rather than a cUmatological mean gradient. It is also shown that
local sea level does not respond to wind stress according to the simple frictional
balance suggested by Sandstrom (1980); large sea level changes are often unrelated
to changes in alongshore wind stress. However, from spectral analysis it is shown
that the alongshore sea level difference is an important forcing term for nearshore
temperatures. For frequencies between 0.04-0.15cpd about 80% of the temperature
variance is accounted for by changes in the alongshore head. Although simple dynamical balances cannot easily account for this empirical relation, satelUte imagery
suggests that it might be the result of steric effects. Regardless of the dynamical basis of this newly discovered relationship between alongshore head and temperature,
it could form the basis of an effective prediction scheme for nearshore temperature
based on sea level observations which are now available in real time.
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Chapter 1. Introduction.
The Scotian Shelf off Nova Scotia is a wide shelf, as typically found on geologically passive margins of the ocean. Its width, as defined by the 200m isobath,
ranges from about 150fcm to the west to about 250fcm to the east. The almost
straight coastline, approximately 500fcm long and oriented along 60°T, takes an
abrupt right angle change of direction at both ends. Headlands and bays disrupt
the coastUne with topographic scales of order 20km. The bathymetry of the Scotian
Shelf is highly irregular. Basins with depths of 200m or more and banks shoaUng
to 50m or less are found all over the shelf. However, at distances less than about
50km from the coast, isobaths of depths less than 100m more closely mimic the
coastUne (Fig. 1.1).
The circulation on the Scotian Shelf has been studied with the aid of drift
bottles since the early 1900's (Huntsman, see Bigelow, 1927; Trites and Banks,
1958; Bumpus and Lauzier, 1965). These studies indicate that the long-term net
circulation over the shelf consists of a large cyclonic gyre at the surface. By use
of water mass analysis a net southwest transport near the coast appears to be weU
estabUshed (Bjerkan, 1919; Hachey, 1942; McLellan, 1954; Lauzier, 1967). These
studies also showed coastal waters to be a mixture of relatively fresh water, from
the Gulf of Saint Lawrence, and Slope Water which originates at the shelf break.
The mean nearshore flow was named the Nova Scotia Current by Bigelow (1927).
A more systematic sampUng of the shelf with hydrographic sections began in
1950 (Taylor, 1961,1966); this allowed the calculation of mean monthly geostrophic
volume transports (Drinkwater et al., 1979). They estimated an annual mean of
0.355v (lSv = 10 6 m 3 « - 1 ) to the southwest with 75% accounted for in the inshore
third of the shelf. The estimated transport for the summer period was 0.155u. For
this same period, however, while geostrophic surface currents agreed in direction
and in order of magnitude (3.6cnM -1 ) with drifter data (2.2cms _1 ) from Bumpus
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and Lauzier (1965), the temporal variations in the former were as large as 1.2 times
the mean. Thus during the summer, fluctuations on shorter than monthly time
scales are significant.
Studies of coastal variations of water properties along the Scotian Shelf were
started by Hachey (1935) who related surface temperature and saUnity changes off
HaUfax to alongshore winds towards the southwest. These winds forced relatively
warm, fresh surface waters from offshore, displacing the deeper cooler saUne waters,
probably as a result of the inshore displacement of a surface Ekman layer. Based
on 8 years of monthly data for September, Hachey (1937) concluded that the northeast wind measured at Sable Island was a fair Unear predictor of the sea surface
temperature (SST) at HaUfax.
More recent work has concentrated on shorter time scales in order to understand the variations in coastal observations. Sandstrom (1980) correlated sea level
data from coastal tide gauges at Yarmouth and HaUfax and wind measurements
from Sable Island in three frequency bands between 2 and 20 days. He concluded
that the adjusted sea level (ASL) was uniform alongshore and also that it was essentially forced by the wind stress. However, from a set of measurements taken during
the winter CASP experiment, Schwing (1989) argued that non-local forcing may
make an important contribution to the coastal ASL. Schwing (1989) found that local alongshore wind stress and non-locally generated free wave energy explain more
than 90% of subtidal subsurface pressure variance. However, the relative importance
of these terms depends on geographical position and frequency.
The understanding of coastal temperature changes has benefited recently from
satelUte information which provides a synoptic two-dimensional sampUng of the
ocean over a spatial range of 1-10 3 km. Petrie et al. (1987) examined a sequence of
13 IR satelUte images in the summer of 1984 and identified a series of cold tongues
extending 175fcm offshore and with an alongshore wavelength of about 60Jfcm. They
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suggested that the observed features arose from barocUnic instabiUty of the front
formed by the wind-driven upwelUng of the thermocUne. Their model simulated
surface temperature changes at the coast weU, but the predicted sea level changes
were unreaUstic.
The evidence accumulated to date seems to indicate that, during the summer,
a main driving force for temperature changes along the Scotian coast is coastal
upwelUng forced by the alongshore wind stress. However, no other potential forcing
terms, such as alongshore pressure gradient, have been examined.
Observational evidence (Winant, 1980; Huyer et al, 1978; Schwing, 1989)
seems to indicate that the cross-shore momentum balance on shelves is essentially
geostrophic. On the other hand, the extent to which the alongshore momentum
balance is understood is unclear. Sandstrom (1980), based on a two-year time series of HaUfax ASL and the local alongshore wind, suggested that the predominant
balance for sub-inertial periods in the vertically integrated momentum equation is
between alongshore wind stress and bottom friction. By taking a quadratic form
for the surface and bottom stress, his model lead to a Unear relation between ASL
and alongshore wind. Results from regression analysis on sections of data from the
winter seasons supported the model. However, during the summer season when
stratification might play an important role, the correlations between ASL and wind
were the lowest. During this same season the magnitude of the response of sea level
to wind forcing was significatively smaller. This latter effect was interpreted as due
to a seasonal change in the wind drag coefficient.

Petrie et al. (1987) compared observations obtained from IR images of the time
when the thermocUne reached the surface to predictions from a two-dimensional two
layer model which included time-varying wind stress, representative bathymetry and
horizontal eddy viscosity. The agreement was reasonable, but to account for the
temporal variations of temperature at three coastal sites they required the inclusion
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of an extra term in the model which represented interfacial friction. Predicted temperature variations were obtained by vertical advection of the vertical temperature
distribution which was taken to be given by the long-term mean (Drinkwater and
Taylor, 1982).
In addition to the temperature changes due to coastal dynamics, sources of heat
are also Ukely to be important in shallow coastal waters. In fact, air-sea exchange
processes might be as important as vertical advection. The major source of heat
through the sea surface in summer is solar radiation, either coming directly or by
scattering and reflection from clouds and the atmosphere. The other major heat
exchange processes are infrared back radiation, latent heat loss due to evaporation,
and sensible heat flux. The net heating is easily observed in the cUmatological
temperatures in the form of a seasonal trend.
The terms contributing to the net flux of heat through the sea surface are
difficult to estimate and usuaUy one has to rely on bulk formulae (e.g., GUI, 1982) in
order to assess them. Several cUmatological atlases provide mean monthly values of
heat flux (e.g., Isemer and Hasse, 1987) covering the Scotian Shelf region. However,
Uttle is known about variations on time scales shorter than a month or variations on
spatial scales of the order of lOO&m, which are the time and space scales of interest
in this study.
In order to assess the importance of the net surface heat flux (Q), let us consider
for example a situation where Q is 100 Wm~2 and the gain of heat is Umited to a
surface layer of depth (h) equal to 10m. Then, we can estimate a rate of change
of temperature (Tt) of 0.2°Cd-1from Tt = Q(pch)'1, where p is the water density
(p = 1027*5 m" 3 ) and c is the specific heat of water (c = 4 x 103 Jkg~l °C~ l ). This
value is of the same order of magnitude as —0.4°Cd~x, the rate of change of SST
due to the vertical advection of heat estimated from a typical upwelUng velocity of
5 x 10~5ma~1 and a typical vertical temperature gradient of 0.1°Cm -1 . Thus, the
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net heat flux can potentiaUy produce large changes of SST. Therefore, mismatches
between observed SST and predictions from diagnostic models that do not account
for air-sea heat exchanges are to be expected. Such models should better predict
temperatures below the seasonal thermocUne where air-sea interactions are less
Ukely to be felt. On the other hand, de Szoeke and Richman (1984) have shown
that the inclusion of diabatic effects driven by the surface heat flux and mixing
processes on a two-dimensional upwelUng model, can produce large differences from
the more classical models where the density field is prescribed (e.g., AUen, 1980).
The major finding from their model was that the upwelUng region was almost two
orders of magnitude smaller than the weU accepted offshore distance given by the
internal Rossby radius.
Temperature variations along the coast are generaUy accepted as an important
factor influencing several biological responses. In addition to the classical relationship between a decrease in temperature and an increase in nutrient concentration in
the surface layer and its concomitant increase in primary production (e.g., Minas et
al., 1986), temperature also affects other biological aspects. For example, increases
in temperature at depth in the coastal zone, such as those caused by downweUing
events, might trigger the spawning of some benthic organisms such as scallops (MacDi/ald and Thompson, 1986). After the spawning, the survival rate of the larvae
might be affected by the ambient temperature.
The purpose of this research is to improve our understanding of coastal temperature changes. Before realistic models can be proposed, fundamental questions need
to be answered. What are their spatial scales? More specifically, are temperature
changes uniform or at least coherent along part of the coast? Is the wind forcing
uniform along the Scotian coast? How useful is the concept of vertical advection
of temperature for the prediction of temrjeratures, driven by the alongshore wind
stress? Are coastal temperature changes just a response to wind driven coastal
upwelUng or is there any indication of other forcing terms such as an alongshore

7

pressure gradient? What proportion of the alongshore head is accounted for by the
wind stress? How does non-local forcing represented by the alongshore head affect
the nearshore temperature field?
In order to answer some of these questions, all relevant data available for the
summer periods of 1985 and 1986 have been analysed. Although no overall planning
was behind the measurements, it was expected that interesting phenomenology
might stiU be contained in the data. AU the data available for this study are of the
opportunistic type: coastal sea level, coastal meteorological observations, bottom
temperature records from the Nova Scotia coast and infrared satelUte imagery. No
relevant current measureinents or subsurface pressure measurements were taken
during this period.
Chapter 2 explores the role of IR satelUte imagery in the present study. Low
warm cloud contamination of the IR imagery was identified as a potential problem
and a simple image processing technique for the detection of these kind of clouds
is analysed. Chapter 3 describes the measurements available for the Nova Scotian
coast. Spectral analysis is performed in order to assess the relevant temporal and
spatial scales. In Chapter 4, a simple local model forced by the alongshore wind
stress is explored and compared with observations. Chapter 5 presents results from
a statistical multiple regression model. Finally, in Chapter 6 a summary of the
results is presented as weU as suggestions for future work required for a better
understanding of coastal temperature changes.

Chapter 2. Satellite imagery.

2.1 Introduction

Radiometers carried on satelUtes are increasingly being used to make estimates
of sea surface temperature (SST). Data from the Advanced Very High Resolution
Radiometer (AVHRR) flown on the NOAA series of polar-orbiting satelUtes leads
to the best estimates (McClain et al., 1985; Bernstein and Chelton, 1985). These
instruments measure upwelling radiation in four or five spectral bands which are
denoted channels 1-5 and cover the spectral intervals 0.58-0.68 \im, 0.73-1.10/xm,
3.55-3.93/im, 10.3-11.3 fim and 11.5-12.5 yum, respectively. The first two correspond to the visible part of the spectrum, the third one to the near infrared (IR)
part and the last two to the far IR. Channel 5 is absent from some radiometers.
SST is estimated, after appropriate geometric correction of an image, by use of
the "spUt window" algorithm (McClain, 1981; McMilUn and Crosby, 1984). Brightness temperatures are first derived from the 10.3-11.3 fim and 11.5-12.5 p,m bands
(channels 4 and 5) by assuming that the ocean acts as a blackbody. This mapping
is performed by inverting Planck's equation and assuming perfect emissivity from
the ocean surface (Stewart, 1985). The method, first reported by Saunders (1967),
then seeks to correct for the residual influences of water vapour or other so-called
"atmospheric effects". The accuracy of the technique is generaUy accepted to be
1°C, but it would not be surprising if larger errors were detected (Stewart, 1985).
The spatial resolution of these radiometers can be as high as l.lfcm close to
the sub-satelUte track (i.e. at nadir) and it is reduced to about 4fcm away from the
sub-satellite track. During the processing of images, the so-called remapping step
compensates for the different across-track resolution via interpolation, rendering
images with uniform resolution. In terms of time resolution, a satelUte passes over
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the same area twice in 24 hours at mid-latitudes, one of the passes being during the
local day and the other during the local night. Every second pass is at the same
local time due to the sun-synchronism of the polar satelUte orbit.
For the purposes of this study I used satelUte images coUected by the Atmospheric Environment Service (AES), Canada and processed them at the BIO image
analysis facuities. The system is based on a VAX-11/750 computer and the MIAMI
software, developed at the Rosenstiel School of Marine and Atmospheric Sciences,
University of Miami. The data are received at AES, but with only 8-bit resolution out of the 10 bits available from the satelUte, reducing the precision of the
temperature estimates to about 0.5°C (Petrie et al., 1987).
The MIAMI software produces SST images with a temperature range spanning
from 0°C to 31.875°C in steps of 0.125°C. However, when the input data have lower
resolution, the reduction in precision is sot uniform throughout the temperature
range. This can be observed on the temperature histograms as marked peaks.
Initially, it was thought that those peaks had some physical significance (either
atmospheric or oceanographic) but it was found later, when mapping the peaks in
the histograms to areas in the images, that there was no consistency between images
separated by one or two days. Moreover, when I had the opportunity to process in
exactly the same way a 10-bit data tape obtained from NESDIS, peaks were absent
from the temperature histogram. It was concluded that the irregular histogram was
the result of processing degraded data.
The primary problem in estimating SST from the vast and increasing IR data
sets arises from the presence of douds and the attenuation of the ocean thermal
radiation by atmospheric water vapour. The need to detect clouds has led to a
variety of techniques that exploit the different characteristics of cloud radiation.
The simplest algorithm uses the fact that medium to high level clouds are much
colder than the ocean surface (Coakley, 1987; KeUy, 1985). The regions of the

image covered by low temperature clouds can be identified using the histogram
of temperatures because cloudy pixels cluster around temperature values that are
unreaUstically low for the ocean surface.
Another level of complexity in the cloud contamination problem arises from the
existence of clouds with size smaller than the spatial resolution of the radiometer
(lkm x lkm). An interesting method proposed by Coakley and Bretherton (1982)
can detect unresolved cloud regions by examining the local spatial variabiUty of a
SST image. Regions with unresolved clouds may present a larger local variability than regions covering exclusively either clouds or ocean, while the local mean
temperature wiU be an intermediate value between those of the cold cloud and the
warmer ocean.
Low-altitude warm clouds (e.g., fog or low stratus) are also important to the
oceanographer. They present two characteristics relevant to oceanic studies: 1)
they are frequently associated with high SST gradients, and 2) they can be even
warmer than the ocean underneath, as is the case in summer coastal upwelUng
events. (These fogs were studied at the beginning of the century by Taylor (1917)
off Newfoundland, where he concluded that their formation was due simply to the
condensation of warm moist air being slowly advected over a cold ocean surface.)
The fact that fog can be even warmer than the ocean excludes the use of
techniques, based on IR channels alone, that in some way or another assume that
clouds are colder than the ocean. For day-pass images, fog can be detected by use
of the visible band images, as the albedo of fog is observed to be on the same order
of magnitude as the high clouds and clearly contrasts with the background ocean.
However, for night-time images when visible channels are not available alternative
ways of detecting this kind of contamination need attention.
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Data coUected by AES are only from daytime satelUte passes, excluding half
of the data available. In anticipation of obtaining night-time pass images, I investigated the effects of low warm cloud contamination by analyzing the IR channels cf
known daytime fog contaminated images. These day-time images contaminated by
fog provide a good opportunity to explore the IR signals in isolation while having
the equivalent of a "ground-truth" indication of fog. If an IR fog "signature" could
be identified, it may then be useful for the nightly detection of low clouds.
The results related to the fog contamination problem are presented in the next
section. In subsequent sections, we analyze the daytime non-cloudy images available
for the Scotian Shelf during the summer months of 1985 and 1986. Emphasis is
given to the coastal zone (i.e., the region less than 100km offshore) where the SST
estimated from imagery wiU be compared to the cUmatology known for this region.
2.2 Low cloud contamination

Another important characteristic of these warm formations, besides the top
temperature, is their emissivity. BeU and Wong (1981) found that the emissivity of
low clouds such as fog or stratus is lower for channel 3 (e = 0.8-0.9) than for channel
4 (e = 0.99) while for the ocean these two emissivities are about equal. Using this
result, Eyre et al. (1984) and d'Entremont and Thomason (1987) have shown that
fog can be detected on the basis of IR channels alone. In a receni method proposed
for the detection of cloud radiance on a wide variety of cloud types (Saunders and
Kriebeld, 1988), one of their basic tests exploits the different emissivities of fog as
weU.
However, algorithms based on channel 3 data for the detection of fog are Umited
in two important respects. While the channel 3 sensor provides an acceptable signalto-noise ratio for oceanic emission at night, during day passes the reflected solar
radiation in the channel 3 band is comparable in magnitude to the oceanic emitted
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radiation in the same band (Stewart, 1985), rendering the signal inappropriate
for further analysis. Apart from the noisy day-time signal, the sensor has a more
general drawback: its internal noise reaches unacceptable levels within a few months
after launching. Therefore techniques that use channel 3 for night detection of low
warm clouds are only practical within typically six months after deployment of the
satelUte carrying the radiometer.
Considering the short period of time that the near IR sensor (channel 3) remains
noiseless, and that half of the available data from the NOAA-satelUte series are from
night-time passes, there is a need for alternative techniques for the night detection
of low-warm clouds. In the foUowing, an alternative analysis of the images that
does not include channel 3 is investigated.
Excluding the channel 3 sensor leaves only the two far IR bands for the analysis
of night passes. (The two visible bands are useless at night because they operate
on the basis of solar reflection only.) In the search for a far IR-band signature of
foggy areas, selected day-pass images were chosen. These images presented areas
with warm high-albedo clouds that were easily identified in the visible channels.
The corresponding temperature images showed no differences on the local average
temperature or local temperature variabiUty that outUned a similar pattern. Therefore, based on temperature only, these images might have been misclassified as clear
images.
Instead of analysing the brightness temperature images inferred from channels
4 and 5, it was decided to work with the original brightness data. This avoids
round-off problems associated with the finite arithmetic nature of the temperature
algorithm which could mask the Ukely small signal associated with the fog bank.
Images from channels 2, 4 and 5 on the NOAA-7 day-pass at 1904 GMT on 21
July 1984, centered at 43.5° N latitude and 63° W longitude, were remapped to a
Mercator projection with l.lfcm resolution. These images cover most of the shelf
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off Nova Scotia, Canada. The visible channel 2 image is shown in the top panel of
Fig. 2.1. Albedo is represented by a grey scale, where white is high albedo and
black is no reflection. An outUne of the land (Nova Scotia) is drawn in red. In the
northern part of the Nova Scotia coast, a cloud formation is easily seen, whereas in
the corresponding temperature image (Fig. 2.1, bottom panel) no similar feature is
observed. In this temperature image, inferred from channels 4 and 5, no attempt
was made to detect clouds or land. However, around the Canso area it can be seen
that cold temperature affects the coastUne (e.g., a fictitious "island" around 45.4° N
and 61° W seems to be present). Therefore, the comparison between an accurate
mapping of the coast and the edge of high temperatures coming from land when
uncovered by cold clouds, is a first indication that land or sea radiation is being
affected by atmospheric effects. In the left lower part, as weU as in the Bay of Fundy
region, cold clouds are easily detected in both images.
The most basic information that satellite imagery provide is the presence of
spatial patterns. In order to objectively define these patterns, cUpped images were
produced by selecting different temperature threshold levels. By applying this procedure to the SST image as weU as to the IR images, only low temperature clouds
were detected. Therefore, this standard technique was not successful in outUning a
feature in the IR images or the SST image similar to that seen in the visible image.
The image shown in Fig. 2.1 (bottom panel) was chosen from a set of 13 images
analyzed by Petrie et al. (1987) during a month-long wind driven upwelUng event.
If this image is excluded from the series, the previous and subsequent image indicate
the offshore extent of waters with temperatures less than 12°C progressing offshore
along the entire coast. However, when this image is included in the series, while
the location of the 12°C isotherm in the southwest Nova Scotia region is consistent
with the series in the sense of a monotonic increase of the offshore extension of
cold waters, in the northeast Nova Scotia region the offshore location of the 12°C
isotherm is much closer to the coast than expected: the cold upwelled waters in
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FIGURE 2.1. Top panel: Channel 2 image of the NOAA-7 21 July 1984 pass over
the Nova Scotian Shelf. A high albedo cloud is observed on the northern
part coast. Bottom panel: Temperature image based on channels 4 and
5 for the same pass and location. A temperature scale is indicated.
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the northeast Nova Scotia region should probably have been further offshore than
indicated in the SST image of Fig. 2.1.
Weather observations made by ships-of-opportunity and coastal meteorological stations, compUed by the Atmospheric Environment Service, also suggest the
presence of fog in the region. The reports of fog were not exactly at the satellite
time pass or within our area of interest, but this additional information reinforces
previous indications of a fog bank present in the area.
I conclude that what is observed in the temperature image on the northern
part of the Nova Scotian coast (Fig. 2.1), is radiation from the cloud top and not
oceanic radiation. Now, I wiU try to detect a fog "signature" in the two far IR
images of the NOAA-7 (21 July 1984) day-pass.
The individual channel 4 and channel 5 histograms as weU as the joint scatterplot for this foggy image are shown in Fig. 2.2. As the area covered by fog
is small compared to the uncovered ocean, only ocean pixels from the top half of
the image were included. The individual histograms show no multiple modes that
might be associated with different processes. Similarly, the scatterplot of the two
far IR bands, shows only one elongated cluster (indicative of the weU known strong
correlation between these two bands) but no pronounced clustering.
Before ruUng out the existence of a fog signal in the far IR bands, a final test
was performed. The rationale follows. Theoretically if there were no atmosphere,
and the ocean behaved as a perfect blackbody, the two far IR brightness temperatures should be identical. The presence of water vapour in the atmosphere produces
differences between channels 4 and 5. One of the reasons for the AVHRR to have
two close bands in the same atmospheric window is that, based on physical models,
the difference in atmospheric transmittance can be estimated from the difference in
brightness temperature (McMilUn and Crosby, 1984). A simple operational correction for atmospheric effects, known as the spUt-window algorithm, follows:
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FIGURE 2.2. Channel 4 and 5 brightness histograms and scatterplot for the pass
on July 21, 1984. Pixels over land are not included. The maximum
variance direction is indicated.
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S S r = a-r-&£4+c(fl 4 -£ 5 )

(2.1)

where a, b and c are empirical coefficients and 2?4 and B5 are the brightness temperature derived from channels 4 and 5 respectively.
Using the same idea we hypothesize that if there is a fog-related signal it might
be detectable in the anomaly between these two bands. We recall that instead of
treating brightness temperatures we are dealing with brightness alone.
To explore this idea, anomaly values (B1) were obtained by fitting a Unear
model under the assumption that both measurements are subjected to uncertainty
(Morrison, Chapter 8, 1978).
This approach corresponds to projecting the brightness vector onto the second
eigenvector of the B^-B6 covariance matrix (Fig 2.3). With this Unear model at
hand, after demeaning brightness, anomaly values are calculated as:

Bs-S-B<
(l + S2)l/2

(2.2)

where S, the slope of the first eigenvector, is given by

S = A+[1 + A2]lf2

(2.3)

where

2/M7-

a2 =

var(g 4 )
var(fl 5 )

(2.4a)

(2.4*)

and
—
covai(B4,B5)
~ (var(B 4 )var(S 5 ))^

P

(2.4c)
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FIGURE 2.3. Definition of brightness temperature anomaly (B') on the scatterplot
formed by the demeaned brightness temperatures of channel 4 (J54) and
channel 5 (B5), see Eq. 2.2. The slope of the first eigenvector (S) is
indicated.
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In the image formed by the anomaly values (top panel on Fig. 2.4), along the
Nova Scotian coast the patterns are clearly correlated to the estimated temperature
(bottom panel on Fig. 2.1) rather than albedo (top panel on Fig. 2.1). Thus, no
distinctive features associated with the fog bank can be observed. I also examined
the possibiUty that a fog signature may be found in the spatial variabiUty of B'.
Among different measures of local variabiUty, loosely identified as "texture",
I choose the magnitude of the local spatial gradient. In areas wk^re pixel values
are rather uniform the image is mapped to small values as opposed to areas where
the local variabiUty is high. One approach often used for determining such features
is by use of the "Sobel" operators (Gonzalez and Wintz, 1987), which give an
approximation to the magnitude of the gradient (|V(?|), i.e.:

| V G | « | G , | + |G F |

(2.5)

where \GX | and \Gy | are estimated derivatives in the x and y direction, respectively.
The actual computation of these latter estimates is performed by convolving the
image with the "Sobel" templates:

-1

0

1

1

2

1

-2

0

2

0

0

0

-1

0

1

-1

-2

-1

Gx

Gy

which represent the two-dimensional equivalent to the central difference in the x
and y direction, respectively.
The image representing the spatial variabiUty of B' is shown in the bottom
panel of Fig. 2.4. In this image, again no feature correlated with the cloud formation
evident in the visible channel can be observed.
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FIGURE 2.4. Top panel: image formed by the brightness anomaly (B1) of the
two far IR images, as defined by eq.(2.2). Bottom panel: Local spatial
variabiUty of the above, expressed as the magnitude of the local gradient.
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Concluding, low warm cloud formations have been shown to mask the true
oceanic radiation from below but stiU give channel 4 and 5 images that could be
mistaken for the ocean. During day passes these clouds can easily be observed in
the visible channels, but on night AVHRR imagery (when the visible channels are
not available) a different approach has to be taken.
The papers by Eyre et al. (1984) and d'Entremont and Thomason (1987) have
shown that the near IR (channel 3) can give an appropriate signal for the detection
of these formations at night. However, the usefulness of that sensor ends approximately six months after launching. Although a clear, fog-correlated signature in the
two far IR bands was not found, I have identified an important problem that Umits
potential use of IR imagery. More specifically, since satellites of the NOAA-series
are launched every two years, with half of the data taken at night and because
channel 3 remains reUable for a period of six months, thus 3/8 of the images are
subjected to undetectable fog contamination.
2.3 Infrared imagery of the Nova Scotian coast

2.3.1 Introduction.

For the Nova Scotian coast and shelf, 10 clear or partially covered images are
available for June to September 1985 and 12 for the same period of 1986. To decide
which images to analyse, it was required that the area extending from the coast to
about lOOfcm offshore should be at least 70% cloud-free. For 1985, such images are
available only in July and August, while for 1986, images are available from July
to September, with no clear images in June for both years. In consequence, the
number of images for the summer period showing oceanic radiation along the Nova
Scotian coast represents only 5% of the total satelUte passes.
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For aU the images available, visible and temperature Mercator maps centered
at 43.5° N latitude and 63° W longitude were produced. The complete set of SST
images is presented in Appendix 1. These 512 x 512fcm images show the entire Nova
Scotian coast and most of the shelf. In order to isolate oceanic radiation, clouds
were detected by using high albedo values from the visible channel 2 instead of low
temperature regions from the temperature images. This procedure was chosen to
avoid eventual misinterpretation of low warm clouds as oceanic radiation.
T h e actual procedure was to select a threshold from the albedo values that
produced cloud masks in agreement with what the eye would have defined as cloudy
regions. The lack of objectivity in this procedure is inherent to this kind of satellite
d a t a analysis, where a clear boundary between cloudy and non-cloudy regions does
not exist. To iUustrate this point, Fig. 2.5 show typical histograms of albedo and
temperature for the daytime pass on July 22,1986. These histograms do not include
pixels over land. The presence of a cloud in this image is obvious from the pattern
of the cloud formation (Fig. A1.6) and from the temperature seen in the SST image
without a cloud mask (figure not presented), but note that the respective histograms
in Fig. 2.5 do not show two modes as one would expect.
T h e MIAMI software provides albedo values ranging from 0 to 255 without
physical units. Therefore, in order to produce cloud masks to be overlaid on the
corregistered SST images, different threshold values for the albedo were tested.
It was found that regions with albedo larger t h a n 100 showed cloud patterns in
agreement with what is normally interpreted as cloudy areas. Further, it was not
necessary to provide a special mask for land as the albedo from land was always
larger than 100.
As one of the goals of this thesis is to gain insight into the evolution of coastal
temperatures, I have assessed the usefulness of IR images by comparing them to
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three independent sources of SST information on the Nova Scotian Shelf: cUmatological monthly means; XBTs profiles and coastal thermographs.
2.3.2 Relation to in situ temperature observations.

Monthly averaged SST maps compiled by Drinkwater and Trites (1987) can
provide us with what is expected for a typical SST image. Although a comparison
between instantaneous images with monthly averaged maps is not strictly appropriate because of the different time scales involved, deviations from cUmatological
means can be identified as indications of coastal thermal events on a shorter than
monthly time scale or longer if the whole year is anomalous.
In the northern half of the Nova Scotia coast, the cUmatological SST maps show
isotherms parallel to the coast, with temperatures closest to the coast during July
and August of 13°C and 16°C, respectively. On the other hand, for the southern half
of the coast the presence of a pool of cold water (< 10°C) around the southern tip of
the Nova Scotia coast is observed in both months. Therefore, along the coast from
Cape Sable to HaUfax a coastal alongshore temperature gradient is present, with the
temperature at HaUfax reaching 13°C and 14°C in July and August, respectively.
On the mid-shelf and along the coast from HaUfax to Cape Breton, temperatures appear uniform alongshore with isotherms running parallel to the coast. In
the offshore direction off the northern part of the coast (HaUfax to Cape Breton)
an increase of temperature going from 13°C at the coast to 16°C at the shelf edge,
is expected during a typical July, while during August this offshore temperature
increase is from 14°C to 20°C.
From the above cUmatology the most outstanding observation is that surface
temperatures are lower in the shallower coastal region than in the deeper shelf
region. In the southern part of the coast, off Cape Sable, this has been interpreted as
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the result of strong tidal streams (Garrett et al., 1978). They suggested that under
uniform solar heating, spatial variations in tidal mixing are capable of separating
weU-mixed and vertically stratified regions. The boundary between these regions
was found consistent with a ratio of the local depth (H) to the cube of the average
tidal current (U3), which measures the relative importance of surface buoyancy input by solar heating to tidal dissipation (Simpson and Hunter, 1974). AU the
available SST images support the idea of a local front separating a region of cold
water (< 10°C) off Cape Sable from warmer shelf waters.
The Cape Sable cold pool iUustrates the kind of information that can be extracted from satelUte IR images. SST imagery provides us with patterns and horizontal scales difficult to assess from moored instruments. However, not all the
thermal patterns observed can be clearly attributed to sea surface temperature.
For example, the large areas with temperatures higher than 20°C in the middle
shelf region observed in images on August 3, 1985 (Fig. Al.3), August 13, 1985
(Fig. A1.5), August 12,1986 and August 14,1986 (Fig. Al.7) and August 21,1986
(Fig. A1.8), seems not to be related to SST. Reasons to suspect these high temperature values as caused by oceanographic processes come from the fact that they do
not persist on images separated by one day (August 3-4,1985; Fig. Al.3), and from
the lack of indication of visual spatial correlation between pairs of images in the
1986 series. The above thermal patterns might result from atmospheric effects or,
alternatively, might represent thermal processes Umited to a very thin surface layer.
However, it cannot be ruled out that they could be caused by processes such as
intrusions from the outer shelf region since in situ measurements are not available.
As far as in situ evidence is concerned, the Marine Enviromental Data Service,
Ottawa, Ontario, provided me with all the XBT drops for the Scotian Shelf region.
The number of available temperature profiles for the months of June, July, August
and September of 1985 is 37 and for the same period of 1986 is 31. For the complete
set, only on one occasion (July 23,1986) is there an XBT cast on the shelf and within
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30h of a clear SST image. Fortunately, the location (44.57° N and 59.88° W) is not
covered by clouds in the image (Fig. Al.6). The surface temperature reading of the
profile is 13.1°C which is in reasonable agreement with the 12.5°C obtained from
the SST image. This latter value was calculated as the average of a 3 x 3 pixel box
centered around the XBT cast.
For the northernmost coastal region (the main focus of this thesis), the climatology suggests an outflow from the Gulf of St. Lawrence spreading southward
along the coast. The effect on the shelf of the incoming water can be observed in the
persistent alongshore salinity gradient (approximately 1.5 °/00 from Cape Breton to
Yarmouth ) with fresher water to the northwest. On the other hand, cUmatological
temperature maps for July and August do not show strong temperature gradients
along the coast. The reason for this is that there is no temperature contrast in the
summer months between the shelf waters at the coast and the waters coming from
the Gulf of St. Lawrence measured at the Sydney Bight, leaving no temperature
contrast between the different water masses. During the month of July, for example,
the temperature difference at the surface between the area off Little Harbour and
the Sydney Bight is only 0.9°C while the saUnity difference is 1 °/00.
The idea of an alongshore coastal current has been studied since Bigelow (1927)
first recognized the existence of low saUnity water being advected along the coast
from the Gulf of St. Lawrence. SutcUffe et al. (1976) found by correlating coastal
sea temperatures that the effects of the Saint Lawrence River discharge can be traced
as far as the Gulf of Maine. Drinkwater et al. (1979) also deduced the existence of
a net southward drift on the Nova Scotian Shelf from geostrophic calculations using
the HaUfax section data (assuming no motion at the bottom), with the greatest
flows concentrated on the inner half of the shelf.
Based on this representation of overaU mean circulation, with characteristic
surface velocity of 0.1ms - 1 (SutcUffe et a/., 1976; Grant and Reiniger, 1971; Smith,
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1983; Petrie, 1987), one should expect to observe southward advection of thermal
features on IR images by approximately lOfcm per day. Occasionally, this thermal
signature of the Nova Scotia current has been observed in IR images (Petrie, 1987)
with an estimated advection velocity in agreement with previous estimates. This
observation was based on a series of 4 IR images from April to May, 1977. However,
in our whole set of images for 1985 and 1986 there was not a single occasion when
a pair of images could give a clear indication of southward advection of coastal
thermal patterns. When present, coastal thermal structures appear more to be
locked to the coast rather than being advected alongshore.
In relation to the offshore increase of surface temperatures in the northern
half of the coast, IR imagery provides a different picture to the one suggested
by cUmatology. Although the temperature range observed in a single image may
be compatible with the cUmatological data, the simple pattern suggested by the
cUmatology is not observed in single images. This is of course to be expected if we
consider the dissimilar time scales involved.
In general, the complete set of images gives clear indications that SST cannot
be assumed uniform along the entire coast. It also indicates the existence of events
on time scales less than a month that cannot be appreciated from cUmatology.
As suggested previously, deviations from cUmatology observed in the IR imagery can indicate the presence of thermal events. In fact, the most outstanding
feature shown by imagery (e.g., Fig. A1.2) along the northern nearshore zone is the
presence of cold water at the coast. When present, the temperature values are lower
by about 3-4°C than cUmatological values. The cold coastal water observed in the
cUmatology is probably the result of averaging these episodic events on a monthly
basis rather than a more constant feature as seems to be the case for the southwest
Nova Scotia region.
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A single surface pattern of the cold coastal events is difficult to formulate
from the imagery available. However, in general terms when present they can be
classified as foUows: 1) locaUzed cold centers off Halifax and Little Harbour, 2)
a rather uniform cold coastal band extending about 40km offshore, and 3) a cold
coastal band with additional plumes extending into the midshelf. A summary of
these coastal structures observed in the imagery is presented in Table 2.1 and 2.2
for 1985 and 1986, respectively.
Additionally, while an analysis of a set of bottom temperature measurements
is reported in the next chapter, the tables also include temperature measurements
taken at coastal sites in the central part of the coast (Little Harbour, 1985 and
Sambro 1986) both at 3m depth. Temperature values nnd rates of change of temperature in both Tables were obtained after filtering the original time series with
a Hanning low-pass filter (50% of power passed at 24fc). Also included, for the
corresponding locations and times in each year, are temperatures obtained from the
SST images. The IR-derived temperatures were calculated as the mean average of
a 3 x 3 pixel box, centered 2 pixels offshore, in a perpendicular direction to the
coast as defined by the MIAMI mapping (approximately 2.2km from the coast).
This latter offshore offset was included because of evident mismatches between the
MIAMI coastal Une and the high temperature contrast between land and sea. In
the imagery, the coastal boundary was indicated by a typical land-to-sea temperature difference of 8°C. On the other hand, there is a possibiUty that IR temperature
estimates might be biased by offshore temperature gradients. However, for aU the
cases, the offshore variabiUty within the 3 x 3 pixel box, as measured by the standard
deviation, was always less than 0.2°C.
Although the time series of images in both years is rather sketchy, the cold
coastal features in the images are consistent with the bottom temperature values
in waters 3m deep. The tendency, indicated by the rate of change, also points to
an agreement. During 1985 (see Table 2.1) the presence of cold water at the coast
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TABLE 2.1. Coastal cold features along the northern part of the Nova Scotian
coast from the 1985 IR imagery. Surface temperature and rate of change
of temperature are from Little Harbour (3m). Also included is the temperature at the same site but from SST images. Images are presented in
Appendix 1.

1986
IR images
Jul 22 203
23 2Q4
Aug 12 224
14 226
21 233
29 241
30 242
Sep 9 252
13 256
14 257
18 261
28 271

IR satellite
Temperature [°C]
14.3
14.2
17.2
17.7
cloudy
14.1
13.4
16.9
14.3
12.9
14.0
12.4

Sambro (3m)

r[°C]
13.5
13.8
15.9
14.9
17.6
13.0
11.6
14.7
12.7
11.2
10.2
13.2

Halifax-Cape Breton Coastal Features

dT/dt[°C/day]
0.1
0.1
0.5
-0.7
-0.1
-1.0
-1.7
0.0
-1.1
-0.9
0.4
-0.1

no coastal structures
no coastal structures
no coastal structures
no coastal structures
no coastal structures
cold centers (< 12° C)
cold centers (< 12° C)
no coastal structures
cold centers (< 12° C)
cold centers (< 12° C)
no coastal structures
no coastal structures

\Off Halifax
/and Little Harbour
\Off Halifax
J and Little Harbour
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is seen in aU the images from July 21 to August 7 (see Figs. A1.2, Al.3 and Al.4),
a period during which surface temperature values at Little Harbour were always
lower than 12°C. The rate of change jlso indicates a lowering of temperatures at
the begining of the event foUowed by an increase at the end of the event. Therefore,
during 1985, IR imagery indicates the presence of cold waters at the coast covering
at least the period from July 21 to August 7.
For 1986 (see Table 2.2), during the month of July there are only two images
available, neither indicating unusual conditions at the coast. The Sambro coastal
temperatures agree with cUmatological values as weU as with the IR images. In this
year, the majority of the images are for the month of August and September, where
imagery suggests the presence of two coastal cooUng events, one for each month
(see Figs. A1.8, bottom panel; A1.9, top panel and ALIO). Despite the fact that
on both occasions there are only two images on consecutive days (August 29-30
and September 13-14), the coastal temperature at Sambro indicates consistently
low values as weU as a negative trend (—l°Cd_1). The major difference in this year
is the fact that no coastal band is observed on the images though locaUzed centers
off HaUfax and Little Harbour occur on both occasions.
A scatterplot for the two years of in situ measurements and co-located satellitederived temperatures is presented in Fig. 2.6. From the scatterplot two major
features are evident: 1) a Unear relation between IR-derived temperatures and
thermograph measurements and 2) a bias with the the IR-derived temperatures
systematicaUy high by about 2°C. Because images from 1986 are later in the season
than images from 1985, the larger mean temperature in 1986 in comparison to the
mean temperature in 1985 is consistent with the cUmatological seasonal trend.
2.4 Discussion

The role of IR imagery for the kind of problem that we are addressing becomes
clearer when we have additional data such as continuous recordings of temperature.
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Even though the evolution of thermal patterns is not always accessible from existing imagery, it can provides us with horizontal scales which are difficult to obtain
with moorings or transects from cruises. However, based on the bottom-mounted
thermograph data (3m), there is the possibiUty that absolute temperature may be
overestimated by the MIAMI software. Alternatively, the difference might be due
to the presence of vertical temperature gradients or, because the satelUte data are
obtained during mid-afternoon, a systematic bias might be caused by the diurnal
warming. Stramma et al. (1986) found that the diurnal wanning can be between
1°C to 2°C. From cUmatological temperatures at the closest station to the coast in
the HaUfax Section (Drinkwater and Taylor, 1982), we can estimate, by Unearly interpolating temperature at Om and 10m, a temperature difference from the surface
to a depth of 3m for the months of July, August, and September of 0.9°C, 0.8°C
and 0.1°C, respectively. The 2°C difference found from surface to bottom in waters
3m deep requires further data in order to test the vaUdity of the MIAMI caUbration
constants for the coastal zone. On the other hand, indications of a Unear relationship between the satelUte derived temperature and the in situ measurements, add
confidence to the spatial gradients observed in the imagery.
The 1986 series of images show two coastal cooUng events, with locaUzed centers
of cold water spreading offshore rather than being advected alongshore. From this
observation, we might conclude that the cooUng is the result of local upwelUng.
In the 1985 series, as weU as in the 1986, no images are available for the
beginning of the cooUng event at the surface. In both years the first available
images show cold water extending at least 20km offshore. This iUustrates a typical
drawback in the use of IR imagery while analyzing coastal upwelUng: the lack of
information on the rising of the thermocUne. In fact the only possibiUty is to observe
the evolution of the thermocUne after it has reached the surface.
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The series of images for 1985 and 1986, as weU as the images analyzed by Petrie
et al. (1987) for 1984, suggest that coastal cooUng events are an oceanographic
feature that should be expected for any summer period along the Nova Scotian coast.
With this in mind, the cUmatological means are in agreement with the imagery by
indicating cooler surface temperatures at the coast than farther offshore. Although
the 1984 (Petrie et al., 1987) and 1985 imagery indicated events of the order of a
month long, during 1986 the events had a tendency to be much shorter Uved. This
tendency wiU be further investigated when analysing the forcing for these events.
In the next Chapter, coastal measurements of atmospheric pressure, wind, sea level,
and temperature wiU be analyzed and compared with the information provided by
the IR imagery.

Chapter 3. Coastal Measurements.

3.1 Introduction

The distribution of temperature in any region of the ocean is controUed by
exchanges of heat with adjacent water masses, in the form of advection or eddy
diffusion, and by fluxes of heat at its boundaries (mainly the sea surface). Thus,
an understanding of coastal temperature changes requires both information about
air-sea heat fluxes and a knowledge of ocean dynamics. Although adequate information might be obtained from a weU planned observational program, fundamental
questions can stiU be addressed with the available measurements along the Nova
Scotia coast.
Since the earUest days of oceanography, temperature, next to sea level, has
been one of the least expensive variables to measure. In the case of bottom-mounted
thermographs, for example, there is no need for moorings or a platform during the
recording period. Nevertheless, the use of temperature alone in the understanding
of dynamical processes is Umited because uncertain sources of heat might play an
important role in the temperature distribution. This latter effect can be easily observed on typical T-S diagrams where surface samples have a larger scatter than
those representing deep water masses. Additionally, based on the fog bank case
analyzed in the previous chapter, the spatial scales of these heat fluxes could on
occasion be of the order of lOOAsm. Therefore, without reUable heat fluxes measurements we expect that the correlation between surface temperature records and
advected dynamical effects wiU be lower than the same correlation using deeper
temperature measurements.
Details of the coastal dynamics on the inner Scotian Shelf in summer are not
weU known. The major sampUng efforts have been concentrated on the outer shelf
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and in the shelf break region (Smith et al., 1978; Smith and Petrie, 1982; Petrie,
1983) or carried out during the winter season, as in the CASP experiment (Stewart
et al., 1987; Anderson and Smith, 1989). Although temperature changes have provided useful insights into the dynamics of the wind driven upwelUng along the Nova
Scotian coast (Hachey, 1937; Petrie et al., 1987), few oceanographic observations
have been obtained during the summer season. When available, temperature measurements have been used to infer currents. By postulating a priori the presence of
certain dynamic processes and their influence on the temperature distribution, some
vaUdity to the model has been provided when agreement between model predictions
and temperature measurements has been found, even in the absence of supporting
measurements of the currents.
In this chapter, the characteristic temporal and spatial scales of the atmospheric
forcing wiU first be assessed based on atmospheric pressure and coastal wind measurements. Secondly, a fundamental question related to variations in sea level wiU
be addressed: Along the Nova Scotia coast, are sea level changes in summer a response to meteorological forcing, an independent forcing or a combination of both?
Finally, the characteristic scales of temperature variations along the coast wiU be
estimated.
The time series obtained during 1985 and 1986 are atmospheric pressure, wind
speed and direction, coastal sea level, and temperature records obtained from coastal
bottom-mounted thermographs. An initial analysis of the available measurements
in the form of time series, spectra and cross-spectra is presented in this chapter.
The algorithm for spectral calculations is found in Appendix 2.
3.2 Meteorological data

The Atmospheric Environment Service (AES) operates a number of regular
observing stations at various sites along the Nova Scotian coast and on Sable Island.
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These stations are equipped with standard (U2A) cup-and-vane anemometers at
10m, providing hourly wind observations consisting of direction (to the nearest
ten degrees) and one- or two-minute averages of speed (with O.lfcmfc""1 resolution)
taken on the hour. Atmospheric pressure, extrapolated to sea level, is also recorded
on the hour and provided by AES with O.OlfcPa resolution. Meteorological data
were obtained from two coastal sites: Shearwater Airport (hereafter referred to as
HaUfax) and Sydney Airport (Fig. 3.1). These data sets are complete for 1985
and 1986, although only the period from JuUan day 160 to 280 of each year wiU be
considered (hereafter caUed the summer period).
3.2.1 Atmospheric pressure

The power spectra of atmospheric pressure of the summer period in 1985 and
1986 (Fig. 3.2) were very similar at HaUfax and Sydney. The bulk of the variance
is centered in the 0.05-0.15cpd band (7-20 day period band). During 1986 the
variance is about 30% larger than that during 1985 at all frequencies, indicating a
larger degree of atmospheric activity. This interannual difference wiU also be found
later in the wind regime.
In order to get information about sources of alongshore variabiUty, comparisons
between the two sites were made based on the squared coherence (SC) and the phase
(Fig. 3.3). First, the SC between both sites indicates that the signals are coherent
in both years. For periods longer than 2 days, the average percentage of the variance
at one site that can be accounted for by the signal at the other site is 84% and 92%
in 1985 and 1986, respectively. These values are weU above the 5% significance
level. Secondly, the phase in both years shows a consistent Unear trend with an
approximate slope of —60° /cpd. The negative Unear slope of the phase corresponds
to Sydney lagging HaUfax by approximately 4A. If we consider that these places are
separated by about 300fcm, we obtain a mean phase speed of 21ms" 1 . This value
is consistent with earUer reports of weather systems travelUng along the general
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F I G U R E 3.1. Location of sensors along the Nova Scotia coast.
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direction given by the Nova Scotian coast and at the same phase speed (Sandstrom,
1980; Smith and Petrie, 1982). In summary, based on the high SC and the almost
identical power spectra, atmospheric pressure at Sydney can be considered identical
to atmospheric pressure at HaUfax, but with a lag of 4fc.
3.2.2 Wind

The use of land-based data to determine the effects of wind on sub-inertial
coastal motions is always a source of concern due to changes in the wind regime
between land and sea. However, Smith (1987), using data for 1979 and 1980,
compared the monthly vector mean wind stress and found discrepancies of only
about 5 degrees between land and sea for the Scotian Shelf. Therefore, it seems that
coastal anemometers can appropriately measure the direction of the wind acting on
the shelf.
On the other hand, the overall wind stress measured at HaUfax for the period
1978-1983 (Smith, 1987), when converted to wind speed underestimated the shelf
wind speed by a factor of 2. This same kind of change has been found in the
South Atlantic Bight during the spring season (Schwing and Blanton, 1984). In
contrast, Petrie et al. (1987) found that winds measured at HaUfax during the
summer of 1984, were essentiaUy identical to Sable Island winds. Using over 280,000
ship reports during the summer season (June to August) for the period 1941-1972,
Saunders (1977) found no evidence of offshore gradients for averaged wind stress on
1° squares over the Scotian Shelf, as opposed to the winter season when the wind
stress increases by a factor of two in going 200km offshore.
For the summer periods (days 160 to 280) of 1985 and 1986, a comparison of
the wind measured at Sable Island and at HaUfax was performed. First, orthogonal
components of the wind were calculated by defining an alongshore direction (60° T)
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and a cross-shore direction (150° T ) for both series. Second, the series were lowpass filtered in order to retain only frequencies lower than 0.5cpd (see Appendix
2). Then, by taking the HaUfax wind as an independent measurement, I obtained
the Unear combination of the HaUfax wind components that best fitted (in a least
squares sense) the Sable Island wind components. The Unear regression model used
is

Usl = anE/nfx + a 12 VHIX + noise

(3.1a)

Vsi = «2i ^Hfx + «22 VHIX + noise

(3.16)

where t h e subindices Hfx and SI represent HaUfax and Sable Island respectively, U
denotes the cross-shore component and V denotes the alongshore component of the
wind. T h e at;- are the elements of the Unear transformation from HaUfax to Sable
Island winds. For a perfect correspondence the matrix formed by the elements a,j
is the identity matrix.
T h e results of the Unear regression (Eq. 3.1) for 1985 and 1986 are shown in Fig.
3.4. Also included is the multiple correlation coefficient (Jenkins and W a t t s , 1968, p .
477) t h a t gives a measure of the amount of variance of the dependent variable (i.e.,
each Sable Island wind components) accounted for by the two independent variables
(i.e., b o t h components of the HaUfax wind). For both years, we can see that there is
almost no discrepancy for the direction of the cross-shore wind between HaUfax and
Sable Island. However, the alongshore wind at Sable Island is consistently rotated
to the left, this rotation is about 19 degrees in 1985 and about 10 degrees in 1986.
W i t h respect to the magnitude of the wind components, the largest discrepancy
was found for the cross-shore wind; during 1985 the underestimation was 47% and
in 1986 was 32%. For the magnitude of the alongshore wind, HaUfax measurements
are about 27% lower than those at Sable Island in both years. This difference
is in agreement with the results of Petrie and Smith (1977). OveraU, the typical
amount of variance for both wind components at Sable Island accounted for by the
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HaUfax wind was about 64% during the summer period of 1985 and 1986. Therefore,
for the summer period, in this study I wiU use wind measurements at Halifax as
representative of the coastal wind regime when analyzing the sub-inertial range.
The implications of a potential subestimation of the wind regime wiU be discussed
in Chapter 5.
The entire series of hourly wind observations were converted to wind stress by
use of the quadratic stress law with variable drag coefficient (Smith and Banke,
1975):

\r\=Pa,rCd\U10\2

(3.2)

where
Cd = (0.63 + 0.066j?710|)10-3

(3.3)

is the drag coefficient, T is the wind stress in Pa, pair is the air density in kg m~ 3
and U10 is the wind speed in ms"1.
Positive alongshelf and cross-shelf directions were again chosen as 60° T and
150° T, respectively. After resolving the wind stress into orthogonal components,
the series were convolved with the same low-pass filter used on the pressure series
(see Appendix 2). From these series, data segments corresponding to the "summer period" (JuUan days 160 to 280) in each year were extracted and the power
spectrum, as well as the cross-spectra, were obtained using the same technique and
parameters as for the pressure series.
For the summer period in each year, a comparison of power spectra of the
cross-shore and alongshore wind stress measured at HaUfax is presented in Fig. 3.5.
In both years the variance of the two components tends to be concentrated around
the O.lcpd band, this being more evident during 1986. In 1986, a second smaUer
peak was found around 0.33cpd for both components. The values of cross-shore
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wind stress power were not significantly different from those of the alongshore wind
stress. The major interannual difference observed was the much larger alongshore
wind variance during 1986, a feature also observed in the subinertial bands of the
1986 atmospheric pressure spectra (Fig. 3.2).
Cross-spectral analysis between the alongshore stress at HaUfax and the wind
stress in the same direction (60° T) at Sydney was also performed (Fig. 3.6). The
coherence decreases with frequency for both years, from typical values of 0.8 for
frequencies < 0.25cpd to 0.6 for higher frequencies. In the low frequency band, where
the bulk of the energy is concentrated, values are weU above the 5% significance level.
In Fig. 3.6, the phase, though noisier than the phase between the pressure fields,
shows the same Unear trend found for the atmospheric pressure and indicates a
northeast propagation speed of 18ms" 1 for the wind disturbances in good agreement
with the 2 1 m s - 1 estimated from the pressure fields (see Fig. 3.3).
3.3 S e a level

Hourly tide gauge data from HaUfax and North Sydney were gathered for the
same years. After being adjusted for the inverse barometer effect, the time series
were detrended and filtered such that frequencies above 0.5cpd were excluded (see
Appendix 2). Fig. 3.7 provides a visual comparison of adjusted sea level (ASL)
in the subinertial range between both places and during both summer periods. As
pointed out by Sandstrom (1980), during the summer period the visual correlation
between the time series is low. In fact, the location of the North Sydney gauge may
make it more sensitive to oceanographic processes occurring in the Gulf of Saint
Lawrence or along the Laurentian Channel (Fig. 1.1), which are probably forced
differently than processes occurring on the Nova Scotian shelf. It might be argued
that, after day 260 in both series, individual events can be tracked from one place
to the other, but on average the data suggest differences rather than similarities.
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The local relation between ASL and alongshore wind stress at HaUfax was
explored through cross-spectra analysis (Fig. 3.8). The squared coherence in both
years for frequencies lower than 0.25cpd is typicaUy 0.7, while it is not significantly
different from zero at higher frequencies. The gains decrease monotonically from a
value of 3 m P a - 1 at the lowest frequency to a value lower than lmPa~l

at the highest

frequency shown, suggesting a frequency-dependent relationship between ASL and
alongshore wind stress. However, the phase seems to remain constant being close
to but lower than 180° at least in the frequency range where the two signals are
coherent. In comparison, Sandstrom (1980) correlated alongshore wind and ASL
measurements at HaUfax during 1967-1968 and found that, for frequencies between
0.2cpd and 0.5cpd the phase difference between these signals rapidly changed from
180° at low frequencies to 90° at high frequencies. The different spectral form of
the phase found here, might be due to the fact that only the summer period is
considered in the present analysis. Therefore, for summer stresses, which are low in
comparison with winter periods, the present statistical approach does not point to a
simple local relation between alongshore wind and ASL, as suggested by Sandstrom
(1980). This is perhaps not surprising, since Petrie et al. (1987) found dramatic
differences between observations and predictions of ASL in the time domain from a
local model.

There is a possibiUty that changes in the relative sea level gradient along the
coast may act as an external forcing. A measure of the local slope in the northern
part of the Nova Scotian coast can be estimated from the ASL time series available
at North Sydney and HaUfax. ImpUcit in this estimation of the sea surface slope
is an assumption of smoothness between North Sydney and HaUfax, which can not
be proved with the available data. However, for a period from November 1985 to
April 1986 during the CASP field experiment (Schwing, 1989), an array of bottom
pressure gauges covering the Nova Scotia coast were deployed. Five of these gauges,
approximately equaUy spaced, were located between North Sydney and HaUfax.
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These gauges exhibit a high degree of correlation, providing some vaUdity to the
smoothness assumption.
The squared coherence of the ASL at North Sydney and ASL at HaUfax, is
presented in Fig. 3.9 with a typical value of 0.6 for both years. Time series of ASL at
North Sydney minus ASL at HaUfax (hereafter referred to as the alongshore head)
are presented in Fig. 3.10 together with the alongshore wind stress at HaUfax.
We can notice the large magnitude of the alongshore head with many events in
excess of 0.1m. If this head was not a response of the flow to the wind forcing, as
for example in the form of an "arrested topographic wave" (Csanady, 1978a), but
rather a pressure gradient forced by events occuring outside the northern part of
the coast, then we could compare this potential external forcing to the wind forcing
using simple arguments based on the verticaUy integrated equations. By excluding
the possibiUty of any offshore variabiUty and considering that the sites are 300km
apart, a pressure gradient associated with a 0.1m alongshore head is equivalent to
a wind stress of about 0.3Po acting on an ocean 100m deep. However, this order
of magnitude calculation might be misleading if the observed alongshore head is
considered a priori as an external forcing.

Sea level differences along the coast

might weU be a combination of an alongshore pressure adjustment to the wind
forcing (Csanady, 1978a) and a pressure difference externally forced.
In order to assess the origin of the alongshore head, the cross-spectrum between
the alongshore stress and the alongshore head was calculated (Fig.

3.11).

For

frequencies lower than O.lcpd, typicaUy 50% of the alongshore head variance can be
accounted for by the alongshore wind stress in both years. At higher frequencies the
squared coherence drops below the significance level but peaks up around 0.2Scpd to
an R2 value of about 0.5. This second peak is less evident during 1986 because only
a single estimate exceeded the significance level. This suggests that the alongshore
head is probably a combination of a wind driven effect and an external forcing.
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Although the alongshore wind stress accounts for about 60% of the variance of
alongshore head at low frequency, individual events in the time series (Fig. 3.10)
clearly indicate that some changes in the alongshore head are not associated with
wind stress events. Despite the visual correspondence between alongshore head
events and the two major downweUing favourable events during 1985 (days 178
and 243), similar large alongshore head changes at the end of the series in 1985
do not seem to be associated with wind events. Similarly, the visual correlation
during 1986 is not clear. For example, whole around day 200 a major downweUing
favourable event does not seem to have influenced the alongshore head, 10 days
later a wind stress of similar magnitude and duration seems to be associated with
a 0.15m alongshore head event. In order to attempt to determine the effects on the
subsurface temperature of both the alongshore wind stress and the alongshore head,
a multiple Unear relation in the frequency domain between these measurements wiU
be explored in Chapter 5.
3.4 B o t t o m t e m p e r a t u r e m e a s u r e m e n t s

Temperature records from bottom-mounted Ryan thermographs, ranging from
a depth of 3m to a depth of 40m and covering almost the entire Nova Scotia coast,
are kept in the BIO computer archives. Sites and depths of the thermographs differ
from year to year. The records have an accuracy of ±0.5°C, a resolution of 0.1°C
and are sampled at 4/i intervals. There are 22 and 21 temperatures records available
covering at least 50% of the 120 day summer periods in 1985 and 1986, respectively.
However, in these two particular years about half of the data available are of Uttle
use for the purposes of this study due to mechanical failure of the instruments,
recovery of the instruments off site, and that the thermographs were located in
highly enclosed embayments probably isolated from open coastal processes. After
ehminating records of questionable quaUty, only 11 and 10 were left for 1985 and
1986 respectively. The location of these temperature records and their depths are
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shown in Fig. 3.1. Most of the series are located in the northern part of the Nova
Scotia coast, with most of the instruments located in the top 20m.
The first basic task to be addressed is the alongshore correlation of the temperature changes. For records covering most of the summer period and from depths
shallower than 20m, which is the expected depth of the seasonal thermocUne (Petrie
et al., 1987), the squared correlation coefficients between the detrended unfiltered
records were calculated (Table 3.1). These are shown as a function of distance between records in Fig. 3.12. As expected, the correlation drops with distance along
the coast. T h e squared correlation values indicate the existence of alongshore variabiUty consistent with the variabiUty observed in the IR imagery. The decorrelation
scale estimated as an exponential decay scale is 330fcm during 1986, while it is only
about 100km in 1985. By extrapolating the correlation function to zero alongshore
distance the signal-to-noise variance ratio during 1986 is smaUer than during 1985.
This is not inconsistent with the speculation that during 1986, probably due to a
larger wind activity, upwelUng had the tendency to be locaUzed along the coast
rather than to be uniform along the coast.
Figs. 3.13 and 3.14 show representative unfiltered temperature records covering
most of the northern part of the coast. Superimposed on each of the temperature
series is the mean and standard deviation of cUmatological temperatures obtained
by Drinkwater and Trites (1987) from 28 years of data.

Because cUmatological

values are provided at standard depths (i.e., 0m, 10m, 20m, 30m, 50m, 75m and
100m), the closest estimate was chosen depending on the depth of each record.
For t h e deep records (40m), the 30m and the 50m cUmatological estimates are
superimposed.
Near surface records for both years reproduce the seasonal warming until midAugust foUowed by a cooUng period. Deep records also foUow the warming trend.
Deviations of the 1985 and 1986 records exceeding at least one standard deviation

Site

Depth [m]

R2 correlation matrix

Alongshore
distance [km]

1985

1986

Gabarus

7

0

1.00

-

Petit de Grat

3

68

0.72

1.00

-

New Harbour

10

107

0.62

0.84

1.00

Port Bickerton

3

130

0.26

0.54

0.56

1.00

Little Harbour

3

214

0.10

0.29

0.34

0.69

Gabarus

3

0

1.00

-

Petit de Grat

5

68

0.70

1.00

-

Port Bickerton

3

130

0.51

0.62

1.00

-

Sambro

3

270

0.43

0.57

0.57

1.00

1.00

TABLE 3.1. Squared correlation coefficient for the detrended surface records as a
function of alongshore distance. Sites, depths and alongshore distance
from Gabarus are indicated.
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from the cUmatological means should indicate unusual conditions.

Within this

perspective, the sign of the most significant deviations are depth dependent; for the
near surface records major changes are generally negative temperature anomalies,
whereas for the deep records (i.e., 40m) major changes are usually increases of
temperature.
The bias towards positive anomalies for the deep thermographs and negative
anomalies for the surface ones is not unexpected from our basic understanding of
coastal upweUing. During the summer period when the water column is thermally
stratified, upwelUng events are expected to lower the coastal SST by raising cooler
deep water. On the other hand, when downweUing at the coast is forced by a
surface transport onshore, the surface thermographs wiU detect offshore SST that
is not expected to differ from coastal SST unless offshore temperature gradients are
present at the surface. For deep records (i.e., deeper than the seasonal thermocUne)
this tendency is reversed: increases in deep temperature are induced by downweUing
events that bring down warmer surface water, whUe during upweUing events only
sUghtly cooler water is moved from below.
For the Scotian Shelf, the above metioned warming events at depth (40m)
can potentiaUy be caused by warmer temperature being upweUed from even deeper
layers, rather than caused by downweUing events. In fact, at a depth of about
80m, temperature profiles generaUy show an increase of temperature with depth.
However, close to the coast and at a depth of 75m, temperature values taken from
the cUmatological temperatures of the HaUfax Section (Drinkwater and Taylor,
1982) are lower than 5°C. This latter value is much lower than the temperature of
warming events observed at 40m. Therefore, the large warming events recorded at
40m are much Ukely to have been caused by downweUing events.
During 1985 one major cooUng event centred on day 204 and lasting for about
a month is observed in the surface records. This event was recorded at all sites with
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a typical maximum deviation of —8°C. Despite the fact that thermograph depths
ranged from 3 to 10m, after superimposing the series, visual correlation indicates
that this event was coherent aU along the northern part of the coast from Gabarus to
Sambro. Similarly, for the two available deep records for 1985 which are separated
by 150fcm (New Harbour, 40m and Sambro, 40m), two warming events started
simultaneously, one on day 178 and the other on day 243. This seems to indicate no
lag along the coast. However, on both occasions high temperatures lasted 2-4 days
longer at the Sambro thermographs, located downstream in a Kelvin wave sense.
The temperature variabiUty is much larger during 1986 than that in 1985 for
both the surface and deep records (Fig. 3.15). For a typical detrended surface
temperature record the variance is about 3°C2 during 1985, while it is about 5°C2
for surface temperature records during 1986. For the surface records during 1986,
at least 4 major deviations larger than —5°C can be seen. For the thermographs
north of Sambro, these cooUng or upweUing events are centered on days 208, 224,
242 and 260 and lasted typicaUy 4-8 days. These events can be also identified on
the Port Mouton (10m) record, where they are observed to start on average 3 days
earUer. If the thermocUne was at the same depth aU along the coast, this lead
might be explained by the fact that this record is the deepest one, but without any
additional information a shaUower thermocUne in the southern part of the coast
cannot be discounted as a possible cause.

The two deep records in 1986 show a series of warming events getting larger
as the vertical stratification increases during the summer season. The coherence
between these records is less obvious than between the two 1985 records, probably
due to the fact that the deep Gabarus record is located about 50fcm from a sharp
change in the coastal orientation and Ukely to be affected by processes acting along
the Laurentian Channel.
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The possibiUty that near surface temperature changes propagate along the
coast was examined by computing the lagged squared cross-correlation (CCF) between temperature records. In Fig. 3.16 typical CCFs are shown as weU as the
lag corresponding to every CCF maximum (only the most significant paired crosscorrelation R2 > 0.4 were included). From the set of lags for the maximum CCF
there is no clear indication that near surface temperature signal are advected along
the coast.
3.5 Discussion.

The analysis of subinertial variations of the atmospheric pressure and the alongshore wind stress on the Scotian coastal region indicates a characteristic phase speed
of about 2 1 m s - 1 . This result, obtained from both signals and in both years, is in
accord with the results of Smith and Petrie (1982) for the period 1975-1977, where
they estimated a phase speed of 1 9 m s - 1 in spring. In the subinertial frequency
band the typical lag of Ah along the coast is smaU. The alongshore wind measured
at Sable Island, as weU as at Sydney (result not shown), is larger than the alongshore wind measured at HaUfax. This suggests that the HaUfax wind measurements
might underestimate the wind over the ocean during the summer period. Otherwise, a high coherence between the alongshore stresses measured at HaUfax and
at Sydney (Fig. 3.6), together with a similar power spectra (not presented), was
found for both summers. Since the difference between the wind direction at HaUfax
and at Sable Island was between 20 and 10 degrees, to a first order approximation
the alongshore wind can be considered uniform along the coast. In this study wind
stress from HaUfax wiU be used.
The cross-shore wind stress, as a driving force for the coastal circulation, is
normaUy dismissed without much consideration (e.g., Winant, 1980). In fact, GiU
and Schumann (1974) neglected this term in the inviscid, Unearized, vertically averaged shallow water wave equations by a simple order of magnitude calculation.
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For wind stress components of the same order of magnitude and when assuming
alongshore variabiUty much smaUer than that in the cross-shore direction, the ratio
vj

of the CorioUs term (in the cross-shore momentum balance) to the cross-shore wind
stress is of order f/u,

where / is the CorioUs parameter and a; is a frequency under

consideration. For periods between 2 and 20 days, this ratio varies approximately
between 3 and 30. Therefore, based on the above consideration and the fact that the
cross-shore wind stress was almost of the same order of magnitude as the alongshore
wind stress, the cross-shore wind stress is expected to play a minor dynamical role
in the circulation along the Scotian coast, at least during the summer period. In a
simple theoretical model to be explored in Chapter 4, cross-shore wind stress wiU
therefore not be included as a driving force. (Notwithstanding the above remarks,
the role of the cross-shore wind stress wiU be explored with a statistical model in
Chapter 5.)

A comparison of the ASL at HaUfax with the local alongshore stress (Fig.
3.8) gives similar high levels of correlation as those found by Sandstrom (1980)
between ASL and the local wind speed. However, our cross-spectral analysis does
not indicate a simple frictional balance between wind stress and bottom stress as
suggested by Sandstrom. Although the behaviour of the gain is typical of a frictional
system (i.e., it decreases for higher frequencies of the forcing), the estimated phase
is not compatible with such a model, since for more rapid forcing the response
should have been in quadrature at high frequencies (Fig. 3.8). Although the phase
remains approximately constant at about 150° in both years, the spectral form of
the gain suggests the possibility that other forms of friction might be important,
such as internal stresses. The role that internal stress might play, parameterized as
an interfacial friction, wiU be explored in Chapter 4.

Probably the most surprising observation in the ASL signals is the occurrence
of the large values of the alongshore head which do not seem to be associated with

i I
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wind events. The dynamical significance of the alongshore sea level difference wiU
be explored in Chapter 5.

C h a p t e r 4 . Locally forced upweUing.

4.1 I n t r o d u c t i o n

T h e classical picture of coastal upweUing is essentially two-dimensional (e.g.,
Huyer, 1983), since it is assumed that the important exchange processes occur
in a cross-shore plane and that alongshore variabiUty is much weaker than crossshore variabiUty when stratification is present. According to the classical picture,
longshore wind forcing (i.e., poleward on the Nova Scotian coast) is expected to
drive warm surface water offshore in an Ekman boundary layer. Below this layer,
cold denser water flows toward the coast to satisfy continuity and surfaces at the
coast if upweUing persists long enough. Despite the broad variety of additional
effects that have been shown to exist, this description of upweUing has proven to be
the most useful to point out common threads between different upweUing regions
and to understand some first order effects.
When an offshore wind driven Ekman surface flux is present, upweUing close
to the coastal boundary can be easily verified by vertically integrating the continuity equation from the bottom (z = 0) to the free surface (z =
(EU)X

H(x,t)):

+ Ht = 0), where x is the offshore direction. Since the coast serves as a

barrier to the horizontal flux U = 0 at x = 0; after an "appropriate" time scale
a steady state is reached and U = 0 for aU x. This result is a formal statement
that the horizontal mass flux in the surface Ekman layer must be compensated by
a subsurface inflow. Therefore, the divergence of the flow in the upper layer near
the coast is compensated by an upward (downward) vertical flow, when the surface
Ekman flow is directed offshore (inshore).
Questions remain regarding this basic flow such as: How far offshore does
the upwelUng extend?

W h a t is the "appropriate" time scale?
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These questions
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have been addressed numerous times in the Uterature (e.g., Csanady, 1982). When
waters are stratified, observations of the cross-shore density field or the cross-shore
temperature field indicate that upweUing is confined to a Umited coastal band of
order 20km (e.g., Smith, 1968; Halpern, 1976). This observed offshore scale is in
reasonable agreement with the intrinsic horizontal scale that arises from analytical
models (Charney, 1955; Yoshida, 1955; GUI and Clarke, 1974); that is, the internal
Rossby radius given by a = f~1yg'hih2/H

when a two-layer model is considered,

where g' is the reduced gravity, hi and h2 are top and bottom layer thicknesses, H
is the total water depth and / is the CorioUs parameter, or given by a —

NH/f

when continuous stratification is considered, where JV is the Vaisala frequency.
For the interpretation of temporal variations of coastal temperatures the question of time scale is critical. Unfortunately, this is the area where there is a major
lack of understanding. The temporal evolution of an idealized two-layer model set
into motion by a sudden but constant alongshore wind stress has been used to reveal
some of the physical processes involved. InitiaUy the stress imposed by the wind accelerates the surface water alongshore. After few hours ( 0 ( / - 1 ) ) , the CorioUs force
drives the flow offshore (when the coast is to the left of the wind in the northern
hemisphere) to form a surface Ekman layer except near the coast. At the coast,
the outflow produces a set down of the sea level, which in turn causes a cross-shore
pressure gradient that accelerates the water towards the coast at all depths. This
barotropic cross-shore flow is also affected by the CorioUs force and an alongshore
flow develops in the same direction of the wind. Because the CorioUs force associated with the alongshore flow is balanced by the pressure gradient imposed by the
sea level set down at the coast, the offshore extent of the alongshore flow is Umited
by the scale (a) of the cross-shore pressure gradient.
Due to the vertical velocity close to the coast and to the- larger density of the
bottom layer, the pycnocUne tilt counteracts the onshore pressure gradient partially
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reducing the pressure gradient at depth. Associated with the reduced cross-shore
pressure gradient at depth, there is a vertical shear of the alongshore flow.
The geostrophic balance of the cross-shore momentum equation does not imply
that a steady state has been reached. In fact, in order to achieve no acceleration
in the alongshore direction it is necessary to include some dissipative process. Bottom stress, horizontal eddy viscosity and interfacial friction have been invoked as
parametrizations of dissipative processes in numerical modelling as weU as in analytical models (O'Brien and Hulburt, 1972; Peffley and O'Brien, 1976; Csanady,
1982). In order to reach a steady state, interfacial friction is not enough by itself.
A two-layer model without any dissipation term other than a frictional interface,
produces no steady state because, in a vertically integrated sense, it cannot balance
the surface stress. The influence of bottom friction, which is essential to limit the
alongshore flow, produces a cross-shore bottom Ekman flow that transforms the
cross-shore compensatory flow from being initially independent of depth below the
surface Ekman layer to a bottom trapped cross-shore flow.

Two main effects are obtained when dissipation is included. First, the alongshore transport in very shallow waters is Umited, whereas in a frictionless model
it has unreaUsticaUy high values. Secondly, the upweUing velocity is expected to
lag the wind stress forcing, as opposed to the inviscid case where there is no phase
difference.
As mentioned in the introductory Chapter, the dynamical role of interfacial
friction is not weU understood.

Although it has been dismissed by using scale

arguments (Peffley and O'Brien, 1976), I wiU carry out a detailed analysis of its
role. In the foUowing Chapter, the inviscid case of upweUing forced by real timevarying winds wiU first be compared to observations. Then, the dynamical role
of interfacial friction in an otherwise inviscid two-layer model is explored. FinaUy
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the relevance of this parameterization of dissipative processes to the Nova Scotian
upweUing is compared to observations.
4.2 Local advection of temperature.

The kinds of measurements available in this thesis Umit the complexity of
dynamical models that can be tested with reasonable confidence, although first
order balances can stiU be verified or rejected for the Nova Scotian coast. First,
in order to relate simple dynamical processes to temperature changes we need to
accept that sources or sinks of heat are insignificant. This assumption is Ukely to
hold for the deep temperature records. Further, if no attempt is made to allow for
any kind of mixing, then the rate of change of temperature can be thought to be
due solely to advection of temperature:

Tt + uTx + vTy +wT2 =0

(4.1)

where subscripts t, x, y and z denote partial derivatives with respect to time, the
cross-shore direction, the alongshore direction and the vertical direction, respectively. T is temperature, u is the cross-shore velocity, v is the alongshore velocity
and w is the vertical velocity.
The importance of the horizontal advection terms in (4.1) can be assessed by
comparing order of magnitudes of the vertical and horizontal advection of temperature. An estimate of alongshore temperature gradients can be obtained from
Drinkwater and Trites's (1987) cUmatological temperatures. At a depth of 30m and
between areas separated by about 150km along the northern part of the Nova Scotia coast, the absolute value of the monthly mean alongshore temperature gradient
varies from 1 to 2 x 10~ 5 °Cm _1 . Similarly, in the offshore direction between areas
separated by about 50km, the monthly mean cross-shore temperature gradient is
typicaUy 3 x 10" 5 "Cm" l . For the summer months (June to September) and the top
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20m of the closest station to the coast, a typical vertical temperature gradient of
0.3°Cm~ 1 was estimated from the long-term hydrographic data of Drinkwater and
Taylor (1982). Then, by using a typical ratio of upweUing velocity to alongshore
velocity of 1 0 - 3 (Petrie et al., 1987), we obtain a ratio of the vertical term to the
alongshore term of 0(10). The ratio is considered here to be large enough to disregard the contribution of the alongshore horizontal advection in (4.1). In addition,
because cross-shore and alongshore temperature gradients are of the same order of
magnitude and because the typical ratio of alongshore to cross-shore velocities is
of O(10) (Petrie et al., 1987), the cross-shore advection of temperature can also be
disregarded.
Based on the main balance of (4.1), when two temperature records at different
depths are available it is possible to estimate the time dependent upwelUng velocity by approximating the vertical temperature gradient by finite differences and
estimating the rate of change of temperature by using a centered difference scheme:

ti; - -

AJ;A

(4.2)

AT/Az

v

;

where A T is the temperature difference between records and Az is the vertical
separation of the instruments, other variables have been previously defined.

For

1985,1 use records (Fig. 4.1a) close to New Harbour at 20m and 40m, while during
1986 I choose records close to Port Bickerton, at 10m and 40m. Both sites are
located in the central region of the northern half of the Nova Scotia coast (see
Fig. 3.1). Because the distance between the sites is only 50fcm, the interannual
differences due to the different location of the thermographs is small given the
alongshore temperature decorrelation scale found in Chapter 3.
The time dependent vertical temperature difference was calculated after the
records were filtered with a Hanning low-pass filter (50% of power passed at 24h).
AdditionaUy, because in our case thermographs are bottom mounted it is assumed
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FIGURE 4.1a.
Time series of unfiltered temperature record used to estimate
upwelUng velocity from Eq. 4.2. Top panel: New Harbour records in
1985 and bottom panel: Port Bickerton records in 1986. Sites, offset and
depth are indicated.
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that the records represent a vertical temperature profile. For the locations under
consideration (New Harbour and Port Bickerton), although the exact location of
deployment is not reported, the offshore distance between the thermographs can be
estimated from the 20m to 40m and the 10m to 40m isobath separation. In both
cases, this distance is about 2 to 3km, which is shorter than the typical internal
Rossby radius value of 6.8fcm (Petrie et al, 1987).
An estimate of upwelUng velocity can be obtained from (4.2) which can be
indirectly tested in the frequency domain.

From (4.2) it can be seen that two

temperature records, separated verticaUy by Az, not only should be coherent but
also no phase lag is expected between the two. Fig. 4.1b presents the squared
coherence between temperature records for New Harbour at 20m and 40m and
for Port Bickerton at 10m and 40m. The lag between records is also shown. For
frequencies lower than O.lcpd, where the bulk of the variance is concentrated (see
Fig. 3.15), a large coherence and a zero lag gives confidence to the appUcabiUty of
(4.2).
A second possibiUty to test (4.2) is to have an independent measurement. While
vertical velocities from coastal upweUing are much larger than vertical velocities
in the mid-ocean, it is not possible to measure directly vertical velocities of this
magnitude with present instrumentation.

Therefore, we have to rely on models

such as an ideaUzed inviscid two-layer model of coastal upweUing. In such models,
the wind induced Ekman flux is balanced without lag by a vertical flux, which
decays exponentiaUy offshore with a scale given by the internal Rossby radius (a).
Using this flux balance, the upweUing velocity of the interface at the coast is given
by:
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Therefore, by equating upweUing velocity estimated from temperature measurements (Eq. 4.2) and upweUing velocity estimated from wine! measurements (Eq.
4.3), we can test these simple ideas with observations.
The processing of the data was as foUows. First, the series were defined to begin
in both years at day 160 (June 9) while the end was taken from the temperature
series that first ended in each year (Fig. 4.1a). Accordingly, in 1985 the series
lasted until day 278 (October 5) and in 1986 they lasted until day 253 (September
10). Second, in order to reduce the high frequency noise when estimating the rate
of change of temperature, the data were first filtered with a 29 point Banning filter
that removes fluctuations shorter than two days. Because temperature records
had a lower sampUng rate than the wind stress series, the latter were decimated
to every 4 hours to match the temperature sampUng rate. FinaUy, in order to
estimate upweUing velocity from Eq. 4.2, first the seasonal trend was subtracted
from the temperature series, then the rate of change of temperature of the deepest
record (40m) was obtained by using a centered difference scheme, and the vertical
gradient was calculated simply from the difference of the co-located temperature
series divided by their vertical separation. The estimated upweUing velocity are
presented in Fig. 4.1c, as weU as their power spectra were it can be seen that the
bulk of the variance occur for frequencies below 0.15cpd.
Instead of proceeding with estimates of upweUing velocity from Eq. 4.3, which
require an estimate of the internal Rossby radius in each year, a cross-spectral
analysis was performed between the alongshore wind stress from HaUfax and the
temperature-inferred upweUing velocity. The squared coherence is presented in Fig.
4.2. The similar feature found between years is that, for frequencies lower than
0.15cpd, the SC is significant at the 0.05 level with a typical value of 0.6. At higher
frequencies,

the signals are essentiaUy not coherent in 1986, whereas in 1985 only

above O.Z5cpd the SC is insignificant. We notice that during 1986, the SC is larger
for the three lowest frequency estimates than that of the other frequencies. This

fi
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larger SC may be explained in part by the fact that, during 1988 the total wind
stress variance in the subinertial range ( < 0.5cpd) was larger by a factor of 3 than
1985 (Fig. 3.5). Then, for larger winds a larger temperature response is expected,
and therefore, a better signal-to-noise ratio that might improve the SC.
In order to attach a physical significance to this statistical result in the low
frequency range, we need to interpret the frequency dependent coefficient relating
the two variables. If the inviscid model is valid, then we should have found that
the magnitude of the coefficient (the gain) is a constant and equal to (apf)~*.

We

should also have found no phase difference for all frequencies. Fig. 4.3 presents the
gain and phases estimates obtained from observations.
Considering only the three low frequency estimates that are significant from
year to year, that the gain remains approximately constant, with the values for
1985 approximately twice those for 1986. On the other hand, for the same three
lowest frequency estimates, the phase values are different from year to year but they
are not significantly different from zero. To second order, phase estimates indicate
that the upweUing velocity leads the wind stress in 1985, while during 1986 the
upwelUng velocity seems to increasingly lag the wind stress as frequency increases.
The estimated trend on the 1986 phases suggests a delay of 17h.
Far the three lowest frequencies mentioned above, the average gains obtained
for 1985 and 1986 were 1.9mm*" 1 Pa'1 and 0.85mma - 1 Pa'1 respectively. From Eq.
4.3 and using / = 10~4s~1

and a typical density (p) of 1027kg m ~ 3 , the estimated

internal Rossby radius is 5.1km for 1985 and 11.5fcm for 1986. These values are
not unexpected for coastal regions during the summer period when coastal waters
are stratified. They are also in agreement with the value estimated (a = 6.8ibm) by
Petrie et al. (1987) using the long-term hydrographic d a t a of Drinkwater and Taylor
(1982). Therefore, within the uncertainties of the model, the estimated values of
a are a good indication that the rate of change of temperature at the coast might
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be caused in part by the alongshore wind stress. The Unear regression between
upweUing velocity and alongshore wind stress indicates that a northeastward wind
along the Nova Scotia coast tends to produce an upward flux of deep water at the
coast, at least for the low frequencies of the alongshore wind forcing.
lil temperature is considered instead of upwelUng velocity, no major differences
in the statistical results should be expected, based on Eq. 4.2 and assuming no
temporal variations of the vertical temperature gradient. However, it was found
that the SC between temperature and alongshore wind stress was not significant
for frequencies where the wind stress variance was largest (result not shown). If
temporal variations of the vertical temperature gradient are indeed insignificant,
then our inferred upweUing velocity should be proportional to the rate of change of
temperature (Eq. 4.2) and, therefore, highly coherent with temperature. Fig. 4.4
presents the SC between temperature (40m) and upweUing velocity for records at
New Harbour in 1985 and Port Bickerton in 1986. Two of the SC estimates are
marginally significant for 1985, while they are typicaUy 0.5 for frequencies below
0.3cpd for 1986.
The impUcation of the above result is that we should consider the analysis of
temperature independently of upweUing velocity. The simple idea of vertical advection of a constant vertical temperature gradient does not hold from the observations.
A full analysis of the temperature records wiU be performed later in the statistical
chapter.
To explore the inclusion of additional processes that might better account for
the gains and phases found betweerj the alongshore wind stress and the upweUing
velocity, we wiU now consider the role that interfacial friction might play. Although
we know that this kind of friction wiU not aUow a steady state it is not clear how this
dissipative process wiU affect the cross-shore circulation and ultimately the coastal
upweUing temperatures.
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4.3 Role of interfacial friction.

4.3.1 Model.

In order to gain physical insight into the role of interfacial friction, the model
is kept simple. First, the foUowing "traditional" approximations are assumed: the
hydrostatic approximation, the Boussinesq approximation, the exclusion of the nonUnear terms and the rigid Ud approximation. Second, the modeled shelf has a
flat bottom, it extends to infinity in the offshore direction and is bounded by a
vertical waU at the coast. Since the topography is not variable, barotropic coastaUy
trapped waves, which depend primarily on the depth variations for their restoring
mechanism, are immediately eUminated. However, a fiat bottom and a vertical wail
geometry aflow an internal Kelvin wave.
Stratification of the fluid is included in the form of a two-layer system, with constant density in each layer. This assumption is in part supported by cUmatological
monthly density means off HaUfax (Drinkwater and Taylor, 1982) which indicate,
for the summer months at the hydrographic station closest to the coast, a sharp
change in the vertical density gradient at 20m below the sea surface. Furthermore,
mixing across the pycnocUne (interface) is not aUowed. This last assumption makes
upweUing and downweUing of identical dynamical nature. In this model, internal
stresses wiU be represented by a factor linearly dependent on the velocity difference
between the two layers and a constant interfacial friction coefficient. Variations in
the alongshore direction wiU not be allowed.
The description of the coastal flow wiU be referred to a right-handed Cartesian
coordinate system (x,y,z)

with the corresponding velocity components

(u,v,w).

The x-axis is directed offshore, the y-axis is aUgned alongshore, and the z-axis is
opposite to gravity (see Fig. 4.5). The origin is at the coast and at the mean water
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level. The alongshore and cross-shore components of the wind stress are denoted
by T" and TX , respectively. Subscripts (x,y,z,t)

wiU be used to denote partial

differentiation.
The important forcing function is the alongshore component of the wind-stress,
which drives a cross-shelf transport in a surface Ekman layer. The other internal
forces (i.e. the CorioUs force, internal stresses, pressure gradients) contribute to the
adjustment of the horizontal and vertical structure of this basic flow.
The horizontal components of the velocity field u,v are considered as verticaUy
uniform in layers of constant height hx and h2. Therefore, the displacement obtained
for the interface wiU be strictly appUcable to smaU deviations from the unperturbed
layer height.
From the resulting closed set of equations, the displacement of the interface
772 wiU be the independent variable to solve for. That choice comes from the fact
that, in order to compare the model solution with observations, based on Eq. 4.2,
estimates of the rate of change of the interface height are available from temperature
records.
The governing equations for the interfacial frictional case are:

tin - fvi = ~9Vi*

(4.4a)

hi

Ap
«2. - fv2 = -g[vix + —r\2,f] + ir( u i
P
»2

~tt0

(4.46)

Vu + /«1 =

A,
,
T»
-T-(«l-t>2) + -7«1
pfti

(4.4c)

v2i + fu2 =

+ — (Vi -1> 2 )

(4.4d)

n2
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FIGURE 4.5. A sketch of the two-layer model geometry.
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hi

u2t = -*L
h2

(4.4/)

where u,- and »,- are verticaUy averaged velocities, g is gravity, A is a constant friction
coefficient, p is a reference density and Ap is the density difference between the two
layers.
By defining Au = «i — u2 and Av = Ui — v2 as the vertical shears in the xand y-directions respectively, F. = hi + h2 as the total mean depth, g' = gAp/p as
the reduced gravity and a differential operator C

/

fhifh

the set of equations (4.4) can be rearranged to

£.Au -Av

= 2-rfa

(4.6a)

CAv + Au = -rr—
fhip

(4.66)

JT

Ait, = -j-T-to

(4.6c)

which in turn, by applying the operator Cdx to (4.6a), dx to (4.6b), by adding them
and finaUy replacing Aux from (4.6c), a single equation for n2 is obtained:

(C2+l)V2i=g'^-CV2xx

(4.7)

where in the reduction it has been impUcitly assumed that the wind stress is independent of x.
From the governing equation (4.7) the intrinsic horizontal scale is immediately
apparent (i.e. the internal Rossby radius a, where a2 = g'j^jj-), as weU as the time

I
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scale involved: /

l

. Therefore, the problem piesented in Sq. 4.4 can be expressed

as:

(C2+l)il2t=a2f£Tl2tx

(4.8)

It remains to set the appropriate boundary conditions. The first condition is
that the interface remains flat far away from the coastal boundary. The second
boundary condition can be obtained from the physical constraint of no flow across
the coastal boundary, i.e. «i(0,i) = u 2 (0,t) = 0. Ifwe use this condition on the set
of equations (4.6a) and (4.6b), then the coastal boundary condition in terms of the
independent variable r\2 is

^•=-^mr"

at x=0

(4 9

- »

The partial differential equation (4.8) has no simple general analytical solution, but periodic solutions are easily obtained. These wiU aUow the comparison of
observations with model results in the frequency domain.
4.3.2 Solution in t h e frequency d o m a i n .

Let us consider the case when the forcing (the alongshore wind stress) has an
harmonic time dependence of the form:

Ty=Ne~iui

(4.10)

where N is the magnitude of the wind stress and w is frequency. Then, because
Eq. 4.8 is Unear, the response (the interface height) wiU have the same e~iut time
dependence. Under this condition Eq. 4.8 becomes a simple second order differential
equation with a single complex coefficient:

I
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Vi** + w

L2 4-1

»?2 = 0

(4.11)

a^/L
where X is a complex number representing the differential operator £ at the frequency u>:
—iu

\

H

,

.

The above form of the operator £ , indicates the existence of a transition frequency (i.e., u>o — A/&i, if JT ~ h 2 ), above and below which, two different regimes
are expected.
The boundary condition at infinity remains unchanged and the boundary condition at the coast becomes:

N k

*

l

(A 1 *\

(4 13)

** = 'WTPI

-

FinaUy, by defining the complex coefficient in Eq. 4.11 as:

5

4 14

= -*•££

<- >

and applying both boundary conditions, we can solve for r\2:
Nh2

1

jjx_iut

,

s

In order to compare model results to the upwelUng velocity inferred from temperature observations, we require an expression for the upweUing velocity (w). This
can be easily obtained by equating it to the rate of change of the interface height
(w = rj2t). Therefore

a>f*Hp LVS

V

;
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With this expUcit expression for the upweUing velocity w, it is possible to compare the model with observations, in the frequency domain. Before an observational
test, it is iUustrative to find Umits of expression 4.16. As stated previously there
is a transition frequency u0 = \/hx

that defines two regimes. The Umit for high

frequencies reduces to (4.3), i.e.. the inviscid case where friction is insignificant.
The Umit for low frequencies, in which friction is important, wiU be analysed in the
foUowing section.
4.4 Application of the frictional model

In order to assess the relevance of interfacial friction as the only dissipative
process acting on the Nova Scotian coast, in Fig. 4.6 the frequency dependent
magnitudes and phases of the model solution (Eq. 4.16) for the upweUing velocity
of the interface at the coast (x = 0) are compared to the spectral estimates of gain
and phases between temperature inferred upweUing velocity and alongshore stress
(see, Fig. 4.3). Also shown are the gain and phase for the frequency independent
inviscid case (Eq. 4.3). The values chosen for the parameters foUow. First, we used
the CorioUs parameter / = 1 0 ~ 4 s - 1 and a typical density (p) of 1027fc^ m~ 3 . Then,
using the August long-term hydrographic data of Drinkwater and Taylor (1982) we
estimated hi(= 20m) and hence a = 7.2km, from an upper-layer to lower layer
density difference of Zkg m~ 3 and a total depth of 200m. An estimated value for
the friction coefficient A was obtained by combining an interfacial drag coefficient
5 X 10~ 4 , as suggested by Csanady (1978b), and an alongshore shear velocity of
0.1ms" 1 , taken from the model results of Petrie et al. (1987). This choice of
parameters gives A = 5 X 10~ 5 ms~ 1 .
From the model solution it is clear that within the frequency range of interest,
interfacial friction plays no relevant role. The real frictional effect is dominant at
very low frequencies above which the behaviour is very close to an inviscid model

90

Gain
[nuns'1/Pa]
J_

10

8

O
•

-

2

-

.

. 1

i

i

i

I

i

i

i_

1986
1966

6

"1

0.0

i

u

inviscid moHel
frictional model

-

6

_i

1

k

1

1

0.1

1
1

1

o
o
1

•
1

1

1

0.2

1

1

0.3

I

o

i
I

I

|

0.4

T"

0.5

Phase
[deg]

f[cpd]

FIGURE 4.6. Frequency dependent ampUtude and phase of the coefficient relating
upweUing velocity to wind stress. A soUd Une presents the result from
the viscous model (Eq. 4.16) and a broken Une is the inviscivi case. A
positive phase represents velocity lagging wind stress. Superimposed are
estimates obtained from observations (see, Fig. 4.3).

91
(i.e., constant gain and no phase difference). The transition from an inviscid behaviour to a regime where friction becomes important, occurs at the frequency
u = XH/(hih2)

(see Eq. 4.12). For the set of prrameters used, this frequency is

about 0.04cpd, which is lower than the lowest frequency that can be confidently
resolved for any summer period.
For the range of frequencies where friction does play a role, the positive phase
impUes that upweUing velocity lags wind stress and, the gain drops towards zero
as frequency decreases. This impUes that at low frequencies the wind stress wiU be
less efficient in upUfting the interface at the coast. This behaviour can be clarified
if we observe the offshore extent of the upweUing region. From Eq. (4.15) it can be
seen that the e-folding offshore extent of the upweUing region is given by the real
part of { 1 / V 5 } , Fig. 4.7 shows the functional form of this expression, normalized
by the internal Rossby radius (a). It is seen that at high frequencies the upweUing
region is constant and given by a, just the inviscid solution. In contrast, it tends
asymptotically to infinity as frequency decreases. Therefore, for slow changes of the
forcing, as the extent of the upweUing region is larger than a, the upUfting of the
interface at the coast needs to be reduced in order to balance the Ekman flux at
the surface.
The basic role of the interfacial friction is to reduce the vertical shear. However, this mechanism only takes effect during slow changes of the forcing when
the frictional term dominates over the acceleration term. This can be seen from
Eq. (4.6b) in combination with Eq. (4.5). In consequence, because in the crossshore direction (Eq. 4.6a) the balance is essentiaUy geostrophic, a decrease in the
alongshore vertical shear needs to be associated with a decrease in the cross-shore
interface gradient. In addition to that, the flux associated with the displacement
of the interface should balance the surface Ekman flux. Therefore, both conditions,
a flux balance and a reduction of the cross-shore gradient can be satisfied only
when the offshore extent of the upweUing region increases. FinaUy, the lower gain
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between wind stress and upwelUng velocity at the coast, is also consistent with an
extended upweUing region at low frequencies. If we consider two identical vertical
fluxes driven by wind stresses of identical magnitudes but different frequencies, for
the low frequency wind the vertical displacements of the interface at the coast is
smaUer since the upwelUng extends over a larger region offshore.
4.5 D i s c u s s i o n .

The subinertial variations of the temperature derived upweUing velocity are
reasonably weU represented by an inviscid model for frequencies between 0.04cpd
and 0.15cpd. For those frequencies, the values found for the gain between the wind
stress aad apweUing velocity are also physicaUy meaningful. Because the 1986 upweUing velocity estimates were made using 10m data, presumably with a larger
influence from sea surface heat fluxes than the 20m data used for 1985, then probably the vertical temperature gradient estimate in 1986 is biased high. Therefore,
the lower gain observed in 1986 is not unexpected from the above argument. The
different tendencies in the phase observed from year to year remain unexplained.
However, considering that the confidence Umits of the three lowest frequency estimates include zero, the observations are in accordance with the simple inviscid
model.
Temperature and upweUing velocity were found marginaUy coherent only for
the 1986 data. Since it was assumed that Eq. 4.2 is vaUd, the low coherence has
to be attributed to variations of the vertical temperature gradient. However, this
could also be due to the horizontal advection terms (Eq. 4.1). These terms were
disregarded based on cUmatology, which may not represent appropriately variations
within our time scales of interest. To truly prove or disprove this alternative, velocity
measurements are required.

OveraU the two-layer model analysed here confirms the result previously obtained from scaUng arguments by Peffley and O'Brien (1976), that interfacial friction is irrelevant for two-dimensional models of coastal upwelUng. The range of
frequencies for which it may have been significant (i.e., < 0.04cpd), is weU below
the characteristic frequencies of the wind forcing (see, Fig. 3.5). When comparing
predictions of the time for the thermocUne to surface to IR imagery indications,
Petrie et al. (1987) did not include interfacial friction in their model. However,
when predicting temperature at three coastal sites by verticaUy displacing the cUmatological vertical temperature distribution, a reasonable fit was only obtained
when adding an interfacial friction term to their model. The need for including
interfacial friction in Petrie et a/.'s model is stiU puzzUng.
In the next chapter, upweUing velocity and temperature wiU be examined from
a statistical point of view, with the inclusion of the alongshore head as an independent force. Notwithstanding theoretical considerations discussed in Chapter 3, the
role that the cross-shore wind stress might play will be examined as weU.

Chapter 5. A statistical m o d e l .

5.1. I n t r o d u c t i o n

The aim of this chapter is to statisticaUy examine the relation between coastal
temperatures, alongshore wind stress and alongshore head at different frequencies.
In addition to providing a useful operational transformation for estimating coastal
temperature from alongshore wind stress and alongshore head, this analysis wiU
give some insight into the basic mechanisms that govern coastal temperatures along
the Nova Scotia coast.
In studies of the coastal circulation, an alongshore pressure gradient has been
included in two different forms: either as an independent forcing (e.g. Garvine,
1971; Winant, 1980, Werner and Hickey, 1983) or as a response to another external
forcing (e.g. Csanady, 1978a; GiU and Clarke, 1974). In the former case, the
cross-shore flow due to a prescribed alongshore pressure is depth independent and
is balanced by a bottom boundary layer when bottom stress is included. On the
other hand, GiU and Clarke (1974) showed that, by letting the pressure behave as a
state variable rather than an independent external forcing, a stratified ocean with
bottom topography can sustain coastal trapped waves. For the Nova Scotian coast,
these perturbations would travel southwestwards (with the coast to the right) in
the same direction as an internal Kelvin wave. Therefore, when these waves are
present, local upwelUng and temperature variations are affected, not only by the
local forcing, but also by what happened further north. Depending on the local
phase of the perturbation, the upweUing might appear more or less intense, Csanady
(1978a) showed that an alongshore pressure gradient might arise as part of the
response of the flow via the "arrested topographic wave" mechanism. His steady
state solution, that solves a depth-averaged velocity problem, for an homogenous
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ocean with topography, indicates that any excess volume which may be present
initially close to the coast spreads offshore as one foUows the coast downstream.
In order to account for the observations with a statistical approach there is no
need to assume that the alongshore head is a response or is an independent forcing.
In fact, the squared coherence between the alongshore stress at HaUfax and the
alongshore head between North Sydney and HaUfax (Fig. 3.9) indicates that, in the
subinertial band under consideration, it might be a combination of both.
In the foUowing, because air-sea heat fluxes may affect the surface temperature
records, only subsurface temperature records wiU be considered. Bottom-mounted
temperature recorders, located at New Harbour (20m and 40m) in 1985 and at
Port Bickerton (10m and 40m) in 1986, are taken as representative of the northern
part of the Nova Scotia coast (see, Fig. 4.1). The alongshore wind stress (towards
60°T) at HaUfax and the ASL difference of North Sydney minus HaUfax are used as
inputs.
5.2. Multiple regression statistical analysis
Among the different available techniques, cross-spectral analysis of p?iirs of
time series was chosen. The approach corresponds to the weU known Unear multiple regression but aUowance is made for frequency dependence of the regression
coefficients (e.g., Wunsch, 1972; Garrett and Toulany, 1982).
This approach, as opposed to a zero-lag cross-correlation method, does not
require an a priori model; it assume*: that the relation between the variables is
Linear and only requires a definition of the inputs and outputs. A posteriori, from
the spectral form of the coefficients, a model based on sensible underlying physics
may be further hypothesized and tested. This technique is referred to as system
identification in control theory (e.g., Priestley, 1981).
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After variables are Fourier transformed, at each frequency w the technique finds
the least squares optimum coefficients associated with the model:
T = aiTy + bi AC + noise

(5.1)

in which T is temperature, r y is the alongshore wind stress (positive towards 60° T)
and A£ is the alongshore head (positive when North Sydney ASL is higher than
HaUfax ASL). As a result of the frequency dependence, the coefficients at and
bi are complex functions of frequency with positive phases representing a lag of
temperature behind the chosen forcing terms.
The actual determination of the coefficients a, and 6i is based on

(T*T»*)ai + (ACr'^bi
(T»AC>I

+ {A(AC)bi

=

{TT"*)

= {TAC)

(5.2a)
(5.26)

where (ij*) is the estimated cross-spectrum between variables i and j , and the
symbol * denotes complex conjugate. Then

(A£T V *)

= (ry A(*)* and the coefficient

matrix of (5.2) is Hermitian.
The computational algorithm chosen to generate the power spectra and crossspectra was the overlapped Fast Fourier transform (Carter et al, 1973). The method
divides each series into n data segments overlapped by 50%. Then, after removing
the mean, each segment is weighted with a full cosine beU window (i.e., Hanning
window) prior to appUcation of a fast Fourier transform. By averaging the n power
spectra and the n cross-spectra, results with approximately 1.9n degrees of freedom
are obtained. It should be noticed that by including overlap, equivalent degrees of
freedom (EDF) on each estimate are increased by approximately 40% (see Appendix
2). Order of magnitude for the confidence Umits (95%) on the ampUtudes and phases
of the coefficients ax and 6X are computed according to the formula proposed by

98
Garrett and Toulany (1982). These estimates are inferred from the joint confidence
region associated with the residual variance of the set of Eq. (5.2). Even though
the probabiUty distribution assumed in their formula is approximate, it does allow
for coherence between the input variables. Thus, the uncertainty in the regression
coefficients ai and 6i was calculated from
\6ai\ = [2(i/- 2)'lF2,„_2(0.95)*rr

A]1/2

(5.3)

where Sa{ for i = 1,2 defines the (0.95) confidence range for ax and 6i, v are the
EDF, F2v_2 is the Fisher distribution, $ r r is the power spectrum of the residual
temperature and D{ is the ith term of the diagonal of the inverse of the crossspectral matrix in (5.2). The magnitudes of the associated confidence regions in
phase 8<j>i are given by
64>i=sm'1(\6ai\l\ai\)

(5.4)

provided that |£a,-j is not larger than |a,|.
When studying a Unear regression relationship between a random variable y
and several other random variables xt, it is useful to assess the proportion of variance
of y (at frequency w) which is explained in a statistical sense by the relationship
with x;. For this purpose a multiple squared coherency (MSC, e.g., Priestley, 1981)
at frequency u> is defined as:

2

K

r yr_1r* y

= -*

"

*

(5.5)

lyy

where K2 is the MSC, r y y is the autospectrum of y, Yxx is the cross-spectral
matrix involving aU inputs x{ (i.e., LHS of Eq. 5.2), Txy is a row-vector with the
cross-spectra between the output y and the inputs s,- as elements (i.e., RHS of Eq.
5.2), and the operator ()* transposes a matrix and takes the complex conjugate of
its elements. The MSC is the spectral multivariate equivalent to the measure of
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goodness impUcit in the ordinary squared correlation coefficient. The concept of a
MSC is clarified by the expression

r yy = j r 2 r y y + r r r

(5.6)

which decomposes the total variance r y v (at frequency u>) as the sum of the fraction
of the variance explained by the inputs plus a residual variance T rr that is not
accounted for.
After finding a high correlation between y and z x , for example, the next question is whether this is due to an intrinsic association between these two variables or,
alternatively, is it due merely to the fact that y and Xi are each highly correlated
with some other variable x2. To distinguish between these two cases, we require a
measure of the coherency (at frequency u>) between y and xx but after removing the
common influence of x2. The degree of this kind of association is measured by the
partial squared coherency (Jenkins and Watts, 1968, p. 489)
1

K

l*,l*.

where K2x ,

=1

~

1^2

-,_K2

(5-7)

is the partial squared coherence, K2 is the MSC defined in (5.5) and

K2Xa is the simple squared coherence between the output y and the input x2, the
influence of which we want to remove.
5.3. Results

5.3.1 Temperature regressed on stress and alongshore head
The amount of variance explained (MSC) on the deep temperature records (i.e.,
40m) from the appUcation of the statistical model with alongshore wind stress and
alongshore head as inputs, is presented on Fig. 5.1a for both 1985 and 1986. Most
unexpected are the large values found in both years, typicaUy 80% for frequencies
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T = ajXy + bjA£ + noise
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FIGURE 5.1a. Computed multiple squared coherence (MSC) between temperature
(40m), alongshore wind stress at HaUfax and alongshore head. Also included are partial squared coherences for wind stress (circles) and alongshore head (triangles). Top panel: New Harbour, 1985. Bottom panel:
Port Bickerton, 1986, both at 40m. The 5% significance level for the
MSC is indicated.
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lower than 0.3cpa\ In that frequency band, aU values are weU above the significance
level. Without the inclusion of the alongshore head, the temperature variance accounted for by wind stress alone is typicaUy 60% (result not shown). Fig. 5.1a
presents the PSC using both inputs.
Before further exploring the importance of the alongshore head for temperature changes, the possibiUty that the local ASL is a steric response to temperature
changes is analysed. Fig. 5.1b presents the results of a statistical model similar to
(5.1) but where the alongshore head is replaced by the ASL measured at HaUfax.
TypicaUy, the MSC is smaUer than those shown in Fig. 5.1a. As indicated by the
PSC, the wind stress play a minor role when compared to ASL. However, when
comparing Fig. 5.1a with 5.1b, indications are that the alongshore head as a driving force for temperature changes is statisticaly more important than temperature
changes driving the local sea level. For the gain (6 0 ) between temperature and ASL
and for the low frequency range ( < O.lcpd), I founded typical values of 50°Cm~ 1 .
If we consider a water depth of 100m and a thermal expansion coefficient of 1.7
1 0 " 4 o C _ 1 , then the expected value for the gain 60 is 59°Cm~ 1 . Then, the possibility that ASL is an steric effect is physicaUy sensible. However, the approach foUow
here wiU be based on the relative importance of the alongshore head, as indicated
by the PSC.

From the comparison between the two years, no simple pattern emerges. Nevertheless, at the lowest frequencies (i.e., for periods longer than 8 days) there is an
indication that the contribution to the temperature variabiUty from the alongshore
head is more important than the contribution from the alongshore wind stress. On
the other hand, at frequencies centered around O.Scpd in 1985, and at frequencies
centered around 0.25cpd in 1986, there is a marginally significant indication that the
relative importance of the inputs is reversed. This can be seen in Fig. 5.1a, where
the PSC for the wind stress exceeds 0.5 while the PSC for the alongshore head is
about 0.3. It should be noticed that the 5% significance level indicated on Fig.
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T = a0xy + b0£ + noise
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FIGURE 5.1b. Same as Fig. fi.la but where the alongshore head as been replaced
by the ASL measured at HaUfax.
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5.1a is valid for the MSC only. No attempts were made to estimate the statistical
significance of the PSC. The significance of these independent contributions wiU be
better assessed later from the confidence Umits on the magnitude of the spectral
coefficients a x and bl.
The total amount of variance explained in both years is higher than that of
Hachey (1937) and Petrie et al

(1987), where the correlation squared between

SST at HaUfax and alongshore winds during the summer months was always lower
than 0.5. Sources for discrepancy are multiple. The different time scales involved
and the different statistical techniques used may account for the difference. Next,
the improvement of the relation may be due to the use of subsurface temperature
records. These records are expected to present a larger signal-to-noise ratio, as
they are less Ukely to be affected by surface heat fluxes. And lastly, and perhaps
most importantly, the inclusion of the alongshore head as an input may has also
contributed to the coherency.

The phase and ampUtude for the coefficient a i , relating temperature and alongshore wind stress for both 1985 and 1986 time series, are presented in Fig. 5.2. In
this gain and phase representation, the significance of each estimate can be assessed
from the confidence Umits on the magnitude. If we draw these estimates in the
complex plane, then for each of them the region of uncertainty is a circle ceusered
on the estimate, with a radius given by the confidence Umit. If it happens that
the confidence Umit is larger than the value itself, then there is no bounding region
for the phase. In general, the estimates with unbounded phase have low PSC (Fig.
5.1a).
By taking into account only those estimates on which we might rely, a comparison between years shows that the frequency dependence of the magnitude of the
coefficient a t is similar. In both years, values are of the same order of magnitude (a
typical value being 40°CPa~ 1 ), with a tendency to decrease as frequency increases.
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On the other hand, phases indicate interannual differences. During 1985, phases are
not significantly different from zero but aU estimates with bounded confides re intervals suggest temperature leading wind stress. For 1986, and for frequencies above
O.lBcpd, phase estimates significantly different from zero suggest a trend from -90° to
90°.
For the coefficient 6i, relating temperature and alongshore head, phase and
magnitude are presented in Fig. 5.3. In this case, consistently in both years for
frequencies lower than 0.25cpd negative temperature (—T) lags alongshore head.
Within this frequency range, there is an indication that temperature and alongshore
head are out of phase at the lower end, while in 1985 as frequency increases it
seems that the signals become in quadrature. The latter tendency is less obvious
from the 1986 data. For both years the magnitudes of 6i are very similar. At the
lowest resolvable frequency bi has a typical value of 40°Cm~ 1 , whereas as frequency
increases there is a tendency for it to decrease.
Before attempting to interpret these empirical relationships, the spectral relation between upweUing velocity and alongshore wind stress, analysed in Chapter 4,
wiU be revised by including, this time, the alongshore head as an additional input.
5.3.2. Inferred vertical velocity r e g r e s s e d o n s t r e s s a n d a l o n g s h o r e h e a d
By using the same upweUing velocity estimated from Eq. 4.2, we can formulate
a second statistical problem similar to the one presented in (5.1):

w = a2ry + 62 A£ + noise

(5.8)

where symbols have been previously defined.
The MSC results of the appUcation of the statistical model (5.8) are presented
in Fig. 5.4. In general it is observed that the total amount of variance explained
is sUghtly reduced compared to that of the model (5.1), but is stiU significantly
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different from zero at low frequencies. Most interesting is the fact that at low
frequencies in both years, the relative contribution of the input signals (i.e., wind
stress and alongshore head) to the total variance of the output signal (i.e., upweUing
velocity) is reversed compared to the relations obtained for the temperature as
outpv.t signal in (5.1).
The magnitude and phases for the coefficients a2 and 62 from (5.8) are presented
in Fig. 5.5 and Fig. 5.6, respectively. For the coefficient a2, magnitudes in the low
frequency range u> < 0.2cpd are about 3 times larger in 1985 than estimates in 1986,
for t h e same low frequency range. Within the confidence Umits they seem also, to
be independent of frequency in both years. The phase is rather different between
years. While during 1985 the lag between to and ry is not significantly different
from zero, in 1986 the frequency dependence seems to be that of a trend suggesting
a constant delay of about 2 days.
For the coefficient 62 there seems to be much less consistency in the phase
between adjacent frequency estimates. This is perhaps a result of the rather smaU
PSC observed in Fig. 5.4. Nevertheless, the ampUtude in both years is of the same
order of magnitude (i.e., 0.1ms'1

m'1)

for u; < 0.25cpd. There is also a suggestion

of a magnitude increase as frequency increases. For the phases, even though in the
low frequency band the estimates indicate a consistent lead of w with respect to
A£, for higher frequencies there is no clear pattern. In the intermediate range (i.e.,
0.2 to O.Scpd) for both years, there are indications that the signals are in phase. For
frequencies larger than 0.35cpd, in 1985 phases are unbounded, and in 1986 phases
do not show a clear pattern.
Overall and in very general terms, for frequencies lower than 0.2cpd, the statistical models indicate that the temperature-derived upweUing velocity is coherent
with the wind stress while the deep temperature is more coherent with the alongshore head.
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F I G U R E 5.6. Same as Fig. 5.2 b u t for t h e coefficient 62 relating t e m p e r a t u r e derived vertical velocity a n d alongshore h e a d . A positive p h a s e repres e n t s upweUing velocity lagging alongshore h e a d .
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As mentioned in the introduction, the statistical analysis might provide an operational transformation to estimate coastal temperatures. In order to add some
confidence to the vaUdity of such transformation, some sensible physics has to support it. H not, there is always the risk that a predictor with an estimated coherence
K2 + Q, where K2 is the true coherence and Q is an artificial skiU, wiU perform weU
hindcasting the data from which it was constructed and that the same predictor
when used to forecast independent data wiU not perform as weU, with an estimated
coherence K2 — Q, where Q is of order M/N

if M is the number of data variables

and JV is the number of data points (Davis, 1976).
In the foUowing section, an attempt to model the statistical result is presented.
To the lowest order, in order to aacount for most of the common features seen from
year to year, I wiU explore the simplest model possible for the spectral shapes of
the coefficients a,- and 6,- of each variable, i.e., upweUing velocity and temperature.

5.4. Simple physical interpretation

5 . 4 . 1 . U p w e l l i n g velocity r e s p o n s e t o w i n d
First, from the MSC (Fig. 5.4) between upweUing velocity and both wind stress
and alongshore head, the common feature between years is the high value at the low
end of the frequency range (w < 0.15cpd). Second, the PSC for the alongshore head
in this low frequency range during both years is consistently lower than the PSC
for the wind stress. Therefore, it seems appropriate to explore physical relations
between wind stress and temperature-inferred upwelUng velocity.
As suggested earUer, the spectral form of the magnitude of the coefficient a2
from the model (5.8) shown in Fig. 5.5, seems to be frequency independent for
frequencies lower than 0.15cpd. However, for the same range of frequencies from
year to year, indications are that the phases differ. Notwithstanding indications of
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a trend in the phase for 1986, and in order to account for observations, the simplest
physical model representing the statistical result is

w = CiTy

(5.9)

This model is simply Eq. 4.3, already discussed in Chapter 4. If we compare
gains and phases of the coefficient relating upweUing velocity and wind stress alone
(Fig. 4.6), with those of the coefficient a2 (Eq. 5.8), obtained when adding the
alongshore head in the multiple regression (Fig. 5.5), differences are observed. First,
the phases no longer indicate upweUing velocity leading wind stress (Fig. 4.6) at low
frequencies during 1985, when the alongshore head is included (Fig. 5.5). Moreover,
the phases of 1986 indicate a different trend at the lower frequencies. While the
three lowest frequency estimates indicated a delay of 17h for the single regression
case, when alongshore head is added the estimated delay is about 5,2h. On the
other hand, appart from the lower values in 1986, the gains for both years show no
substantial differences at the same three lower frequencies.
In the same way that estimates for the internal Rossby radius were calculated
in Chapter 4 (averaging for the three lowest frequencies) estimates for Ci are 1.7 ±
l.Omms'1 Pa'1

for 1985 and 0.6 ± 0.5mms~ 1 Pa~ 1 for 1986, and therefore, a is

estimated in this multiple regression case as 5.8±3.4fcm for 1985 and 16.8 ± 13.0Jfem
for 1986. If we accept that these estimates are more reUable than the ones obtained
in Chapter 4, due to the inclusion of the alongshore head in the multiple regression,
then indications are that a was 3 times larger in 1986 than in 1985.
The difference between years, as already mentioned in Chapter 4, might arise
from a bias in the vertical temperature gradient, which was estimated from 10m
and 40m records instead of 20m and 40m as in 1985. However, the interannual
difference may also be due to differences in the degree of stratification or in the depth
of the upper-layer, or in both. No direct evidence is avaUable to test any of these
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possibiUties. However, indications of differences in stratification can be obtained
from the interannual comparison of the time evolution of the vertical temperature
difference. This time evolution is shown in Fig. 5.7 for both 1985 and 1986. The
seasonal trend observed in both years is fairly similar. Therefore, if a contribution
to the interannual difference was provided by a larger density stratification then
it may have come from a larger vertical saUnity difference between years. Some
support to this suggestion is given by the annual averaged outflow of the Saint
Lawrence and Cornwall rivers, which was 8040m 3 a~ 1 for 1985 and, 8940m 3 s' 1 for
1986. Therefore, a lower saUnity in the top layer waters for 1986 could be expected.
In addition to a different stratification, the wind activity in 1986, with a total wind
stress rms value 1.6 times larger than in 1985, could have contributed to a larger
surface mixed layer due to the enhancement of the wind-induced surface mixing.
Obviously, the next question is how weU does this simple model reproduce the
temperature-inferred upweUing velocity. Fig. 5.8 shows the results of model (5.9).
Considering all the assumptions and approximations involved, its performance is
remarkable in both yeais. It should be noticed that, in spite of the fact that the
estimated velocity is expected to be the Unear combination of both inputs as in the
initial model (5.8), its performance gives some confidence to the physical interpretation in (5.9). The reason for this is in part due to the lower partial coherence
between vertical velocity and alongshore head. On the other hand, without any
account for the high frequency behaviour of the coefficient ai represented by Ci, the
model (5.9) stiU performs weU since there is very Uttle variance at high frequencies.
A second level of complexity that might be added to the interpretation in (5.9),
is to include phase variations with respect to frequency. If we concentrate on the
phase at the lowest frequencies (see Fig. 5.5), a marked interannual difference is
apparent. Nevertheless, if we were to insist on modeling the phase trend seen in
the 1986 data, then, the simplest model which gives a Unear trend in the phase
and a constant magnitude is a delay. In this case, from the slope of the Unearly
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FIGURE 5.7. Time evolution of vertical temperature differences, at New Harbour
in 1985(20m and 40m) and, Port Bickerton in 1986 (10m and 40m).
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those inferred from temperature records (Eq. 4.2), for 1985 and 1986.
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interpolated low-frequency phases we can estimate a delay of 2 days. This value
seems rather large by simple visual comparison in Fig. 5.8, and in fact, the lagged
cross-correlation function on the 1986 series shows a maximum of 0.6 at a lag of only
18h (upwelUng velocity lagging wind stress). A similar value can be estimated for
1986 from the trend on the phases of the crc?s-spectra between upweUing velocity
and wind stress (Fig. 4.3). Therefore, considering that the longer delay estimate
is based only on three phase estimates and that the shorter delay might be biased
by phase at frequencies with Uttle energy, the delay value is probably somewhere in
between.
We can also consider the addition of a time dependent term to the balance of
(5.9). However, a simple time dependent term impUes a frequency dependence for
the magnitude of the coefficient ai which is not revealed by the spectral analysis.
Then, if we consider both years and the fact that the best fit for the magnitude of cx
is frequency independent, then spectral analysis seems to indicate that for periods
longer than 6.5 days (i.e., u> < 0.15cpd), the relation between upweUing velocity and
the alongshore wind stress is best accounted for by an inviscid model (Eq. 4.3).

5.4.2. Temperature response to alongshore head
The MSC for temperature regressed on wind stress and alongshore head (Fig.
5.1a) shows, as a common feature between years, a high value at the low end of
the frequency range (u; < 0.15q>d). The PSC indicates the alongshore head is more
important than wind stress. Therefore, it seems appropriate to explore physical
relations between alongshore head and temperature.
In the low-frequency range, the spectral form of the coefficient 6i (Fig. 5.3),
relating temperature to alongshore head in the model (5.1), indicates negative temperature (-T) lagging alongshore head. The phase in 1985 seems to indicates a
trend from -180° to -90°. If we only consider the three lowest frequency estimates
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in 1986, a similar trend cannot be ruled out. The magnitude of 61 for the three
lowest frequency estimates in 1985, suggests a decrease as frequency increases, whUe
in 1986, even though confidence Umits are large, a constant value seems to be indicated. Considering the large values of the confidence Umits, which are based
on an order of magnitude calculation only (see, section 5.2), to lowest order the
magnitudes can be taken as a constant for frequencies lower than 0.15cpd.
The above considerations lead to a very simple empirical relation between deep
temperatures and alongshore head which is that of a constant delay

T(t) = -c2A((t-t')

(5.10)

where t is time, T is temperature, A£ is the alongshore head (positive when high at
North Sydney), c2 is the empirical gain and, t' denotes a time shift. The negative
sign accounts for the 180° shift at the lowest frequency.
Taking an average of the three magnitudes of 61, for frequencies lower than
0.15cpd, we obtain a gain of 23°Cm"1for 1985 and 42°Cm"1for 1986. The time
shift estimated from the slope of the trend in the phase estimates was 1.5 days
in 1985 and 0.5 days in 1986. The same values were also observed from the first
maximum on lagged cross-correlation functions on the same pairs of time series.
The hindcasting skiU of this simple model is presented in Fig. 5.9, where the
detrended low-pass filtered deep temperature records are compared to the model
(5.10). The parameters used on each year are the ones above. The quaUtative
agreement between prediction and the original temperature is in accordance with
results from the multiple spectral analysis (Fig. 5.1a). Confidence in the empirical
relation found is added by the fact that it performs almost as weU in both years.
To a first order approximation, the most important aspects of the relation are, first,
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the negative sign between temperature and alongshore head, and second, the lag of
temperature with respect to the alongshore head (indicating a cause-effect relation).
Let us assume that the alongshore head represents an alongshore pressure gradient (Py), which I wiU consider as a forcing term. Therefore, in the absence of
wind stress, the Unear verticaUy-averaged alongshore momentum balance takes the
form
P
p

ry
pM

where V, is the verticaUy-averaged alongshore acceleration, p is a characteristic
water density, H is the water depth and ry represents bottom stress.
In order to estimate time scales in the balance (5.11), the bottom drag is often
parameterized by a Unear coefficient (i.e., ry — rV), as suggested for example by
Csanady (1976, 1978a) and Scott and Csanady(1976), but a quadratic drag has
also been used (Winant and Beardsley, 1979). This kind of balance, but including
the alongshore wind stress as forcing, has been suggested to hold for the Nova
Scotian Shelf (Sandstrom, 1980), as weU as for different locations on both sides of
the U.S. coast (Winant and Beardsley, 1979). All these studies seem to indicate
that whatever form is taken for the bottom drag, the frictional adjustment time
is of the order of 2 days. Therefore, for the low frequency range being analyzed
here the acceleration term in (5.11) should not be substantial and friction cannot
be ignored as in the model analyzed in Chapter 4.
As we are more interested in the cross-shore motions, the relevant issue of the
balance (5.11) is the existence of a bottom stress forcing a cross-shore bottom Ekman layer. H we consider a slowly varying alongshore head such that the main
balance in (u.ll) is between the alongshore pressure and the bottom friction then,
the cross-shore bottom Ekman layer associated with the bottom friction may induce temperature changes near the coast. When pressure at North Sydney (positive
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F I G U R E 5.9. Plots of low-pass filtered temperature (40m) and temperature estimated from the delay model (Eq. 5.12) for 1985 (New Harbour) and
1986 (Port Bickerton).
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head) is high it wiU drive an alongshore barotropic current down the coast, then
bottom friction forces an offshore bottom Ekman layer that in turn induces downweUing near the coast. Therefore, in this case deep temperature records should
indicate an increase in temperature! In contrast, for the lowest frequencies when
friction is expected to be dominant, observations show temperature and alongshore
head being out of phase instead of in quadrature as expected from (5.11).
Another alternative comes from the study of GiU and Clarke (1974), which
suggests that an internal Kelvin wave (travelUng southward along the Nova Scotia
coast) might influence the magnitude of the wind induced upwelUng, depending
on the local phase of the internal Kelvin wave. The existence of southward disturbances propagating on the Scotian Shelf during CASP has been suggested (Schwing,
1989). FoUowing these ideas, the alongshore head might be the result of an internal Kelvin wave progressing southward (from North Sydney to HaUfax). Without
giving much attention to the magnitude of the isopycnal displacements and, therefore, the magnitude of the temperature changes at depth, let us concentrate on
the phases. When considering wavelengths larger than the distance between North
Sydney and HaUfax, a sea level disturbance propagating southward wiU imply that
the isopycnal displacement at a site between North Sydney and HaUfax should be
in quadrature and leading the alongshore head. Therefore, owing to the negative
relation between temperature and isopycnal displacement, temperature should have
appeared lagging the alongshore head by TT/2, instead of out of phase as the spectral
analysis indicates.
5.5. Discussion
The upweUing velocity inferred from temperature records is weU accounted for
by a simple statistical model, which is also physicaUy meaningful. Overall, the statistical analysis verified the simple conceptual model that a persistent alongshore
wind wiU result in a surface Ekman flux normal to the coast and compensated by
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a return flow confined to a coastal boundary, with an offshore scale of the order of
the internal Rossby radius. The gain relating wind stress and upweUing velocity
might be overestimated if the alongshore wind stress at HaUfax is underestimating
the wind over the ocean (Fig. 3.4). To a second order approximation and in the
phase estimates of 1986 only, a frictional behaviour seems to be indicated for frequencies below O.locpd. However, for the same range of frequencies, this possibiUty
is diminished by the fact that the magnitude remains almost constant (Fig. 5.5).
Regarding temperature, the simple statistical model (Eq. 5.10) between temperature and the alongshore head accounts for most of the temperature variations in
both years. To a second order approximation, for both years the phases indicate a
transition from signals out of phase at the lowest frequency to signals in quadrature
at about 0.2cpd. On the other hand, for the entire range of frequencies presented
(0.05cpd < u) < 0.5cpd), the magnitude indicates a clear decrease with frequency.
For all the spectra analysed in this study, this is perhaps the most clear signal
observed. However, without an explanation for the first order effects (i.e., the sign
observed between temperature and alongshore head), second order interpretations
are out of the question.
The smaU PSC between temperature and alongshore wind stress (Fig. 5.1a)
raises questions about the vaUdity of excluding the cross-shore wind stress. This
potential forcing has been generally disregarded, based on dimensional arguments
(see, section 3.5). However, it is important to verify the vaUdity of this argument
with the data available. The MSC between temperature and both the alongshore
and cross-shore wind stress as forcing terms, are presented in Fig. 5.10. By comparison with the case when the alongshore wind stress and the alongshore head
were used as forcing terms (Fig. 5.1a) for frequencies below 0.15cpd, by taking an
average of the three lowest frequency, the reduction in MSC was from 0.82 to 0.69
in 1985 and from 0.84 to 0.58 in 1986. These lower values of MSC, reinforced by
the fact that the PSC values between temperature and cross-shore wind stress (Fig.
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5.10) are lower than 0.1, gives some confidence that the cross-shore wind stress has
been appropriately excluded when considering the lower frequency range.
Considering the high frequencies (u? > 0.35cpd) and only the data for 1985,
there is an indication for an increase in the MSC. This suggests that the cross-shore
wind stress might be important for the high frequency variations of temperature.
However, the temperature records show very Uttle variance in the high frequency
range, as indicated by the ratio of the temperature variance for frequencies below
0.15cpd to that for frequencies above 0.35cpd. This ratio was 0.05 for 1985 and 0.04
for 1986. In addition to the insignificant temperature variance at high frequencies,
Fig. 3.5 show that for both components of the wind stress, the bulk of the variance
is centered around O.lcpd. Therefore, due to the Ukely smaU signal-to-noise ratio in
both components of the wind stress, as weU as in the temperature records, inference
from the statistical result at high frequency might presumably be insignificant.
Regarding the alongshore head, from verticaUy integrated equations, it has
many times been suggested that the dynamical role played by an alongshore pressure
gradient is as important as that of an alongshore wind stress in driving the coastal
circulation (eg., Garvine, 1971; Csanady, 1982; Winant, 1980). However, from a
survey of sea surface elevation and currents in the Gulf of Maine, Vermesch et
al (1979) concluded that velocity field measurements were incoherent with the
inferred pressure field, probably due to the fact that coastal measurements from
tide gauges yield no information about offshore variabiUty. Therefore, the surprise
from the relation found between alongshore head and temperature is twofold: the
high coherence and the phase lag between the two.
As mentioned previously, the fact that negative temperature (—T) lags alongshore head suggests a cause-effect relationship. Therefore, the question is: what
is causing the pressure gradient to be maintained? Part of the answer might be
obtained from cUmatological data.
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With the outflow of Ughter water masses from the Gulf of Saint Lawrence,
evolving southward along the shelf, a long term head along the coast is Ukely the
result of alongshore differences in local density profiles. In fact, by converting
Drinkwater and Trites's monthly averages of temperature and saUnity into density,
a positive tilting of the alongshore isopycnals is indicated (i.e., Ughter water next
to the outflow from the Gulf of Saint Lawrence). This tilting is seen from June
to September down to 100m where the difference is minimal (Fig. 5.11). These
long term observations seem to indicate the possibiUty that, on shorter time scales,
processes such as pulses of Ughter water originated in the Gulf of Saint Lawrence
might be driving part of the alongshore head.

C h a p t e r 6. Summary, conclusions and recommendations.

The purpose of this thesis was to describe subinertial temporal variations and
alongshore structures of coastal temperature changes along the Noya Scotian coast,
using coastal measurements of temperatures, sea level, wind, and atmospheric pressure and IR satelUte imagery. Most importantly, it intended to gain insight into
the Ukely mechanisms that drive those changes. Even though Hachey (1935) and
Petrie et al

(1987) had shown that monthly mean surface temperatures at the

coast are related to the monthly mean alongshore wind, it was not evident that the
relation should hold for shorter time scales when the time variabiUty of the wind is
considered.
The IR imagery, although sketchy, help to identified two major areas along
the coast where low temperatures are present: the southern part of the coast and
around Cape Sable where low temperatures seem to be a permanent feature and, the
northern part where cold waters at the coast are event-Uke. Due to the availabiUty
of temperature records, attention was centered in the northern part of the coast.
During 1985 IR images indicated a rather uniform coastal cold band lasting for at
least 15 days, whUe during 1986 two short events were identified lasting for at least
2 days each. These latter events showed centers of cold water as opposed to a more
uniform coastal band.
While processing the images it was found that potentially 38% of the imagery
at night is subjected to undetectable low cloud contamination. An attempt to detect
warm cloud formations at night from IR images alone was unsuccesful, but it helped
to draw attention to the need of choosing cloud detection algorithms that searches
for clouds not only by their temperature signature but also by the albedo signature
from visible channels.
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A key problem in the analysis of the coastal measurements was to identify
what should be considered as input and what as output. In this respect the role
of wind stress as input and the temperature as outputs was not questioned but
the alongshore head observed was treated more cautiously. When the alongshore
head was taken as an output driven by the alongshore wind stress, spectral analysis
showed consistently in both years that, no more than 50% of the variance could
be accounted for by the wind stress in the low frequency range. The low variance
accounted for led to the conjecture that the observed alongshore head might be a
combination of an independent forcing as weU as a wind driven effect. Although,
Schwing (1989) observed the propagation of sub-surface pressure disturbances along
the Scotian coast during the winter period, for the summer season no additional
information was available that could suggest whether the alongshore head was originated at the outer shelf or if it was related to processes occuring in the Gulf of
Saint Lawrence and then transmitted along the Nova Scotia coast.
Cross-spectral analysis indicated that, to a first order approximation, the wind
stress along the coast can be considered uniform for the summer period and in the
subinertial range. Therefore the alongshore variabiUty observed in the IR imagery as
weU as in the surface temperature records, is not Ukely to be attributed to alongshore
variations in the wind stress. The fact that on the two occasions observed, cold
centers of upweUing were present at the same locations indicates a topographicaUy
induced feature.
In the surface temperature records a bias toward cooUng events was found
while in the deep records the bias is toward warming events. This was interpreted
as caused by the vertical advection of the vertical temperature gradient, which at
depth is smaller than close to the surface. As seen in deep records, downweUing
events advect larger gradients than upweUing events, therefore for similar vertical
displacement downweUing causes larger temperature changes than upweUing. Close
to the surface, upweUing causes a vertical advection of the vertical temperature
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gradient whereas during downweUing it is the offshore temperature gradient which
is advected. Because this latter gradient is of order 103 times smaller than the
vertical temperature gradient, as indicated by IR images, under similar conditions
the upweUing causes larger temperature changes than downweUing.
Prior to explaining the coastal temperature changes in terms of advection, the
effects of surface heat fluxes were assessed. By an order of magnitude calculation
it was shown that surface heat fluxes can cause near surface temperature changes
similar to those observed. AdditionaUy, the fog case analyzed indicate that the
spatial scales of these heat fluxes can on occasions be comparable to the length
of the Nova Scotia coast. Therefore, it was decided to analyze deep temperature
records which are less Ukely to be affected by surface heat fluxes.
In order to test the alongshore wind stress as a driving force for temperature
changes, the upwelUng velocity inferred by equating the rate of change of temperature to the vertical advection of the vertical temperature gradient was correlated
with the alongshore wind stress. The squared coherence found for frequencies lower
than 0.15cpd was typicaUy 0.6 and 0.7 for 1985 and 1986, respectively. This impUes that the wind driven upwelUng-downwelUng mechanism is a Ukely driving force
for temperature changes. Further, the gain gave internal Rossby radius estimates
(5.1fcm and 11.5fcm for 1985 and 1986, respectively) which are plausible for the
coastal region. Next, the role of interfacial friction was explored, essentially because
the mechanics involved were unclear. By using a two-dimensional, Unear, two-layer
model it was found that the main effect of this kind of friction is to diffuse the
alongshore momentum balance offshore while mantaining a cross-shore geostrophic
balance. When tested against observations, it was found that the frictional regime
is only relevant for frequencies below the lowest frequency confidently resolved by
the temperature records available.
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Instead of exploring other forms of dissipation, such as bottom friction, that
could potentiaUy improve the comparison between model results and observations,
the role played by the alongshore head was explored via a multispectral technique.
Since it was found that the alongshore head might be a combination of a wind
driven effect and an independent forcing, this technique was chosen because it can,
in a statistical sense, isolate the independent parts of the two forcings. The effects
of alongshore wind stress and alongshore head on temperature, as weU as, on temperature inferred upweUing velocity were considered. First, it was found that the
wind stress is better related to the upweUing velocity than to temperature. Because
the rate of change of temperature was assumed to balance the vertical advection of
the vertical temperature gradient, this finding indicates that temporal variations in
the vertical gradient may not be neglected. On the other hand, the alongshore head
was found to be better related to temperature than to upweUing velocity. Further,
the fact that alongshore head led temperature in addition to that the PSC values
found for ASL when combined with the wind stress were smaUer than the PSC
values associated to alongshore head, suggested that the relation found is unlikely
the result of a steric effect. However, the order of magnitude for the gain between
temperature and ASL indicates that steric effects cannot be ruled out and need
further study.
Major differences were founded between years. First, the magnitude of the
wind stress was about three times larger during 1986 than during 1985. The vertical
stratification represented by the estimated internal Rossby radius, was founded to
be three times larger in 1986 than in 1985. The decorrelation scales of SST where
much larger during 1986 than in 1985, probably associated with the much larger
wind activity. However, the correlation values in 1986 were smaUer than those found
for 1985. In accordance with the IR imagery during 1986 it seems that upweUing
was more locaUzed at fixed sites rather than uniform along the coast.
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This study has highlighted the importance of the alongshore wind stress as a
driving force for the subinertial cross-shore circulation along the northern part of
the Nova Scotia coast. The vertical velocity, as inferred from temperature measurements, is weU accounted for by an inviscid model. It has also shown the existence
of a robust relation between deep temperature and alongshore sea level differences.
Although no physical explanation was given for this relation, one can estimate deep
temperature variations from knowing the alongshore sea level differences. AdditionaUy, if the temperature is known at a starting time and the seasonal trend is
accounted for, then a prediction scheme is feasible for places where it is desired.
For coastal surface temperatures, because the alongshore decorrelation scale was
found to differ from year to year, extrapolations along the coast have to be taken
cautiously.
To further understand temperature changes along the Nova Scotian coast during the summer period I recommend:
1. Try to coUect aU IR imagery available. Since only the day-time pass of the last
satelUte launched is archived daily, 50% of the imagery is not locally available.
Moreover, these data are difficult and expensive to obtain (the approximate
cost of a single image from NESDIS is about 100$), and because no information about cloud coverage is provided, it is hard to select scenes useful for
oceanographic purposes unless aU the images are obtained.
2. Standardize the locations where Ryan thermographs are installed such that
interannual differences cannot be attributed to local topographic effects. In
this respect a more uniform alongshore sampling is required and, in particular,
the southern part of the Nova Scotia coast needs to be better sampled. A larger
coverage of temperature sensors below the seasonal thermocUne is required for
a better assessement of the alongshore scales at depth.
3. To set up a mooring array program, combined with hydrographic surveys, in
order to elucidate the role and origin of the alongshore pressure gradient. This

131
information might help to understand the empirical relation found in this study
between alongshore head and deep temperature variations.

APPENDIX 1.
Catalogue of SST images of the Nova Scotian Shelf for the summer period
of 1085 and 1986
The series of SST images that foUow were used in this study. The processing of
the satelUte data was performed at the BIO image analysis faciUty, which is based
on a VAX-11/ 750 computer and the MIAMI software (developed at the Rosenstiel
School of Marine and Atmospheric Sciences, University of Miami).
The images are projected to a Mercator map centered at 43.5° N latitude and
63° W longitude. A cloud mask coded in white is overlaid on every SST image.
These masks were produced by using high albedo values from the visible channel 2
instead of using low temperature regions from the SST images. Details of the actual
algorithm are explained in Chapter 2. The dates and the colour coded temperature
scale are included in the figures.
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F I G U R E A l . l . SST images of the Nova Scotian shelf region. A colour coded
temperature scale is indicated. The dates are July 5, 1985 (top panel)
and July 9, 1985 (bottom panel).
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FIGURE A1.2. Same as Fig. A l . l , but for July 21, 1985 (top panel) and July 24,
1985 (bottom panel).
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F I G U R E A l . 3 . Same as Fig. A l . l , but for August 3, 1985 (top panel) and August
4, 1985 (bottom panel).
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FIGURE A1.4. Same as Fig. Al.l, but for August 5,1985 (top panel) and August
7, 1985 (bottom panel).
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FIGURE A1.5. Same as Fig. A l . l , but for August 13, 1985 (top panel) and August
17, 1985 (bottom panel).
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FIGURE Al.6. SST images of the Nova Scotian shelf region. A colour coded
temperature scale is indicated. The dates are July 22, 1986 (top panel)
and July 23, 1986 (bottom panel).

139

4SN

[ c]

FIGURE A1.7. Same as Fig. Al.6, but for August 12, 1986 (top panel) and August
14, 1986 (bottom panel).
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FIGURE Al.8. Same as Fig. Al.6, but for August 21, 1986 (top panel) and August
29, 1986 (bottom panel).
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FIGURE A1.9. Same as Fig. Al.6, but for August 30, 1986 (top panel) and
September 9, 1986 (bottom panel).
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FIGURE ALIO. Same as Fig. Al.6, but for September 13, 1986 (top panel) and
September 14, 1986 (bottom panel).
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FIGURE A l . l l . Same as Fig. Al.6, but for September 18, 1986 (top panel) and
September 28, 1986 (bottom panel).

APPENDIX 2.
Degrees of freedom in spectral estimation via overlapped Fast Fourier
transform processing.
After a spectral method has been selected one should reaUze that there is a
fundamental conflict between spectral resolution and variance (Grenander, 1951).
The weU estabUshed principle states that it is not possible to minimize both simultaneously. It foUows that if we want high resolvabiUty we have to sacrifice some
precision of the estimate and vice versa (Jenkins and Watts, 1968; Priestly, 1981).
The spectral method chosen here is the direct method discussed by Carter et al
(1973), essentiaUy because the appUcation of a nonoverlapped weighting function to
reduce the white noise introduced by the tails of the data segments makes inefficient
use of the avaUable data. Though a weighting window is necessary, data points are
being discarded from every segment. This is a problem of serious concern when the
available data is Umited.
The chosen measure of precision was the number of degrees of freedom (DF)
upon which each spectral estimate is based. Therefore, for spectral estimates obtained from overlapped data segments the number of equivalent degrees of freedom
(EDF) was derived from relations given by NuttaU (1971). It was found that when
P pieces are 50% overlapped and a fuU cosine window is used as weighting function
(i.e., a Hanning window), the number of EDF is given by

E D F

=19P3I

<^>

To get some confidence on the expression obtained, independent of the algebra
and expressions from which it was derived, a Monte Carlo approach was used: two
series of N points each were produced, using a Normal random number generator.
Each series was segmented into P pieces 128 points long with 50% overlap, weighted
144

145
with a full cosine window and Fourier transformed. Then, at each frequency a
mean squared coherence was estimated (Carter et al, 1973). This procedure was
repeated 40 times, giving 2560 estimates of the squared coherence between the two
independent series. FinaUy, from this set of values the mean, the 90"* and the 95"1
percentUe were obtained. This whole process was repeated 7 times varying N to
cover a range of EDF from 10 to 50.
In terms used in time series analysis, the mean obtained above is an empirical
estimate of the bias on the computed squared coherence for true independent series.
Similarly, the 95 th percentUe correspond to the 5% significance level of the computed
squared coherence. These values where then compared with theoretical values given
by (Jenkins and Watts, 1969, p. 433)

SignificanceLevel = ^ J ^ ^ ' ^ - a )

^

for the a% significance level, where v is the EDF used in estimating the squared
coherency and F2>v„ 2 is the Fisher distribution. The formula used for the theoretical
bias on the computed squared coherence was (Jenkins and Watts, p. 399)
2
Bias = v

(A2.3)

As an aside, for computational purposes instead of using the inverse Fisher
routine, a less costly approximation (Thompson, 1976) is recommended, i.e.,

SignificanceLevel = 1 - a 2 / ( "" 2 )

(A2.4)

This approximation gives uncertainties everywhere smaUer than 10" 5 within the
ranges 0.001 < a < 0.2 and 5 < u < 100. These ranges cover most of the values
normally used in oceanography.
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The comparison between the results of the Monte Carlo simulations and the
theoretical values based on the EDF calculated from Eq. A2.1, is presented in
Fig. A2.1. The average deviation of the empirical values from the theory is less
than 5 x 10~ 3 , which is close enough to give some assurance on the correctness of
Eq. A2.1. AdditionaUy to these tests, a less extensive test was done on multiple
spectral regression. Using three independent series, the theoretical bias on the
multiple squared coherence (Jenkins and Watts, pag. 494) was also compared to
Monte Carlo simulations, but for three values of EDF (i.e., 11.5, 15.3 and 17.2).
The results that showed the same deviation values are not presented.
The use of overlapping data segments can substantiaUy improve the reUabiUty
of the spectral estimates. For example, when a given segment length has been chosen
and a fixed series length is given, the number of segments by using 50% overlap is
2JR — 1, where R is the number of segments that one would have obtained without
using overlap. The improvement can be assesed from the asymptotic value of the
ratio between EDF with overlapping and DF without overlapping (i.e., 0.75/(2JZ)),
which can be obtained from
36(21? - I ) 2

1 3 ,

t t

In the comparison, on both cases a Harming window weighting is inipUcit.
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FIGURE A2.1. Comparison of statistics on the Computed Squared Coherence
for uncorrelated series. Results are from Monte Carlo simulations and
theoretical values with the EDF given by Eq.(Al.l). Upper panel: Bias.
Lower panel: Significance Level at 5% and 10%.

m

A P P E N D I X 3.
Spectral statistical technique w i t h MatLab routines.
Atmospheric pressure, wind and sea level time series were filtered with a 255
point low-pass Cartwright filter (Fig. A3.1) with a half-power cutoff period of
38.5/ir. The fact that time series extended far off from the period of interest made
possible the use of a very sharp filter, avoiding problems of discarding data at both
ends of the summer period. Constrained by the length of the series (2881 hourly
observations) and deciding to have at least 10 frequency estimates below 0.5 cycles
per day (cpd), I obtained spectral estimates with 17.2 equivalent degrees of freedom
(see Appendix 2).
The computational algorithm chosen to generate the power spectra and crossspectra was the overlapped Fast Fourier transform routine of Carter et al (1973).
The method divides each series into P data segments overlapped by 50%. After
removing the mean, each segment is weighted with a fuU cosine beU window (i.e.,
Hanning window) prior to appUcation of a fast Fourier transform. By averaging
the P power spectra and the P cross-spectra, results with approximately 1.4P
degrees of freedom are obtained. It should be noticed that by including 50% overlap,
equivalent degrees of freedom on each estimate are increased by approximately 40%
(see Appendix 2).
To implement the routines I use the computer language MATLAB due to its
abiUty to operate on vectors and matrices. Although the original program includes
a spectrum algorithm, the confidence Umits on the spectral estimates are not properly calculated (Jenkins and Watts, 1969). Accordingly, the original MATLAB
algorithm was adapted by including a routine that calculates the inverse x2 distribution. FoUowing is the MATLAB code used to estimate the power spectrum of
two data sequences.
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Cartwright filter
Frequency response

FIGURE A3.1. Impulse response of the Cartwright low-pass filter, expressed as
the fractional power passed. The half-power cutoff frequency is indicated
by a broken Une.
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function [f,P,v,L] = spectra(dt,x,y,m)
XSPECTRA Power spectrum estimate of two data sequences.
% SPECTRA(dt,I,Y,M) performs FFT analysis of the two
% sequences I and Y using the Welch method of power
'/, spectrum estimation.
The I and Y sequences of N points
'/. are divided into K 50% overlapped sections of M points
'/, each (M must be a power of two). Using an M-point FFT,
X successive sections are Hanning windowed, FFT'd and
% accumulated. The value dt is the sampling interval.

y.
•/.
y.
'/. SPECTRA returns the M/2-1 by 5 array P = [Pxx Pyy Pxy Txy Cxy]
X where
Pxx = I-vector power spectral density
% Pyy = Y-vector power spectral density
'/, Pxy = Cross spectral density
'/. Txy = Complex transfer function, i.e.
I = Txy * Y
'/, Cxy = Squaxed Coherence function between I and Y,
'/, v: degrees of freedom, L: confidence spectral limits and f:
'/, frequencies of the espectral estimates.

y.
y.
x= x(:);
y= y(:);
X N of data points
n= max(size(x));
'/. N of segments 50'/. overlap
k= 2*fix(n/m)-l;
'/, EDF for full cosine bell
v= 36*k-2/(19*k-l);
'/, Full cosine bell.
w= hanning(m);
'/. Normalizing scale factor
KMTJ= k*norm(w)"2;
'/, frequency resolution
delomega= i/(m*dt);
index= l:m;
zO=zeros(m,l);
Pxx=z0;
Pyy=z0;
Pxy=z0;
for i=l:k
Ix = fft( w.*detrend(x(index)) ) ;
Yy = fft( w.*detrend(y(index)) ) ;
index = index + m/2;
Pxx=Pxx+ abs(Xx).~2;
Pyy=PyT+ abs(Yy).~2;
Pxy=Pxy+ Yy.*conj(Xx);
end
select=2:m/2;
'/, Select first half
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Pxx=Pxx(select,:);
Pyy=Pyy(select,:);
Pxy=Pxy(select,:);
Txy= Pxy./Pyy;
Cxy= (abs(Pxy).-2)./(Pxx.*Pyy);
confLim= 95;
cf=(l-confLim/100)/2;
L= [v/invchi(l-cf,v) v/invchi(cf,v)];
P=[ [Pxx Pyy Pxy]./KMU
Txy Cxy];
f=(l:m/2-l)'*delomega;
The foUowing MATLAB code calculates the inverse %2 distribution. The routine was adapted from the AS 91 algorithm of Best and Roberts (1985). Outputs of
the routine when compared to table percentage points have an accuracy of at least
5 significant figures (Thompson, 1941). Integer degrees of freedom from 3 to 100
were used to test the routine.

function r.=invchi(p,nu)
'/.
INVCHI returns the percentage point of
%
the Chi2-distribution, given nu
'/,
degrees of freedom (fractional nu are OK)
X
and a probability level p.
y.

'/.
Ref.: Best pud Roberts (1985), Algorithm AS 91, ACM.
'/, rough initial guess
a=2/(9*nu);
invndis=sqrt(2)*inverf (2*p-l) ; '/, inverse Normal distribution
x0=nu*(invndis*sqrt(a)+l-a)"3;
x=x0;
i=0;
eps=0.5e-6;
n2=nu/2;
'/, main loop
while (abs(xO/x-l)>eps) I (i==0)
i=l;
x0=x;
gam=exp((n2-i)*log(x0)-x0/2-n2*log(2))/gamma(n2);
a=(p-gammai(n2,xO/2))/gam;
'/, Taylor's expantion coeffs.
f=0.5-(n2-i)/x0;
f2=f~2;

f3*f~3;
df=(n2-l)/sqrt(x0/2);
d2f=-2*df/sqrt(xO/2);
d3f=-3*d2f/sqrt(x0/2);
w3=(2*f2+df)/6;
w4=(f*(6*f2+7*df)+d2f)/24;
w5=(f*(24*f3+46*f*df+ll*d2f)+7*d2f-2+d3f)/120;
x=polyval([w5 w4 w3 f/2 i xO],a);
end
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