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'ABSTRACT

The Northwest Atlantic is a region of extremely strong sea surface tempera-
ture (SST) variability. The seasonal cycle in SST of about 16°C, and the anomalies
about this seasonal cycle that occasionally exceed 5°C, are the largest in the North
Atlantic. The purpose of this study is to explain the seasonal and interannual vari-
ability of water temperature in this region. Analysis of hydrographic data from the
Scotian Shelf and Slope shows that the seasonal temperature signal is confined to
the top 75 m of the water column. As a first step in the development of a model
to explain the seasonal temperature variability, the heat budget is examined. The
most important term in the long-term mean heat budget is horizcntal advection,
with a contribution of about ~40W m™2, and is almost exactly balanced by the
combined effect of the net surface heat flux (Q = 25W m™2), horizontal mixing
(1iW m™?) and vertical diffusion (6W m™2). On the seasonal time scale, about
85% of the local rate of heat storage (OH/Jt) can be accounted for by Q. Hori-
zontal advectivn and @Q together explain about 99% of OH/Jt. Motivated by the
results of the heat budget, the seasonal cycle is modelled by a modified 1-D heat
diffusion equation: 9T/0t = 8/02(RKy0T/0z) + T'(z,t), where I'(z,t) is dominated
by horizontal advection. Considerable attention is paid to the estimation of Ky,
an extremely important parameter in the model. Three methods of estimating
Ky(z,t), on a monthly time scale, are presented. In two of the methods, Ky(z,t)
is assumed to vary with density stratification, and hence with depth and time, as
Ky(z,t) = Ko(1 + aNP?)~1. An important contribution of this work is providing
an effective way of determining the parameters p, @ and Ko. The attraction of this
approach is that it does not allow negative diffusivities. T\(z,t) predicted using the
seasonal varying Ry(z,t) compares much more favorably with observations than
T(z,t) calculated using the best constant Ky. This emphasizes the importance of
allowing Ky(z,t) to vary with depth and time. The modified 1-D heat diffusion
model is also used to study the origin of the cold intermediate layer (CIL), and it
is shown that both local heating and horizontal advection of cold water are needed
to maintain the permanent CIL on the Scotian Shelf.

Focusing now on the monthly anomalies (i.e. variations about the seasonal
cycle), over 90% of Q' may be accounted for by the latent and sensible heat flux.
Overall, Q' has a smaller spatial scale and shorter time scale than SST anomalies
(SSTAs). Previous studies have hypothesized that SSTAs are the result of stochastic
forcing by @'. For the first time, this study has quantified through numerical
modelling, the contribution of ' to the evolution of the SSTAs. The results show
that Q' is not the primary cause of the interannual variability of SSTAs in the
Northwest Atlantic, and suggest that the primary cause lies in the ocean. Empirical
modelling indicates that, on the whole, the SSTAs originate from variations in the
top 50 m of the water column. It is speculated that fluctuations in the transport
of water from the Gulf of St. Lawrence and the inshore Labrador Current are the
dominant cause of the interannual variability of SSTA in the Northwest Atlantic.

xvii
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Chapter 1

INTRODUCTION

1.1 Background

The Northwest Atlantic is the most energetic sea surface temperature region in the
North Atlantic. The range of the seasonal cycle is about 16°C. Anomalies about this
seasonal cycle have, at times, exceeded 5°C. The standard deviation of the anoma-
lies (~ 1.6°C) is greater than that found off the coast of Peru [Weare et al., 1976;
Weare, 1977; Cayan, 1986]. Interest in the water temperature of this region has in-
creased in recent years because of its possible influence on the atmospheric circulation
and fisheries. For example, Ratcliffe and Murray [1970] have shown that sca surface
temperature off the coast of Newfoundland may be used to predict the weather in
Europe. They found a lagged correlation between sea surface temperature and air
pressure anomalies, with the water temperature in this region leading the air pressure
over Europe by about one month. Palmer and Sun [1985] examined this empirical
result using a general circulation model. They found that a significant atmospheric
response over Europe could indeed be associated with sea surface temperature anoma-
lies in the Northwest Atlantic. Considering the possible climatic effects of the North
Atlantic mid-latitude SSTAs, this region can not be overlooked [Lav and Nath, 1989].
The seasonal migration of fishes may be connected, in part, to the seasonal variabil-

ity of the water temperature [e.g. Rose, 1990]. Hence, the possibility of predicting



water temperature, one of the goals of this study, is of interest to oceanographers,
atmospheric scientists and fisheries biologists.

The portion of the Northwest Atlantic treated in this study covers the Scotian
Shelf and Slope region (Figure 1.1). It is bounded to the north by the Laurentian
Channel, to the south by Georges Bank and extends seaward about 200 km from
the shelf break. In physical oceanographic terms, this is a special region. The St.
Lawrence, Ottawa and Saguenay rivers discharge about 10,000 m?s~! of fresh water
which spills out of the Gulf of St. Lawrence and onto the Scotian Shelf. To fit this
discharge into perspective, it is about 14% of that of the Amazon, the largest river
by volume flux in the world [Pazton, 1986]). Alternatively, it is equivalent to adding
about 6 m of freshwater to the Scotian Shelf each year. This region is also the meeting
place of two important current systems: the warm Gulf Stream from the south and
the cold Labrador current from the north (Figure 1.1b). In fact, I will show that much
of the interannual variability in the water temperature of the Northwest Atlantic is

controlled by these river and current systems.

1.2 Problems and Objectives

The outstanding problems addressed in this study concern (1) explaining the seasonal
cycle of water temperature (2) estimating vertical eddy diffusivity in the upper water
column, as a function of depth and time, (3) explaining the formation of the cold
intermediate layer on the Scotian Shelf, and (4) finding the primary causes of sea

surface temperature anomalies on the Scotian Shelf and Slope.
Explaining the seasonal cycle of water temperature.

There are several mixed layer models [ e.g., Price et. al., 1986, 1987; Gaspar,
1988] that have had some success in simulating the evolution of the sea surface tem-
perature (SST). These models require, as input, atmospheric forcing terms averaged

over a short time (hours to days). The main problem of applying such models in
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Figure 1.1: Map of Northwest Atlantic showing (a) some topographic features and
(b) the mean circulation pattern (adapted from Sutcliffe et al. [1976]).




the study area is that one may not have spatially complete atmospheric or oceano-
graphic data sampled on such short time scales. The model that I will develop uses
monthly averaged quantities. The surface forcing is the monthly air-sea heat flux,
computed from 43 years of data from COADS (Comprehensive Ocean Atmosphere
Data Set), and that estimated by Isemer and Hasse [1987]. The model is a modified
one-dimensional (vertical) heat diffusion equation. The specific problem addressed,
with respect to modelling, is: can a simple modified one-dimensional model simulate
the seasonal surface and subsurface temperature on the Scotian Shelf? It will be
shown that the model successfully reproduces the seasonal cycle of the surface and

the subsurface temperatures.
Estimating vertical eddy diffusivity in the upper water column

Methods have been developed for estimating the eddy diftusivity in stably strat-
ified systems, such as lakes and fjords [Jassby and Powell, 1975; Gargett, 1984; de
Young and Pond, 1988]. The success of these methods depends on a well defined
vertical temperature gradient. Where the temperature gradient is weak the values of
the diffusivities are unreasonable; in some cases negative values are obtained, which
are unphysical. What is needed is a method of estimating the eddy diffusivity in the
upper ocean (where there is a mixed layer and sometimes the vertical temperature
gradient is weak) that will overcome the frustrating cases of negative valucs of diffu-
sivities. A related question is how the estimated diffusivities vary with the buoyancy
frequency.

The need for an accurate estimates of the diffusivities arises not only because the
diffusivities are required in my model but also because their values have implications
to other issues. In a one-dimensional diffusion model, Hansen et al. [1985] have shown
that the climate response time is largely dependent on the values of the diffusivities.
Thus, the value of the diffusivity influences the transient response of the ocean to
greenhouse warming and the estimation of the ocean’s ability to absorb fossil fuel
carbon dioxide [Yin and Fung, 1991]. In this study, a considerable effort is made to

determine the best method of estimating the diffusivities, as a function of depth and
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time, since the predicted temperatures largely depend on these diffusivities.

Ezpleining the formation of the cold intermediate layer on the Scotian Shelf

A characterisiic feature of the temperature structure in the study region s the
existence of a temperature minimum, between about 50 and 100 m depth. This is
often referred to as the cold intermediate layer [Hachey, 1938; Smith et al., 1978]. The
cold intermediate layer has also been observed in the Gulf of St. Lawrence [Banks,
1966] and on the Labrador and Northeast Newioundland Shelves [Petrie et al., 1988].
The question is: how is the cold intermediate layer formed and maintained? Besides
the influence of the cold intermediate layer on the diffusivities, an understanding of
the origin of the cold intermediate layer has scientific merit on its own. Banks [1966]
suggested that in situ winter cooling is the dominant mechanism that produces the
cold intermediate layer on the Gulf of St. Lawrence. For the cold intermediate layer
on the Scotian Shelf, Hachey [1938] suggested that it forms as a result of horizontal
advection of cold water into the region. It will be shown in this study that both
horizontal advection of cold water and local heating are needed to produce the cold

intermediate layer on the Scotian Shelf.

Finding the primary causes of the sea surface temperature anomalies in the Northwest

Atlantic

As noted above, the Northwest Atlantic is a highly active region in terms of sea
surface temperature (SST). Weare [1977] performed an empirical orthogonal function
analysis on the SST in the Atlantic ocean. His resuits show that the maximum
variance of the SST in the Atlantic ocean occurs on the Scotian Shelf and slope
region. Cayan [1986] presented contour maps of the North Atlantic seasonal sea
surface temperature anomalies (SSTAs). The maps, again, show that the maximum
variability of the SSTAs is found on the Northwest Atlantic. Thompson et al. [1988]
showed that the SSTAs are large scale and that winter SSTAs persist longer than
those in summer. They suggested that the dominant cause of the anomalies was
air-sea fluxes. Their results suggest that summer SSTAs may also be influenced by

winter conditions. Most of the studies on temperature anomalies have been limited



to surface temperatures. In this study, I will examine both surface and subsurface
temperature.

The specific problem addressed in this thesis is the cause of the SSTAs in the
Northwest Atlantic. The general idea is that the SSTAs are caused by large scale
atmospheric circulation through anomalous net air-sea heat fluxes [Bunker, 1976;
Thompson et al., 1988], horizontal advection, upwelling and entrainment of cold water
into the mixed layer [Bjerknes, 1964]. Other processes include horizontal mixing and
the variability of the mixed layer depth. In other areas, the effect. of horizontal mixing
has been found to be generally insignificant [Clark, 1972; Daly 1978]. In this study, I
will examine the usefulness of the COADS heat flux to the development of the SSTAs
in the study region. It will be shown in this thesis that the dominant cause of the
SSTAs in the Northwest Atlantic comes from variability within the ocean and not
from the atmosphere.

In summary, the specific objectives of this study are to:

1. Estimate and explain the seasonal heat storage rates of the upper layer of the

Northwest Atlantic, and compare them with the net surface heat flux;

o

Explore new methods of estimating the coefficient of vertical eddy diffusivity
in the upper water column, on a monthly time scale, as a function of water

stratification;

3. Develop a simple model to explain and simulate the seasonal water temperature

and its anomalies at different depths and time of the year;
4. Explain the formation of the cold intermediate layer;

5. Test the usefulness of the COADS heat flux to the creation of the SSTAs; and

6. Explain the cause of the interannual variability in the net surface heat flux and

SSTAs in the Northwest Atlantic.

'The thesis is arranged as follows: Chapter 2 presents a description of the observed

seasonal variability in the surface and subsurface temperature and salinity, together




with derived quantities such as local rates of heat storage, steric height and the
buoyancy frequency. These quantities are used in Chapter 3, in combination with
other data, to examine the seasonal heat and salt budget. An understanding of the
dominant processes in the temperature equation is crucial to the development of the
modified one-dimensional heat diffusive model. This is the essence of the seasonal heat
budget. Different ways of estimating the coefficient of eddy diffusivity are presented
in Chapter 4. The model is developed in this chapter using the estimated diffusivities.
In Chapter 5, the model is used to study the formation of the cold intermediate layer.
Chapter 6 describes the interaunual variability of the net surface heat ..t and the
SSTAs. The causes of the SSTAs are also treated in Chapter 6. Finally, in Chapter 7,
the main conclusions from this study are given together with suggestions for further

work.

O e



Chapter 2

SEASONAL VARIABILITY

2.1 Introduction

The purpose of this chapter is to describe the seasonal variability in temperature
and salinity, together with the local rate of heat storage, steric height and buoyancy
frequency. The estimates of the above quantities will be used in subsequent chapters.
For example, the rate of heat storage will be used in Chapter 3 as part of the heat
budget. The rate of heat storage is also important in that it provides information on
the variation of the sea level and geostrophic current. The buoyancy frequency will
be used in chapter 4 to estimate the vertical eddy diffusivity.

The monthly mean temperature and salinity data used in the analyses were com-
piled by Drinkwater and Trites [1987]. The data were collected between 1910 and
1982, with about 85% of the data collected after 1950. Drinkwater and Trites have
grouped the data into 35 subareas, according to topography and availability of suffi-
cient data to form a monthly mean. The subareas are shown in Figure 2.1 and their
names listed in Table A.1, of Appendix A. Subarea 31 is not included in the anal-
ysis because data were not available. For the 34 subareas used in this study, there
arc some months where data are missing. In such cases (which occur mostly in the
eastern part of the shelf), I linearly interpolated between two adjacent months, at a

given depth.



Figure 2.1: Map of the study region showing the subareas where the hydrographic
_data were collected [Drinkwater and Trites, 1987).
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To set the stage for the computations that will follow, and for the purpose of
clarity, it is necessary to note that the word seasonal refers to the average variation
of a quantity about the annual mean. An annual harmonic denotes a fitted sinusoid
with a period of 1 year, from which amplitude and phase are obtained.

Before describing the seasonal variation in temperature and salinity, the analyses
of their annual harmonics will be presented. It will be shown that the seasonal
temperature signal is confined to the upper 75 m of the water column, and that both
the long term mean temperature and the salinity annual amplitude have a subsurface

minimum.

2.2 Mean and Annual Harmonics

The monthly mean temperature at a given position is expressed as the sum of the

long term (annual) mean and harmonics:
T(z,t) = Ao(z) + Ay(2) cos{w[t — t1(2)]} + A2(2z) cos{2w[t — t2(2)]}, (2.1)

where Ao(2) is the long term mean, which varies with depth. A, and ¢, are the am-
plitude and phase (in days) of the annual harmonic while A; and ¢, are the amplitude
and phase of the semi-annual harmonic. w = 27 /365 days is the annual frequency
and t the time in days. Equation (2.1) is also used for salinity. The variations of the

long term temperature and salinity and their harmonics are described below.

2.2.1 Spatial Variation of Temperature

(a) Long Term Mean

The distribution of the mean SST is shown in Figure 2.2a. The value increases
from 5.5°C in the northern part of the region to 14.0°C in the south. Superimposed
on this overall latitudinal dependence of the SST, there is a mechanism that tends
to deflect the isotherms so that the mean temperature decreases towards the coast.

Another striking feature of the long term mean temperature may be observed along
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the slope region: the strong horizontal gradients are presumably associated with the
Gulf Stream.

Figure 2.2b shows the spatial distribution of the long term mean temperature at
50 m depth (at this depth, the seasonal temperature signal, though small, can still be
detected. More on the depth of seasonal penetration later). The horizontal pattern
of the mean temperature at the 50 m depth is similar to that of the mean SST,
except that the subsurface values are lower. For instance, for subarea 12, the mean
temperature decreases from 8.7°C at the surface to 7.1°C at 20 m depth and 3.8°C
at 50 m depth. The values of the annual mean temperature (as well as salinity and
density) at different depths for all the subareas are given in Table A.2 of Appendix
A.

The vertical variation of the annual mean temperature with depth, for subarea
12, is shown in Figure 2.3a. In this chapter, subarea 12 is chosen to represent the
variation on the Scotian Shelf. The important feature in the figure is the existence of
a temperature minimum at about 50 m depth. This feature will be explained when

the cold intermediate layer is treated in Chapter 5.
(b) Annual Amplitude

The map of the surface annual amplitude is shown in Figure 2.2c. In the study
region, the surface amplitude ranges from 4.8°C' to 9.2°C. A noticeable feature is the
low amplitude found in the eastern Gulf of Maine, probably due to the strong tidal
mixing in that region. At subarea 24 (43°N), the amplitude is 4.8°C, which is the
lowest value for the whole region.

The annual amplitude decays with depth. For subarea 12, the amplitude decreases
from 8.4°C at the surface to 1.9°C at 50 m depth (Figure 2.3b), with an e-folding
depth of about 30-50 m. Figure 2.2d shows the horizontal distribution of the am-
plitude at 50 m depth. The amplitude varies between 1.5°C (subarea 5) and 4.7°C
(subarea 27). The spatial average of the annual amplitude at 50 m is about 35% of

the spatial average of the surface annual amplitude.
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(c) Semi-annual Amplitude

The amplitude of the semi-annual signal (Figure 2.3c) is generally smaller than
(< 14%) that of the annual. An interesting feature of the vertical distribution of the
semi-annual amplitude is the occurrence of a secondary maximum between 30 m and
50 m depth. This feature has also been observed on the Eastern Newfoundland shelf
[Petrie et al., 1991].

(d) Annual Phase

For subarea 12, the phase of the annual harmonic (Figure 2.3d) at the surface
corresponds to the surface amplitude reaching its maximum value at day 229 (19
August). Figure 2.4 presents the spatial distribution of the phase of the temperature
annual harmonic at the surface (upper panel) and at 50 m depth (lower panel). For
the subareas on the Scotian Shelf, the surface annual harmonic reaches its maximum
at about day 226 — 232 (16-22 August).

Generally, the phase of the annual harmonic increases with depth. At 50 m depth,
the phase on the Shelf is between day 260 and 294 (20 September and 24 October).
At 75 m depth, the phase for subarea 12 on the shelf lags the surface by about 80 days
(see Figure 2.3d). On the other hand, in the slope region (subarea 32), the seasonal
signal lags the surface by only 32 days.

2.2.2 Spatial Variation of Salinity

Salinity, throughout the thesis, is expressed in psu (practical salinity unit of 1978,
[Unesco, 1981)).

(a) Long Term Mean

The distribution of the surface mean salinity is shown in Figure 2.5a. Low values
occur near the coast and towards the Laurentian channel, presumably associated with
fresh water discharge at the St. Lawrence River [Sutcliffe et al., 1976]. The isohalines
are almost parallel to the coastline, with salinity increasing offshore. For example,

the salinity increases across the shelf from 30.8 near the coast (subarea 13) to 33.7 on
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(b) 50 m depth
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Figure 2.4: Maps showing the spatial variation of the phase of the annual temperature
harmonic at the surface (upper panel) and at 50 m depth (lower panel). The contour

interval is 5 days.
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the slope (subarea 35). High values also occur in the low latitudes. At about 42.7°N
(subarea 35), a value of 34.0 is obtained. For the region considered, the surface mean
salinity ranges from 30.2 (subarea 1) to 34.0 (subarea 32). The horizontal distribution
of the mean salinity at 50 m depth, shown in Figure 2.5b, portrays the same pattern
as that of the surface, except that the values are higher.

In the vertical direction, the long term mean salinity generally increases with
depth (see Table A.2b of Appendix A). At subarea 12, it increases from 31.5 at the
surface to 33.2 at 75 m depth (Figure 2.6a). Unlike the vertical structure of the mean
temperature where there is a temperature minimum at about 50 m depth, the mean

salinity increases downward without any intermediate minima or maxima.
(b) Annual Amplitude

The amplitudes of the annual harmonic at the surface and at 50 m depth are shown
in Figures 2.5¢ and d respectively. Cenerally the amplitudes, both at the surface and
at depths, are small compared with their annual mean. The surface values range from

0.1 to 0.9, while at 50 m depth, it varies between 0.1 and 0.6.
(¢) Annual Phase

The spatial distribution of the phase of the salinity annual harmonic at the surface
is at 50 m depth are presented in Figures 2.7a and b. For subarea 12 (for example)
the surface salinity is maximum at day 41, that is, 11 February (see Figure 2.6c),
unlike the surfacz temperature which reaches a maximum in August.

Important information about the surface horizontal advection may be obtained
from the phase propagation. Along the shelf (between subareas 5 and 21), a distance
of about 500 km, the phase changes by about 90 days (see Figure 2.7a). This gives
a mean westward surface drift of about 5.6 x 102 m s™!, which is comparable with

the estimate from drifters [Drinkwater et al., 1979].



Depth (m)

(a) Mean (b) Annuval amplitude 18

)
= (=)
T
1 1
(=]
T T
t !

20

5
1
'S
(=]

[
3
—
A
]
[=
(=]
T
1

N\

80 - : .
31 32 33 34 805 o

Salinity

Salinity

(c) Annual phase

Figure 2.6: Variation of the salinity harmonic with depth for subarea 12.



s o KB Trvon £k R AnEER

19

(b) 50 m depth
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Figure 2.7: Maps showing the spatial variation of the phase of the annual salinity
harmonic at the surface (upper panel) and at 50 m depth (lower panel). The contour
interval is 30 days.
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2.3 T-S Characteristics

The T-S relationship for a given area may be influenced by many factors, such as sur-
face heat flux, horizontal advection, horizontal mixing and upwelling. In the study
region, the strong wind in winter increases the latent heat flux from the ocean through
evaporation. Evaporation reduces SST and increases the sea surface salinity (SSS).
Generally, a negative T-S correlation may be caused by latent heat flux (via evapora-
tion) and upwelling of cold-salty water. On the other hand, a positive T-S correlation
may be brought about by horizontal exchange of cold-fresh water, warm-salty water,
and an upwelling of warm-salty water at depth.

The goal of this subsection is to use T-S plots to show how the thermal and salt
properties of the top 75 m of the water column vary seasonally. Since the source waters
forming the water masses, in this region, fluctuate seasonally it is to be expected that
the water characteristics will correspondingly change with the season. Referring to the
T-S properties inferred from his November 1951 cruise, McLellan [1954] commented
that “ the water movements inferred do not necessarily hold for all seasons”. I have
chosen to describe the T-S characteristics for subarea 12 (representing the water
properties on the Shelf) and for subarea 32 (representing the water characteristics on
the Slope region). Figure 2.8 shows the T-S diagram for February, June and October.
In each subarea, the data are plotted at 0, 10, 20, 30, 50, and 75 m depth.

The main points from the T-S plots are that the water properties undergo larger
seasonal changes at the surface than at depth on the shelf, and that the water on the
slope, at a given time, is warmer and saltier than that on the shelf.

On the shelf, the SST increases from 2.4°C in February to 10.2°C in June and
14.2°C in October while the SSS decreasc. correspondingly from 32.1 to 31.7 and to
31.3. The surface density decreases by about 2.3kg m™ between February and Octo-
ber, and is dominated by the large change in the temperature. This variation in the
water properties is not surprising since it is known that the high surface temperature
in summer and fall is due to local surface heating. It is worth also noting that at 75

m depth, the T-S properties do not change significantly.
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2.4 Local Rate of Heat Storage

As mentioned above, the reason for the estimation of the local rate of heat storage is
to set the stage for the heat budget in Chapter 3. In that chapter, I will compare the
local changes in the heat storage with the net surface heat flux, in order to determine
how much of the local heat storage rates can be explained by the surface heat fluxes.
In this section, the purpose is simply to estimate and describe the seasonal and spatial

variability of this term. Following Bryan and Schroeder [1960], the monthly changes

in the heat storage is defined by dH/0t, where
0
H= /f_ , pepl dz (2.2)

is the depth integrated heat content between the surface (z = 0) and some depth
z = —h. p and cp are the water density and the specific heat at constant pressure.

Since the present analysis is focused on seasonal changes, it is necessary to de-
termine the depth (h), sufficient to capture the seasonal signal penetration. In the
description of the annual temperature harmonics above, I have shown that the am-
plitude of the annual signal is much larger than the semi-annual at all depths. The
spatial average of the semi-annual amplitude is about 14% of the spatial averaged
annual amplitude. To find the depth of the seasonal signal penetration, I computed
the annual amplitude at various depths. The result that was presented in Figure 2.3b
(Emerald basin), is typical of other subareas. Clearly, the result shows that the sea-
sonal signal penetrates down to 50 m depth. Below this depth, the signal is buried in
the noise (notice the error bar in Figure 2.3b). The e-folding depth of the amplitude
is about 30 m. In the following analysis, I use 75 m as the average depth of seasonal
penctration.

The seasonal estimates of the local rates of heat storage, for subareas 12 and 33
(representing the slope region) are shown in Figures 2.9 a and b respectively. Negative
sign corresponds to heat loss from the ocean. The highest rate of heat gain by the
ocean occurs in June with a typical value of 200 W m™2 while the greatest heat loss

from the ocean is in December with a typical value of —300 W m™2.
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Figures 2.10, 2.11 and 2.12 present the monthly map of the local rates of heat
storage in the study region. (The values for the whole subareas are listed in Table
A.5 of Appendix A.) From about November to February, the ocean loses heat (see
Figures 2.12 and 2.10). The average rate of heat loss, for the whole region, in De-
cember is about —345 W m™2. On the other hand, the ocean gains heat from April
to September (Figures 2.10 and 2.11). The maximum rate of heat gain (obtained
in June), for the whole region averages about 215 W m~2. There is a phase lag of
about 90° between the time of occurrence of the maximum (and minimum) rate of
heat storage and that of the depth integrated heat content as expected. The analysis
(not shown) indicates that the maximum (minimum) depth integrated heat content
occurs in September (March) whereas the rate of heat storage is in June (December).
The spatial variability in the rate of heat storage reflects, largely, the data quality.
Inadequate data sampling (in space) together with the very few observations, espe-
cially in the eastern part of the Shelf, used to form the monthly mean could cause
the large variability in the local rate of heat storage. A map of the annual amplitude
of dH/d8t shown in Figure 3.3a (Chapter 3), gives a smoothed version of the term.
In addition to data quality, the spatial variation in H/dt gives some indications of

other processes, such as horizontal advection, operating in the study region.

2.4.1 Estimation of Error

The error variance of the local rates of heat storage can be expressed as

var [pcpg—tészjI /¢ var [gct Z?= 1 (Tz.n +1_ Tzn - 1) Az;]
p2 c‘.?.
= E—t% [Z?=1 Az? (S;.‘nu + S%n—x)] (23)

and thus

PCr
E=—
2At

[6
\I 2 Az? (S;'n“ -+ Si‘n—l) (24)

i=1
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2 associated with the estimated local rates of heat

where E is the error in W m™
storage, At = 30 x 24 x 3600 s is the monthly time interval and Az is the depth
interval. T is the temperature. The summation is taken over the 6 standard depths
(0, 10, 20, 30, 50 and 75 m) whose temperature data are used to compute the rate
in the heat storage. The superscript n denotes time index while the subscript ¢ refers
to the depth index. s = std/v/M is the estimated standard deviation of the monthly
mean, where std is the standard error of the observations in the month. The error
analysis thus takes into consideration the number of temperature observations M for
a given month, used to form the monthly mean. In (2.3), I have assumed that the

covariance between T"*! and T"~! is zero. Two standard errors (equivalent to a 95%

confidence interval) are plotted in Figure 2.9.

2.5 Steric Height Variation

In this section, I will describe the seasonal changes in sea level caused by the density
distribution. The purpose is to show how seasonal changes in the surface geostrophic
current shear, associated with the density variation, are distributed in the region. Let

the monthly mean density p be expressed as
p(z) = po + Ap(2) (2.5)

where po is a reference density and Ap the deviation of the monthly mean density

about the reference. The steric height is then defined as

1 70

o =~— [ Apdz (2.6)

h = 75 m is used, based on the depth of seasonal temperature signal penetration.
Following Csanady [1979], I choose po as the largest density value in the depth range
(h = 75 m) considered. That ensures that Ap is everywhere negative and 7, > 0. In
the analysis, po = 1028 kg m™ is used. The density is computed from temperature

and salinity data, using the International equation of state of seawater [Unesce, 1981].
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The values of the computed steric he:ght are listed in Table A.6 of Appendix A
and the monthly maps presented in Figures 2.13, 2.14 and 2.15.

There is clearly a seasonality in the variation. The maximum values for most of
the subareas occur in September and October while the minimum is in March and
April. The annual range varies from about 16 cm at 46.5°N (subarea 1) to about
5cm at 43.3°N (subarea 24).

This seasonal variation in the steric height reflects, in part, the seasonal changes
in the depth-integrated heat content of the upper water column. A high (low) heat
content causes the expansion (contraction) of the water column. A quick calculation
shows that temperature dominates salinity in the steric level variation, which is in
accordance with other investigations elsewhere in the same latitude range [Pattullo
et. al., 1955; Lisitzin and Pattullo, 1961; Gill and Niiler, 1973].

The main feature of the map is a high sea level near the coast, and a gradual drop
offshore. The high coastal sea level may be due to the influx of freshwater from St.
Lawrence River. In September, the surface slope is about —3.9 x 107 (i.e. 5.3 cm in
137 km) across the shelf (see Figure 2.15 i - the slope of the line is indicated). This is
related to a westward geostrophic flow of about 3.9 x 10~%m s~! along the shelf. The

westward flow, especially near the coast, is observed throughout the year. This flow

pattern is consistent with the circulation observed on the shelf [Smith et al., 1978;

Drinkwater et al., 1979; Smith, 1983]. The estimates of the seasonal variation of the
geostrophic current with depth will be given in Chapter 3.

The estimated surface steric level compares favorably with the observed Halifax
sea level. Thompson [1986, 1990] has described the sea level and circulation in the
North Atlantic. He found the amplitude of the seasonal cycle on the Scotian Shelf to
be about 8 cm, which is consistent with the annual range of about 16 c¢m, estimated

in this study.
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2.6 Buoyancy Frequency Variation

The focus of this section is the buoyancy or Brunt Vaisala frequency, which will be

used to estimate the vertical eddy diffusivity in Chapter 4. The buoyancy frequency

is defined by

2__90p
N == 5 (2.7)

where g is the acceleration due to gravity, p, = 1025 kg m™ is a reference water
density and p the in situ water density.

Figure 2.16 shows the seasonal variation of the buoyancy frequency at 15 m and
62.5 m with depth, for Emerald Basin (subarea 12) and the eastern Georges Bank
(subarea 28). The N? is estimated over a vertical scale of about 10 m. The variation
of N2 in these two subareas is typical of the other subareas. The figure clearly shows
a seasonality in N2, with a maximum in August and a minimum in February. The

values, as well as the amplitude of the seasonal cycle, decrease with depth.

2.7 Summary

The long term mean temperature increases offshore, both at the surface and sub-
surface. The mean temperature has a subsurface minimum at about 50 m. The
amplitude of the annual harmonic is typically 8°C at the surface and decreases to
about 1°C at 75 m depth. Below this depth the signal can not be distinguished from
the noise. Thus, the average depth of seasonal signal penetration is about 75 m. The
amplitude of the semi-annual harmonic has a secondary maximum at about 30 m
depth. Generally, the amplitude of the semi-annual harmonic is small - less than 14%
of the annual harmonic.

For the salinity, its long term mean ranges from 30.2 to 34.0 at the surface. Unlike
the mean temperature, the mean salinity increases with depth with no subsurface
minima. At 75 m depth, the mean salinity varies between 32.0 and 35.0, in the study

area. The annual amplitude of the salinity is between 0.1 and 0.8, at the surface and
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between 0.1 and 0.6 at 50 m depth. The amplitude of the salinity annual harmonic
has a subsurface minima at about 30m. The southwestward drift, estimated from the
phase of the salinity annual harmonic is consistent with measured surface current.

Like the temperature, the local rates of heat storage also show pronounced season-
ality. But unlike the spatial variability in temperature, the local rate of heat storage
does nct present a clear consistent maximum variability near the coast and north of
the mid-latitude. This is an important observation for it means tha. estimating local
rate of heat storage using only the sea surface temperature (as is done in some mixed
layer models) does not reflect the real variability.

The maps of the monthly surface steric level indicate geostrophic current moving
in the southwestward direction on the shelf, which is consistent with observation.
The estimated steric height compares well with the observed Halifax sca level. The
buoyancy frequency also varies seasonally as expected, and its values decrease with
depth.

The purpose of this chapter has been simply to describe the seasonal variabil-
ity in temperature and salinity and their derived quantities. In the next chapter,
the mechanisms causing these variabilities will be determined through a heat and salt
budget. The seasonal surface and subsurface temperature variability will be modelled
using the seasonal diffusivities estimated in Chapter 4. The formation of the subsur-
face mean temperature minima will be treated in Chapter 5 while the interannual

variabilities in the temperature anomalies will be presented in Chapter 6.



Chapter 3

SEASONAL HEAT AND SAILT
BUDGET

3.1 Introduction

Seasonal changes in water temperature occur in response to fluctuations in surface
heat flux, horizontal advection, upwelling and mixing. Similarly, seasonal changes
in salinity occur as a result of variation in river runoff, precipitation, evaporation,
horizontal advection and mixing. The relative contributions of the different processes
to the seasonal heat and salt budget, at different locations, will be quantified and
discussed in this chapter. Estimation of the various terms in the heat budget is a
very important first step in the development of models to explain the variability in
the temperature. The salt budget will serve as a check on the heat budget.

The chapter begins with the governing equations for heat and salt, followed by a
presentation of the seasonal variation in the climatological net surface heat flux. The
net surface heat flux is then compared with the local rates of heat storage (computed
in chapter 2). In particular, it will be shown that on the Scotian Shelf, about 85%
of the seasonal changes in the local rates of heat storage can be explained by the net
surface heat flux and that the long term mean heat budget is primarily dominaied

by horizontal advection.

36
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3.2 Governing Equations for Heat and Salt

The depth-integrated temperature conservation equation may be written [e.g.

Frankignoul and Reynolds, 1983]

0H 0 o 9T 0 3
5 = Q—pcp/_hg-Vsz—pcp/_hwb; dz+pcp/_hK"V Tdz
oT
— pc, Ky— (3.1)
oz,
where
0
H= pcp/h Td-

is the heat stored between the surface (2 = 0) and some depth z = —h. Q is the net

surface heat flux. u = (u,v) consists of the cross-shore (u) and along-shore (v) com-
ponents of the water velocity. VI' = (9T /0x,0T/0y) is the horizontal temperature
gradient. The second and third terms on the right hand side of (3.1) are contribu-
tions from horizontal and vertical advection respectively. w is the upwelling velocity.
The fourth term represents the contribution of the horizontal diffusion (mixing) to
the depth-integrated heat budget while the last term is the vertical diffusive flux of
heat at some depth z = —h. As shown in chapter 2, h=75 m is the average depth of
the seasonal temperature signal penetration. Ky and Ky are the coeflicients of the
horizontal and vertical eddy diffusivity.

The depth-integrated salinity conservation equation, similar to the above temper-

ature equation, may be expressed [e.g. Miller, 1975]

0 aS 0 0 as 0 2
[ 5 de = SO(E—P)—/_hg- VSdz——/_hwaz dz+/_h[{"V S dz
_ k2 (3.2)
oz |_,

where S, is the surface salinity, E the rate of evaporation (in m s~') and P the rate
of precipitation (also in m s™!). Here, Ky and Ky are taken to be the same for heat
and salt, since the eddy distribution of heat and salt at any time are simultancously

accomplished by the same turbulent processes.
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3.3 Net Surface Heat Flux, Q

The net surface heat flux presented here was estimated by Isemer end Hasse [1987]
from meteorological and oceanographic data. The monthly heat flux represents the
climatological mean of 32 years, taken over the period 1941 to 1972. The net surface
heat flux

Q=Qs-Qi~QL—Qn (3.3)
comprises the short wave (solar) radiative flux, Qs, minus the sum of the long wave
radiative flux, @, latent heat flux, Qr, and sensible heat flux, Q. Positive Q means
that the net heat flux is into the ocean. The complete formula for each component
of the surface heal flux will be given in Chapter 6, when I examine the interannual
variability. In this section, my goal is to show how the long-term monthly mean
surface heat flux varies spatially and seasonally in the study region.

Isemer and Hasse [1987] evaluated Q on a 1° grid using data interpolated from
Bunker’s [1976] original irregular shaped areas (at times up to 10° square). They
applied a two-dimensional, quadratic polynomial interpolation method. They also
revised the exchange coeflicients used by Bunker, since recent measurements [Smith
and Dobson, 1984]have shown that Bunker’s exchange coefficients underestimate Qg
and overestimate @1, and Qg. It is these revised estimates of Q that I have used.

Figure 3.1a shows the spatial variation of the annual mean Q. It is clear from
the figure that north of about 43°N; the ocean gains heat. The rate of net warming

2 on the

increases with increasing latitude, with a typical value of about 20 W m™
Scotian Shelf. The amplitude of the annual cycle (Figure 3.1b) on the Scotian Shelf
is about 200 W m™2. A natural question is how much of the annual variation in the

local rates of heat storage, dH/dt, may be accounted for by Q?

3.4 Comparison of Q and dH/dt

In Figure 3.2, the seasonal time series of Q is compared with dH/at for two areas:

subareas 12 (on the shelf) and 33 (on the slope). I have also plotted the estimated error
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associated with JH/dt - two standard deviations, approximating a 95% confidence
interval, are also plotted in the figure. The error was estimated as described in
section 2.4.1 of Chapter 2. Both terms have their maximum in June and minimum
in December. On the Scotian Shelf, the spatial averaged Q accounts for about 85%
of the seasonal variation of the 9H/0t. For the slope region (Figure 3.2b), dH /8t is
higher than Q. About 87% of the spatial averaged 0H/d! may be explained by the
seasonal Q. The mechanisms that may be responsible for the discrepancies between
OH /0t and Q for both shelf and slope regions will be discussed when the heat budget

are balanced.

In order to give a spatial overview of how much of OH/0t can be accounted for
by Q, I have compared the annual amplitude of OH/0t and Q in Figure 3.3a and b
(The amplitudes and phases of the two terms are listed in Table B.1 of Appendix
B). Again, on the shelf, the two amplitudes compare fairly well, with values ranging
between 200 and 240 W m™2. Over the slope region, dH/dt has a larger amplitude
than on the shelf, with values greater than 240 W m=2.

To show the imbalance between dH /0t and Q, I have computed the difference,
(0H /0t — @), hereafter referred to as the residual, for the study region. The maps of
the monthly residual are shown in Figures B.1, B.2 and B.3, and their values listed
in Table B.2 of Appendix B. In December, a consistent pattern of the residual is
observed throughout the study region. In this month, the residual is negative, that
is, 0H /8t 1s less than Q. In other months, the residual at any subarea is vatiable and
does not have any strong seasonal cycle.

Figure 3.3c shows the amplitude of dH/3t — Q). The main point from the figure
is that the amplitude of the residual is less on the shelf than in the slope region and
in the region around the Laurentian Channel. On the shelf, the amplitude is less
than 40 W m~? whereas on the slope and toward the Laurentian Channel regions the
amplitude exceeds 100 W m~2. These regions of large amplitude residual are regions
of known strong horizontal advection. A large magnitude of the residual (allowing for

error in Q) is attributed to the contribution of other terms like horizontal advection,
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mixing, upwelling, etc.) to the heat budget of this region. The magnitudes of these

terms are estimated below.

3.5 Comparison of [°,(3S/dt) dz and S,(E — P)

The E-P data required to estimate the surface flux of salinity are obtained from
Schmitt et al. [1989]. 1 have fitted a sinusoid to the seasonal mean values of E-P in
order to interpolate to monthly values. For the shelf region (subarea 12), the values
of E-P range from 3.4 x 1072 m yr™! in June to 54.0 x 10~2 m yr~! in December.

In Figure 3.4, the seasonal variation of the surface flux of salinity So(E — P) is
compared with f%,(8S5/0t) dz, on the shelf (subarea 12) and over the slope (subarea
33). h is taken as 75m - the same as in the heat budget. The 95% confidence
intervals for the local change in the salt content are also plotted on the figure. The
main feature in the figure is that the magnitude of So(£ — P) is much smaller than
J2,(8S/8t) dz in both regions. That means that the local changes in the salinity can
not be explained by the surface flux of evaporation and precipitation. The imbalance
between [2,(85/0t)dz and So(E — P) will be discussed when other terms in the salt

budget are estimated.

In the following subsections, I will show how the different terms in the heat and
salt equations vary spatially and temporary in the different areas of the study region.
My goal is to balance the heat and salt budget within the error bars of @H/dt and Q
and 9S/0t, if possible. I have regrouped the 34 hydrographic subareas (Figure 2.1)
into 18 subareas. The oiiginal subareas are regrouped because from the analyses of the
temperature and salinity annual harmonics it is observed that the variability in some
subareas is similar. It is on the basis of the seasonal variability and also topography
that the regrouping is done. These regrouped subareas (whose number begins with
A) are shown in Figure 3.5 and their names listed in Table B.3 of Appendix B. Where
no change has been made to the original subarea, the original name is retained. The

Q is also regrouped by taking the monthly average of all the 1° x 1° data falling within
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each subarea.

[ have selected four subareas for the heat and salt budget: the central mid-shelf
(subarea A8), central outer shelf (subarea AT), west outer shelf (subarea A10), and
the central slope (subarea A15). The heat and salt budget of subarea A8 are chosen
to represent the budget on the shelf while those of subarea A15 represent the slope
region. These two subareas will be described in the main text while the budgets of

subareas AT and A10 are given in Figures B.4 and B.6 of Appendix B, for comparison.

3.6 Heat and Salt Flux due to Horizontal Advec-
tion

To estimate the heat and salt flux due to horizontal advection, the total current
(which comprises the geostrophic and Ekman) are needed. The following subsections

show how these currents are estimated.

3.6.1 Estimation of Geostrophic Velocities

Geostrophic velocity shears are computed using the thermal wind equations:

dv, g Op
By —Pof-é; (3.4)
Ou, g ap

32 = puf Oy (3.5)

where u, and v, are the cross-shore and along-shore geostrophic velocities. p is the
water density and p, = 1025kg m™>, the reference water density. g is the acceleration
due to gravity and f the Coriolis parameter. The axis z is normal to the shore
with x increasing seaward and the y is parallel to the coast with y increasing to the
northeast. dp/dz and dp/dy for any subarea are computed from the density field of
the neighbouring subareas. For example. for subarea A8

dp

~PTTPY
Jz

Az

(3.6)

z

z
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9| ., P5=P10
dy Ay

where p 7 (for instance) stands for the density for subarea A7. Az is the cross-

(3.7)

z z

shore distance between the mid-point of subareas A7 and A9 and Ay the along-shore
distance between the mid-point of subareas A5 and A10. Equations (3.6) and (3.7)
are computed at z = 0, 10, 20, 30, 50 and 75 m. To compute the absolute velocities, |
assume a depth of no motion at 100m (which is the average water depth on most part
of the Shelf) and depth-integrate (3.4) and (3.5) to obtain the absolute geostrophic
velocities.

Figure 3.6a shows the seasonal estimates of —v, at z = 0, 20, 50 and 75 m for
subarea A8. The v, exhibits strong seasonality. At the surface, the velocity has a
maximum of 6.2 X 1072 m s~! in January and a minimum of 0.9 x 102 m s™! in
July. |vg| decreases with depth - the annual mean at 0, 20, 50 and 75m depths are
3.5x1072,2.9 x 1072, 2.0 x 1072 and 1.0 x 1072 m s™! respectively. The direction
of the surface velocities is towards the southwest, consistent with the steric height
distribution shown in chapter 2. The seasonal variation of u, at 0, 20, 50 and 75
m depths is shown in Figure 3.6b. Note the change in the direction of u,, unlike
vg. In March and June u, flows offshore while in other months the flow direction
is onshore. The annual mean |u,| decreases from 0.3 x 10~2 m s~! at the surface to
0.1 x 1072m s~! at 30 m depth. |u,| is typically a factor of 10 smaller than |v,|. The

seasonal and depth variation of the geostrophic velocities at subarea A8 is typical of

other subareas.

3.6.2 Estimation of Ekman Velocities

Mean Ekman velocities in the surface Ekman layer were calculated from

7.1'

Vg = _p haf (3.8)
v
ug = il (3.9)
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Figure 3.6: Seasonal estimates of geostrophic velocities —v, and u,, Ekman velocities
ug and vg, and upwelling velocities w for the shelf (subarea A8). Note that —v, >0
means that the current is moving in the southwestward direction along the Shelf.
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where 7° and 7Y are cross-shore and along-shore wind stresses and hgp the Ekman

depth is assumed to be 15 m. The monthly wind stress is estimated from

™ = pa ci([u,]) [Ug] wa (3.10)

¥ = pg ca{lu,]) [u,| v (3.11)

where p, = 1.2 kg m™3 is the air density. |u,| is the monthly mean wind speed.
The overbar refers to a monthly mean. u, and v, are cross-shore and along-shore
wind components. These wind statistics are obtained from COADS (Compreheusive
Ocean-Atmosphere Data Set). In this formulation, the drag coefficient ¢, varies with

wind speed according to Large and Pond [1981]:

1.14 4 < |u,| <10ms™
10° ¢ ={ (4] <10ms (3.12)

0.49 +0.065 |u,] 10 < |uy,| < 26 ms™!

The estimated 7% at subarea A8 ranges from 1.4 x 1072 Pa in August to 2.0 x 1072 Pa
in November, while 7¢ varies between 2.7 x 1072 Pa in July and 4.0 x 10~2 Pa in May.
Substituting the values of 7° and 7¥ into (3.8) and (3.9) gives the Ekman velocities

up and vg shown in Figure 3.6c. The cross-shore Ekman velocities are larger in

1

magnitude than the along-shore counterparts: ug varies between 1.6 x 10~2m s~! and

2.5 x 107> m s~! with no seasonal pattern, whereas |vg| ranges from 1.0 x 10~? m s™!

and 1.3 x 1072 m s~!. The depth-integrated heat flux due to horizontal advection is

computed from

aT

0 0 oT
_pcp[hg- VT dz = _pCP./—h [(u9+u5)—a—m +(’Ug+’UE) a—y' dz (3]3)

In the analysis, ug and vg are assumed to be distributed uniformly over the top
15 m, the Ekman depth, and zero below. The seasonal estimates of the heat flux
due to horizontal advection are shown in Figure 3.7a. For the shelf region, it ranges
from —76 W m™ in December to 7% m~? in September with an annual mean of
—40 W m™2. For the slope region, it varies from —257 W m~? in May to =23 W m™?

in January with no obvious seasonality. The annual mean is —80 W m 2. The large
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fluctuation in the horizontal heat flux on the slope region might be due, in part, to
the back-and-forth movements of the water masses in this region.

For the salt budget, the contribution of the horizontal advection varies between
—~49 x 107" m s~! in November and —14 x 10~" m s in March on the shelf. For
the slope, it is between —161 x 10~" m s™! in May and —23 x 10~" m s~! in August.
Like the heat budget, the contribution of horizontal advection to the salt budget is
larger on the slope region than on the shelf. The comparisons of the heat flux due
to horizontal advection with other terms in the heat and salt budget are shown in
Figure B.5 of Appendix B.

3.7 Heat and Salt Flux due to Upwelling

3.7.1 Estimation of Vertical Velocity

The vertical water velocity, w, away from the coast has bzen computed from the

a (Y o (7° _
o=5(57) -5 () 10

where the wind stress components (7%, 7¥) are estimated as described earlier.

Ekman upwelling relation:

The seasonal variation of the estimated upwelling velocity for subarea A8 is shown
in Figure 3.6d. The values range from 0.3x10~®m s~! in September to 1.3x10%m s™!
in May. These values compare favourably with previous estimates [Thompson and
Hazen, 1983; Isemer and Hasse, 1987]. who found that the upwelling velocity is
generally of the order of 107% m s™! throughout the year.

In estimating the heat flux due to upwelling, —pc, [°), w(8T/dz)dz, | assume that
the vertical velocity linearly decreases from w at 75 m depth (the depth of seasonal
signal penetration) to zero at the surface. The upwelling heat flux (Figure 3.8a)

% in November to 9 W m™ in February, with an

for the shelf ranges from —7 W m~
annual mean of 1 W m™2. For the slope, it varies between —5 W m™% in November

and 5W m™? in May with an annual mean of | W m™2. The contribution of upwelling
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to the heat budget compared with other terms (Figure B.5) is generally small, < 1%
of 0H/3t on the shelf.

This analysis indicates that open ocean upwelling may not offer any significant
contribution to the seasonal temperature variability, in contrast with the ideas of
Bjerknes [1964] and Lacy [1988] who suggested that upwelling could be an important
mechanism in changing the sea surface temperature in summer. However, although
(3.10) applies only to the open ocean, the fact that the open upwelling flux increases
towards the coast (from the slope to the shelf, see Table B.5b of Appendix B) suggests
that coastal upwelling could be important near the shore. For a baroclinic case,
coastal upwelling may be estimated from w = 7/pfR,, where 7 is the wind stress and
R, is the internal Rossby radius. Petrie et al. [1987] has, indeed, found that coastal
upwelling is strong within one internal Rossby radius - about 15 km from the coast.
The effect of the coastal upwelling is that it changes the heat flux of the shelf region
(away from the coast) through horizontal advection, via the Ekman flux.

For the salt budget, the contribution of upwelling (Figure 3.8b) is also small.
For the shelf and slope region, the upwelling salt flux is between ~4 x 10~7 and

12 x 10-"m s~

3.8 Heat and Salt Flux due to Horizontal Mixing

3.8.1 Estimation of Ky from CASP Data

In order to estimate the heat and salt flux due to horizontal mixing one needs
Ku(K,, K,) which is defined by

K, = —u'T"/(0T/dz) and K, = —v'T"/(0T/dy) (3.15)

The overbar denotes a monthly mean and the prime a deviation from the monthly
mean. K, and K, are estimated using CASP (Canadian Atlantic Storms Program)
data. The CASP experiment ran on the Scotian Shelf from November, 1985 to March,
1986. Figure 3.9a shows the locations where the hydrographic data were obtained

s -
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while Figure 3.9b presents the water depths where the measurements were taken.
The CASP data set provides the temperature (T) and current (u,v) used to estimate
K, and K. In some months and depths, data are not available either due to instru-
ments malfunctioning or other problems. The horizontal diffusivities are computed at
those locations where there are enough data to compute the horizontal temperature
gradients and 'T" and v'T". The estimated diffusivities are listed in Table 3.1.

As shown in the table, the individual estimates of K, and K, from (3.15) vary
widely. In some cases negative or abnormally high values of the K’s are obtained.
To estimate a mean value for K, and for K, the following approach was adopted.
The approach is based on the principal components analysis of T’ and 8T /dz (and
also of v'T" and 0T/8y). This method is particularly useful when both types of
observation are subject to error. In this method, the values of w'T" and dT/dx
are first normalized by dividing by their standard deviations and then the principal
components of the normalized values computed. The procedure is fully described
by Morrison [1976]. Following Morrison, the first principal component of w'T” and

0T /dz may be expressed as the linear compound
Y] = dan —IZ;T? + a1, 8T/6z (316)

where the coefficients @;; and a;; define the eigenvector corresponding to the largest

eigenvalue (characteristic root). They are determined from the normalized covariance
matrix. Figure 3.10 shows the scatter plot of the normalized «"T” and —dT/dz. The
solid line is the plot of a;; wT" against —ay, 8T /dz. The slope of the line gives the
mean value of K. (Although the fit is not very good, it is better than a simple
regression analysis.) Notice that the line corresponds to the principal axis of u'T’
and OT/dz. The same procedure was used to determine K,. From the principal
components analyses, the following values were obtained: K, = 679 m?s~!, and
K, =546 m?s71.

The heat flux due to horizontal mixing is then computed as

0 0 2 2
pc,,/_h KyV*T dz = pcp/_h {K,-al +k,2 1} dz

amz y%{ (3.17)

T e e s
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STN # Depth (m) Month w1’ x10~* 07/9z x 10~°* K,
°Cms™?) (°Cm™) (m¥*™)
S2 18 Nov 25.58 -33.70 85
Dec 97.63 -24.81 393
Jan 65.28 -14.81 441
Feb 97.01 2.22 -4366
Mar 40.92 9.26 -442
Apr 43.81 -2.22 1971
S2 38 Nov 31.69 43.33 73
Dec 118.20 -12.59 939
Jan -27.28 -10.74 -254
Feb 30.79 30.74 -100
Mar 7.73 23.33 -33
Apr -66.99 7.78 861
STN # Depth (m) Month o'1" x 10~* 9T/dy x 10~° K,
(CCms™?) (Cm™) (m%™!)
52 28 Nov -23.90 -8.46 -282
Dec -116.33 -3.59 -3241
Jan 153.86 -7.69 2000
Feb 164.12 0.26 -64007
Mar -9.13 1.79 509
Apr -39.59 -2.31 -1716
S7 25 Nov 39.15 -0.45 8026
Dec -143 -10.24 -1396
Jan 412.02 -10.24 4022
Feb -85.18 -7.80 -1091
Mar 31.44 0.24 -12890
Apr -70.97 -12.20 -582

Table 3.1: Estimates of the horizontal diffusivities K, and K, from CASP data.
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Figure 3.10: A scatter plot of the normalized w'T" and —9T 3z showing the principal
axis. The slope of the line gives K. (See the main text for details).
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On the shelf (Figure 3.11), the heat flux due to horizontal mixing varies from
~38 W m™? in December to 96 W m™? in September. On the slope the magnitude of
the horizontal mixing is larger - it ranges from 28 W m™2 in February to 258 W m™2
in September (see Table B.5 of Appendix B).

The contribution of the horizontal mixing to the salt budget for the shelf and slope
regions (Figure 3.11b) shows the same pattern as in the heat budget. The salt flux is
larger on the slope than on the shelf, ranging from ~81 x 10~" m s~! in November to
22x 10""m s~! in August on the shelf, and 14x10~"m s~! in June to 165x10~"m s™!
in January on the slope. The variation of the depth-integrated heat and salt flux due

to horizontal mixing in both regions does not have any seasonality.

3.9 Vertical Heat and Salt Flux at z = —h

The vertical diffusive heat flux, —pc, K,(0T/0z)|_,, at h = 75 m is computed using
a constant K, = 10~* m?s~'. This value of the constant vertical diffusivity is usually
used for the ocean [Yin and Fung, 1991] and it will be shown in Chapter 4 that the
value is about the best estimate for a constant Ky. The same value of the diffusivity
is used for estimating the salt flux. Figure 3.12a shows the seasonal estimates of
the vertical diffusive heat flux for the shelf and slope regions. From January to
September, there is a flux of heat from the deep ocean into the top 75 m in both
regions. For the shelf, the values are between 9 W m™2 in September and 26 W m™
in March. For the slope, the values range from 2 W m™2 in September to 34 W m™2
in January. From November to December, the surface layer looses heat to the deep
ocean in both regions. Furthermore, in both regions, the estimates show a seasonality
in the diffusive heat flux. High values are obtained in winter and spring. Compared
to other terms in the heat budget (Figure B.5, Appendix B), the contribution of the

diffusive heat flux can not be neglected in the shelf region.

Figure 3.12b shows the seasonal estimates of the vertical diffusive salt flux at

75 m, for the shelf and slope regions. The values of the diffusive salt flux range
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Figure 3.11: Seasonal estimates of the heat and salt flux due to horizontal mixing,
for the shelf and slope regions.
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for the shelf and slope regions.
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from 19 x 107" ms™ to 39 x 107" m s~! in the shelf region, and 18 x 10~7 m s™!
to 32 x 107" m s™! in the slope region. Compared to other terms in the salt budget
(Figure B.5b, Appendix B), it is clear that the vertical diffusive flux can not be
neglected in the salt budget of both regions.

3.10 Balancing the Heat and Salt Budget and its

Implications

To balance the heat [salt] budget, the estimate of the term on the left hand side of
(3.1) [(3.2)] is compared with those terms on the right hand side.

3.10.1 Annual Mean Heat and Salt Budget

(a) Heat

The estimates of the long-term annual mean heat budget for the shelf and slope
regions are shown in Figure 3.13a and their values listed in Table B.4 of Appendix B.
The annual mean of H/dt is clearly zero. For the shelf region (represented by sub-
area A8), the dominant term is horizontal advection. The contribution of horizontal
advection (—40 W m™2) alone balances the contributions of Q (25W m™?), horizontal
mixing (11 W m™2), vertical diffusion of heat from the deep ocean (6 W m™?), and
upwelling (1 W m™?), to within 2 W m™2. Given the errors in the data, such good
agreement is probably fortuitous.

While the main focus of this chapter is to balance the heat budget for the Shelf,
the heat budget for the Slope region is given for comparison. For the slope region, the
balance of the mean heat budget is not as good as that on the shelf (Figure 3.13b).
The imbalance is about 19 W m~2. The reason for the imbalance will be discussed
below. However, the analysis shows that horizontal mixing and advection, with the
contribution of 144 and —80 W m™? respectively, are stronger in the slope region than

on the shelf. Again, in the slope region, there is a net annual surface heat loss from
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the ocean (~ —53 W m™?2), in contrast to the shelf where there is a net annual surface

heat gain by the ocean.

(b) Sait

The long-term annual mean salt budget for the shelf region (Figure 3.13b), like the
mean heat budget for the shelf, is well balanced to within £1x10~"m s™!. Again, the
largest contribution (—28 x 10~"m s~!) to the mean salt budget on the shell comes
from horizontal advection (as in the mean heat budget). The next important term
in the mean salt budget is the vertical diffusion of salt. The magnitudes of other
terms are shown in Table B.6 of Appendix B. For the slope region (Figure 3.13b),
the imbalance in the mean salt budget is again larger than that of the shelf, similar
to the mean heat budget. The important information from the salt budget is that
it confirms the dominant role of the horizontal advection in the annual mean heat

budget on the Scotian Shelf.

3.10.2 Seasonal Heat and Salt Budget

The seasonal estimates of the heat and salt budget are summarized in Figures 3.14
and 3.15

This is a polar plot of the amplitude and phase of the terms in (3.1) and (3.2).
Each term is represented by a segment, the length of which is proportional to the
amplitude of the term. In the figures the amplitude of H /3t (and [°,(85/8t) dz) is
represented by line OL. The vector sum of the terms on the right hand side of (3.1)
(and (3.2)) is represented by line OD. For a perfect balance in the seasonal heat (and
salt) budget, the points L and D should converge. Where the two points do not meet,
the distance between them gives the amplitude of the imbalance in the seasonal heat
(and salt) budget.
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Figure 3 14: Polar plcts showing the amplitudes and phases of the terms in the heat
budget, 1or the shelf and slope regions.
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(a) Seasonal Heat Budgel

For the shelf region (Figure 3.14), the seasonal heat budget is dominated primarily
by Q and secondarily by horizontal advection. The annual amplitudes of Q and the
horizontal advection are 202 and 26 W m™? respectively. The two terms explain best
the scasonal heat budget on the shelf. Of the 202W m™~? annual amplitude of H/dt,
the amplitude of the vector sum of the two terms accounts for 219 W m™2. The
inclusion of other terms (upwelling, horizontal mixing and vertical diffusion of heat
from the deep ocean) does not improve the heat budget. The amplitudes and phases
of the terms in the heat budget are listed in columns 4 and 5, Table B.4 of Appendix
B. For the slope region (Figure 3.14), the seasonal heat budget is not as good as that

on the shelf. The reasons for this will be discussed in section 3.10.3 below.

(b) Seasonal Salt Budget

The seasonal estimates of the terms in the salt budget for the shelf and slope
regions are shown in Figure 3.15. The main feature of the budget is that on the shelf
region (subarea A8), horizontal advection and vertical diffusive flux of salt from the
deep ocean are important. Horizontal mixing is stronger on the slope than on the
shelf (see Table B.6, columns 4 and 5, of for the amplitudes and phases of the terms).
The contribution of evaporation minus precipttation (E-P) is negligible for both the
shelf and slope. The plots of the seasonal estimates of the terms in the heat and salt
budget for subareas A7, A8, A10 and A15 are shown in Figures B.4-B.7 of Appendix
B. The analyses of the heat and salt budget show that the balance in the seasonal
salt budget is not as good as that of the seasonal heat budget. The reasons for this

will be discussed below.

3.10.3 Sources of Error

Th. imbalance (i.e., the left haud side of (3.1) minus its right hand side) for the
shelf seasonal heat budget is about 15% of dH/3¢. The imbalance may be caused

by different factors, one of which is error in the data (temperature, salinity, Q, etc.)
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used in the analysis. In many subareas there were very few observations used to form
the monthly mean. For Emerald Basin, the error in the monthly mean temperature,
(estimated by s/+/n, where s and n are the sample standard deviation and the number
of observation) creates an error in @H/8t of about 18 — 50 W m™2. Again, in the
monthly temperature data, no attempt was made to reduce all the data to the same
reference time in the month. It is known that the temperature variability within
a given month can be as high as 5°C. Hence, a monthly mean temperature using
the data collected in January 1 (for example) will be different from that sampled
in January 30. Where it is feasible, a proper thing to do might be to use the data
collected (or interpolated) in the middle of the month, say January 15, as a monthly
mean. This will reduce the biases in the monthly mean tempcratures. In the present
analyses, it is not possible to do this because the number of observations in a month
is very few.

Another important source of error arises from the estimate of Q. As mentioned
before, Isemer and Hasse [1987] used a polynomial interpolation scheme to interpolate
Bunker’s [1976] original data onto a 1° grid. Although it is difficult to estimate the
magnitude of this error, it is obvious that the interpolation scheme will introduce
some error into the data used to estimate Q.

In addition to error in T, S and Q, the fact that constant K., K, and K, are
used in the estimates could introduce another error in the budget. In reality the
K's vary seasonally. It appears that constant K’s could balance the annual mean
heat budget on the shelf, but they are not good enough to balance the scasonal heat
budget. For the slope region, it is not surprising that the mean and the seasonal heat
budget do not balance as well as that of the shelf. In addition to the sources of error
mentioned above, the values of the K, and K, (estimated from CASP) were meant
for the shelf and not for the slope region. Since the values of the K’s vary spatially,
it is to be expected that the estimates of the heat (and salt) budget on the slope
using the K's estimated for the shelf will not be as accurate as that of the shelf. It

is worth mentioning here that it was not possible to estimate the K's for the slope
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region because data for the slope region are not available.

For the salt budget, a large source of error is the (E-P) data. As described earlier,
the monthly (E-P) data were obtained from Schmitt et al.’s [1989] three-monthly
mean by fitting an annual cycle through it. These data were sufficient for my purpose,

since the salt budget is taken as control to the heat budget.

3.10.4 Implications of the Heat Budget

The fact that the estimates of the terms in the heat budget for the shelf are different
from those on the slope region clearly shows that the dominant physical processes
operating on the shelf are different from those on the slope region. Very importantly, it
is shown that on the Scotian Shelf (where there is a good balance in the heat budget),
about 85% of the seasonal 0H/0t may be accounted for by Q. The close agreement
between dH/dt and Q encourages the use of a modified one-dimensional heat diffusion
model on the shelf to study the seasonal variability of the water temperature on the
Scotian Shelf. The vertical one-dimensional heat diffusion model is modified to inciude

horizontal advection and mixing.

3.11 Summary

The long term annual mean heat budget on the Scotian Shelf has been balanced
to within £2 W m™%. (Such an excellent balance may be fortuitous, given the er-
ror in the data.) The main term is horizontal advection, with a contribution of
about —40 W m™2 (of which alongshore horizontal advection accounts for about
~27 W m™?). The net surface heat flux contributes about 25 W m~2. There is much
scatter in the estimates of the seasonal heat budget in both the Scotian Shelf and
slope region. However, for the shelf region, the analysis shows that the best expla-
nation of the seasonal heat budget comes from a combination of Q and horizontal
advection. About 85% of the spatial averaged dH/dt may be explained by Q. Out of
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the 222W m~2 amplitude of dH/8t, the amplitude of the vectorial sum of Q and hori-
zontal advection accounts for 219W m™2. The inclusion of other processes (upwelling,
horizontal mixing and vertical diffusion of heat from the deep water) does not improve
the budget. The amplitude of the imbalance is about 25W m™2, which is much larger
than the amplitude of the difference between H /8t and that of Q — pc, [2, u- VT dz.

The annual mean salt budget on the Scotian Shelf, like the mean heat budget, is
successfully balanced. The dominant role of horizontal advection that is seen in the
mean heat budget is again seen in the mean salt budget.

On the contribution of the vertical one-dimensional processes, the analysis
shows that about 80% of 8H/0i may be explained by Q — pc, [°, w(0T/8z) dz —~
Ky(0T/0z)|_, on the Scotian Shelf. This means that to fully describe the sea-
sonal temperature variability on the shelf, other processes must be added to the
one-dimensional heat diffusion model. This leads to the use of a modified vertical
one-dimensional heat diffusion model to study the evilution of the surface and sub-
surface seasonal temperature on the Scotian Shelf. The model is modified to include

horizontal advection and mixing. Details are described in the next chapter.
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Chapter 4

ESTIMATION OF VERTICAL
EDDY DIFFUSIVITY

4.1  Justification for Using Seasonal Ky(z,t)

The primary purpose of this chapter is to estimate vertical eddy diffusivity Ky(z,t)
on time and space scales appropriate for a model to study the seasonal cycle and
interannual variability of the surface and subsurface temperature structure of the
top 75 m of the Northwest Atlantic. An efficient model for the seasonal cycle and
interannual variability require: temporally averaged inputs. In this thesis, a model
will be developed that is driven by monthly mean inputs and will be used specifically
to hindcast the interannual variability in the surface and subsurface temperature. In
addition to surface forcing, the model also needs monthly mean distributions of the
cddy diffusivity with water depth and season.

The main reason for using seasonal eddy diffusivities concerns the unavailability of
hourly (or even weekly) hydrographic and meteorclogical data in the study area, that
could be used in the mixed layer models to simulate the sea surface temperature.
Mixed layer models | e.g., Price et. al.,1986, 1987; Gaspar, 1988 have had some
success in simulating the sea surface temperature. However, these models can not

be used to simulate the subsurface temperature, which is a major goal of this study.
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Furthermore, these models require atmospheric forcing terms averaged over a short
time (hours to days). Therefore, the models can not be applied in the present study
to investigate the interannual variability, as there are insufficient atmospheric data
to define the surface forcing in such short time scales, over many years, in the study
area.

In the following subsections, a review of some approaches that have been used
to estimate the vertical eddy diffusivity will be given. This will be followed by a
presentation of some new methods und discussion of their limitations and advantages.
It will be shown that the parameterization Ky(z,t) = Ko/(1 + aNP) provides an
effective way of estimating eddy diffusivities in the upper ocean, where the source of

energy for mixing includes wind stirring and buoyancy flux.

4.2 Past Parameterizations of Ky

Munk and Anderson [1948] pointed out that the eddy diffusivity depends on the
stability of the water column and thus “may vary with time and position”. The

stability of the water column is usually measured in terms of the buoyancy frequency
o
N =92 (4.1)

where ¢ is the acceleration due to gravity, p is the water density and p, a reference
water density.

Munk and Anderson [1948] proposed the following formula for the upper ocean

Ko
T 2

where v?
Ri = W (4.3)

is the gradient Richardson number. Ju/0z is the vertical current shear and Ko is the

coefficient, of eddy diffusivity when the vertical density gradient is zero. 3 and n are
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constants to be determined. Equation (4.2) requires that when R; is very high, Ky

varies as R:™".

Henderson-Sellers [1982] modified (4.2) to the form

Ko

(13185 .

Ky =
He reported that (4.4) agreed well with observations, in the upper ocean.
Gargett [1984] suggested that in stably stratitied regions where mixing is accom-

plished by only internal waves, one can parameterize the eddy diffusivity as

Ky = aoN™1 (4.5)
where
Rse
Qo = f o—.
1-— Rf

Here R f is the flux Richardscn number and € is the rate of dissipation of kinetic
energy. Gargett [1984] suggested that 0.5 < ¢ < 1.0, but for (4.5) to be dimensionally
consistent q has to be 2. This functional dependence of Ky on N has been found to
hold in stratified systems such as lakes and fjords [e.g., Jassby and Powell, 1975] and
partially enclosed seas [e.g., de Young and Pond, 1988].

Parameterizations of Ky that are useful to the present study are those that apply
to the upper ocean which is not always strongly stratified and the energy source for
mixing is mostly from wind mixing and buoyancy flux. Equation (4.4), which is a
version of (4.2), is a good choice. But to use (4.4), one needs vertical current shear.
Although (4.2) and (4.4) have been useful in estimating the eddy diffusivity, it can
not be applied in a study involving interannual variability (such as the present one),
since it is very difficult to obtain a time series (for many years, as funciion of depth)
of water velocity, that could be used to estimate du/dz. To get over this difficulty, I
simplify (4.4) to the form

Ky = Ko[l + aNP]™] (4.6)
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where a = 37/ (0u/dz)" with p = 4 in Henderson-Seller's formulation. Thus fu/dz
is not explicitly represented in the model but it is embodied in a. My task then is to
estimate the parameters p, Ko and a that produce the "best values of Ky(z,t). The
different approaches used to obtain the best estimate of the parameters are described

below.

4.3 New Methods of Estimating Ky(z,t)

Based on the heat budget for the outer Scotian Shelf [Umoh and Thompson, 1990], 1

assume

ot 0z 0z

where I'(z,t) is a heat source/sink term that represents the small net contribution

or _ o ([(va—T) +T(z, 1) (4.7)

from horizontal advection, upwelling and mixing to the temperature equation. (Recall
from Chapter 3 that [°, T'(2,t) dz is about 15% of the depth-integrated seasonal heat
budget). Notice that (4.7) is a one-dimensional temperature diffusion equation that
has been modified to include the imbalance between the 0H/0t and Q@ — KydT'/0z|_,.

Three methods of estimating Ky(z,t) will be described. The methods depend
on how I'(z,1) is represented in (4.7). In the first method, Ky(z,t) is obtained by
prescribing a functional form for I'(z,¢). In the second method, Ky(z,t) is computed
by minimizing [ I'(z,t) dz. In the third method, Ky is estimated by distributing
f°,I'(2,t) dz obtained from the heat budget with depth, and minimizing the error
between the observed and the predicted temperature. The third method i< also modi-
fied to estimate the best constant Ky. It will be shown that the Ky(z,t) from the last
two methods produce the best T'(z,t), although all three methods give qualitatively

similar results.

L
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4.3.1 Method 1: Estimation of Ky(z,t) with a Simple Heat
Source/Sink

Assume that the heat source/sink, I'(z,t), can be written as

I(z,t) = ((2)7(t) (4.8)
Then (4.7) becomes
or o oT
— = = 4.9
= 2 (K05 ) + et (49)
Depth-integrating (4.9) from z = —h to z:
o [ aT z oT
a _ @ or _k, L 4.10
at/_thz Kvazlzﬂ(t)/_hgdz s . (4.10)
Taking z = 0 in (4.10) gives
a (o orT
— = — - 4.11
at/_thz +7 / ¢ dz Kv@ . (4.11)
From (4.11) one obtains
1 Q orT
W)= e [ = / Tds~ %+ Ko ] (4.12)
Substituting (4.12) into (4.10) one has
aT Q 0 [ o (- oT
Zl=|x_-2Z g ) Koo 4.
Kool = oo~ a0 _thz]gs+at/_thz+( oL =
where
/ ¢ ds
(4.14)

/ Cdz

From the seasonal heat budget of Chapter 3, the last term on the RHS of (4.13) is
about 24% of the second term on the RHS (see Figure 3.14 of Chapter 3), compared
with the first term on the RHS, which is about 80% of the second term. Based on the
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heat budget, the last term on the RHS of (4.13) is therefore neglected. From (4.13)

the diffusivity may then be expressed as

Q9 _a/p sz] L+ 2 [
L — G+ 3 T dz
Ko(z,t) = 122 Hi/_,, 571 a_/"‘ (4.15)
9z,
In the computation, I assume { « e* / 6, and hence
26 _ ,—h[b
(s = —————— (4.16)
1—e—h/6

Notice in (4.13) that if the net surface flux equals the local rates of heat storage
(i.e. @ = pc,0/0t [2, T dz), the source term I'(z,1) is zero. The role of the term pro-
portional to ¢, in (4.15) is to distribute the imbalance with depth. In this method, it
is worth stressing that Ky(z,t) is computed directly from the data, with no assump-
tions made about its functional form. This method is similar to that of de Young
and Pond [1988], but has been modified to take account of the imbalance in the
one-dimensional temperature equation that may be caused by horizontal advection,
upwelling and mixing.

Throughout this chapter, the vertical diffusivities are computed at depths of 5,
15, 25, 40 and 62.5 m which are the mid-depths of 0, 10, 20, 30, 50, 75 m where the
temperature and salinity data are collected.

The monthly estimates of the Ky(z,t) for subareas A7 and A8 are shown in
Table 4.1 for § = 30 m. The results show both seasonal and depth variations in
Ky(z,t). Figure 4.1a shows the seasonal variation of Ky at 15 m and 62.5 m depths,
for subarea A8. The diffusivity is greater in winter than in summer. At 15 m depth
(subarea A8), a value of 16.4 x 10™* m? 5! is obtained in February whereas it is
0.2 x 107* m*s™! in August. The diffusivities also vary with depth; in January Ky
decreases from 21.8 x 10~ m%s~! at 15 m depth to 0.2 x 107 m%s~! at 40 m depth.
Figure 4.1b shows the plot of Ky versus N?, for subarea A8. Large values of N? are
associated with low Ky, and vice versa, but the large scatter in the plot makes it

difficult to establish a precise relationship between the Ky and N2.
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(a) Subarea A7

Depth (m) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

3 99 803 49 57 75 52 31 19 27 -19 -11.1 -45
15 68.0 101 -66 128 37 13 07 05 10 17 -11.0 8.0
25 137 76 -43 918 45 07 04 05 04 1.2 102 99
40 09 14 -1.7 -729 i6 02 10 07 01 07 2.7 24
62.5 -6 -04 -11 -1.7 -31 14 -27 -06 -18 08 64 209

(b) Subarea A8

"Depth (m) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

5 76.1 152 28 6.7 183 13.0 16 15 1.6 -25.0 84 -85
15 218 155 -70 138 35 10 08 04 04 14 203 195
25 116 81 -22 698 20 07 08 05 00 0.1 27.8 33
10 02 44 -16 169 08 05 22 15 -0.7 -02 13 63
62.5 -24 14 -13 -10 01 -05 -7.7 -70 7.5 -147 14 81

Table 4.1: Estimates of Ky(z,t) in x10™*m?s~! from Method 1.



t i WSt SRR

N N T

e

e LS

(a) Seasonal variation of Ky at 15 m and 62.5 m depths

x103
4 T ¥ Ls L Ll
3 4
2- N
15m
o~ 1r A PR
| \
n 4
5) i K
R 3 4
\.EJ 0 .‘.' . .“.d \N v
» > Y
N 62.5m
-1k "," 4
_2 ] L 3 : L
0 2 4 6 8 10 12
Month
x10-3
8 L) L] T L} T L] 1 T 13
6L (b) Variation of Ky with N2, |
4+ 4
— 2r . ‘. -
1 L » ..'. 4 . .
@ of o0*
() 0 : :g .— 03 3 - .
~ .
b " .
M 2r -
4= . -
_6 1 2 . 2 s ) . . .
0 02 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
N2 (s'z). x1073

77

Figure 4.1: Variation of Ky(z,t) in x10™*m?s~! with (a) season and (b) depth from

Method 1 for subarea AS.
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This method works well (by producing positive K;s ) provided the vertical tem-
perature gradient is strong, as expected from (4.15). Where the te .perature gra-
dient is weak, unphysical values of Ky(z,t) (negative and abnormally high values)
are obtained. To eliminate this problem, two new methods of estimating the eddy

diffusivities are now presented.

4.3.2 Method 2: Estimation of Ky(z,t) = Ko (14 aNP)™' by
Minimizing the Imbalance in the Heat Budget

Depth-integrating (4.7) from some depth z to the surface gives

Bt Td “I(v—-

Pcp

—/OF(z,t) dz (4.17)

Equation (4.17) states that the difference between the net surface heat flux and local
changes in the depth-integrated temperature between some depth z and the surface is
equal to the difference hetween the vertical diffusive flux at z and the depth-integrated
source-. ink term.

The next step is to substitute (4.6), my assumed expression for Ky(z,t) into (4.17)

to obtain
QL _ 9" rar =K, (1+an?)™ ‘91

PCp tJ2

For convenience, let

/ T de (4.18)

Y =ﬁ%—af°sz

X =@1+anNe)" 4L

’
2z

and

ez—/zoI‘dz

Then (4.18) can simply be written as

Y =Ko X +e (4.19)
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(a)p=2
Subarea Ko x 107*(m®s™') a¢ x10%s® R?
A7 2.0 0.25 0.32
A8 21.0 5.50 0.32
(byp=14
Subarea Ao x 1077 (m?s™!) o¢ x 10%s* R?
AT 1.5 170.00 0.32
A8 1.7 330.00 0.25

Table 4.2: Variation of Ko and a. for p = 2 ar1 4 from Method 2, at subareas A7
and A8

N is computed from the density field and thus X and Y are known from observations,
al six depths for each month of the year, if we fix @ and p. Thus one can treat
(4.19) as a simple regression model. For a fixed p, Ko and a. are determined by
using a least squares method to minimize ¢. Physically, minimum e corresponds
to the smallest value of [)T dz (i.e. advection, upwelling and mixing) that must
be added to the vertical one-dimensional heat diffusive processes to account for the
temperature variability. An estimate of the model fit is expressed by the square

correlation coeflicient

gt (4.20)

R

where

Y = Ko X

The best estimates of Ko, a and p are those which give maximum R?. The critical

value of , that results in maximum R?, is referred to as a, (Figure 4.2a).
Results for Method 2
(1) Variation of Ko with a,

Table 4.2 shows the estimates of Ko and a., for p = 2 and 4, and their correspond-
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81

Depth (m) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

5 22 58 20 29 34 134 06 06 11 21 85 22
15 37 34 40 28 14 06 04 02 04 28 33 4.6
25 35 30 33 20 14 07 05 05 03 04 22 37
40 23 29 28 21 20 14 10 14 09 05 @7 13
62.5 16 14 20 20 20 18 16 20 19 14 09 09

Table 4.3: Estimates of Ky(z,t) = Ko (1 + aNz)_l in 107* m? s~ from Method 2
at subarea A8. Ko =21.0 x 10~* m?s~! and a, = 5.50 x 104 s2.

ing R?, for subareas A7 and A8. For subarea A8, the estimate of the parameters for
p = 2 has a larger correlation coefficient k* than for p = 4. For subarea A7, R? for
p = 2 and 4 are the same. Figure 4.2b shows a typical relationship between Ko and
a., for p = 2 (subarea A8). The main point from the figure is that Ko and a, covary;
thus a large value of Ko can be compensated by a large value of a. to produce the
same diffusivity.

(1) Dependence of Ky on N*?

Figure 4.3a shows the seasonal variation of N* with depths, for subarea A8. The
values of the Ky(z,t) estimaied for p = 2 are presented in Table 4.3. Figure 4.3b
shows the plot of Ky against N? for all depths (5, 15. 25, 46 and 62.5 m) and seasons,
for subarea A8. The Ky ranges from 0.2 x 10~4m?s~? to 13.4 x 10~?m? 1. The points
corresponding to February and August, at 5 m depth, are marked for comparison.
At 5m depth, for example, the buoyancy frequency is smaller in Februxry than in

August and hence the eddy diffusivity is larger in February than in August.
(111) Predicted Temperature using the Ky(z,1)

To assess the performance of the model, I have shown in Figure 4.4b, the predicted
surface and subsurface temperature structure using the Ky estimated for p = 2 from
Method 2. 1 have aiso presented the observed temperature structure (Figure 4.4a)
for comparison. Notice the weak temperature gradient in winter and the strong one

in summer, in both the predicted and the observed temperature structure. Though
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tlie model slightly underestimates the surface temperature in summer, on the whole

the model temperature compares well with observations.

4.3.3 Method 3: Estimation of Ky(z,t) = Ko(1+ oNP)~™! by

Minimizing Temperature Error

In this methos, (4.7) is still used. It is similar to Method 2 in that 3 free parameters
- Ko, o and p - are used. This method differs from the last method, essentially, in
what is minimized. In Method 2, [2T'(z,t) dz is minimized by least squares. In this
method, the error between the observed and the predicted temperature is minimized.

As in the first method, I prescribe a functional form which distributes I'(z,¢) with

depth as
|2 L
T(z,1) = C [(?t /_thz -+ ko _h] (4.21)
where (2
z/
¢ = f"i o (1.22)

and { = coez/ 6, as in the first method. 6 is estimated from the vertical correlation
scale of the seasonal temperature profile. That is, I computed the correlation coeffi-
cient, R. between the seasonal temperature at depth z (from 0 to 75 m). From the
plot of R = 1\,62/‘S against z, 6 is estimated. In the following analysis, § = 30 m is
used. Thus (4.21) provides a way of distributing the imbalance in the scasonal heat
budget with depth.

As in the second method, I assume that Ky(z,t) is related to the buoyancy fre-
quency N according to (4.6). Substituting this expression of Ky(z,t) and into the

original equation (4.7), we have

ar o -19T
-9 ANEC B :
5 = 5 [[{o (1+anP) o | + (=) (4.23)



(a) Determination of Ko, o and p

The details on the development -f tiie modified one-dimensional heat diffusion
model and how the parameters are determined are given in section C.1 of Appendix
C. Briefly, the following steps are taken:

Step i: Write (4.23) in finite difference form, using the Crank-Nicholson finite
difference scheme. The Crank-Nicholson scheme is second-order accurate in both
space and time, and stable for arbitrarily large time steps [Press et al., 1986]. The
model is forced at the surface with the net surface heat flux and at z = —h with the
observed temperature. The finite differencing scheme reduces to a matrix equation
of the form

antlgmtl_png®, pn (4.24)
waeren is a time index. In (4.24) bold face letters refer to matrices and the underlined
letters to vectors. The matrix B™ contains the values of N? and « at the depths 5,
15, 25, 40, and 62.5m, at time step n, while the matrix A" + 1 contains the values at
time step n + 1. The sixth depth is the boundary condition. The dimension of both
matrices is 6 x 6. The vector F™ contains information on the boundary condition at
the surface (@) and at z = —h together with T, at time step n, and has dimension
6 x 1.

Step 2: Choose a value of p, say 2. For that value of p, I then select a and Ko
and compute Ky according to (4.6).

Step 3: Use the computed Ky and solve the matrix equation (4.24) for 1. This
involves ruaning the model for a long enough time to ensure that the predicted tem-
peratures 7T reach a periodic steady state.

Step 4: Compute the root mean square error, E(p, &, Ko), between the observed
temperature T' and the predicted temperature T' over all depths and time, using the

formula

E(p,a,Ko) = \JT‘%;; (T—T)2 (4.25)

where M = 5 x 12 is the total number of temperature points through depth and over

one year. The above steps are repeated for differert @ and Ko until a minimum E
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(a) Subarea AT

p Ko(m?s™) ac x10° E(°C)
1 0.2400 0.12 1.33
2 0.9000 20.0¢ 0.81
4 0.0006 20.00 1.00
(b) Subarea A8
p Ko(m*s™") a¢ x10° E(°C)
1 0.2000 0.12 1.79
2 0.5500 14.00 1.08
4 0.0006 26.00 117
(c) Subarea Al5
p Ko(m?s ') ac x10° E(°C)
2 0.9000 20.00 1.22
4 0.0009 30.60 1.30

Table 4.4: Estimates of E(a, Ko) for p = 1, 2, and 4, at subareas A7, A8 and A15.
The units of o, for p=1, 2 and 4 are sP.

is found. The value of a, referred to as a, (as before), and the corresponding value
of Ko for a chosen p, that give the minimum E(a, Ko) are then taken to be the best

estimates used to compute Ky(z,t).
(b) Results for Method 3
(i) Estimates of E(p,a, Ko) forp=1, 2 and 4

[ have determined the minimum E(p,, Ko) for p = 1, 2 and 4 for subarcas A7,
A8 and A15. The results are summarized in Table 4.4. For subarea A7, when p =2,
the value of E(p,a, Ko) = 0.81°C is obtained, compared with E(p,a, Ko) = 1.00°C
and 1.33°C when p = 4 and 1 respectively. A careful look at Table 4.4 reveals that
the optimum p is in the range 2 < p < 4. A typical contour of E(p,a, Ko) for
p = 2, (subarea AT), is displayed in Figure 4.5. The lines show constant E. The

minimum error is indicated as E in the figure. The figure clearly shows that Ko and




87

Contour lines of E in °C for p = 2 for subarea AT.

35 1 13 5

N}
N
w
us

1 1.5

Ko x 0.3 (m?s-1)

Figure 4.5: A plot showing lines of constant E(a, Ko) for fixed p. Note that Ko
zgn(d a coya)ry, and that there are combinations of Ko and « that can give the similar
pa, Ko). ‘

e

F

Ry e

St

e

¥y
3
b
; 3
3
£

W - R



g 5KFE

E ey

N e

i e IR G

Depth (m) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

) 26 80 23 36 42 380 07 07 12 25 147 26
15 47 42 51 34 16 07 04 02 04 33 41 6.1
25 44 3.7 41 23 16 08 05 06 03 05 26 46
40 27 35 34 24 23 16 11 16 09 06 08 14
62.5 18 15 24 23 23 20 19 24 23 16 1.0 1.0

Table 4.5: Estimates of Ky(z,t) = Ko (l + aN?‘).l in 107" m? 5! from Mcihod 3
at subarea A8. Ko = 0.55m?s™! and a, = 1.4 x 107 s2.

a covary, and that there are combinations of a and Ko that can give almost the same
E(p,a,Ko). For aN? >> 1, Ky = (Ko/a)N~P. Thus, although there arc 3 free
parameters, practically the model depends on the two parameters: p and Ko/a. A

comparison of Ko/a for Methods 2 and 3 is given in section 4.4.
(i) Dependence of Ky on N*

The estimated Ky(z,t) for p = 2 is shown in Table 4.5. The diffusivities vary

both seasonally and with depth. At 15 m depth, the eddy diffusivity increases from

1 2 -1

a minimum of 0.2 x 10~* m?s™" in August to a maximum of 6.1 x 10™* m?s™" in

Dece-.aber. In February, the diffusivity decreases with depth, from 82 x 107 m*s~!
at 5mto 1.5 x 107* m?s~! at 62.5 m depth.

The variation of Ky with N? for subarea A8 is presented in Figurc 4.6a.
Figure 4.6b shows the plot of Ky versus N? for subareas A7, A8 and Al15. The

estimates of the diffusivities in the three areas are similar.
(i¢i) Predicted Surface and Subsurface Temperature from the Model

The predicted temperature structure using the scasonal varying diffusivitics
Ku(z,t) = Ko (1 + aN?)™" for subarea A8 is shown in Figure 4.7c. In September,
the predicted surface temperature is 16.8°C compared with the observed temperature
of 16.7°C. In January, the predicted temperature at 10 m depth is 1.5°C’ whereas
the observed is 1.8°C. The model, however, slightly overestimates the sea surface

temperature in August. On the whole, the standard deviation of the error (E) is
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Figure 4.6: Dependence of A’y on N? at (a) subarea A8 and (b) subareas A7, A8 and
A13, from Method 3.
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1.68°C. One advantage of this method of estimating the diffusivity is that it provides
s direct measure of, and indeed the minimum, error associated with the predicted
temperature.

The E(p,a, Ko) is comparable to the error in the temperature data. The error
in the observed monthly temperature is estimated as s/\/n, where s and n are the
standard deviation and the number of observativns in a month. In some months,
s = 2.6°C, n = 7, giving an error in the temperature data of about 1°C. Comparing
the error in *he temperature data used and the estimated ¥(p,a, Ko), we see that

overall the model does as well as can be expected.

(¢) Estimation of a Constant Ky

An objective method of estimating the best constant Ky is to determine that value
of Ky that gives the minimum root mean square error, E, between the observed and
the predicted temperature, for all depths and time. By setting o = 0, the best
constant Ky is obtained by simply prescribing a value for Ko and determining the
correspendiny; ~rror E. The best estimate of constant Ky is the Ko with the least F.
Figure 4.8 shows the plot of F against Ko. The minimum F = 3.11°C' corresponds to
a constant Ky = 1.2 x 10~* m?s™'. For comparison, recall that for a seasonal varying
Ky(z,t), a much lower value of E(p, a, Ko) = 1.0£°C was obtained.

The water temperature profile predicted by substituting a constant Ky = 1.2 x
107* m? s~! into (4.7) is shown in Figure 4.7b. The constant diffusivity reproduces
the overall shape of the temperature structure, with a minimum in winter and a
maximum in summer. The comparison between the predicted temperature and ob-
servation (Figure 4.7a) shows that the constant diffusivity grossly underestimates the
temperature. For example, in February, the observed surface temperature is 1.8°C
while the predicted is —5.2°C. In August, the observed surface temperature is 16.7°C

whereas the constant diffusivity gives 12.2°C.

# o YR T e R

Yo e s Bl

e

T o, TER B R 3R W e % TR T G E

Y e

Fr~"

SRR SNV e ¥ LT

TR

HETRAR TR ANETRY S PR ST e LR

R R

2 e BT ST




92

3.9+
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E(°C)

S

Figure 4.8: A plot of the error E against Ko, showing how the best estimate of the
constant diffusivity is obtained. In the figure, the minimum E = 3.11°C corresponds
to the best estimate of Ko = 1.2 x 104 ;2 5-1,
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4.4 Comparison of the Three Methods and Con-
clusions

Method 1 depends strongly on the vertical temperature gradient in the water column
and works well when the temperature gradient is strong. When the temperature
gradient is weak, the method breaks down, resulting in unrealistic and negative dif-
fusivities. Negative diffusivity has the effect of accentuating the vertical temperature
gradicnt, instead of smoothing the gradient as it is supposed to do. This has serious
consequences [Hansen et al., 1985; Yin and Fung, 1991 ], one of which is that the
negative diffusivity produces high temperature and model instabilities when there
should be none.

Methods 2 and 3, fortunately, overcome the problems of negative diffusivities.
In the two methods, the diffusivities have been estimated for different values of the
exponent (p) of the buoyancy frequency (N). The comparison between the functional
dependence of Ky(z,t) on N? estimated from Methods 2 and 3 (Figure 4.9) for subarea
A8, shows that the two methods are very similar: they only differ in the quantity being
minimized. In fact, in the two methods, the ratio Ko /a is essentially the same - about
3.8 x 108 - showing that the results from the two methods are quite robust. Again
the comparison of the predicted temperature from the twc methods (Figure 4.10)
indicates that the Ky(z,t) estimated from Method 2 underestimates the sea surface
temperature in summer. The Ky(z,t) from Method 3 slightly overestimates the sea
surface temperature in August. Generally, the temperature structure produced by
Ky(z,t) in Method 3 agrees best with observation as expected.

The predicted temperature structure from the best estimated constant Ky is gen-
crally lower than observations, with the difference between the observed and the
predicted temperature as high as 6 °C, at the surface, in August. The poor perfor-
mance of the constant diffusivity in the model points to the importance of allowing
the diffusivity to vary with depths and season.

On the numerical diffusivity in the model, it is shown in section C.2 of Appendix C
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x10-3

0.6 0.8 1 1.2 1.4 1.6 1.8
N2 (s7%) x103

Figure 4.9: The comparison between the variation of K; with N? in Method 2 (broken
line) and Method 3 (solid line) for subarea A8.



95

201 .
15k (a) ]
~ 10r B
0
& st ]
n
or 0—o Observation y
%---% Constant Kv
ST +—+ Ky from Method 2 i
#—+ Ky from Method 3
105 2 4 6 8 10 12
Month
9[ ] T T :
st (b) 0—o Observation 4 .
7 #---1 Constant Ky /A\ |
i +—+ Ky from Method 2 /'/*\\
6- w—k Ky from Method 3 ) o\ |
/ N

Temp (°C),
= (WY
-
NN

-~
5L N \ /'%N//c ]
h /54"
\ ___—/o .
:' -‘.‘ \ = A
.:Ejg/_/‘? i
1t S 7
% 2 4 6 8 10 12
Month
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that the maximum numerical diffusivity, for a time scale of 1 month and a space scale
of about 10 m, is aboat 10% of the expected Ky. Thus the effect of the numerical
diffusivity is small and is not expected to alter significantly the results froin the model.

Based on how well the estimated diffusivity reproduces the observed temperature,
Methods 2 and 3 are chosen. The important point from the above analyses is that the
best methods of estimating Ky(z,t) are those (Methods 2 and 3) in which the Ky(z,1)
depends on N?. Again, because Method 3 has the added advantage of providing the
minimum uncertainty, E(p, @, Ko), in the model temperature structure, 1 conclude

that the parameterization
Ko
(1 + aNP)

from Methnd 3, provides the best estimates of the diffusivities, on seasonal time

scales, for the top 75 m of the water column for subarea A8, where 2 < p < 4. This
method of estimating the eddy diffusivities has a further advantage in that it does not
explicitly depend on velocity data, which is often difficult and expensive to obtain.
These diffusivities will be used to study the origin of the cold intermediate layer, in

the next chapter.



Chapter 5

THE ORIGIN OF THE COLD
INTERMEDIATE LAYER

5.1 Overview of the Water Temperature Struc-
ture

One prominent feature of the temperature structure on the Scotian Shelf is a cold
intermediate layer (CIL). Figure 5.1 shows a CIL for subarea 12 (mid-shelf). Between
50 and 100 m cepth, tie temperature of the CIL for subarea 12 varies from 2.6°C in
May to 3.9°C in July. The temperature difference between the CIL at 50 m depth
and the water at the 30 m level (above the CIL) is about 5.4°C in September.

The distribution of the CIL in space and time is listed in Tables D.1 and D.2 of
Appendix D. For ease of expression, let me define the temperature difference between
the CIL and the adjacent level above or below the CIL as the CIL index (CILI). The
upper CILI, therefore, refers to the temperature difference between the CIL and that
of the adjacent upper level while the lower CILI denotes the temperature difference
between the CIL and the adjacent lower level. (The levels in whi<h the temperature
data are recorded are 0, 10, 20, 30, 50, 75, 100, 125, 150, 200 m, etc.) Generally,
the larger the CILI, the more well defined the CIL becomes. The tables show the
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Figure 5.1: Location of the cold intermediate layer (CIL) for subarea 12. Shown are
the contour lines in °C of the monthly temperature variation with depth.



wr

99

depth and month where the CIL is observed for the 34 subareas (see Figure 2.1) of
the study region. Also included in the tables are the upper and lower CILI. The
important point from the table is that on the Scotian Shelf, well defined CILs (with
CILI of about 2°C)) are observed from April to September (Figure 5.2a), between 50
and 100 m water depth (Figure 5.2b).

The discussion on the origin of the CIL was initially put forward by Hachey [1938].
He observed the CIL in a temperature distribution obtained in a cruise carried ou*
in February and June of 1938, on the Scotian Shelf. In an effort to explain the
origin of the CIL, Hachey plotted the T-S characteristics of the water in February
and in June. From the February T-S diagrams, he inferred that the water on the
Scotian Shelf is a mixture of two water masses: cold water from the Gulf of St.
Lawrence/Labrador current and warm slope water [Gatien, 1976]. He also estimated
the alongshore volume transport in February and in June. His estimates showed
that the alongshore volume transport in February was about twice that in June. He
concluded that the CIL “is therefore the result of the volume transport of water”.
The recent estimates of the aiongshore volume transport by Drinkwater et al. [1979]
confirm Hachey’s finding that the largest volume transport through the Scotian Shelf
occurs in winter. Drinkwater et al.’s estimate of the mean geostrophic transport
(about 0.35 x 10° m3s™! ) for the mid-shelf is comparable to that of Brown and Irish
[1992] for the Gulf of Maine. The CIL is not limited to the Scotian Shelf; it has been
observed on the Labrador and Northeast Newfoundland Shelves [Petrie et al., 1988]
and also in the Gulf of Maine [Brown and Beardsley, 1978].

The goal of this chapter is to determine how the CIL is formed. Two possible
mechanisms that can form the CIL are local heating, from above and below, and
horizontal advection. To study the formation of the CIL, I have used my simple
model that incorporates the seasonal distribution of the vertical eddy diffusivity with
depth, estimated in Chapter 4. The model is used to assess the role of horizontal
advection and local heating in the formation of the CIL. It will be shown that the

CIL forms from a combination of horizontal advection of cold water into the region
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Figure 5.2: Monthly and depth distribution of the CIL on the Scotian Shelf. (a)
shows the number of CILs observed for a given month, in the 34 subareas while (b)
shows the number of CILs observed at a given depth, in the 34 subareas.
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(as was suggested by Hachey [1938]), and local heating from the surface and from
belew the CIL.

5.2 Conditions Necessary to Form a CIL

As shown in Figure 2.3a of Chapter 2, an important feature of the long term mean
temperature profile on the Scotian Shelf is a CIL at about 50 m depth, between April
and September. This layer is referred to, in this study, as the permanent CIL. It is
important to distinguish the formation of the permanent CIL from that of a transient
CIL. A combination of factors can produce a transient CIL, some of which include
the passage of a cold parcel of water at intermediate depth, and the combined effect
of summertime surface warming and deep advection of warm water. In the following
discussion, attention is focussed on a permanent CIL with a constant K». From a

simple physical reasoning, a permanent CIL requires

oT
50 2=0 (5.1)
aT

Kva <0 z=-h (5.2)

where the overbar denotes long term mean. However, for the CIL to be maintained

there must be an additional cold water. This is readily seen by taking the time average
of

a (0 Q or 0
g Td= o~ o | +/_h I(z,t) dz (5.3)
which gives
oT Q o _
Kv‘b—z— " = E + ./—h P(Z,t) dZ (54)

Assuming that KydT/0z|_, is constant through time, consistent with observations,

it is clear that the conditions for the formation and maintenance of a permanent CIL
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are

Q>0 (5.5)

and

/_ohfdz -9 (5.6)

PCp
Physically, (5.6) means that for the Scotian Shelf, there must be cold water (T')
advected or mixed into the area, otherwise, local heating from the surface and from the
deep ocean will just warm up the whole upper layer. These conditions are illustrated
in Figure 5.3a. The arrow sh.ows the direction of the heat flux. The broken line in the
figure shows a situation in which %) < 0, that is, the heat flux is out of the occan - a
situation ofte. found in winter. Even though there is heat flux from the deep ocean,
it is clear that such a case cannot develop a CIL. Figure 5.3b illustrates a situation in
which the heat flux at —h is directed into the deep ocean: even when the net surface
heat flux is directed into the ocean, it is clear that a CIL can not form. Therefore, it
is clear from this simple discussion that one needs local heating from the surface and
from the deep ocean, as well as cold horizontal advection. In other words, if there is

heating from above and below, then horizontal advection of cold water is required to

form the CIL.

5.3 Predicted Surface and Subsurface Tempera-

ture From the Model

The model is the one-dimensional diffusion equation

oT 8 (. 8T\
(K”“a? )+ I(z,t) (5.7)

ot 0z

I' is the net contribution of horizontal advection, upwelling and horizontal mixing,
distributed with depth as described in section 5.5 below The other symbols are as

defined earlier. The time and depth resolution of the model are the same as those
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Figure 5.3: Diagrams illustrating the conditions that can form a CIL (a) and those
which cannot form a CIL (b). The arrow shows the direction of the heat flux.
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(a) Observed

z(m) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

0 1.80 1.76 _0.93 2.54 4.53 10.08 14.79 16.69 16.70 14.18 1045 6.69
10 1.84 1.89| 0.82 12.15 4.33 9.77 1249 14.72 1591 14.15 10.74 6.20
20 1.94 2.01 0.86 {2.01 3.68 7.35 9.14 844 12.63 14.02 10.78 6.32
30 206 2.22 099 [1.99 3.06 522 591 509 7.12 10.51 10.75 6.49
50 2.75 2.83 1.46] 190 226 269 342 3.17 3.36 15.03 785 5.85
75 4.04 425 295 3.09 3.01 336 425 369 410 459 5.09 4.53

(b) Predicted from the model

z(m) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

0 0.00 0.09 0.60 271 5.88 9.71 15.62 18.78 16.80 13.27 9.55 3.88
10 1.54 0.34 068 2.03 5.00 9.59 11.89 13.70 15.45 13.32 9.73 5.31
20 233 0.78 0.89 159 3.78 584 745 739 9.46 12.65 10.08 5.73
30 2,78 1.53 1.03] 1.58 [2.82 4.29 492 5.19 598 8.20 958 6.3l
50 4.19 252 1.82 187 258 3.35 3.95 J4.18 455 5.33 6.24 6.08
75 404 4.25 295 3.09 3.01 336 425 369 410 459 509 453

Table 5.1: The water temperature structure in °C for subarea A8, showing the cold
intermediate layer.

used in Chapter 4 (section 4.3.3) to estimate the eddy diffusivities. In this chapter,
the diffusivizy Ky(z,t) = Ko (1 + 011\!2).l is used to predict the surface and the
subsurface temperature profile. As determined earlier, the best fit parameters are
Ko =0.55 m?s™! and @ = 1.4 X 107 s2. N is the buoyancy frequency, determined
from the observed density field. The details of the model are described in Appendix
C (section C.1). Briefly, the model is forced at the surface with @ and at z = —h
with the observed temperature. In the model, A = 75m is used as that represents the
depth of seasonal temperature signal penetration {determined in Chapter 2). Note
that the bottom boundary condition allows a heat flux between the upper layer and
the deep ocean. The predicted temperature structure, for subarea A8, is listed in
Table 5.1. Subarea A8 is representative of other subareas on the shelf for which

the heat budget analysis was carried out. An important feature in the predicted
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temperature distribution is the existence of a CIL. The depth (50 m) at which the
model predicts the fully developed CIL, and the formation of the CIL from May to
July, agree well with observations. Note that the conditions for the formation of a
C'L are satisfied by the model. The agreement between the model and observations is
encouraging because it increases my confidence in the estimated Ky(z,t) and I'(z,t).
The next problem I want to address is the relative contribution of the net surface

heat flux and I'(z,t) to the formation of the CIL.

5.4 Contribution From Q

To determine the role of local surface heat fiux, the model equation (5.7) is forced
with Q at the surface and with the observed temperature at 75 m. I'(z,t) is set to
zero in (5.7). The model is run until it reaches a periodic steady state. The predicted
temperature due to the surface heating is shown in Figure 5.4b. It is clear from the
figure that most of the temperature structure is caused by surface heating. This result
is in accord with the analysis of the seasonal heat budget on the shelf (section 3.3),
where it was shown that about 85% of the local rate of heat storage can be explained
by the net surface heat flux. Figure 5.4b also confirms that the high temperature
stratification of the top 50 m of the water column in summer is caused by the surface
heating.

In terms of the formation of the CIL, this calculation shows that the surface
forcing alone does not produce a CIL, because (5.6) is not satisfied. In a steady state,
OT[8z|_, > 0 since @ > 0. Hence there is net heat flux from the upper layer to the

deep ocean.

5.5 Contribution From ['(z,t)

5.5.1 Distribution of I'(z,t) with Depth

As mentioned in chapter 4, the imbalance is given by



106

(a) Observed T(z,t)
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(c) Predicted T(z,t) due to I'(z,1)
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Figure 5.4: The comparison between (a) the observed T(z,1), (b) the predicted T2, 1)

due to the net surface heat flux @, and (c) the predicted T'(z, t) due to the residual
heat flux I'(z,1). '
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f° A PR A
LhI‘(z,t)dz—at _thz pc,,+Kvaz .

(Note that RHS of (5.8) is observed). I'(z,t) is assumed to be distributed with depth

(5.8)

as
van=c |2 [ 9 g5 T
I(z,1) = ¢, [5 /_h Tde~ -+ Ko _J (5.9)
where
__¢(=)
G = Pocde (5.10)
and
¢ =elt (5.11)

¢ is determined as described earlier.

To determine the contribution of I'(z,t) alone to the generation of the temperature
structure at subarea A8, both the surface boundary condition (@) and the observed
temperature at z = —h were set to zero in (5.7). The model is only forced with
['(z,t). As before, starting with a zero temperature initial condition, the model is
run to ¢ periodic steady state.

The results are shown in Figure 5.4c. I'(z,t) produces negative temperatures
everywhere. The effect of I'(z,t) is to cool the water column. The temperature
increases with depth, for all months. With respect to the formation of the CIL, it is
clear that I'{z,t) alone does not produce a CIL. Both I and local heating are needed
to form the CIL.
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5.6 Relative Importance of Advection and Local

Heat Flux

We are now in a position to discuss the origin of the CIL. The model with seca-
sonal varying diffusivities does, in fact, reproduce the CIL. The model forced with
only I'(z,t) shows that horizontal advection generally cools the water on the shelf
throughout the year.

It is most probable that the cooling is a resuit of the advection of cold water from
the Gulf of St. Lawrence and/or the Labrador current onto the Shelf. A water parcel
from the Gulf of St. Lawrence in November, moving with a speed of 5 ¢cm s~!, will
be on the Scotian Shelf (about 450 km away) in February. The maximum transport
of this cold water to the shelf occurs in winter. But as the cold water moves on to
the Scotian Shelf it mixes with the shelf water and becomes warmer than the original
advected water.

The heat budget and the model results (in this Chapter) confirm that horizontal
advection does supply cold water to the shelf. The cold water alone does not produce
a CIL, but it is necessary to the formation of a CIL on the Scotian Shelf.

The local heating is also needed to produce a CIL. In summer, for example, the
strong local surface heat flux warms the surface layer of the ocean. The influence of
the surface heating decreases with depth so that, although the temperature of the
cold water below (that was brought in by horizontal advection) has been modified by
the surface heating, a warmed version of the cold water still remains. The influence
of surface heating also explains why the CIL is deeper in summer and fall (when
the surface heating is strong and ) > 0) than in winter (when @ < 0). In fact (as
mentioned before), in some subareas like A8, the CIL is not found at all in winter,
when the maximum flux of the cold water is present. Again, in addition to the surface
heating, there is another source of heating from the deep (> 75 m) ocean. The warm
deep water has been shown [Gatien, 1976] to originate from the warm Gulf Stream

water. Therefore, the CIL forms as a result of the warming of the cold water (which
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was originally advected from outside the region) by the surface heating and heat flux
from the deep ocean.

There is no evidence to suggest that local surface winter cooling takes part in the
formation of the cold intermediate layer. If it does, its effect is negligible. Rather, the
analyses suggest that water cooled elsewhere in winter is necessary to the development

of the CIL on the Scotian Shelf.

5.7 Summary

Q is generally responsible for the creation of the observed secasonal cycle in both
the surface and subsurface temperature structure on the Scotian Shelf. This finding
confirms the result of the seasonal heat budget, which showed that about 85% of the
local rate of heat storage can be explained by the net surface heat flux on the Scotian
Shelf. I'(z,t) produces cooling on the Scotian Shelf. This cooling is probably the result
of the horizontal advection of cold water from the Gulf of St. Lawrence/Labrador
current to the Shelf region. In winter, heat loss from the surface also produces water
cooling.

On the formation of the CIL at subarea A8 (mid-shelf), it is shown that both
@ and T are needed to explain the observed CIL. The CIL forms as a result of the
cold water (produced elsewhere) being trapped between the local surface heating and
heating from below. The fact that the estimated Ky(z,t) and I'(2,t) reproduce the
CIL gives us more confidence in the estimates of the diffusivities. In the next chapter,
this model will be used to hindcast the surface and the subsurface water temperature,

using the COADS heat flux.



Chapter 6

INTERANNUAL VARIABILITY

6.1 Introduction

The Northwest Atlantic is a region with strong interannual changes in sea surface tem-
perature (SST). Cayan’s [1986] time series plots of the seasonal sea surface tempera-
ture anomalies ( compiled in Figure 6.1) and the seasonal cycle of the SST (Figure 6.2)
show that this region has the most energetic sea surface temperature variations in
North Atlantic. For example, a quasi-linear drop of about 4°C is observed from 1950
to 1965 in the Northwest Atlantic. The contour plots of the seasonal SSTAs (Fig-
ure 6.3, redrawn from Cayan [1986]) indicate that the anomalies have large spatial
scale.

This chapter focuses on the interannual variability of SST in the Northwest At-
lantic and its relationship with the interannual variability of the net surface heat
flux, Q. Specifically, I want to determine how much of the interannual variability in
SST may be explained by Q. The interannual variability in Q is estimated from the
Comprehensive Ocean Atmosphere Data Set (COADS) while the interannual changes
in both the surface and subsurface water temperatuie are estimated for the Emerald
Basin using data kindly provided by Dr. B. Petrie of Bedford Institute of Oceanogra-
phy [personal communication]. The SST for the Emerald Basin has about the same
trend as other areas of the Northwest Atlantic. The problem is addressed by forcing
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the model with the seasonal diffusivities (developed earlier) with the observed Q. The
model SST is then compared with observations. It will be shown that much of the
SST variability appears to be driven, not by Q, but by the ocean. Some discussion is

given of the possible oceanic mechanisms.

6.2 Computation of the Net Surface Heat Flux

Following Isemer et al. [1989], the net surface heat flux into the ocean is
Q=Qs-Qi—QL—Qn (6.1)

where ()5 is the net shortwave radiation, ()7 the net longwave radiation, @, the latent
heat flux, and Qg the sensible heat flux. The short wave radiative flux is computed
from [Reed, 1977]

Qs = Qo(1 — a)(1 — 0.636n + 0.0019k) (6.2)

where Qo is the solar radiation at the top of the atmosphere, for an atmospheric
transmission of 0.7, which is kept constant for all months. The albedo of the sca
surface, o varies with latitude and time. The monthly average values of a taken
from the tables of Payne [1972]. For latitude 40°N, the monthly mean albedos from
January to December are: 0.10, 0.09, 0.07, 0.07, 0.06, 0.06, 0.06, 0.06, 0.07, 0.08,
0.10, 0.11. n is the fractional cloud cover; the monthly averages are obtained from
COADS. bk is the noon solar altitude in degrees. The details of the computation of
Qo and h are given in section E.1 of Appendix E. The values of k and Qo arc first
computed for each day of the month, and monthly means are then formed.

The net longwave radiation is given by
Q1 = eoT4(0.254 — 0.00495¢,)(1 — cn?) + 4eaTHT, — T.) (6.3)

where € = 0.96 is the emissivity of the ocean surface. o = 5.67 x 10® W m™?K~*
is the Stefan-Boltzmann constant. In the computations that follow, the subscripts «

and s refer to air and sea respectively. T is temperature in degrees Kelvin. ¢ is the
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cloud cover coefficient which depends on latitude [Budyko, 1974]. For latitude 45°,
« = 0.70. For the cloud cover exponent d, the revised value d = 1.1 of Isemer et al.
[1989] is used. e, is the water vapour pressure in hPa (1 hPa = 10% Pa = 1 mb) - its

estimation is discussed in Appendix E.

The latent and sensible heat fluxes are computed from the following bulk formulae:

QL = ﬂaLCE(q.s - (Ia)U (6.4)
QH = PanCH(Ts - Tu)U (6.5)
where
__Pp
b= (6.6)

is the air density in kg m™3.

p is the sea level pressure in millibars and R =
287 J kg™'K™! is the gas constant for dry air. The latent heat of vaporization L,

which is a function of Ty, is given as [Pruppacher and Klett, 1980]

g
273.15> 6.7)

L =597.3 ( T,

where

B =0.167 +3.67 x 107* T,

T., is in degrees Kelvin and L, in Jkg™'. Cg and Cy are the bulk exchange co-
cficients. The values of the exchange coefficients used are the revised and adjusted
estimates of Isemer et al. [1989], in which Cf varies with wind speed U and stability,
and Cy = 0.94CE. The stability dependence of C is expressed by the virtual temper-
ature difference (T, — Tav), where the overbar denotes a monthly mean. The virtual
temperatures are estimated as shown also in Appendix E. ¢, = 1005 J kg7 'K is
the specific heat of air at constant pressure. The monthly average product m
and (Ty — T,)U are obtained from COADS. (Please note that all quantities obtained
from COADS data set are trimmed, that is, checked to remove outliers.) The errors
in the COADS will be discussed later.
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6.3 Interannual Variability in the Surface Heat

Fluxes

The components of the surface heat flux have been estimated for seven 2° squares,
covering latitudes 42 — 44° N and longitudes 58 — 66°W in the North Atlantic. The
2° squares are shown in Figure 6.4. The results for two representative squares will
be presented in this section. S1 is chosen to represent the variability on the Scotian
Shelf while S7 represents the variability on the Slope region. The results for the other
five squares are given in Appendix E. Throughout this chapter, the net surface heat
flux and its components are presented as @, Qs, —Qr, —Q and —Qy. With this

convention, a positive value denotes a heat gain by the ocean.

6.3.1 Short Wave Radiative Flux, Qg

The solar radiative flux is the major contributor to Q. The interannual variability
of Qs for the Shelf and Slope regions is shown in Figures 6.5a. The low frequency
components of the s (obtained by passing the fluxes through a 25-month running
mean filter) for S1 and S7 are shown in Figures 6.6a and 6.8a respectively. On the
Shelf, it ranges from 29 W m~2 in December, 1955 to 316 W m~? in July, 1951. On
the Slope region, it varies from 36 W m~2 in December, 1958 to 291 W m~2 in June,
1946.

The seasonal variation in Qg is set by the position of the sun in the sky (solar
altitude) and albedo. Hence the short wave radiation is maximum in June, when the
solar altitude is highest and minimum in December, when the solar altitude is lowest.

The interannual variability in ()s, at a given location, is dictated mainly by the
cloud cover. Clouds reflect, scatter and absorb a fraction of the solar radiation reach-
ing the sea surface. The higher the cloud fraction, the smaller the short wave radiative
flux into the ocean. Much of the variability in ()s occurs in summer, presumably due

to the variability in the cloud cover.
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Figure 6.4: Map showing the COADS 2° squares where the Q’s are estimated.
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Figure 6.7: Time series of the monthly estimates of the different, components of the
surface heat flux at S7, representative on the Scotjan Slope.
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6.3.2 Long Wave Radiation, —-Q);

Of the four components of Q, the long wave radiation is the least variable (Figures 6.5b
and 6.7b), ranging typically between —30 and —50W m™2. The interannual variability
in the 1 depends on the interacting effects of cloud cover, air temperature and the

air-sea temperature difference.

6.3.3 Latent Heat Flux, —Q;

The greatest heat loss from the ocean is through the latent heat flux. A heat flux of
—255 W m™? occurred in January, 1951 on the Shelf (Figure 6.5c) and —~381 W m™?
in November, 1947 on the Slope region (Figure 6.7¢c). Occasionally, the ocean can
gain heat through the latent heat flux. This happens when condensation dominates

evaporation. Such was the case in May, 1952 when there was a heat input of 20W m™2

on the Shelf.

In addition to being the major source of heat less by the ocean, the latent heat
flux is also the most variable (see Figure 6.7c). It is worth noting that for the Slope
region, more latent heat is lost and the latent heat flux is more variable than for
the Shelf region. This might be caused by the interaction of the warm Gulf Stream
water with the cold Labrador current. The meeting of these two current systems
modifies greatly the sea temperature in the Slope region. The fluctuation of the sea
temperature, coupled with wind effect, leads to a high rate of evaporation, hence
a high latent heat flux. Generally, the latent heat flux is stronger in winter than in
summer. The interannual variability in the latent heat flux is caused by the combined

effect of wind speed and the difference in the air-sea specific humidity.

6.3.4 Sensible Heat Flux, —Qy4

The interannual variability in the sensible heat flux is controlled by the air-sea tem-

perature difference and the wind speed. Ocean heat loss through sensible heat flux
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usually occurs in winter when the sea temperature is higher than the air tempera-
ture, while in summer there is sensible heat input into the ocean. Figures 6.5d and
6.7d show that more heat is lost in winter than is gained in summer. On the Shelf,
a maximum heat loss of —246 W m™2 occurred in January, 1951 compared with a
maximum heat gain of only 48 W m™? in May, 1950. Similarly, the Slope region, lost
up to —261 W m~? in January, 1947 and gained a maximum of only 43 W m™2 in
June, 1986. The sensible heat flux is the next most variable component in the net
air-sea flux, after the latent heat flux. The low frequency components of the surface
heat fluxes for S1 and S7 are shown in Figures 6.6 and 6.8 respectively. The near zero
values of Qy (Figure 6.6) in 1953-54 is probably due to filtering.

6.3.5 Net Surface Heat Flux @

The net surface heat flux on the Shelf and Slope regions are shown in Figures 6.5¢
and 6.7e respectively. Note that the interannual variability in @ occurs mainly in
winter. For example, on the Shelf, Q varies from —529 W m™~2 in January, 1951 to
—99W m™? in January, 1952. The winter variability in Q is caused, to a large extent,

by winter variability in the latent heat and sensible heat fluxes.

6.4 Comparison of the Estimated @ with that of
Isemer and Hasse [1987]

Isemer and Hasse [1987] independently estimated the different components of Q over
the period 1941-1972, while the COADS data used to estimate the heat fluxes in this
study (as mentioned before) cover the period 1946-1988. The parameterisations used
in this study are the same as those of Isemer and Hasse [1987]. The comparison of
the mean seasonal cycle of the two estimates for S7 is shown in Figure 6.9a. The
figure shows that the two estimates of the @, @1 and Qg agree well. The difference
between Isemer and Hasse’s estimate of Qs and mine is shown in Figure 6.9b to be

due to the difference in the cloud cover used in the two estimates. Isemer and Hasse's
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Figure 6.9: (a) The comparison between the mean seasonal surface heat fluxes at S7
estimated by Isemer and Hasse [1987] (dotted line) and this study (solid line). (b)
The mean seasonal cloud cover, indicating that the difference between the above two
estimates of Qs is due to the difference in the cloud cover. The comparison is typical
of other squares.






