




























































































































































































































































CHAPTER 4. STUDY OF THE COLD INTERMEDIATE LAYER 100 

model may be able to simulate interannual variations in inflow accurately. 

To summarize, the model simulates weIl the winter evolution of heat content 

and watermass properties. The primary error is associated with insufficient surface 

mixing, and a shallow winter mixed layer. The spring renewal of the CIL in the 

estuary is captured, although the timing of its arrivaI is a month late. Nonetheless, 

the model is sufficiently accurate in order to study the dynamics associated with the 

renewal, as weIl as the formation and circulation of the CIL in the gulf. 

4.4 Analysis of the standard model simulation 

To quant if y the CIL formation and circulation, a heat budget approach will be em­

ployed. The CIL heat content (H) and formation rate (F) are calculated as: 

H=O, 

F=O, 

(4.1) 

(4.2) 

Where H is the heat content, Po is the reference density (1026 kg/m3), Cp is the heat 

capacity (3990 J kg-1 K-1
), v' is the vertical eddy diffusivity, and T is temperature 

(in OC). Since the CIL is formed mainly by the vertical diffusion of heat (e.g., due 

to the passage of storms), and the associated sensible heat exchange at the air-sea 

interface, no horizontal terms are accounted for in the calculation of F. For grid cells 

with a temperature above 3°C, the heat content and formation rate are set to zero. 

This threshold allows us to examine the distribution and heat exchange associated 

with CIL waters, without any bias from the seasonal mixed layer or deeper layer. The 

reference value of 3°C also allows a direct comparison with the previous observational­

bascd CIL heat content estimates of Gilbert and Pettigrew (1997). Sorne studies have 

used definitions of the CIL as waters having a temperature below 1.5°C (Banks, 1966) 

or O°C (Petrie et al., 1988). These definitions were used primarily to identify the CIL 
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in the gulf. Here, our interest is in quantifying the regional formation rate and CIL 

fluxes, therefore a more liberal definition allows a better determination of where the 

heat loss occurred. The analysis shown here was also calculated using a threshold 

value of 1.5°C, and the principle findings did not differ significantly. 

4.4.1 Spatial representation of the heat content and forma­

tion rate 

To illustrate the evolution of heat content throughout the gulf, vertically-integrated 

14-day averages of heat content are shown in Fig. 4.9. In the fall, low heat content 

values are only found in the deeper waters. Sorne of the coldest waters in fall are 

present in the Mecatina Trough in the northeast gulf. There, a deep reservoir of the 

previous winter's CIL and inflow from the Strait of Belle Isle remain isolated from the 

warmer waters inflowing through Cabot St rait by a shallow bank on the east side of 

the trough. Significant cooling occurs throughout the gulf in December and January 

with the appearance of regions having a heat content below -2 GJ 1m2 by the end of 

January. For example, the dense inflow of cold Labrador Shelf waters through the 

Strait of Belle Isle collect in the Mecatina Trough in the northeast gulf. The other 

two regions having low heat contents are along the Gaspé and Cape Breton coasts, 

where the low values are due to the depression of the isopycnals. In fact, sorne of the 

lowest heat contents in the gulf occur, and persist, in these regions until March. A 

large body of cold water begins to occupy a large fraction of the northeast in March. 

This cold thick watermass is advected westward along the north shore throughout 

spring. 

The mInImUm heat content for most regions occurs III early April. The St. 

Lawrence Estuary, however, remains relatively warm throughout winter and early 

spring. Indeed, it is only in late April that cold waters from the northwest gulf 
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are transported into the estuary, providing the abrupt renewal observed at mooring 

LE. Given that waters of low heat content were present in the northwest gulf and 

Honguedo Strait throughout winter, it is interesting that this renewal of the CIL in 

the estuary occurred only in late April and May. The role of the circulation and 

dynamics of the northwest gulf in controlling this renewal is explored in Section 4.6. 

The change in heat content over winter and the integrated heat loss (negative 

formation rate) are shown in Fig. 4.10. In the left panel, the difference between 

the vertically-integrated 14-day average heat content in early June and November 

is shown. This panel represents the local change in heat content over the model 

simulation throughout the gulf. The accumulated CIL heat loss over winter and 

spring is shown in the right panel. The difference between the panels is thus due to 

the combined effect of advection and horizontal diffusion on CIL heat content. Due 

to the vertical integral, shallow regions will be biased toward having smaller values. 

Many of the known features of CIL formation and distribution are well represented 

in Fig. 4.10. Generally, the change in heat content is largest away from the St. 

Lawrence Estuary. Strong vertical stability in the lower estuary inhibits significant 

heat fluxes, such that the seasonal change in heat content is quite small (~ 0.1 GJ). 

The large formation rate near the head of the Laurentian Channel in the estuary 

is due to the withdrawal of the warm deeper layer through vigorous tidal mixing 

at the head. The most significant change in heat content occurs in the Anticosti 

'frough (northeast of Anticosti Island), in the Magdalen Shallows and in Cabot Strait. 

Whereas, the largest heat losses occur in the northeast, where low vertical stability 

and high surface stresses maintain elevated eddy diffusivities, thereby driving the 

withdrawal of the relatively warm deeper layer. Important small-scale features can 

be seen in the right panel of Fig. 4.10, due in part to the interaction of tidal currents 

with steep bathymetry along the Laurentian Channel. Augmented values are also 

present along the north shore, a well-known region of upwelling (Bugden, 1981) due 

to Ekman transport associated with the prevailing winds. The lower values in the 
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southern portion of the gulf are due to the shallower depths present there. 

4.4.2 Regional analysis 

To better understand the regional differences in CIL formation and circulation, an 

analysis will be made in terms of six sub-regions (shown in Fig. 4.11). These regions 

were chosen to correspond roughly to local differences in watermass properties and 

forcing conditions. The boundaries coincide with those of Gilbert and Pettigrew 

(1997). Region l, the lower St. Lawrence Estuary, is largely influenced by tidal 

effects and positive buoyancy forcing from river runoff. The transition between the 

estuary and the gulf occurs in the northwest gulf (Region II), where the Gaspé Current 

and a cyclonic gyre regulate the exchange of waters at all depths. The largest CIL 

thicknesses tend to be found in the northeast (Region III), where inflowing waters 

through the Strait of Belle Isle are thought to contribute significantly to the volume 

of CIL in the gulf (Banks, 1966). Regions IV and V include the deeper waters of 

the Laurentian Channel, and are most strongly influenced by inflow through Cabot 

Strait. Region VI covers the relatively shallow (60 m) Magdalen Plateau, a region of 

significant ice cover where the CIL often occupies the entire water column in winter. 

In sorne regions, the bottom boundary of the CIL is limited by bathymetry rather 

than watermass properties, resulting in artificially small values for the vertically­

integrated CIL heat content. In order to remove this bias caused by shallow regions, 

only grid points where the maximum depth is greater than 100 m were included in 

the calculation of the average value for a given region. As the Magdalen Shallows 

(Region VI) is relatively shallow throughout, a limitation of 60 m was used. A further 

restriction that the salinity be greater than 32 psu was imposed to restrict our study to 

waters of CIL composition. These limitations were also used by Gilbert and Pettigrew 

(1997), and their use here allows for easier comparison. 
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The evolution of CIL heat content, volume and formation rate for the six sub­

regions are shown in Fig. 4.12. For all regions except the estuary (Region I) a steady 

decrease in heat content occurs over winter followed by a warming in spring. In the 

estuary, however, there is an abrupt decline in the heat content and increase in CIL 

volume in late April associated with the renewal of the CIL. The negative formation 

rate in the estuary over this period indicates that this change is not due to in situ 

formation, but rather to the advection of CIL into the region. In fact, throughout 

winter the formation rate in the estuary remains below 20 W 1m2
. The northwest gulf 

(Region II) also has a relatively small CIL heat loss, with values remaining below 

50 W 1m2
. The other regions of the gulf show sustained values of nearly 100 W 1m2 

throughout winter. The net formation rate becomes negative in all regions starting 

around April lst. 

A comparison of the heat content extrapolated to July 15 for the various regions 

with the calculation of Gilbert and Pettigrew (1997) is shown in Table 4.2 (the model 

values were extrapolated from June 30 to July 15 using the warming rates of Gilbert 

and Pettigrew ). For all regions the model obtains similar, although warmer values 

than they did. Given that a colder and thicker-than-normal CIL was found in the 

gulf in the summer of 2003 (DFO, 2004), this difference is likely due to a combination 

of insufficient vertical mixing in the model, sampling differences related to the depth 

and salinity criteria, and errors associated with the extrapolation of the observations 

to July 15. 

We will now turn our attention to the circulation of the CIL in the gulf. The heat 

flux across ten boundaries (see Fig. 4.11) is shown in Fig. 4.13. Here, northeastward 

currents are positive, and hence as the heat content is a negative quantity, a positive 

heat flux (uH) implies a southwestward flow of CIL. Once again, only grid points 

with a salinity of 32 psu or greater have been included in the calculation (this is the 

cause of the zero values seen in December for the flux through Strait of Belle Isle, 

Transect (iv)). 
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The positive heat flux at Thansect (i) represents the flow of CIL toward the head 

of the Laurentian Channel, where it is mixed with the Atlantic and surface layer. 

The average rate of CIL destruction by tidal pro cesses at the head is thus 0.11 TW. 

Inflow of CIL into the lower estuary (across Thansect (ii)) occurs throughout winter, 

although its magnitude is quite small (around 0.5 TW). A signal of the abrupt renewal 

in late April appears as a peak flux of 1.7 TW, followed by a period of sustained 

high inflow throughout May ( > 1 TW). Although the peak is visually correlated 

with a similar feature in the Jacques Cartier Strait (Thansect (iii)), the sustained 

inflow appears to be related to an increased westward transport of CIL through the 

Honguedo St rait (Thansect (iv)). This change in CIL source waters for the northwest 

gulf and the subsequent renewal in the estuary suggests that the timing and intensity 

of the renewal may be related to a circulation change in the northwest gulf. In Section 

4.6 this idea is explored further in terms of the dynamics and flow conditions in the 

northwest gulf. 

For most transects the largest fluxes occur in February and March, and exhibit a 

strong high frequency variability on daily to weekly timescales. An important heat 

flux through the Strait of Belle Isle (Thansect (v)) occurs throughout winter, with 

values as high as 15 TW. This inflow is compensated for, to sorne extent, by a net 

CIL loss through Cabot Strait, with an average value of 8 TW for the months of 

February and March. 

The impact of these fluxes on the average heat content of each region is illustrated 

in Fig. 4.14. Regions l - III show a net heat loss (CIL gain) over winter, whereas 

Region IV has a net heat gain (CIL loss). This is consistent with the findings of 

Petrie et al. (1988) and Saucier et al. (2003), that inflow through the Strait of Belle 

Isle flows predominantly along the north shore and into the northwest gulf. However, 

Regions II and III experience a net cooling of nearly 100 W 1m2 throughout February, 

whereas only a conservative cooling of 50 W 1m2 occurs in the estuary in February. 

This cooling increases sharply in late April, as seen previously in Figs. 4.12 and 
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4.13. Despite the flow of CIL from the northeast (Region III) into both the northwest 

(Region II) and central gulf (Region IV), the large fluxes through the Strait of Belle 

Isle result in a net cooling of the northeast by nearly 100 W 1m2 in January and 

February. 

To investigate the role of inflow through the Strait of Belle Isle on the total CIL 

budget, the various contributions have been plotted together in Fig. 4.15. One can 

see that variations in total CIL heat content follow the formation rate quite closely. 

Indeed, the rate of change of heat content and the formation rate show a correlation of 

r = -0.73. It is surprising that inflow from the Strait of Belle Isle does not negatively 

affect this correlation more strongly, given the greater than 8 TW of heat loss (CIL 

gain) during its peak infiow in late winter. A reduction in the influence of this inflow 

on the total budget is partly due to a compensating outfiow through Cabot Strait. 

Indeed, the Strait of Belle Isle and Cabot Strait heat fluxes show a strong correlation 

of r = -0.71 (using daily values, and a lag of 1 day). The time-integrated difference 

between these fluxes is only 25% of the total inflow through the Strait of Belle Isle. 

A number of studies have investigated the circulation in the gulf and the flow 

through the two straits (Murty and Taylor, 1970; El-Sabh, 1976, 1977; Garrett and 

Petrie, 1981; Garrett and Toulany, 1981; Petrie et al., 1988; Han et al., 1999; Bobanovic 

and Thompson, 2001). However, a possible connection between CIL flow through the 

two bounding straits has not been previously addressed. To investigate this connec­

tion further, a model simulation with the Strait of Belle Isle closed will be presented 

in the following section. 

4.5 Closed Strait of Belle Isle experiment 

To investigate the contribution of infiow through the Strait of Belle Isle on the CIL 

budget, and the influence of this infiow on CIL production and circulation, a sim-
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ulation was performed with the Strait of Belle Isle closed (referred to hereafter as 

NOBI). A significant increase in CIL heat content occurs for Regions I-IV with the 

st rait closed (Fig. 4.12). This decreased cooling is most important in the estuary 

(Region 1), where a reduction in heat content of 33%, and volume of 29%, is present 

at the end of March. However, this difference in both heat content and volume nearly 

vanishes by the end of June. The formation rates of the two simulations are nearly 

identical. Only in the northwest gulf (Region II) is there a significant difference. The 

primary impact on the CIL is thus in terms of direct volume transport through the 

Strait of Belle Isle and its subsequent circulation within the gulf. 

Significant differences in the CIL circulation, and hence in the heat flux between 

regions, are present with the Strait of Belle Isle closed (Fig. 4.16). For instance, 

the large heat flux from the northeast to the central gulf (Transect (vi)) in spring, no 

longer occurs for NOBI. The effect of closing the Strait of Belle Isle on this pathway of 

CIL transport is also evident in Honguedo Strait (Transect (iv)), where the westward 

heat flux is on average 0.33 TW, as compared to the standard run value of 0.56 

TW. For NOBI, the renewal of CIL in the estuary in spring also has a reduced 

intensity, with the mean value dropping by 25%. The transport through Jacques 

Cartier Strait, however, do es not de cline significantly (8%). That the intensity of the 

CIL flux through Honguedo, and not Jacques Cartier Strait, varies coherently with 

the renewal of the CIL in the estuary, suggests that the most prominent pathway of 

CIL transport from the northeast to the estuary is along the Laurentian Channel and 

through Honguedo Strait. Interestingly, the effect of closing the Strait of Belle Isle is 

felt as far away as the head of the Laurentian Channel (Transect (i)), where a sharp 

de cline in the westward CIL flux through winter occurs. 

Another feature of particular note is the change in CIL outflow through Cabot 

Strait (Transect viii). In the standard run, the heat flux through Cabot Strait in 

spring is relatively small and directed outward (Fig. 4.13). However, for NOBI there 

are several periodic pulses of CIL inflow. Moreover, the periods of large outward heat 
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flux during winter are significantly less intense for NOB!. This difference is reflected 

in the mean heat flux through Cabot Strait, where NOBI and the standard run 

have values of 0.39 and -1.4 TW respectively. Consistent with stronger CIL inflow 

through Cabot Strait, is the increased cooling of Region V due to lateral heat fluxes 

shown in Fig. 4.17. This figure also shows that the sustained 100 W /m2 cooling 

in the northeast gulf (Region III) in the standard run (Fig. 4.14), was due almost 

exclusively to inflow through the Strait of Belle Isle. 

The importance of cold inflow through the St rait of Belle Isle may be understood 

more fully by examining the total CIL heat budget (Fig. 4.18). One can see by 

visu al comparison with Fig. 4.15, that the difference in formation rate and heat 

content between the two model runs is relatively slight. The net influence of the 

Belle Isle inflow can be deduced through an analysis of the integrated values over 

winter (defined as the period of negative formation rate: Nov. 8/02 - Mar. 15/03). 

Here it is important to distinguish between the particular sets of criteria that could 

be used to define the CIL. Most results presented thus far have used both a salinity 

and a depth criterion. When accounting for the total CIL heat content in the gulf 

this can be misleading. For instance, inflow through the Strait of Belle Isle will tend 

to flow along the north shore, and hence occupy, at least partially, waters of depths 

less than 100 m and thus not contribute to the total budget. Moreover, inflow in 

December is near the threshold value for salinity and thus any mixing with surface 

waters will result in the omission of this water from the budget. Therefore, in the 

ensuing analysis the salinity criterion is applied to calculate the lateral fluxes, while 

neither depth nor salinity criterion is applied to the calculation of the heat content 

in the gulf. 

The net difference in seasonal cooling betweeen NOBI and the standard run is 2.4 

x 1019 J (Table 4.3). Accumulated inflow through Belle isle, however, is 3.91 x 1019 J 

(the inflow without the salinity limit is 4.46 x 1019 J, furthering the discrepancy). 

If we calculate the response to forcing as (b..Hstd - b..HNOBI)/uHBI , with b..Hstd 
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and b,.HNOB1 the seasonai cooling for the standard and NOBI runs, and UHBI the 

accumulated CIL heat flux through the Strait of Belle Isle, then only 61% of the 

forcing is accounted for (or 53.8% if the value of uHBI without the salinity criteria is 

used). This suggests that inflow through the Strait of Belle Isle does not contribute 

directly to the volume of CIL in the gulf, but that there is a compensatory outflow 

through Cabot Strait. Evidence for this compensation is provided by the significant 

anticorrelation between the CIL heat flux through the Strait of Belle Isle and Cabot 

Strait (r = -0.71). Moreover, the CIL heat flux through Cabot St rait for NOBI 

is only 0.89 x 1019J, whereas for the standard run it is 2.31 x 1019J. It is this 61% 

reduction in the Cabot Strait heat flux that balances the lack of cooling from Strait 

of Belle Isle inflow for NOB!. 

It would be interesting to know to what extent inflow through the Strait of Belle 

Isle (SBI) is independent of outflow from Cabot Strait, and thus contributes directly 

to the CIL in the gulf. Let us first define the uncorrelated SBI inflow as the difference 

between the total SBI inflow (3.91 x 1019 J) and the change in Cabot Strait outflow 

between standard and NOBI model runs (1.42 x 1019J). Ifwe then define the efficiency 

of SBI inflow as the ratio of the uncorrelated SBI inflow to the total SBI inflow, we 

get a value of 64%; this is the amount that SBI inflow contributes directly to the CIL 

heat content in the gulf. 

4.6 Summary and Discussion 

Observations of the evolution of watermass properties in the Gulf of St. Lawrence 

in the winter of 2002/3 were presented. The observations demonstrated the strong 

variability, on time scales from tidal and weekly to seasonal, present throughout the 

gulf. The renewal of CIL in the estuary is observed to occur abruptly in April, with 

the arrivaI of a wedge of near-freezing waters at depths of 40-100 m over a period of 
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14 days. 

The observed seasonal evolution of heat content was reproduced adequately by the 

model. The most significant modelled heat loss is in the northeast, with a subsequent 

flow of CIL along the north shore, as observed by Petrie et al. (1988). This westward 

transport of CIL resulted in the largest seasonal change in heat content occuring in the 

Anticosti Trough. Although the model do es not include remote forcing, the modelled 

transport through the Strait of Belle Isle agrees favorably with the observations, and 

captures a significant fraction of the variability of the flow. 

An additional model simulation was perfomed with the Strait of Belle Isle closed 

to study the impact of cold inflow through the st rait on CIL heat content. The total 

CIL heat content change between the two model simulations is found to account for 

only 61 % of the heat flux through the Strait of Belle Isle. This difference is explained 

by the significant correlation (r= -0.71, with a lag of 1 day) found for the heat flux 

through the Strait of Belle Isle with that through Cabot Strait. With the Strait of 

Belle Isle closed, the outflow of CIL through Cabot Strait is also reduced by 61 %. 

It is not clear how to interpret physically the correlation between the heat fluxes 

through the Strait of Belle Isle and Cabot Strait. As the cross-sectional area of Cabot 

Strait is 35 times that of the Strait of Belle Isle, a barotropic response at Cabot Strait 

would not lead to significant correlations. The timescale of a baroclinic response at 

Cabot Strait to inflow through the Strait of Belle Isle, however, would be on the order 

of 15-20 days. For example, this is the time it would take for a mode-l baroclinic 

Kelvin wave to propagate around the gulf from the Strait of Belle Isle to Cabot 

Strait. Even for a signal originating in Cabot Strait, it would take nearly six days for 

a baroclinic response to reach the Strait of Belle Isle. Given that the daily CIL heat 

fluxes through the two straits only show a significant coherence squared at pcriods of 

5-9 days (not shown), it is unlikely that the correlation is due to a baroclinic response. 

A further possibility is that the correlation is related to the atmospheric forcing. 
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When the compensating outf:l.ow through Cabot Strait is accounted for, it is esti­

mated that only 64% of CIL inf:l.ow through the Strait of Belle Isle contributes directly 

to the volume of CIL in the gulf. This implies that the estimate of Petrie et al. (1988), 

that infiow through the Strait of Belle Isle accounts for between 35-53% of the volume 

of CIL, may in fact be overstated. Simultaneous measurements of the CIL transport 

through both straits is clearly required in order to better constrain their relationship. 

The model hindcast captures well the spring renewal of CIL in the estuary. The 

renewal is preceeded by an increase in fiow through Honguedo Strait (Transect (iv)) 

and a reduction in fiow through Jacques Cartier Strait (Transect (iii)), suggesting 

that a change in the circulation of the northwest had occured. Fig. 4.19 illustrates 

the difference in f:l.ow and density structure in the northwest gulf in winter and spring. 

In winter, a strong surface intensified offshore jet existed in the northwest, acting to 

recirculate westward f:l.ow from the north shore into the Laurentian Channel, south of 

Anticosti Island. A disruption of CIL fiow through the northwest can be seen from the 

presence of eastward currents at 90 m in centre of the Laurentian Channel. However, 

in spring the usual cyclonic circulation is present, with the transport of CIL from the 

east side of the Laurentian Channel and Jacques Cartier Strait along the north shore 

and into the estuary. It is this second, more usual, circulation pattern that allows 

the renewal of CIL from its predominant formation region in the northeast as well as 

from the Strait of Belle Isle. 

The northwest gulf has received a great deal of attention (see Koutitonsky and 

Bugden (1991) for a review), albeit in ice-free months. The dynamics of the region 

in winter, however, are both poorly observed and relatively unstudied. In ice-free 

months, a nearly barotropic cyclonic gyre is usually present with a strong gravit y­

driven current, the Gaspé Current, fiowing along the southern boundary (Gaspé 

Peninsula). Significant instabilities of the Gaspé Current have been observed in sum­

mer (Tang, 1980) and fall (Mertz and El-Sabh, 1989a), with the presence of offshore 

excursions and backward-breaking waves (Tang, 1983). However, these excursions 
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were not found to persist for more than a couple of days offshore without the stabi­

lizing effect of the coast. The behaviour of the current found here in winter, with an 

offshore excursion that lasted over a month, is thus quite unusual. 

There is sorne reason to believe that the circulation in winter would be different 

than that observed in ice-free months. The presence of a significant, yet variable, 

ice cover throughout winter has a strong effect on the transfer of momentum from 

the atmosphere to the water. As sea ice tends to be in greater concentrations near 

the Gaspé Coast due to the predominantly northwesterly winds, a divergence in the 

vorticity forcing may occur over the Gaspé Current, greatly affecting its stability. The 

maintenance of the offshore Gaspé Current (Fig. 4.19) appears to be caused by such a 

feature. Strong winds and a more significant near-shore ice cover persisted throughout 

the period the current was offshore. When the ice cover began to break-up, and the 

winds subsided in spring, the current became unstable and reattached to shore. It 

was at this point that the usual cyclonic gyre circulation resumed and the CIL began 

to fiow into the estuary. Further study is clearly required to determine if this offshore 

current does in fact occur, and the extent to which it may be a reoccurring feature 

of the winter circulation in the northwest gulf. 
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Appendix: Vertical mixing parameterization 

The vertical mixing parameterization used here has been improved from that used 

in previous versions of the model Saucier et al. (2003) to provide a more accurate 

quantification of the CIL budget. The turbulence dos ure model is the well known two­

equation k-é model, with modifications as in Burchard and Bolding (2001). Basically, 

prognostic equations for the turbulent kinetic energy (k) and its dissipation rate (é), 

are determined through dosure of the Reynolds stresses at the second moment level, 

as: 

(4.3) 

(4.4) 

where P = V(8zU)2 is the shear production rate, B = -v'N2 is the buoyancy gener­

ation/ destruction rate, u is the horizontal velo city, N is the Brunt-VaÏsala frequency 

and Ve; = v /1.2. The eddy viscosity and diffusivity can then be written as v = cI' :2 

and v' = c~ ke;2 respectively, where cl' and c~ are stability functions (i.e., functions 

of local shear and stratification). A number of different sets of stability functions 

have been developed (Mellor and Yamada, 1982; Galperin et al., 1988; Kantha and 

Clayson, 1994; Canuto et al., 2001) that differ in the treatment of the pressure-strain 

correlators in the algebraic dosure (see Burchard and Bolding (2001) for a full re­

view). Following the recommendations of Burchard and Bolding (2001), the first set 

of stability functions of Canuto et al. (2001) will be used. The values for constants Cd 

and Cc;2 in Equation 4.4 are 1.44 and 1.92 respectively. Sorne debate exists regarding 

the most appropriate value of Ce;3 (Burchard (2001); referred to therein as E3 ). Here, 

Ce;3 was determined by assuming a steady-state Richardson number of 0.25, yielding 

a value of Cê 3 = -0.629 for the stability functions of Canuto et al. (2001). In order 

ta provide a source term for the dissipation rate in shear free convective regimes, a 

value of Ce3 = 1 is used for unstable stratification. 
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Table 4.1: Summary of the moorings used in this study. The location of these moor­

ings is shown in Fig. 4.1. Moorings LE, NW, CG and NE were equipped with a 

vertical array of thermistors, spaced between 2.5 and 10 m over the upper 200 m of 

the water column, except near surface. 

Lat (N) Lon (W) Depth Coverage Deployed Retrieved 

LE 48°42.17' 68°42.29' 342 m 200 - 25 m Nov. 7/02 Apr. 17/03 

NW 49°41.80' 66°17.70' 331 m 201 - 31 m Oct. 26/02 Apr. 8/03 

CG 48°37.70' 61°15.50' 393 m 238 - 28 m Nov. 2/02 Apr. 21/03 

NE 49°29.80' 59°29.90' 252 m 196 - 26 m Nov. 1/02 Apr. 22/03 

BI 51 °21.10' 56°52.50' 111m 104 - 4 m Oct. 31/02 Jun. 12/03 

Table 4.2: Comparison of model and Gilbert and Pettigrew (1997) (G&P) heat con­

tent extrapolated to July 15. The difference is shown in the bottom row. Dnits are 

in 109 Joules. Only gridpoints where the depth exceeded 100 m and the salinity was 

greater than 32 psu were used (see text for explanation). 

1 Region Il l 1 II 1 III 1 IV 1 V 1 

Model 0.03 -0.42 -0.82 -0.70 -0.58 

G&P -0.98 -1.02 -1.36 -1.07 -0.89 

Diff 1.01 0.60 0.54 0.37 0.31 
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Figure 4.1: Bathymetry of the Gulf of St. Lawrence. The locations of the five 

moorings (LE, NW, CG, NE and BI) are indicated. An example of the grid mesh is 

shown at the model boundary in Cabot Strait. 
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Figure 4.2: Thermistor observations (in oC) from the mooring in the central gulf 

(CG) (see Fig. 4.1). 
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Figure 4.3: Thermistor observations (in OC) from the northeast gulf (NE) (see Fig. 

4.1). 
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Figure 4.4: Thermistor observations (in OC) from the mooring in the northwest gulf 

(NW) (see Fig. 4.1). 
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Figure 4.5: Thermistor observations (in OC) from the lower St. Lawrence estuary 

(LE) (see Fig. 4.1). 
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Figure 4.6: Modelled (dashed) and observed (solid) transport through the Strait of 

Belle Isle. 
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Figure 4.7: Comparison of modelled and observed timeseries of the heat content 

(relative to 3°C) at CG (top-left), NW(top-right), LE(bottom-left) and NE(bottom­

right). Both model output (thin) and observations (thick) were low-pass filtered (see 

text). 
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Figure 4.8: Comparison of modelled and observed timeseries of the depth of the 3°C 

isotherm at CG (top-left), NW(top-right), LE(bottom-left) and NE(bottom-right) . 

Both model output (thin) and observations (thick) were low-pass filtered (see text). 



CHAPTER 4. STUDY OF THE COLD INTERMEDIATE LAYER 

2002 11 22 00 00 00 

1111 ... 01!11It,n· •• ·.··:Illl~ 
-2 -1 0 

2003 01 17 00 00 00 

1IIII_:lMlll:l.·;::·· 'llIm~ 
-2 -1 0 

2003031400 00 00 

~ __ m·&tJll!l;ll1i ,iiÇ··.··.lk;'?' : 
-2 -1 0 

2003 05 09 00 00 00 

·:··:::(::[[ijr~ 

-2 -1 o 

20021220000000 

1II··li~lmIIIŒ.n, •••• ·••· 
-2 -1 

20030214000000 

•••. fi.,Ii;.II····iii 
-2 -1 

2003 04 11 00 00 00 

!liîl~ 
o 

:111" 
o 

~p_~'W1!III!mi;:"···· ·.·I!@" 
-2 -1 0 

2003 06 06 00 00 00 

-2 -1 

·ii.,. 
o 

123 

Figure 4.9: Vertically-integrated 14-day average heat content (GJjm2
) for winter and 

spring. The end date of the averaged period is indicated in the top-left corner of each 

panel. 
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Figure 4.10: Change in heat content over the model simulation (November 8 to June 

20)(left) and accumulated vertical integral of heat change (i.e., total negative CIL 

formation rate) (right). The units are in Jjm2
• 



CHAPTER 4. STUDY OF THE COLD INTERMEDIATE LAYER 125 

45° ~~~~~~~~~riT~~~~~~~~~~~~~~~~~~~~+M 

72° 

Figure 4.11: Location and boundaries ofthe six subregions (1-VI) and ten transects(i­

x). An example of the grid mesh is shown at the model boundary in Cabot Strait. 
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Figure 4.12: CIL heat content (left column), volume (centre column) and formation 

rate (right column) for the six subregions displayed in Fig. 4.11. The heat content 

is calculated with respect to 3°C. Only gridpoints where the water column depth 

exceeded 100 m and the salinity was greater than 32 psu were used (see text for 

explanation). In order to remove high frequency fluctuations 14-day averaged val­

ues have been plotted. The standard simulation is shown as a thick line, and the 

simulation with the Strait of Belle Isle closed (NOBI) with a thin line. 
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Table 4.3: Comparison of the heat fluxes between the standard simulation (STD) and 

that with the Strait of Belle Isle closed (NOBI). The total change in heat content of 

the gulf (tlH) is shown in the top row, and the accumulated heat flux through the 

Strait of Belle Isle (uHBI) and Cabot Strait (uHCB ) are shown in the middle and 

bottom rows respectively. The difference between the two simulations is displayed 

in the rightmost column. tlH was calculated without imposing a salinity criterion, 

whereas a salinity threshold of 32 psu was applied in the calculation of uH BI and 

uHCB ' 

1 X 1019 J Il NOBI 1 STD Il Diff 1 

tlR -16.8 -19.2 2.4 

URBI 0 -3.91 3.91 

URCB 0.89 2.31 -1.42 
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D J FMA MJ D J F M A M J 

Figure 4.13: Heat flux across the ten lateral boundaries shown in Fig. 4.11. North­

eastward currents are positive, and hence a positive value indicates a southeastward 

flux of CIL. Only grid points having a salinity of greater than 32 psu were included 

(and hence the zero values for Transect (v)). To remove the diurnal and semi-diurnal 

tidal signaIs, hourly model output have been low-pass filtered using a godin 024024025 

filter. The mean (upper) and standard deviation (lower) values are shown to the right 

of each panel. 
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Figure 4.14: Rate of change of heat content for the six subregions due to fluxes across 

lateral boundaries (uH). The mean (upper) and standard deviation (lower) values 

are shown to the right of each panel. To remove the diurnal and semi-diurnal tidal 

signaIs, hourly modei output have been low-pass filtered using a godin 024024025 

filter. This figure shows the effect of lateral fluxes on the mean heat content of each 

region. Note: only grid points with a salinity of greater than 32 psu were included. 
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Figure 4.15: Total budget for the CIL heat content of the full model domain. Shown 

are the time series of the rate of change of heat content (thick line) , the heat loss 

( - F) (thin line) , as well as the heat fi. ux through the St rait of Belle Isle (dot-dashed 

line) and Cabot Strait (dashed line). To facilitate a visual comparison, 14-dayaverage 

values are shown. Note: only waters with a salinity of greater than 32 psu were 

included in the calculation. 
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Figure 4.16: Heat flux across the ten lateral boundaries for the simulation with the 

Strait of Belle Isle closed (NOBI). Northeastward currents are positive, and hence a 

positive value indicates a southeastward flux of CIL. Only grid points having a salinity 

of greater than 32 psu were included. To remove the diurnal and semi-diurnal tidal 

signaIs, hourly model output have been low-pass filtered. The mean (upper) and 

standard deviation (lower) values are shown to the right of each panel. 
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Figure 4.17: Rate of change of heat content for NOBI for the six subregions due 

to fluxes across lateral boundaries (uH). The mean (upper) and standard deviation 

(lower) values are shown to the right of each panel. To remove the diurnal and semi­

diurnal tidal signaIs, hourly model output have been low-pass filtered. This figure 

shows the efIect of lateral fluxes on the mean heat content of each region. Note: only 

grid points with a salinity of greater than 32 psu were included. 
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Figure 4.18: Total budget for the CIL heat content of the full model domain for the 

model simulation with the Strait of Belle Isle closed (NOBI). Shown are the time 

series of the rate of change of heat content (thick line) , the heat loss (-F)(thin line), 

as well as the heat flux through Cabot Strait (dashed line). To facilitate a visual 

comparison, 14-day average values are shown. Note: only waters with a salinity of 

greater than 32 psu were included in the calculation. 
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Figure 4.19: The difference between the modelled circulation in the northwest gulf in 

winter (top row) and spring (bottom row). The currents at the surface and 90 mare 

shown in the left and right columns respectively. All panels are of 14-day averages, 

with the top row averaged over the period February 14-28, and the bottom row April 

25 - May 9. 



Chapter 5 

Conclusion 

5.1 General summary 

The response of the Gulf of St. Lawrence and St. Lawrence Estuary to winter forcing 

was studied. A unique set of winter observations were obtained. These include moored 

acoustic Doppler current profiler measurements in the Strait of Belle Isle and in situ 

observations of the winter transformation of the upper 200 m of the water column 

at four locations. The renewal of the cold intermediate layer in the estuary was 

observed directly for the first time, and was found to occur rapidly in late March by 

the advection of a wedge of near-freezing waters from the gulf. The observations of the 

estuary were analysed ta determine its response to tidal and atmospheric momentum 

forcing in winter. A notably difIerent response was found as compared to previous 

studies from ice-free months in both the baroclinic tides and sub-tidal currents. The 

abrupt renewal of the cold intermediate layer was not found to be related to local 

forcing. 

An eddy-permitting ice-ocean model with realistic forcing is applied to study the 

135 
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formatjon and circulation of the cold intermediate layer in the gulf. Sensitivity to the 

vertical mixing parameterization was investigated to determine the optimal configu­

ration, and to increase confidence in the model simulation. A hindcast simulation of 

the period of study was performed. This simulation captured the abrupt renewal of 

the cold intermediate layer in the estuary. The heat budget and formation rate was 

calculated for this layer, as was its transport throughout the gulf. The circulation in 

the northwest gulf, and in particular the separation of the Gaspé Current, was found 

to strongly influence the exchange of intermediate waters between the gulf and the 

estuary. 

A significant correlation was found between the heat content of inflow through the 

Strait of Belle Isle and outflow through Cabot Strait. An additional model simulation 

is performed with the Strait of Belle Isle closed to isolate the effects of inflow through 

the strait on the cold intermediate layer in the gulf. This simulation shows that the 

inflow has a relatively small effect of the layer's heat budget. With the st rait closed, 

the outflow of the cold intermediate layer through Cabot Strait is reduced. It is 

estimated that only 64 % of the inflow through the Strait of Belle Isle contributes 

directly to the heat content of the cold intermediate layer in the gulf, due to the 

compensatory outflow through Cabot Strait. 

A detailed summary of the findings for the observations of the St. Lawrence Es­

tuary, the model sensitivity to vertical mixing and the study of the cold intermediate 

layer are presented below. This chapter ends with closing statements and an outlook 

to future work. 

5.2 Observations of the St. Lawrence Estuary 

A comparison of the M2 tide from a harmonie analysis of acoustic Doppler current 

profiler observations to those of Forrester (1974) in ice-free months were consistent 
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with increased surface drag due to sea ice. The baroclinic currents confirmed the 

presence of a semi-diurnal internaI Poincaré wave in winter. The depth of this wave 

was seen to be greater than in ice-free months due likely to the reduced wintertime 

stratification. 

A fortnightly enhancement of the estuarine circulation at neap tide was found. 

This oscillation may be due to mixing-induced variations in the drag between inflow­

ing and outflowing layers. For example, when the tidal mixing is at its minimum, 

the vertical turbulent fluxes of momentum are also at their minimum, effectively re­

ducing the drag between layers. Another possibility is that fortnightly variability 

in freshwater discharge from the St. Lawrence River is sufficient to modulate the 

mixing intensity, and hence the density-driven flow. A detailed study including mea­

surements of turbulent fluxes is required to further elucidate the dynamics of the 

estuarine circulation. 

Analysis of thermistor data from the estuary showed a 1800 phase shift with 

respect to depth at fortnightly periods. In winter, the deeper layer of Atlantic waters is 

warmer than those above it. The phase shift is thus representative of a MSf modulated 

vertical heat flux, such that shallower waters warm and deeper waters cool during 

spring tide. Given that the phase shift lies below the depth of the cold intermediate 

layer, this suggests that the MSf tide acts to warm this cold layer throughout winter. 

The significance of the correlation and coherence of the subtidal currents with 

atmospheric forcing was found to be than less than seen in previous studies during ice­

free months. Correlation values showed a response similar to that found by Mertz and 

EI-Sabh (1988), with flow opposite to the direction of along-channel winds. However, 

the correlation values at all depths were less than those of Mertz and EI-Sabh (1988). 

Although large amplitude transverse eurrents wcre observcd, we found no signifieant 

correlation or coherence with the winds. Despite the strength of the winds in winter, 

we did not find the strong coherence noted previously for ice-free months. This lack 
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of coherence suggests that the integrated effect of sea ice in the estuary is to prevent 

momentum transfer from the atmosphere. 

Observations demonstrating a non-local origin for the cold intermediate layer in 

the the St. Lawrence estuary were presented. The abrupt renewal of this water mass 

in the estuary for 2003 was seen to occur in late March with the arrivaI of a 60 m 

thick wedge of near-freezing waters. This, despite mixed layer depths of greater than 

80 m occurring throughout most regions of the gulf by February. Given that inflow 

at these depths occurred throughout most of the winter, the sudden presence of this 

layer suggests that a change occurred in the water masses present at the mouth of 

the estuary in the northwest gulf. 

An influx of the deep Atlantic layer throughout winter was observed with the 

3°C isotherm rising from below 150m to near 60m. A rapid transition occurred 

in spring, with the outflow of the bottom layer and renewal of cold intermediate 

layer occurring contemporaneously. This suggests that the estuarine circulation and 

deep water renewal may exhibit a strong seasonality that have not previously been 

observed. 

5.3 Sensitivity to vertical mixing 

A sensitivity study to the vertical mixing parameterization in a high-resolution ice­

ocean model of the Gulf of St. Lawrence was performed. The k-s model was found 

to compare better with observations than was the k model. This is due primarily 

to enhanced mixing in the estuary in the k-s model. The improved simulation of 

surface water mass characteristics in the estuary impacts strongly on the rest of the 

gulf. This demonstrates the importance of adequately representing the estuary .in 

simulations of the Gulf of St. Lawrence. The stability functions of Canuto et al. 

(2001) are found to be more numerically stable than those of Kantha and Clayson 
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(1994); however, the latter produces a slightly better agreement with observed salinity 

profiles. The vertical diffusion of turbulent kinetic energy is found to be necessary to 

adequately simulate winter mixed layer deepening in less stratified regions of the gulf. 

The winter mixed layer depth is relatively insensitive to variations in the turbulence 

closure scheme, provided a complexity of at least the k-ê model that includes the 

vertical diffusion of turbulent kinetic energy is used. 

5.4 Study of the cold intermediate layer 

The observed seasonal evolution of heat content was reproduced adequately by the 

model. The most significant modelled heat loss is in the northeast, with a subsequent 

fiow of CIL along the north shore, as observed by Petrie et al. (1988). This westward 

transport of CIL resulted in the largest seasonal change in heat content occuring in 

the Anticosti Trough. The modelled transport through the Strait of Belle Isle agrees 

favorably with the observations, and captures a large fraction of the variability of the 

fiow. 

The model hindcast captures well the spring renewal of CIL in the estuary. This 

renewal is preceeded by an increase in fiow through Honguedo Strait and a reduction 

in fiow through Jacques Cartier Strait, suggesting that a change in the circulation of 

the northwest had occured. In winter, a strong surface intensified offshore jet existed 

in the northwest, acting to recirculate westward fiow from the north shore into the 

Laurentian Channel, south of Anticosti Island. However, in spring the usual cyclonic 

circulation is present, with the transport of the cold intermediate layer from the east 

side of the Laurentian Channel and Jacques Cartier Strait along the north shore and 

into the estuary. It is this second, more usual, circulation pattern that allows the 

replenishment of this layer in the estuary from its predominant formation region in 

the northeast as well as from the St rait of Belle Isle. 
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Strong winds and a more significant near-shore ice cover persisted throughout 

the period the current was offshore. When the ice cover began to break-up, and 

the winds subsided in spring, the current became unstable and reattached to shore. 

It was at this point that the usual cyclonic gyre circulation resumed and the cold 

intermediate layer began to flow into the estuary. Further study is clearly required to 

determine if this offshore current does in fact occur, and the extent to which it may 

be a reoccurring feature of the winter circulation in the northwest gulf. 

An additional model simulation was perfomed with the Strait of Belle Isle closed 

to study the impact of cold inflow through the st rait on cold intermediate layer 

heat content. The total heat content change of this layer between the two model 

simulations is found to account for only 61% of the heat flux through the Strait of 

Belle Isle. This difference is explained by the significant correlation (r= -0.71, with a 

lag of 1 day) found for the heat flux through the St rait of Belle Isle with that through 

Cabot Strait. With the Strait of Belle Isle closed, the outflow of CIL through Cabot 

Strait is also reduced by 61%. 

When the compensating outflow through Cabot Strait is accounted for, it is es­

timated that only 64% of inflow through the Strait of Belle Isle contributes directly 

to the volume of the cold intermediate layer in the gulf. This implies that the esti­

mate of Petrie et al. (1988), that inflow through the Strait of Belle Isle accounts for 

between 35-53% of the volume of this layer, may in fact be overstated. Simultaneous 

measurements of the transport through both straits is clearly required in order to 

better constrain their relationship. 

5.5 Closing statements 

A notably different response of the gulf and estuary in winter as compared to previous 

studies in ice-free months is found. This response highlights the important connection 
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between the estuary and gulf. The northwest gulf is found to play a key role is 

controlling this connection. In particular, the maintenance of a separated Gaspé 

Current appears to be required to block the transport of thecold intermediate layer 

from the gulf to the estuary. Further wintertime observations of this current, and 

the northwest gulf in general, are required to confirm the existence of the offshore 

configuration. The stable separation of this current appears to be related to the 

presence of sea ice along the Gaspé Peninsula, with the current running along the 

ice edge. Such a feature may have a more general importance for other high latitude 

shelf seas. The dynamics of this offshore configuration should clearly be investigated 

to determine which factors (e.g., sea ice cover, stratification, wind stress) are most 

important in maintaining its separation, and how it might be affected by interannual 

variations in these factors. 

The observations obtained as part of this thesis provide a new means of testing the 

model accuracy. The comparison with current measurements in the Strait of Belle Isle 

show that the model is able simulate the inflow through this st rait quite weIl. This 

suggests that the model can be used to study the interannual variations of the cold 

intermediate layer in the gulf and the role of inflow through the Strait of Belle Isle. In 

fact, a seven-year continuous hindcast of the period Dec. 1996 - Jun. 2003 has been 

performed. This simulation showed a strong interannual variability to the intensity 

of the renewal of CIL in the estuary. Of particular interest is the anomalously large 

renewal found for the year 1999. As the CIL is rich in nutrients, this large renewal 

may have contributed to the record high levels of primary production observed in 

the estuary in the spring of 1999. This suggests that the dynamical response of the 

gulf to winter forcing may significantly affect the nutrient transport to the estuary. 

Further study, perhaps with the use of passive tracers in the model, is required to 

determine the interannual variability of the CIL renewal in the estuary and its effect 

on nutrient transport. 

The ability of the model to capture the abrupt renewal of the cold intermediate 
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layer in the estuary is strong evidence that it is simulating accurately the range of 

physical pro cesses present in the system. For example, the formation of the cold 

intermediate layer requires the integration of many events over a range of scales, such 

as storms, upweHing, sea ice coyer and fluxes through the bounding straits. The ability 

of a model to simulate the abrupt renewal is thus a good test of its representation 

of aH these processes. In future, this test could be used as a general benchmark for 

models of the Gulf of St. Lawrence. 



Appendix A 

Field Campaign Details 

In this appendix the details of the field campaign are described. This includes the 

locations and instrument make-up of the ten moorings (Section A.1), as well as a 

presentation of the observations. The start and end times for all data sets are given 

as well as a map showing the location of each mooring. In Section A.2, the technical 

specifications of the instruments used are provided. The methods employed for the 

analysis and quality control of the measurements are also described 

A.1 Mooring details 

The field campaign consists of ten moorings deployed throughout the Gulf of St. 

Lawrence and St. Lawrence Estuary for the winter of 2002/3. The instruments 

were deployed from the C.C.G.8. Martha Black during the annual faH ice-forecasting 

cruise undertaken by the Department of Fisheries and Oceans, Canada. The location 

of each mooring is given in Table A.1 and shown in Fig. A.1. The general mooring 

construction is illustrated in Fig. A.2, and details are given in Table A.2. Moor­

ings 1-4 were equipped with a vertical array of thermistors (measuring temperature) 
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such that the evolution of the upper 200 m of the water column was observed. The 

thermistors were spaced between 2.5 and 5 m from 30 to 140 m depth, and 10 m 

below, with the exception of LE, whieh had a 10 m spaeing below 90 m. Significant 

gaps exist in the timeseries of the LE thermistors at depths of 60-85 m due to faulty 

instrumentation (diseussed later in Section A.2). Moorings 5-10 were eomposed of a 

single eonduetivity-temperature-depth meter (CTD). This allowed a measurement of 

the watermass properties in most regions of the gulf. Moorings 1, 3 and 6 (loeated 

in the Laurentian Channel, estuary, and Strait of Belle Isle) had an upward-pointing 

300 kHz aeoustie Doppler eurrent profiler (ADCP) measuring eurrents in 2.5 m bins, 

moored at depths of 137, 120, and 107 m respectively. The observations from moor­

ings 1-6 are examined in Chapters 2 and 4. The temperature and salinity observations 

for aU ten moorings (except mooring 6) are shown in Fig. A.3 - A.1l. 

A.2 Technical specifications and data processing 

The depth of eaeh instrument was determined using a pressure sensor whenever pos­

sible. The depth of the instrument was ealculated by taking the average pressure 

and assuming a typieal density for the particular region. The depth of the other 

instruments on the same mooring were then calculated using the distance along the 

mooring line. This method was used for moorings 1, 3, 5 and 7-10. For moorings 2, 

4 and 6 the depth measured from the sounder on a rosette suspended from the ship 

was used. It is estimated that this latter method may result in depth errors of up 

to 3 m, while the former is aeeurate to less than a meter. Specifie details regarding 

the teehnical specifications and data processing for each type of instrument is given 

below. 
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Thermistors 

Two types of thermistors were used, individual self-recording thermistors and ther­

mistor chains. The individual thermistors were Vemco Minilog12 Data Loggers. They 

are equipped with a temperature sensor that has a resolution of ±0.015°C and an 

accuracy of ±O.l°C. The period between measurements was set at 30 min. The ther­

mistor chains used were manufactured by Aanderaa Instruments. These chains each 

had 11 instruments at a fixed separation distance along the line. The first (bottom) 

instrument in each chain measures pressure. These thermistors sampled every hour 

with an accuracy of ±0.05°C. 

A number of errors in the observations of the thermistor chain at mooring 3 at 

depths of 60-85 m were detected. These appeared to be related to a short-circuiting 

in the electronics of the instrument, such that a rapid change to bit values (the 

direct measurements from the instrument) in the range of 065-068, 128-139, and 

192-197 would occur (these bit values correspond roughly to temperatures of -1, 0.5 

and 2°C respectively). These changes occured suddenly and were not consistent 

values from minilogs deployed above and below this thermistor chain. The data were 

filtered objectively by removing an points in the given range. This resulted in the 

loss of roughly a quarter of the observations. Unreasonable values were also noted 

for three of the thermistors in the chain moored at depths of 30-55 m. The erroneous 

values occurred in the last 10 days of the timeseries and had clearly unphysical values 

(temperatures greater than 10°C is sorne cases). The end of these timeseries were 

thus discarded. 

ADCP 

The currents were measured with Workhorse Sentinel ADCPs manufactured by RD 

Instruments. The ADCPs were set to operate at a frequency of 300 kHz proving an 
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estimated range of 126 m. The ADCPs provided velo city measurements in 2.5 m bins 

every 15 min. The velo city measurements are accurate to ±0.5% of the water velo city 

relative to the ADCP ±5mm/ s. 

The software WinADCP was used to examine the raw data. The tilt of the 

instruments was checked to ensure that it did not overly bias the data. This program 

did flag a number of near-surface measurements are erroneous due to insufficient 

correlation between the four heads of the instrument. To remove this erroneous data 

a maximum threshold of 2 m/s was used with a minimum correlation cutoff of 50 

counts. This removed 40% of the observations of the upper 40 m of the water column 

and had little effect on the deeper waters. 

CTD 

SeaBird SBE-19 CTDs were used for moorings 5-10. Due to battery failure, all 

data for the CTD at mooring 6 was lost. The temperature and sali nit y measure­

ments obtained from these instruments have a resolution of ±0.01°C and ±0.001 psu 

respectively. These instruments sample temperature, conductivity and pressure at 

15-minute intervals. 

The software employed for data conversion, plotting and export was Seabird Sea­

soft SBEData Processing. The timeseries were manually inspected for erroneous data, 

and values that exceeded reasonable limits were removed. This resulted in the removal 

of only a few observations. 
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Table A.l: Mooring details. The location of each mooring is indicated along with the 

water column depth and period of observation. The locations of the ten moorings are 

shown in Fig. A.1. The instrumentation of each mooring is provided in Table A.2 

and illustrated in Fig. A.2. 

Mooring Latitude (N) Longitude (W) Depth (m) Period of observation 

1 48° 37.70' 61 ° 15.50' 393 02/11/2002 - 21/04/2003 

2 49° 41.80' 66° 17.70' 331 26/10/2002 - 08/04/2003 

3 48° 42.17' 68° 42.29' 342 07/11/2002 - 17/04/2003 

4 49° 29.80' 59° 29.90' 252 01/11/2002 - 22/04/2003 

5 48° 09.00' 69° 33.00' 120 07/11/2002 - 07/06/2003 

6 51 ° 21.10' 56° 52.50' 111 31/10/2002- 12/06/2003 

7 50° 11.90' 59° 17.83' 147 30/10/2002 - 22/04/2003 

8 50° 07.07' 62° 44.28' 62 27/10/2002 - 23/04/2003 

9 49° 56.20' 66° 53.20' 77 27/10/2002 - 18/04/2003 

10 47° 14.00' 63° 06.10' 67 04/11/2002 - 20/04/2003 

52· -

51· -

50· -

49· 

4S· -

47< 

48· -

fi 
45° -1 1 

72· 70· 6S· 66· 

Figure A.1: Locations ofthe ten moorings (shown as Ml-MIO). The instrumentation 

of each mooring is provided in Table A.2 and illustrated in Fig. A.2. 
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Figure A.2: Schematic of mooring contruction. The depth and spacings are not to 

scale. The thermistors for moorings 1-4 were spaced between 2.5 and 5 m from 30 m 

to 140 m, and 10 m from 140 m to 200 m. The location of each mooring is indicated 

in Table A.1 and shown in Fig. A.1. 
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Table A.2: Details of the instrumentation for each mooring. A schematic of this in­

strumentation is shown in Fig. A.2. The instruments used are thermistor chains (TC), 

individual Minilog thermistors (ML), acoustic Doppler current profilers (ADCP), and 

conductivity-temperature-depth met ers (CTD). The location of each mooring is in­

dicated in Table A.1 and shown in Fig. A.1. 

Il Mooring 1 Instrument 1 Depth (m) 
Il 

1 TC 238 - 138, 133 - 83, 78 - 28 

2 ML 201, 191, ... ,151, 146, 141, ... , 31 

3 ADCP 119 

TC 85 - 60, 55 - 30 

ML 200, 190, ... , 130, 110, 100, 90, 57.5, 27.5, 25.0 

4 ML 196, 186, ... , 146, 141, 136, ... , 26 

5 CTD 112 

6 ADCP 107 

CTD 109 

7 CTD 95 

8 CTD 61 

9 CTD 73 

10 CTD 46 
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Figure A.3: Temperature observations at mooring 1 (referred to in Chapter 4 as 

mooring CG). The mooring location is shown in Fig. A.1 and Table A.l. 

Figure A.4: Temperature observations at mooring 2 (referred to in Chapter 4 as 

mooring NW). The mooring location is shown in Fig. A.1 and Table A.l. 
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Figure A.5: Temperature observations at mooring 3 (referred to in Chapter 2 as SLE, 

and in Chapter 4 as mooring LE). The mooring location is shown in Fig. A.1 and 

Table A.1. 

Figure A.6: Temperature observations at mooring 4 (referred to in Chapter 4 as 

mooring NE). The mooring location is shown in Fig. A.1 and Table A.1. 
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Figure A.7: Untreated observations of pressure, salinity, temperature and density 

(listed from top to bottom) from the CTD at mooring 5. The mooring location is 

shown in Fig. A.1 and Table A.1. 

Figure A.8: U ntreated observations of pressure, salinity, density and temperature 

(listed from top to bottom) from the CTD at mooring 7. The mooring location is 

shown in Fig. A.1 and Table A.1. 
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Figure A.9: Untreated observations of pressure, salinity, density and temperature 

(listed from top to bottom) from the CTD at mooring 8. The mooring location is 

shown in Fig. A.l and Table A.l. 
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Figure A.IO: Untreated observations of pressure, salinity, density and temperature 

(listed from top to bottom) from the CTD at mooring 9. The mooring location is 

shown in Fig. A.l and Table A.l. 
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Figure A.11: Untreated observations of pressure, salinity, density and temperature 

(listed from top to bottom) from the CTD at mooring 10. The mooring location is 

shown in Fig. A.1 and Table A.l. 



Appendix B 

Numerical Model Description 

The model used in this study is a high-resolution coupled ice-ocean model forced 

with tides, atmospheric analyses, observed runoff and observed watermass properties 

at lateral boundaries. It has been described in detail and validated by Saucier et al. 

(2003), and for Hudson Bay by Saucier et al. (2004). The only significant change in 

the model is the addition of a prognostic equation for the dissipation of turbulent 

kinetic energy, for which a detailed analysis is made in Chapter 3. 

B.I Ocean model 

The ocean model is a hydrostatic, Boussinesq, z-level ocean model based on the 

GF8 model (Stronach et al., 1993; Backhaus, 1985). The conservation equations for 
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momentum, heat and salt are written as: 

1 
âtu + U • Vu - fv = --âxp - âx(KHâxu) - ây(KHâyu) - âz(vâzu), (B.l) 

p 
1 

âtv + U • Vv + fu = --âyp - âx(KHâxv) - ây(KHâyv) - âz(vâzv), (B.2) 
p 

âtT + U· VT = -âx(AHâxT) - ây(AHâyT) - âz(v'8zT) , (B.3) 

8tS + U· VS = -8x(AHâxS) - 8y(AH8yS) - 8z(v'8zS), (BA) 

V . U = 0, (B.5) 

8zp = -pg, (B.6) 

where u = (u, v, w) is the velo city, f is the Coriolis frequency (calculated using the (3 

plane approximation), p is the pressure, pis the water density, T is temperature, Sis 

salinity, KH is the horizontal eddy viscosity, AH is the horizontal eddy diffusivity, vis 

the vertical eddy viscosity, v' is the vertical eddy diffusivity, and g is the gravitational 

acceleration. The equation of state is as set by the Joint Panel on Oceanographic 

Tables and Standards UNESCO (1981) and described by Gill (1982). The model 

parameters are shown in Table B.l. 

The horizontal eddy diffusivity is set to a constant value of 2.5 m2 /s, while the 

horizontal eddy viscosity is parameterized following Smagorinsky (1963), as : 

(B.7) 

where'Y is the Smagorinsky coefficient and ~x is the horizontal grid resolution (5 km). 

The vertical eddy diffusivity and viscosity are parameterized using a two-equation 

second-moment algebraic turbulence closure scheme, which is described in detail in 

Chapter 3. The vertical mixing parameterization has been improved from that used 

in previous versions of the model to provide a more accurate simulation. Briefly, the 

turbulence closure model used here is the well known k-e modcl, with modifications 

as in Burchard and Bolding (2001). Basically, prognostic equations for the turbulent 

kinetic energy (k) and its dissipation rate (e), are determined through closure of the 
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Table B.1: Model parameters. 

Parameter 

Charnock constant 

Stefan Boltzmann constant 

von Karman constant 

Gravitational acceleration 

Horizontal resolution 

Vertical resolution 

Ocean model time step 

Sea ice viscous time scale 

Sea ice viscous time step 

Sea ice elastic time scale 

Smagorinsky coefficient 

Bottom drag coefficient 

lee-ocean drag coefficient 

Atm.-ocean drag coefficient 

Atm.-ice drag coefficient 

Stanton number, atm.-ocean 

Value 

Œ = 0.011 

(J = 5.68 X 10-8 W m-2K-4 

'" = 0.4 

9 = 9.8 m S-2 

.6.x = 5 X 103 m 

.6.z = 5 m, Z < 300 m; 

.6.z = 10 m, Z 2: 300 m 

300 s 

Tv = 100 s 

.6.tv = 600 s 

.6.t~ = 21/2Tv .6.tv 

'Y = 0.1 

Cb = max(2.4 x 10-3 ,0.16 (log (.6.zb/ ZOb)t 2 ) 

CDIO = 4.5 X 10-3 

CDAO = (0.87 + 0.078IuAI) x 10-3 

C DAI = C DAO 

C SAO = 1.12 X 10-3, To > TA 

C SAO = 0.69 X 10-3, To :s; TA 

Stanton number, atm.-ice CSAI = 1.12 X 10-3, TI > TA 

C SAO = 0.69 X 10-3, TI :s; TA 

Dalton number C LAO = 1.2CSAO ; C LAI = 1.2CSAI 

lce-ocean sensible heat coeff. CSIO = 0.28 X 10-3 

continued on next page ... 
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Table B.l: Model parameters, continued ... 

Parameter 

Water reference density 

Air reference density 

lce reference density 

lce thickness categories 

Emissivity of water and ice 

Specifie heat capacity of sea water 

Specifie heat capacity of air 

Latent heat of evaporation 

Latent heat of fusion of sea water 

Latent heat of sublimation 

Solar constant 

Albedo 

Thermal conductivity of ice 

Snow compact ion half-life 

Constant in equation for P max 

Compressive strength parameter 

Value 

Po = 1000 kg m-3 

PA = 1.225 kg m-3 

PI = 920 kg m-3 

[0-15,15-25,25-35,35-50,50-70,70-100, 

100-200,200-300,300-500,500-1000] x 10-2 m 

co = cI = 0.97 

Cpo = 3.99 X 103 J kg-1 K-1 

CpA = 1.008 X 103 J kg-1 K-1 

Lv = 2.501 X 106 J kg- 1 

LF = 3.347 X 105 J kg- 1 

Ls = 2.834 X 106 J kg- 1 

SO = 1353 W m-2 
c 

al = 0.64 (ice) , ao = 0.1 (sea water) 

KI = 2.17 W m-1 K- 1 

TS = 48 h 

C=20 

p* = 27.5 X 103 Pa 
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Reynolds stresses at the second moment level, as: 

(B.8) 

(B.9) 

where P = v [(8zU)2 + (8zV)2] is the shear production rate, B = -v'N2 is the buoy­

ancy generation/destruction rate, N is the Brunt-Vaisala frequency and V g = v /1.2. 

The eddy viscosity and diffusivity can then be written as v = cfJ. ke
2 

and v' = c~ ke
2 

respectively, where cfJ. and c~ are stability functions (Le., functions of local shear and 

stratification). The first set of stability functions of Canuto et al. (2001) will be used, 

following the recommendations of Burchard and Bolding (2001) and the findings pre­

sented in Chapter 3. The values for constants Cel and Ce2 in Equation B.9 are 1.44 

and 1.92 respectively. Ce3 was determined by assuming a steady-state Richardson 

number of 0.25, yielding a value of Cg 3 = -0.629 for the stability functions of Canuto 

et al. (2001). In order to provide a source term for the dissipation rate in shear free 

convective regimes, a value of Ce3 = 1 is used for unstable stratification. 

The model domain extends from the open boundaries at Cabot strait and the 

Strait of Belle Isle, to the landward limit of salt water near Québec City. The ocean 

model is cou pIed to a one-dimensional river model to determine the momentum trans­

fer from Montréal to Québec City (Dronkers, 1969). The grid-resolution is 5 km in 

the horizontal, and 5 m in the vertical for the upper 300 m, and 10 m below, with 

the exception of the top and bottom layers which are adjusted to the water level 

and depth respectively. A semi-implicit scheme is employed for the surface elevation 

(Backhaus, 1983), while a fiux-corrected transport scheme (Zalezak, 1979) ensures 

low levels of numerical dispersion for tracers. 
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B.2 Boundary conditions 

Free-slip boundary conditions are applied to alliaterai solid boundaries. The bottom 

friction is calculated following Cox (1984): rb = POIUblub, where rb is the bottom 

stress, Cb is a drag coefficient and Ub is the horizontal velo city in the bottom layer. 

In order to improve the modelled M2 tide, the bottom drag coefficient was reduced 

in sorne regions. 

The water level, temperature, salinity, eddy viscosity and eddy diffusivity are 

specified for the open boundaries at the Strait of Belle Isle and Cabot Strait. A 

zero-gradient boundary condition is used for an velocity components on inflow, while 

during outflow the radiation condition Çt+ui8iÇ = 0 is applied to ç = u, v, T, S, where 

i is the direction perpendicular to the boundary. On inflow, temperature and salinity 

relax toward observed values, based on the distance a tracer can travel in one time 

step. Eddy viscosity and diffusivity and set to zero along the open boundaries. The 

influence of river runoff is accounted for by specifying the water level, sali nit y and 

temperature at the land/sea grid points corresponding to the various rivers. 

The surface boundary condition for momentum is calculated as v8zuo = (1/ po)[l­

A)r AD + ArIO], where Uo is the horizontal surface velo city, A is the ice concen­

tration (0 < A < 1), and rAO and rAO are the atmosphere-ocean and ice-ocean 

surface stresses. The surface stress is calculated from Charnock (1955) as rAO = 

pACDAOluAluA and rIO = poCDIoluI - UOI(UI - uo), where UA is the wind velocity 

at 10 m height, UI is the ice velo city, CDAO is the atmosphere-ocean drag coefficient 

(Atakturk and Katsaros, 1999), C DIO is the ice-ocean drag coefficient, and PA and Po 

are the atmosphere and ocean reference densities. 

The heat exchange at the sea surface is calculated as the sum of the atmosphere­

ocean and ice-ocean exchange as: v'8zT = -(1/ PoCpO ) [(1 - A)QAO + AQIOl where 

Cpo is the specifie heat capacity of seawater, QAO and QIO are the atmosphere-
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ocean and ice-ocean heat fluxes respectively. The heat flux between the atmosphere 

and the ocean is calculated following Parkinson and Washington (1979) as: QAO = 

QSAO + QLAO - Qsw - QLW! + QLWi, where QSAO and QLAO are the sensible and 

latent heat fluxes, Qsw and QLW! are the shortwave and longwave downward incident 

fluxes, and QLWj is the outgoing longwave radiation. 

The sensible heat flux between the atmosphere and ocean is given by Q SAO 

PACpACsAoluAI(To - TA), where CpA is the specifie heat capacity of air, CSAO is 

the Stanton number (Large and Pond, 1982), and TA and To are the air and sea 

surface temperatures respectively. The latent heat flux is calculated as Q LAO = 

PALvCLAoIUAI(qs - qA), where Lv is the latent heat of evaporation, CLAO is the 

Dalton number, and qA and qs are the specifie humidity at 10 m height and at the 

sea surface respectively (Parkinson and Washington, 1979). 

The heating due to incoming solar radiation is given by Qsw = (1 - Qo)SW, 

where Qo is the albedo of seawater, and SW is computed following Laevastu (1960) 

and Zillman (1972) as: 

o cos2 Oz (1 - ~C?) 
SW=S· , 

c 1O-5 (cosOz + 2.7)eA + 1.085 cos Oz + 0.1 
(B.10) 

where Cl is the observed cloud fraction, eA is the near-surface vapour pressure, and 

Oz is the solar zenith angle. Following Idso and Jackson (1969), the long wave heat 

flux is given by 

QLW! = o-T1 [1 - 0.261 exp (-7.77 x 10-4 (273.15 - TA)2) ] (1 + 0.1762Cr) , (B.U) 

where CT is the Stefan Boltzmann constant. Emission from the cloud base has been 

corrected for using the model of Bignami et al. (1995). The outgoing longwave radi­

ation is calculated from the Stefan Boltzmann law, QLWi = êoCTTi, where êo is the 

emissivity of water. 

The ice-ocean heat flux is computed as QIO = PoCpoCsIOluI - uol(To - Tf), 
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where Tf is the fusion temperature of seawater (Millero, 1978), given by 

(B.12) 

where (ml, m2, m3) = (-5.75 x 10-2 , 1.710523 X 10-3, -2.154996 X 10-4 ). 

The salt flux at the sea surface is determined by precipitation (P) and evaporation 

(Ev), as well as by sea ice growth and melt by v'ozS = -[(1- A)(fo + (P - Ev)So) + 
AfhSO], where fa and fh are the ice growth rates over open and ice covered waters 

respectively, Sa is the sea surface salinity, and the evaporation rate is computed by 

B.3 Sea ice model 

The sea ice model has been changed from that used by Saucier et al. (2003) to employ 

the elastic-viscous-plastic rheology of Hunke and Dukowicz (1997). This ice model 

has been coupled to the ocean model and validated for the seasonal cycle of the 

Hudson Bay system by Saucier et al. (2004). A two-layer thermodynamics based on 

Semtner (1976) is employed as in Saucier et al. (2003). The sea ice is represented 

with a thickness distribution, g, such that for a given grid point, 

hmax J g(h) dh = 1, (B.13) 

o 

where h is the thickness and hmax is the maximum allowed thickness. The momentum 

equation for sea ice is written as: 

mOt'UI = -mfk x 'UI + 27" AI - mg'\l'f] + '\l . 2o-c , (B.14) 

where 'UI is the two-dimensional ice velocity, m is the mass per unit area, k is the 

vertical unit vector, 9 is the gravitational acceleration, 'f] is the sea surface elevation, 
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O"c is the Cauchy stress tensor, and TAI is the wind stress vector given by TAI 

PACDAIluAluA. The mass per unit area is given by 

h'fflax 

m = A J g(h)(Plh + pshs)dh, 

o 

(B.15) 

where PI and Ps are the ice and snow density respectively, and hs is the snow thickness 

over ice of thickness h. 

The maximum resistance to pressure is defined as : 

Pmax = p* H exp( -C(1 - A)), (B.16) 

where H is the mean ice thickness. The thickness distribution evolves through time 

following: 

(B.17) 

where fI is the ice growth rate, Cs is the snow compaction rate and 'IjJ is the ice 

redistribution term representing deformation due to ridging. The compaction rate is 

given by: 
hs(1 - 2-dt / rs ) 

Cs = dt ' (B.18) 

where TS is the snow compaction half life. The ice redistribution term is calculated 

using the weight function described in Thorndike et al. (1975) for convergence, while 

for pure shear no ridging occurs. Finally, all snow is assumed to be completely swept 

off the ice by winds. This assumption was found necessary as the modelled spring ice 

melt was late as compared to observations, due to an over-conservation of snow. 

B.4 Forcing 

The atmospheric forcing was produced by the Canadian Meteorological Centre using 

the Canadian Environmental Multiscale model (Côté et al., 1997a,b). Three-hourly 
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Figure B.1: Domain-averaged forcing for December 1, 1996 to March 31, 1998 : (a) 

air temperature, (b) wind intensity, (c) dew point temperature, (d) cloud cover, (e) 

precipitation minus evaporation, and (f) runofffrom the St. Lawrence river (dashed), 

sum of the north shore rivers (dot-dashed) and the total (solid). Taken from Saucier 

et al. (2003). 

solutions from sequential12-hour forecasts obtained using the variational method are 

used as surface forcing for the ice-ocean model. An example of the forcing is shown 

for the year 1997 in Fig. B.I. The model is also forced by observations of river 

runoff from the 28 most important tributaries. Sea ice concentration and thickness 

in the Strait of Belle Isle are prescribed from daily charts produced by the Canadian 

Ice Service. The two open boundaries (Belle Isle and Cabot straits) are forced with 

available observations of temperature and salinity, as well as the water level from the 

27 most significant tidal constituents. 
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B.5 Validation 

The model has been validated with temperature and salinity profiles, thermistor and 

current observations, ship track data, satellite observations, as well as with sea ice 

thickness and concentration data. It has been shown to simulate accurately the 

seasonal cycle of water mass transformation and circulation. The model reproduces 

instantaneous temperatures with a mean error of 1-2°C, salinities with a mean error 

of 0.5 psu, monthly sea ice volume to within 20%, and seasonal transports to within 

20% of published estimates. The model has also been successfully applied to the 

Hudson Bay system (Saucier et al., 2004). The most significant error in the modelled 

seasonal cycle is an overly fresh surface layer due to the under-representation of 

mixing pro cesses in the estuary. A secondary error which becomes more prominent 

in multi-year simulations, is a slightly shallow winter mixed layer. 



Appendix C 

Derivation of the Vertical Mixing 

Scheme 

To provide the reader with additional details concerning the turbulence closure, a 

derivation of the k-ê model is described. The Reynolds stress equations are first 

derived, followed by a presentation of the algebraic second moment closure. This 

section ends with a develpment of the conservation equations for k and ê. The 

derivation shown here is based on that found in Mellor and Yamada (1982), Burchard 

and Bolding (2001), Canuto et al. (2001) and Kantha and Clayson (2000). 

C.I Reynolds equations 

The fundamental assumption required to obtain the Reynolds equations is that any 

fiow property, (, may be split into a mean and a time varying part as: 

(= (() + (, (C.1) 

166 
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where (() is taken to be the ensemble average. Application of the Reynolds decompo-

sition, along with the boundary layer approximation, to the Navier-Stokes equations 

and the transport equations for temperature and salinity results in the Reynolds 

equations for mean quantities: 

1 
a/il + uox(u) + voy(u) + woz(u) - jv = --oxP + oz(voozu) - Oz (uw) , (C.2) 

p 
1 

OtV + uOx(v) + Vay (v) + woz(v) + ju = --OyP + Oz (voozv) - oz(vw), (C.3) 
p 

OtT + uox(T) + vOy(T) + wOz(T) = oz(vTozT) - oz(wT), (C.4) 

OtS + uox(S) + vOy(S) + woz(S) = oz(vsozS) - oz(wS), (C.5) 

where vo, VT and Vs are the respective molecular viscosity and diffusivities. 

C.2 Closure of the Reynolds stress equations 

The clos ure problem arises from the fact that the second moments can only be writ­

ten in terms of the third moments, and the third moments in terms of the fourth 

moments, and so on. This can be understood more easily by examining the conser­

vation equations for the second moments. These equations can be obtained from the 

Navier-Stokes, and Equations C.2 and C.3 through use of the Reynolds decomposi­

tion and further ensemble averaging (Kantha and Clayson, 2000). In its general form 

this results in: 
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Table C.1: Constants for the Reynolds stress closure. Values are shown for the closure 

of Kantha and Clayson (1994)(KC) and Canuto et al. (2001)(CA) 

Closure Cl C2 C3 C4 C5 

KC 2.98 0.0 0.0 0.32 0.0 

CA 2.5 0.984 1.6 0.533 0.416 

C1T C2T C3T C4T CT 

KC 3.70 0.7 0.2 0.0 1.23 

CA 5.97 0.6 0.33 0.4 1.44 

where 

Fij al ( (UI'UiUj) - VOal (UiUj) ) , (C.7) 

Pij -(UIUi)aIUj - (U!,Uj)aIUi, (C.8) 

Bij f3j(UiT) + f3i(UjT) , (C.9) 

Eij = -2VO(aIUiaIUj) , (C.lO) 

IIij (UiajP) + (ujaiP), (C.11) 

~j il (ejlm(UmUi) + eilm(U~Uj»), (C.12) 

where f3i = -5i3 (g/ Po)8rP, 5ij is the Kronecker delta, and eijl is the permutation 

symbol. The physical meaning of the terms in Equation C.6 is as follows: Fij is the flux 

divergence, ~j is the shear production, Bij is the buoyancy production/destruction, 

Eij is the dissipation, IIij is the pressure-strain covariance and Rij is the effect of 

rotation. Conservation equations of a similar form can be derived for (UiT) , (1'2), 

(uJ}) and (fJ2) (Kantha and Clayson, 2000). One simplification used here is that only 

one active tracer is considered. The conservation equations for the other active tracer 

can then be constructed in analogy. In doing so, this avoids correlators such as (TB). 

In order to close the system of equations, Fij and IIij must be parameterized, along 

with the equivalent terms in the equations for the active tracers. A simplification that 
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is usually applied is to neglect rotation and vis cous effects. Then, with the exception 

of flux divergence, the Reynolds stress equations can be closed in the following form: 

(C.13) 

where 

(C.14) 

(C.15) 

(C.16) 

The main differences between the various second moment clos ures found in the liter-

ature (e.g., Kantha and Clayson, 1994; Burchard and Baumert, 1995; Canuto et al., 

2001) have to do with how the pressure-strain covariances are treated. These co­

variances are determined by physical intuition and comparison with laboratory flows. 

This results in the so-called "universal" constants of proportionality (Cl, ... , C5, Table 

C.1) for the various terms, which are determined from neutrallaboratory flows and 

LES simulations. 
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C.3 Heat flux and temperature variance equations 

The heat flux and temperature variance equations can then be dosed in a similar 

manner, giving: 

and 

E -
-C1Tk(UiT ) 

- (1 - C2T ) (u/T)8iUi - (uiuj)8jT 

+ (1 - C3T)f3i(T2) 

+ C4T (UiT ) Vij 

where the constants C1T,C2T,C3T and C4T are given in Table C.1. 

C.4 Calculation of second moments 

(C.17) 

(C.18) 

With the exception of the flux divergence terms, we now have a dosed system of 10 

equations. However, a turbulence dosure model of this complexity is far too heavy 

for general use in oceanography. In order to put this in a more manageable form, the 

second moments are assumed to be in equilibrium, such that the time variations and 

transport of the Reynolds stresses are neglected (Mellor and Yamada, 1974, 1982). 

This is accomplished by setting the left-hand side of Equations C.13, C.17 and C.18 

to zero. The system of equations is now simplified further by applying the boundary 

layer approximation; namely, that the horizontal length scales are much larger than 

the vertical legnth scales. This is equivalent to neglecting an horizontal derivatives. 
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This procedure results in a linear system of equations for (u2), (v2), (iiP) , (uv), (uw), 

(vw), (uT), (vT), (wT) and (T2). Moreover, this algebraization results in the eddy 

viscosity and diffusivity relations: 

with 

(uw) 

(vw) 

(iiJT) 

k 2 

1/' = c~-. 
ê 

(C.19) 

(C.20) 

(C.21) 

(C.22) 

Thus, all the information on the second order correlators is written in terms of the 

non-dimensional stability functions cI-' and c~. These stability functions can be written 

simply in terms of only two parameters, 

k 2 

aM = _82 and 
ê 2 

(C.23) 

where aM is the shear number and aN is the buoyancy number. In practise, limits 

must be imposed on these functions to ensure the positivity of the eddy viscosity and 

diffusivity, as well as the velo city variances (Burchard and Petersen, 1999). 

C.5 Conservation equations for k and é 

The turbulent kinetic energy, k, and dissipation rate, ê are defined as: 

k = ~(u~) and (C.24) 

The conservation equation k can be obtained easily by taking the trace of the full 

Reynolds stress equation (Equation C.13), giving: 

8t k + 8 (Uk + (u~u2) v o8k + ~(up)) 
J J J 2 ~ J Po J 

-(ujui)8/Ui - !L(U3p) - 1/0((8jUi)2) 
Po 

P+B-ê. (C.25) 



APPENDIX C. DERIVATION OF THE VERTICAL MIXING SCHEME 172 

This equation is usually closed by neglecting vis cous and pressure effects in the tur­

bulent transport of k, and then applying the boundary layer approximation and eddy 

viscosity principle, as: 

(C.26) 

Similarly, a conservation equation for the dissipation rate can be obtained from 

the full Reynolds stress equation as: 

8t c + 8j (UjC + (ujllo(8jUi)2) - lIo8jc + 2;: (8i'Uj 8ôJ)) 
-2115((8ijUI)2) - 211o!L8j(U38jp) - 211o(8jUi8!'Ui8jUI) 

Po 
- 2 lIo 8jUl (8jUi8IUi) - 21108IUi(8jUi8jUI) 

- 21108jIUi(UI8jUi) (C.27) 

Further assumptions are required in order to close the conservation equation for c. 

Basically, the clos ure is achieved by modelling the right-hand side of Equation C.27 

after that of the conservation equation for k. The motivation for this is that the 

dissipation rate can be considered as being the input of energy into the energy cascade. 

Thus, in princip le the sources and sinks for the dissipation rate should be similar 

to those for the turbulent kinetic energy. Applying this method, along with the 

parameterizations used for the turbulent transport of k, results in: 

(C.28) 

where Cel, Ce2 and Ce3 are empirical constants. Cel can be determined by appealing to 

the log-law (Rodi, 1987), while laboratory experiments of freely decaying turbulence 

have been used to determine Ce2. The buoyancy-flux related term Ce3, however, has 

never been determined from laboratory flows. Burchard and Baumert (1995) and 

Burchard and Bolding (2001) have shown that Ce3 can be written in terms of the 

steady state Richardson number, Rist. For instance, if we consider a stcady-statc 

homogenous shear layer, then the conservation equations for k and C reduce to : 

P+B-c=O and (C.29) 
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then 

Ri = Rist = c~ (Cé2 - Cd) . 
Cil Cé 3 - Cé2 (C.30) 

By testing different values of Rist using a Kato-Philips wind entrainment experiment, 

Burchard and Bolding (2001) found a value of Rist = 0.25 to be most appropriate. 
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