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Abstract

Changes in phytoplankton production can have a profound impact on the marine
ecosystem. One factor that can affect phytoplankton populations is change in
stratification of the water column. Climate changes over the Labrador Sea and Labrador
Shelf have significantly altered the stratification of these regions. Regulation of the
Churchill River flow, due to hydroelectric development, has influenced the stratification
of Hamilton Inlet of coastal Labrador. Observations in the Labrador region are
inadequate to determine the influence of stratification variability on the marine ecosystem.
The goal of this research was to integrate the available data with simplified ecosystem
models to enhance our understanding. To investigate the sensitivity of seasonal plankton
dynamics to climate-induced changes in stratification of the Labrador Sea and Shelf,
distinct periods of natural variability were used to force the model. The model was also
used to investigate the impact of altering freshwater flow into Hamilton Inlet before and
after hydroelectric development. The model exhibited distinct seasonal plankton
dynamics that match the existing chlorophyll measurements from each region reasonably
well. It was found that in the Labrador Sea and Shelf, when the North Atlantic
Oscillation index was positive the spring bloom was delayed. The total annual
phytoplankton biomass in the Sea increased while on the Shelf it remained unchanged.
In Hamilton Inlet after hydroelectric development, the model showed that the timing of
the spring bloom remained unchanged but the total annual biomass decreased. The
primary production in the Inlet also decreased after 1976 by about 25%, while for the

Shelf there was little difference in primary production.
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CHAPTER 1

Introduction

1.1. Overview

Phytoplankton, are the principal source of organic matter that sustains the food
chain in the ocean. Changes in abundance or distribution of phytoplankton can have a
profound impact on the ecosystem, causing changes in zooplankton and larger predator
populations. Phytoplankton production is mainly regulated by the depth of the mixed-
layer, the intensity of the solar radiation which penetrates the mixed-layer and the
concentration of dissolved nutrients with depth (Sverdrup, 1953, Wroblewski et al.,
1988). In general the mixing time of water in the mixed-layer is fast relative to plankton
motility and population response. For example, surface gravity waves which circulate
plankton in the upper few meters have periods of several seconds while the turnover
times of algal populations are one to several days (Denman and Powell, 1984). Therefore,
when the mixed-layer is deeper than a certain critical depth known as “the Sverdrup
depth” the rate of photosynthesis is light limited. The mixed-layer depth sets the light
level which each phytoplankton cell is exposed to as it is mixed from the base of the
mixed-layer to the surface. When the depth of the mixed-layer shallows above the
critical depth in spring due to the thermal stratification, primary production is increased
leading to a spring bloom (Sverdrup, 1953). Though primary production can be high
when solar radiation increases in spring and summer, nutrients are also essential for

primary production. Since phytoplankton grow in the surface layer, transport and



entrainment of nutrients to the surface layer is essential. Strong stratification limits the
vertical transfer of nutrients from layers below the euphotic zone and sustaining
productivity becomes reliant on regeneration of nutrients within the mixed-layer. Once
nutrients are depleted, which occurs following a phytoplankton bloom, primary
production is reduced. This is the typical situation found in tropical oceans; however,
seasonal changes in temperature and winds reduce the stratification and vertical transport
of nutrients to the mixed-layer occurs (Mann and Lazier, 1996). At mid-latitudes nutrient
concentration is high in the winter due to the deep convection, and production is at a
minimum because of the reduced solar radiation and the great depth of the mixed-layer.
In spring, the water column stabilizes, nutrients become trapped in the surface layer, solar
radiation increases and production reaches a maximum. When phytoplankton deplete the
nutrients in the mixed-layer by late summer, grazing is maximized leading to a peak in
zooplankton. In autumn, mixing increases and stratification begins to breakdown,
nutrients are replenished in the surface layer, and primary production often increases
depending on whether there is sufficient solar input. The density gradient determines the
mixed-layer depth and density is dependent on temperature and salinity. At the surface,
salinity is affected by precipitation, evaporation and temperature by solar heating and
cooling. Below the surface, salinity and temperature change by mixing with other water
masses (Raymont, 1980). In the open ocean, salinity changes are usually small and
density is mainly controlled by temperature. In coastal regions there are large salinity
gradients due to continental run off, river discharge and tides (Pickard and Emery, 1982).

Coastal inlets with freshwater inflow form an estuarine environment in which fresh river



water interacts directly with saline coastal waters forming strong vertical and horizontal
salinity gradients.

The Labrador Sea in the Northwest Atlantic (Figure 1.1) is a region with high
nitrate and chlorophyll concentrations, a pronounced spring bloom in phytoplankton, and
depletion of nitrate in the surface layer in summer (Siegel et al., 2002). Intense winter
storms cause vertical mixing and deep convection, eliminating the surface mixed-layer
and minimizing primary production. This allows nutrients to be advected to the surface
waters and leads to high rates of biological productivity in spring and early summer (Tian
et al., 2004). However, the intensity of this deep convection during winter is regulated
by climate variations, which in turn cause variations in biological productivity (Tian er al.,
2004). There have been distinct climate change events in the Labrador Sea over the last
50 years that have altered the deep convection (Lazier ef al., 2002; Pickart et al., 2003;
Yashayaev, 2002). In the late 1960s, warmer weather over the Northwest Atlantic
increased the surface freshwater content by the equivalent of 1.4 m, an event known as
the Great Salinity Anomaly (Dickson et al., 1988b). The winter convection depth was
reduced to 200 m in 1969 to 1971 from deeper than approximately 800 m in other years
(Tian et al., 2004; Lazier et al., 2002). In the first half of the 1990s cold weather
prevailed and increased the intensity and frequency of winter storms, which lead to the
deepest convection (2300 m) recorded over the last 50 years in the winter of 1992
(Yashayaev, 2002).

Hamilton Inlet is made up of Goose Bay, Lake Melville, and Groswater Bay that

opens onto the Labrador Shelf. Along with being the largest inlet along the Labrador



coast it is also the point of discharge for the largest river in Labrador, the Churchill River.
Study of Hamilton Inlet is important for the economic development of the area and
determining the environmental risk of these developments. There is currently one
hydroelectric generating station at Churchill Falls, completed in 1971. As a result,
hundreds of existing lakes and bogs were linked to form the Smallwood Reservoir from
which water is released. This alteration increased the drainage area into Lake Melville
and has the potential to change the Lake circulation, nutrient transport, and stratification
and could therefore affect the coastal ecosystem. It is now proposed to build further
hydroelectric stations in the lower Churchill River at Gull Island and Muskrat Falls
(Hydro Lower Churchill Development Corporation Ltd., Environmental Impact
Statement, 1980). This development could cause greater changes in the water circulation
and properties of Hamilton Inlet and affect the fishing industry.

This study investigated the sensitivity of seasonal plankton dynamics to changes
in stratification on the open ocean of the Labrador Sea, the continental Labrador Shelf
south of 55°N and the coastal Hamilton Inlet along the Labrador coast (Figure 1.1). To
investigate the sensitivity in the Labrador Sea and Shelf of seasonal plankton dynamics in
the mixed-layer to climate induced changes in stratification, the data from the distinct
periods of natural variability are used to force an ecosystem model. The model was run
with historical data collected at Ocean Station Bravo in the central Labrador Sea (56°30°
N, 52°30° W) during the warm period (1968) and from Bravo and the surrounding sea
during the cold period (1991 to 1999). The model was also run for the Labrador Shelf

during the same warm and cold periods, however, the Shelf data were sparser. To



investigate the sensitivity in Hamilton Inlet of the plankton dynamics in the mixed-layer
to changes in freshwater flow, data from before and after the hydroelectric development
was used to force the ecosystem model. The model was run for both Hamilton Inlet and
the Labrador Shelf over the same time periods. The models were verified against
biological and chemical data obtained from the Bedford Institute of Oceanography (BIO)
database, the Continuous Plankton Recorder program (CPR), the Coastal Zone Colour
Scanner program (CZCS), studies by industry, and results from other similar model
studies.

This modeling investigation will attempt to determine the sensitivity of the
seasonal plankton dynamics to changes in salinity gradients as a result of climate change
in the Labrador Sea and Shelf and as a result of freshwater flow changes in Hamilton
Inlet. The model estimate of plankton production can then be used to predict possible
impacts on fish production. However, the relationship between primary production and
fishery production remains poorly understood (Tian ez al., 2001). Generally high
phytoplankton production in the Labrador Shelf region supports important marine
ecosystems and commercial fisheries. The coastal zone which only makes up 20% of the
global oceans accounts for half of the global marine primary production (Tian ez al.,
2001). As aresult, most of the world fisheries are located on the coasts (Tian et al.,
2001). Recent dramatic declines of ground fish stocks have highlighted the need to
understand natural and anthropogenic variations on the Labrador coast (Loder et al.,
1995). Several studies have investigated the affect of climate changes in the Labrador

Sea and Shelf on fish production (e.g. deYoung and Rose, 1993; Drinkwater, 1994,



Taggart et al., 1994, Rose et al. 2000). There were also concerns about hydropower
development on the Churchill River affecting fish stocks in Groswater Bay (Saunders,
1981). It is hypothesized that increased freshwater discharge to Lake Melville and
regulation of Churchill River discharge resulting from hydropower development may
result in significant changes to the nutrient budget, to the circulation and to entrainment
of nutrients, which may therefore alter the plankton ecosystem in Hamilton Inlet. There
was one study completed by Bobbitt and Akenhead (1982) to investigate the influence of
changes in discharge from Churchill River on the oceanography of Groswater Bay. They
concluded that variations in freshwater flow did not significantly alter the water
properties in Groswater Bay. This conclusion was based on measurements from June to
August in early 1950s and August 1981. However, the question remains how does the
plankton ecosystem respond to the variability in freshwater flow? Also, it is
hypothesized that the climate changes over the Labrador Sea that significantly altered the
temperature, salinity and the mixed-layer, will affect the seasonal plankton dynamics. In
summary this modeling study will attempt to determine whether:

1. The Churchill River significantly contributes to the nutrient budget of Hamilton
Inlet, which may affect the abundance and seasonal dynamics of the planktonic
ecosystem in Hamilton Inlet and the Labrador Shelf.

ii.  The Churchill River flow significantly contributes to the circulation and
entrainment of nutrients in Hamilton Inlet, which may affect the abundance and
seasonal dynamics of the planktonic ecosystem in Hamilton Inlet and the
Labrador Shelf.

1i.  Past climate change events affect the abundance and seasonal dynamics of the

planktonic ecosystem in the Labrador Sea and Shelf.






1.2. Physical and Biological Processes: Each Region

1.2.1. Labrador Sea

The Labrador Sea is located south of the Davis Strait, between the Canadian east
coast and Greenland, and north of the oceanic polar front. The Sea is bounded on almost
all sides by; the West Greenland Current, the Labrador Current and the North Atlantic
Current (Figure 1.2). The West Greenland and Labrador Currents are narrow (~100 km),
strong (~40 cm/s at the surface) and travel along the continental slopes (Lazier, 1982;
Myers et al., 1990; Lazier and Wright, 1993; Colbourne, 2000). The North Atlantic
Current, to the south, is an eastward extension of the northern branch of the Gulf Stream
(Lazier, 1980). Away from the boundary currents, in the center of the Labrador Sea, flow
is much slower and is on average cyclonic. The top 1500 m water mass is a mixture of
cold, fresh, polar water transported south by the Labrador Current and warmer, saltier
water transported by the West Greenland Current (Lazier, 1980) from the Irminger Sea.
The surface layer of the Labrador Sea has relatively high temperature and salinity values,
despite the significant freshwater inputs to the sea from precipitation, ice melt, and river
runoff. At depths below 1500 m, the North Atlantic Current transports warmer water to
the Labrador Sea. There are three major water masses in the Labrador Sea; two are in the
deep layer, the North West Atlantic Deep Water (NWADW) and the North East Atlantic
Deep Water (NEADW) and in the intermediate layer, the Labrador Sea Water (LSW)
(Figure 1.3). The NWADW is the deepest and densest water mass in the Labrador Sea

and it is composed mainly of Denmark Strait Overflow Water (DSOW). The NEADW



lies above the NWADW and has warmer temperatures and a local salinity maximum.

The LSW occurs at mid depths across the North Atlantic north of 40°N and can reach
depths of 2000 m (Myers et al, 1990). The LSW is weakly stratified, fresher, and colder
at 34.83 ppt and 2.8 °C respectively and has a low potential vorticity relative to its
surroundings (Figure 1.3). The LSW is formed in the Labrador Sea as a result of deep
winter convection, which is discussed in detail in the next section. However, Pickart et al.
(2003) contested this statement and showed evidence that LSW can also be formed in the

Irminger Sea.
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Figure 1.2: Circulation schematic with the depth of the 27.6 isopycnal in the
early winter. Includes: The warm and salty circulation branches of the North
Atlantic Current (solid arrows) and Irminger Sea Water (ISW) (dashed
arrows), and the near surface, cold and fresh East/West Greenland and
Labrador Current (open arrows) (Modified from The Labrador Sea Deep
Convection Experiment, 1998).
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the surface buoyancy forcing exceeds a critical level. This leads to mixing of the water
column and the surface layer deepens, forming a homogeneous column of water to a
certain depth. Once the surface forcing subsides, convection ceases and the deep column
of water begins to decay, breaking into fragments and restratification occurs. There can
be surface restratification after just a few days, while the column volume as a whole can
restratify within a few weeks (The Labrador Sea Deep Convection Experiment, 1998).
Surprisingly there are very few locations where open-ocean deep convection is known to
occur. The locations for offshore deep water formation are the Northwest Mediterranean
and in the polar regions; in the southern hemisphere in the Weddell and Ross Seas off the
Antarctic coast (where Antarctic Bottom Water is formed) and in the northern
hemisphere in the Labrador and Greenland Seas (where North Atlantic Deep Water is

formed) (The Labrador Sea Deep Convection Experiment, 1998).

The Labrador Sea is an ideal site for convection since there is strong atmospheric
forcing, the stratification beneath the surface mixed-layer is weak, there is no ice cover,
and the deeper water is brought towards the surface by cyclonic circulation where it can
be directly exposed to the surface forcing. In the Labrador Sea, convection occurs
during late winter (February/March) and in recent years has penetrated down to 2000 m,
which makes this Sea one of the most extreme deep ocean convection sites in the world
(The Labrador Sea Deep Convection Experiment, 1998). The most intense deep
convection is probably near the Labrador Shelf slope where heat loss from the cold

continental winds is most intense.
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b) Annual Cycle

There are annual variations of salinity and temperature in the Labrador Sea. The
greatest variation is near the surface, where as below 200 m the annual variation
decreases rapidly. The annual cycle of surface salinity and temperature tends to stabilize
the water column in summer and destabilize it in winter (Lazier, 1980). The magnitude
of the seasonal variation in temperature in the central region of the Labrador Sea is
approximately 6 °C at 10 m, 1.5 °C at 100 m and 0.2 °C at 1000 m (The Labrador Sea
Deep Convection Experiment, 1998; Yashayaev, 2002). The salinity changes from
summer and winter at 10 mis 0.2 - 0.3%o (Lazier, 1980). The surface mixed-layer, which
is related to surface heat flux, stratification, and sea-ice, increases through the winter
reaching a maximum in late March but by the end of April it is reduced to 50 m (Tang er

al., 1999).

¢) Climate Changes and the Labrador Sea

The Labrador Sea is an important location for monitoring climate change since in
winter there is a large upward heat flux at the sea surface. The Labrador Sea plays a key
role in the climate dynamics of the North Atlantic since; i) it has the freshest and coldest
water conditions relative to the surrounding waters; ii) it is a major source of intermediate
water for the North Atlantic; iii) its great volume makes it a more stable reservoir for
climate monitoring; and iv) the two deep layer water masses NWADW and NEADW
carry signals from their source in the Nordic Seas (Yashayaev, 2002). The North Atlantic
Oscillation (NAO) is used as a climate change indicator and is a measure of the strength

of the cyclonic circulation and climate variability (The Labrador Sea Deep Convection
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Experiment, 1998). The NAO measures the wintertime sea level pressure difference
between Iceland and the Azores. When the NAO index is high, this indicates there is
greater cyclonic flow over the North Atlantic and therefore greater circulation of cold
Arctic air, stronger storms and hence more heat loss from the sea surface. When the
NAO index is low, the opposite is true with an expected reduced heat loss from the sea
surface. The NAO index shows a minimum in the 1960s, after which there have been
strong oscillations with approximately a 10 year period trend. The peaks in the NAO
index occurred in the late 1940s, early 1970s, the mid 1980s, and the 1990s. Between
1948 and 1950 the severe winters lead to extreme heat loss of the ocean and deep
convection to approximately 2000 m (Myers et al., 1990). In 1957 and 1972 a similar
event occurred in the central Labrador Sea in which convection occurred to about 1500 m.
Again during the 1990s the NAO was at an all time high over the last 50 years, the LSW
mass became quite large and convection reached depths of 2300 m in 1993 and 1994, the
deepest convection ever recorded (The Labrador Sea Deep Convection Experiment, 1998;
Yashayaev, 2002). During the 1990s, the Labrador Sea became 0.6°C colder and 0.05 %
fresher relative to the late 1960s (Yashayaev, 2002). Yashayaev (2002) reported a long-
term cooling of the top 300 m between the1930s and 1980s of 1°C, and warming between
1984 and 1999. The warming trend was interrupted by a period of cooling between 1988
and 1994. Dickson et al. (1988b) reported on the Great Salinity Anomaly, a freshening
of the upper about 500 m of the North Atlantic in the mid 1960s. He concluded that
atmospheric conditions caused the transport of a significant amount of Arctic ice out of

the Arctic, which combined with melting, resulted in low salinity values in the Labrador
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Sea between 1969 and 1972. This addition of freshwater to the surface layer of water
restricted the deep winter convection to 200 m in 1969-1971 (Lazier et al., 2002). Lazier
and Wright (1988) reported on a great salinity anomaly of the deep waters of the
Labrador Sea in 1967 and 1968. The lowering of salinity, due to the increased freshwater
volume, led to stronger stratification thereby reducing vertical mixing and preventing
deepening of the mixed-layer and deep convection. Therefore, the strong convection may
partially be due to severe winter weather indicated by the NAO index, but may also be
due to the currents and the freshwater cycle. Tang et al. (1999) reported that a decrease
in surface salinity by 1% reduces the mixed-layer depth by 17 to 55%. An increase in
wind speed by 40% and decrease in air temperature by up to 4°C, typical of severe winter

conditions, doubles the mixed-layer depth.

1.2.2. Labrador Shelf

The Labrador Shelf extends approximately between 200 and 300 km from the
coast and the maximum depth varies from 400 to 500 m. The major influences on the
Shelf are the Labrador Current, surface heating, and ice. Other important influences
include winds and freshwater (Loder et al., 1998). The Labrador Current is concentrated
over the break and upper slope of the Shelf with a small branch on the inner Shelf. About
80% of the flow past Labrador is concentrated over the 600-800 m isobaths on the slope
and acts as a barrier between the Shelf and offshore waters beyond the 2000 m isobaths
(Lazier, 1982). The Labrador Current is made up of subpolar water from three sources; 1)
the East-West Greenland Current which flows westward; ii) the Baffin Island Current

flowing south through the Davis Strait and a small volume through the Hudson Strait; and
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iii) outflow from the Hudson Strait. The heat source for the Shelf water varies seasonally;
in summer surface heating is dominated from solar radiation while in winter cooling is
dominated by heat loss to the cold atmosphere (Loder et al., 1995).

Sea-ice forms on the Shelf and alters the hydrodynamics, temperature, salinity
and deep-water formation and serves to partially insulate the ocean. Sea-ice on the Shelf
is enhanced by winter cooling, wind, and the Labrador Current, which carries cold water,
sea-ice, and icebergs (Loder et al., 1998). Sea-ice begins to appear on the northern
Labrador coast in November and remains throughout the winter and early spring. Before
the ice arrives the mixed-layer deepens due to the winds and surface cooling. The mixed-
layer shallows when the ice cover begins due to the increased buoyancy created by ice
melt (Tang and DeTracey, 1998). However, there is little change in mixed-layer depth
once the water is covered by ice. Tang and DeTracey (1998) showed that for a 120 m
transect across the Newfoundland Shelf the mixed-layer decreased from 80 m in the
interior of the pack ice towards the inner Shelf to 25 m at the eastern edge of the Shelf
and ice edge. In comparison the open ocean mixed-layer depth with no ice coverage was
150 to 200 m.

The freshwater input to the Shelf comes from the Hudson Strait, continental
runoff, melting of Greenland ice cap and ice flows. There have been a few studies on the
influence of freshwater input on the Shelf. Tang and DeTracey (1998) investigated the
variation in the mixed-layer, heat and salt fluxes, and ice melt across the Shelf caused by
ice conditions. Sutcliffe et al. (1983) investigated the nutrient flux from the Hudson

Strait and the biological consequences. A recent study expanded on Sutcliffe’s work to

16



investigate the effects of the Hudson Strait outflow on the biology of the Labrador Shelf
(Drinkwater and Harding, 2001). Drinkwater and Harding (2001) tested whether the
Hudson Strait influences primary production on the northern Shelf and if this production
initiated a food chain that is advected southward. They found that production on the
southern Shelf is more supported by local upwelling and on the northern Shelf, the
intense mixing in the Hudson Strait of several water currents elevated the surface nutrient
concentrations.

Similar to the Labrador Sea intermediate layer water, the Shelf also has a fresher,
colder intermediate layer water (CIL). The CIL is water below 0°C found on the Shelf
during late spring to the fall. This CIL extends from the shore to the Shelf break (Figure
1.4). This layer of water remains isolated between the seasonally heated upper layer and
the warmer slope water near the bottom from the offshore. The CIL water is separated
from the warmer saltier water of the continental slope by a frontal region denoted by a
strong horizontal temperature and salinity gradient near the edge of the Shelf (Colbourne
and Fitzpatrick, 2002). During the early 1970s and 1990s, corresponding to the cold
period and deep convection in the Labrador Sea, the area of the CIL on the Shelf reached
record highs. Also, lower salinities were reported in the Labrador Current in 1971 and
1972 at the same time that they were also reported for the Labrador Sea at OWS Bravo

(Lazier and Wright, 1993).
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slope changed very little from summer values at 50 m. The salinity gradients in
December over the surface layer on the Shelf were much smaller than in summer, most
likely due to the reduced run-off. The vertical gradients of temperature and salinity show
a distinct annual cycle. Salinity increased with depth over the entire year with a
minimum in July and August at the surface below 31 psu as compared to over 33 psu in
winter. Seasonal changes in temperature are more complex, the surface temperature
reaches a minimum of —1.5°C in winter and a maximum of around 7°C in August. The
temperature at 50 m follows the same pattern but with a time delay where the maximum
occurs in October and the minimum in March (Lazier, 1982). In the winter the mixed-
layer can reach 200 m (Lazier and Wright, 1993). In summer, the mixed-layer depth is

quite shallow due to the solar heating and the ice melt, thereby lowering salinity.

1.2.3. Hamilton Inlet

Hamilton Inlet is the largest inlet along the Labrador coast situated at 54°N and
between 60.5°W and 57°W (Figure 1.5). Three bodies of water, Goose Bay, Lake
Melville and Groswater Bay make up the Hamilton Inlet. Groswater Bay is open to the
Labrador Shelf. It is about 55 km in length and constricts into a narrow shallow area
about 2.8 km in width, 30 m in depth and 22 km long, called The Narrows at the entrance
to Lake Melville. The Lake is approximately 170 km long with a maximum width of
over 35 km and average depth of 86 m with a maximum basin depth of over 200 m.
Goose Bay is 22 km long, with a basin depth of over 60 m. There are 4 major rivers
which discharge into the Inlet, Northwest River, Kenamu River, Goose River and the

largest river, the Churchill River (Bobbitt and Akenhead, 1982) (Figure 1.6).
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controlled by the amount of seawater transferred to the upper layer by entrainment. This
seaward flow of fresher water and the compensation current below is referred to as
estuarine circulation (Figure 1.7). Typically strong stratification exists where the salinity
increases with depth. The freshwater inflow tends to cause greater stratification while
winds and tidal currents tend to break down stratification. The strong stratification resists
the exchange of momentum and reduces the vertical mixing. Mixing and entrainment
between layers is often the result of internal waves.

There are several classifications of estuaries. Lake Melville is a fjord due to the
combination of the Lake deep basin and The Narrows, which creates a sill restricting the
water flow between the Lake and Groswater Bay. The small cross sectional area of The
Narrows in relation to the large size of the Lake causes the Inlet to be classified as a
landlocked fjord (Bobbitt and Akenhead, 1982). One major influence on Lake Melville
circulation is expected to be internal tidal motion since the sill extends to the stratified
layer. The Narrows causes a choking effect of the Lake, reducing the height of the tide in
the Lake; the tides in Groswater Bay are 1.3-2 m and the tides in Lake Melville are 0.2-
0.5 m (Bobbitt and Akenhead, 1982). In a fjord, estuarine circulation resulting in
nutrient entrainment is restricted to the shallow surface layer above the sill. There are
typically three distinct layers in a fjord; the upper layer with a mix of freshwater over
seawater, the middle layer is seawater influenced by tides and the bottom layer contains
stagnant water, or water that is periodically renewed. The deep water is replaced when
water flowing in over the sill is denser than the water in the basin. The water density

coming over the sill fluctuates with tidal current, wind, and runoff. In the spring for






The balance between freshwater discharge and ocean currents is important to
primary production since it results in strong stratification and upwelling of nutrients, this

relationship is discussed in the next section.

b) Description of Productivity of an Estuary

Without dissolved nutrients in the surface layer, phytoplankton production could
not occur. Estuary circulation causes a nutrient flux, which traps nutrients in the estuary.
The freshwater runoff alone usually provides little nutrients to the estuary. The major
contribution to the nutrient content is most often from ocean currents. Tides carry
oxygen and nutrients into the estuary. If vertical mixing occurs, some nutrients become
trapped, and the nutrients are not carried back out to sea and instead they circulate within
the estuary. The turbulence or counter current that occurs between the two layers of sea
and fresh water causes the two layers to mix and therefore entrainment of nutrients occurs
in the surface layer. Also, the renewal of deeper waters during winter in the estuary
causes nutrients to become suddenly available again in the surface layer. Thus, itis
important to have a balance between freshwater discharge and ocean currents, resulting in
stratification and entrainment of nutrients, which contribute to primary production.
Estuaries are considered areas of high productivity since they trap nutrients making them
important to the fishery industry. It has been shown that larvae can adapt to the
circulation pattern in an estuary in order to maximize food intake and survival (Mann and
Lazier, 1996). For example, in the St Lawrence River a correlation was found between
river run-off and lobster and halibut landings (Sutcliffe, 1972, 1973). He showed that as

discharge increased, entrainment increased, increasing primary production and causing
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greater survival of larvae. A greater survival of the larvae resulted in an increase of
halibut and lobster catch 9 to 10 years later.

River discharge is therefore important to productivity in estuaries in the following
ways:
- Rivers may contain certain important substances for productivity
- Rivers contribute to entrainment and surface layer mixing, making nutrients available

for primary production in the surface layer

- Rivers may regulate the thickness of the surface layer, controlling the available light

for primary production

¢) Annual Cycle

There are few studies of the seasonal cycle of physical and biological conditions for
Hamilton Inlet. There have also been a few studies in winter of the Lake ice conditions
and studies of river flow. FENCO Newfoundland Ltd. completed the Lake Melville
Freeze Up study during 1981 to 1982. They found that the Lake begins to freeze in late
December and was completely frozen over by December 29, 1981. The Lake remained
ice covered until early April when the spring thaw commenced, and the Lake was free of
ice by June 11, 1982. The ice cover causes changes in the water properties since the
surface waters are no longer exposed to wind, solar input is reduced and ice melt occurs.
The Memorial University, Lake Melville Ice Research study in 1973 found that after ice
cover the upper 20 m of Lake Melville had become fresher, colder and the thermocline

was reduced by a half from 18.3 m to 9 m.

25



The river flow into the Inlet has a distinct seasonal cycle. In January the river flow is
less than 1000 m¥/s, in April the flow begins to increase and reaches a maximum in June,
after which it decreases back to below 1000 m*/s by end of December. This seasonal
cycle has been changed due to hydroelectric development, which has regulated the river
flow. The regulated river flow increases the flow in winter and decreases the flow over
spring and summer resulting in a less pronounced seasonal cycle (Hydro Lower Churchill
Development Corporation Ltd., Environmental Impact Statement, 1980). The details of

the hydroelectric development are described in detail in the next section.

1.3.  Churchill Falls Hydroelectric Development and
Impacts

The study of Hamilton Inlet is helpful in the economic development of the area
and determining the environmental risk of these developments. Currently there exists
one hydroelectric generating station at Churchill Falls, which was completed in 1971.
There was no dam constructed but instead a series of dykes to divert water. Hundreds of
existing lakes and bogs were linked with dykes to form the Smallwood Reservoir from
which water is released through control structures. A section of the Churchill River was
diverted in a new course along a series of lakes parallel to the original riverbed in order to
supply the power plant, descending over 300 m (Bobbitt and Akenhead, 1982). Excess
water is released through the Jacopie spillway and allowed to flow along the original
route. The drainage area into the Inlet was increased by approximately 11,400 km®

through the construction of dykes at Orma and Sail Lakes. These dykes divert water
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from the Naskaupi River, which eventually flows into Lake Melville, and Kanairiktok
River which does not flow into Lake Melville. Therefore, the diversion of the water
from Kanairiktok River increased the total amount of freshwater inflow to Lake Melville
(Bobbitt and Akenhead, 1982). This increased inflow has the potential to change the
Lake circulation and therefore the coastal ecosystem. Bobbitt and Akenhead (1982)
showed that even though the freshwater content increased, the salinity in the upper 30 m
actually increased by 1 to 2 ppt when comparing results from before and after the
development in August 1952 and 1981. This increased salinity was caused by lower
discharge rate from the Churchill River, resulting in lower discharge from Lake Melville
into Groswater Bay.

It is now proposed to build further hydroelectric stations in the lower Churchill
River at Gull Island and Muskrat Falls (Hydro Lower Churchill Development
Corporation Ltd., Environmental Impact Statement, 1980). This could cause greater
changes in the water circulation and properties of Hamilton Inlet and has the potential to
influence the fish and fisheries. Hydroelectric developments have impacted the
environment worldwide. For example, on the Dnieper River, which flows to the Black
Sea, construction of a dam caused a change in the pattern of seasonal discharge
(Tolmazin, 1985). The spring discharge rate was reduced and the discharge became
sporadic throughout the year. This resulted in a $3.8 billion loss to the fishery industry.
Saunders (1981) showed that codfish and capelin were present in Groswater Bay,
however, 70% of the fisherman interviewed felt changes of flow of the Churchill River

was to blame for the cod stock decline in Groswater Bay.
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1.4. Fish Populations

Historically northern cod spawns from Hamilton Bank south to the Grand Banks
(Hutchings, 1996). In the past there have been reports of northern cod present in
Groswater Bay (Saunders, 1981; Bobbitt and Akenhead, 1982; deYoung & Rose, 1993;
Hutchings, 1996). The fish species present in Hamilton Inlet are mostly in early stages of
development from spawning in offshore waters. Northern cod are one of the most
important fish to the fisheries industry in the area. The Labrador cod spawn on the
Labrador Shelf and migrate in the summer to the Labrador coast. It is believed the
Labrador population is the most important to the fisheries because its more northerly
distribution provides the best location from which to generate high levels of recruitment.
It may also be the most vulnerable location to changing ocean conditions (deYoung and
Rose, 1993).

Over the past fifty years, many fish stocks have declined in the North Atlantic.
Over fishing is the primary cause for the declines, however, climate variability has also
been proposed as a factor (deYoung and Rose, 1993; Hutchings and Myers, 1994; Rose et
al., 2000). Over fishing has been widespread since 1950 and caused a severe decline in
northern cod. Over fishing reduced the harvestable stock in the North Atlantic by 3
million tons from 1960 to 1992. The spawning biomass declined from 1.6 million tons in
1962 to 22,000 tons in 1992 (Hutchings and Myers, 1994). Adult cod shifted their
distribution southward in the late 1980s and early 1990s and northern cod have become
commercially extinct in the most northerly portion of their former range off Labrador

since the 1960s (deYoung and Rose, 1993; Rose et al., 2000). The period of decline of
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northern cod has been accompanied by substantial changes and variability in the
environment in the Northwest Atlantic (Rose et al., 2000). Over the last 30 yrs there was
a -0.25°C per decade change in Northwest Atlantic temperatures (deYoung and Rose,
1993). deYoung and Rose (1993) proposed that the decline of northern cod is unlikely to
have been caused solely by fishing and there may be a link between ecosystem changes
and population response due to the disproportionate decline in abundance in the Labrador
region. It is believed that cold-water temperatures influenced the spatial patterns of cod
movements, spawning locations, and the resultant survival of their progeny. For example,
there was a major decline in capelin, the major food for cod, off Labrador in 1989 just
before the southern shift of cod (Rose et al., 2000). However, Hutchings and Myers
(1994) rejected the hypothesis that cod collapse is due to environmental change. They
found water temperature was not associated with cod abundance or with adult distribution
by depth and concluded that cod collapse was due solely to overexploitation. Drinkwater
(1994) concluded that the decrease in spawning stock biomass of several commercially
important fish species is largely attributed to over fishing, but is also related to
environmental conditions.

The interest for this study is in the effect of climate change and river flow changes
on the ecosystem, in particular plankton and fish, which spawn on the Labrador Shelf.
There are two ways to look at fish population response to climate variability. Are fish
populations affected directly by changes in the ocean conditions or are the effects
propagated through the foodweb? Most likely, both effects are important and studies

have shown examples of both (e.g. Denman et al., 1998). This study will focus on fish
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population response to climate variability by propagation through the foodweb. The
longest record of changes in marine life is associated with commercial fishing.
Interpreting changes in fish populations is difficult since both natural causes and over
fishing affect abundance. Also, the life span of many fish species is such that variations
in abundance must be investigated over several years of environmental forcing (Planque
and Taylor, 1998). On the other hand, plankton species have shorter life cycle and are
not yet commercially exploited, which makes the study of their response to climate
change more feasible. Also, the effects of climate on plankton can be transferred from
plankton to higher trophic levels like fish (Aebisher ez al., 1990). For example, changes
in plankton of the North Sea have been used to forecast repeatedly the conditions for the
growth pelagic fishes (Pavshtiks, 1968; Carlotti and Radach, 1996). Long-term
connections between climate and plankton have been studied in the North Atlantic with
the Continuous Plankton Recorder Program (e.g., Colebrook, 1978; Cushing, 1990;
Taylor, 1995). Also, Planque and Taylor (1998) investigated links to changes in the Gulf
Stream signal and the relationship of the NAO index to variation in zooplankton in the

North Atlantic.

1.5. NPZ Models

Existing observations throughout the Labrador Sea and Shelf are inadequate to
determine the effects that oceanic and climate variability have on the marine ecosystem.
Therefore, it is necessary to apply biological and physical models. To simulate the

seasonal response of the planktonic ecosystem to river flow and climate variability, a one
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dimensional coupled mixed-layer and planktonic ecosystem model is used. The
ecosystem model used is the 4 compartment nutrient-phytoplankton-zooplankton-detritus,
NPZD, model of Denman and Pena (1999) forced with solar radiation, initial nitrate
concentration and mixed-layer depth determined from historical salinity, temperature and
density. The NPZD model is coupled with a one-dimensional mixed-layer model. The
NPZ model was developed to study biogeochemistry in the ocean after methods to
measure photosynthetic pigments and concentrations of chemicals in the ocean were
developed (Steele, 1998). NPZ models were first applied by Riley (1946) and are
considered a common tool in oceanographic research (Franks, 2002). They use a set of
coupled differential equations to represent planktonic ecosystems. The main criteria in
order to accept the model simulation as a description of the system in question is to
obtain good agreement with observations. In recent years satellite derived data has
provided more opportunities to apply NPZ models, offering data both to initialize and to
verify the models. For example, Fasham et al. (1990) expanded on the simple NPZ
model using 7 state variables coupled with a model of Atlantic circulation and simulated
the productivity, and compared the output as chlorophyll with remotely sensed ocean
colour. There have been few ecosystem models developed for the Labrador Sea and
fewer for coastal Labrador, perhaps due in part to the lack of a continuous, long term data
series. Recently Tian et al. (2004) have developed a physical-biological coupled model
for the Labrador Sea, which included winter convection, food web dynamics, chemical
fluxes and active export through zooplankton vertical migration. The model was used to

investigate export of biogenic carbon and nitrogen and found that DOC export by vertical

31



convection dominated over sinking particulate and active export. In another study by
Tian et al. (2004) a physical-biological coupled model was used for the Labrador Sea
which included microbial food web dynamics (phytoplankton, microzooplankton, detritus,
DOM and bacteria), and mesoplankton food web (phytoplankton, mesoplankton and large
sinking particles). The model was used to examine the sensitivity of biogenic carbon
export to oceanic climate in the Labrador Sea. Trela (1996) developed an ecosystem
model to simulate the annual cycles of mixed-layer properties that control the air-sea
exchanges of CO,. These controlling properties included temperature, salinity, alkalinity,
dissolved inorganic carbon, nutrients, phytoplankton and zooplankton. The results reveal
that the annual cycles of N, P, and Z have a single peak bloom period of P and Z, and
nutrients are mostly constant until summer when they are almost depleted corresponding

to the spring bloom.

1.6. Approach to Problem

This modeling investigation will attempt to determine the sensitivity of the
seasonal plankton dynamics as a result of climate change in the Labrador Sea and Shelf,
and freshwater discharge changes in Hamilton Inlet and Labrador Shelf. This work is
motivated by the correlation that has been found between the climate variability and fish
stock fluctuations in coastal Labrador (deYoung and Rose, 1993; Rose et al., 2000).
There has also been concern that the change of freshwater discharge to Hamilton Inlet
was to blame for the cod stock decline in Groswater Bay (Saunders, 1981). In order to

investigate how changes in the physical environment affect fishery production at high

32



trophic levels it is necessary to understand the effects on production at the lower trophic
levels since plankton are a major food source for juvenile fish (Li et al., 2000). Therefore,
this study will focus on the lower trophic level, the plankton. Because of the complexity
of the foodweb system and the lack of long-term continuous biological observations in
the Labrador region, it is necessary to use a coupled biological-physical model to predict
plankton response to the physical forcing. The model estimate of plankton production
can then be used to predict the fish production. The biological model is a four
compartment NPZ model consisting of nutrients N, phytoplankton P, zooplankton Z, and
detritus D developed by Denman and Pena (1999). This model was coupled with a one-
dimensional mixed-layer model driven by solar radiation, density and nitrogen
concentration in deep water. The model was run in the Labrador Sea and Shelf for
periods that had different environmental conditions due to climate variability. The model
was also run for Hamilton Inlet for the period before and after the hydroelectric
development to determine the effects of changing freshwater discharge. Historical
temperature, salinity, density, nitrate, chlorophyll, ice thickness, and cloud cover data
were collected from the three regions, the Labrador Sea, LLabrador Shelf and Hamilton
Inlet, for these periods. The Labrador Shelf and Sea have more historical data available
including satellite data and other model studies. The Labrador Sea 1968 data were used
to determine parameter values and model sensitivity to the parameters. Due to the lack of
data in the Inlet it was decided to run the model just outside Groswater Bay on the

Labrador Shelf to help verify the modeled plankton dynamics. The model is verified
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using results from other models from the literature, historical observations of chlorophyll

and satellite-derived data for each region.

1.7. Outline of Thesis

Chapter 2 gives a description of the meteorological and oceanographic data from
each region required for the model simulations and model validation. Chapter 3
describes the models used, the parameters used, and the sensitivity of the model to the
parameters. Model simulations and results for each region are presented in Chapter 4 as
well as a discussion of model results in relation to observations and a comparison of the

results from each region. Chapter 5 presents a summary of the findings.
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CHAPTER 2
Data for model runs and model validation

Physical and biological data were obtained from various sources for the three
study regions: The Labrador Sea, Labrador Shelf and Hamilton Inlet. Historical data
were primarily obtained from studies completed by industry and from the Bedford
Institute of Oceanography (BIO) database. The studies by industry are generally specific
to each region and described in the sections below. The BIO database is currently being
expanded to include biological and chemical data building on the primarily physical data
archive begun by the Marine Environmental Science Division (MESD). This database
not only contains data collected by the MESD, but also those sent to the Marine
Environmental Data Service in Ottawa, the National Oceanographic Center (NODC) in
Washington, as well as data recovered from universities, consulting firms, and other
groups. The database includes nitrate, nitrite, ammonium, urea, total nitrogen, silicate,
phosphate, chlorophyll, phaeophytin, dissolved oxygen, temperature, salinity, particulate
organic carbon, particulate organic nitrogen and suspended particulate matter data. The
geographic limits for the database are from 35° — 90° N and 40° — 90° W, thus
incorporating all three region for this study (Petrie et al., 1999). By far the most
extensive data are for nitrate, phosphate, temperature and salinity, which are used in this
study. The chlorophyll data is less extensive. The data obtained from the database
includes the years 1928 to 2001 for depths up to 4000 m in the Labrador Sea. This
database is available in part to the public through the Department of Fisheries and Oceans

(DFO) website (www.mar.dfo-mpo.gc.ca/science/ocean/home.html). Data for each region
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was obtained from this website and also from personal communication with B. Petrie and
K. Drinkwater (BIO). Some of the studies in the Labrador region that are a part of this
database include temperature and salinity time series from 1951 to 2001 on Hamilton
Bank on the Labrador Shelf (Colbourne, 2002).

In 1976 the International Commission for the Northwest Atlantic Fisheries
(ICNAF) established standard oceanographic stations along transects in the Northwest
Atlantic from Cape Cod (USA) to Egedesminde (Greenland). Several of these stations in
Newfoundland have annual oceanographic surveys conducted by the DFO. The
transects included in this study are the Makkovik Bank and Seal Island transects on the
Labrador Shelf (Figure 2.1) (Colbourne, 2002; Pepin and Maillet, 2002). Another study
starting in the early 1960s by BIO conducted experiments on photosynthetic production
versus light intensity for natural phytoplankton populations in the Northwest Atlantic
north of 50° N on the Labrador Shelf and in the Labrador Sea (Irwin et al., 1978, 1986,
1989, 1990). Additionally, an oceanographic sampling program was conducted at the
Ocean Weather Station Bravo (OWS-B) located near the center of the Labrador Sea at
56°30N, 51°00W (Figure 2.1). Extensive temperature and salinity data were collected

from January 1964 to January 1974 down to 1500 m (Shuby, 1969, 1974; Lazier, 1980).
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2.1. Continuous Plankton Recorder

An important source of phytoplankton bloom data was from the Continuous
Plankton Recorder Program from 1959 until 1986 in the Northwest Atlantic (Myers et al.,
1994). This study determined long term biological changes in the ocean. There were an
enormous number of samples collected, more than 17000 west of 40°. The recorder
sampled at an average depth of 6.7 + 1.7 m along standard routes while towed by a ship.
One route passed through the Labrador Shelf region corresponding to the NAFO division
2] and the other route was in the Labrador Sea in a region called LS1 (Figure 2.2). The
data are reported as phytoplankton colour (Myers et al., 1994), therefore absolute
abundance cannot be determined. However, the data do show the seasonal pattern of the
phytoplankton cycle in the Labrador Sea. The seasonal cycle for phytoplankton in LS1 is
a single sharp spring peak with a smaller fall peak, and copepods have only the spring
peak (Figure 2.3). The phytoplankton bloom begins in April and reaches a maximum in
June. The copepod cycle also begins in April but reaches a maximum slightly later, in

July.
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Figure 2.3: Monthly mean of phytoplankton colour and total copepod count from the
Contin )us Plankton Recorder Program from 1959 to 1986 in the NAFO 2J and LS1
regions on the Labrador Shelf and in the Labrador Sea respectively. A) Phytoplankton
colour 2J, B) phytoplankton colour LS1, C) total copepod count 2J, D) total copepod
count LS1. Error bars represent the standard error of each mean. (Modified from Myers
etal., 1994).

40



2.2. Satellite Derived Data

The development of satellite ocean-colour sensors provided estimates of surface
chlorophyll concentrations by measurement of chloropigments (Hooker et al., 1992;
McClain et al., 1992; Aiken et al., 1995). This data made it possible to compare model
predictions of phytoplankton with remotely sensed ocean colour and has improved
validity of models. In addition, the sensors have provided data for large special regions
over the entire year. The data from the satellite are analyzed for ocean colour to
determine phytoplankton chlorophyll concentrations, a green pigment in phytoplankton
important in photosynthesis. Analysis of the spectral data from the satellite sensors
allows the concentration of phytoplankton to be determined. In the image, as the
concentration of phytoplankton pigments increases, ocean color shifts from blue to green
tored. In order to compute chlorophyll concentrations from remotely sensed ocean
colour, algorithms have been developed and are continuously refined (Hooker et al., 1992;
McClain et al., 1992; Aiken et al., 1995). However, satellite derived data have been
reported to over estimate and under estimate chlorophyll concentrations when the
standard algorithms are used, especially at high latitudes. This is due to the varying
absorption coefficients of phytoplankton caused by changes in species composition, light,
and nutrient conditions (Stuart et al., 2000). Therefore, caution should be taken when
relying solely on satellite derived chlorophyll concentrations to validate models.

For this study, two satellite ocean-colour sensors are used: the historical Coastal
Zone Colour Scanner (CZCS) and the newer, more sophisticated Sea-viewing Wide

Field-of-view Sensor (SeaWiFS). The data are available for the Labrador Sea and Shelf
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and not Hamilton Inlet. NASA developed the CZCS, which was launched on the
Nimbus-7 satellite in October 1978 and was the first Ocean Color space sensor. The

CZCS is no longer in use but during its 7 1/2 year lifetime (October 1978 - June 1986),
the satellite acquired nearly 68,000 images, each covering up to 2 million square
kilometers of ocean surface. The accuracy of each chlorophyll concentration computed
from the CZCS as compared to actual ship observations is roughly 30% (Campbell and
Aarup, 1992). To validate the model, the summarized CZCS data by Campbell and
Aarup (1992) is used. Campbell and Aarup (1992) used a series of 60 images between
January 1979 and December 1983 to produce monthly averages to represent one year.
The maximum chlorophyll concentration between winter and late summer in the
Labrador Sea varies between 1 and 10 mg/m3 (Figure 2.4 a). The Labrador Shelf has a
slightly higher concentration, between 3 and 10 mg/m3. The months in which these
maxima occur are July and August for the Labrador Sea and June or July on the southern
Labrador Shelf (Figure 2.4 b).

The second satellite ocean-colour sensor, which replaced the CZCS, also
developed by NASA, is SeaWiFS from which images are available for the Labrador Sea
and Shelf during the years 1997-present. SeaWiFS images and data were obtained from
BIO (B. Petrie, personal communication, BIO) for the Makkovik Bank Transect, Seal
Island Transect on the Labrador Shelf and the Labrador Sea Transect (Figure 2.5). The
chlorophyll is computed as bi-monthly means from 1997 to 2000. There are several gaps
in these data; there are virtually no data early and late in each year, especially for the

Makkovik Bay tra ect in which January to April is missing. The maximum chlorophyll
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Table 2.1: Bloom timing and mixed-layer depth in the North Atlantic. Observations from
inland seas and coastal regions are not included. Median values are estimated for each
range (Siegel et al., 2002).

Region (°N) Day of bloom Day of maximum Depth of mixed-
initiation (day) chl. concentration layer at time of
(day) bloom initiation (m)

35-40 13 99 127
40-45 33 117 181
45-50 82 143 205
50-55 112 163 146
55-60 129 173 147
60-65 134 178 185
65-70 137 173 22
70-75 143 172 192

Table 2.2: Timing of maximum chlorophyll concentration for the Labrador Sea and Shelf

from the literature.

Day of maximum chl. Period of data observation Reference from Literature
concentration (day)
173 Simulated and measured by Tian et al., 2004

Continuous Plankton Recorder
over several years

160 Simulated for 1966-1968 Tian et al., 2004
158 Simulated for 1969-1971 Tian et al., 2004
178 Simulated for the 1990s Tian et al., 2004
160-180 (June) SeaWiFS, 1997-2000 Afanasyev, 2001 and B.

Petrie (personal
communication, BIO)

160-180 (June)

Simulated over several years Trela, 1996

June, July, August

CZCS, monthly average, Jan. Campbell and Aarup, 1992

1979 to Dec. 1983 of
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2.4. Solar Radiation

Solar radiation varies daily and annually, and decreases with depth exponentially.
The clear sky incoming solar radiation is computed at each time step (1 day) using
equations from Igbal (1983) for each region based on a latitude of 56°N for the Labrador
Sea and 54°N for the Labrador Shelf and Hamilton Inlet, (see Appendix 1 for the
description of the equations used). To correct for the cloudiness and other losses from
transmission through the atmosphere, the equations from Platt ez al. (1990) are used. The
total shortwave radiation at the ground is given by:

I,=H,(1-YA F)[l-m-A0-F)]
where A, is the albedo of clouds at level i and the atmosphere above it; F;is the fractional
cloud cover at level i; #71 is the absorption by water vapour; A, is the albedo of the
atmosphere in the clear-sky fraction; H, is the extraterrestrial radiation on a horizontal
surface, and F is the daily cloud cover which is expressed as a fraction. H, is calculated
using the equations from Igbal (1983) and the units are MJ/day. Cloud cover is in units
of octas which can range from O to 8 octas. Therefore the partial fraction is computed by
dividing the cloud cover values by 8. Since the Labrador Shelf region used for this
study is directly outside Hamilton Inlet and they occur at the same latitude, the solar
radiation calculated for the Shelf is also used for Hamilton Inlet. Monthly cloud cover
data were obtained from the National Centers for Environmental Prediction/ National
Center for Atmospheric Research Reanalysis, obtained from the National Oceanic and

Atmospheric Administration (NOAA) Climate Diagnostic Center. The cloud data were

48



obtained for the region from latitude 53°N to 59°N to longitude 49°W to 59°W between
the years 1998 and 2001. The data were reviewed to determine the latitude and longitude
location with the most complete data set over a 12-month period, which could be used to
represent each region. The most complete cloud data sets are from latitude 53°N and
longitude 51°W used for the Labrador Sea and from latitude 53°N and longitude 55°W
used for Labrador Shelf (Figure 2.7). For the Labrador Sea, the year 2001 is used and for
the Labrador Shelf 1998 is used. In 2001 the average octas is 6.46 in the Labrador Sea
and 5.3 on the Labrador Shelf. Since the data are monthly, linear interpolation is used to
convert to daily values. No data on cloud type was available. There was only cloud

cover data. Therefore, a constant cloud albedo is used of 0.5 (Platt et al., 1990) and

Zi E is replaced with F. The value of 11 is set at 0.18 (Platt et al., 1990) and the

atmospheric albedo A, is calculated based on the equation from Platt et al., (1990)

assuming a Rayleigh atmosphere;

A =0.28/(1+6.43(sin d sin @ + cos J cos @))

where & is the solar declination, which is the angle of the line joining the centers of the

sun and earth to the equatorial plane in units of radians, calculated using the equation

from Igbal (1983) (Appendix 1) and ¢ is the latitude in radians.
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Figure 2.7: Cloud cover data for: A) Labrador Sea (53°N, 51°W) and B) the Labrador
Shelf (53°N, 55°W).

In addition to the effect of clouds, Hamilton Inlet also has ice cover, which is
another factor that reduces the transmission of radiation. To determine the albedo of the
ice cover, a correlation between ice thickness and albedo from Doronin and Kheisin
(1977) is used (Figure 2.8). Ice cover data for Lake Melv e was obtained from the
Lake Melville freeze up study during 1981 to 1982 completed by FENCO Newfoundland
Ltd (Figure 2.9). In 1981 the ice formation began December 19 and the Lake was totally
ice covered by December 29, at which time the ice thickness was between 20 and 40 cm

depending on the location on the Lake. Between January 7 and 9, 1982 the average
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thickness at several locations across the Lake was 40 cm. By March the average ice
thickness ranged from 80 to 100 cm. The spring thaw commenced in early April and the
Lake was free of ice by June 11, 1982.

A Butterworth 5™ order filter is used in MATLAB to smooth the annual average
incoming solar radiation. The normalized cutoff frequencies used is 4/183 and 8/183 for
Hamilton Inlet, where 4 and 8 are the cutoff frequency corresponding to 4 and 8 days
since the sample frequency is daily equal to a total of 366 days. The 183 is the Nyquist
frequency which is half of the sample frequency and is used to normalize the cutoff
frequency. The calculated annual average incoming solar radiation is 99 W/m? for
Hamilton Inlet, 147 W/m” for the Labrador Shelf and 130 W/m? for the Sea. This is
slightly higher than the annual average for short wave radiation values reported for data
collected between 1945 and 1974 at the Bravo station in the Labrador Sea in Ikeda (1987)
of 89 W/m? and in Smith and Dobson (1984) of 88 W/m?. This may be due to the

different models used to calculate the values.
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Part of this incoming solar radiation is reflected back from the sea surface due to
the sea surface albedo. A constant sea surface reflectivity of 6% is applied (Denman and
Pena, 1999). The remaining solar radiation entering the ocean is divided into a long
wave fraction of 60% and a short wave fraction of 40% (Denman and Pena, 1999). The
short wave fraction is known as the photosynthetically available radiation (Ipar) Which
supports primary production in the biological model. The calculated mean annual
average Ipagr is 37 W/m? for Hamilton Inlet, 55 W/m? for the Labrador Shelf and 49 W/m?
for the Sea. Both the incoming solar radiation and Ipag are shown in Figure 2.10 for all
regions. The value of Ipar for the Labrador Sea is very similar to that calculated using a
similar method by Denman and Pena (1999) of 48 W/m? for the ocean station Papa (50°N)

using a constant cloudiness of 7 octas.
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Short wave radiation and photosynthetically available radiation for Hamilton Inlet, Labrador Sea and Shelf
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Figure 2.10: Short wave radiation and photosynthetically available radiation, Ip,z for the
Labrador Sea (56°N), Labrador Shelf and Hamilton Inlet (54°N). The incoming solar
radiation is computed based on equations from Igbal (1983) and Platt e al. (1990). The
Ipar is computed as 40% of the total incoming short wave radiation.

2.5. Hydrographic Data

While there has been much analysis of hydrographic data for the Labrador Sea
and somewhat less for the Shelf; relatively little work has been published for Groswater

Bay and the Hamilton Inlet.

2.5.1. Labrador Sea

The data for the Labrador Sea model simulations and validation were obtained

from the literature studies, the BIO database (I. Yashayaev and B. Petrie, personal
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communication, BIO and www.mar.dfo-mpo.gc.ca/science/ocean/home.html), and
satellite imagery (Figure 2.11).

Historical temperature, salinity and density data from the BIO database were
summarized over a period from 1928 to 2000 by 1. Yashayaev (personal communication,
BIO) to study the long-term changes in the Labrador Sea. The data set was collected
from various locations across the Labrador Sea. This already formatted data set is used
to determine periods of high and low stratification levels. The model is then run for these
time periods to investigate biological changes. The plot using the data from
Yashayaev’s study reveals large annual and decadal variations in water mass properties.
Values of potential temperature, salinity, pressure and potential density are computed as
medians of all available measurements per year and plotted in pressure-time coordinates
(Figure 2.12). Yashayaev reported that extremely severe winters between 1987 and 1994
led to the formation of La ador Sea Water (LSW), which reached a depth of 2300 m.
This LSW was fresher, cooler and denser than any other water in the entire time period.
Following these intense v ters, in 1995 the convective mixing only reached 1000 m and
by 1996 the LSW was about half its original volume. Therefore, for this study the period
between 1992 and 1999 is chosen to represent a period of strong convection and 1968 is
chosen to represent a period of weak convection. These periods are also chosen on the
basis of availability of co nuous data.

The SeaWiFS satc  te data used to validate the model are bi-monthly
observations between 19¢ and 2003 (Figure 2.13). All the original data are plotted and

a bi-monthly mean is calc ited. It is evident that the value of chlorophyll maximum
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does vary from year to year. The maximum concentration of chlorophyll (approximately
15 mmol N/m?*) occurs during 2001 to 2003 The bi-monthly means are significantly
lower since they are based on bi-monthly measurements and algal blooms occur in time
scales of days. These maxima follow strong winter convection in the winter of 2000 and
2001, but not as strong as in the 1990s (I. Yashayaev, personal communication, BIO).

As well as using biological data collected by satellite imagery to verify the model,
data from the literature are also used. Table 2.2 summarizes the reported peak bloom
concentrations of chlorophyll from several literature sources and satellite derived data.
Values range from 3 mg chl/m? from the CZCS (Campbell and Aarup, 1992) and 19 mg
chl/m’ from the BIO primary Productivity experiments (Trela, 1996).

The BIO database contains both nutrient concentrations and physical data. The
density data from the BIO database are used to determine the mixed-layer depth and force
the model. The nitrate concentration data are used to validate the model and determine
the concentration in deep water to initiate the model, and the chlorophyll data are used to
validate the model. In 1 )8, the surface temperature maximum occurs in summer (July,
August) reaching about 8 and the minimum occurs in winter (January to March)
(Figure 2.14). Below 10 m the temperature is relatively stable between 3.7 and 3.5°C.

A minimum of salinity an density occurs in summer at values below 34.4 psu and 26.6
Op and a maximum occurs in winter of about 34.8 psu and 27.7 Gy. Below 200 m the
salinity and density is stal :at about 34.8 psu and 27.8 Cy.

In the 1990s the d 1 are grouped into 7 depth ranges: 0-10 m, 40-50, 90-100 m ,

100-150 m, 150-200 m, « )-500, and 800-1000 m and the daily mean and bi-monthly
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means for each depth group is calculated (Figure 2.15). The two upper layers (0-10 m

and 40-50 m) show a seasonal signal, where as the lower layers have a lesser or no
seasonal signal. The temperature maximum occurs between days 210 and 225 (August)
and reaches just over 10°C at the surface. The deeper layers have a lower and later
temperature peak. The surface minimum temperature occurs at the end of February
reaching almost —2°C. The salinity and density are missing data in winter from mid
February to mid May and in fall from mid August until the end of September. In January,

salinity and density reach a maximum and below 400 m they are stable at a maximum of

about 34.8 psu and 27.7 Gs. In summer, at the surface they reach a minimum in August,

corresponding with the maximum temperature, at 33 psu and 25.5 Gs.

The nutrient data consists of chlorophyll, nitrate, and phosphate and the data are
quite sparse. For this reason, the nutrient and chlorophyll data are combined over all the
years the data are available (1950 to 2001) (Figure 2.16). Chlorophyll data are only
available in spring and summer from May to July with a few data points in February and
October. The maximum chlorophyll concentration is 13 mg/m”’ at the beginning of June.
The data in February and Ictober show a low concentration below 1 mg/m>. The nitrate
data are also sparse in winter and fall. Nitrate is depleted between days 158 and 200 in
the surface layers from the maximum levels in winter of around 17 mmol/m’. The 90-
1000 m layers have am 3 constant concentration between 12 and 17 mmol/m®. This is
consistent with values reported in the literature between 14 and 17.59 mmol/m’
(Louanchi and Najjar, 20 ; Anderson et al., 1985). Phosphate has the most available

data but the concentrations are quite variable at all depth layers. The minimum occurs for
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the surface layer at day 180, with near depletion. The maximum occurs in February and

March, reaching levels of 1.5 mmol/m>. This is slightly higher than values reported in

the literature between 1.07 and 1 mmol/m’ (Louanchi and Najjar, 2001; Anderson et al.,

1985).

Table 2.3: Peak values of chlorophyll from the literature for the Labrador Sea.

Reference Data used for model validation Maximum
Chlorophyll
mg chl/m’
Tian et al. 2004 W.K.W Li., Late 1990s 10-17
Irwin, 1986, 1989, 1990 7-12
Maclaren Atlantic Ltd., 1976, July 23 3.5-4.2
Myers, 1994 11-18
Bravo, July 11, 1995 4.7-5.8
Trela 1996 Imperial Oil Cruise, July 1976 4.1
BIO primary Productivity experiments, 1978-1991 19
Campbell and BIO, May-June, 1997 13-15
Head 2000
Campbell and Coastal Zone Color Scanner, 1979-1983 299 ->10
Aarup 1992
Personal SeaWiFS, 1998-2001 8-16

communication B.
Petrie, THE DFO

58












SeaWIFS data Labrador Sea , chlorophyll 1997-2003
T T T ! ! o ' ! Tt r J J 1 r— 7
: : : : e : *  brmonthly SeaWIFS data

20 ...... ...... ...... ...... . ,,,,,,, ,,,,,, ...... ...... ....... ...... ...... ....... RRRERHEREE bi-monthly mean |
= O O OO SR _
E' ‘

-
rs
T

f

—_
N
T
.

—
o

| 1097 . 1998 19dg e 200032001 $ 2002 2003 |

Chlorophyll (mmol Nir?)
(o]
T

1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300
Year Day

%

Figure 2.13: SeaWiFS satellite chlorophyll data from 1997 to 2003 for the Labrador Sea
transect. The solid line depicts the bi-monthly means over different time periods. (B.
Petrie, personal communication, BIO). Chlorophyll data converted from units of mg/m3
to mmol N/m’ using Redfield Ratio of carbon to nitrogen of 6.625 and carbon to
chlorophyll ratio of 60.












Bi-monthly density average at 7 depth ranges over the Labrador Sea for the 1990s C
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Figure 2.15: Temperature, salinity and density for the Labrador Sea, during the 1990s.

A) Temperature °C, B) salinity psu, and C) density 6,. The data are grouped into 7 depth
ranges: 0-10 m (t  :k); 40-50 m (blue); 90-100 m (green); 100-150 m (yellow); 150-200
m (red); 400-500 yan); 800-1000 m (magenta). The dots represent the daily mean
values and the so  lines are the bi-monthly means.
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Bi-monthly phosphate average at 7 depth ranges over the Labrador Sea for the 1980s (C

15 I B T T T T T T T T T T T T T T T T
E
g 1} i
&
@
®
=
a
(73]
o
=
a
| mean
05} 100-150m n
mean .
150-200m \ ‘o \/
mean . *
400-500m .
mean oot .
300 00Om % .
mean
0 1 | —r— 11 T | 1+ ] 1 1 L [ B | L1 1 1
0 15 30 45 60 75 90 105 120 135 150 185\’1800195 210 225 240 255 270 285 300 315 330 345 360
ear Day

Figure 2.16: Chloro yll, nitrate and phosphate concentrations for the Labrador Sea,
combined over the gfears 1950 to 2001. A) chlorophyll mg/m® , B) nitrate mmol/m?, C)

phosphate mmol/m”. The data are grouped into 7 depth ranges: 0-10 m (black); 40-50 m

(blue); 90-100 m (green); 100-150 m (yellow); 150-200 m (red); 400-500 (cyan); 800-
1000 m (magenta). e dots represent the daily mean values and the solid lines are the
bi-monthly means.
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2.5.2. Labrador Shelf

The data for the Labrador Shelf model simulations and validation were obtained
from the BIO database (B. Petrie, personal communication, BIO and www.mar.dfo-
mpo.gc.ca/science/ocean/home.html), from the Offshore Labrador Biological Studies
Program (OLABS) and from satellite imagery. The data sampling locations for the Shelf
were from 55°N to 51.5°N and expand from the shore to about the 500 m isobaths (Figure
2.17).

The data obtained from the Offshore Labrador Biological Studies Program
(OLABS) covers the period of July-September 1979 (Buchanan and Foy, 1980). The
OLABS study was initiated by the Department of Energy, Mines and Resources. It was a
three-year program that collected baseline biological, meteorological and oceanographic
data. The data obtained included temperature, salinity, nitrate, silicate, chlorophyll, and
phosphorus. The temperature and salinity data are combined with data from the BIO
database and are used to calculate the density to determine the mixed-layer depth, which
forces the biological model. The chlorophyll and nitrate data are also combined with
those from the BIO database and used to validate the model simulations.

The SeaWiFS satc te data used to validate the model are shown in Figure 2.18
between the years of 1997 and 2003 for bi-monthly time periods. All the original data
are plotted and a bi-mont ' mean is calculated. It is evident that the value of
chlorophyll maximum does vary each year, between 8 and 14 mmol N/m’, and the year
2000 seems to have the h 1est chlorophyll peak. The bi-monthly means are

significantly lower since  y are based on bi-monthly measurements, and algae blooms
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often occur in time scales of days. There is evidence of a second smaller and later peak
in chlorophyll concentrations.

As well as using biological data collected by satellite imagery to verify the model,
values reported in the literature are also used. Table 2.3 summarizes the reported peak
bloom concentrations of chlorophyll from several literature sources and satellite derived
data. Values range from 3 mg chl/m?® from the CZCS (Campbell and Aarup, 1992) to 20
mg chl/m® from the BIO Primary Productivity experiments (Trela, 1996).

The BIO database contains both nutrient concentrations and physical data. The
temperature and salinity data from the BIO database is used to determine the mixed-layer
depth and force the mode The nitrate concentration data are used to validate the model
and determine the concentration in deep water to initiate the model, and the chlorophyll
data are used to validate the model. The data are grouped into six depth ranges: 0-10 m,
40-50 m, 90-100 m, 100-150 m, 150-200 m and 350-400 and the daily mean and bi-
monthly means for each depth group is calculated. The upper layers (0-10 m) exhibit a
pronounced seasonal signal, the lower layers have a lesser or no seasonal signal, as
expected (Petrie et al., 1992).

The surface temperature seasonal cycle depicts a temperature minimum in winter
increasing to a peak in August and decreasing again to a minimum in January (Figure
2.19). Between 50 m an 400 m the temperature is lowest at 50 m throughout the year
and increases gradually as the depth decreases, except in late August and early September
where there is a slight pe:  at 50 m. This seasonal cycle is consistent with that reported

by Lazier (1982). The temperature between 350 and 400 m is constant between 3.5 and

70



just over 4 °C. The surface temperature maximum is about 9°C for all years except for
the 1980s when it could not be determined since there is data missing from February to
April, in August and in September. The timing of the temperature peak varied slightly
from the 1960s to 1990s, increasing from approximately days 225 to 240. The
temperature minimum occurred in winter, although winter data were sparse especially in
the 1970s and 19 s. The minimum temperature approached —1.8°C.

The surface salinity seasonal cycle depicts a salinity maximum in winter,
decreasing to a minimum in August and increasing again to a maximum in January
(Figure 2.20). Fr n 50 m to 400 m the salinity is lowest at 50 m throughout the year,
increasing gradu: y with increasing water level to a relatively consistent maximum in the
deepest layer bet' =n 34.5 and 35 psu. This seasonal cycle is consistent with that
reported by Lazier (1982). The winter data are sparse for all years except the 1960s. For
the 1960s the surface salinity maximum occurs in March and April. The surface salinity
minimum is abor 29.5 psu for all years. The timing of the density minimum peak varied
slightly from the = 60s to 1990s, increasing from approximately days 215 to 255.

The surfar density seasonal cycle is the same as that for salinity (Figure 2.21).
The maximum d¢ ity in the deepest layer is about 27.5 . The winter data are sparse
for all years exce the 1960s. For the 1960s, the surface density maximum occurs in
March and April. The surface salinity minimum is between 23 and 23.5 o, for all years.

The timing of the alinity minimum peak varied slightly from the 1960s to 1990s,

increasing from . roximately days 215 to 240.
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The nutrient data consist of nitrate, chlorophyll, and phosphate, and the data are
quite sparse. For this reason the nutrient and chlorophyll data are combined over all the
years the data are available, from 1950 to 2001 (Figure 2.22). Chlorophyll data are only
available in spring and summer from May to July with a few data points in February,
March and October. The maximum chlorophyll concentration is 17 mg/m3 at the
beginning of June. The data in February and October show a low concentration below 1
mg/m’. The nitrate data are also sparse in winter and fall. Nitrate is depleted between
days 135 and 210 in the surface layers from the maximum levels in winter in the deep
layer of around 17 mmol NOs/m’. The lower layers have a more constant concentration
between 12 and 17 mmol NOs/m®. Phosphate has the most available data and is quite
variable at all depths layers. The minimum occurs for the surface layer at day 190, with

near depletion. The maximum occurs in February and March, reaching levels of 1.6

mmol PO43'/m3 .

Table 2.4: Peak concen ations of chlorophyll from the literature for the Labrador Shelf.

Reference Data used for model validation Maximum
Chlorophyll
mg chl/m’
Drinkwater 2001 ‘ata collected September 1985 >3
‘oastal Zone Color Scanner, 1978-1986

Campbell and Aarup ‘oastal Zone Color Scanner, 1979-1983 2.99->10
1992 and Sarmiento et
al. 1993
Personal Sea WiFs,1998-2000 8-16
communication B.
Petrie, BIO
Irwin, er al. 1990 ravo, May 1988 12.47
Stuart et al. 2000 10, May 1996 18
Pepin and Maillet IO, July 2001 16-20
2002
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Bi-monthly salinity average at 6 depth ranges over the Labrador Shelf for the 1980s
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Bi-monthly salinity average at 6 depth ranges over the Labrador Shelf for the 1990s
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Figure 2.20: Salinity (psu) for the Labrador Shelf, during the; A) 1960s, B) 1970s, C)
1980s, D) 1990s. The data are grouped into 6 depth ranges: 0-10 m (black); 40-50 m

(blue); 90-100 m (green); 100-150 m (yellow); 150-200 m (red); 350-400 (cyan).

The

dots represent the daily mean values and the solid lines are the bi-monthly means.
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Monthly density average at 6 depth ranges over the Labrador Shelf for the 1960s A
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Bi-monthly density average at 6 depth ranges over the Labrador Shelf for the 1880s C
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Figure 2.21: Density (O;) for the Labrador Shelf, during the; A) 1960s, B) 1970s, C)
1980s, D) 1990s. The data are grouped into 6 depth ranges: 0-10 m (black); 40-50 m
(blue); 90-100 m (green); 100-150 m (yellow); 150-200 m (red); 350-400 (cyan). The
dots represent the daily mean values and the solid lines are the bi-monthly means.

80









of the coastal waters of Labrador motivated by the oceanographic and economic
importance of the area (Nutt, 1950, 1951, 1952, 1953; Coachman, 1953; K. Drinkwater,
personal communication, BIO). Other explorations carried out by the Fisheries Research
Board of Canada include the Investigator II expeditions during October 1952 and
September 1953 in which temperature and salinity measurements were made. Other
hydrographic data were collected as part of studies to etermine the feasibility of winter
navigation on Lake Melville. One study was initiate by Memorial University during
which temperature and salinity were measured throu out the Lake during January, April,
May, and November 1973 and December 1972 aboar the vessels CCGS Sir J.A.
MacDonald, CCGS Sir Humphrey Gilbert (icebre ers) and Prima Vista. Another
study was completed by FENCO Ltd. commissioned ' the Government of
Newfoundland through the Department of Industry a  Development. Temperature and
salinity measurements were obtained aboard the vess CCGS Sir John Franklin during
January and December 1980. Other temperature, sal ty, oxygen, nitrate, chlorophyll,
silicate and phosphorus data were obtained from OL 1S and BIO database (B. Petrie
and K. Drinkwater, personal communication, BIO an www.mar.dfo-
mpo.gc.ca/science/ocean/home.html). More recent ¢ 1 were collected in response to the
hydroelectric project on Churchill River completedi 1971, located at Churchill Falls. A
field trip was conducted in August 1981, where temp« iture and salinity measurements
were taken from aboard the vessel Burin Bay, by the ‘epartment of Fisheries and
Oceans (Bobbitt and Akenhead, 1982). Bobbitt and <enhead investigated changes in

water properties in Groswater Bay resulting from the gulation in flow from the
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hydroelectric development. Also, Newfoundland and Labrador Hydro contracted various
studies in the area, one of which was completed in Goose Bay during 1998 when
temperature, salinity, nitrate, chlorophyll, and phosphorus data were measured (L.
Ledrew, personal communication, Newfoundland Hydro). Locations of data sampling are
shown in Figure 2.23.

The data for Hamilton Inlet are quite sparse, and continuous data over an annual
cycle could not be obtained for 10 year periods as was the case for the Labrador Sea and
Shelf. The data are combined into two periods before hydroelectric development (1970)
and after hydroelectric development (1976). The temperature and salinity data combined
from all the sources discussed above is used to determine the mixed-layer depth and force
the model. The nitrate concentration data are used to validate the model and determine
the concentration in deep water to initiate the model, and the chlorophyll data are used to
validate the model. The data are grouped into 5 depth ranges: 0-5 m, 15-20 m, 45-50 m,
90-100 m and 150-300 m and the daily mean and bi-monthly means for each depth group
is calculated. The upper layer (0-5 m) has a pronounced seasonal signal, the lower layers
have a lesser, or no seasonal signal.

The surface temperature seasonal cycle depicts a temperature minimum in winter,
increasing to a peak in August and decreasing again to a minimum in January (Figure
2.24). Throughout the year the temperature is always lowest in the deepest depth layer
and increases as the depth layers shallow, except for the upper 5 m in winter, which has a
lower temperature than the lower 15-20 m depth range. The surface temperature

maximum is about 18°C at day 210 before 1970, however the data after 1976 are missing
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from late June to mid August and a maximum therefore could not be determined. The
temperature minimum occurs in winter. Winter data are sparse before the 1970s and the
minimum that is observed is approximately -1 °C. The minimum temperature after 1976
approached —1°C at the end of December and the beginning of January, below 45 m the
temperature remained low until spring. In the 1 per layers the temperature increases to
between 0 and 1 °C and remains there until May, which corresponds to the time of the ice
melt.

The surface salinity seasonal cycle depicts a salinity maximum in winter below 15
m and a low salinity in the upper layer decreas ;to a minimum in August and increasing
again to a maximum in January (Figure 2.25). 1e same salinity data are missing as for
the temperature data, making it difficult to det« 1ine the magnitude and timing of the
lows and peaks in salinity. The salinity is lowe throughout the year, in the surface layer
and the minimum for the data before 1970 was »out 3 psu in 1ly and August. The
minimum after 1976 is around 2 psu and occurs between days 40 and 165, after which the
data are missing. After 1976, salinity in the s1 1ce layer is i1 ially at 12 psu, which
decreases to a minimum by mid February and  1ains at this low level until June after
which the data are missing. The perio of low inity corresponds to the presence of ice.
The maximum salinity is highly variable and r hes 33 psu fc both time periods at
various periods throughout the annual cycle.

The surface density seasonal cycle is th same as that for salinity (Figure 2.26).
The density data are calculated from the tempe ure and salin y data using the program

swstate provided by Matlab (The MathWorks  .). The maximum density in the deepest
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layer is about 27 Gy, and the minimum approaches 0 Gy occurring at the same times as the

salinity minimum for both time periods.

The nitrate and chlorophyll data were only obtained for September 9, 1979 from 0
to 50 m from the OLABS study (Buchanan and Foy, 1980) (Figure 2.27). Total nitrogen
values were measured in Goose Bay in 1998 in spring, summer, and fall, obtained from
the Newfoundland and Labrador Hydro study (L. Ledrew, personal communication,
Newfoundland Hydro) (Figure 2.28). At the surface, the chlorophyll concentration is 0.7
mgm3, the maximum concentration occurs at 25 m at 0.9 mg/m3 and the minimum of
under 0.4 mg/m3 occurs at 50 m. At the surface, the nitrate concentration is at a
maximum at 2.65 mmol/m’, and decreases to the minimum at 25 m of about 2 mmol/m’
and increases again to 2.4 mmol/m>at 50 m. T reported nitrate nitrogen values from
the river are low, ranging from 0.04 mg/L.to 0 3 mg/L ).65 to 2.1 mmol NO;/m?) and
therefore the level in Goose Bay is also expected to be low (Hydro Lower Churchill
Development Corporation Ltd., Environmental npact Statement, 1980). Total nitrogen
is mostly at the lowest detectable concentrations, 0.25 mg/L (Figure 2.28). From June to
August the total nitrogen increases slightly toj tover 4 mg/L and at depths between
50 and 60 m there is an unusual peak of 1 mg/L.. There ; slightly more phosphate data
over the summer and a daily average is calcula 1 (Figure 2.29). The phosphate
concentrations are highly variable and not enov  data' re present to detect any
summer cycle. The maximum concentration measured is 1.6 mmol/m? between 40 to 50

m and the minimum occurs at 150 to 300 m at > mm¢ m".
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Figure 2.27: Chlorophyll and nitrate profiles for Groswater Bay, September 9, 1979 from
the OLABS study (Buchanan and Foy, 1980). A) Chlorophyll mg/m3 , B) nitrate
mmol/m’.
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Total nitrogen over 10 depth ranges, Goose Bay from 1998
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Figure 2.28: Total nitrate concentration (mg/l) over 10 depth ranges for Goose Bay, 1998,
from Newfoundland and Labrador Hydro study (L. Ledrew, personal communication,
Newfoundland Hydro).

Daily phosphate average at 5 depth ranges Hamilton Inlet

16 T T T T T T T T T T T T T T T 1 ) T 1 1 . 1 1 1
*  0-10m
10-20m
14r 40-50m
90-100m
12F 150-300m H
E 4L :
o
E L]
S
o 08F —
[\ .
- °
(=)
206} i
-
D_ .
04+ ’ -
02+ —
1 1 1 1 1 1 | i 1 1 { 1 1 1 I 1 1 I 1 1 1

L 1 Il
00 15 30 45 60 75 90 10512013515016518019521022524025527028530031533034536

Year Day
Figure 2.29: Daily average phosphate concentration (mmol/m®). The data are grouped
into 5 depth ranges: 0-10 m (black); 10-20 m (blue); 40-50 m (green); 90-100 m (yellow);
150-300 m (red).
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2.5.4. Freshwater Inflow
The freshwater input to Hamilton Inlet is mainly from the four major rivers;

Northwest River, Kenamu River, Goose River and the Churchill River. The Churchill
River accounts for over 60% of the freshwater inflow and the Goose River contributes the
least (Bobbitt and Akenhead, 1982). The Goose and Kenamu rivers have smaller
drainage basins and therefore irregular flow. Both rivers usually contribute only 5% of
the fresh water, however, after storm conditions in 1952 they contributed 28%. The
maximum flow usually occurs in June with a mean value of 5122 m’/s for years 1954-
1966, before the hydroelectric development. The minimum discharge was usually in
April with a mean flow of 403 m>/s (Bobbitt and Akenhead, 1982). Daily flow rates of
the Churchill River above Muskrat Falls have been measured by the Inland Water
Directorate from 1954 to the present. The monthly mean values before and after the
Churchill Falls development are shown in Table 2.5 for the years 1954 to 1966 and 1972
to 1980 (Bobbitt and Akenhead, 1982). It is evident that the monthly flow rates have
changed considerably with the greatest difference, up to triple the flow, during the winter
months. During June and July the flow rates decreased by 30%. Basically, the flow rates
after the development have been evened out over the entire year so that the maximum
flow in June is less pronounced. Bobbitt and Akenhead (1982) found that since the fjord
is large and the time required for the rivers to replace the fresh water volume lengthy,
Lake Melville acts as a buffer between variation in river flow and changes in salinity in

Groswater Bay.
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Table 2.5: Mean monthly flow above Muskrat Falls on the Churchill River as measured
by the Inland Waters Directorate (Bobbitt and Akenhead, 1982).

Month Before Hydroelectric After Hydroelectric
Development (m’/s) Development (m’/s)
(1954-1966) (1972-1980)

January 659 1553
February 527 1586
March 454 1460
April 442 1585
May 1760 2656
June 4188 3232
July 3297 2006
August 2047 1952
September 1799 1746
October 1714 1907
November 1400 1659
December 896 1641




CHAPTER 3

Biological and Physical Model

3.1. Approach Overview

To estimate changes in primary productivity due to long term changes in climate
and freshwater inflow, a four compartment NPZD model was used consisting of nutrients
N, phytoplankton P, zooplankton Z, and detritus D (Denman and Pena, 1999). ais
model was coupled with mixed-layer data and driven by solar radiation and nitr en
concentration in deep water. The time step used was 1 day and the model is run for
several years to establish a steady annual cycle. The MATLAB (MathWorks II .)
routine ode 45 was used to numerically integrate the coupled differential equati s of the
model. Three regions specified to run model simulations were the Labrador Se
Labrador Shelf and Hamilton Inlet. The model was verified using the historical
observations as discussed in Chapter 2 and results from other models from the ‘:rature.

The data for Hamilton Inlet were combined across the entire Inlet inclu  1g
Goose Bay, Lake Melville and Groswater Bay. This was due to the lack of dat 1 each
region which did not allow a modeling study of each region. Due to this lack ¢ data and
the absence of SeaWiFS and CZCS data in the Inlet, it was decided to also run & model
just outside Groswater Bay on the Labrador Shelf and Sea to help verify the m :led
plankton dynamics for the Inlet and to better study the results of climate change on
plankton production. The Labrador Shelf and Sea had more historical data av: ble

including satellite data and other model studies. The Labrador Sea, 1968 Brav station
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data were used to determine parameter values and model sensitivity to the parameters.
For the Labrador Sea, the model simulations were carried out for 1968 and combing the
period from 1990 to 1999. These periods were chosen since they had significant
differences in climate due to the severity of the winter. For the Labrador Shelf four
periods were investigated between 1960 and 2000, combining the data every 10 years.
These periods were chosen to allow comparison between before and after the
hydroelectric development on the Churchill River and to compare with the periods used
for the Labrador Sea. The following sections describe the NPZD model structure, the

forcing, the parameters values and model sensitivity in detail

3.2. NPZ Model Overview

3.2.1. General NPZ Model Structure

NPZ type models typically have three state variables, nutrients, phytoplankton
and zooplankton, but they can have more state variables as used in the model by Fasham
et al. (1990), with 7 state variables requiring 22 parameters. The model by Fasham splits
these typical state variables into more specific variables, for example instead of nutrients,
nitrate, dissolved organic nitrogen, and ammonium are used. Most models use nitrogen
as the common unit throughout the model since nitrogen is often limiting to primary
production in the ocean (Franks, 2002). The general NPZ model equations can be written

as:
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aN o (Dg(NYP+h(P)Z(— ) +i(P)P+ (Z)Z

dt

fl—’: = F()g(N)P = h(P)Z —i(P)P
d”Z .

Lz j2)2

There are five functions to consider in this set of equations: f(I) phytoplankton
response to light, g(N) phytoplankton nutrient uptake, h(P) zooplankton grazing and i(P)
phytoplankton and j(Z) zooplankton loss terms. The zooplankton assimilation efficiency,
which is the fraction of the phytoplankton not ingested during feeding, is given by vy.
There are several forms that have been used to describe these functions (Franks, 2002).
The form of f(I) ranges from simple linear P response to incident light to nonlinear
response of P with saturation and photoinhibition. The most common g(N) function is of
the Michaelis-Menten form, a saturation response to increasing nutrients. Most h(P)
functions also use a form showing saturation response, but can include grazing thresholds

and acclimation to changing food conditions.

3.2.2. NPZ Model Application

Biological models have been used for several decades (Franks, 1995). A
common biological model that has been proven to be a useful tool in the past and present
is the nutrient-phytoplankton-zooplankton (NPZ) model. This model uses simple
equations to describe plankton dynamics. However, models are becoming increasingly

complex with growing technology and some argue that the M 'Z models are too simple to
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describe the real world (Franks, 2002). While the typical NPZ model does ignore
microbial processes and there is no species distinction, their simplicity allows them to be
solved, understood and tested against observations with greater ease (Franks, 2002).
There are advantages and disadvantages to complex and simplified NPZ models.
Complex models may more accurately represent the system but may be difficult to solve,
parameterize, and understand. Often there are inadequate observations to validate and
constrain parameter values for complex models. NPZ models are also coupled to
physical models to improve accuracy and the forcing factors used include wind stress,
temperature, solar input or mixed-layer depth. For example, Doney et al. (1996) coupled
a NPZ model with a one-dimensional vertical physical model to reproduce chlorophyll
dynamics. Wroblewski (1977) modeled phytoplankton blooms forced using coastal
upwelling causing winds.

NPZ models have been used for many different applications in the attempt to
learn more about plankton dynamics in the ocean. Certain studies have explored the
underlying dynamics, such as Evans and Parslow (1985) which used an NPZ model to
determine the factors controlling the different plankton cycles in the Atlantic and Pacific.
Several studies used the NPZ model to explore the spring phytoplankton bloom (e.g.
Wroblewski 1977, 1989; Wroblewski et al., 1988; Marra and Ho, 1993). Others have
used the NPZ model to understand nutrient and carbon cycling, and processes such as
nitrogen supply and irradiance that limit biological production (Sarmiento et al., 1993).
Our understanding of NPZ model behaviour has grown as their application has been

extended. NPZ models can produce a range of results depending on the form of the

98



functions used, the initial conditions chosen or the parameters used. There have been
numerous investigations on the behaviour of the model with different functional forms
and parameters. For example, Franks et al. (1986) compared two forms of the
zooplankton grazing function, the Ivlev form and the Mayzaud and Poulet form. They
showed there are significant differences in the N, P, and Z dynamics. The Mayzaud and
Poulet grazing function quickly reached steady state after initial oscillations while the
Ivlev form continued to oscillate. Other examples include the studies by Edwards et al.
(2000) and Edwards and Brindley (1996, 1999) that explored the stability of the model to
different parameters.

In this study, a more general coupled physical-NPZD model is used. It is sensible
to start with simple models and move to more complicated models as required. The
model used in this study is based upon the Denman and Pena (1999) NPZD model, whic
1s similar to that of Doney er al. (1996) and based upon the assumption that
phytoplankton do not sink, however detritus (which is composed of dead phytoplankton)
does sink. Another assumption is that only one factor limits phytoplankton growth at
any one time. The light function is derived from Webb er al. (1974). A one-dimensior
mixed-layer model is coupled with the NPZD model where biological variables are
mixed over the entire mixed-layer. This NPZD model is well characterized, the
functional forms have been widely used in the literature, the parameters used are typical
and easily found in the literature, and it has proven successful in producing reasonable
results. Similar coupled model studies include those of Fasham et al. (1990) and Denm

and Gargett (1995).



3.2.3. NPZD Model Description

The biological model used is a four-compartment model consisting of nitrogen N,
phytoplankton P, zooplankton Z, and detritus D from Denman and Pena (1999) with a
few changes. This model does not consider iron limitation of phytoplankton growth and
the sinking of detritus is calculated differently. Nitrogen concentration with units of
mmol/m’ is used as the common unit for the model. Conversion factors for carbon-to-
nitrogen and for carbon-to-chlorophyll were set at 6.625 and 60 respectively. The C:N
ratio is the Redfield Ratio (106:16) which has been widely used for studies in the
Labrador Sea (e.g., Trela, 1996; Tian et al., 2004). The C:Chl ratio was chosen to be
within the range discussed by Trela (1996) (30-75) and matches the value used by
Wroblewski et al. (1988). Both studies were in the North Atlantic. However, in reality
both ratios are not constant and vary depending on several factors including nutrient
availability, light history, and species composition (Trela, 1996). For example, the C:N
ratio for diatoms can vary from 6 when nitrogen is not limiting to 20 when nitrogen is
limiting (Trela, 1996).

The model is represented in Figure 3.1, where the arrows are fluxes between
model compartments. Only the nutrients and detritus are removed from the mixed-layer
when it shallows and nutrients are added to the mixed-layer when the mixed-layer
deepens (Denman and Pena, 1999). The supply of nitrate from below the mixed-layer is
necessary to avoid the depletion of nitrogen (Denman and Gargett, 1995). Nitrate is

added by taking the deep water concentration of N, the same value used to initiate the

100



model discussed in Section 3.6, for each region and multiplying it by the increase in the
mixed-layer depth at each time step and adding it to the total N in the mixed-layer. D and
N is removed from mixed-layer by multiplying the total concentration of each in the
mixed-layer at each time step by the fraction the mixed-layer depth decreased. All
biological variables are concentrated evenly throughout the mixed-layer.

The biological model is given by;

C;—N =—(growth)P+m_Z +r.D
) :
ar = (growth)P —(grazing)Z —m ,P
t
z
Cfl_t =g (grazing)Z —(m_ +m_)Z
dD :
Z = —ga)grazing)Z+m P+m Z—-rD+D,_,..

Where

. N _
Growth =v_Min{| ——— ,(1_ . au,.,\k)/v,,,)
k +N

Grazing=r1r, ———
k
The growth refers to the growth rate of phytoplankton « 1centration and the
assumption is that only one factor limits P growth at atime. T refore the rate of P

growth is determined by the minimum value of two functions  2ach time step. The

functions represent limitation by N or I par , the photosynthetic 1y available radiation,
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and range between 0 and 1. There are many additional possible limiting factors; for
example, it has been shown that different taxa of plankton have different roles in the
ecosystem and therefore have different limiting factors and parameter values (e.g.
Edwards et al, 2000). Also Taylor et al. (1991) used temperature and Denman and Pena
(1999) included iron as a limiting factor for the phytoplankton growth rate. These and
other factors are not considered. Therefore, only one set of parameters is used for each
region.

The function that represents limitation by N is the nitrogen uptake function given
by the common Michaelis-Menten function where vp, is the maximum uptake rate of
nutrients by phytoplankton and k, is the Michaelis-Menten half saturation constant.

The function that represents limitation by I par is the light function from Webb et
al. (1974) where a is the initial slope of P-I curve. The calculation of I par is discussed in
Section 2.4 however, it is also necessary to determine the attenuation of I pagr as it passes
through the ocean. 1 pagis multiplied by the attenuation coefficient k(z), calculated

using the equation by Denman and Pena (1999):
k(z)=k, +k (P(z)+D(2))

Where k,, is the attenuation coefficient of sea water and k. is the coefficient
providing shading by both phytoplankton P and detritus D. This solution assumes that k,,
and k. do not vary with depth. However, since these parameters depend on wavelength,
in reality they do depend on depth (Fasham, 1995).

P does not sink in this model, therefore the only loss terms of phytoplankton are

due to mortality, mpq, and grazing by Z. The grazing term is the common quadratic
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function known as the Holling type III predator response, where ry, is the zooplankton
maximum rate of grazing and k, is the half saturation constant for Z grazing. This
grazing function at low concentrations of P provides a threshold for grazing which
provides stability (Steele and Henderson, 1992).

The fraction of the unassimilated material from Z grazing is given by (1-g,) and
this undigested material becomes part of the detritus pool. The growth of Z is due to the
assimilated fraction, g,, that is ingested, and the loss from Z is due to mortality and
excretion. The phytoplankton and zooplankton mortalities are linear. The Z losses are
divided between regenerated nitrogen, m,, which becomes part of the N pool and dead

body parts, m,q, which becomes part of the D pool.
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Figure 3.1: The upper ocean ecosystem model. N is nitrogen, P is phytoplankton, Z is
zooplankton and D is detritus. The arrows represent fluxes between the compartments.

The D pool consists of sinking, suspended and dissolved organic ni >gen (DON).
As well as being removed from the mixed-layer when it shallows, D also sinks out of the
mixed-layer at each time step. The sinking rate of D is represented by wg, {  fraction of
D that sinks and is determined at each time step and subtracted from the to D in the

mixed-layer, using equation:

ot = Dot Dot o i [(w /ma)1]
day day day
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Where Dyga is the total D in the mixed-layer and md is the mixed-layer depth. D is
remineralized back to the N pool at a rate of r. which represents implicitly the role of

bacteria.

3.3. Model Initiation

Initializing the model is always a problem. It would be ideal if state variables and
parameters were all predetermined from extensive field observations. However, often
estimates are based on limited knowledge. With the technical advances in modeling of
coupled physics and biological models, it is now the oceanographic field data that is
lacking. The deep-layer concentration of N was determined from the historical data
collected for each region as well as values reported in the literature. The annual N
concentration versus depth for The Labrador Sea and Shelf was calculated by combining
all the historical data available (Figure 3.2). Hamilton Inlet nitrate data were only
available for September 9, 1979 from the OLABS study (Buchanan and Foy, 1980) and
total nitrogen concentration were from the Hydro study (L. Ledrew, personal
communication, Newfoundland Hydro) from June to August, 1989 (see Figure 2.27 in
Chapter 2). The maximum nitrate concentration at the surface is 2.65 uM and at 50 m
(the maximum depth measured) is 2.4 uM. The nitrate values from the river are quite
low and range from 0.65 to 2.1 uM (Hydro Lower Churchill Development Corporation
Ltd., Environmental Impact Statement, 1980). The Labrador Shelf and Sea data were
much more plentiful and available over an entire annual cycle. The Labrador Shelf data

shows a maximum nitrate concentration of 14 uM in deeper waters and a minimum at the
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surface between approximately 100 and 250 days, which corresponds to the bloom of

phytoplankton. The Drinkwater and Harding (2001) study of the Labrador Shelf in

September 1985 showed a deep-water maximum of 12 uM, increasing to 20 uM of

nitrate on the sloping section of the Shelf. The Labrador Sea data has a similar annual

pattern as the Shelf data with a deep-water maximum of 16 uM of nitrate and a minimum

occurring slightly later between 150 and 260 days. There are several reported values of

deep-water nitrate maxima in the Labrador Sea. Anderson et al. (1985) reported 16.55

uM of nitrate for the winter Labrador Sea upper water, 17.59 uM for the Labrador Sea

water at about 1000 m and 17.10 uM for the North Atlantic Deep water. Louanchi and

Najjar (2001) reported values of 14 uM of nitrate at 300 m depth from the World Ocean

Atlas 1998, produced by the Ocean Climate Laboratory at the National Oceanographic

Data Center (NODC) (Conkright et al., 1994). Trela (1996) used 16.8 uM as the deep

Labrador Sea water concentration of N to force a model.

Based on these findings, the

deep water nitrate concentration used for Hamilton Inlet is 2.4 uM, for the Labrador

Shelf is 14 uM, and for the Labrador Sea 16.5 uM.

Table 3.1: Concentration of N, P, Z and D used to initiate model runs for each region.

State Variable Initial Concentration mmol N/m’
Labrador Sea Labrador Shelf Hamilton Inlet
N 16.78 11.43 2.65
P 0.285 0.1812 0.2705
y4 0.0229 0.001 0.2
D 0.01 0 0
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Figure 3.2: Interpolated nitrogen concentration (uM) for data collected between 1928
and 2001 for; a) Labrador Shelf and ¢) Labrador Sea.

The model is started in winter. The deep-water nitrate concentration is used to
initiate the model; the remainder of the state variables are typically low in concentration
in the winter and their concentrations are therefore chosen below 1 pM. To determine
the state variables initial concentrations the model is run for the Labrador Sea in 1968

and for the Shelf and Hamilton Inlet combining all the data between 1950 and 2000 using
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the above initial values until a steady state is reached. The resulting initial concentrations
for the Labrador Sea and Shelf are used for the remainder of the simulations for each

region (Table 3.1).

3.4. Mixed-Layer Calculation

The depth of the mixed-layer controls the light availability for photosynthesis and
the annual cycle of light availability strongly influences the phytoplankton population
size and the zooplankton that prey on phytoplankton. The importance of the effects of
changing mixed-layer depths on phytoplankton and zooplankton spring blooms (Denman
and Gargett, 1995; Franks and Walstad, 1997) demonstrates that the mixed-layer depth
has a significant role in the growth and structure of phytoplankton patches. The mixed-
layer depth was calculated using the density data. In order to determine the mixed-layer
depth, a mean daily density value for each depth over one year is required. If the density
data were not available the density was calculated from the temperature and salinity data.
The mixed-layer depth for each region was calculated differently according to availability

of data. The methods are described below.

3.4.1. Labrador Sea

The depth used in the model is the maximum depth where continuous annual data
are available for each region, for the Labrador Sea it is 1000 m. Two trials were
completed for the Labrador Sea; one using data from the period of 1968 and the second
from 1992 to 1999. The density data from 1968 was from the Bravo station. The depth

was divided into 10 m thick layers and density averaged for each day. Linear
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interpolation was used for missing data. The mixed-layer is defined as the depth at which
the density changes by 0.1 from the surface; this value was determined based on a
sensitivity test using a range of values from 0.005 to 0.11 in steps of 0.01. The resulting
mixed-layer depths were compared to the density contours over an annual cycle and the
mixed-layer depth that best matched the contours of density was chosen. For the
Labrador Sea Bravo station data, it is evident that the green circles best match the
contours of density, which corresponds to a value of 0.1 (Figure 3.3).

For the second trial, the 1990s, the data were sparser, and included data from both
the Bravo station and the surrounding Labrador Sea. The first 100 m is divided into 10 m
thick layers; from 100 m to 300 m it is divided into 50 m thick layers and over 300 m it is
divided into 100 m thick layers. The density data was combined over all the years from
1992-1999 to determine the annual plankton cycle. A daily mean density at each depth
interval was determined, however, the data contained gaps. For the days in which data
existed but not for each depth, the missing data were linearly interpolated between the
immediately preceding and following depth interval for that day. The mixed-layer was
calculated for the days in which density data existed and was linearly interpolated over
the days with no data. A few outlier points were removed before interpolating. Due to
the lack of data in the winter, the day where the mixed-layer begins to shallow after
winter was chosen to be 105 year day following the results of Tian (2004). The mixed-
layer was defined as the depth at which the density changed by 0.16 from the surface; this
value was determined based on a sensitivity test using a range of values from 0.08 to 0.2

in steps of 0.02. The resulting mixed-layer depths were compared to the daily density
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profiles and the results from Tian (2004) to determine the mixed-layer depth that was

most reasonable.

3.4.2. Labrador Shelf

The depth used in the model for the Labrador Shelf is 450 m, with the first 100 m
divided into 10 m thick layers and from 100 m to 450 m it is divided into 50 m thick
layers. Four trials were completed for the Labrador Shelf using data from the 1960s to
the 1990s in 10 year periods and only data below 55°N on the southern Shelf were
included. For the most part, the same method was used as for the Labrador Sea in the
1990s except density was calculated from temperature and salinity data. Temperature
and salinity data were obtained directly from the BIO database (B. Petrie, personal
communications, BIO and www.mar.dfo-mpo.gc.ca/science/ocean/home.html). The d
were combined from 1960 to 2000 to determine the density gradient from the surface,
which best represents the observations. The mixed-layer was defined as the depth at
which the density changes by 0.9 from the surface and this value was determined based
on a sensitivity test using a range of values from 0.1 to 1 in steps of 0.1. This value was
chosen to give a reasonable seasonal mixed-layer depth, which shallows in the spring a
summer, deepens in fall and reaches a maximum depth in February or March of
approximately 200 m. The temperature and salinity data were then split into each 10 y«
period and the daily mixed-layer depth calculated were linearly interpolated. However,
mixed-layer depth was highly variable, especially in the fall. A Butterworth 5™ order
filter was used in MATLAB (The MathWorks Inc.) to smooth out the mixed-layer dep

and estimate the daily values. In order to make the January and December filtered valu






3.4.3. Hamilton Inlet

The depth used in the model for Hamilton Inlet was 300 m, with the first 50 m
divided into 5 m thick layers, from 50 m to 100 m it is divided into 10 m thick layers, and
the deeper layers are from 100 to 150 m and 150 to 300 m. Two trials were completed
for Hamilton Inlet using data collected prior to hydroelectric development (1970) and
after hydroelectric development (1976). For the most part, the same method was used as
for the Labrador Shelf and density was also calculated from temperature and salinity data.
Temperature and salinity data were obtained directly from the BIO database
(www.mar.dfo-mpo.gc.ca/science/ocean/home.html and B. Petrie, personal
communications, BIO) and industry studies described in Section 2.5.3. All available
data were combined initially to determine the density gradient from the surface, which
best represents the observations. The mixed-layer was defined as the depth at which the
density changes by 5.5 from the surface and this value was determined based on
sensitivity test using a range of values from 2 to 8 in steps of 0.5. This value was
chosen to give a reasonable seasonal mixed-layer depth which is shallow in fall and
winter and deepens in spring and summer following the ice melt to reach a maximum
depth in July August of approximately 80 m. The temperature and salinity data were then
split into each period and the daily mixed-layer depth was linearly interpolated; again it
was highly variable. Before 1970, there were few data in early winter, spring and fall
therefore, the mixed-layer was calculated by combing all the data were to fill in the gaps.
The density change from the surface values was increased from 5.5 to 6.0. A

Butterworth 5™ order filter was used in MATLAB (The MathWorks Inc.) to smooth out



the mixed-layer depth and determine the daily values. The January and December
filtered values matched so the calculated mixed-layer and filter was only determined for
one year period. The normalized cutoff frequency for each period varied depending on
the number of days in which data were available. The normalized cutoff frequency used

for each period was; 5/100 before 1970s and 5/118.5 after 1976.

3.5. Parameter Selection

The parameters used in the simulations for each region are listed in Table 3.2.
The parameters were chosen based on a range of reported values from the literature and
the models sensitivity to this range. The literature source of each parameter value and the
location for the studies is given in Appendix 2. The parameters were varied within the
range listed to attempt to match the modeled seasonal cycle of phytoplankton and
nutrients to observations from satellite derived data, the BIO database, and literature
values. The sensitivity tests of the model to each parameter were completed using the

Bravo station 1968 data set and are described in detail in Section 3.7.

3.5.1. Labrador Sea

The parameters used to calculate the attenuation coefficient for photosynthetically
active radiation Ipag were set at 0.04 m™' for k,,, which is commonly used in other models
(Fasham et al., 1990; Fasham, 1995; Denman and Pena, 1999; McGillicuddy, 1995;
Sarmiento et al., 1993) and at 0.12 m™"' mmol N /m? for k. after Evans and Parslow (1985).
The initial slope of the photosynthesis-irradiance curve was set at 0.055 d™! (W/m?)™

which is similar to the value of 0.5 d"' (W/ m?) ™ used by Doney et al. (1996) and Tian et
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al. (2004). The parameters used in the growth rate of phytoplankton expression to limit
photosynthesis, other than light, are the maximum growth rate, vy, and the half-saturation
of nutrients, k,. These parameters are mainly derived from laboratory experiments and
therefore may not accurately represent natural phytoplankton communities (Trela, 1996).
This may explain the wide range of values for v, found in the literature however the vy, is
not a very sensitive parameter. The value of v, was set to 0.8 d”', which is similar to the
value used by Trela (1996) and Marra and Ho (1993) of 0.9 d, and Tian et al. (2004) of
0.96 d”'. The value of k, was the least sensitive parameter, therefore changing its value
meant little change in modeled plankton dynamics. The value was set to 0.1 mmol N/m’,
which was also used by Denman and Pena (1999), Frost (1993) and Edwards et al. (2000).
The phytoplankton mortality rate, m4, has been said to be the most important loss term in
most marine systems (Walsh, 1983), and Fasham et al. (1990) found it to be the most
sensitive model parameter and difficult to determine. For this model study the N and Z
maximum concentration over one year were found to be sensitive to mpq. The parameter,
mpg was set to 0.045 d"', the same value as used by Fasham et al. (1990), and similar to
that used by Fasham (1995) and Denman and Pena (1999) of 0.05 d'. Thez parameters
can vary widely due to the fact that this represents an animal compartment that is higher
in the food chain, and therefore involves many more considerations. For example, Z
comprises herbivores, bacteriovores and detritivores, many of which are capable of
migrating out of the mixed-layer. The criteria used to chose Z parameters in most studies
is to select within the range of reported values from the literature and ensuring the model

results compare reasonably well with observations. The Z maximum grazing rate, Im,
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was found to have the widest range in the literature from 0.01 to 1.5 d' and was the one
of the most sensitive parameters in model simulations to determine. The value of
assimilation efficiency, g,, was also a sensitive model parameter. Therefore, in order to
determine both their values a further sensitivity analysis was conducted which looked at
bloom timing. Based on a bloom timing of day 170, which is typical in the Labrador Sea,
(see Section 2.2) and a maximum P concentration of 12 mg Ch]/m3, the values of r, and
ga were set at 1.08 d”' and 0.75 respectively. The Z grazing half saturation constant, Kp,
was determined to be 0.4 mmol N/m™ , the same as the value of Denman and Pena (1999).
The Z losses are difficult to determine since observational data is lacking and again it
depends on various processes such as respiration, excretion and mortality (Trela, 1996).
The Z losses following the model by Denman and Pena (1999) are divided into losses to
the nutrient pool m,, and detritus pool m,q. Both parameters were given the same values
as those used by Denman and Pena (1999) and no sensitivity test was done for these
parameters. This was due in part to the fact that a range of values for these parameters
was not found in the literature but also to simplify the sensitivity testing.

The remineralization rate for the detritus compartment was one of the least
sensitive parameters to the model simulations. Therefore, its value did not greatly change
the results and its value was set to 0.05 d”', which is the same as that used by Fasham
(1995) and Fasham et al. (1990). Changing the sinking rate of D had little effect on the
modeled plankton results and therefore was set to 0, however in terms of the biology this

1S not accurate.
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Table 3.2: Parameters used for the model and the range from the literature.

Parameter Symbol Units Range |Labrador|{ Labrador| Hamilton
Sea Shelf Inlet

PAR attenuation | ky, m’ 0.04- |0.04 0.04 0.04

coefficient for sea 0.2

water

PAR attenuation | & m' mmol | 0.02- 0.12 0.14 0.14

coefficient for N /m? 0.12

(P+D)

Initial slope of P-1 | a d’ (W/ 0.025- | 0.055 0.025 0.025

curve mz)'] 0.15

Maximum P Vin d’ 0.6-3.0 | 0.87 2.0 2.0

growth rate

N half saturation kn mmol 0.1-0.5 | 0.1 0.1 0.1

constant N/m™

P mortality rate Mpg d’ 0.045- | 0.045 0.045 0.045
0.15

Z maximum I'm d’ 0.01- |1.08 1.08 1.08

grazing rate 1.5

Z assimilation ga 0.1- 0.75 0.75 0.75

efficiency 0.95

Z grazing half kp mmol 0.25- 0.25 or 1.1 1.1

saturation constant N/m™ 1.1 0.45

D remineralization | re d’ 0.05- 0.05 0 0

rate 0.1

Z losses to N m,, d’ 0.2 0.2 0.2 0.2

Z losses to D Mg d’ 0.05 0.05 0 0

solar constant Isc W/ m* 1367 1367 1367 1367

3.5.2. Labrador Shelf

The choice of parameters for the Shelf was based on the results of the sensitivity
analysis for the Labrador Sea, Bravo 1968 model. To determine the parameters, the
mixed-layer depth calculated over the entire period from 1960 to 2000 was used to force
the model. The model was run initially using the parameters chosen for the Labrador Sea

as listed in Table 3.2. As needed, certain parameters were changed to more accurately
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represent the plankton annual cycle on the Shelf. The initial run using the parameter
values for the Labrador Sea is shown in Figure 3.4. It is evident that the singular peak in
the late winter and oscillatory behaviour is not consistent with plankton dynamics in the
Labrador region away from the coastal waters. To change the plankton dynamics it was
decided to first change the two parameters that proved to have the highest sensitivity to
phytoplankton and zooplankton dynamics and are associated with Z grazing: the g,, k;,
and r, terms. By changing g, and rp, the P oscillatory behaviour was either increased or
the annual signal was completely eliminated. By increasing k, oscillatory behaviour was
somewhat reduced and two peaks in P concentration were beginning to appear but
insufficiently. It was decided to eliminate the detritus state variable and use a higher
value of k;, and this resulted in more realistic results when compared to the Continuous
Plankton Recorder data and satellite imagery. However, the timing of the P blooms was
still not accurate. Therefore, the sensitivity to light was changed by altering the alpha
and k. parameters. As expected, by increasing alpha the spring bloom timing was earlier
and by increasing k.. thereby increasing shading by P and reducing the light availability,
the timing was later. The resulting parameters used for the Labrador Shelf are listed in

Table 3.2.
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NPZD concentration on the Labrador Shelf, 1928 to 2001,
NPZD model (Denman and Pena 1998)
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Figure 3.4: Model run showing nutrient, phytoplankton, zooplankton and detritus
concentration over one year in the mixed-layer for the Labrador Shelf combining all
years from 1928 to 2001. Parameters used are those for the Labrador Sea.

3.5.3. The Hamilton Inlet

The choice of parameters for Hamilton Inlet was based on the results of the
sensitivity analysis for the Labrador Shelf. To determine the parameters, the mixed-layer
depth calculated over the entire period from 1950 to 2000 was used to force the model.
The model was run initially using the parameters chosen for the Labrador Shelf as listed
in Table 3.2. The results were reasonable and since there was no seasonal cycle of
phytoplankton and nutrients with which to verify the results, it was decided to not change

the parameters. The same parameters were therefore used as for the Shelf.
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3.6. Model Sensitivity

A parameter sensitivity analysis of the model of an annual cycle was completed
for all the parameters listed in Table 3.2 excluding Z losses to N and D and the solar
constant. The model was tuned using the range found in the literature for each of the
parameters (Table 3.2 and Appendix 2) and the 1968 data set for the Bravo station. The
Bravo station was chosen since it is in the Labrador Sea and there is a comparatively
large amount of biological data for the Labrador Sea.

The ranges in Table 3.2 were divided into equal steps between the maximum and
minimum to ensure anywhere from 5 to 10 values for each parameter with which to run
the model (Table 3.3). A standard set of parameters was chosen, which was kept constant
for all runs while testing each parameter (Table 3.3). This presents the problem of
numerous plots of the simulated annual cycles of N, P, Z and D for the various parameter
values making it difficult to review and present. Therefore two features were chosen to
focus on; the maximum concentrations and the total production over an annual cycle of
each state variable. These features of the annual cycle were chosen since they also can
be used to compare with observations. The maximum concentration of N and P were
compared to SeaWiFS and CZCS satellite data as well as the literature (Table 2.3). The
satellite and literature data reports P concentration as chlorophyll concentration, the
maximum chlorophyll concentration over an annual cycle based on the literature review
in Table 2.3 was approximately 12 mg chl/m® or 8 mmoIN/ m’, using the conversion of
C:chl of 60 and C:N of 6.625. Also, it is important to consider the timing of the P peak

concentration and not only its magnitude. Due to the number of parameters, it was
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decided to test only those with the greatest influence on the timing of the bloom and that
proved to be sensitive. These parameters were assumed to be g, 'm, Vi and mpg and were
varied using the same range while investigating the day of the P maximum concentration.
According to the literature review, the day of maximum chlorophyll concentration varies
from days 158 to 180 (see Section 2.2). A value of day 170 was chosen to represent the
day for maximum P concentration which is the middle of the month of June for the
Labrador Sea.

Shown below are only the results for the maximum concentrations of each state
variable (Figure 3.5), and the bloom timing (Figure 3.6), since these were used to
compare with observations. The remainder of the results are presented in Appendix 3.
The range of each parameter was normalized based on the maximum value to obtain a
range from O to 1 to allow an easier comparison. The model sensitivity to each parameter
was rated on a scale of 1 to 5, 1 being the highest sensitivity. To determine the sensitivity
of each parameter, the plots were reviewed and the standard deviation of each parameter
for the maximum concentrations and total annual concentrations of each state variable
was calculated. The standard deviation over the range of results for each parameter for
the maximum concentrations and total annual concentrations was plotted for each state
variable. The plots for each state variable were divided equally into five levels based on
the maximum standard deviation over all the parameters (Table 3.3). Parameter g,
proved to be the most sensitive parameter over all, followed closely by ry,,. Below a
certain value of g, and r, 0.5 and 0.81 d"' respectively, the values of the maximum and

total concentrations of each state variable reached a plateau at a much higher or lower
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value compared with the remainder of the parameter results. For example, the maximum
P concentration for g, and r, values below these values reached a plateau at almost 60
mmol N/m® while for the remainder of the parameter ranges the peak P concentration was
below about 45 mmol N/m’ unless the parameter was close to the limits of its range in
which case some did reach 60 mmolIN/m’. Model simulations of P and Z maximum
concentrations also showed a high sensitivity to the value of k, and k., and N and D
maximum concentrations showed a high sensitivity to the value of k.. Fahsam et
al.(1990) also found that the their plankton model was sensitive to the choice of k,,. The
sensitivity to the parameter k,, and k. may be due to the inaccuracy of assuming these
values are constant with depth. In reality k,, and k. vary with depth since they are
wavelength dependent (Fahsam, 1995). A solution to this used by Anderson (1993) was
to divide the mixed-layer into depth zones and assign different values of ky and k¢ to each
zone. However, such a solution would increase the complexity of the model dynamics
and has not been included. The least sensitive parameters of the maximum and total
annual concentrations of all the state variables were r. and k,, which resembles an almost
straight line across all the plots.

Comparing the maximum concentration of N to that from the literature review of
17.59 mmol N/m?in the Labrador Sea (Anderson, 1993), (see Section 3.5) most
parameter values reveal a greater concentration. This is also true for the maximum
concentration of P which from the results from Table 2.3 is § mmol N/m’ ; most model
simulations show a peak value above 10 mmolN/ m’. However, these model simulations

do not take into account the cloud effects, which would reduce the phytoplankton
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productivity. In model runs using the same parameters but including cloud effects, the
peak of P changed by approximately 3 to 4 mmolN/m? and the peak N concentration
remained unchanged (Figure 3.7). Taking this into consideration, the P maximum would
be reduced to a more desirable range, but most results still show much higher peak
concentrations. The plot of P (Figure 3.5) reveals that to obtain a peak of approximately
8 mmoIN/m’, one must choose most parameter values towards the upper or lower limits
of the ranges. The parameter ranges chosen (Table 3.4) were used for model simulations
of the seasonal cycle of NPZD with and without the clouds (Figure 3.7). The model
simulation did predict the pattern of the phytoplankton cycle in the Labrador Sea as
discussed in Chapter 2 and shown in Figure 2.2. Also, the maximum N concentration
between 16 and 18 mmolN/m’ did match the value from the literature review. It is
evident from Figure 3.7 that the P peak concentration decreases with the effect of clouds,
however, the bloom timing does not change. The P peak with effect of clouds is 4.93
mmolN/m3, which is too low. Also, the timing of the bloom climax occurs at day 133,
which is too early in the year compared to day 170. Due to this discrepancy it was also
decided to investigate the sensitivity to the timing of the bloom climax using four
parameters, g,, I'm, Vm and myq as discussed above. The results in Fij re 3.6 reveal that at
a certain range of the parameters the bloom timing remains at day 188. As g, increases
over 0.7 and r,, increases over 0.8 d'and vm Increases over 0.6 d'l, the day of maximum
bloom of P decreases until at the upper range of these parameters va es, when the bloom
timing remains at day 156. The opposite is true of mpq. The bloom timing remains at day

188 for the upper range of the parameter and decreases as myq decreases. However,



within the range used for mq the bloom timing of day 156 is not reached. Based on
obtaining a value of the bloom peak timing of day 170 the values of the four parameters
in question were chosen (Table 3.5), along with the corresponding peak concentrations of
P. A model simulation was run using the parameters from Table 3.4 and replacing g,, rm,
Vm and mpq with the values from Table 3.5. The results show that the P and N maximum
concentration and day of the P peak are similar to the reported values from the literature
(Figure 3.8). The maximum P concentration was 7.67 mmol N/m? that occurred at day

168, and the maximum N concentration was between 17 mmol N/m?® and 19 mmol N/m™.
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Figure 3.5: Normalized range of each parameter and the corresponding maximum N, P,
Z and D concentrations from NPZD model simulations using Bravo station 1968 data.
Legend: Kk is the half saturation constant for Z grazing, K, is the attenuation coefficient
of sea water, k, is the Michaelis-Menten half saturation constant, alpha is the initial slope
of P-I curve, g, is the assimilated fraction that is ingested by Z, v, is the maximum
uptake rate of nutrients by phytoplankton, ry, is the zooplankton maximum rate of grazing,
r. is D is remineralization rate, myq phytoplankton mortality and k. is the coefficient
providing shading.






Bravo station 1968 data, day of maximum P concentration
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Figure 3.6: Range of ry, (blue), ga.(red), myq (green) and vim(black) and the
corresponding Julian day of maximum P concentration from NPZD model simulations
using Bravo station 1968 data.

126






Table 3.4: Values of parameters chosen from the sensitivity model simulations in an
attempt to match the value the maximum P concentration from the literature.

Parameter Units Value chosen
K m’ 0.04
ke m mmol N /m’ 0.12
a d' (W/ mY)™’ 0.055
Vi d’ 1.2
K mmol N/m™ 0.1

My d’ 0.045
I'm d’ 1.41
g, 0.85
kp mmol N/m™ 0.25
Te d’ 0.05

M, d’ 0.2

Myq d’ 0.05

Table 3.5: Tests using 4 parameters to determine the day of maximum concentration of P

over an annual cycle. Model simulations were done using Bravo station 1968 data.

Parameters Range used Value when Corresponding
Julian day is 170 maximum P
(mmol N/m™)
T'm 0.01-1.5 steps 0.2 1.08 17-18
g, 0.1,0.3,0.5,0.7, 0.75 35-40
0.75, 0.85, 0.90
Mpg 0.045-0.15 steps 0.045 17-20
0.02
Vm 0.6-3.0 steps 0.3 0.87 20-22
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NPZD concentration for Bravo station 1968, model (Denman and Pena 1998)
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Figure 3.7: Model simulation using parameter choices to minimize P peak concentration

with (dotted) and without cloud effects (solid). Model simulation using Bravo station

1968 data. Parameter values used are included in Table 3.5.
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NPZD concentration for Bravo station 1968, model (Denman and Pena 1998)

20 T T T T T T T
I— N
=]
18 7 0
B D
16 =
E 14r _ _
pd 9,=0.75,r =108,
S 1ot v,,=0.87, mpd=0.045
E
S 10 -
®
= maximum P concentration =7.6715 mmol N/m3
o 8r =11 8589 ma chl /m3 7
S
O ¢ 8 -
4 4
C 7 7 —
u sU 10U 15U 20U 25U 3uu 35U 400

Time (days)

Figure 3.8: Model simulation using parameter choices from Tables 3.4 and 3.5. Model
simulation using Bravo station 1968 data.
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CHAPTER 4

Results

The annual cycles of the four state variables, nitrate, phytoplankton, zooplankton
and detritus were modeled for three regions; the Labrador Sea and Shelf and Hamilton
Inlet. In this section the resulting dynamics of these variables over an annual cycle are
discussed and compared with observations, in-situ data, shipboard measurements, remote
sensing data, and the results of other models. The analysis is focused on answering three
main questions. The first is whether climate change during the 1990s affected the
abundance and seasonal dynamics of the planktonic ecosystem in the Labrador Sea and
Shelf. The second is whether the Churchill River flow and changing stratification
associated with freshwater input significantly contribute to the circulation and
entrainment of nutrients in Hamilton Inlet and, therefore, influence the abundance and
seasonal dynamics of the planktonic ecosystem in Hamilton Inlet and Labrador Shelf.
The third is whether the Churchill River significantly contributes to the nutrient budget of
Hamilton Inlet and therefore influences seasonal dynamics of the planktonic ecosyste in

the Hamilton Inlet and Labrador Shelf.

4.1. Labrador Sea

The model for the Labrador Sea was run during two periods, 1968 and the 19!
The model was initialized January 1 and run for one complete year. The initial
concentrations of each state variable are listed in Table 3.1 and the parameters used a

listed in Table 3.2. In the following sections the results of the calculated annual mixe
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layer depth and results of the model simulations are discussed and compared with
observations, in-situ data, shipboard measurements, remote sensing data, and the results

of other models.

4.1.1. Annual Mixed-layer

The mixed-layer depth was calculated from density measurements during the two
periods 1968 and from 1992 to 1999 as discussed in Section 3.4.1 (Figure 4.1). The
annual cycle of the mixed-layer depth for the Labrador Sea starting in the beginning of
January is shallow above 300 m, then deepens to a maximum depth by the end of January
and remains deep until late March. The mixed-layer depth shallows by the beginning of
April and by the end of April the depth in most open water regions in the Labrador Sea is
reduced to 50 m or less and remains shallow until December and January when
increasing winds deepen the mixed-layer and the cycle begins again (Tang et al., 1999).
This annual cycle is consistent with the annual mixed-layer depth from Tian et al. (2004)
(Figure 4.2). The mixed-layer depth in the study by Tian et al. (2004) was determined by
finding the point of zero gradient for temperature and salinity. For 1968, at the Bravo
station, the mixed-layer deepens to 1000 m, the maximum depth used in the model, from
mid January until March. This deep convection, down to 1000 m, is deeper than the
published value of 800 m in 1968 (Lazier, 1980; Tian et al., 2004). Therefore, the model
was run with the mixed-layer depth of 1000 m, and 800 m. The mixed-layer begins to
shallow at approximately day 118 and continues to shallow until it reaches a minimum
between days 180 and 280, after which it gradually deepens to 100 to 200 m by the end

of the year. In comparison, the 1968 density data for the Labrador Sea shows a minimum
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between days 225 and 300 and is uniform throughout the water column between days 15
and 90, corresponding with the deep convection. In the 1990s there was insufficient data
for any one year and therefore data for the years between 1992 and 1999 were combined.
Unlike the 1968 data, which was all obtained from one location, the data in the 1990s was
distributed among many sites throughout the area. Tian et al. (2004) had the same
problems when trying to determine the depth of the mixed-layer in the 1990s, they
combined data between 1990 and 1998 to determine a mixed-layer annual cycle.
Between 1992 and 1999 the density data (Section 2.5.1) are sparse in the winter and the
data from the period when the mixed-layer begins to shallow after the winter deep
convection is absent. For this reason, the results of Tian et al. (2004) in the 1990s are
used to determine the day that the mixed-layer begins to shallow, day 105, and the depth
of winter convection, 2300 m (Figure 4.2). The 1990s mixed-layer depth continues to
shallow after day 105 until it reaches a minimum between days 135 and 210, after which
the data are sparse again. This makes it difficult to determine when the mixed-layer
begins to deepen again in autumn. Figure 4.1 shows the points in blue where data were
available to calculate the mixed-layer and the points circled in red were outliers that were
subsequently removed. Other studies have shown that the depth of the mixed-layer in
winter and the time of the maximum mixed-layer depth vary throughout the Sea (Tang et
al., 1999; Lavender and Davis, 2002). For example, in the central Labrador Sea (58°N,
55°W) the maximum mixed-layer depth occurs at the end of March, whereas farther north
(62°N, 53°W) the maximum occurs at the end of February (Tang et al., 1999). The

mixed-layer depth for that study was determined using a Niiler-Kraus type model coupled
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to sea-ice. Lavender and Davis (2002) plotted the mixed-layer depths across the
Labrador Sea between November 1996 and June 1997 and showed they varied between
less than 200 m to 1350 m. They also showed when combining all the data that overall,
the mixed-layer deepened to 1200 m in March and was shallow by the end of April and
remained shallow until November when it began to deepen again. The mixed-layer for
that study was calculated from measured temperature and salinity by determining the
break between the least squares fit of a straight line to the upper layer and a second order
polynomial plus exponential fit to the lower layer of each temperature profile. These
results are consistent with this studies calculated mixed-layer except in the 1990s in
December and early January, when the mixed-layer remained quite shallow. The 1990s,
data are spread across the Sea and the deep winter convection depths can vary annually
and by location. Therefore, the model was run in the 1990s using two winter convection
depths, 1000 and 2000 m. Otherwise the annual mixed-layer depth remained unchanged.
During 1968, relative to the 1990s, as discussed previously, winter convection
was shallower. Compared with the data obtained from I. Yashayaev (personal
communication, BIO) (Section 2.5.1) for the Labrador Sea, the lowest salinity and
highest temperature recorded between 1938 and 2001 occurred during 1968 to 1971.
Lazier (1980) reported similar findings and the low salinity period was also combined
with a milder winter between 1967 and 1971. The lower salinity combined with the
milder winter changed the stratification of the upper layers. Therefore, even though there
was weaker stratification in the intermediate layers, the strong upper layer stratification

limited deep convection.
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A Labrador Sea Mixed Layer Depth, 1968
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Figure 4.1: The mixed-layer depth for the Labrador Sea calculated from measured
density data. (A) Weather ship station BRAVO, 1968; (B) various locations in the
Labrador Sea, 1992 to 1999. In B) the line is the linear interpolated mixed-layer depth,
the blue dots indicate the days in which density data are available to calculate the mixed-
layer depth and the circled points are the outliners that were removed.
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Figure 4.2: Mixed-layer depth for the Labrador Sea from CTD profiles: A) 1966 to 1968,
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2004).
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4.1.2. Annual Cycles of Biological Variables

All the biological variables, nitrate, N, phytoplankton, P, zooplankton, Z and
detritus, D, show a distinct annual cycle typical for the Northwest Atlantic with a
pronounced spring bloom in P and Z and depletion of N concentration in the surface layer
in the summer (Siegel et al., 2002) (Figure 4.3 and Table 4.1). The model for the 1990s
was run over several annual periods using the output from the previous run to obtain
stable N dynamics.

Starting in January the concentration of N is high and reaches levels found in the
deep ocean of around 16 mmol/m’ and remains unchanged until early May. At the same
time, deep convection is occurring that supplies the upper layer with nutrients and
maintains the high level of nutrients, since the primary production is light limited and
remains at a minimum. Z and D are also at a minimum during the winter deep
convection. In the spring, when the mixed-layer begins to shallow in May the irradiance
increases in the surface layer, the photosynthetically available radiation (PAR) increases,
and the high concentration of N becomes trapped in the mixed-layer causing a P bloom.
The initiation of the P bloom is determined as the day at which the P concentration
reaches over 0.1 mmol N/m> (Table 4.1). The model simulations for 1968 reveal an
earlier start to the P bloom at day 119 compared with day 130 for the 1990s. P continued
to increase until reaching a maximum concentration. There is some variability in P
concentration, therefore, a 5-day mean was used to smooth the data and determine the
timing of the bloom (Figure 4.3). In 1968 the P peak concentration shows little change

in response to decreasing the winter convection depth (Figure 4.4 b). However, the
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decrease in deep convection depth causes the P bloom to occur 10 to 15 days earlier. In
the 1990s there is very little difference between the timing or magnitude of the P bloom
by changing the winter convection. There is a considerable difference between the 1990s
and 1968 P bloom timing and maximum. The P peak concentration is lower in the 1968
simulations than in the 1990s simulations. The 5-day mean P concentration in 1968
(5.36 and 5.48 mmol N/m3) is almost doubled in the 1990s (10.1 and 9.98 mmol N/m3).
The timing of the maximum concentration for the 5-day mean of P is approximately 10
days later in the 1990s compared to the 1968 simulation using 1000 m winter convection
and 20 days later compared to the 1968 simulation using 800 m winter convection.

The increase in P concentration reduces the nutrient concentrations and a
minimum N concentration occurs during the P bloom. Nutrients are never completely
depleted, and are reduced by less than 25% relative to deep-water concentrations. In
1968 the N is reduced from just over 16 to 14 mmol N/m’ for both runs, however the
timing of the N minimum occurs 16 days later when deep convection increases to 1000 m
(Figure 4.4 a). In the 1990s the increase in winter convection had little effect on the
magnitude and timing of the N minimum. In the 1990s the N minimum during the
bloom is lower than the 1968 simulations, reduced from just over 16 to 11 mmol N/m”.
The timing of the N minimum is later in the 1990s by 15 days when compared to 1000 m
winter convection in 1968, and 31 days later compared to 800 m winter convection.

The P bloom period causes an increase in Z biomass and a peak in concentration
of Z occurs as the peak in P concentration quickly declines (Figure 4.4 ¢). Changing the

winter convection depth made little difference to the timing of the Z bloom. Decreasing
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the winter convection depth increases the maximum Z concentration by approximately 1
mmol N/m” for 1968 and by 3.3 mmol N/m® for the 1990s (over double). As for N, the
1990 modeled timing of the Z peak concentration is also approximately 15 days later than
in 1968. The Z peak concentration of approximately 2.3 mmol N/m” is similar to the
1968 model with 1000 m convection and the 1990s model with 2000 m convection. A
similar result occurs with D, with a similar timing of peak concentration for the runs
during each period and an increase in concentration associated with a decrease in
convection in the 1990s and 1968.

During summer, from mid July to September, the stratification increases and
vertical mixing is reduced. The P concentration declines to below 0.1 mmol N/m’ and
remains at low levels until the following spring when the bloom cycle starts again. The
Z and D concentrations also decline to very low levels until the following spring as the
food supply diminishes in the surface waters. The N temporal minimum is followed by a
sharp maximum to about 18 mmol N/m? of nitrate. This may be caused by
remineralization within the mixed-layer and the trapping of nutrients in the mixed-layer
due to the strong stratification. The nitrate maximum gradually declines and in the case
of 1968 it returns back to the level found in the deep waters as the mixed-layer deepens in
autumn and remains at this level until the spring. In the 1990s, in October the nitrate
levels drop, approaching the minimum levels during the bloom. This may be caused by
the stratification breaking down, allowing nutrients to escape the mixed-layer, however,
the mixed-layer does not deepen enough and vertical mixing does not increase

sufficiently to regenerate surface nutrients. Unfortunately, this is a period in which data
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were lacking and interpolation was used to determine daily values, possibly leading to
errors in nutrient dynamics. As the mixed-layer continues to deepen and vertical mixing
increases in November and December the nutrient levels return back to a high level of
over 16 mmol N/m>. In the 1990s, from the end of December until mid January, there is
a slight decrease in nutrients, which may again be caused by the lack of data during this
period. After mid January, the nutrient levels return to the level in the deep ocean until
spring.

The biomass over an annual cycle was calculated by determining the total area
under the curve over one year. The area was calculated using different time intervals
until the time interval was small enough that the total area under the curve for each
variable did not change over the year. The time interval chosen was one-half day. There
are small changes in N, Z and D between simulations with the highest N and Z content in
1968 and the highest D content in the 1990s (Table 4.2). However, the P content almost
doubles from 186.9 and 190.8 mmol N/m’yr for 800 m and 1000 m respectively in 1968
to 349.9 and 358.0 mmol N/m3yr for 1000 m and 2000 m respectively in the 1990s.

Overall the most evident differences between the 1968 and 1990s runs are during
the spring bloom period and the P biomass over an annual cycle. In the 1990s the P
maximum concentration is higher and occurs approximately 10 to 20 days later than in
1968 while the N concentration is lower and occurs 15 to 31 days later. The Z and D
maximum concentration occurs approximately 16 to 19 days later in the 1990s. The P
biomass almost doubles from 1968 modeled values to the 1990s modeled values. The

major differences in 1968 from decreasing the winter convection to 800 m from 1000 m
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is that the P bloom and N minimum occur approximately 15 days earlier. When the
convection decreases to 800 m there is a general decrease in the yearly biomass of P, an
increase in yearly biomass of Z and D and no change in N. In the 1990s the major
change is the increase in Z peak when the winter convection decreases to 1000 m from
2000 m. When the convection decreases to 1000 m there is a general decrease in the

yearly biomass of P, an increase in yearly biomass of Z and almost no change in N and D.
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Table 4.1: Summary of minimum N concentration, maximum P, Z, and D concentrations, timing of the maximum, and start
time of P and Z bloom for model simulations.

Peak Model simulation Model simulation Model simulation Model simulation
concentrations 1968, 800 m 1968, 1000 m 1990-1996, 1000 m 1990-1996, 2000 m
and bloom winter convection winter convection winter convection winter convection
initiation Year | Concentration| Year |Concentration | Year | Concentration | Year | Concentration
Day (mmol N/m3) Day | (mmol N/m’) Day | (mmol N/m3) Day | (mmol N/m’)
N minimum during 152 14.2 168 14.1 183 11.2 183 11.1
bloom
Start of P bloom 119 0.288 119 0.117 132 0.127 135 0.153
(when P reaches 0.1
mmol N/m3)
P maximum 157 7.83 168 7.67 171 11.0 171 10.8
P maximum, 155- 5.48 165- 5.36 175- 10.1 175- 9.98
5 day mean 160 170 180 180
Start of Z bloom 166 0.117 168 0.108 183 0.118 187 0.138
(when Z reaches 0.1
mmol N/m?)
Z maximum 173 3.28 175 2.35 190 5.73 194 2.40
D maximum 171 1.74 174 1.41 190 2.21 191 1.49




Table 4.2: Total yearly biomass of N, P, Z, and D for model simulations.

State Model simulation 1968 Model simulation 1990-1996
Variable Total yearly biomass Total yearly biomass
(mmol N/m3yr) (mmol N/m3yr)
800 m winter | 1000 m winter | 1000 m winter 2000 m winter
convection convection convection convection
N 5990 5990 5425 5421
P 186.9 190.8 349.9 358.0
Z 60.55 55.69 54.03 50.62
D 59.69 57.69 65.95 66.00
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Figure 4.4: Comparison of modeled nitrate, phytoplankton and zooplankton for four
model runs: 1968 with 800 m winter mixed-layer (green solid line); 1968 with 1000 m
winter mixed-layer (black solid line); the 1990s with 1000 m winter mixed-layer (red
dotted line); and the 1990s with 2000 m winter mixed-layer (blue solid line). A) Nitrate;
B) Phytoplankton; and C) Zooplankton in mmol N/m>,

4.1.3. Comparison with Other Models

The modeled nutrients, phytoplankton, and zooplankton in the mixed-layer over
an annual cycle are compared with the output of two other ecosystem models of the
Labrador Sea, that of Trela (1996) and Tian ez al. (2004).

The model of Trela (1996) simulated the annual cycles of N, P and Z in the
surface layer (0 to 30-200 m) and the intermediate layer (30-200 m to 230 m) in the
Labrador Sea (Figure 4.5). In that model, the surface layer annual cycle of variables
showed a similar pattern of a distinct spring bloom. The nutrient levels in the surface

layer became depleted in July following the spring bloom, which is not consistent with
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this model results in which the nutrients fall about 25 % below the winter value. In the
intermediate layer the N concentration decreases slightly in spring, which is more
consistent with this models results. Another notable difference in the N annual cycle in
the model by Trela (1996) is the nutrients gradually return to the winter level and do not
peak in concentration following the low levels as in this model. The P bloom in the Trela
model (1996) occurred at the end of June (days 170 to 180), which is within the range
from all model runs with the exception of the run in 1968 with the winter convection to
800 m. In the Trela model (1996) there was a second small increase in P biomass in
summer caused by the shift in P composition towards a higher C:N ratio, allowing the
uptake of additional nutrients from the surface waters. This shift did not occur in these
model runs. The maximum P concentration in the Trela model (1996) was over 80
mmolC/m> (10.35 mmol N/m3), which is close to the values from the 1990s model runs.
The Z peak in the Trela model (1996) occurred at the beginning of June (days 180 to 190),
which is also close in timing to the 1990s runs. The peak concentration of Z was much
lower than this models results at 0.9 mmolC/m? (0.12 mmol N/m3).

The model by Tian et al. (2004) simulated the annual cycles of N, P and Z in the
surface layer in the Labrador Sea. The model was run from 1966 to 1973 and in the early
1990s, and the simulated P annual cycle was plotted yearly with one line representing the
1990s (Figure 4.6). Similar to the model by Trela (1996), there is a distinctive spring
bloom in P with a second smaller increase in biomass in the summer and fall. The latest
and highest P bloom was initiated at the end of April (~ day 120) and occurred at the end

of June in the 1990s, which had the deepest winter convection. The earliest and lowest P
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bloom occurred from 1969 to 1971 during the period of virtually no winter deep
convection (Figure 4.2). The period from 1966 to 1968 was somewhere in-between. The
peak P concentration in the 1990s was ~18 gC/m2 (9.7 mmol N/m’, assuming a mixec
layer depth of 20 m) and in 1968 it was ~14 gC/m” (7.55 mmol N/m’, assuming a mix |-
layer depth of 20 m) which is within the values found for this model study. The P pee
was approximately 20 days later in the 1990s as compared to the periods with shallow
winter convection, which is slightly more than this model. The general pattern found -
Tian et al. (2004) was that during periods of strong winter convection (1972 and 1990s)
the P bloom is later and greater in concentration than during periods of weak winter

convection (1969-1971).
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Figure 4.5: Annual cycles of modeled A) nutrients, N in mmolN/m?; B) phytoplankton, P
in mmolIN/m’; and C) zooplankton, Z in mmolC/m’ from the model by Trela (1996). The
solid line represents the annual cycle in the surface layer which is 0 to 30- 200 m deep
varying seasonally. The dotted line represents the annual cycle in the intermediate layer
which is 30- 200 to 230 m deep. The arrow indicates the time of the simulated deep
winter convection.
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Figure 4.6: Annual cycles of modeled phytoplankton from 1966 to 1973 and in the early

1990s in g C/m? (Modified from Tian et al., 2004). A) 1966 (dotted line), 1967 (dashed
line), 1968 (solid line); B) 1969 (dotted line), 1970 (dashed line), 1971 (solid line); and C)
1972 (dotted line), 1973 (dashed line), 1990s (solid line).
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4.1.4. Comparison with Observations, In-situ Data, and
Shipboard Measurements

Nutrients and phytoplankton in the mixed-layer are chosen for comparison with
observations since there are data from the Labrador Sea. The data obtained over a year
are sufficient to determine whether modeled annual cycles have realistic magnitude,
timing and overall seasonal dynamics. However, there is a lack of data for the specific
periods investigated, 1968 and the 1990s. Therefore, the data are combined over all years
for which data were available. The sources of data used are the BIO database (B. Petrie,
personal communication, BIO and www.mar.dfo-mpo.gc.ca/science/ocean/home.html),
the Continuous Plankton Recorder Program and a study by Louanchi and Najjar (2001).

For further details on the sources of data see Chapter 2.

a) Nitrate

The modeled N for two runs in 1968 and the 1990s for 1000 m winter convection
is compared with the data from the BIO database between the years of 1962 and 1999
(Figure 4.7). The BIO data are averaged daily by depth and the bi-monthly mean is
determined from these points. Three depth intervals are used: 0 — 10 m, 40 — 50 m and
90 — 100 m. The model cycle of N does not compare well with the N concentration in
spring, summer and fall seasons in the two shallow depth levels. The N levels sink much
lower in the spring and summer during the bloom than the modeled N concentrations. In
the surface layer, the N levels are almost depleted similarly to the model by Trela (1996)
discussed above. In the spring, summer and fall the modeled N levels are more

comparable to N in the deeper layer from 90 to 100 m. It is difficult to determine the
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Comparison of N Concentration in the Labrador Sea for model simulation and BIO data
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Figure 4.7: Comparison of modeled nitrate concentration (black solid thick line) and
measurements from the BIO database between the years of 1962 and 1999. The BIO data
are averaged daily by depth (dots) and the bi-monthly mean is determined from these
points (solid thin lines). The depths are divided into 3 levels: 0 — 10 m (black); 40 — 50 m
(blue); and 90 — 100 m (green). Comparison using two model runs: A) 1968; and B) the
1990s with 1000 m winter mixed-layer.
timing of the N minimum from the observations due to the high variability in the data. In
the winter the modeled N seems to fit well to the measured N concentrations.

Another study by Louanchi and Najjar (2001) investigated the nutrients in the
upper Atlantic Ocean in the late 1990s using data from World Ocean Atlas 1998

(Conkright et al., 1994) (Figure 4.8). The units are pM N which is equivalent to mmol
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N/m®. The levels in the winter are slightly lower (~14 umol N/1) than the modeled nitrate
(~16 mmol N/m?). In the summer the N concentration also sinks to much lower levels
than the modeled nitrate, but is not totally depleted. The timing of the N minimum is at
the same time as the model, but the N remains at the low level for longer, and gradually

increases to the level found in deep waters.
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Figure 4.8: Annual cycle of nitrate averaged between 0 and 20 m in mmol N/m?, using
data obtained from the World Ocean Atlas 1998 for the Arctic (solid line), Labrador
(dotted line), and sub Arctic (dash-dotted line). (Modified from Conkright et al., 1994;
Louanchi and Najjar, 2001).

b) Phytoplankton

The modeled phytoplankton for two runs in 1968 and the 1990s for 1000 m winter
convection is compared with the data from the BIO database between the years of 1977
and 2001 (Figure 4.9). The BIO data are averaged daily by depth and the bi-monthly
mean is determined from these points. The depth interval used is O — 10 m. The modeled
annual cycle of P broadly compares with the observations. The maximum P

concentration measured is just over 12 mmol N/m?, and the daily mean maximum is 8
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mmol N/m® which is higher than the modeled 1968 values but falls in the range of
modeled values from the 1990s. The timing and start of the bloom is not clear due to the
lack of data. The measured levels of P in winter and autumn are quite low and consistent

with modeled results.

Comparison of P Concentration in the Labrador Sea for model simulation and BIO data
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Figure 4.9: Comparison of daily (green solid line) and 5-day mean (black dotted line) of
modeled phytoplankton concentration with the daily average from the BIO database for
the upper 10 m between the years of 1977 and 2001, with the majority of the data
collected from 1982-1984 (black dots). Units in mmol N/m®. Comparison using two
model runs: A) 1968; and B) the 1990s with 1000 m winter mixed-layer.

Other studies have reported various values for the P bloom, which are

summarized in Table 2-3. The Continuous Plankton Recorder Program (CPR) (see
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late August. In early September, increasing winds deepen the mixed-layer, reinitiating
the cycle. There are few studies of the annual cycle of mixed-layer depth for the
Labrador Shelf. Tang and DeTracey (1998) studied the mixed-layer properties in the
Newfoundland marginal ice zone during March 1992. They found that ice arrived on the
Shelf between day 2 and 24 and caused the mixed-layer to shallow. In March, the mixed-
layer was at 100 m defined by the depth at which the density changed by 0.002 from the
surface. This is shallower than all the calculated mixed-layer depths but also the value
used for the density change from the surface to calculate the mixed-layer is greater. They
also found the mixed-layer to varied across the Shelf from east to west at a given time
with different ice conditions.

For the 1960s the mixed-layer deepens from 137 m at the beginning of January to
the maximum depth of 163 m at the end of February. The mixed-layer reaches a
minimum (above 40 m) between days 190 and 230, after which it begins to deepen
gradually back to 137 m by the end of the year. In comparison, the 1960s surface density
data (0-10 m) for the Labrador Shelf shows a minimum at day 225 and is uniform
throughout the water column between days 70 and 105 corresponding with the deep
mixed-layer depth.

For the 1970s, in contrast to the 1960s, the mixed-layer shallows from 186 m at
the beginning of January to 130 m by the end of February. The mixed-layer remains
between 130 and 120 m until just over day 120 when it begins to rapidly shallow. It
reaches a minimum (above 40 m) between days 180 and 253 after which it begins to

deepen gradually back to 186 m by the end of the year. In comparison the 1970s surface
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density data (0-10 m) for the Labrador Shelf shows a minimum just at about day 210 and
the winter data are sparse, making it difficult to determine when there is a small density
gradient in winter.

The 1980s annual mixed-layer cycle is very similar to the 1970s. The mixed-
layer shallows from 182 m in the beginning of January to 140 m by mid January. The
mixed-layer remains between 134 and 140 m until, as in the 1970s, post day 120 when it
begins to rapidly shallow. It reaches a minimum (above 40 m) between days 187 and 222
after which it deepens gradually back to 182 m by the end of the year. In comparison the
1980s surface density data (0-10 m) (Figure 2.21) shows a minimum between days 210
and 225; the winter data are sparse as for the 1970s.

The 1990s annual mixed-layer cycle follows a similar pattern to the 1960s. The
mixed-layer deepens from 150 m in the beginning of January, reaching a maximum depth
of almost 170 m by mid February, the deepest mixed-layer depth relative to the other
periods. The mixed-layer remains below 140 m until day 120 when the mixed-layer
begins to shallow. At approximately day 170 it reaches a minimum (above 40 m) and
remains shallow until day 260, after which it begins to deepen gradually back to 150 m
by the end of the year. In comparison the 1990s surface density data (0-10 m) (Figure
2.21) has a minimum at between days 240 and 255, which is later than the other years
and is uniform throughout the water column starting about day 70 (after the data are
sparse) corresponding with the deep mixed-layer depth.

The major differences in mixed-layer depths between the years investigated

summarized by season are; in winter the 1990s mixed-layer deepenes in the beginning of

161



the year to the deepest depth of 170 m. The 1960s also deepens in the beginning of the
year but to a shallower depth of 162 m. The 1970s and 1980s mixed-layer shallows in
January reaching a plateau at around 140 and 130 m. In spring all years shows a rapid
shallowing of the mixed-layer but the timing is slightly later in the 1980s and 1990s. In
summer all periods reach a similar minimum depth but the timing and duration of the
minimum depth varies. The 1990s mixed-layer reaches a minimum (above 40 m) the
earliest followed by the 1970s and 1980s, which are very similar, and the latest is the
1960s. However, the 1960s mixed-layer reaches a plateau just below 40 m before day
165, earlier than any other years. In comparison the daily surface (0-10 m) density mean
data has a similar pattern, the earliest density minimum is in the 1960s, becoming

increasingly later towards the 1990s and the minimum value is similar for all periods,
approximately 23 G,. In autumn, the 1980s mixed-layer deepens earliest, followed by the

1960s and 1970s. The latest deepening occurs in the 1990s.
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compared to the primary production, which has little change, and do not fit the

correlation from Harrison and Parsons (2000). The fish catch and primary productivity is
lowest in the 1990s and both gradually increase to 20 tons/mzyr and 212 gC/m2 yr
respectively in the 1970s. In the 1960s the fish catch reaches a maximum of 35 tons/m?yr,
and the primary productivity is slightly lower than the value in the 1970s at 207.4 gC/m”

yr. Fish catches in the 1960s, 1970s and 1980s were clearly not sustainable.

Daily Primary Productivity for Labrador Shelf
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Figure 4.15: Daily primary productivity in mgC/m? day for the each period the model
was run, 1960s (black), 1970s (blue), 1980s (green), and 1990s (red).

75



Yearly Primary Productivity for Labrador Shelf
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Figure 4.16: Yearly primary productivity in gC/m? year for each 10-year period the
model was run from 1960 to 1999. The yearly primary production varies less than 10 %.

Annual primaryproduction and fish catch for the North Alantic.
Datafrom Table 7.1, Harrison and Parsons (2000)
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Figure 4.17: Correlation between annual primary production and sustainable fish catch in
the North Atlantic. Data are taken from Table 7.1 of Harrison and Parsons (2000).
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Yearly Total Fish Catch versus Primary Productivity for Labrador Sheif
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Figure 4.18: Yearly primary productivity in gC/m2 year versus total fish catch in
tons/kmzyr in NAFO region 2J averaged over 10 year periods for the period the model
was run 1960 to 1999.

4.2.4. Comparison with Observations, In-situ Data and
Shipboard Measurements

Nutrients and phytoplankton in the mixed-layer are selected for comparison with
observations. For the Labrador Sea, data are sparse for the specific periods investigated.
Therefore, the N and chlorophyll data are combined over all years for which data were
available. The sources of data used are the BIO database (B. Petrie, personal
communication, BIO and www.mar.dfo-mpo.gc.ca/science/ocean/home.html), the
Continuous Plankton Recorder Program and the study by Drinkwater and Harding (2001).

See Chapter 2 for further details on the sources of data.
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a) Nitrate

The modeled N for all four runs are compared with the data from the BIO
database between the years of 1962 and 1999 (Figure 4.19). The BIO data are averaged
daily by depth over three depth intervals: 0 — 10 m, 40 — 50 m and 90 — 100 m. The
modeled cycle of N compares reasonably well with the observed surface N concentration
in the winter, spring, and summer. In the fall, the 1960s and 1990s modeled N
concentration is lower than observed values. In winter, there are few data, however, for
the data that do exist in February and March, the modeled N level is within the range of
measured values from the surface to 100 m depths. In the spring and summer there is
more data available and this data indicates that the surface N sinks to very low levels,
which is consistent with the modeled N. The deeper layer of water shows a higher N
concentration in spring and summer than the surface concentrations. The approximate
timing of the N minimum at the surface from the observations is between days 130 and
215, which begins earlier than any model run. The modeled N minimum is within this
range except for the 1990s, during which the N minimum remains until day 240.

Drinkwater and Harding (2001) investigated the biology on the Shelf and found
that from 0-50 m, below 55°N on the Shelf, the average nitrate concentration varied from
2 to 4 mmol N/m’ which is within modeled values. Also, for a transect across the
Hamilton Bank they found the nitrate concentration to vary from 1 mmol N/m? at the

surface to around 10 mmol N/m® at 100 m depth.
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b) Phytoplankton

The modeled P for all four runs is compared with data from the BIO database for
the years 1977 and 2001 (Figure 4.20). The BIO data are averaged daily by depth over
two depth intervals: 0 — 10 m, and O — 30 m. The maximum P concentration measured is
over 12 mmol N/m® and the daily mean maximum is about 11 mmol N/m” that is higher
than the modeled P. The timing and start of the bloom is not clear due to the lack of data,
but the highest concentrations were measured in May, which is during the first P peak of
the modeled simulations. In winter and autumn the measured levels of P are quite low,
which is consistent with modeled results.

Other studies have reported various magnitudes for the P bloom (Table 2-3).
Drinkwater and Harding (2001), in September 1985, found from 0-50 m, below 55°N on
the Shelf, the average P concentration was 1 mmol N/m? or lower, which is consistent
with modeled values except in the 1990s, which has a higher modeled value. The CPR
(see Section 2.1) revealed a similar seasonal cycle as the model, with two blooms. The
first bloom occurred at the beginning of June (~ day 160) and the second larger bloom
occurred at the end of September (~ day 270). This is consistent with the modeled 1990s
P concentration. From the 1960s to 1980s the modeled second P peak occurred around

day 240, which was earlier than the CPR data.

181









4.2.5. Comparison with Remote Sensing Data

The model of the P annual cycle can be further verified by comparing with remote
sensing satellite images. Much more satellite data are available for this region than in-
situ measurements, allowing description of the annual cycle. The modeled P for all four
runs is compared with the data from the CZCS for the years of 1979 to1983 and the
SeaWiFS for the years 1998 to 2002 (see Section 2.2) (Table 4.6 and Figure 4.21).

The CZCS images from the Labrador Shelf region indicate a maximum P
concentration beginning in June and lasting until late August. The maximum
concentration ranges from 3 to over 10 mg chl/m® (1.94 to over 6.47 mmol N/m?). This
roughly corresponds to the modeled P bloom timing, but the modeled P maximum
concentrations were lower in some cases.

The SeaWiFS data and modeled daily P concentrations were averaged bi-
monthly. The SeaWiFS bi-monthly means per year shows a similar maximum P
concentration to the modeled P between 1.2 and 1.9 mmol N/m>. The individual bi-
monthly measurements reveal a much higher concentration up to 10 mmol N/m’ during
the bloom as shown in Figure 4.21 by the gray dots. The estimate of the bloom timing
from satellite images varied and was highly dependent on how much of the bloom the
images were able to capture bi-monthly, the bloom peak ranged from about day 150 to
day 195. This is slightly later timing than for the modeled concentration from the 1960s
to 1980s. The modeled 1990s first bloom concentration does match reasonably well with
the SeaWiFS bloom during 1998 and 1999 when measurements coincided. The SeaWiFS

averaged data did not show a second larger P bloom in autumn as the CPR data did. But
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the SeaWiFS original data, not averaged, did show a slight increase in P concentration in

October.

Table 4.6: Summary of maximum P concentrations and timing for model simulations and
SeaWiFsS data.

Data Source Phytoplankton maximum Phytoplankton maximum
concentration, bi-monthly mean concentration
Year Concentration Year Concentration
Day (mmol N/m?%) Day (mmol N/m?%)
Model simulation 135-150 2.26 131-156 2.01-2.32
1960s 240-255 1.81 242-246 2.00-2.03
Model simulation 135-150 1.89 127-152 1.75-1.98
1970s 225-240 1.26 239 1.66
Model simulation 135-150 1.69 129-155 1.69-1.71
1980s 225-240 1.81 232 2.03
Model simulation 150-165 2.13 165 2.58
1990s 255-270 1.59 271 1.77
SeaWiFS 1998 150-165 1.89 135 ~9
SeaWiFS 1999 150-165 1.70 165 ~5
SeaWiFS 2000 165-180 1.84 180 ~14
SeaWiFS 2001 165-180 1.33 180 ~7.5
SeaWiFS 2002 180-195 1.23 165 ~9
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Labrador Shelf SeaWIFS data and model simulations of
bi-monthly mean phytoplankton concentration
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Figure 4.21: Modeled and measured SeaWiFS phytoplankton concentration over an
annual cycle. Units in mmol N/m®. SeaWiFS is measured bi-monthly (grey dots) and
averaged bi-monthly (solid coloured lines). The modeled results are also averaged bi-
monthly (dashed line) and error bars show the standard deviation during the; A) 1960s
model results; B) 1970s model results; C) 1980s model results; and D) 1990s model
results. SeaWiFS data from B. Petrie (personal communication, BIO).
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4.3. Comparison Between Labrador Shelf and Sea

The results from the model runs for the Labrador Sea for 1968 with a winter
convection to 800 m and for the 1990s with a winter convection to 2000 m are compared
to results from the Shelf for the 1960s and 1990s (Figure 4.22 and 4.23).

As expected, the nutrient concentrations are higher in the Labrador Sea
throughout the entire year. The N concentration on the Shelf is depleted in spring while
in the Sea there is only a slight decrease in N. The N minimum on the Shelf occurs later
and remains longer than in the adjacent Sea. Comparing the timing of the N minimum in
the Sea to the start of the N minimum on the Shelf in the 1960s, the minimum occurs 37
days later on the Shelf. In the 1990s, the N minimum occurs 18 days later on the Shelf.
On the Shelf there are two P blooms while in the Sea there is only one. The first P peak
on the Shelf occurs slightly earlier than the peak in the Sea. On the Shelf, the first P
bloom is also initiated earlier and is much broader compared to the Sea, which has a
sharp peak. In the 1960s, the P bloom in the Inlet slightly overlaps the bloom in 1968 in
the Sea. In the 1990s, the peak occurs earlier on the Shelf than in the Sea by about 5 days.
This is consistent with Pavshtiks (1968) who found the spring bloom to occur earlier on
the Shelf except in the southern Labrador Sea. The maximum P concentration for the
Shelf is less than half the value from the Sea. However, when comparing the total
biomass over the year the values are not so drastically different since there is a second P
peak on the Shelf. In 1968 there is actually more P biomass per year on the Shelf than in
the Sea. In the 1990s the opposite is true and there is more P biomass per year in the Sea

(Figure 2.1). The Z peak concentration and yearly biomass over doubled that in the Sea.
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On the Shelf there are two Z blooms in the 1960s and one bloom in the 1990s. The Sea
has only one Z bloom. The Z timing of the first peak in the Z bloom is about 10 to 20

days earlier on the Shelf in the 1960s and 1990s.
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Figure 4.23: N (black), P (green) and Z (blue) yearly biomass for Labrador Sea (asterisk)
and Shelf (circles). The N values are divided by 100 and the P values are divided by 10.
The Labrador Sea results are from the 800 m and 2000 m deep winter convection runs.

4.4. Hamilton Inlet

The model for the Hamilton Inlet was run for two periods, before 1970 and after
1976, representing before and after the hydroelectric development of Churchill River. As
described in Section 3.5.3, only three state variables are used for this model since detritus
was removed. The model was initialized January 1 and run for one complete year. The
temperature and salinity data during each period were combined. The initial
concentrations of each state variable are listed in Table 3.1 and the parameters used are
listed in Table 3.2. In the following sections, the results of the calculated annual mixed-
layer depth and results of the model simulations are discussed and compared with

observations, in-situ data and shipboard measurements. The results are not compared
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with remote sensing data or with the results of other models since there was no reliable
satellite imagery and no models found that describe the annual cycle of plankton in the

Inlet.

4.4.1. Annual Mixed-layer

The resulting calculated mixed-layer depths for Hamilton Inlet vary considerably
between the two periods (Figure 4.24 and 4.25). The mixed-layer depth was calculated
from measured temperature and salinity before and after the hydroelectric development
as described in Section 3.4.3. All available data for each period were combined. The
annual cycle of the mixed-layer depth for the Hamilton Inlet is opposite to that of the Sea
and Shelf. The mixed-layer in the Inlet shallows over winter and does not deepen. This
may be due to ice cover. The mixed-layer deepens after June when there is no longer ice
cover (Figure 4.26). As the ice thickens during winter the mixed-layer shallows, and
when ice thickness reaches 30 cm the mixed-layer is above 30 m. As the ice melts during
spring the mixed-layer deepens, but it is not until the ice leaves that the mixed-layer
reaches a maximum depth. The mixed-layer is also compared to the Churchill River
mean monthly river flow (Figure 4.26). The river flow is greatest during the ice melt
when the mixed-layer shallows in spring.

Before the 1970s the mixed-layer shallows from 35 m in the beginning of January
to the minimum depth of 10 m at the end of February. The mixed-layer deepens slightly
from February to April and shallows back to 10 m before deepening again to the
maximum depth of 70 m by day 240. The mixed-layer gradually begins to shallow by

day 280 following the maximum depth. It deepens back to 43 m by the end of the year.
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After 1976, similarly to the 1960s, the mixed-layer shallows from 35 m in the
beginning of January to 10 m at the end of February. The mixed-layer remains between
10 and 8 m until just over day 150 when it begins to rapidly deepen. It reaches a
maximum depth between days 170 and 315, after which it begins to shallow gradually
back to 45 m by the end of the year.

There are only minor differences in mixed-layer depths between the years
investigated. This maybe caused by the lack of data before 1970 and the filling of gaps
in the data using the entire data set. In winter after 1976 the mixed-layer does not
deepen slightly as it does prior to the1970s. After 1976 the mixed-layer deepens more
rapidly and does not reach as deep as before 1970. The data set after 1976 contains
many observations from Goose Bay that is shallower than Lake Melville and Groswater
Bay, and this may be the cause of the shallower mixed-layer in summer after 1976. In

November the mixed-layer shallows earlier in 1976 than before the1970s.
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Figure 4.24: The mixed-layer depth for Hamilton Inlet calculated from measured
temperature and salinity data. (A) After 1976 and (B) before 1970. The line is the daily
linear interpolated mixed-layer depth, and the blue dots indicate the days in which density
data are available to calculate the mixed-layer depth.
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Hamilton Inlet Mixed Layer Depth, from 1960 to 1959
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Figure 4.25: The mixed-layer depths for Hamilton Inlet calculated from measured
temperature and salinity data before 1970 (solid line) and after 1976 (dashed line).

196






4.4.2. Annual Cycles of Biological Variables

The biological variables, N, P, and Z, in Hamilton Inlet have an annual cycle
distinct from that of the Labrador Sea and Shelf. There is a pronounced spring bloom in
P but not in Z and an increase of N concentration in the surface layer in the summer and
decrease in the winter and fall (Table 4.7 and Figure 4.27 and 4.28).

The concentration of N is high in January for all years. This is the same time that
the mixed-layer is deeper, supplying the upper layer with nutrients and causing an
increase in P concentration. The N concentration gradually decreases until the end of
January. In February, before 1970, there is a second increase in N to 1 mmol N/m’
followed by an increase in P to 1.1 mmol N/m’ by day 62. The increase in P
concentration reduced the N concentration to a minimum until the following spring. In
February, after 1976, the N concentration remains low until day 108, which had a slight
peak of N followed by an increase in P concentration. The mixed-layer begins to
deepen in June and the irradiance increases in the surface layer, due to the disappearance
of ice. The concentration of N also increases in the mixed-layer, beginning about day
140 and subsequently causing a P bloom. N concentration reaches a maximum between
150 and 163 at around 0.72 mmol N/m? before 1970 and day 168 with a higher maximum
of 1.9 mmol N/m? after 1976. The P reaches a peak at the same time as the N peak with a
value of approximately 1.9 mmol N/m? for both periods. The N and P concentration
decline following the bloom and there is another slight increase in N and P concentration

in late August before values return to a minimum. At the end of the year, the mixed-layer
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deepens and the nutrients increase again, however, there is no further increase in P
concentration.

The Z is very low in both model runs. Before 1970 there is a slight Z peak of
0.05 mmol N/m’ at day 250, however after 1976 Z disappears.

The yearly biomass was calculated just as for the Labrador Sea and the results are
shown in Table 4.8. The N is slightly lower before 1970 by approximately 6 mmol
N/m’yr. The P is 45 mmol N/m’yr higher before 1970 at 184.7 mmol N/m’yr. The Z is
very low at 1.96 mmol N/m’yr before 1970s and 0.72 mmol N/m’yr after 1976.

Overall, before 1970 there are two main P maxima one of which was in March
and the other larger peak, which is in June. There are also two main N maxima, the
larger of which is in February and the other is in June. After 1976 there are also early
winter blooms of N and P but they are minor compared to the peak in June.

Table 4.7: Summary of maximum N, P, and Z concentrations and timing of the
maximum for model simulations

Peak Model simulation Model simulation after
concentrations before 1970 1976
and bloom Year |Concentration| Year Concentration
initiation Day | (mmolN/m’) | Day (mmol N/m’)
N maximum 50 1.0375 108 0.355
during blooms 5677637 0.713-0.731 168 1.90
235 0.389 233 0.127
P maximum 62 1.08 25 0.677
172 1.90 115 0.599
--- - 177 1.88
Z maximum 250 0.049 - ---
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Comparison of N concentration for model runs before 1970 and after1976
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Figure 4.28: Comparison of modeled nitrate, phytoplankton and zooplankton for four
model runs before 1970 (black solid line) and after 1976 (dotted line). A) Nitrate; B)

Phytoplankton; and C) Zooplankton in mmol N/m’
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4.4.3. Comparison with Observations, /In-situ Data and
Shipboard Measurements

There are very few observations for Hamilton Inlet, as noted in Section 2.5.3. As
a result, the model simulations of N and P can only be compared to the September 9,
1979 OLABS study (Buchanan and Foy, 1980) (Figure 2.29). In the beginning of
September the model P values are 0.35 and 0.94 mmol N/m®. These are within the values
measured from O to 50 m in the OLABS study. The model N values in the beginning of
September are much lower (>0.35 mmol N/m®) than those reported by OLABS (2.65-1.8
mmol N/m3)

The model simulations are also compared to ice cover over Lake Melville and the
river flow (Figure 2.29 and 2.30). The spring P bloom began during ice melt and reaches
a peak when the ice was quite thin or totally gone. During the freeze up there are also
increases in N and P concentrations. When the ice is at a maximum thickness there is
virtually no P and very few nutrients. The river flow is greatest in spring before 1970 and
reduces after 1976 as discussed in Section 2.5.4. The maximum P bloom occurs at the
same time as the peak in river flow. During the increased river flow in spring, before
1970, there is actually less N. However, this has little effect on the P peak concentration

and only reduces the total yearly biomass by 6 mmol N/m’ yr.
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NPZ concentration and ice thickness in Hamilton Inlet
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Figure 4.29: Modeled daily concentration of N (black), P (green), and Z (blue) in mmol

N/m’ compared to ice thickness in m (orange) over one year for two model simulations:
(A) before 1970 and (B) after 1976.
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NPZ concentration and Churhill River mean monthly flow in Hamilton Inlet
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Figure 4.30: Modeled daily concentration of N (black), P (green), and Z (blue) in mmol

N/m® compared to mean monthly Churchill River flow in m°/s (orange) over one year for
two model simulations: (A) before 1970 and (B) after 1976.
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4.4.4. Primary Production Rate

The primary production rate was determined for each period using the differential
P equation (Section 3.2.1), however all the loss terms in the equation were neglected.
The daily primary production after 1976 increases gradually to a major peak at about day
200 and then gradually decreases again with another slight peak at day 330 (Figure 4.31).
The primary production peaks at 0.32 gC/mzday after 1976. Before 1970 the daily
productivity is more variable and has 3 peaks: day 62, between days 165 and 260 and day
340. The three maximum primary production peaks are approximately; 0.17, 0.30 and
0.32 gC/m’ day respectively. The yearly primary production is found to be 64.072 gC/m?
yr before 1970 and 48.033 gC/m2 yr after 1976. Therefore the primary production
decreased by 16 gC/m2 yr after 1976. Primary production rate can be compared to fish
catch and based on the published correlation (Harrison and Parsons, 2000) (Figure 4.17),
according to this correlation 64 gC/m2 yr corresponds to roughly 1.6 t /km? yr and 48

gC/m’ yr corresponds to 1.4 t/km?. yr.
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Daily Primary Productivity for Hamilton Inlet
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Figure 4.31: Daily primary productivity in mgC/m*day for the each period the model
was run, before1970 (solid line) and after 1976 (dotted line).

4.5. Comparison Between Labrador Shelf and Hamilton

Inlet

The results from the model runs for the Labrador Shelf are compared to results for
Hamilton Inlet (Figure 4.32 and 4.33). As expected, the nutrient concentrations are
higher on the Shelf throughout the entire year. The N concentration on the Shelf is
depleted in spring while in the Inlet there is an increase in N concentration. There are
several N minimums in the Inlet compared to the Shelf. In winter in the Inlet the N

concentration is at a minimum with a few slight increases. On the Shelf, in winter the N
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concentration is at a maximum and gradually decreases until spring. On the Shelf there
are two P blooms while in the Inlet there are some initial P blooms and one major bloom
in spring. The first P peak on the Shelf occurs slightly earlier than the spring peak in the
Inlet. For example, in the Inlet the P bloom before 1970 occurs around day 172 while on
the Shelf it is between days 131 and 156. This is expected due to the duration of the ice
cover in the Inlet. On the Shelf the first P bloom is initiated earlier compared to the Inlet,
which had a sharp initial peak that gradually declines. The maximum P concentration for
the Inlet is similar to that of the Shelf for the 1970s and 1980s. However, when
comparing the total biomass over the year the Shelf has higher values by about 100
mmolN/m’yr. In the 1960s there is a greater P biomass per year on the Shelf and the
Inlet, when compared to later years (Figure 4.33). The Z peak concentration and yearly
biomass in the 1960s is greater on the Shelf by about a factor of 10. On the Shelf there
are two Z blooms while in the Inlet there is only one bloom, at the same time as the
second bloom on the Shelf. After 1976 in the Inlet the Z concentration is very low and
no bloom occurs; on the Shelf the Z population is similar in size to that before 1980 and
bloom does occur.

The yearly primary production for the Labrador Shelf and Hamilton Inlet shows
that in the 1960s the yearly productivity on the Shelf is greater by a factor of about 3

(Table 4.9). After 1976, yearly productivity on the Shelf is greater by a factor of 4.
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Figure 4.33: N (black), P (green) and Z (blue) yearly biomass for, Hamilton Inlet
(squares) and Labrador Shelf (circles). The N values are divided by 100 and the P values
are divided by 10

Table 4.9: Yearly primary production for the Labrador Shelf and Hamilton Inlet.

Year Primary Production Primary Production
Labrador Shelf Hamilton Inlet
(gC/m’ year) (gC/m? year)
1960 207.37 64.072
1970 212.38 48.033
1980 205.70
1990 199.26

4.6. Comparison with NAO Index

During the 1960s the NAO index is highly negative, whereas in the 1970s the

index is slightly negative (Figure 4.34 and Table 4.10). From the 1980s to the 1990s the

index is positive and increases. The greatest contrast in the NAO index is between the

negative values in the 1960s and the high positive index in the 1990s. Comparing the
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1960s to the 1990s (Figure 4.35), on the Shelf there is little change in N and P annual
biomass, and Z annual biomass slightly decreases. The Labrador Sea P biomass
increases significantly in the 1990s however, the N and Z biomass decrease slightly.
Hamilton Inlet results combines all the data after 1976 so there is no specific data for the
1990s. Comparing the results from before 1970 and after 1976 the P and Z biomass
decreases while the N biomass has little change.

On the Shelf as the primary productivity decreases the NAO index increases
(Figure 4.36 and Table 4.10). In the Inlet before 1970 the NAO index was negative and

the productivity was higher.
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Figure 4.34: Time series of the NAO index, winter mean.
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CHAPTER 5

Summary and Conclusions

Determining the impacts on plankton dynamics of climate change and
anthropogenic factors in the Labrador region requires continuous long-term observations
of climate and biological and physical properties. Unfortunately, existing observations
throughout the Labrador Sea and coast are inadequate to determine the influence of
climate variability on the marine ecosystem. The goal of this research was to integrate
the available data with simplified ecosystem models to enhance our understanding. The
ecosystem model used was the four compartment nutrient-phytoplankton-zooplankton-
detritus, NPZD, model of Denman and Pena (1999) forced with historical salinity,
temperature and density used to determine mixed-layer depth, solar radiation and initial
nitrate concentration. The model was used to determine the plankton ecosystem
response to variability in freshwater flow into Hamilton Inlet and the climate changes
over the Labrador Sea and Shelf that significantly altered the stratification of these
regions (Lazier et al., 2000; Yashayaev, 2002). The model was run for the Labrador Sea
and Shelf for periods with different environmental conditions, resulting from climate
variability. The model was also run for Hamilton Inlet for the period before and after the
hydroelectric development to determine the possible effects of changing freshwater
discharge.

Each region in the model exhibited distinct seasonal plankton cycles. The

Labrador Sea had a pronounced spring bloom with a slight decrease in N from its winter
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maximum concentration. The Shelf had a spring bloom, which depleted the N from its
maximum in winter as well as one later in the fall. Hamilton Inlet had an early P bloom
in winter, a major bloom in spring, and a smaller bloom in summer. The nutrients in the
mixed-layer were completely depleted several times throughout the year, and not just
during the blooms.

The mixed-layer in the Labrador Sea and on the Shelf deepened in winter and
gradually shallowed in spring. On the Shelf, the mixed-layer remained shallow during
spring and part of the summer before deepening again to a maximum by the end of the
year. The mixed-layer of the Sea remained shallow from spring straight through to the
fall and only deepened slightly by the end of the year. Hamilton Inlet mixed-layer
seasonal cycle was opposite. It shallowed in winter during the ice cover and deepened in
June with the disappearance of the ice.

It was found that in the Sea and Shelf, the P and Z spring bloom timing was later
in the 1990s when the NAO index was positive as compared to the 1960s which exhibited
a negative NAO index (Figure 5.1). Also, the total annual P biomass in the Sea increased
and Z decreased from the 1960s to the 1990s. However, on the Shelf the total annual
biomass of P remained unchanged while the Z decreased slightly from the 1960s to the
1990s. In the 1990s the Shelf also had only one spring bloom of Z while other years
showed two blooms of Z following the P blooms. On the Shelf, the P biomass decreased
slightly during the 1970s, when there was a slightly negative phase in the NAO index,
and the 1980s, when there was a positive phase of the NAO index. The primary

productivity on the Shelf generally decreased as the NAO index increased. The NAO
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index has been shown to influence the mixed-layer depth, thereby affecting the onset of
the spring bloom and the biomass (Mann and Lazier, 1996). Tian et al. (2004) also found
that the P bloom in the Labrador Sea occurred later in the 1990s than in previous years.
Dickson et al. (1988a) found that along the coasts of northern Europe and the United
Kingdom when the NAO index was positive the bloom was earlier and the biomass was
greater. Increased northerly winds during negative phases of the NAO deepens the
mixed-layer and delays the P bloom and decreases the annual biomass. The mixed-layer
of the model for the Labrador Sea was changed from 800 to 1000 m in 1968 and from
1000 to 2000 m in the 1990s to explore the effects of changes in mixed-layer depth. The
deepening of the mixed-layer depth during both periods proved to make little difference
in the seasonal plankton dynamics. The Z and P annual biomass decreases when the
maximum mixed-layer depth deepened. The annual P biomass increased slightly while
the Z biomass decreased slightly.

On the shelf the primary productivity was calculated and compared to fish catch.
The primary production changed by less than 10% between the time periods the model
was run. The lowest primary productivity was in the 1990s (199 gC/m2 yr) corresponding
to a total sustainable annual fish catch of 3.6 to 4.7 t/km” yr based upon the correlation
analysis of Harrison and Parsons (2000). This was within the range of the actual total
fish catch from NAFO area 2J averaged for the 1990s of 3.8 t/km’yr. The fish catch for
the remainder of the periods were quite high compared to the primary production and did

not fit the correlation from Harrison and Parsons (2000).
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In Hamilton Inlet there are many factors that can influence plankton dynamics
other than climate, such as regulation of river flow and ice cover. This makes it difficult
to determine whether changes in plankton dynamics are caused by climate changes or
regulation of river flow. Before the 1970s, when the NAO index was negative and the
river flow was unregulated, there was a small population of Z, but after 1976 the Z
population diminished. After 1976, relative to pre-1970, the timing of the P bloom
remained unchanged and the biomass decreased, unlike the Labrador Sea and Shelf. The
primary production in the Inlet decreased after 1976 by about 25%, while for the Shelf
there was little difference between the time periods. The primary production was
correlated with sustainable fish catch using the correlation from Harrison and Parsons
(2000). The fish catch decreased from 1.6 to 1.4 t/kmzyr from before 1970 compared to
after 1976. The data for Hamilton Inlet before 1970 was quite sparse and to fill in the
gaps, data combined from the whole period was used. This may have resulted in fewer
changes between the two periods. Also, the light and ice cover were not specific for the
time periods investigated.

Comparing all the regions, the spring P bloom timing was earliest on the Shelf.
The Inlet P bloom timing was similar to the late timing of the Sea in the 1990s. The Z
bloom timing was also earliest on the Shelf. The Inlet was much later. The late timing of
the spring blooms in the Inlet can be explained by the ice cover, which remains until June
and decreased the mixed-layer depth and solar radiation. The Z annual biomass was
greatest in the Sea and decreased from the Sea to the Inlet. The P annual biomass during

the 1990s for the Sea was much higher than the other regions. In the 1960s the Sea had

217



comparable annual P biomass to the Shelf and the Inlet had the lowest P biomass. The
nutrient levels in the Sea were the highest and the Shelf and Inlet had progressively less
nutrients.

Climate, in addition to affecting bloom timing and phytoplankton abundance
could also change certain rate parameters. Li et al. (2000) found that model results for
the Strait of Georgia and Juan de-Fuca Estuary was sensitive to biological rate parameters.
This is similar to the model in the Labrador Sea, which was most sensitive to the
zooplankton maximum grazing rate. The model may respond to climate variability by
changes in these parameters. For example, an increase in average water temperature may
result in faster phytoplankton growth rate.

The NPZD model used is a simple ecosystem model. In order to investigate
further plankton response to climate change it would be more realistic to include other
state variables in the model such as bacteria or ammonia. Also the zooplankton modeled
are mainly microzooplankton. To improve the accuracy, a larger zooplankton parameter
could be included that considers life stages and development. However, this simple
model used is a necessary first step in understanding the plankton dynamic responses to
climate change and anthropogenic effects before pursuing more complex food web
models. The physical model is also a simple 1-D model which can also be made more

accurate by considering vertical and horizontal advection.

Most importantly for any model study, there is a great need for observations to
both force the model and compare the results. The biological data must be more

intensive than the bi-monthly measurements provided by satellites images. More
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advanced modeling will certainly require more detailed and regular biological and

physical observations.
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Appendix 1: Calculation of Incoming Solar Radiation
The incoming solar radiation is computed based on equations from Igbal (1983) as
follows:

Correction for sun-earth distance due to earth's elliptical orbit:

I'=2*n* (day - 1)/365 (equation 1.2.2, pp.3 (Igbal 1983))
E, = 1.000110 + 0.034221*cos(I") + 0.001280*sin(I") + 0.000719*cos(2 * I')
+ 0.000077*sin(2*T") (equation 1.2.1, pp.3 (Igbal 1983))

Solar declination (8) is the angle of the line joining the centers of the sun and earth to the
equatorial plane in units of degrees:

& = (0.006918 - 0.399912*cos(I") + 0.070257*sin(I") - 0.006758*cos(2*I") +
0.000907*sin(2*T") - 0.002697*cos(3*I')+0.00148*sin(3*T")) * (180/m)

(equation 1.3.1, pp.7 (Igbal 1983))
Convert to units of radians: &_rad = 6*n/180;

Calculate sunrise hour angle (ws) in units of degrees:
w, = cos ' (-tan(lat_rad) * tan(&_rad)) (equation 1.5.4, pp. 16, (Igbal 1983))
Convert to units of radians: ws_deg = w, *180/n

Calculate incoming radiation for particular day on a horizontal surface (Ho) in units of
MJ/m?**day:

Ho = (24/xt) * Isc * E, *((/180) * w, _deg * (sin(d_rad) * sin(lat_rad)) +
(cos(d_rad) * cos(lat_rad) * sin(ws))) (equation 4.2.18, pp. 64, (Igbal 1983))

where I is the day angle in units of radians, Isc is the solar constant 1367W/ m” and
lat_rad is the latitude in radians.
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Appendix 2: Parameter values reported in Literature

Parameter | Symbol | Units Value Reference Location
PAR Kw m" 0.04 Fasham et al. (1990), Fasham (1995), Station S Bermuda,
attenuation Denman and Pena (1999), McGillicuddy | OWS P, OSP, N.
coefficient (1995), Sarmiento et al. (1993) Atlantic
for sea 0.06 Sathyendranath and Platt (1988), Trela OWS P, Labrador
water (1996) Sea
0.08 Marra and Ho (1993) N. East Atlantic
0.10 Evans and Parslow (1985) N. Atlantic and
Pacific
0.2,0.04-0.2 Edwards and Brindley (1999)
PAR ke m’ 0.023 Sathyendranath and Platt (1988), Trela OWS P, Labrador
attenuation (mmol (1996) Sea
coefficient N/m’ )'l 0.03 Fasham er al. (1990), Sarmiento et al. Station S Bermuda,
for (1993) N. Atlantic
(P+D) 0.06 Fasham (1995), Denman and Pena OWS P, OSP
(1999)
0.12 Evans and Parslow (1985) N. Atlantic and
Pacific
04,03-12m"/ gC Edwards and Brindley (1999)
Initial a d’ 0.025 Fasham et al. (1990), Sarmiento et al. Station S Bermuda,
slope of P- (W/ m%)"! (1993) N. Atlantic
I curve 0.04 Sathyendranath and Platt (1988), Evans | OWS P, N. Atlantic
and Parslow (1985) and Pacific
0.05 Doney et al. (1996), Tian et al. (2004) Station S Bermuda,
Labrador Sea
0 0R Nenman and Pepa (1999) OSP
't al. (1993) OWS.




€ee

Parameter | Symbol | Units Value Reference Location
Initial a d’ 0.025, 0.083, 0.14 Fasham (1995) OWSP
slope of P- (W/ m2) ' 10.028, 0.048,0.06 Trela (1996) Labrador Sea
Icurve d" (Ein/ 0.35,0.32,0.272,0.216 Welschmeyer er al. (1993) OWSP
m?)" 0.35 Frost (1993) OWS P
Maximum 29 Fasham et al. (1990) Station S
P growth Bermuda
rate 1.25,2.0 Fasham (1995) OWSP
2.0 Evans and Parslow (1985), Denman N. Atlantic and
and Pena (1999), Edwards et al. (2000) | Pacific, OSP
2.1 Doney et al. (1996) Station S
Bermuda
0.435,0.217-1.3 Li et al. (2000) Pacific
1.0,0.9,0.64 Trela (1996) Labrador Sea
0.96 Than et al. (2004) Labrador Sea
0.9 Marra and Ho (1993) N. East Atlantic
N half k, mmol 0.1 Denman and Pena (1999), Frost OWS P, OSP
saturation N/m™ (1993), Edwards et al. (2000)
constant 0.2 Doney et al. (1996), Marra and Ho Station S
(1993) Bermuda, N. East
Atlantic
0.5 Evans and Parslow (1985), Fasham N. Atlantic and
(1995), Fasham et al. (1990) Pacific, OWS P
1.5,1-2 Li et al. (2000) Pacific

0.03,0.02 - 0.15 gC/m’

Edwards and Brindley (1999)
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Parameter | Symbol | Units Value Reference Location
P Mpq d’ 0.045, 0.09 Fasham et al. (1990) Station S Bermuda
mortality 0.05,0.06 Fasham (1995) OWS P
rate 0.07 Evans and Parslow (1985) N. Atlantic and
Pacific
0.075 Doney et al. (1996) Station S Bermuda
0.05 Denman and Pena (1999) OSP
0.15 Marra and Ho (1993) N. East Atlantic
0.0435, 0.087, 0.0217- Li et al. (2000) Pacific
0.109
0.1 Wroblewski et al. (1986), Edwards et
al. (2000)
Z Tm d’ 1.0 Evans and Parslow (1985), Denman N. Atlantic and
maximum and Pena (1999), Fasham et al. Pacific, Station S
grazing (1990), Doney et al. (1996) Bermuda, OSP
rate 0.2 Fasham (1995) OWS P
0.01-0.6 Parsons et al. (1984)
0.6,06-14 Edwards and Brindley (1999)
0.5 Trela (1996), Wroblewski et al. Labrador Sea, N.
(1988), Marra and Ho (1993) East Atlantic
0.1,0.25 Tian et al. (2004) Labrador Sea
0.174, 0.087, 0.0289-0.867 | Li et al. (2000) Pacific

0.5,4.0

Edwards et al. (2000)
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Parameter | Symbol | Units Value Reference Location
Z assimila- | g, 0.75,0.5 Fasham (1995) OWSP
tion 0.75 Fasham et al. (1990), Trela (1996), Station S Bermuda,
efficiency Wroblewski et al. (1988), Sarmiento | Labrador Sea, N.
et al. (1993) Atlantic
0.7 Denman and Pena (1999), Doney et Station S near
al. (1996), Wroblewski et al. (1986) Bermuda, OSP
0.5 Evans and Parslow (1985) N. Atlantic and
Pacific
0.6 -0.95 Conover (1968)
0.10-0.20 Parsons et al. (1984)
0.3,0.7 Edwards et al. (2000)
Z grazing |k, mmol 0.4 Denman and Pena (1999) OSP
half N/m’ 0.283 Frost (1993) OWS P
saturation 1.0 Fasham (1995), Evans and Parslow OWS P, N. Atlantic
constant (1985), Fasham et al. (1990), and Pacific, Station
Sarmiento et al. (1993) S Bermuda
1.5,1-2 Li et al. (2000) Pacific
0.035,0.02 - 0.1 g€C/m3 Edwards and Brindley (1999)
Z losses to | my, d’ 0.2 Denman and Pena (1999) OSP
nitrogen
Z losses to | myg d’ 0.05 Denman and Pena (1999) OSP
detritus
D sinking | w; md’ 0,3,6,10 Denman and Pena (1999) OSP
speed 5 Fasham (1995) OWS P
1,10 Fasham et al. (1990) Station S Bermuda
D Te d’ 0.1 Denman and Pena (1999), Doney et Station S Bermuda,
reminerali al. (1996) OSP
zation rate 0.05 Fasham (1995), Fasham et al. (1990) | OWS P
0.05-0.07 Frost (1993) OWS P




Appendix 3: Model Sensitivity
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Figure A.0.1 Normalized range of each parameter and the corresponding total
concentration over one year of N, P, Z and D from NPZD model simulations using Bravo
station 1968 data.
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