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Abstract

A review of environmental conditions in the Northwest Atlantic during 1998 is pre-
sented. The strength of the large-scale atmospheric circulation pattern, as revealed by the
NAO index, increased to slightly above normal. Annual air temperatures throughout most
of the region warmed relative to 1997 and were warmer than the long-term mean by be-
tween 0.4° and 1.5°C. As aresult, sea ice generally appeared late and left early. Ocean
temperatures off Labrador and north and eastern Newfoundland were above normal with
the exception of Station 27 on the western Grand Bank, where colder-than-normal tem-
peratures dominated from April to December. Warm temperatures over the northern New-
foundland Shelf resulted in the CIL volume being smaller-than-normal, but the volume
was up slightly compared to 1997. Near bottom temperatures on St. Pierre Bank and the
northeastern Scotian Shelf, which have been colder-than-normal since the mid-1980s,
warmed in 1998 although they remained below the long-term mean. Similar cold condi-
tions have persisted since the mid-1980sin the CIL watersin the Gulf of St. Lawrence but
in 1998 they cooled relative to 1997 thereby reversing the gradual warming trend of re-
cent years. The most significant change from 1997 conditions was the arrival of cold,
Labrador-type slope water along the shelf edge of the Scotian Shelf and the Gulf of Maine.
This cold water penetrated onto the shelves through channels and gullies and replaced the
warm slope water remnants that were in the deep basins such as Emerald Basin and Georges
Basin. Vertical density stratification on the Scotian Shelf during the 1990s is shown to be
higher than at any other period in its 50-year record.

Keywords: climate, environment, Grand Bank, Gulf of Maine, Gulf of St. Lawrence, ice,
oceanography, Scotian Shelf, temperature

I ntroduction

This paper examines the atmospheric, sea ice
and hydrographic conditions in the Northwest At-
lantic during 1998 and continues the series of an-
nual reviews presented to NAFO that began in 1982.
It is based upon selected sets of oceanographic and
meteorological data. Environmental conditions are

compared with those of the preceding year as well
as in terms of deviations from their long-term
means, called anomalies. Unless otherwise stated,
these means have been averaged over a standard-
ized 30-year base period (1961-90) in accordance
with the convention of the World Meteorological
Organization and recommendation of the NAFO
Scientific Council.
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M eteorological Observations
Air Temperatures

The German Weather Service publishes annual
and monthly air temperature anomalies (relative to
1961-90) for the North Atlantic Ocean in their pub-
lication Die Grosswetterlagen Europas (Deutschen
Wetterdienstes, 1998). Warmer-than-normal tem-
peratures dominated the Northwest Atlantic during
1998 (Fig. 1). Annual anomalies were near to or
exceeded 1°C in Baffin Bay, Hudson Strait, the Gulf
of St. Lawrence, the inner Gulf of Maine and the
Middle Atlantic Bight. Elsewhere the anomalies
were less than 1°C. Only in a small area off south-
ern Greenland did the air temperature drop below
normal.

Monthly data show that in January, positive air
temperature anomalies covered the continental
shelves off West Greenland and from southern L ab-
rador to the Middle Atlantic Bight, the latter reach-
ing anomalies of >3°C (Fig. 2). In contrast, over
the central Labrador Sea, northern Labrador, Baffin
Island and off eastern Newfoundland, temperatures
in this month were below normal. Mild conditions
continued for the remainder of the winter over the
region south of Labrador with anomalies between
2°—4°C during February and March. The most in-
tense cold during the year appeared in February
over Davis Strait and extended from Baffin Island
to Greenland and Iceland, with anomalies reaching
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Fig. 1. Annual air temperature anomalies (in °C) over
the Northwest Atlantic in 1998 relative to the
1961-90 means (taken from Grosswetterlagen
Europas). The lighter coloured areas indicate

colder-than-normal temperatures.

-7°C. Springtime temperatures were above normal
in most regions, the notable exception being the
Middle Atlantic Bight. The lower-than-average tem-
peraturesin the vicinity of the Bight continued un-
til August. During the summer of 1998, tempera-
tures generally remained above normal although the
amplitudes were lower than those observed earlier
in the year. However, the colder-than-normal tem-
peratures off the Middle Atlantic Bight extended
further northward to cover large portions of the Gulf
of Maine, especially during June and July. In Sep-
tember, a small area off eastern Newfoundland ex-
perienced below average air temperatures while
most of the rest of the Northwest Atlantic contin-
ued with higher-than-normal temperatures. Much of
the Labrador Sea experienced above normal air tem-
peratures in October while slightly below or near
average values spread over the Scotian Shelf, Gulf
of Maine and off southwestern Greenland. These
conditions extended into November, with the
colder-than-normal air mass expanding slightly to
include the Gulf of St. Lawrence and the Middle
Atlantic Bight. In December, relatively high anoma-
lies (1°-4°C) covered all regions except near the
mouth of the Labrador Sea where cold conditions
prevailed.

Monthly air temperature anomalies for 1997
and 1998 relative to their 1961-90 mean at eight
sites in the Northwest Atlantic from Godthaab in
Greenland to Cape Hatteras on the eastern coast of
the United States are shown in Fig. 4 (see Fig. 3
for locations). Data from the Canadian sites were
available from the Environment Canada website and
for non-Canadian locations from Monthly Climatic
Data for the World (NOAA, 1998). The predomi-
nance of warmer-than-normal air temperatures dur-
ing 1998, noted above, is clearly evident (Fig. 4).
At Cartwright, all months were above normal, on
the Magdalen Islands all but one (November) and
on Sable Island all but two (October and Novem-
ber). The cold conditions in the northern Labrador
Sea during February are clearly seen at Godthaab
and lgaluit with anomalies at both sites near -4°C.
At Igaluit, cold conditions were also observed in
January and March. The highest anomaliesin 1998
occurred in the winter months at Godthaab,
Cartwright, the Magdalen Islands and on Sable |s-
land with the maximum value on the Magdalen |s-
lands (3.4°C). At St. John’s, the highest anomalies
occurred in May and August. The highest monthly
anomaly recorded at all sitesin 1998 was at Iqaluit
in November (4.2°C).
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Fig. 2. Monthly air temperature anomalies (°C) over the Northwest Atlantic and eastern Canada in 1998 relative to
the 1961-90 means (from Grosswetterlagen Europas). Lighter coloured areas (dashed lines) are colder-
than-normal.
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Fig. 2. (Continued). Monthly air temperature anomalies (°C) over the Northwest Atlantic and eastern Canada in
1998 relative to the 1961-90 means (from Grosswetterlagen Europas). Lighter coloured areas (dashed lines)

are colder-than-normal.
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Annual mean air temperatures for 1998 were
warmer-than-normal at all sites (Fig. 5). Annual
anomalies were maximum (1.5°C) on the Magdalen
Islands near the center of the study area and de-
clined to 0.4°C at the northern (Godthaab) and
southern (Cape Hatteras) extremes. The second
highest anomaly was at Cartwright (1.2°C). At all
of the sites except Godthaab and Cape Hatteras,
anomalies exceeded 0.8°C. A record annual mean
temperature was set in 1998 on the Magdalen Is-
lands while between the Gulf of Maine (Boston) and
southern Labrador (Cartwright), annual tempera-
tures for 1998 ranged from 5-16% of the warmest
years on record.

50°W 40°W

Northwest Atlantic showing coastal air temperature stations. The dashed

The 1998 annual temperature anomaly in-
creased relative to 1997 values at all sites except
Igaluit (Fig. 5). From Cartwright to Boston, the
change in annual mean air temperature was over 1°C
with a maximum of over 1.5°C at the Magdalen Is-
lands in the Gulf of St. Lawrence. Note that the
interannual variability in air temperatures since
1960 at Godthaab, Igaluit, Cartwright, and, to a
lesser extent, St. John's, have been dominated by
large amplitude fluctuations with minima in the
early-1970s, early- to mid-1980s and the early-
1990s, suggesting a quasi-decadal period. Indeed,
the recent rise in temperature is consistent with a
continuation of thisnear decadal pattern. Temperature
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Fig. 4. Monthly air temperature anomalies in 1997 and 1998 at selected coastal sites (see Fig. 3 for

locations).

anomalies at the Magdalen Islands and Sable Island
have generally been of lower amplitude than those
to the north but do contain minima in the early-
1970s (both sites), the mid-1980s (Sable Island
only) and in the 1990s (Magdalen Islands only). Air
temperatures at Boston and Cape Hatteras have also
exhibited decadal variability since 1960 but are out

of phase with the temperature fluctuations in the
L abrador region. Thus, when the temperatures were
very cold in Labrador during the early-1990s, they
were relatively warm along the eastern seaboard of
the United States (Fig. 5). Also note that for all sites
where data are available, cold conditions (relative
to the 1961-90 mean) existed throughout the late-
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Fig. 5. Annual (dashed) and 5-year running (solid) means of the air temperature anomalies at selected sites.

1800s and early-1990s. Temperatures rose to above
normal values between the 1910s and 1950s, the
actual timing being site-dependent.

Sea Surface Air Pressures

Climatic conditions in the Labrador Sea area
are closely linked to the large-scale pressure pat-
terns and atmospheric circulation. Monthly mean
sea-surface pressures over the North Atlantic are
published in Die Grosswetterlagen Europas
(Deutscher Wetterdienstes, 1998). The long-term
seasonal mean pressure patterns are dominated by
the Icelandic Low centred between Greenland and
Iceland and the Bermuda-Azores High centred be-
tween Florida and northern Africa (Fig. 6). The

strengths of the Low and High vary seasonally from
awinter maximum to a summer minimum. Seasonal
anomalies of the sea-surface pressure for 1998 are
shown in Fig. 7. Winter includes December 1997
to February 1998, spring is March to May, summer
is June to August and autumn is September to No-
vember.

Inwinter, alarge negative air pressure anomaly
extended throughout most of the North Atlantic with
minima over the southeastern seaboard of the
United States (-4.9 mb) and south of Iceland (-3.7
mb). Strong positive anomalies persisted from east-
ern Canada north of Newfoundland, across to
Greenland and to Svalbard, the islands east of
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The long-term (1961-90) mean sea surface pressures during winter (average of December, Janu-

ary and February). A schematic of the associated wind field is also shown.

Greenland, with maxima (23.5 mb) centred over
Hudson Bay and north of Svalbard. A ridge of high-
pressure anomalies also existed in the southeastern
region with maxima over western Europe and north
Africa. Stronger-than-normal onshore winds along
the Labrador coast and Newfoundland and anoma-
lous easterly winds over the Maritime Provinces
through to the Middle Atlantic Bight are associated
with this pressure pattern. Such winds contributed
to the generally warmer-than-normal air tempera-
tures.

In the spring of 1998, a positive air pressure
anomaly formed over most of the northern North
Atlantic with centres east of Newfoundland (2.9
mb) and off the northeastern tip of Greenland (3.6
mb). Another high-pressure anomaly was observed
over the extreme southeast of the study area in
North Africa. To the east over northern Europe and

in the west over the eastern seaboard of the United
States, weaker negative anomalies formed with cen-
tres over Norway and the southern United States.
In contrast to the winter, the winds during spring
over much of the Labrador Sea, Newfoundland and
the Gulf of St. Lawrence were primarily from the
south to southwest. These would have contributed
to the warmer-than-normal air temperatures over the
region. Over the Gulf of Maine, the windsin spring-
time were from the southeast.

In the summer, a broad band of negative anoma-
lies stretched from North America across the At-
lantic into Europe. The largest negative anomaly
(-2.9 mb) was recorded over northern Norway and
another (-2.5 mb) over the southeastern United
States. Both to the north and southeast of this band
were positive pressure anomalies, with maximum
values again being located on the eastern side of
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Fig. 7. Seasonal sea-surface air pressure anomalies (mb) over the North Atlantic in 1998 relative to the 1961-90

means.

the Atlantic. The center of the positive anomalies
in the north was located over northeastern Green-
land whereas in the south it was situated near the
Azores. Over eastern North America, this pressure
pattern resulted in a predominance of easterly to
southeasterly winds.

The autumn air pressure pattern bears some re-
semblance to that of summer. The negative pres-
sure anomaly across the northern North Atlantic had
intensified but still had two minima. The western
most center shifted slightly northward, relative to
summer, with aminimum value of -3.4 mb off Nova
Scotia. Positive pressure anomalies again lay to the
north and southeast with the largest change com-

pared to summer being in the intensity of the
anomalous high centred over northern Greenland
(11.9 mb). The autumn pressure pattern resulted in
anomalous winds from the east and southeast in
Newfoundland, along the Labrador coast, and over
the southern Labrador Sea. These would have con-
tributed to the warmer-than-normal air temperatures
during the autumn months.

NAO I ndex

The North Atlantic Oscillation (NAO) Index is
the difference in winter (December, January and
February) sealevel atmospheric pressures between
the Azores and Iceland and is a measure of the
strength of the winter westerly winds over the
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northern North Atlantic (Rogers, 1984). A high
NAO index corresponds to an intensification of the
Icelandic Low and Azores High. Strong northwest
winds, cold air and sea temperatures and heavy ice
inthe Labrador Sea area are usually associated with
a high positive NAO index (Colbourneet al., 1994;
Drinkwater, 1996). The annual NAO index is de-
rived from the measured mean sea level pressures
at Ponta Delgada in the Azores minus those at
Akureyri in Iceland. The small number of missing
data early in the time series was filled using pres-
sures from nearby stations.

In 1998, the NAO anomaly was near normal
(+1.2 mb) and had increased only slightly from
1997, when it was just below normal (Fig. 8). The
1998 value was, however, significantly above the
low index registered in 1996 but well below the very
high NAO anomalies of the first half of the 1990s.
The recent values fit the pattern of near decadal
variability inthe NAO index that has persisted since
the 1960s.

Sea I ce Observations

Information on the location and concentration
of seaiceisavailable from the daily ice charts pub-
lished by the Canadian I ce Service of Environment
Canadain Ottawa. The long-term median, maximum
and minimum positions of the ice edge (concentra-
tions above 10%) based on the composite for the
years 1962 to 1987 are taken from Coté (M S 1989).
Asinthe 1997 overview (Drinkwater et al., 1999a),
we include an analysis of the time of onset, dura-
tion and last presence of sea ice in eastern Cana-
dian waters based upon up-to-date comprehensive
sea-ice databases maintained at the Bedford Insti-
tute of Oceanography (Peterson and Prinsenberg,
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Fig. 8. Annual and 5-year running means of the anoma-
lies of the North Atlantic Oscillation Index.

1990; Drinkwater et al., 1999b). The weekly con-
centrations by ice type within 0.5° of latitude by 1°
of longitude areas were recorded through the ice
season. The date of the first and last appearance of
ice (>10% ice concentrations) within these areas,
aswell asthe duration of ice, were then determined.
The databases begin in the early-1960s and continue
to the present. Long-term means (30-years, 1964—
93) of each variable were determined (using only
data during the years ice was present) and sub-
tracted from the 1998 values to obtain anomalies.

Newfoundland and L abrador

At the end of 1997, seaice lay off the southern
L abrador coast in the vicinity of Hamilton Inlet re-
sulting in an areal coverage that matched closely
the long-term median for that time of the year (Fig.
9a). This was in part due to above normal air tem-
peratures during the first half of December that had
initially slowed ice formation in the region. By
early January, the ice had spread to the southern
tip of Labrador and by mid-month, the ice edge lay
just south of the Strait of Belle Isle. It was con-
fined inshore, resulting in less ice coverage than
usual in spite of colder-than-normal air tempera-
tures during the first half of January. By 1 Febru-
ary, ice coverage was back to near normal and by
1 March, the southern most ice edge lay near but
slightly north and west of its long-term median. On
1 April, theice edge still wasvery close to itslong-
term median position (Fig. 9b). By mid-April (not
shown) the ice was south of the median but only in
the inshore regions off eastern Newfoundland. The
ice began to retreat during April and the ice edge
on 1 May lay near the long-term median location
except in the nearshore regions of White Bay and
Notre Dame Bay where it was further south than
usual. By June, the ice was limited to an area off
Hamilton Inlet and was still near its long-term me-
dian position. Ice remained off Hamilton Inlet un-
til mid-June and by 1 July all traces of ice had dis-
appeared from southern Labrador.

Thetime series of the areal extent of ice on the
Newfoundland and southern Labrador shelves (be-
tween 45-55°N; |. Peterson, Bedford Institute of
Oceanography, N.S., Canada, pers. comm.) show
the peak extent during 1998 decreased relative to
1997 and was near that of 1996 (Fig. 10). The aver-
age area during the period of general advancement
(January to March) fell slightly relative to 1997 and
during the period of retreat (April to June) it was
similar to 1997. During both advance and retreat
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periods, the average ice area was below the long-
term mean and was much less than the early-1990s.
Variations in ice area generally reflect changes in
ice volume as the two are reasonably well corre-
lated based on studies carried out in the Gulf of St.
Lawrence (Drinkwater et al., 1999b).

Analysis of thefirst presence of ice revealsthat
in 1998, ice appeared along the southern Labrador
coast in late December, and gradually spread south-
ward to northeastern Newfoundland waters by mid-
March (Fig. 11). Only small quantities of ice
reached the northern Grand Bank (around day 75).

LABRADOR:

Dec. 31, 1997
| | |

49

Relative to the long-term mean, ice generally first
appeared later-than-normal, the only exceptions
being on the extreme outer shelf. Ice began to dis-
appear from the offshore and southern sites by early
April (day 105; Fig. 12). Ice did not begin to re-
treat from northern Newfoundland waters and
southern Labrador until May but north of Hamilton
Inlet it lasted until near mid-June. Over most of the
region, ice disappeared earlier-than-normal (nega-
tive anomaly, generally associated with warm con-
ditions), more than 15 days early over all of south-
ern Labrador waters. The only regions where ice
departed later-than-usual were off White Bay and
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Fig. 9a. The area of seaice (>10% concentration) together with the historical (1962—-87)
minimum, median and maximum positions of the ice edge off Newfoundland and
Labrador between December 1997 and March 1998.
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Fig. 9b. The area of sea ice (>10% concentration) together with the historical (1962—
87) minimum, median and maximum positions of the ice edge off Newfound-
land and Labrador between April and July 1998.

the outer half of the shelf to the northeast of
Bonavista Bay. The duration of the ice season
ranged from less than a month off northeastern
Newfoundland to over 170 days north of Hamilton
Inlet on the southern Labrador (Fig. 13). Note that
the duration is not simply the date of the first pres-
ence minus the last presence because the ice may
disappear for atime and then reappear. The ice du-
ration was shorter-than-normal (negative anomaly)
over almost all of the Labrador and Newfoundland
waters. Off northeastern Newfoundland, southern
Labrador and northeast of Hamilton Inlet, the du-
ration was over 1 month shorter-than-normal. Only
off the White Bay area of northern Newfoundland

and northeast of Bonavista Bay was the duration
longer-than-normal, and there it was within a few
days of normal. In summary, 1998 was generally a
lighter-than-average ice year on the Labrador and
Newfoundland shelves.

I cebergs

The International Ice Patrol Division of the
United States Coast Guard monitors the number of
icebergs that pass south of 48°N latitude each year.
Since 1983, data have been collected with SLAR
(Side-Looking Airborne Radar). During the 1997/
98, iceberg season (October 1997 to September
1998), a total of 1384 icebergs were spotted south
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Fig. 10. Time series of the monthly mean ice area (top
panel) and the average ice area during ice ad-
vance (January—March) and retreat (April-June)
(bottom panel) on the southern Labrador and
Newfoundland shelves between 45°N-55°N.

of 48°N. The monthly totals for January to July were
1, 8, 26, 70, 1017, 247, and 15. No icebergs were
spotted between October and December 1997, in-
clusive or in August or September 1998. In 1998,
99.3% of the icebergs were observed during the pri-
mary iceberg season of March to July, higher than
the mean for 1983-98 of 91%. Over 73% of the to-
tal number of icebergs during the 1997/98 season
penetrated south of 48°N in May, the highest per-
centage of the total annual number in any one-
month during the past 5 years (Fig. 14). The total
number of icebergs in 1998 was up from 1997 by
36% and above the long-term mean but was still
below the numbers recorded in the earlier years of
the 1990s (Fig. 14). The relatively large numbers
of icebergsin 1998 was somewhat unexpected given
the lower amount of seaice, warm air temperatures
and reduced northwest winds during the winter. In
the past, such environmental conditions have usu-
ally resulted in low numbers of icebergs (Marko et
al., 1994). For example, those years when large
number of icebergs passed south of 48°N (the early-
1970s, the mid-1980s and the early- to mid-1990s)
coincided with periods of cold air temperatures,
strong NW winds and extensive ice cover. Thisre-
lationship is believed to be due primarily to reduced
melting from the colder temperatures and sea ice
protecting the bergs from breaking waves (Marko
et al., 1994).

Gulf of St. Lawrence

At the end of December 1997, ice was only
present in the St. Lawrence Estuary and along the
eastern coast of the Magdalen Shallows in the Gulf
of St. Lawrence due to warmer-than-normal air tem-
peratures which delayed ice formation (Fig. 15). By
mid-January, ice had formed throughout the Estu-
ary, along the north shore of the Gulf and spread
eastward on the Magdal en Shallows to surround all
of Prince Edward Island but the ice edge lay shore-
ward of its median position except along the Que-
bec north shore. During the second half of January,
ice spread such that the coverage was near the long-
term median by the beginning of February. By 1
March the areas north of Cape Breton and off west-
ern Newfoundland still remained ice-free and the
ice coverage was less than usual. Ice began to re-
treat during March and by 1 April it had left the
Estuary and many of the coastal areas of the south-
western Gulf. There was generally less ice than
normal in the Gulf at this time although there was
more ice along the north shore of Quebec around
Anticosti Island. Ice continued to retreat through
April and by 1 May ice wasonly located in the Strait
of Belle Isle. The ice disappeared from the north-
ern Gulf around 20 May.

During 1998 within the Gulf (landward of
Cabot Strait), first ice formation ranged from the
beginning of the year (day 0) along the St. Law-
rence Estuary and the western Magdalen Shallows
to after mid-February (day 45) off southwestern
Newfoundland (Fig. 11). This represented a later-
than-normal appearance of ice, over 15 daysin some
areas of the central Gulf. The date of last appear-
ance shows the typical pattern of ice lasting long-
est over the southern Magdalen Shallows and along
the north shore of Quebec through to the Strait of
Belle Isle (Fig. 12). In 1998, there was an earlier-
than-normal disappearance over the Magdal en Shal-
lows and the eastern Gulf, up to 45 days off west-
ern Newfoundland. A later than normal departure
was observed in the Estuary and around Anticosti
Island. The duration of ice ranged from less than
30 days off southwestern Newfoundland to over 120
days in the Strait of Belle Isle (Fig. 13). Relative
to the long-term mean using only years when ice
was present, ice duration was less than normal
throughout the entire Gulf, except for a small area
to the west of Anticosti Island. Near Cabot Strait,
the duration of ice was 50 days less than the long-
term mean while much of the Gulf had durations of
at least 30 days less-than-normal.
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Fig. 11. Thetime of first presence of seaice during 1998 measured in days from
the end of 1997 (top panel) and their anomalies relative to the long term
mean in days (bottom panel). White dashed lines indicate topography
(200 m isobaths). Ice arriving earlier-than-normal are shaded in blue;
all other coloursindicate later-than-normal first presence of ice (bottom

panel).

Scotian Shelf

Seaiceis generally transported out of the Gulf
of St. Lawrence through Cabot Strait, pushed by
northwest winds and the mean ocean currents. In
1998, ice first appeared seaward of Cabot Strait
during the first half of January (Fig. 11) approxi-

mately 15 days later-than-normal, and maintained
arelatively constant presence through into March.
This ice was primarily restricted to the Sydney
Bight areawith little to no ice reaching the Scotian
Shelf proper. Most of this ice had disappeared by
the end of March with small amounts remaining
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Fig. 12. The time of last presence of seaice in 1998 measured in days from the
end of 1997 (top panel) and their anomalies relative to the long-term
mean in days (bottom panel). Blue shaded anomalies indicate |ater-than-
normal departure; other colours indicate earlier-than-normal departure

(bottom panel).

until the later half of April (Fig. 12). This depar-
ture was over a month to a month and half earlier-
than-normal. The duration of ice south of Cabot
Strait ranged from 50 days off Cape North on Cape
Breton Island to 10 days or less around the eastern
most point and southern coast of Cape Breton Is-
land, which was less than the long-term mean by

30 to 50 days in most areas (Fig. 13). Note that
durations less than 10 days are not plotted in Fig. 13.

The monthly estimates of the ice area seaward
of Cabot Strait since the 1960s shows that much
less ice than normal was transported onto the
Scotian Shelf during 1998 compared to either 1997
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Fig. 13. The duration of seaicein days during 1998 (top panel) and their anoma-
liesrelative to the long-term mean (bottom panel). Blue shaded anoma-
liesindicate longer-than-normal duration; other colours indicate shorter-
than-normal duration (bottom panel).

or the long-term mean (Fig. 16). There were fewer
days than usual when ice was present seaward of
Cabot Strait and the integrated ice area (summation
of the area times the number of days) was the third
lowest on record, after 1969 (when no ice was ob-
served outside of the Gulf) and 1983 (Fig. 16).
Thus, 1998 was a very light ice year seaward of
Cabot Strait. Note that based upon data collected

since the 1960s, the furthest south that the ice pen-
etrates is along the Atlantic coast of Nova Scotia
to just past Halifax. Historical records prior to 1960,
albeit incomplete, suggest that during heavy ice
years, it occasionally penetrated much further south,
for example in the late-1800s sea ice was observed
in the Gulf of Maine (A. Ruffman, Geomarine As-
sociates Ltd., Halifax, N.S., Canada, pers. comm.).
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berg season 1997/98 (top panel) and the number
of icebergs during March to July from 1880 to
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Oceanographic Observations
Newfoundland and L abrador

Station 27

Temperature and salinity have been monitored
since 1946 at Station 27 located approximately 10
km off St. John's, Newfoundland. This site lies
within the inshore branch of the Labrador Current
but is considered to be representative of
hydrographic conditions at long periods
(interannual to decadal) over the continental shelf
from southern Labrador to the Grand Banks (Petrie
et al., 1992). The station was visited 53 times in
1998, with a monthly maximum of 10 in June. No
measurements were taken in February. The data
were collected at, or linearly interpolated to, stand-
ard depths (0, 10, 20, 30, 50 75, 100, 125, 150 and
175 m) and monthly means were calculated for each
depth. The monthly averaged temperatures and
salinitiesin 1998 together with their anomalies are
shown in Fig. 17.

During 1998, the water column cooled through
to March reaching temperatures less than 0°C in the

surface layers and below -1°C in the subsurface
waters. The latter extended through to November
with the minimum temperatures of below -1.5°Cin
August (Fig. 17). These very cold waters were most
likely advected into the region from the north. Up-
per layer (generally <50 m) temperatures were be-
low 0°C until April when they began to rise stead-
ily and reached a peak of over 12°C at the surface
in August before autumn cooling set in. The Au-
gust mean temperature was similar to that recorded
in 1997. Note the propagation of surface layer heat
down into the lower layersin the late autumn. From
January to April, temperatures were slightly above
normal. By May below normal temperatures ap-
peared at mid-depths and spread gradually to en-
compass almost the entire water column by the au-
tumn. The coldest anomalies (-1° to -4°C) occurred
in the vicinity of the thermocline suggesting a shal -
lower upper layer than normal. This is consistent
with the warmer, fresher conditions during the late
spring and summer as stratification developed. Near
bottom temperatures remained above the long-term
mean throughout the year (Fig. 17, 18).

In 1998, near surface salinities at Station 27
were slightly less than 32 in January, rose above
32 from February to April and then declined to a
minimum of <31.5 from June to November (Fig.
17). Based on the studies of Myers et al. (1990)
and Petrie et al. (1991), the low salinities in late
summer and early autumn are related to the arrival
of ice melt from the Labrador Shelf. The maximum
salinities (>33) appeared near bottom. Salinitiesin
1998 were relatively fresh from January to July—
August, but then shifted to above normal and re-
mained so through to the end of 1998 (Fig. 17, 18).
The largest negative salinity anomaly (-0.5 to -0.6)
was in the surface waters during June and July in-
dicating apossible earlier-than-normal arrival of the
ice melt. The largest positive salinity anomalies
(0.3) appeared at the same depths as the band of
-1°C temperature anomalies. Thisis consistent with
the interpretation of a shallower-than-normal up-
per layer. If the warmer, fresher waters in the sur-
face layer were not mixed down as deep as usual,
this would result in the waters below this layer be-
ing colder and saltier than normal, as was observed.

The time series of monthly temperature anoma-
lies at Station 27 at 0, 50, 100, 150 and 175 m for
1970-98 are shown in Fig. 19. Note that the tem-
perature scales differ with depth. At the surface and
50 m thereislarge, short-term variability reflecting
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Fig. 15. The area of seaice (>10% concentration) together with the historical (1962—-87) minimum, median and
maximum positions of the ice edge in the Gulf of St. Lawrence between December 1997 and May 1998.

atmospheric heating and cooling. Warmer-than-nor-
mal temperatures continued in 1998 at 150 and 175
m, continuing a trend that began in 1996. This
warming has followed more than a decade of cold

conditions. Note that the coldest periods roughly
correspond to those identified from the air tempera-
ture anomalies, i.e. the early-1970s, the mid-1980s
and the 1990s. In contrast to the deepest depths, at
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Fig. 16. Thetime series of the monthly mean area of sea
ice (top panel), the duration of ice (middle
panel) and the annual integrated ice area (sum-
mation of the area times the number of days,
bottom panel) seaward of Cabot Strait.

mid-depth (50 and 100 m), cool conditions pre-
vailed thus appearing to return to the below normal
temperature trend of the late-1980s and early-1990s.
In spite of the high variability at the surface, a slow
warming trend appears to be present since 1992.

The depth-averaged temperature, which is pro-
portional to the total heat content within the water
column, also shows large amplitude fluctuations at
near decadal time scales with cold periods during
the early-1970s, mid-1980s and early-1990s (Fig.
20). The total heat content of the water column,
which fell to arecord low in 1991 increased sharply
in 1996 reaching a level only matched during the
warm 1950s and 1960s. The heat content decreased
in 1997 to slightly below the long-term mean and
remained there in 1998. The 0 to 50 m depth-
averaged summer salinity is also plotted in Fig. 20.
Thelow salinity values of the early-1990s are com-
parable to values experienced during the Great

Salinity Anomaly of the early-1970s (Dickson et al .,
1988). In 1997, salinities rose to near-normal val-
ues, up from the very low salinities of 1995 and
remained close to their long-term mean in 1998. The
depth-averaged summer salinities had been shown
to be positively related to cod recruitment by
Sutcliffe et al. (1983) and Myers et al. (1993) but
the validity of this relationship has been seriously
questioned (Hutchings and Myers, 1994).

Cold Intermediate Layer

On the continental shelves off eastern Canada
from Labrador to the Scotian Shelf, intense verti-
cally mixing and convection during winter produce
a near homogeneous cold upper layer that overlays
a warmer deeper layer or occasionally may extend
to the bottom in shallow areas. With spring heat-
ing, ice melt and increased river runoff, awarm |ow-
saline surface layer develops. The strong stratifi-
cation in this upper layer inhibits heat transfer
downwards, and the waters below remain cold
throughout the spring and summer. The latter are
called the cold intermediate layer (CIL) waters.

Three standard hydrographic transects (Hamil-
ton Bank, off Bonavista Bay and along 47°N to
Flemish Cap) have been occupied during the sum-
mer and autumn by the Northwest Atlantic Fisher-
ies Centre in St. John's, Newfoundland in most
years since 1950. The areal extent of the CIL in
summer along each transect (as defined by waters
<0°C) is plotted in Fig. 21. The annual variability
in the cross-sectional areas of the CIL are highly
correlated between transects (Petrie et al., 1992).
In 1998, the summertime CIL areas along the
Bonavista and Flemish Cap were near their long-
term means while off Seal Island it was below nor-
mal by 15%. Relative to 1997, the area of CIL wa-
ters decreased on the Flemish Cap transect but in-
creased on the other two. On the Seal Island and
Bonavista transects the area of CIL waters have
been below normal for the past 4 years while on
the Flemish Cap it has been above the long-term
mean since the mid-1980s. In general, periods of
warmer-than-normal core temperatures are corre-
lated with smaller-than-normal CIL areas. The mini-
mum temperature observed in the core of the CIL
along the Seal Island transect during the summer
of 1998 was about -1.58°C compared to a normal
of -1.57°C. Core temperatures along the Bonavista
transect were -1.66°C compared to a normal of
-1.63°C and along the Flemish Cap transect were
at -1.62°C, below the normal of about -1.51°C.
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Fig. 17. Monthly mean (top panel) and anomalies relative to the 1961-90 average (bottom panel) of temperature (in
°C) and salinity at Station 27 as a function of depth during 1998.

These minimum temperatures were similar to those
in 1997 expect on the Grand Bank where the core
temperature decreased in 1998.

Estimates of the volume of CIL water (<0°C)
over the Div. 2J+3KL area are available since 1980
(Fig. 22). A description of the analysis method can
be found in Colbourne and Mertz (MS 1995). The
long-term (1980-94) mean volume of the CIL of
just over 4 x 10* km? is roughly one-third the total
volume of water on the shelf. The volume in au-
tumn shows similar interannual trends to those of
summer but its absolute value is about half. The
CIL is eroded through the summer due to mixing
with the warmer surface and near bottom waters.
In terms of interannual variability, maximum CIL
volumes tended to occur during the cold periods of

the mid-1980s and early-1990s. In 1990, the sum-
mertime volume began to decrease and by 1995 was
similar to that recorded in the early-1980s and again
in the late-1980s. Since then the CIL volume has
remained relatively low. In the autumn of 1998, the
CIL volume was up slightly from 1997 but remained
well below normal.

Horizontal Temperature Distributions Near-Bottom
in Div. 2J+3KL

The mean (1961-90) and 1998 autumn tempera-
tures over the shelf from southern Labrador to the
Grand Banks from groundfish surveys are shown
in Fig. 23. The average bottom temperature over
most of the northeast Newfoundland shelf (Div.
2J+3K) in autumn ranges from <0°C inshore, to
>3°C offshore at the shelf break whereas over most
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(bottom panel) anomalies at 0, 100 and 175 m
at Station 27 during 1998.

of the Grand Bank it varies from <-0.5°C to 3°C.
In general, bottom isotherms follow the bathymetry
exhibiting east-west gradients over most of the
northeast shelf. The percentage area of water less
than -0.5°C over the Grand Bank and northeast shelf
from 1990 to 1994 was significantly larger than the
1961-1990 average. In 1992 and 1993 the bottom
temperature anomalies ranged from -0.25°C to
-0.75°C over the northeast shelf and from -0.25°C
to -1°C over the Grand Bank (Colbourne, MS 1994).
During 1996 the percentage area of water less than
-0.5°C on the continental shelf declined signifi-
cantly to below average and bottom temperatures
moderated in most areas of the Newfoundland Shel f
with anomalies of +0.5°C being common. There was
also a complete absence of <0°C waters. Bottom
temperatures during the autumn of 1997 and again
in 1998 remained above normal over most areas,
particularly on the offshore portion of the shelf.

Hydrographic Conditions on Hamilton Bank

The time series of monthly mean temperature
and salinity anomalies from 1950 to 1998 on Ham-

ilton Bank at standard depths of 0, 50, 75 and 150
m are shown in Fig. 24 and 25, respectively. An-
nual anomaliesrelative to 1961-90 were cal cul ated
from all available monthly anomalies within each
calendar year and then a 5-year running mean esti-
mated. This suppresses the high frequency varia-
tions and provides arepresentation of the long-term
trends. Note that the monthly averages consist of a
variable number of observations.

Thetime series of the 5-year running means are
characterized by variations with amplitudes rang-
ing from £1°C and with periods around 10 years.
The cold periods of the early-1970s, the mid-1980s
and to a lesser extent the early-1990s are present,
however, the amplitude of these anomalies vary
considerably with depth. Temperatures on Hamil-
ton Bank have been warming since 1994, particu-
larly in the deeper layers. There the waters were
below normal from the early-1980s to 1994, simi-
lar to conditions further south at Station 27. Dur-
ing 1998, temperatures rose sharply at the surface
to reach record highs. At subsurface depths of 50
and 75 m, temperatures oscillated about their long-
term means whereas at 150 m temperatures were
above normal. The smoothed salinity time series
show very similar conditions as elsewhere on the
shelf with fresher-than-normal conditions in the
early-1970s, mid-1980s and early-1990s. Salinities
have been increasing since their low values of the
mid-1990s and are now above normal throughout
the water column.

Hydrographic Conditions on Flemish Cap

Three major cold periods are evident from the
temperature anomalies over the top 100 m on Flem-
ish Cap; most of the 1970s, the mid-1980s and the
late-1980s to early-1990s (Fig. 26). The cold con-
ditions beginning around 1971 continued until 1977
in the upper layers. From 1978 to 1984, tempera-
ture anomalies showed a high degree of variability
in the upper water column with atendency towards
positive anomalies. By 1985, negative temperature
anomalies had returned in the top 100 m of the water
column. This cold period moderated briefly in 1987
but returned again by 1988 and continued into the
early-1990s. Since 1995 upper layer temperatures
have been warming in the top 100 m, to above nor-
mal (0 m) to near normal (50 and 100 m) condi-
tions. At 200 m, however, temperatures have re-
mained below normal and continue the trend estab-
lished in the mid-1980s.
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Fig. 19. Monthly mean temperature anomalies at selected depths from Station

27.

Fresher-than-normal salinities persisted on
Flemish Cap from 1971 to 1976 and from 1983 to
1986 in the upper 100 m of the water column with
peak amplitudes reaching 0.6 psu below normal
(Fig. 27). Salinity during the early-1990s ranged
from slightly above normal at the surface to below
normal at 50 and 100 m depth and about normal at
200 m depth. During the past few years, salinities
at Flemish Cap have been increasing and are now

saltier-than-normal in the top 100 m. In general,
the temperature and salinity trends are similar to
those at Station 27 and elsewhere on the continen-
tal shelf over similar depth ranges.

Hydrographic Conditions on St. Pierre Bank

Monthly temperature anomalies from 1950 to
1998 on St. Pierre Bank bounded by the 100 m
isobath were computed at standard depths of 0, 20,
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50 and 75 m (Fig. 28). These temperature time se-
ries are characterized by large variations with am-
plitudes ranging from +3°C. The long-term trend
shows amplitudes generally less than +1°C with
periods between 5 to 10 years. The cold periods of
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Fig. 22. The CIL volume in the summer and autumn
within Div. 2J and 3KL.

the mid-1970s and the mid-1980s in the upper wa-
ter column are coincident with severe meteorol ogi-
cal and ice conditionsin the Northwest Atlantic and
colder and fresher oceanographic anomalies over
most of the Newfoundland continental shelves.
During the cold period beginning in 1984-85, tem-
peratures decreased by up to 2°C in the upper wa-
ter column and by 1°C in the lower water column.
These below normal conditions continued until
1994 in the upper water column. Since 1994 the
temperatures have been warmer than normal over
the top 20 m but remained below average at 50 and
75 m depth. Note the similarity in the low-frequency
trends at the deepest depths on St. Pierre Bank and
Flemish Cap.

The mean (1961-90) and the 1998 bottom tem-
perature maps for April within Subdiv. 3Ps and 3Pn
are shown in Fig. 29. In general, the bottom iso-
thermsfollow the bathymetry around the Laurentian
Channel and the southwestern Grand Bank increas-
ing from 2°C at around 200 m depth to 5°C in the
deeper water. The average April bottom tempera-
tures ranged from 5°C in the Laurentian, Burgeo
and Hermitage Channels to about 3°C to 4°C on
Rose Blanche Bank and on Burgeo Bank and from
0°C on the eastern side of St. Pierre Bank to 2°C
on itswestern side. During April 1998 temperatures
were near average over Burgeo Bank, in Hermitage
Channel and along the western slope of St. Pierre
Bank. On the central and eastern side of St. Pierre
Bank temperatures were slightly below average as
indicated by the position of the 0° and 1°C isotherm
lines.



62

Sci. Council Studies, No. 33, 2000

55

AUTUMNAVERAGE  BOTTOM TEMP

51

LATITUDE

BOTTOM TEMP

47

43

LONGITUDE

59 55 51 47 43
LONGITUDE

Fig. 23. Contours of the long-term mean (1961-90) (top panel) and 1998 autumn bottom temperatures

(bottom panel) for the Newfoundland Shelf.

Gulf of St. Lawrence

Cabot Strait Deep Temperatures

Bugden (1991) investigated the long-term tem-
perature variability in the deep waters of the
Laurentian Channel in the Gulf of St. Lawrence
from data collected between the late-1940s to 1988.
The variability in the average temperatures within
the 200-300 m layer in Cabot Strait was dominated
by low-frequency (decadal) fluctuations with no
discernible seasonal cycle. A phase lag was ob-
served along the major axis of the channel such that
events propagated from the mouth towards the St.
Lawrence Estuary on time scales of several years.
The updated time series show that temperatures
declined steadily between 1988 and 1991 to their
lowest value since the late-1960s (near 4.5°C and
an anomaly exceeding -0.9°C; Fig. 30). Then tem-
peratures rose dramatically reaching 6.0°C
(anomaly of 0.6°C) in 1993. By 1994 temperatures
had begun to decline although anomalies remained
positive. Temperatures continued to fall in 1995 and
1996 towards normal. In 1998, temperatures were
generally near the long-term mean and not that dif-
ferent from 1997 values.

Cold Intermediate Layer

The cold intermediate layer (CIL) in the Gulf
of St. Lawrence has a maximum thickness in the
northeast and a minimum (where depths exceed 100
m) in Cabot Strait and the St. Lawrence Estuary.
During 1998, the CIL thickness (defined by waters
<0°C) increased by approximately 21% relative to
1997. The largest increase in 1998 was observed in
the St. Lawrence Estuary where it increased by 30
m. Gilbert and Pettigrew (1997), in a study of the
CIL layer, produced a Gulf-wide index of core tem-
peratures for mid-July based upon available ob-
served data and the mean measured warming rate.
Their index shows temperature anomalies having
an approximate 5-8 year periodicity prior to 1985
(Fig. 31). Since 1985, temperaturesin the CIL have
remained below normal with minima in the late-
1980s and early-1990s. From 1994 to 1997, tem-
peratures slowly but steadily warmed. The mid-
summer core CIL temperaturein 1998 was-0.71°C
(representing an anomaly of -0.73°C), and was
cooler than 1997 by approximately 0.3°C. Gilbert
and Pettigrew (1997) found high correlations be-
tween the variability in the CIL core temperatures
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Fig. 24. Monthly (dashed) and 5-year running means (solid line) of tempera-
ture anomalies at selected depths on Hamilton Bank in Div. 2J.

and air temperatures along the coast of western
Newfoundland, suggesting the possible importance
of atmospheric forcing in determining the tempera-
ture and extent of the CIL watersin the Gulf. How-
ever, these air temperatures were above normal
throughout 1998 and cannot explain the accompa-
nying cooler temperatures of the CIL waters.
Advection of water from the Labrador Shelf through
the Strait of Belle Isle may have contributed to the
low CIL temperatures.

Bottom Temperatures on the Magdalen Shallows

Canada has carried out annual groundfish sur-
veys of the Magdalen Shallows in the southern Gulf
of St. Lawrence during September since 1971. Simi-
lar to past years, bottom temperatures during the
1998 survey were lowest in the central region of

the Magdalen Shallows and increased shoreward
and toward the deeper Laurentian Channel (Fig. 32).
Near-bottom temperature anomalies were predomi-
nantly below normal north of Prince Edward Island
with the largest negative anomalies off the north-
west point of P.E.I. and around the Magdalen Is-
lands. Waters around P.E.l. were above normal with
maximum anomalies occurring in eastern Northum-
berland Strait. More of the area of the Magdalen
Shallows showed below normal bottom tempera-
tures than in 1997. Swain (1993) developed an in-
dex of near bottom temperature defined as the area
of the Magdalen Shallows covered by waters <0°C
and <1°C. These two indices show strong similar-
ity (Fig. 33). Since 1990, including 1998, these
areal indices have been above their long-term
means. Thisis consistent with the colder-than-nor-
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anomalies at selected depths on Hamilton Bank in Div. 2J.

mal CIL sincethe CIL isin direct contact with the
bottom over much of the Shallows. The 1998 areal
indicesincreased relative to 1997 reversing the de-
creasing trend of the previous two years.

Summer Temperature and Salinity Fields

The hydrographic data collected during the Sep-
tember groundfish surveys on the Magdalen Shal-
lows were combined with data from fisheries sur-
veys conducted throughout the remainder of the
Gulf during August—September. M ean temperatures
and salinities were then calculated by layers (30—
100, 100-200 and 200-300 m) within each of the
21 areas defined by Petrie et al. (1996b) and were
compared to their monthly mean values. In the 30—
100 m layer, which encompasses the CIL, tempera-
tures varied spatially over the Gulf by only alittle

over 1°C and were generally colder-than-normal for
this time of the year. On average, temperatures
cooled by around 0.2°C relative to 1997. Tempera-
tures in the 100-200 m layer ranged from 1.9°C in
the northeastern Gulf to 3.1°C east of Anticosti Is-
land resulting in weak anomalies. They were gen-
erally above normal in the southwest and below
normal in the northeast. In the deep layer (200-300
m), temperatures varied from 4.7°C in the Estuary
to 5.5°C in Cabot Strait and anomalies were above
normal by 0.1° to 0.7°C. Compared to 1997, the
1998 temperatures in both layers decreased in the
region of Cabot Strait to Anticosti Island (upwards
of 1.5°C in the Strait within the 100-200 m layer).
The time series of the average temperature in the
lower three layers indicates cooling in 1998 rela-
tive to 1997 with above normal conditions in the
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Fig. 26. Monthly (dashed) and 5-year running means (solid line) of tempera-
ture anomalies for different depths on Flemish Cap in Div. 3M.

deepest layer, just below normal in the 100-200 m
layer and still well below normal in the 30—100 m
layer (Fig. 34).

Scotian Shelf and Gulf of Maine
Coastal Sea Surface Temperatures

Monthly averages of sea surface temperature
(SST) for 1998 were available at Boothbay Harbor
in Maine, St. Andrewsin New Brunswick and Hali-
fax in Nova Scotia. The Halifax data have been
collected twice a day during weekdays at the DFO
Halifax Laboratory wharf. With the closing of the
Halifax Laboratory, no data were collected after
August 1998. A continuous recording thermistor
submerged just below low water on the wharf in
Halifax Harbour by the Maritime Museum of the

Atlantic will replace the Halifax Laboratory val-
ues in future. Note the August 1998 data for Hali-
fax was based on only 11 days of data and may not
be truly representative of the entire month. The
monthly mean temperature anomalies at each site
for 1997 and 1998 are shown in Fig. 35.

The dominant feature in 1998 at Boothbay
Harbor and St. Andrews was the above normal tem-
peratures throughout most of the year (9 and 10 out
of the 12 months, respectively) which continued a
trend of warm temperatures that began in June of
1994. The 1998 anomalies equalled or exceeded one
standard deviation (based upon the years 1961-90)
in 6 months at Boothbay Harbor (March—May, July,
August and December) and in four months at St.
Andrews (March—May and October, the latter hav-
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Fig. 27. Monthly (dashed) and 5-year running means (solid line) of salinity
anomalies for different depths on Flemish Cap in Div. 3M.

ing below normal anomalies). The maximum
monthly anomaly was near 1.4°C in April at
Boothbay while at St. Andrewsit was 1.6°Cin May.
The similar amplitude anomalies at St. Andrews
compared to Boothbay are unusual astheincreased
vertical mixing by the tides in the Bay of Fundy
typically result in lower amplitude anomalies at St.
Andrews. At Halifax, positive sea-surface tempera-
ture anomalies also dominated 1998 with 6 of the
available 8 months being warmer-than-normal (Fig.
35). These warm anomalies reversed the trend of
colder-than-normal conditions observed at Halifax
over the last several years. In 4 months (May—

August), the temperature anomaly exceeded the
long-term standard deviations.

Time series of annual anomalies show that the
surface temperatures at both Boothbay Harbor and
St. Andrews have been above their long-term means
in recent years and generally on the increase since
a minimum in the mid-1980s (Fig. 35). This mini-
mum was as low as that of the mid-1960s at St.
Andrews but at Boothbay Harbor the minimum was
only slightly below normal. Consistent with the
recent trends, the 1998 annual mean temperature
was above normal (mean of 7.6°C and 0.5°C above
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Fig. 28. Monthly (dashed) and 5-year running means (solid line) of tempera-
ture anomalies for different depths on St. Pierre Bank.

normal at St. Andrews and 9.1°C and 0.6°C above
normal at Boothbay). At both sites the temperature
rose relative to 1997 but remained below the re-
cent peak of 1995 (Fig. 35). No annual mean in 1998
was estimated for Halifax because of the missing
data from September to December.

Prince 5

Temperature and salinity measurements have
been taken since 1924 at Prince 5, a station off St.
Andrews, New Brunswick, near the entrance to the
Bay of Fundy. It is the longest continuously oper-
ating hydrographic monitoring site in eastern
Canada. Up until 1997, only one observation per
month was taken but in 1998 there were multiple
occupationsin some months. All months had at |east
one measurement in 1998. In April, June, July and

December there were two measurements and dur-
ing September and November there were 3. In those
months when there was more than one measure-
ment, an arithmetic average was used to estimate
the mean temperature and salinity for the month.
A single, or even three observations per month,
especially in the surface layers in the spring or
summer, may not necessarily produce results that
are truly representative of the "average" conditions
for the month and therefore the interpretation of the
anomalies must be viewed with some caution.
No significance should be placed on any individual
monthly anomaly but persistent anomaly features
are likely to be real. The general vertical similar-
ity in temperatures over the 90 m water column is
due to the strong tidal mixing within the Bay of
Fundy.
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In 1998, monthly mean temperatures ranged
from a minimum of over 2.5°C throughout the wa-
ter column in February to a maximum of over 11°C
near the surface in August and September (Fig. 36).
Following below normal temperatures in January
at depths deeper than 20 m, the monthly tempera-
ture anomalies were dominated by positive values
through until July—August. In July, below normal
temperatures were observed at 75 m and 90 m.
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Fig. 31. Anomalies of the CIL core temperatures (ex-
trapolated to 15 July) for the Gulf of St. Law-
rence relative to the 1961-90 mean.

These negative anomalies extended throughout most
of the water column by September and continued
for the remainder of the year. The highest negative
anomalies (exceeding -1.5°C) were in September
near bottom (Fig. 36). The annual mean tempera-
tures exhibit high year to year variability (Fig. 37).
In 1998, the annual mean temperatures were above
normal at the surface (anomaly of 0.4°C) and al-
most normal near bottom at 90 m (0.09°C below
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Fig. 32. Temperature (top panel) and temperature anomalies (bottom panel) in °C over
the southern Gulf of St. Lawrence during September 1998. The dotted line

represents the 200 m isobath.

normal). Thisrepresents an increase relative to 1997
at the surface and a decrease near bottom. With the
exception of the negative anomalies in the early-
1990s, temperatures at Prince 5 have been warmer
than the long-term mean since the 1970s. The maxi-
mum annual temperatures at this site occurred in
the early-1950s and the minimum in the mid-1960s.

Salinities at Prince 5 during 1998 were mostly
fresher-than-normal (Fig. 36). The lowest salinities
(<30.5 psu) occurred in the upper half of the water
column during April and May and the highest
salinities (>32.5 psu) appeared near bottom in the
autumn. The arrival of high salinity waters in au-
tumn is typical. The largest negative anomalies
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the Gulf of St. Lawrence during August—Sep-
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90 means.

(below 1 psu) were observed throughout most of
the water column in March and April and in the
upper half of the water column in May. Time series
show that the annual salinity anomaliesin 1998 fell
by approximately 0.2 relative to 1997 values at both
the surface and 90 m (Fig. 38). Although there has
been large fluctuations in salinity anomalies
throughout the water column, the longer-term trend

shows that salinities have been freshening since the
late-1970s with the lowest salinities on record at
Prince 5 occurring in 1996. The recent low values
parallel salinity events occurring in the deep wa-
ters of Jordan and Georges Basin and are related to
advection from areas further to the north (P. Smith,
Bedford Institute of Oceanography, Dartmouth,
N.S., Canada, pers. comm.).

Gulf of Maine Temperature Transect

The Northeast Fisheries Science Centre in
Narragansett, Rhode Island, has collected expend-
able bathythermograph (XBT) data approximately
monthly from ships-of-opportunity since the
late-1970s. The XBTs are dropped along a transect
in the Gulf of Maine from Massachusetts Bay to
the western Scotian Shelf as part of their continu-
ous plankton recorder program. We grouped the
available data into 10 equally spaced boxes along
the transect, then averaged by month any data
within these boxes at standard depths. Data for
1998 were only available for 8 months of the year.

Data from January and October 1998 are shown
together with the site locations (center of the boxes)
in Fig. 39. The upper layer temperatures in January
increase from the Scotian Shelf towards the west-
ern Gulf of Maine but cool again inshore. In Octo-
ber higher thermal stratification was observed al-
though the increase in temperature from east to west
across the Gulf was still evident. Bottom layer tem-
peratures generally ranged between 7° and 8°C
Temperatures in 1998 were colder than their long-
term means on the eastern side of the Gulf with
anomalies over much of the water column of 1° to
2°C below normal. On the western side of the Gulf
temperatures in both months were generally above
their long term mean. An exception was in October
at Station 2 where upwelling appears to have re-
sulted in cold conditions. The time scale of this
event is unclear. The pattern of cold anomalies in
the east and warm in the west was repeated in many
of the transects taken in other months of 1998 (not
shown).

Deep Emerald Basin Temperatures

Petrie and Drinkwater (1993) assembled atime
series of monthly temperature data from 1946 to
1988 at multiple depths in Emerald Basin in the
center of the Scotian Shelf. They showed that there
was high temperature variance at low frequencies
(decadal periods). This signal was more visible at
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depth (below 75 m) where the low-frequency vari-
ance was higher and there was less high-frequency
(year-to-year) variability. High coherence at low
frequencies was found throughout the water column
aswell as horizontally from the mid-Atlantic Bight
to the Laurentian Channel, although year-to-year
differences between locations were observed. Tem-
perature anomalies at 250 m have been used as a
representative index.

In 1998, temperature measurements in Emer-
ald Basin were obtained at depths of 250 m during
eight months with values ranging from 6.4° to
8.0°C. This produced monthly anomalies of 0.4° to

2.6°C below normal (Fig. 40). The long-term
(1961-90) annual average is 8.5°C and the long-
term monthly means range from 7.9°C t0 9.4°C. The
strong negative anomalies in 1998 were generally
representative of conditionsin the Basin below ap-
proximately 50 m. These colder-than-normal tem-
peratures represent a significant cooling (2° to 3°C)
relative to 1997 and most of the past decade. Cause
of this cooling is due to the arrival along the outer
Scotian Shelf of Labrador Slope water (Drinkwater
et al., MS 1998). This cooler (typically 4°-8°C)
slope water arrived in the autumn of 1997 off
Banquereau and Emerald Banks replacing Warm
Slope water (8°-12°C). The Labrador Slope water
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Fig. 36. Monthly mean (top panel) and anomalies relative to the 1961-90 average (bottom panel) of temperature
(in °C) and salinity at Prince 5 as a function of depth during 1998.

began to penetrate into Emerald Basin in Decem-
ber and by mid-February had replaced most of the
warmer waters in the Basin. A similar pattern was
observed in Georges Basin. The cold Labrador
Slope water was observed entering Northeast Chan-
nel in January 1998 and flooded Georges Basin by
at least April, when the first measurements of 1998
were available in its deep waters. The long-term
trend shows a maximum in the early-1950s declin-
ing to a minimum in the early-1960s, a trend de-
scribed in detail by Petrie and Drinkwater (1993).
The temperatures rose rapidly in the late-1960s,
remained relatively high in the 1970s but dropped
in the late-1970s and again in the early to mid-
1980s. During most of the 1990s, the temperatures
in the deep basin were well above the long-term
mean and at the highest sustained levels on record
in the mid-1990s.

Other Scotian Shelf and Gulf of Maine Temperatures

Drinkwater and Trites (1987) tabulated monthly
mean temperatures and salinities for irregularly
shaped areas on the Scotian Shelf and in the east-
ern Gulf of Maine that generally corresponded to
topographic features such as banks and basins (Fig.
41). Their analysis has been updated by Petrie et
al. (1996a). We produced monthly mean conditions
for 1997 at standard depths for selected areas (av-
eraging any data within the month anywhere within
these areas) and compared them to the long-term
averages (1961-90). Unfortunately, data are not
available for each month at each area and in some
areas the monthly means are based upon only one
profile. As aresult the series are characterized by
short period fluctuations or spikes superimposed
upon long-period trends with amplitudes of 1-2°C.
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Fig. 37. The long-term (1961-90) and 1998 monthly mean temperatures (top panels), the 1998 monthly
anomalies (middle panels) and in the bottom panels the time series of the annual mean anomalies
(dashed line) and their 5-year running means (solid line) for Prince 5, 0 m (left) and 90 m (right).

The spikes represent noise and most often show lit-
tle similarity between regions. Thus care again must
be taken in interpreting these data and little weight
given to any individual mean. The long period
trends often show similarity over several areas,
however. To better show such trends we have esti-
mated the annual mean anomaly based on all avail-
able means within the year and then calculated the
5-year running mean of the annual values. Thisis
similar to our treatment of the Emerald Basin data.

Drinkwater (1995) examined long-term tem-
perature time series for most of the areas on the
Scotian Shelf and in the Gulf of Maine and identi-
fied several important features. First, the tempera-
turesin the upper 30 m tended to vary greatly from
month to month, due to the greater influence of at-
mospheric heating and cooling. Second, at interme-
diate depths of 50 m to approximately 150 m, tem-
peratures had declined steadily from approximately
the mid-1980s into the 1990s. On Lurcher Shoals
off Yarmouth, on the offshore banks and in the

northeastern Scotian Shelf the temperature mini-
mum in this period approached or matched the mini-
mum observed during the very cold period of the
1960s. This cold water was traced through the Gulf
of Maine from southern Nova Scotia, along the
coast of Maine and into the western Gulf. Cooling
occurred at approximately the same time at Station
27 off St. John's, Newfoundland, off southern New-
foundland on St. Pierre Bank (Colbourne, MS 1995)
and in the cold intermediate layer (CIL) watersin
the Gulf of St. Lawrence (Gilbert and Pettigrew,
1997). Data in 1994 and 1995 indicated warming
of the intermediate layers in the Gulf of Maine but
acontinuation of colder-than-normal water on most
of the Scotian Shelf (Drinkwater et al., 1996). The
third main feature was the presence of anomal ously
warm slope water off the shelf and in the deep ba-
sins such as Emerald on the Scotian Shelf and
Georges in the Gulf of Maine. This warm deep wa-
ter appeared to influence the intermediate depth
waters above the basins, as their anomalies were
generally warmer than elsewhere on the shelves.
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Thefirst two temperature patternsidentified by
Drinkwater (1995) have continued into 1998.
Monthly mean temperature profilesreveal that cold
conditions prevailed in the deeper waters on Syd-
ney Bight, on Misaine Bank in the northeast Scotian
Shelf, and on Lurcher Shoals. However, asrevealed
by the Emerald Basin temperatures discussed above,
the warmer-than-normal conditions that have pre-
vailed over most of the last 20 to 30 years were
replaced by below normal valuesin 1998 (Fig. 40).
Below, we describe temperature conditions in other
representative areas of the Scotian Shelf.

On Sydney Bight (area 1 in Fig. 41) monthly
mean profiles from 5 different months show highly
variable temperature anomalies throughout the wa-
ter column (Fig. 42). In the near surface (<10 m)
waters temperatures were primarily above the long-
term mean. The exception was in July when the 20
to 30 m layer was 1°-3°C below normal. The time

series for 100 m shows high temperature anoma-
liesin the 1950s that fell to a minimum around 1960
and then rose steadily through the 1960s. Tempera-
tures remained relatively high during the 1970s. By
the 1980s temperatures began to decline and by the
mid-1980s dropped quickly to below normal val-
ues reaching a minimum anomaly around -1°C in
the early-1990s. Temperaturesin recent years have
generally remained below normal but have been
slowly increasing with several monthly anomalies
of above normal being observed since 1995. The
1998 anomalies at 100 m remained below normal.

Monthly mean temperature profiles for Misaine
Bank on the northeastern Scotian Shelf (area 5 in
Fig. 41) are available for 6 months during 1998.
They show primarily warmer-than-normal upper
layer (0—30 m) temperatures (Fig. 43). From 75 m
and deeper, however, the temperatures were
principally below normal except in November.
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Fig. 39. The temperature (middle panels) and temperature anomalies (bottom panels) in °C along a XBT transect
(top panel) across the Gulf of Maine during January and October 1998.

Between 30 and 75 m, the temperatures varied be-
tween above and below normal. The time series of
the 100 m temperature anomalies show that these
negative values have persisted since approximately
the mid-1980s (Fig. 43). This pattern is generally
indicative of the water column below 50-75 m.
Recent years, although exhibiting generally below
normal temperatures, have seen temperatures in-
creasing slowly from the minimum in the early-
1990s. As at Emerald Basin, temperatures wererela-
tively highin the 1950s. Temperatures then declined
and at Misaine Bank reached a minimum around
1960, several years earlier than areas further to the
southwest. Temperatures were near normal from the
late-1960s to the mid-1970s before rising to a maxi-

mum in the late-1970s. By the late-1980s, tem-
peratures fell to below normal and reached a
record sustained minimum of around -1°C in the
first half of the 1990s. Since then, as on Sydney
Bight, temperatures have remained below normal
but with evidence of a slow but steady increase that
continued into 1998.

At Lurcher (area24in Fig. 41), datawere avail-
able in 9 months during 1998 (Fig. 44). The domi-
nant feature was below normal temperatures
throughout most of the water column. Anomalies
in January, August, October and November ex-
ceeded -1°C, and in December exceeded -2°C. The
monthly 50 m temperature anomalies at Lurcher
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Fig. 41. The areas in which monthly means of tempera-
ture were estimated by Drinkwater and Trites
(1987).

show mostly cooler-than-normal watersin 1998, the
only exception being in July. This depth represents
conditions over much of the bottom of the Shoals.
Temperatures over Lurcher Shoals were high in the
late-1940s and early-1950s, declined to amid-1960s
minimum, rose rapidly into the 1970s and remained
above normal into the mid-1980s. As elsewhere,
temperatures declined by the mid-1980s to below
normal reaching along-term minimum in the early-
1990s. Although there was a slight hint of warming
since the early-1990s and there have been some

positive monthly temperature anomalies, annual
mean temperatures and most monthly means con-
tinue to remain below normal.

The time series of temperature in the deep re-
gions of Georges Basin (Fig. 45; area 26 in Fig.
41) shows a striking similarity to that observed in
Emerald Basin. This includes the very cold condi-
tionsin 1998 (Fig. 40), as well asthe low valuesin
the mid-1960s, the sharp riseto a peak in the early-
1970s and variable but generally above normal con-
ditions until 1998. This similarity between basins
is not surprising given that the source of the waters
for both are the offshore slope waters (Petrie and
Drinkwater, 1993). On the Canadian portion of
Georges Bank (area28in Fig. 41), the short period
variability is of much higher amplitude than in
Georges Basin, for example (Fig. 45). Thisreflects
not only the shallower depths (and hence more sus-
ceptible to direct and variable atmospheric forcing)
but also spatial differences within the area. The
longer-term trend shows positive anomalies in the
1950s, the low-1960s and a tendency towards posi-
tive anomalies since the 1970s. However, from the
late-1980s on, the long-term temperature trend has
not been significantly different than normal. The
cold water that was present in the deep waters in
1998 also appeared to influence the bank water.

Temperatures during the Summer Ground Fish Sur-
vey

The most extensive temperature coverage over
the entire Scotian Shelf occurs during the annual
Canadian government groundfish survey, usually
undertaken in July. In 1998, 175 conductivity-tem-
perature-depth (CTD) stations were occupied. Off
southwestern Nova Scotia, a fisherman conducted
groundfish survey also collected CTD data at an-
other 161 stations. Many of the latter were located
in areas not traditionally occupied during the gov-
ernment run survey, e.g. over Lurcher Shoals and
other inshore areas. Temperatures from both sur-
veys were interpolated onto a 0.2° by 0.2° latitude-
longitude grid using an objective analysis proce-
dure known as optimal estimation. The interpola-
tion method uses the 15 "nearest neighbours" and a
horizontal scale length of 30 km and vertical scale
lengths of 15 m in the upper 30 m and 25 m below
that. Data near the interpolation grid point are
weighted proportionately more than those further
away. Temperatures were optimally estimated onto
the grid for depths of 0, 50, 100 m and near bottom.
Maximum depthsfor theinterpolated temperature field
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Fig. 42. The 1998 monthly temperature anomaly profiles (top panel) plus the monthly mean
temperature anomalies (dashed line) and the 5-year running means of the estimated
annual anomalies (solid line) at 100 m for Sydney Bight (area 1 — Fig. 41).

were limited to 1000 m. The 1998 temperatures
were also compared to the 1961-90 means for July.

Temperaturesin 1998 at the surface varied from
<9° to >18°C with the coldest temperatures on the
Lurcher Shoals off Yarmouth and the warmest in
the vicinity of Western Bank in the central Scotian
Shelf region (Fig. 46). Warmer temperatures and
weaker temperature gradients prevailed on the
Scotian Shelf relative to off southwest Nova Scotia
and the Bay of Fundy. At 50 m the coldest tempera-
tures (<2°C) cover much of the northeastern Shelf
(Fig. 46). Note the warm waters (4°-5°C) appear
to be penetrating onto the central shelf regions from
the offshore. The 100 m temperatures show a pat-
tern of cold waters (<2°C) in the northeast and warm
waters (>5°C) in the Gulf of Maine and along the
outer Banks in the southwestern region of the Shelf
(Fig. 46). Bottom temperatures show similar fea-
tures to those at 100 m (Fig. 46). A common fea-
ture isthe large contrast between the northeast and
central Scotian Shelf. In the northeast, bottom tem-
peratures were generally cold with minimaless than
2°Cinthe Misaine Bank region. Cool waters (<4°C)

were also observed in Roseway Basin and over
Browns Bank. Temperatures in Emerald Basin ex-
ceeded 7°C. Relatively high temperatures also were
found in the upper reaches of the Bay of Fundy and
in the deeper areas of the Gulf of Maine.

Temperature anomalies at the surface were gen-
erally positive over most of the Scotian Shelf, by
upwards of 2° to 3°C over Sable and Middle Banks
and off the southeastern tip of Cape Breton (Fig.
47). In contrast, in the Bay of Fundy and the rest of
the Gulf of Maine, surface temperatures were be-
low normal by around 1°C. The dominant feature
at 50 m is the below-normal temperatures over the
shelf and throughout the Gulf of Maine and Bay of
Fundy (Fig. 47). The anomalies generally were be-
tween normal and -2°C. At 100 m and near bottom
the anomalies are below normal throughout almost
all of the Scotian Shelf and Gulf of Maine (Fig. 47).
The greatest negative anomalies (-4°C at 100 m and
-3°C near bottom) lay over Emerald Basin. The
cause of these low anomalies was the influx of the
cold Labrador Slope Water into the Basin as dis-
cussed above. The colder-than-normal temperatures
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Fig. 43. The 1998 monthly temperature anomaly profiles (top panel) plus the monthly mean
temperature anomalies (dashed line) and the 5-year running means of the estimated
annual anomalies (solid line) at 100 m for Misaine Bank (area 5 — Fig. 41).

over Emerald Basin are different than 1997 when
these waters were warmer-than-normal (Drinkwater
et al., MS 1998). The cold water near bottom in
Emerald Basin during the July survey is consistent
with the 250 m temperature time series (Fig. 40)
and the cold temperatures in the northeast with the
temperature time series observed on Misaine Bank
(Fig. 43).

Density Stratification

Stratification of the upper water column is an
important characteristic that influences both physi-
cal and biological processes. The extent of the
stratification can affect vertical mixing, the verti-
cal structure of the wind forced current, the timing
of the spring bloom, vertical nutrient fluxes and
plankton speciation to mention just a few. Under
increased stratification, thereis atendency for more
primary production to be recycled within the upper
mixed layer and hence less available for the deeper,
lower layers. We examined the stratification by cal-

culating the density (sigma-t) difference between
the near surface and 50 m. The near surface was
generally between 0 and 5 m. We first calculated
the monthly mean density profile for each of the
areasin Fig. 41. The density difference isthen based
upon these monthly profiles. The long-term monthly
mean density stratification for the years 1961-90
were estimated and these then subtracted from the
monthly values to obtain monthly anomalies. An-
nual anomalies were estimated by averaging all
available monthly means within a calendar year. A
5-year running mean of the annual anomalies was
then calculated. The monthly and annual means
show high variability but the 5-year running means
show some distinctive trends. The density anoma-
lies are presented in gm/ml/m. A value of 0.1 rep-
resents a difference of 0.5 of asigma-t unit over 50
m. The dominant feature is the higher stratification
during recent years throughout the Scotian Shelf
(Fig. 48a,b). The 5-year running mean began to
increase steadily around 1990 and the most recent
value represents the highest stratification in the
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Fig. 44. The 1998 monthly temperature anomaly profiles (top 2 panels) plus the monthly
mean temperature anomalies (dashed line) and the 5-year running means of the es-
timated annual anomalies (solid line) at 50 m for Lurcher Shoals (area 24 — Fig.

41).

approximate 50-year records in most areas. What
is most surprising is the consistency from area to
area, over most of the Scotian Shelf. The high strati-
fication did not extend into the Gulf of Maine re-
gion and it was absence or weak in the Laurentian
Channel and Sydney Bight areas. One expects the
anomalies in density stratification in the Gulf of

Maine to be lower than on the Scotian Shelf due to
the more intense tidal mixing, however, if there
were atendency towards increased stratification in
the Gulf of Maine in recent years, it would have
been detected. The increased stratification on the
Scotian Shelf is principally aresponse to lower near
surface salinities.
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Offshore Waters
Shelf/Slope Front

The waters on the Scotian Shelf and in the Gulf
of Maine have distinct temperature and salinity
characteristics from those found in the adjacent
deeper slope waters offshore. The relatively nar-
row boundary between the shelf and slope waters
is regularly detected in satellite thermal imagery.
Positions of this front and of the northern bound-
ary of the Gulf Stream between 50°W and 75°W
for the years 1973 to 1992 were assembled through
digitization of satellite derived SST charts
(Drinkwater et al., 1994). From January 1973 until
May 1978, the charts covered the region north to
Georges Bank, but in June 1978 the areal coverage
was extended to include east to 55°W and eventu-
ally 50°W. Monthly mean positions of the shelf/
slope front in degrees latitude at each degree of
longitude were estimated. This dataset was updated
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Fig. 46. Contours of optimally estimated temperatures at the surface, 50 m, 100 m and near bottom during the

1998 July groundfish surveys.
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during the 1998 July groundfish surveys.

until NOAA terminated the satellite data product
in October 1995. A commercial company has con-
tinued the analysis but did not begin until April
1996. Even then, the initial charts did not contain
data east of 60°W. Data for October to December
of 1996 as well as 1997 and 1998 have been digi-
tized, estimates of monthly means positions deter-
mined and anomaliesrelative to the 20-year period,
1978 to 1997, were calcul ated.

The overall mean position of the Shelf/Slope
front together with the 1998 annual mean position
is shown in Fig. 49. The average position is close
to the 200 m isobath along the Middle Atlantic
Bight, separates slightly from the shelf edge off
Georges Bank and then runs between 100-300 km
from the shelf edge off the Scotian Shelf and the
southern Grand Bank. It is generally furthest off-
shore in winter and onshore in late summer and
early autumn. During 1998, the shelf/slope front
was seaward of its long-term mean position from
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75°W to 65°W, and also at 62°—61°W and 55°W.
The largest deviations from the mean position oc-
curred near the western end, the maximum value
being at 72°W. The time series of the annual mean
position (averaged over 55°W-75°W) shows the
front was at a maximum seaward location in 1985
and again in 1993 (Fig. 49). Since 1993, the front
has been moving steadily seaward approximately
40 km, reaching its most southerly position since
the early-1980s in 1997. In 1998, the frontal posi-
tion was near that of 1997, although slightly more
shoreward.

Gulf Stream

The position of the northern boundary or "wall"
of the Gulf Stream was also determined from satel-
lite imagery by Drinkwater et al. (1994) up to 1992
and has been updated in a manner similar to that
for the shelf/slope front. Thus, the time series con-
sists of the monthly position at each degree of lon-
gitude from 55°W to 75°W. The average position
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Fig. 48a. Five-year running means of the annual anomalies of the density gradient be-
tween surface and 50 m calculated for the areas 1-15 in Fig. 41.

of the north wall of the Stream and the 1998 annual
mean is shown in Fig. 50. The Stream leaves the
shelf break near Cape Hatteras (75°W) running to-
wards the northeast. East of 62°W the average po-
sition lies approximately east-west. During 1998,
the average position of the Stream was seaward at
each degree of longitude except from 61° to 63°W.
Similar to 1997, the largest deviations occurred

west of 70°W. The Stream was located south of its
mean position during the late-1970s and 1980, near
the long term mean through most of the 1980s and
north of it during the late-1980s and into the first
half of the 1990s (Fig. 50). The annual anomaly of
the Gulf Stream was at its most northerly position
in 1995. This was followed by a rapid decline in
1996 and the Stream remained south of itslong-term
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Fig. 48b. Five-year running means of the annual anomalies of the density gradient between
the surface and 50 m calculated for the areas 16-29 in Fig. 41.

mean during 1997 and again in 1998. The 1996 po-
sition is not well defined, however, sinceit is based
upon only three months of the data (October to
December). The time of the southward shift in the
Gulf Stream does match the large decline in the
NAO index in 1996 and is consistent with the find-
ing of asignificant positive correlation between the
Gulf Stream position and the NAO.

Summary

During 1998, the NAO index was near itslong-
term mean indicating an intensification of the Ice-
landic Low and Azores High relative to 1996 but
weaker than the early-1990s. The index rose only
marginally compared to 1997 but just enough to
revert back to positive anomalies compared to the
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negative values registered during the past 2 years.
Air temperatures over most of the Northwest At-
lantic were above normal continuing the warming
trend of the past 2 years. Indeed, from the Labra-
dor coast, through Newfoundland and the Gulf of
St. Lawrence, to the Gulf of Maine, 1998 ranked
within the top 5-15% of the warmest years on
record, the exact value depending on location. Al-
most all monthsin 1998 experienced warmer-than-
normal temperatures, the major exception being
February in the northern Labrador Sea and Baffin

Island regions. The warmer-than-normal winter
temperatures resulted in less ice than normal off
Newfoundland and Labrador, and in the Gulf of St.
Lawrence. Ice typically arrived late and left early,
causing fewer days of ice in most areas. Little to
no ice reached the Scotian Shelf proper and sea-
ward of Cabot Strait, the amount of ice was the 3rd
lowest in the 37-year record. In spite of the reduced
amount of sea ice and warmer temperatures, the
number of icebergs that reached the northern Grand
Banks increased relative to 1997, up by 36%. The
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number of icebergs was greater than the long-term
average but below the record numbers of the early-
1990s.

During 1998, ocean temperature indices indi-
cated much of the southern Labrador, northern New-
foundland and the Grand Banks area was generally
above normal, continuing a trend that began in
1996. This was seen especially at Hamilton Bank
and in the upper 100 m of Flemish Cap, and in the
near bottom temperatures during the spring on the

Grand Banks, during the autumn off northern New-
foundland, and at Station 27 throughout the year.
As well, the CIL volume both in summer and au-
tumn was well below normal. At shallower depths
at Station 27, temperatures were warmer-than-nor-
mal from January to April but through most of the
remainder of the year temperatures were relatively
cool compared to the long-term means. The maxi-
mum negative temperature anomalies lay just be-
low the upper layer and are interpreted as being due
to increased stratification. Salinities in the upper



86 Sci. Council Studies, No. 33, 2000

layer at Station 27 were fresher than normal from
January to August, and were saltier than normal
from September to December. On St. Pierre Bank,
temperatures in the bottom waters moderated some-
what following over a decade of very cold condi-
tions, although they still remained below normal.
In the surface waters (0—20 m) temperatures were
well above normal on the Bank.

In the Gulf of St. Lawrence, the CIL waters
generally increased in depth and core temperatures
cooled. This reversed the slow warming trend ob-
served in recent years. Cause of this reversal is
unknown. While earlier studies had found a rela-
tionship with air temperatures off western New-
foundland with colder wintersresulting in more and
colder CIL waters, the winter of 1997/98 was rel a-
tively mild and so areduction in the amount of CIL
water and a warming of the core temperatures was
expected. That this did not happen may indicate
increased advection of cold water from the Labra-
dor Shelf through the Strait of Belle Isle. The cool-
ing of the CIL and its expansion resulted in more
of the bottom of the Magdal en Shallows being cov-
ered by colder waters (<0° and <1°C) than observed
in 1997. In the 200-300 m deep layer in the Gulf
(i.e. within the Laurentian Channel), temperatures
were near their long-term mean.

In 1998, the most significant change in the
Scotian Shelf and Gulf of Maine was the arrival of
cold, Labrador-type slope water along the shelf
edge. This cold water penetrated onto the shelf
through channels and gullies and replaced the warm
slope water remnants that were in the deep basins
such as Emerald Basin and Georges Basin. These
cold waters remained for the rest of the year. Tem-
perature changes in the deep region of Emerald
Basin were of order 2°-3°C colder than last year
and well below the long-term mean. In the north-
eastern Scotian Shelf, waters continued to experi-
ence below normal temperatures. This pattern was
established in the mid-1980s with maximum cool-
ing in the early-1990s. In recent years, including
1998, there has been a slow but steady increase in
the subsurface temperatures in these regions. The
presence of these cold waters is believed to be due
to a combination of advection from the Gulf of St.
Lawrence and off the Newfoundland Shelf and in
situ cooling during the winter although the relative
importance has not yet been established. Also of
significance in the 1990s was the establishment of
increased stratification in the upper water column

(between near surface and 50 m) throughout the
Scotian Shelf. Stratification in recent years has been
at the maximum in the approximate 50-year record.
This high stratification was not observed in the Gulf
of Maine.
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