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Abstract

A review of the 2017 physical oceanographic conditions on the Scotian Shelf and in the eastern
Gulf of Maine and adjacent offshore areas indicates thabnditions corresponding to warmer than
normal prevailed.
A composite index of 20 series showthe average normalized anomaly was 1.7, the third highest in
the 48 year series. The anomalies did not show a strong spatialariation. Bottom temperatures were
above normal with anomalies for NAFQDivisions 4Vn 4Vs, 4W, 4%f +0.7C #1.6 SD), +1.3C(+1.9 SD),
+0.8°C(+1.1SD), and+1.6°C(+2.2 SD) respectively Compared to 2014 record warm year for 4Vn and
4W, 4Vn was the 8 warmest year, 0.8C lower than the record and 4W was the I2warmest year,
1.2°C lower than the record. 2017 was the % warmest year in 4Vs; 2015 was the 2 warmest.
Division 4X was the 4 warmest year, 0.86C lower than the 2012 record temperature.

Introduction

This document describes air temperature, ice area and volume, andcean temperature
variability of Scotian $elf and Gulf of Maine waters during 207 (see Fig. 1 for the study area The
results are derived from data obtained at coastal and loAgerm monitoring stations, on annual
ecosystem surveys andhe Atlantic Zone Moritoring Program (AZMP) missionsand from ships-of-
opportunity and other research cruises andFO fisheries surveys.

In order to detect interannual variability and longterm trends of the time series presented, we
have removed the potentially large seasonal cycle by determining the monthly fidirences, i.e. the
anomalies, from the longterm means. In some cases, we present the standardized anomaly (anomaly
divided by the standard deviation). When possible, lonterm monthly and annual means, and standard
deviations (SD) are based on 1®1-2010 averaging period

Temperature and salinity conditions in the Scotian Shelf, Bay of Fundy and Gulf of Maine
regions are determined by many processes: heat transfer between the ocean and atmosphere, inflow
from the Gulf of St. Lawrence supplemented by floirom the Newfoundland Shelf, exchange with
offshore slope waters, local mixing, freshwater runoff, direct precipitation and melting of seige. The
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Nova Scotia Current is the dominant inflow, originating in the Gulf of St. Lawrence and entering the
region through Cabot Strait (see inset, Fig. 1). The Current, whose path is strongly affected by
topography, has a general southwestward drift over the Scotian Shelf and continues into the Gulf of
Maine where it contributes to the counterclockwise mean circulaton. Mixing with offshore waters
from the continental slope modifies the properties of shelf waters These offshore waters are
generally of two types, Warm Slope Water, with temperatures in the range of ®°C and salinities
from 34.7-35.5, and Labrador Shpe Water, with temperatures from4cC to &C and salinities from
34.3 to 35(Gatien, 1976). Shelf water properties have large seasonal cycles, eastst and inshore
offshore gradients, and vary with depth (Petrie et a]1996).

Air Temperatures

Annual ar temperature anomalies for six sites in the Scotian Shefulf of Maineregion are
shown in Fig. 2and Table 1. In 2Q7, all annual air temperature anomalies werepositive with values
ranging from +0.5°Cat Halifax to +10°Cat Saint John The time series of annual anomalies indicates
that all sites hawe increasing temperatures over the long term with decadal scale variability
superimposed.Over shorter peiods, there are times when thereis no trend or a decreasing trend in
the temperature (Fig. 3). Linear trends from 1900 to present from Boston,Saint John, Yarmouth,
Shearwater, Sable Island and Sydnegorrespond to changegand 95% confidence limits)per century
of +1.8°C (+1.4°C, +2.1°C)+0.7°C (+0.3°C, +1.1C), +1.1°C (+0.8°C, +1.4°C), +1°€ (+0.9C, +1.5°C),
+1.3°C (+1.0°C, +1°€)and +0.4°C(+0.0°C, +08°C), respectively.

The anomalies for all 6 sitesire displayedin Fig. 3as a composite sunand illustrate two points.
1) In the 118 year time series shown2017 was the 9t warmest year for the region as a whole(with
2012 being the warmesf. For most years the anomalies have the saensign Since 190, 95 of the 118
years had fiveor more stations with the annual anomalies having the same signfgr 66 years, all six
stations had anomalies with the same sign. This indicates that the spatial scale of the air temperature
patterns is greater than the largest spacing among site$n fact, plotting the correlation between annual
anomalies against stationseparationsyields an efolding scaleof 1800 km (Petrie et al, 2009). The e
folding scale (=1/k) is determined from a least squares fit of an exponential function 1*expkx) to the
correlations among the six time series; it represents the distance at which the correlation equals 1/e,
where e is thebase of natural logarithms2) The time scak of the dominant variability has been changing
from longer periods for 1900-1954 to shorter periods for 19552010. For the earlier period, a lagged
autocorrelation analysisgives an efolding scale of 3 yearswhereas, for the later periodthe scale was
0.6 years, i.e. less than the sampling interval of the serids.this case, the dolding scale is based onhe
autocorrelation of the average annual temperature anomaly for the 6 sites (Petrit al.,2009).

Table 1. The 2017 annual mean air temperature anomaly in degrees and standardize anomaly
(relative to the 1981-2010 climatology) for Scotian Shelf and Gulf of Maine.

Site Annual Anomaly 1981-2010 Climatology

Observed (Q | Normalized | Mean (Q D (O
Sydney +0.7 +0.9 5.87 0.81
Sable Island +0.7 +1.0 7.88 0.68
Shearwater (Halifax) +0.5 +0.9 6.99 0.74
Yarmouth +0.9 +1.4 7.16 0.62
Saint John +1.0 +1.1 5.19 0.74
Boston +0.6 +0.8 10.91 0.60

Sea lce

The greater part of sea ice on the ScotiaBhelf originates in the Gulf of St. Lawrence and is
transported through Cabot Strait by northwesterly winds and ocean currents. Sydney Bight and the
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southern coast of Cape Breton are typically the only areas heavily affected by ioethe region. In
2017, icewas not at these locationspresent (Fig. 4).

There has beervery little ice on the Scotian Shelfrom April 2009 until 2015 (Fig. 5. The ice ares
and volumes for the 20162017 seasors are compiled in Table 2. After having about ice levels in lat
winter last year, icewas below normal coverageand volumein 2016-2017. The December 2016to
April 2017 coverageand ice volume were the 12t and 9t lowest levels in the 56year record. After
near normal February 2015 values and above normal vaés in March and April, ice conditions
returned to conditions found in the 20102013 period which had extremely low coverage and
volume.

Table 2. Ice aea and volumestatistics, Scotian Shelf
2017 2017 2017
2017 Area | Normalized 2017 Ice Volume Normalized

2017 Ice Anomaly Area Volume Anomaly Volume
Month Area (km?) (km?) Anomaly (km?3) (km?3) Anomaly
January 11 -1220 -0.6 0.00 -0.19 -05
February 190 -11100 -1.0 0.02 -2.78 -1.0
March 5110 -10600 -0.7 0.69 -6.19 -0.9
April 365 -4220 -0.9 0.15 -2.87 -0.9

Remotely -Sensed Sea Surface Temperature

A 4 km resolution Pathfinder 5.2 (Casey et al., 2010kea surface temperature dtabase is
maintained at the Bedford Institute of Oceanography The Pathfinder dataset rundrom November
1981 to December2015; to provide data for 2016 and on, we used thel-km resolution Advanced
Very High Resolution Radiometer (AVHRR}ea surface temperature data downloaded from the
National Oceanic and Atmospheric Administration NOAA and European Organisation for the
Exploration of Meteorological Satellites (EUMETSATatellites by the remote sensing group in the
Bedford Institute of Oceanography (BIO)A leastsquare fit of Pathfinder and BIOtemperatures
during the September1981- December 2012period for several regionsled to a conversionequation
SST(Pathfinder) = 0.988SST(BIQ-0.02 with an r2=0.98. Using this regression, the BlQlata were
converted to be consistent withthe longer Pathfinder series. Aomalies were based on 19812010
averages.

Annual anomalieswere calcdated from monthly averaged temperatures for eight subareas
in the Scotian ShelGulf of Maine region(Fig. 6, Table 3. The annualanomaliesduring 2017 ranged
from
+0.7°C (+1.2 SD) in Cabot Strait to +D°C (+3.0 SD)in the Bay of Fundy All eight areas had positive
anomalies of those, severwere equalto or greater than+1.2 SD. Over the lengths of the recordsall
areas show increasing temperature trends based on a linear least squares fitorresponding to
temperature changes from a lowest value 0.3°C/decade (Cabot Strai) to a highest value of
0.6°C/decade (Eastern Scotian ShelfCentral Scotian Shelf an@ay of Fundy. A similar trend in SST
from AVHRR measurements was found in the Gulf of St. Lawrence (Galbraith et al., 2C4&) on the
Newfoundland and Labralor Shelf (Colbourne et al. 2015 The large increase in the obseed SST
over this period haslikely been enhanced by the cold period at the beginning of the AVHRR period
(Fig. 2)and a rapid temperature increase from 1997(Fig. 6).

The overall coherent variability of the annual tenperature anomalies in the eightregions
suggested a principal component analysisnight be revealing The leading nmode, PCAL, captured
83% of the variance and all loadings had similar amplitudesmeaning roughly equal contributions
from each series PCA accounted for an additbnal 6% of the variance with positive loadings in the
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eastern halfof the region, changing to nedgiave values roughly to the west of he central Scotian Shelf
(Fig. 7). Sinceprincipal component analysis generates orthogonal modes, it is not surprising that the
second mode consists of the eastern and western Scotian Shelf varying out of phase. This mode

accounts for a small amount of the observed variability.

Table 3. 2017 SST annual anomalies and longterm SST statistics including 1982-2016
temperature change based on linear trend.
1981-2010 1982-2016
2017 SST 1981-2010 Annual SST | Temperature
2017 SST Anomaly Mean Annual | Anomaly Std. Trend

Site Anomaly (°C) | Normalized SST¢C) Dev. £C) (°C/decade)
Cabot Strait +0.7 +1.2 5.9 0.6 0.3
Eastern Scotian Shelf +1.3 +1.9 7.1 0.7 05
Central Scotian Shelf +1.6 +2.3 8.5 0.7 0.6
Western Bank +14 +1.6 8.9 0.8 0.6
Western Scotian
Shelf +1.9 +3.0 8.1 0.6 0.5
Lurcher Shoal +1.3 +1.9 7.2 0.7 04
Bay of Fundy +1.6 +2.5 7.2 0.6 0.6
Georges Bank +1.1 +2.1 10.0 0.5 04

Coastal Temperatures and Salinities

Coastal sea surface temperatures have been collectedHalifax (Nova Scotia) and St. Andrews
(New Brunswick) since the 19Ds (Fig.8). In 2017,the SST anomalies were0.7°C (+1.0 SD) for Halifax, a
decreaseof 0.3°Cfrom 2016 and +0.8°C (+1.5 SD) for St. Andrewsadecrease of 6°C from 2016

Temperature and salinity measurementghrough the water column, for the most art sampled
monthly, have been taken since 1924 at Prince 5, at the entrance to the Bay of Fundy (Fig. 1). It is the
longest continuously operating hydrographic monitoring site in eastern Canada. Its waters are generally
well-mixed from the surface to thebottom (90 m). The depthaveraged (390 m) temperature, salinity
and density anomalytime series are shown in Fig8(C-E). In 2017, the annual temperature anomaly was
+0.8°C (+1.4 SD) and the salinity anomaly was0.1 (-0.6 SD). These represent changed €.9°C and-0.3
from the 2016 values. The negative density anomaly is accounted for by the positive temperature
anomaly and negative salinity anomaly

Scotian Shelf and Gulf of Maine Temperatures from Long -term Stations

Drinkwater and Trites (1987) tabulated monthly mean temperatures and salinities from
available bottle data for areas on the Scotian Shelf and in the eastern Gulf of Maine that generally
correspond to topographic features ach as banks and basinsPetrie et al. (1996) updated thei report
using these same areas and all available hydrographic datn updatedtime series of annual mean and
filtered (5 year running means) temperature anomalies at selected depths for five aredbig. 9) is
presented (Fig. 10). The Cabot Strait tempeatures representa mix of Labrador CurrentWater and
Warm Slope Water €.g.,Gilbert et al., 2005)entering the Gulf of St. Lawrence along Laurentian Channel;
the Misaine Bank series characterizes theolder near bottom temperatures on the eastern ScotiaBhelf;
the deep EmeraldBasin anomalies represent the Slope ¥fer intrusions onto the Shelfthat are
subsequently trapped in the deep inner basing T 1T OA OEA 1 AOCA AT i;ithaLuctheOAOAT OO5 |
Shoals observatios define the ocean climateon the southwest Scotian Shelf and the shallow waters
entering the Gulf of Maine via the Nova Scotia Current; finally, the Georges Basin series indicates the
slope waters entering the Gulf of Maine through the Northeast Channel. Annual anomalies are based on
the averages of monthly &lues; however, observations mayot be available for each month in each area.
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For Cabot Strait, Misaine Baky Emerald Basinand Georges Basin, 20 annual anomalies are based on
observations from only five, five, three and eightmonths, respectively. There were no observations on
Lurcher Shoals in 2017.

In 2017, the annual anomalies werer1.1°C (+3.3 SD) for Cabot Strait 206800 m (the second
largestanomaly; the largest, third, fourth and fivelargest anomalies werein 2016, 2012, 2014and 2015,
respectively), +0.4°C (0.7 SD) for Misaine Bankat 100 m,+1.5°C 1.8 SD) for Emerald Basirat 250 m
(the second highest, 2016 wasa record high), and+1.5°C #2.9 SD) for Georges Basiat 200 m (a record
high with 2016 and 2014 as thesecondand third warmest years). These values correspond to changes
of -0.2°C,-0.8°C,+0.1°C and+0.2°C, respectively from the2016 values. The 2010 and 2011 North Atlantic
Oscillation anomalies were well below normal and based on similar atmosphericrfing in the past,
notably in the mid-1960s, cooler deep water temperatures might have beegexpected in this region for
2012 (Petrie, 2007). Anomalies were highly positive for that year and have startei return to normal
in 2013 but increased to recordor near record values in 2014and continued to remain high in 2017.

Temperatures during the Summer Groundfish Surveys

The broadest spatial temperatureand salinity coverage of the Scotian Shelf is obtained during
the annual JulyFisheries and Oceans Cada DFQ ecosystem survey which covers the Scotian Shelf
from Cabot Strait to the Bay of Fundy. The deep water boundary of the survey is marked roughlythg
200 m isobath along the shelf break at the Laurentian Channelt the outer Scotian Shelf, andt the
Northeast Channel into the Gulf of Maine towards the Bay of Fundy.total of 201 CTD stations were
sampledduring the 2017 survey. The groundfish surveynormally takes onemonth to complete with
the area west of Halifax sampled first and the aeeeast of Halifax sampled last

The temperaturesfrom the surveywere combined and interpolated onto a 0.2by 0.2 latitude-
longitude grid using an objective analysis procedure known as optimal estimation. The interpolation
method uses the 15 "nearest neigbours” with a horizontal length scale of 30 km and a vertical length
scale of 15 m in the upper @ m and 25 m at deeper depths. Data near the interpolation grid point are
weighted proportionately more than those farther away. Temperatures were optimally @snated for at
the standard depths (e.g0i h p m i h amdfoi near tBe@ottom. Only the bottom temperatures are
presented here.

Bottom temperatures ranged froman average of4.6°C in NAFODivision 4Vs t08.8°C in 4X
during 2017, illustrating the difference in the environmental conditions across the She{fig. 11). The
anomalies werepositive for these NAFO Divisiora in 2017: +0.7°C (+1.6 SD) in 4Vn;+1.3°C 1.9 SD)
in 4Vs;+0.8°C (1.1 SD) in 4W; and+1.6°C (+2.2 SD) in 4X (Figl2 A-D). Comparedto 2014 record
warm year for 4Vn and 4W, 4Vn was th&" warmest year, 05°C lower than the record and 4W was
the 12t warmest year, 12°C lower than the record.2017 was the 3" warmest year in 4Vs 2015 was
the 2d warmest. Division 4X was the 4t warmest year, 06°C lower than the 2012 record
temperature.

The volume of the Cold Intermediate Layer (CIL), defined as waters with temperatures €}
was estimated from the full depth CTD profiles for the region from Cabot Strait to Cape Sable (ERE).
For the period 1970 to 1989, the number of CTD profiles perear was limited; therefore, 5year blocks of
data (e.g. 19701974, centre date 1972 were used as input for the procedure to map the irregularly
spaced data onto a regular grid. The data were théncremented by 1 year and a new set of estimates
made (i.e.,, 197674,1971-x uh 8 Q8 4 EEO b OfiitekidyA55y€ah ruriidy médn)th&data for O
the 1970-89 period, effectively reducing the variance. Thus the lonterm mean and partialarly the SD
(based on the 19812010 data in Fig.12E) could be affected. It iexpected that the true SD is higher than
the one derived here.

There is considerable variatiom in the volume of the CIL from1998 until 2009 (Fig. 12E). In

2017, the observed volumeof 4600 km3 was 0.8 SDlessthan the 1981-2010 mean value of 500 kms,
being the21stlowest volume inthe 44 years of surveys The smallest volume was in 2012.
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Density Stratification

Stratification of the near surface layer influences physical and bingical processes in the ocean
OOAE AO OAOOEAAI 1 E@EIch OEA 1TAAAT S0 OAOPI T OA Oi
nutrient fluxes and plankton distribution. Under increased stratification, there is a tendency for more
primary production to be recycled within the upper mixed layer and hence less available for the deeper
layers. The variability in stratification by calculating the density (sigmat) difference between 0 and 50
m was examined The density differences were based on monthly @an densty profiles calculated for
areas 4-23 on the Scotian Shelf adefined by Petrie et al. (1996) The longterm monthly mean density
gradients for 1981-2010 were estimated; these were subtracted from the individual monthly values to
obtain monthly anomalies. Annual anomalies were estimated by averaging all available monthly
anomalies within a calendar year. This could be misleading if, in a particular year, most data were
collected in months when stratification was weak, while in another year, samplgoccurred when
stratification was strong. However, initial results, using normalized monthly anomalies were
qualitatively similar to the plots presented here. The annual anomalies and theirgear running means
were then calculated for an areawveighted combination of subareas4-23 on the Scotian Shelfgee figure
17 in Hebert et al,2014 for map). A value of 0.01 (kg M)/m represents a difference of 0.5 kg n¥ over 50
m.

The dominant feature is theperiod from about 1950 to 1990 that featured generdly below
average stratification in contrast to the past 25years thatis characterized by above normal valueg-ig.
13). Stratification on the Scotian Shelf in 207 was nearly the same as in 201&here surface freshening
(a decrease of 0.1) was offset bgurface cooling (a decrease of ®@).Snce 1948 there has been an
increase in stratification on the Scotian Shelf, resulting in a change in the50 m density difference of
0.36 kg m3 over 50 years.

Summary

A graphical summary of many othe time series already shown indicates that the periods
1987-1993 and 20032004 were predominantly colder than normal and 19992000 and 2010-2017
were warmer than normal (Fig. 14. The period 19731986 also tends to be warmer than normal. In
this figure, annual anomalies based on the 1®1-2010 means have been normalized by dividing by
the 1981-2010 standard deviations for each variable. The results are displayed as the number of
standard deviations above (redand purple) and below (blue) normal. It is apparent that 2012 was an
exceptional year based on these seriesith 14 above 2 SD.In 2017, all 20 series shown had postive
anomalies; 18variables were more than 1 SD above their normal values. @fese, 6 were more than
2 SD above normakand one more than 3 SD(deep Cabot Stral. In 2017, the average (mdian)
normalized anamaly was 1.7 (1.7), the third highest in the 48 year seriesThese statistics indicate
that 2017 was an extremely warm year with a fairly uniform distribution of anomalies throughout
the region.
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Fig. 1. The Scotian Shelf and the Gulf of Maine showing hydrographic stations, standard sections
and topographic features. The dotted lines indicate the boundaries of the NAFO Subareas
Inset depicts major circulation features. Air temperature stations at Sydney (S), Yarmouth
(YY), Saint John (SJ), and Boston (B) are designated by a letter.
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Scotian ShelGulf ofMaine region (years 1860 to 2017. Horizontal dashed lines represent
+/-0.5 SD for the 19812010 period.
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2017: Ice Duration in Days
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Fig. 4. The time when ice first appeared during 227 in days from the beginning of the year (left, top pagl) and its anomaly from the 19812010 mean in
days (left, bottom panel). Negative (positive) anomalies indicate earligifater) than normal appearance. The time when ice was last seen in 2Din
days from the beginning of the year (centre, top pael) and its anomaly from the 19812010 mean in days (centre, bottom panel). Positive
(negative) anomalies indicate later (earli€) than normal disappearance. The duration of ice in days (right, top panel) during 20 and the
anomalies from the 19812010 mean in days (right, bottom panel). Positive (negative) anomalies indicate duratiotsnger (shorter) than the mean.
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Fig. 6. Scotian ShelGulf of Maine areas (Cabot Strait, Eastern Scotian Shelf (EES), Western Bank, Central
Scotian Shelf (CSS), Western Scotian Shelf (WSS), Georges Bank, Lurcher Shoals and Bay of Fundy)
usedfor extraction of sea surface temperature (upper panel). The annual sea surface temperature
anomalies derived from satellite imagery compared to their longerm monthly means (lower panel).

Northwest Atlantic Fisheries Organization www.nafo.int



