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ABSTRACT

Oceanographic and meteorological observations in NA Subareas 2 and 3 during 2017are presented
referenced to their longterm (1981-2010) means.The North Atlantic Oscillation (NAO) Index, a key indicator
of the direction and intensity of the winter wind field patterns over the Northwest Atlantic was weakly
positive during 2017. The associated atmospheric pressure fields resulted in a reduced arctic air outflow in
the northwest Atlantic during the winter months resulting in near-normal winter air temperatures, however
air temperatures were below normal during the spring.Sea ice extent across the Newfoundland and Labrador
Shelf between 4555°N, although above normal during late spring, was below the loAgrm mean in 2017. In
the inshore regions along theeast and northeast coast of Newfoundland sea ice duration was up to-58
days longer than normal. Sea ice in these regions disappeared by ridne which ranged from 1945 days
later than normal depending on the areaAnnual seasurface temperature (SST bsed on infrared satellite
imagery) trends on the Newfoundland and Labrador Shelf, while showing an increase of about 1°C since the
early 1980s, were mostly below normal during 2017, driven largely by very cold spring conditionsn 2017,
the annual bottom (176 m) temperature/salinity at the inshore monitoring site (Station 27) was below
normal by -0.6/-1.5 standard deviations (SD), respectively.Observations from the summer AZMP
oceanographic surveyindicated that the areaof cold-intermediate-layer (CIL <0°C) water overlying the
northeast Newfoundland and southern Labrador shelfincreased over 2016 to about 1 standard deviation
above normal, implying more extensive cold winter chilled water throughout the regionLabrador Current
transport through the Flemish Section remained high during the spring (13.5 Sv) but decreased to lower than
normal during the summer (4.6 Sv). Summer transport through the Seal Island section was higher than
normal in 2017 at 12 Sv.The spatially averaged bottom temperature during the spring in 3Ps remained
slightly above normal, a significant decrease over the 3gear record high in 2016. In Divs. 3LNO spring
bottom temperatures were about normal The spatially averaged bottom temperature during the fall in 2J and
3K show an incrasing trend since the early 1990s of about °C, reaching a peak of >2 SD above normal in
2011. Oceanographic data from the fal017 multi-species surveysn NAFO Divisions 3LNO indicate bottom
temperatures were about 1.2 standard deviations (SD) below namal. In Divisions 2J and 3K fall bottom
temperatures continued to decrease from the record high in 2011 to about normal conditions in 201A
standardized composite climate index for the Northwest Atlantic derived from 28 time series of
meteorological, ice water mass areas and ocean temperature and salinity conditions since 1950 reached a
record low (cold) value in 1991. Since then it shows a warming trend that reached a peak in 2010 and
thereafter decreased to mostly below normal conditions (cold/fresh) diring the past 4 years. The 2015 value
was the 7 lowest in 68 years of observations and the lowest value since 1993, while the 2017 value was the
15% lowest.
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INTRODUCTION

This manuscript presents an overview of the physial oceanographic environmenin NAFO subareas 2 and 3
on the Newfoundland and Labrador (NL) Region (Figurel) during 2017 in relation to long-term average
conditions based on archived data. It complements similar reviews of environmental conditionen the
Scotian Shelfthe FlemishCap Northeast US Shelf, the Labrador Saad West GreenlandVaters as part of the
Scientific Councib &nnual review of environmental conditions inthe NAFOConvention Area When possible,
the longOAOI AOAOACAO xAOA OOAT AAO#HomAIBA to P00 irkaccOriahd® ivithi 8 A A OA
the recommendations of the World Meteorological Organization.

The information presented for 2017 is derived from four main sources: (1) observations made at a
monitoring location in NAFO &b-area 31 £& 3 08 Statiol 27ptirdughout thejyear; (2) measurements
made during the summeralong standard NAFO andtlantic Zone Monitoring Program @AZMP (Therriault et
al. 1998) cross-shelf sections(Figure 2, left pane); (3) oceanographic observations made during springnd
fall multi-species resource assessment surveys (Figuge right panel); and(4) SST data based on infrared
satellite imagery of the Northwest Atlantic(Figure 12).
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Fig.1. Map showing NAFO Divisions and maitathymetric features of the Newfoundand and southern
Labrador Shelf
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Fig.2. Map showing summer NAFQAZMP section occupations along with Sedurface Temperature (SST)
during 2017. Theright panel shows the positions of trawvdmounted and CTD profiles obtained from
spring (red dots, April-June)and fall (black dots, OctobeiDecember) multispecies assessmentnd
AZMP surveys during 2017 (SST map courtesy of th®larine EcosystemSection, BIO).

These data are available from archives at the Fisheries and Oceans OcBaierce Branch (OB) Branch in
Ottawa and maintained in a regional data archive at the Northwest Atlantic Fisheries Centre (NAFC) in St.
John's, Nland at the Bedford Institute of Oceanography in Dartmouth, NS

Time series of temperature and salinity anomalies and other dered climate indices were constructed by

OAi 1T OET ¢ OEA AT1 OAl AUAT A AT i DbOOAA 1T OAO A OOAT AAOA AAC
this document as the average over the base period. For shorter time series, the base perinduded all data

up to 2017. It is recognized that monthly and annual estimates of anomalies that are based on a varying

number of observations may only approximate actual conditions; thereforecaution should be used when

interpreting short time scale features of many of tlese indices.

Annual or seasonal anomalies wersometimesnormalized by dividing the values by the standard deviation
(SD) of the data time series over the base period, usually 1982010 if the data permit. A value of 2 for
example indicates that the indexwas 2 SDhigher than its longterm average. As a general guide, anomalies
within £0.5 SDin most cases are not considered to be significantly different from the loAgrm mean.

The normalized values of water properties and derived climate indices from fixklocations and standard

sections sampled in the Newfoundlandind Labrador region during 2017are presented in coloured boxes as

figures with gradations of 0.5 SD. Shades of blue represent cdlésh environmental conditions and reds

warm-salty conditions (Figurec q8 ) £ OEA 1 ACT E OO /SA it ik ppesdtinfwhitktd Righligit U EO | p
exceptional values In some instances (NAO, ice and water mass areas or volumes for example) negative
anomalies may indicate warm conditions and hence are coloureded. Composite indices are derived by

summing the standardized values for each year, reversing the sign when negative anomalies denote warmer

than normal conditions such as ice or cold water mass areas.
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Fig. 3. Standardized anomaly colour coding scale innits of 0.5 standard deviations.

METEOROLOGICAL AND SEWE CONDITIONS

The North Atlantic Oscillation (NAO) index as defined by Rogers (1984) is the difference in winter
(December, January and February) sea level atmospheric pressures between the Azaaad Iceland and is
often a measure of the strength of the winter westerly and north westerly winds over the Northwest Atlantic.
A high (positive phase) NAO index occurs from an intensification of the Icelandic Low and Azores High. This
favours strong northwest winds, cold air and sea temperatures and heavy ice conditions on the NL Shelf
regions (Colbourne et al. 1994; Drinkwater 1996, Petrie et al. 2007).

However, there are exceptions to this response pattern (e.g. 1999 and 2000) due to shifting locationsthe
sea level pressure (SLP) featuresn 2017, the NAOcontinued its decreasing trend fromthe 120 year record
high in 2015 to just slightly above normal at +0.3 SOn 2010 it was at a record low of 2.%5D below normal.
The similar, but larger scale Arctic Oscillatiorwas also close tanormal in 2017. As a consequence, arctic air
outflow to the Northwest Atlantic during the winter months of 2017 decreased over the pevious year,
resulting in higher winter air temperatures over much of theNAFO convention area in th&ewfoundland and
Labrador and adjacent shelfregions.

Air temperature anomalies (winter and annual values) at five sites in the Northwest Atlantic (Nuuk
GOAATIT AT Ah ) NAT OEO " A&£E£ZET ) Ol AT Ah #AOOxOECEO , AAOAAT Oh
Figure4 in terms of standardized values and in Figure 5samonthly anomalies. The air temperature data,
where available, are from the second generaih of the Adjusted and Homogenized Canadian Climate Data
(AHCCD), which accounts for shifts in the location of stations and changes in observing methods (Vincent et
al. 2012). Winter values in 2017, except at Iqaluit and Cartwrightdecreased over theprevious year with all
sites reporting near normal values ranging from0.1 to 0.5 SDabovenormal. The annual values were +0.6 SD
at Nuuk and lgaluit and near normal the other 3 stationsThe predominance of warmerthan-normal air
temperatures at all sitesfrom the mid-1990s to 2013 are evident with values in 2010at Cartwright on the
mid-Labrador Coast and at Igaluit on southern Baffin Islandeaching 2.5 and 2.7SD above normal setting 77
and 65 year records, respectively. The cumulative annual air tempature index for the five sitesremained
abovenormal in 2017 after decreasing tothe lowest value since 1994n 2015 (Figure 6).
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Fig.4. Standardized anomalies from atmospheric and ice data from several locations in the Northwest
Atlantic from 1980 to 2017.
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Fig.6. Standardized annual air temperature anomaliedime series at Nuuk, lgaluit, Cartwright, Bonavista
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Data onthe spatial extent and concentration of sea ice are available from the daily ice charts published by the
Canadian Ice Service of Environment Canada. The annual average-iseaextent (defined by 1/10 coverage)
on the NL Shelf (between 4%55°N) derived from these charts show slightly above normal sea ice extent in
2014, the first time in 19 years about normal in 2015 but below normal again in 2016and 2017 (Figures 4
and 7). In 2011 sea ice extent decreased to 4gear record low of-1.7 SD(Figure 4). Monthly values of sea ice
extent were below normal during most of the ice seasonJanuaryto April) but above normal (more extensive
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than normal) in May (Figure 8). In the inshore regions along the east and northeast coast of Newfoundland
sea ice durationwas up to 1560 days longer than normal. Sea ice in these regions disappeared by riithe
which ranged from 1545 days later than normal depending on the area
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Fig.7. Time series of anual sea ice extent (defined by 1/10 coverage) anomalies on the NL eébhbetween
45-55°N latitude.
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Fig. 8. Monthly sea ice extent (defined by 1/10 coverage) on the NL Shelf between-85°N latitude.

Iceberg counts obtained from the International Ice Patrol of the US Coast Guard indicate tA@08 (+0.4 SD
icebergsdrifted south of 48°N onto the Northern Grand Bank during 20%, up from the 687 in 2016. There
were only 13 in 2013, 499 in 2012 and only 3 in 2011 and one in 2010. The 8%4ear average is 492and that
for the 1981-2010 is 767. In some years during the cdl periods of the early 1980s and 1990s, over 1500
icebergs were observed south of 48\ with an all-time record of 2202 in 1984.0nly 2 years (1966 and 2006)
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in the 118 year time series reported no icebergs drifted south of 48\. Years with low icebergnumbers on the
Grand Banks generally correspond to higher than normal air temperatures, lighter than normal séee
conditions and warmer than normal ocean temperatures on the NL She€Figure 9). Monthly iceberg numbers
during 2017 shows mostly near normal counts except for Marchand April when there were 665 out of the
1008 observed(Figure 10).

A composite index derived from the meteorological and se&e data presented in Figure 4 indicates that
annual values for the past decade were either nearormal or warmer than normal with 2010 asthe warmest
in the time series There wasa significant declinein recentyears with 2015 showing below normal condtions
similar to 1994, but conditions returned to above normal again during 2016 and about normal in 2017
(Figure 11).
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Fig.9. Annual iceberg count crossing south of 48\ on the northern Grand Bankdata courtesy d IIP of the
USCG)
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Fig. 10. Monthly iceberg count crossing south of 48\ on the northern Grand Bankdata courtesy oflIP of the
USCQG)
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METEOROLOGICAL AND SEA-ICE COMPOSITE INDEX
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Fig. 11 Meteorological and seace composite index derived by summing the standardized anomalies from
Fig. 4.

Satellite Sea-Surface Temperature Conditions

The 4km resolution Pathfinder 5.2 sea surface temperature (SST) databa@€asey et al., 2010as used to
provide annual estimates of the SST within defined subreas (Figurel?) in the Northwest Atlantic from
southern Newfoundland to Hudson Strait the Labrador Sea and West Greenland/e used this data sefrom
1981 to 2010 and in more recent years(2011-2017) we use datafrom NOAA and EUMETSAT satellitdata
provided by the remote sensing group in theMarine Ecosystem Section at the Bedford Institute of
Oceanography BIO).

A least squares fit of the Pathfinder and NOAA temperatures durintpe period (1997-2012) is given by SST
(Pathfinder) = 0.989*SST (NOAA)0.02 with an r2=0.98 (Hebert et al. 2012) Therecent NOAA SST data were
then adjusted accordingly and anomalies competd based on 19812010 averages. A comparison of the
Pathfinder data with nearsurface measurements indicate that SST derived from night satellite passes
provided the best fit with in situ data. Data were not available for every month in some of the northerareas
due to sea ice cover.

Monthly SSTanomalies for 16 areas from West Greenland to Hudson Strait to Green and St. Pierre Banks off
southern Newfoundland are presented in Figure 13 and 14 and in Figures 15 and 16as standardized annual
values. Monthly values varied about the mean in most areas with the most significant negative anomalies
occurring south of Hamilton Bank in May and June when values ranged from32C below normal in some
areas. The most significant positive anomay in 2017occurred in September when values were either near
normal to as high as 1.9Cabove normal on the Northeast Newfoundland Shelf.

Annual SST anomalies varied about the mean in most areas, with 11/16 sabeas with reporting values
within +0.5 SD, with no overall pdtern. The most significant negative/positive anomaly occurred in Hudson
Strait/Flemish Pass where values were-1.5/1.2 SD from the mean, respectivelfFigure 15). A composite
index together with individual series of annual valuesshows an increasing trendin SSTs since the early part
of the time series with neardecadal oscillations superimposed (Figurd6). Overall 2012 was the 29 highest
in the series after 2006 and the 5 warmest years in the series have occurred in the past decadewever,
since 2012the composite index shove a significant decreasing trend with the 2015 value the coldest since
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1993. Overall SST conditions recovered slightly in 201é&nd 2017 but remained below normal in many areas
(Figure 16).
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Fig. 12. Map showing theApril 1-15 SST and sedéce extentfor 2017 and the subareas where SST time series
were constructed for the Northwest Atlantic. (SST map courtesy of théMarine Ecosystem Section
BIO).
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Fig. 13. Monthly SST anomaliefor 2017 derived from the data within the boxes fiown in Figure12. The
anomalies are referenced to the 1982010 base period.
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Fig. 14. Cumulative SST anomaliefor 2017 derived from the data within the boxes shown in Figl2 and
displayed in Fig 13. The anomalies are referenced to the 1982010 baseperiod.
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Fig. 15. Standardized SST anomalies derived from the data within the boxes shown in Fig. The anomalies
are normalized with respect to their standard deviations over the period 19842010.
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Fig. 16. Standardized annual SST anomalies from tteubareas on the NL shelf presented in Fi@5. The solid
red line represents the composite sum.

TRENDS IN TEMPERATURE AND SALINITY AT STATION 27

Station 27 (47”o ¢ 8 YPdouvlB cd¢ 7qh 1 1T AA Odndl ofECape Sitedr NIL (Biduie)] was saripfed
35 times (31 CTD profiles,4 XBT profiles) during 2017. No observations were available forJanuary and
February and only one XBT temperature profile was available for Marchn addition, a total of 29, 93, 83, 20,
63 and 12 CTD profiles were collectedrom a Viking buoy deploymentin Jure, Juy, Augist, Sepember,
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October, Nowember and De@mber, respectively.Although 31 of these only profiled to 40 m depth in late
November and early Deember.

Depth versus time contours of the annual temperature and saity cycles and thecorresponding anomalies
based on all CTD and XBT temperature and salinity data availabler 2017 are displayed in
Figures 17 and 18. The temperature and salinityanomaliesare based onwater column profile data collected

at a temporal resolution ranging from daily to monthly, therefore some of the high frequency structure
evident in these maps may be due to under sampling of tidal influences and other oceanographic effects such
as internal waves.
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Fig. 17. Contours of temperature (°G and temperature anomalies (°C) as a function of depth at Station 27
during 2017. The symbols at the top indicate sampling times.
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STATION 27 SALINITY 2017
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Fig. 18. Contours of salinity and salinity anomalies as a function of depth at Station 27 fa017. The symbols
at the top indicate sampling times.

The water column atStation 27 was neasisothermal during March and April with temperatures <-1°C.These
values persisted throughout the year belowabout 100 m as the cold intermediate layer (CIL) extended to the
bottom. Upperlayer temperatures warmed toabout 3°C by lateMay and toabout 15°C byearly-August, after
which the fall cooling commenced with temperatures decreasing to&Chby December.
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The below normal surface emperatures observed during spring propagated deeper into the watercolumn
during the summer reaching near 100 m depth by early fallThese values resulted from the shallow heat
penetration during the same period However, temperature anomaliesin the seasonally heated uppr water
column during late summer andthroughout the remainder of the yearwere strongly positive with valuesin
the top 100 m of the water column reaching $°Cabove normal. Temperature valuesin deeper water >100 m
ranged from nearnormal to below normal particularly during the fall months.

Upper layer salinities (Figurel8) ranged from <32.2 to 32.4 during the first half of the year and from 32.4 to
33 throughout the year from about 75 to 175 m depth.The period of low, nearsurface salinity values evident
from early summer to late fall is a prominent feature of the salinity cycle on the Newfoundland Shelf and is
due largely to the melting of sedce off the coast of Labrador earlier in the year followed by advection
southward onto the Grand Banksln 2017 this feature was particularly intense and occurring much earlier in
the year resulting in intense negative salinity anomaliesanging from 0.5 to 1 below normal during the
summer months when minimum salinities of about 30 were observed. In general,adinities were below
normal over most of the water column in 2017 with the exception of the upper layer late in the yedFigure
18, bottom panel).

The annual surface temperature at Station 27 was (*@ (0.6 SD) above normakimilar to the 2016 value. In
2006 the surface temperature reached a 6year high of +1.5C (+2.2SD) above the longerm mean and has
been mostly above normal sincethat time (Figure 19). Annual bottom temperature anomalies at Station 27
were the highest on record in 2011 at 3.6D above normal.Since then bottom temperatures have
experienced a decreasing trend and hee been below normal (~0.5 SD) during the pasfour years (Figure
19). Vertically averaged temperatures (0176 m), which also set record highs in 2011 at +2.3D above
normal, decreased to about normal in 201dincreased to 0.7 SD above normal in 201&nd 2016 and were
about normal in 2017(Figure 20).

The layer of cold waterwith temperatures <0°C on most of the NL shelf, commonly referredo as the cold
intermediate layer (CIL) which is elaborated on in the next sectionextends to the surface during the winter
months and in shallow areas such as the northern Grand Banks and nesore, including at Station 27,
extends to the bottom throughout the year. The vertical extent dhe water column with temperatures <0.0°C
reached a remarkably lowanomaly of 58 m below normal (-4.3 SD, normal ofLl18 m and SD ofl.7 m) in 2011
but increased to7 m (+0.5 SD) above normal in 2014 and have sina@ried slightly about the mean (+0.3 SD
in 2017) (Figure 20).

Annual surfaceand bottom salinities at Station 27 werebelow normal in 2017 by 1.6 SD the lowest values
since the early 1990s(Figure 21). Water column averaged values weralso belownormal by about 1.5 SD
over both the 0-50 m range and over the full water column (€176 m) (Figure 22). In general, water column
averaged salinities have varied slightly about the mean in some years but have been predominately below the
long term average since the edy 1990s.
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Fig. 19. Annual Station 27 nearsurface and nearbottom temperature anomalies refererced to the 198%
2010 mean.
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Fig. 20. Annual Station 27 vertically averaged (6176 m) temperature and CIL (<C°C) thickness anomalies

referenced to the 181-2010 mean.
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Fig.21. Annual Station 27 nearsurface and nearbottom salinity anomalies refererced to the 198%2010
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STANDARD SECTIONS

In the early 1950s several countriesunder the auspicesof the International Commission for the Northwest
Atlantic Fisheries (ICNAF) carried out systematic monitoring along sections in Newfoundland and Labrador
waters. In 1976, ICNAF standardized a suite of oceanographic monitoring stations along sections ie th
Northwest Atlantic Ocean from Cape Cod (USA) to Egedesminde (West Greenland) (ICNAF 19781998
under the AZMP programof Fisheries and Oceans Canadthe Seal Island (SI), Bonavista Bay (BB), Flemish
Cap (47N) (FC) and Southeast Grand Bank (SEGBXstorical stations were selected as core monitoring
sections. The White Bay section (WB) was continued to be sampled during the summer as a long time series
ICNAF/NAFO section.

Two ICNAF sections on the mid.abrador Shelf, the Beachy Island (BI) and the Mikvik Bank (MB) sectiors

were selected to be sampled during the summer if survey time permitted. Starting in the spring of 2008
section crossing to the southwest of St. Pierre Bank (SWSPB) and one crossing to the southeast of St. Pierre
Bank (SESPB) waadded to the AZMP surveys

In 2017, the SWSPBSESPB and SEGBctions were sampled in April, the FCand BBsections during April,
July and November/December, th&VB section in July and theSIsection during July and November Most fall
sections including part of the BB sectionnormally sampled were not during 2017 due to limited ship time.In
this manuscript we presentthe summercross sections of temperature and salinity and their anomalies along
the FC, BB and Skections to represent the vertical temperature and salinity structure across the
Newfoundland and Labrador Shelf during 201.

Temperature and Salinity Variability

The water mass characteristics observed along the standard sections crossing the NL Shelf (Fi@)rare
typical of sub-polar waters with a sub-surface temperature range on the shelf ofl.5°C- 2°C and salinities of
31.5- 33.5. Labrador Slopevater flows southward along the shelf edge and into the Flemish Pass and Flemish
Cap regions. This water mass is generally waren and saltier than the subpolar shelf waters with a
temperature range of 3 - 4°C and salinities in the range of 34 34.75. Surface temperatures normally warm
to 10°- 12°C during late summer, while bottom temperatures remain <@ over much of the Gran@®anks but
increase to T - 3.5°C near the shelf edge below 206 and in the deep troughs between the banks. In the
deeper (>1000m) waters of the Flemish Pass and across the Flemish Cap, bottom temperatures generally
range from 3 - 4°C.In general, the rear-surface water mass characteristics along the standard sections
undergo seasonal modification fromannual cycles of airsea heat flux; wind forced mixing, and the formation
and melting of sea ice. These mechanisms cause intense vertical and horizong&hperature and salinity
gradients, particularly along the frontal boundaries separating the shelf and slope water mass&$ie seasonal
changes in the temperature and salinity fields along the Bonavistsection are presented inColbourne et al
2015.

The summer temperature structure along the Flemish Cap (4?N), Bonavistaand Seal Island sctions (Figure

2) during 2017 are highlighted in Figures 23 24and 25. Thedominate thermal featurealong these sections is
the mass ofcold relatively fresh water overlying the shelf separated from the warmer higher density water of
the continental slope region by strong temperatue and salinity (density) fronts. This winter chilled water
mass is commonly referred to as the cold intermdédte layer or CIL (Petrie et al. 1988) and its cross sectional
area or volume bounded by the @C isotherm is generally regarded as a robust index of ocean climate
conditions on the eastern Canadian Continental Shelf.

While the cross sectional area of the IC water mass undergoes significant annual variability, the changes are
highly coherent from the Labrador Shelf to the Grand Banks. The shelf water mass remains present
throughout most of the year as summer heating and salinity changes increase the strafition in the upper
layers to a point where heat transfer to the lower layers is slowed. The CIL areal extent continues to undergo
a gradual decay during the fall however as increasing wind stress mixes the seasonally heated upper layers
deeper into the water column.
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Flemish Cap Salinity: July 2017
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Fig. 23. Contours of temperature (°C) andsalinity and their anomalies along theFlemish Cap (4?N) section
(Fig. 2) during the summer of 2017. Station locations along the section are indicated by the symbols
on the top of eachpanel.

During 2017 the below normal nearsurface temperatures along the Flemish Cap section penetrated deeper
in to the water column in the Flemish Pass and regions to the east of the Cap with values up 1€ Below
normal (Figure 23, top right panel). Intermediae waters over the Grand Banks were above normal while
bottom temperatures were near normal along the section. @mperatures along the Bonavista section were
predominately below normal in the inshore regions. Offshore upper layer temperatures were warmer #n
normal (>3°C insome area$ while deeper waters were about normal(Figure 24, top right panel). Along the
Seal Island section temperatures were below normal in thantermediate waters over the shelf and in the
offshore Labrador Current at the shelf brek where they were 1° -2°C below normal. In the offshore slope
water temperatures were above normal by up to 2Cnear the surface.

The corresponding salinity crosssections showa relatively fresh upper layer shelf water with sources from
arctic outflow and the Labrador Shelf with values <33 contrasting to the saltier Labrador Slope water further
offshore with values >34 (Figures 23, 24 and 25, bottom panels In 2017, salinities along the FC section
varied about the mean with below normal values reaching 0.5 below normal over the Flemish Cap and Pass
areas (Figure 23, bottom right panel). Along the Bonavista sectiogalinity anomalies were generally near
normal at depth with someisolated areas of above and below values in the near surface layer (Figure 24,
bottom right panel). Along the Seal Island section neaurface salinities varied about the mean with a
significant negative anomaly at the shelf break in the offshore branch othe Labrador Current (Figure 25,
bottom right panel).
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Bonavista Temperature: Summer 2017 Bonavista Temperature Anomalies: Summer 2017
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Fig. 24. Contours of temperature (C) andsalinity and their anomalies along the Bonavista section (Fi@)
during the summer of 2017. Station locations along the section are indicated by the syols on the
top of eachpanel.

Cold-Intermediate -Layer Variability

Time series ofsummer CIL (<0°C) cross-sectional area anomalies along sections from southern Labrador to
the Grard Banks are displayed in Figur@6. Along the FC section the average crosectional area of the CIL
is 26.5 + 6.6 kn# during the summer, dong the BB section the average crossectional areais 25.6 + 9.3 kn#
and along the WB and Sl sections the average summer cressctional area of the @ are 55.3 + 14.2 kn? and
27.3 £ 7.5 kn?, respectively.In general, summer CIL values have been belavormal during most years of the
past 2 decads. The CIL area anomalies during theummer of 2017were above normalalong the WB and Sl
sections(implying colder shelf water conditions), about normal along the BB sectiobut below normal on the
Grand Banks along the FC section.

Indices derived from the temperature and salinity data for the Seal Island, Bonavista and Flemish Cap
sections sampled dumg the summer are shown in Figur@7 as standardized values and in Figuse28 and 29

as composite temperature and salinitgtime series. Most temperature and salinity indices shown except along
the FC sectionwere either near-normal or below normal by upto a maximum of-1.6 SDin salinity on the BB
section. This is in contrast to most of the 2000s when conditions were mostly warmer and saltier than
normal. The composite temperature index (Figure28) shows the coldest conditions since 1995 during2014
with the index remaining below normal up to 2017 in contrastto the record high value in 2011. The
composite salinity index (Figure 29) shows, except for 2016, fresher-than-normal conditions during the
previous 8-yearswith the 2017 value the lowest since 1991.
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Seal Island Temperature: Summer 2017

Seal Island Salinity Anomalies: July 2017
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Fig. 25. Contours of temperature (°C) andsalinity and their anomalies along theSeal Islandsection (Fig 2)
during the summer of 2017. Station locations along the section are indicated by the symbols oneth
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Fig. 26. Cold-Intermediate-Layer areas during the summer along the Seal Island (SlI), White Bay (WB),
Bonavista (BB) and Flemish Cap (FC) sections displayed as cumulative standardized anomalies
relative to 1981-2010.
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Fig. 27. Standardized temperature and salinity anomalies derived from data collected along standard cress
shelf sections during the summer (Fig2). The anomalies are normalized with respect to their
standard deviations over the standard base period. The grey shadieells indicate years for which no
observations were available.
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Fig. 28. Composite temperature index derived from data collected along standard croshelf sections shown
in Fig. 27.
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COMPOSITE SALINITY INDEX (AZMP STANDARD SECTIONS)
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Fig. 29. Composite salinity index derived from data collected alongtandard crossshelf sections shown in
Fig. 27.

Labrador Current Variability

The circulation pattern through most of the standard NAFO/AZMP sections in the Newfoundland and
Labrador area is dominated by the soutkeastward flowing Labrador Current, whichfloods the eastern shelf
areas with cold, relatively fresh subpolar water. This flow can significantly affect physical and biological
environments off Atlantic Canada on seasonal and annual time scal@$ie shelf current originates near the
northern tip of Labrador where outflow through Hudson Strait combines with the east Baffin Island Current
and flows southeastward along the Labrador coasand is strongly influenced by the seabed topography,
following the various cross shelf saddles and inshore troughs.A separate offshore branch flows south
eastward along the western boundary of the Labrador Sedhis current is part of the largescale Northwest
Atlantic circulation consisting of the West Greenland Current that flows northward along the West Coast of
Greenland, a branch of which turns westward and crosses the northern Labrador Sea forming the northern
section of the northwest Atlantic subpolar gyre.

Further south, near the northern Grand Bank, the inshore branch becomes broader and less defined. lis th
region, most of the inshore flow combines with the offshore branch and flows eastward a portion of which
follows the bathymetry southward around the southeast Grand Bank, the remainder continues eastward and
then southward around the Flemish CapA smaller inshore component flows through the Avalon Channel,
around the Avalon Peninsula, and then westward along the Newfoundland south coast. Off the southern
Grand Bank the offshore branch flows westward along the continental slope some of which flows intioet
Laurentian Channel and eventually onto the Scotian Shelf. Additionally, part of the flow combines with the
North Atlantic Current and forms the southern section of the suipolar gyre. Further east, theFlemish Cap is
located in the confluence zone of dupolar and subtropical western boundary currents of the North Atlantic.
Labrador Current water flows to the east along the northern slopes of the Cap and south around the eastern
slopes of the Cap. In the eastern Flemish Pass area, warmer high salinitytN Atlantic Current water flows
northward contributing to a topographically induced anticyclonic gyre over the central portion of the Cap.

In this section, we present an analysis of the circulation and transport through th8eal Island andFlemish
Capsections (Figure 2) based on diect current measurements usingzessel mounted 75«Hz Acoustic Doppler
Current Profilers (ADCP) at8 m resolution with an effective range of about 620 m. Alarchived data were

Northwest Atlantic Fisheries Organization www.nafo.int



22

used to compute currents and transport along thestandard Flemish Cap (47N) section for the years

2008-2017 for the spring and summer period andfor the summer period along the Seal Island Sectioithe

current measurements were rotated by 30° along the Seal Island section to align with the axis of trebrador

Current. The ADCP data were collected using Teledyne RDI VmDas and processed using the CODAS3 software

suite developed by the University of Hawaii. The data were quality controlled with a percent good threshold

of 70-80%. Absolute currents were A OT ET AA AU OOAOOAAOEI ¢ OEED 11 O0EIT A
DGPS system. Currents were then d&ed using tidal predictions obtained from a highresolution numerical

2-dimensional tidal model.

The Labrador Current through 47°N, which exhibits coriderable annual and seasonal variability, varies
spatially from about 50-100 km wide at shelf break of the Grad Bank and east of Flemish Cafuring spring,
the main branch of the Labrador Current is about 100 km wide, centred over the 400 isobath with mean
southward currents of about 20cm/s and peak values >4@&m/s (Figure 30). Average arrents are weak and
highly variable over most of the Grand Banksnd in the Flemish Pass regiondDuring the spring of 2017
southward currents were generally stronger than averagén the Avalon Channebrea. A the shelf break and
Flemish Pass regiongeak currents were in the 30-45 cm/s range however the width of the shelf break jet
appeared wider than average at approximatel 150 km. Current speeds east of the Flemish Cap were weaker
than the 2008-2016 average(Figure 30, bottom pane).

During the summerof 2017, the Labrador Current on average was generally weaker and narrowedmpared

to spring over the shelf break at abot60 km wide with mean speeds <15 cm/s and peak values of about 35
cm/s (Figure 31, top panel) It was generally weakerthan the 2008-2016 average with anarrow jet over the
shelf breakof about 50 km wide with mean speeds <1%&m/s and peak values of abouB80 cm/s. In 2017, the
current system appearsweaker than the average with theLabrador Current restricted to a narrow jet at the
edge of the Grand Bank and at the extreme eastern edge of the section. In general northward flowing water
during the summer of2017 was more prominent over the Grand Banks and particularly over the Flemish Cap
area(Figure 31, bottom panel).

The average (20082017) summer aurrent through Seal Island section consists of a wetlefined coastal
branch with peak speeds ranging fronl5-20 cm/s extending to 60 km offshore. Over Hamilton Bank average
currents are weak and variable At the shelf break a strong baroclinic component of the Labrador Current is
centred at about 225 km offshore over the 500 m isobath with peak upper layer spds of 30 cm/s. Further
offshore the current extends seaward of the 2500 m isobath with typical speeds of around 20 cm/s extending
deeper than 500 m(Figure 32, top panel) During the summer of 2017 southward currents were generally
stronger than averagealong most of the section with peak inshore speeds of around 35 cm/s at 50 km
offshore. At the shelf break a strong baroclinic jet of about 50 km widevith peak upper layer speeds >60
cm/s was centred over the 500 m isobath(Figure 32, bottom panel).

Labrador Current Transport

Volume transport values were computed forthe Labrador Current through theFlemish Cap sectiorduring
spring and summer and through the Seal Island section during the summérransport values are presented
for the Avalon Channel (0100 km), Grand Bank Slope (308150 km) and the eastern Flemish Cap area
(625-750 km) of the Flemish Cap section(Figure 33). For the Seal Islandsection transport values were
computed within the shaded areas of Figure 37or the inshore Labrador Current (075 km) and for the
offshore current (175-300 km). Currents in the top 15m of the water column were extrapolated from the
values in the first 8 m data bin (16-24 m). Transport values were then calculated by integrating from the
surface to the near bottombin or to the maximum range of 620m along the section.

Transport values for the Avalon Channel, Grand Bank Slope and east of the Flemish Cap for the spaindj,
summer are shown in Figures34 to 36. The Avalon Channel transportshow maximum values during the
spring of about 15 Sv (10° m3/s) and about 1.7 Sv during the summerln 2017 the spring transport increased
over 2016 to the maximum valuein the series while the summer valuevas among the lowest (Figure 3% In
the offshare branch at the Grand BankKJope-Flemish Passarea spring transport values ranged from about
3 Sv in 2009to 8.4 Sv in 201Q with summer values somewhat lower, ranging from 2.4 to 5.9 Sv. In 2017
spring transport increased over 2016 to 8 Sv while the sumer transport decreased to the lowest in the
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series at 2.4 SYFigure 35). In the offshore brancheast of the Flemish Cap springransport values ranged
from 2.2to 13 Sy with summer values ranging from2 to 11.9 Sv. Both the spring and summer maximum
transports occurred in 2015. In 2017, spring transport decreased over 2015 and 2016 values to 3.8 Sv while
the summer transport decreased to the lowest in the series at 2 $Wigure 36). The total southward transport
through the Flemish Cap section in athree regions during the spring and summer of 2017 was 13.5 and 4.6
Sv, respectively.

Flemish Cap ADCP CURRENTS (V-COMP) (CM/S): Spring 2008-2016
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Fig. 30. Average currentspeeds (cm/s) during the spring (top panel) and for the spring of 2017 (bottom
panel) along the Flemish Cap sectiorSouthward flowing water is colored blue and northward red.
The symbols along the top of the panels are the standard AZMP stations.
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Flemish Cap ADCP CURRENTS (V-COMP) (CM/S): Summer 2008-2016

0

\/J

—

3%

o

100 150 200 250 300 350 400 450 500 550 600 650 700 750
DISTANCE (KM)
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Average currentspeeds (cm/s) during the summer (top panel) and for the summer of 2017 (bottom
panel) along the Flemish Cap sectiorSouthward flowing water is colored blue and northward red.
The symbols along the top of the panels are the standard AZMP stations.
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Seal Island ADCP CURRENTS (V-COMP) (CM/S) SUMMER 2008-2017
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Fig. 32. Average currentspeeds (cm/s) during the summer (top panel) and for the summer of 2017 (bottom
panel) along the Seal Island sectionSouthward flowing water is colored blue and northward red.
The symbols along the top of the panels are the standard AZMP stations.
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FLEMISH CAP SECTION
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Fig. 33. The Flemish Cap section showinghe areas wherethe Labrador Current transport values were
computed. The symbols along the top of the panels are the standard AZMP stations.
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Fig. 34. Transport values (Sv,106 m3/s) for the Avalon Channel for the springand summerbased on available
ADCP data.
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Fig. 35. Transport values (Sv,106 m3/s) for the Grand Bank Slopd&-lemish Pasdor the spring and summer
based on available ADCP data.

EAST FLEMISH CAP TRANSPORT

-

= SUMMER
m SPRING

TRANSPORT (Sv)

2008 2009 2010 2014 2015 2016 2017
YEAR

Fig. 36. Transport values (Sv,10% m3/s) for east of the Flemish Cap for the springnd summer based on
available ADCP data.

Transport values for theinshore and offshore components of the Labrador Current through the Seal Island
section off southern Labrador for thesummer surveysare shown in Figures38 and 39 The inshore transport
was at a minimum in 2015 at <0.5 Sin contrast to further south in the Avalon Channel where it was at a
maximum in 2015 at 1.7 Sv. Similarly, the inshore Labrador Current showed a maximum transport of 2.3 Sv in
2017 while further south in the Avalon Channel the 2017 value was at a minimurin the offshore branchoff
southern Labrador summertransport values ranged from about 2.3v in 2010 to 11.8 Sv in 2009. In 2017,
summer transport was similar to 2016 at 9.7 SvThe total southward transport through the Seal Island
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section in 2017 was abat 12 Sv.In general, the transport estimates for the years 2010 and 2012015 was
significantly less that that the other years. No dat were available for 20112013.
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Fig. 37. The Seal Islandsection showing the areas where the Labrador Current transport values were
computed. The symbols along the top of the panels are the standard AZMP stations.
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Fig. 38. Transport values (Sv,106 m3/s) for the inshore Labrador Current off southern Labradorfor the
summer period based on ADCP data.

Northwest Atlantic Fisheries Organization www.nafo.int



29

LABRADOR CURRENT OFFSHORE TRANSPORT

1 SUMMER

TRANSPORT (Sv)

2008 2009 2010 2014 2015 2016 2017
YEAR

Fig. 39. Transport values (Sv,108 m3/s) for the offshore Labrador Currentfor the summer based on available
ADCP data.

MULTI-SPECIES SURVEY BOTTOM TEMPERATURES

Canada has been conducting stratified random bottom trawl surveys in NAFO Sateas 2 and 3 on the NL
Shelf since 1971. Areas within each division, with a selected depth range, were divided into strata and the
number of fishing stations in an individual stratum was based on an areaeighted proportional allocation
(Doubleday 1981). Temperature profiles (awl salinity since 1990) are available for most fishing sets in each
stratum.

These surveys provide large spatiatcale oceanographic data sets for the Newfoundlarahd Labrador Shef.
During the spring NAFO Subdivision 3Ps on the Newfoundland south coastdabivisions 3LNO on the Grand
Banks are surveyed and in the fall Division 2HJ off Labrador in the north, 3KL off eastern Newfoundland and
3NO on the southern Grand Bank are surveyed.

The hydrographic data collected on these surveys are routinely used to s&ss the spatial and temporal

variability in the thermal habitat of several fish and invertebrate species. A number of products based on the

data are used to characterize the oceanographic bottom habitat. Among these are contoured maps of the

bottom temperatures and their anomalies, the area of the bottom covered by water in various temperature

ranges, spatial variability in the volume of the cold intermediate layer and watecolumn stratification and

mixed-layer depth spatial maps. In addition, species #pAE £ZEA OOEAOI Al EAAEOAO08 EIT AL
marine resource assessments for snow crab and northern shrimp.

In this section, an analysis of the neabottom temperature fields and their anomalies based on these data sets
are presented for the spring April-May) and fall (Gctober-December) surveys of 2017

Spring Conditions

Maps of the climatological mean bottom temperature and salinity together with the spring 207 bottom
temperature and salinity, their anomalies and difference from the previous year are displayed in Figied0
and 41 for NAFO Div. 3PLNO (See Figure 2 right panel for station occupation coverage)
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Bottom temperatures in Div. 3L generally range from0.5°Cto 0°Cin most areasover the banksand from 1°

to 3°C at the shelf edge. Over the central and southern areas of the Grand Bank (3NO), bottom temperatures
ranged from 1° to 6°C. Bottom temperature anomalies weregenerally weak on the Grand Banks varying
about the mean with no consistent pattern.

On St. Pierre Bank temperatures ranged from°G 3°C on St. Pierre Bank and up t0°%°C in the Laurentian
Channel and areas to the west. Bottom temperature anomalies @&d from +0.5°Cto more than 1°C above
normal in some areas particularly in the deep channelsf 3Ps The bottom right panel of Figure38 shows,
except for isolated areas, a slightooling over 2016 values.

Bottom salinities in Div. 3L generally range fronB3 z 33.5 over most areas and from 33 to 35 at the shelf
edge. Over the central and southern areas of the Grand Bank (3NO), bottom salinities ranged fron¥320
>34 at the shelf edge with the lowest values on the southeast shoal of the Grand Bank.t®on salinity
anomalies were below normal (up to-0.5) over most of the region, except for along the deeper slope and
Laurentian Channel areas (Figurdl). The bottom right panel of Figure39 shows, except for isolated areas, a
general increase in spring bttom salinity over 2016 values.

Climate indices based on the temperature data collected during the spgnsurvey for the years 19962017
are displayed in Figure42 as normalized anomalies. During the spring of 2011 in Divisions 3LNO, none of the
bottom area was covered by <@C water, the only such occurrence since the surveys began in the early 1970s,
corresponding to 2.2SD units below normal. In 2013 it remained at 1.5D below the long term mean and in
2017 it was near normal at -0.3 SD(Figure 42).

In 3LNQ, spring bottom temperatures were generally lower than normal from 189 to 1995 with anomalies
sometimes exceeding 1.5D below the mean. By 1996, conditions had moderated to neaormal values but
decreased again in the spring of 1997 before increaginto above normal values from 1998 to 2013, with the
exception of 2003.The spring of 2011 had the warmest bottom temperatures on record at 1.9 SD above
normal but has decreased to neanormal valuesfrom 2014 to 2017 (Figure 42).

In Div. 3P bottom temperdures exhibit some similarities to 3LNO with warm years of 1992000, near

record cold conditions in 2003 (1.4SD). A notable exception occurred in 2002008 when bottom

temperatures were colder than normal, by almost 5D in 2007. Temperatures began to aderate in 2009

with a further increase in 2010, reachingalmost 2SD in 20122012 and thenagain in 2016before decreasing
to slightly above normal in 2017 at +0.4 SDThe spring of 2011 had the lowest area of €C bottom water

since 1981 at 1.9SD belownormal, also corresponding to little or no bottom waters with temperatures of
<0°C. The area of <OC water increased somewhat in recent yearso +0.3 SD above normal in 2017
(Figure 42).
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3PLNO : Spring 2017 - Bottom Temperature
o . 7N

LATITUDE

50 49 48 47

58 57 56 55 54 53 52 51

LONGITUDE
3PLNO : Bottom Temperature 2017-2016

LATITUDE

LONGITUDE

Fig.40. Maps of the mean(1981-2010) bottom temperature, bottom temperature and anomalies during
spring 2017 and the difference from 2016(in °C) in NAFO Divs. 3PLNO.

Standardized temperature anomaly time series based on thgridded fields used to contour the bottom
temperature maps for eachNAFO subarea are presented in Figurel3 as stacked bar graphs. The increasing
trend since the early 1990s is evident with some cooling observed in individual years, 2003 being the most
significant. Bottom temperatures reached record high values in 2011 ubt have experienced a decreasing
trend to near-normal values by 2015. In 3Ps during 2016 bottom temperaturesincreased to 2 SD above
normal, the highest since 1984ut again returned to nearnormal conditions in 2017.
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3PLNO : Spring 2017 - Bottom Salinity
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Fig.41. Maps of the mean(2000-2015) bottom salinity, bottom salinity and anomalies during sprirg 2017
and the difference from 2016in NAFO Divs. 3PLNO.
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Fig. 42. Temperature indices derived from data collected during spring multispecies surveys. The anomalies
are normalized with respect to their standard deviations. The grey shaded cells indicate years
without data.
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Fig. 43. Standardized bottom temperature anonalies from the spring multispecies surveys in NAFO Divs.
3LNOP.

Fall Conditions

Bottom temperature and temperature anomaly mas derived from data ollected during the fall of 2017
multi -species survey (Figure?) in NAFO Div. 2J, 3KL are displayed in Figgd4. Bottom temperatures in Div.
2J ranged from0.5° - 2°C on Hamilton Bank and the inshore areas of the Labrador coast t8.5°C at the shelf
break.

Most of the 3K region is deeper than 20én. As a resultrelatively warm Labrador Slopewater (2° - 3°C) from
offshore floods in through the deep troughs between the northern Grand Bank and southern Funk Island
Bank and between northern Funk Island Bank and southern Belle Isle Bank. Bottom temperatures Bank
Island Bankranged betweenl® to 2.5°C and from 2.5° to 3°C on Belle IsleBank. Except for some isolated
areas of positive anomalies, @ittom temperature generally below normalin most of2J and 3K

Bottom temperatures in NAFODiv. 3L generally ranged from-1° - 0°C on the northern Grand Bank and in the
Avalon Channel to 3- 4°C along the shelf edge. Temperatures were below normal over most of 3L and3i
with values >*Cbelow normal (Figure 44).

Bottom salinities in Div. 2J generally range fromx32 in the inshore areas to34 over the offshore areas of
Hamilton Bank and from 34 to near 35 at the shelf edge. In 3K salinities ranged from33 inshore to 34.75
offshore and on the Grand Banks bottom salinities ranged from33 to >35, with the lowest values on the
southeast shoal of the Grand Bankexcept for isolated areasn the south bottom salinities were generally
below normal (up to-0.3) over most regions(Figure 45).

Bottom temperature anomalies and derived indices are displayed in Figue6 as standardized values. In 2J,
bottom temperatures were generally below normal from 1980 to 1995, with the coldest anomalies observed
in 1993 when they declined to 0.9 1.7 SD below normal. The warmest anomaly occurred in 2011 with values
reaching a record high of 20z 2.2SD above normalln 2016 bottom temperatures were near 1 SD above
normal but decreased to-0.5 SD below normal in water depths <200 m in 2017The area of the bottom
covered by waterwith temperatures <1°C was0.5 SD below normal in 20Z. In Div. 3K, bottom temperatures
were at a recordhigh in 2011 (+25 SD) but have decreased in recent yeats about -0.3 SDbelow normal in
2017.
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Fig.44. Contour maps of bottom temperature (in °C) and bottom temperatte anomalies (referenced to
1990-2010) during the fall of 2017 in NAFO Divs. 2J3KL.

Fig.45. Contour maps of bottom salinity and bottom salinity anomalies (referenced to 206Q015) during
the fall of 2017in NAFO Divs. 2J3KL.
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