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Abstract

Loder, JW., Z. Wang, A. van der Baaren and R. Pettipas. 2013. Trends and variability of sea
surface temperature in the Northwest Atlantic from the HadISST1, ERSST and COBE
datasets. Can. Tech. Rep. Hydrogr. Ocean. Sci. 292: viii + 36 p.

Trend and Empirical Orthogonal Function (EOF) analyses of three gridded monthly sea surface
temperature (SST) datasets (HadISST1, ERSST and COBE) for the North Atlantic (NA) were
carried out for 1900-2011, 1950-2011, and 1979-2011. Analyses were performed for annual and
summer means. Comparison of annual-mean time series of the gridded data with time series of
upper-ocean temperature from four DFO monitoring sites reveals substantial similarity in the
inter-annual to multi-decadal variability at the sites, but also some notable differences in the
trends and variability that point to some unresolved data-quality issues in the historical datasets.

All three gridded datasets show positive trends in much of the NA during all three periods, as
well as an area south of Greenland with negative trends during 1900-2011 and 1950-2011.
However, there are quantitative differences of up to about a factor of two (among the datasets)
in the magnitudes of the statistically-significant trends for a particular period, and differences of
comparable magnitude between the trends for these two periods for a particular area. In contrast
to the trends, there is remarkable similarity among the first, second and third EOF modes of the
gridded datasets for 1900-2011 and 1950-2011 after de-trending and screening. The first EOF
mode accounts for 31-41% of the variance in annual means for the NW Atlantic (NWA) during
1900-2011 and closely resembles the Atlantic Multi-decadal Oscillation (AMO). The second
EOF mode accounts for 11-16% of the variance in the NWA and shows some resemblance to
the documented influence of the North Atlantic Oscillation (NAO) on NWA SST, in both spatial
and temporal variability, with correlation coefficient values of approximately -0.5 between the
Principal Components (PCs) and the winter NAO index. The origin of the third mode, which
accounts for 7-12% in the NWA, is less clear, but it appears to be related to variability in the
interaction of the NA’s subpolar and subtropical gyres.
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Résumé

Loder, JW., Z. Wang, A. van der Baaren et R. Pettipas. 2013. Tendances et variations de la
température de la surface de la mer dans I'Atlantique Nord-Ouest selon les ensembles de
données HadISST1, ERSST et COBE.. Rapp. tech. can. hydrogr. sci. océan. 292: viii +
36 p.

On a mené, pour les périodes de 1900 & 2011, de 1950 a 2011 et de 1979 a 2011, des analyses
des tendances et de la fonction orthogonale empirique (FOE) de trois ensembles de données
carroyees sur la température de la surface de la mer mensuelle (HadlISST1, ERSST et COBE)
dans I'Atlantique Nord. Ces analyses ont éte réalisées pour déterminer les moyennes annuelles et
estivales. Si I'on compare la série chronologique moyenne annuelle des données carroyées par
rapport a la série chronologique de la température de la couche supérieure de I'océan de quatre
sites de surveillance de Péches et Océans Canada, on constate une similarité importante quant a
la variation interannuelle & multidécennale aux sites. Toutefois, on observe aussi des différences
importantes quant aux tendances et aux variations qui mettent en évidence les problemes non
résolus en ce qui concerne la qualité des données des ensembles historiques.

Les trois ensembles de données carroyeées révelent des tendances positives dans une grande
partie de I'Atlantique Nord au cours des trois périodes, ainsi que des tendances négatives dans
une région au sud du Groenland pendant les periodes de 1900 a 2011 et de 1950 a 2011. On
constate cependant des différences quantitatives jusqu'a environ un facteur de deux (entre les
ensembles de données) quant a I'ampleur des tendances significatives sur le plan statistique pour
une période particuliére période, de méme que des différences d'ampleur comparable entre les
tendances dans une région particuliére au cours de ces deux premiéres périodes. Par rapport aux
tendances, on observe une similarité remarquable entre le premier, le deuxiéme et le troisieme
mode de la FOE des ensembles de données carroyeées pour les périodes de 1900 a 2011 et de
1950 a 2011, a la suite de la decomposition des tendances et d'analyses. Le premier mode de la
FOE représente de 31 a 41 % des écarts des moyennes annuelles dans I'Atlantique Nord-Ouest
de 1900 a 2011. De plus, il ressemble beaucoup a I'oscillation atlantique multidécennale (OAM).
Le deuxiéme mode de la FOE, qui représente de 11 a 16 % des écarts observés dans I'Atlantique
Nord-Ouest, présente une certaine ressemblance avec l'influence documentée de I'oscillation
nord-atlantique sur la température de la surface de la mer de I'Atlantique Nord-Ouest, en ce qui
a trait aux variations spatiales et temporelles, avec un coefficient de corrélation d'environ -0,5
entre les principales composantes (PC) et I'indice d'oscillation nord-atlantique en hiver.
L'origine du troisieme mode, qui représente de 7 a 12 % des écarts observés dans I'Atlantique
Nord-Ouest, est moins claire. Néanmoins, ce mode semble étre lié aux variations quant a
I'interaction des tourbillons subpopulaires et subtropicaux de I'Atlantique Nord.



Section 1 Introduction

Sea surface temperature (SST) is one of the most important variables for ocean climate change
and variability studies. With the longest observational records of any ocean variable (e.g.
Yasunaka and Hanawa, 2011), it reflects the important coupling between the atmosphere and
ocean in the climate system (e.g. Yu and Boer, 2006) and is an indicator of the upper-ocean
temperature that affects ocean biogeochemistry and marine ecosystems, marine activities, and
coastal human populations.

SST observations are available from observations on vessels, ocean monitoring programs over
the past 50-100 years, and satellite observations during the past three decades. Because of
diurnal variability and the large vertical temperature gradient near the ocean surface, there are
substantial challenges in the interpretation of SST variability in relation to possible aliasing or
biases from sampling with different methodologies (e.g. Rayner et al., 2010). In this report, we
analyze three global gridded monthly datasets —namely HadlISST1 (Rayner et al., 2003),
ERSST (Smith et al., 2008) and COBE (Ishii et al., 2005) — for spatial and sub-annual (i.e. at
inter-annual and longer time scales) variability in SST in the North Atlantic (NA).

Our focus is the Northwest Atlantic (NWA), in order to provide input to Fisheries and Oceans
Canada’s (DFQ’s) Aquatic Climate Change and Adaptation Services Program (ACCASP) for the
Atlantic Large Aquatic Basin (LAB) off Canada (Loder et al., 2013). The NWA is one of the
most dynamic parts of the world’s oceans, with the competing influences of the Labrador
Current and Gulf Stream, Arctic Ocean outflows and atmospheric flows from the Arctic and
North American continent, and variability in the Atlantic Meridional Overturning Circulation
(AMOC) that has one of its primary densification (sinking) regions in the Labrador Sea.
Analyses of historical hydrographic profiles have revealed cool fresh ocean conditions in the
Scotian Shelf region during the 1960s (e.g. Petrie and Drinkwater, 1993), and cool fresh
conditions in the Labrador Sea in the 1980s and early 1990s (e.g. Yashayaev, 2007). In both
cases, the anomalous conditions were attributed to persistent winter anomalies of the North
Atlantic Oscillation (NAO). In the Labrador Sea case, a direct influence of anomalous
atmospheric forcing (positive NAO anomalies) on ocean temperature and salinity was suggested,
and in the Scotian Shelf case, the suggestion was an indirect influence from anomalous
atmospheric conditions (negative NAO anomalies) and resulting changes in the equatorward
extent of the subpolar gyre (and Labrador Current). However, it is not clear that the origin of
these and other ocean anomalies are solely related to variability in the NAO (also see Deser et al.,
2010, for NAO influences on SST in the NWA).

On larger scales, there is strong multi-decadal variability in SST in the NA (e.g. Deser et al.,
2010; Polyakov et al., 2010; Terray, 2012). In particular, the Atlantic Multi-decadal Oscillation
(AMO), also referred to as the Atlantic Multi-decadal Variability (AMV; Hakkinen et al., 2011;
Ou, 2012), has been identified in spatially-averaged SST (over the NA) with a predominant
variation with a period of approximately 60-70 years (Knight et al., 2005; Wang et al., 2012).



There are indications of overall cooling from the late 1950s to the early 1970s and overall
warming from the 1980s to the early 2000s. The underlying spatial patterns in both cases point
to largest magnitudes in the subpolar NA. Recent analyses of proxy climate variables over the
past 8,000 years (Knudsen et al., 2011), and of §'%0 variability in Greenland ice cores together
with atmosphere-ocean model simulations over the past millennium (Chylek et al., 2012),
suggest intermittent variability in air temperatures similar to the recent AMV in SST. This
indicates that the AMV might be related to natural internal variability of the coupled climate
system.

There are many suggestions in the literature that the AMO may be related to variability in the
AMOC (e.g. Park and Latif, 2010; Medhaug and Furevik, 2011; Drijfhout et al., 2012), multi-
decadal variability in the NAO (e.g. Robson et al., 2012), or atmospheric blocking over the
northern NA (e.g. Hakkinen et al., 2011). It may be appropriate to think of the AMO, NAO, and
AMOC variability as different manifestations (with somewhat differing space and time scales) of
coupled atmosphere-ice-ocean variability in/over the NA and adjoining regions (e.g. Arctic and
North America via the NAO, and South Atlantic via AMOC variability). These possibilities
make it important to understand SST variability in the NWA in relation to larger-scale climate
variability, particularly for attribution studies and climate change projections. In particular, the
extent to which regional ocean temperature variability (e.g. Labrador Sea and Scotian Shelf as
mentioned above) is influenced by, or linked to, the AMO is unclear. Therefore, in this report,
we include a comparison of the variability of SST in the three gridded datasets with that in time
series of upper-ocean temperature from the DFO AZMP and AZOMP monitoring programs’.

Friedland and Hare (2007) using ERSST data, and Shearman and Lentz (2010) using ship and
shore-based observations, found overall warming and multi-decadal variability in SST along the
U.S. east coast. Belkin (2009), using the Hadley SST climatology, found changes of 1.0°C,
0.9°C and 0.2°C during 1982-2006 on the Newfoundland-Labrador Shelf, Scotian Shelf, and
northeastern U.S. Shelf, respectively, and suggested that the recent “rapid” warming in the
subpolar NA was likely related to NAO variability.

Specific motivation for our analyses stemmed from our initial exploration of annual-mean
HadISST1 time series for selected locations (provided by William Li, DFO). Figure 1 shows
intriguing patterns with coherent multi-decadal variability at three sites on the Scotian Shelf,
including a cool period in the 1960s similar to that found by Petrie and Drinkwater (1993).

There is also coherent (but different) decadal-scale variability at three sites across the Labrador
Sea. Loder et al. (2012) confirmed different decadal to multi-decadal variability in HadISST1
data in different parts of the Atlantic Canadian shelf/slope region, and found different trends for
different time periods in these regions as a result of this variability. Comparison of time series of

! Atlantic Zone Monitoring Program (AZMP) and Atlantic Zone Off-shelf Monitoring Program (AZOMP):
http://www.bio.gc.ca/science/monitoring-monitorage/index-eng.php



http://www.bio.gc.ca/science/monitoring-monitorage/index-eng.php

annual means of the ERSST monthly mean data for the Scotian Shelf and Gulf of Maine
(provided by Kevin Friedland, NOAA) and HadISST1 annual means for various Scotian Shelf
sites (Fig. 2) revealed strong similarity in the variability between the two datasets, but notable
differences in the trends. Consequently, we decided to carry out the more in-depth analyses
discussed in this report.
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Figure 1 Time series of annual-mean SST for three grid squares in each of the Labrador Sea and
Scotian Shelf (lower right panel), from HadlSST1. The data were provided by the ICES WGPME
(O’Brien et al. 2012).

Our analyses are complementary to ACCASP SST trend analyses for the Atlantic LAB carried
out by Galbraith and Larouche (2013) and Hebert (2013) focussed on the Atlantic shelf, using
satellite data since 1985 and DFO “Climate” data since 1950, respectively, and to trend analyses
of off-shelf upper-ocean temperature in the NWA since 1945 by Han et al. (2013). In particular,
Han et al. (2013) also use a version of the COBE historical dataset (Ishii et al., 2006), although
for different periods and domains and with additional subsurface data.
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Section 2 of our report describes data and methods used in the analyses. The primary results are
presented in Section 3, based on annual means. Results based on summer means are presented in
Section 4, and a brief comparison with observations at four DFO monitoring sites is presented in

Section 5. The report concludes with a summary in Section 6.



Section 2 Data and Methods

2.1 Historical Interpolated Datasets

The three gridded and interpolated datasets of historical monthly SST are:

- HadISST1 (version 1) which is the United Kingdom Met Office’s Hadley Centre
Interpolated SST dataset, with 1° x 1° resolution extending back to 1870 (Rayner et al.,
2003);

- ERSST (version 3b) which is the United States NOAA’s Extended Reconstruction of SST
dataset, with 2° x 2° resolution extending back to 1854 (Smith et al., 2008); and

- COBE SST which is the Japanese Meteorological Agency’s Centennial in-situ Observation-
Based Estimates of variability of SST, with 1° x 1° resolution extending back to 1891 (Ishii
et al., 2005).

Data quality, especially during the early part of the records and in remote and/or ice-covered
regions, is an issue with these datasets (e.g. Yasunaka and Hanawa, 2011) so that the results in
some periods and areas need to be interpreted with caution. These datasets were derived from
differing combinations of ICOADS (International Comprehensive Ocean-Atmosphere Data Set)
and other observations, using different methodologies for quality control and interpolation.
HadISST1 used reduced-space optimal interpolation, ERSST used Empirical Orthogonal
Functions (EOFs), and COBE an optimal interpolation scheme.

Two derived datasets for inter-annual and longer-term variability studies of SST in the “North
Atlantic (NA)” have been computed from each of the source datasets: annual means computed
from the monthly means for all months, and summer means computed from the monthly means
for July, August, and September. For this purpose, the NA is defined as the region in the latitude
and longitude ranges that are listed in Table 1, with the Mediterranean excluded. Since ERSST
and COBE have estimated monthly SST values (often -1.8°C) in ice-covered regions such as
Baffin Bay and the Greenland and Labrador Shelves, their values were used for the entire
domain. In contrast, HadISST1 has missing or dubious data in some ice-covered areas in which
case we omitted those grid squares from our annual-mean analyses. We analyzed the summer
means to provide increased spatial coverage in these areas, and to obtain an indication of the
seasonal dependence.

Trend and EOF analyses were carried out on each dataset for the NA domain, for three periods:
1900-2011 in order to provide a century-scale view; 1950-2011 in order to examine variability in
the post-war era with more comprehensive ocean sampling; and 1979-2011 in order to examine
recent variability during the high-resolution satellite era. We used standard linear regression
techniques for the trend analysis. We performed the EOF analyses with and without prior de-
trending but, after discussing the trend analysis, we only report the EOF results based on de-
trended datasets.



Table 1 Domains (NA and NWA) used in the trends and EOF analyses, and regions (all) for which
trends of the spatially-averaged data are presented (Tables 2 and 3). The regions were
approximated by latitude-longitude boxes with the indicated ranges. The Mid-Lat WNA TZ refers
to the mid-latitude Western North Atlantic Transition Zone between the subpolar and subtropical
gyres (see Brock et al., 2012, for discussion).

Domain or Region Abbreviation Latitude (°N) Longitude ("W)
North Atlantic NA 6.5-74.5 -29.5-100.5
Northwest Atlantic NWA 30.5-74.5 20.5-100.5
Labrador Sea/Shelf LSS 52 - 62 48 - 56
Newfoundland Shelf/Slope NSS 44 - 52 46 - 56
Mid-Lat WNA TZ: Shelf MLTZ-S 42 -50 56 - 70
Mid-Lat WNA TZ: Off-Shelf MLTZ-0S 34-42 52 -74
Newfoundland Basin NB 40 - 46 40 - 46
Flemish Cap FC 46 - 50 42 - 46
Northwest Corner NWC 50 - 54 36 - 46
South Greenland SG 54 - 60 40 - 48

The EOF values for each analysis were normalized by dividing the values for all grid points in
each domain by the maximum absolute value of the anomaly for any point in the domain. For
consistency, the corresponding Principal Component (PC) time series for each analysis were
normalized by multiplying each of its values by the same maximum EOF value that was used to
normalize the corresponding EOF pattern.

Results are presented first for the annual-mean datasets and then for the summer means. For the
annual means, EOF results for a “Northwest Atlantic (NWA)” sub-domain (Table 1) are also
displayed, in order to examine the sensitivity of the EOF results to the size of the domain
considered and provide magnified displays for the ACCASP area of interest.

To provide an indication of the magnitude of the trends in various sub-regions of interest, the
trends are presented for spatially-averaged data from the ten sub-regions indicated in Table 1.
The statistical significance of the trends at the 95% confidence level is indicated, with the
number of degrees of freedom estimated from the number of data points. Because there appears
to be some autocorrelation in the time series, the statistical significance is probably
overestimated.



2.2 DFO Monitoring Datasets

We compared time series of the annual means of upper-ocean temperature from four DFO
monitoring sites (Fig. 3) with the gridded SST data. Three of the DFO temperature time series
were for the upper few meters from AZMP:

- observations since the 1920s at Prince 5 in Passamaquoddy Bay in the outer Bay of Fundy,
collected by DFQO’s St. Andrews Biological Station;

- observations since the 1940s in Emerald Basin on the Scotian Shelf off Halifax, primarily
collected by DFQO’s Bedford Institute of Oceanography (BIO);

- observations since the 1940s at Station 27 on the Grand Bank off St. John’s, primarily
collected by DFO’s Northwest Atlantic Fisheries Centre (NAFC).

For recent reports on these observed data, see Hebert et al. (2012) and Colbourne et al. (2012).
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Figure 3 Map showing locations of the four DFO monitoring sites (green: Bravo, Station 27, Emerald
Basin and Prince 5) and the grid squares of the historical datasets (red) used in the comparison.



The fourth DFO time series, from AZOMP provided by Igor Yashayaev (B1O) for the 10-30 m
depth interval? in the central Labrador Sea, was constructed from data collected in the vicinity of
the former Ocean Weather Ship (OWS) Bravo, primarily by the OWS and BIO. This time series
used data for most years since 1948 and a few earlier ones. For a recent report, see Yashayaev
(2007) or Yashayaev and Greenan (2012).

2 An interval that does not include the near-surface region was purposely chosen to avoid spurious
variations related to seasonal changes and different depths below the surface in the sampling.



Section 3  Results from Annual Mean Data

3.1 Trends

The spatial patterns and magnitudes of the trends from the three historical datasets during the
different periods are shown in Figure 4 for the NA, and trends of the spatially-averaged data in
regions of interest (Table 1) are shown in Table 2 together with an indication of their statistical
significance. The trends from the different datasets are generally similar for particular periods in
terms of large-scale patterns, but substantial differences do exist, particularly for 1900-2011, and
on smaller scales. Some of the differences among the source datasets are present in multiple
periods, while others occur primarily in a particular period. In the NWA, off eastern Canada,
there are significant differences in the trends from the different datasets in all three periods,
making firm conclusions regarding the magnitude of the trends difficult. The averages of the
trends from the three datasets are included in Table 2 to provide a rough indication of the
magnitude in each period in each region.

1900-2011 1950-2011 1979-201

* ¥ S

HadIlSST

ERSST

COBE

-0.2 0 0.2 02 0 02 04 0 0.5 1

Figure 4 Trends (°C/decade with the zero contour in white) in the various annual-mean datasets for the
three periods examined. Note the different scales for the different periods.

Overall, there is broad-scale warming in all three periods and datasets, but not in all areas. The
warming trends are largest during 1979-2011, and the trends during this period are more
consistent across the datasets than during 1900-2011 and 1950-2011. This is consistent with
better data coverage and accelerated global warming during the past few decades.
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During 1900-2011, there is warming of 0.05 to 0.1°C/decade over most of the NA in all three
datasets, but there is also as an area of cooling or reduced warming south of Greenland,
extending into the off-shelf waters off southern Labrador and Newfoundland (Fig. 4). The most
noticeable anomaly among the datasets is the strong warming immediately adjacent to Greenland
in COBE which is suspect. Because of the areas of cooling or reduced warming in the NWA, the
warming trend for the overall NA is only 0.03°C/decade in HadISST1 and 0.05°C/decade in
ERSST. There is warming on the Atlantic Canadian shelf/slope in all three datasets but
differences in the pattern of its magnitude. The qualitative differences in the trend magnitudes
apparent in the HadISST1 and ERSST time series on the Scotian Shelf in Figure 2 are present in
the trends in Table 2 for the shelf portion of the mid-Ilatitude transition zone (MLTZ-S),
confirming that these differences are shelf-wide rather than local anomalies. The weaker century-
scale trend apparent in Figure 1 for the Labrador Sea, compared to the Scotian Shelf, in
HadISST1 is clearly present in Table 2 (MLTZ-S versus LSS) for HadISST1, but not for ERSST
and COBE. Trends for the Atlantic shelf/slope regions (LSS, NSS, MLTZ-S, and FC) vary
widely across regions and datasets, ranging from 0.01 to 0.1°C/decade. Average (across datasets)
values are 0.06-0.08°C/decade for LSS, NSS, and MLTZ-S, and 0.03°C/decade for FC.

Table 2 Trends in annual-mean SST (°C/decade) averaged over the whole NA and NWA domains, and
over latitude/longitude boxes approximating regions of interest (Table 1), from the three SST datasets
(HadISST1 in blue, ERSST in red and COBE in green) and for the three different periods. Trends
significant at the 95% confidence level (without consideration of autocorrelation in the time series)
are in boldface. The average of the trends over the three datasets is shown in black, after the others.
The asterisk (*) indicates that the trend is affected by suspicious warming around Greenland in the
COBE dataset (prior to 1979), possibly related to sparse data and/or the interpolation scheme. See
Table 1 for definitions of the regions.

Region 1900-2011 1950-2011 1979-2011

NA 0.03/0.05/0.07*/0.05 0.01/0.07/0.10*/0.06 0.26/0.24/0.21/0.24
NWA -0.01/0.04/0.07*/0.04 | -0.02/0.06/0.11*/0.05 | 0.33/0.29/0.23/0.28
LSS 0.02/0.06/0.10/0.06 0.10/0.09/0.20/0.13 0.42/0.51/0.39/0.44
NSS 0.01/0.05/0.06/0.04 0.13/0.06/0.11/0.10 0.33/0.32/0.26/0.30
MLTZ-S 0.11/0.05/0.09/0.08 0.14/0.07/0.15/0.12 0.25/0.21/0.17/0.21
MLTZ-OS 0.08/0.04/0.05/0.06 0.06/0.03/-0.00/0.03 0.22/0.15/0.15/0.17
NB 0.06/0.00/0.03/0.03 0.15/0.03/0.03/0.07 0.37/0.26/0.23/0.29
FC 0.06/0.01/0.01/0.03 0.23/0.01/-0.00/0.08 0.74/0.35/0.34/0.48
NWC -0.01/-0.01/0.03/0.00 0.04/0.01/0.04/0.03 0.38/0.38/0.35/0.37
SG -0.01/-0.00/0.08*/0.02 | 0.03/0.03/0.15*/0.07 0.37/0.45/0.34/0.39
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During 1950-2011, the warming rates are larger in most areas and datasets. The suspect warming
immediately adjacent to Greenland in COBE is again present. There is, again, warming over the
Atlantic Canadian shelf/slope in all three datasets, but with different patterns and magnitudes,
and, again, offshore areas of cooling south of Greenland. There are also areas of cooling off the
southeastern (SE) U.S. extending north of Cape Hatteras in all three datasets, such that the areas
of warming are less widespread. As a result, the warming trend for the overall NA is only
slightly increased in ERSST and COBE (compared to 1900-2011), and actually decreased in
HadISST1 (the reduced domain of the analyzed HadlSST1 data for 1900-2011 and 1950-2011
may also be a factor in their NA and NWA trends in Table 2 differing from those for ERSST and
COBE). Average trends (across datasets) for the Atlantic shelf/slope regions are in the range of
0.08 to 0.13°C/decade for 1950-2011. It is noteworthy that, in the offshore FC and NB regions,
the HadISST1 data show strong warming of ~0.2°C/decade, while there is little warming in the
other datasets suggesting that the HadISST1 trend may not be reliable. However, this feature
could be a local indication of a northward creep of the Gulf Stream (Wu et al., 2012).

During 1979-2011, there is a common pattern of widespread warming over almost all the NA
and a small area of cooling off the SE U.S. in all three datasets. There is no anomalous warming
in COBE immediately adjacent to Greenland. There is a clear indication in all three datasets of
greater warming in the subpolar gyre, with peak magnitude of ~0.5°C/decade (Fig. 4). The
average (across datasets) trend for the overall NA is 0.24°C/decade, and those for the Atlantic
shelf/slope regions are 0.4, 0.3, 0.2 and 0.5°C/decade, for LSS, NSS, MLTZ-S and FC,
respectively. These increased warming rates in recent decades probably, in part, reflect
anthropogenic global warming but they also include a contribution from natural variability
associated with the AMO (see next subsection).

3.2  Variability of SST in the North Atlantic (NA)

The EOF patterns for the NA from the de-trended annual means for the three periods are shown
in Figure 5, and the PC time series for the EOFs are shown in Figure 6.

The patterns of the EOF1s (Fig. 5a) show considerable similarity. There are positive anomalies
over most of the domain and strong positive anomalies in the subpolar gyre (including off
Atlantic Canada south to the Scotian Shelf) and in the eastern equatorial NA. There are weak
anomalies in the subtropical gyre in the western NA and in some high latitude areas (>65°N).
This first mode accounts for 30% or more of the variance in all three periods and all datasets,
with the exception of only 26% in COBE during 1900-2011 (but see below). The patterns for
1900-2011 and 1950-2011 are also similar to those for the AMO in Knight et al. (2005) and
Wang et al. (2012) (see Fig. 1 in each).

The PC1s (Fig. 6) for the different datasets are similar to each other, including a prominent
multi-decadal variation that closely resembles the AMO index (see Fig. 1 in each of Knight et al.,
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Figure 5 EOF patterns (in °C normalized to the peak value ) for the annual means for a) 1900-2011, b)
1950-2011 and c) 1979-2011, with the percentage of explained variance indicated in the inset panels.
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2005, and Wang et al., 2012). This variation shows a prolonged maximum from the 1930s to the
1950s, a prolonged minimum from the mid-1970s to the early 1990s, and a maximum from the
late 1990s to present (see the PC1 panels for 1900-2011 and 1950-2011). Since EOF1 accounts
for more than twice as much variance as any other EOF during 1900-2011 and 1950-2011, it can
be considered to be the predominant mode of SST variability in the NA during the past century
on decadal to multi-decadal time scales. The peak (local) range of this multi-decadal variation is
about 2°C (compared to the range of ~0.5°C for the basin-averaged AMO). The correlation
coefficients between the AMO index taken from the Global Climate Observing System® and then
de-trended, and the PC1s from HadISST1, ERSST, and COBE for 1900-2011 are 0.95, 0.92, and
0.91, respectively. Considering these correlations and the similarities of the EOF1 spatial
patterns to the corresponding AMO features in Knight et al. (2005) and Wang et al. (2012), it can
be argued that the EOF1 patterns and multi-decadal PC1 time variation in Figures 5 and 6,
respectively, are credible representations of the AMO.

With the interpretation that EOF1 represents the AMO, comments can be made regarding the
contributions of the AMO to SST variability in the NWA. The amplitude of the AMO is largest
in a broad area across the northern NA, in the latitude range 40-65°N, with greatest magnitude in
the general area of the North Atlantic Current, northeast of Flemish Cap. This suggests that the
AMO may be related to gyre-gyre interactions in this region. The broad area of relatively-large
AMO amplitude extends west of the Grand Bank (albeit with reduced magnitude) into the
Scotian Shelf/Slope region which distinguishes this mode from the NAO-forced variation in
ocean temperature that has opposite phases in the subpolar gyre and west of the Grand Bank
(Petrie, 2007; Deser et al., 2010). The PC1 variation indicates that EOF1 contributed towards
below-average SSTs in the subpolar gyre and its extension to the Scotian Shelf/Slope between
the mid-1970s and early 1990s, and towards above-average SSTs in this region since the mid-
1990s. The EOF1 pattern suggests that the AMO has a weaker influence on SST southwest of
the Scotian Shelf and particularly in the western part of the subtropical gyre off the eastern U.S.

The EOF2s (Fig. 5) generally show a quad-pole pattern that is somewhat similar across the
datasets and periods, with the exception of COBE during 1900-2011. The PC2 variations are
also similar for the different datasets and periods (Fig. 6), except for COBE during 1900-2011.
Closer examination indicates that PC2 for COBE during 1900-2011 (Fig. 6a) shows an abrupt
shift in the late 1970s that is neither present in the PC2s from the other two datasets nor in the
COBE PC2 for 1950-2011 (Fig. 6b), and that the COBE PC2 and EOF2 for 1979-2011 are
highly similar to the PC2s and EOF2s for the other two datasets (Fig. 6¢). The abrupt shift in the
COBE 1900-2011 PC2 is of questionable physical plausibility, while the similarity of the 1979-
2011 PC2s across the datasets points to increased reliability of all three datasets since the late
1970s. If the second 1900-2011 COBE mode in Figures 5 and 6 is taken to be an artifact of
degraded COBE data and hence rejected from further interpretation, and the original third 1900-

¥ Working Group on Surface Pressure of the Global Climate Observing System (GCOS); see
www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/ AMO/



http://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/AMO/
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2011 COBE mode is adopted as the physically-plausible second 1900-2011 mode, then there is
remarkable similarity among this revised set of 1900-2011 EOF2s (Fig. 7) and PC2s (Fig. 8).
The quad-polar pattern is now present in EOF2 of all three datasets during both 1900-2011 and
1950-2011, and the PC2s for 1900-2011 are highly correlated like those for 1950-2011. The
revised EOF2s account for 10-21% of the variance in the different datasets and periods.

ECF2 (1900-2011 EOF3 (1900-2011) EOF3 (1950-2011)

HadlSST

ERSST

COBE

Figure 7 Revised physically-plausible EOF patterns (in °C normalized to the peak value) for annual-
mean SST in the NA for the second (left column) and third (middle column) modes in 1900-2011,
and for the third mode (right column) in 1950-2011. For 1900-2011, the original COBE EOF2 has
been replaced by the original COBE EOF3, and the original COBE EOF3 replaced by the original
COBE EOF4. For 1950-2011, the original COBE EOF3 has been replaced by the original COBE
EOF4 (see text). The percentage of variance explained is indicated in the inset panels.

Similar to the issue with the original second 1900-2011 COBE mode, the EOF pattern (Fig. 5b)
and PC time series (Fig. 6b) for the original third COBE mode for 1950-2011 indicate a suspect
enhanced amplitude close to Greenland and anomalous temporal variability, respectively. If this
third 1950-2011 COBE maode is also taken to be an artifact of degraded COBE data and rejected
from further interpretation, and the original fourth 1950-2011 COBE mode is adopted as the
physically-plausible third 1950-2011 COBE mode, then there is also now remarkable similarity
among the EOF3s (Figs. 5 and 7) and the PC3s (Figs. 6 and 8). The revised EOF3s now account
for 7-11% of the variance in the various cases. Henceforth in this report, we adopt these
revisions to the second and third COBE modes for the NA during 1900-2011 and 1950-2011.

In the western NA, the predominant feature of the revised EOF2s is a di-pole structure between
the subpolar region to the north and east of the Grand Bank, and the gyre-gyre “transition zone”
on and west of the Bank. This out-of-phase temperature pattern, together with the positive PC2
values during the 1960s, are reminiscent of the extension of relatively-cool subpolar water west
of the Grand Bank associated with a period of negative NAO (and subpolar gyre relaxation) in
the 1960s, at a time when the temperature north of the Bank was above average (Petrie and
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Drinkwater, 1993; Deser et al., 2010). The correlation coefficients between the de-trended winter
NAO index from GCOS* and the PC2s for HadISST1, ERSST and COBE for 1900-2011 are
-0.52, -0.48, and -0.46, respectively. These correlations provide some support for previous
suggestions that periods of negative NAO result in cooling west of the Grand Bank (Petrie and
Drinkwater, 1993; Petrie, 2007) and of positive NAQO result in cooling in the Labrador Sea
(YYashayaev, 2007). However, the modest values of these coefficients indicate that the NAO is
not the only factor contributing to the basin-scale EOF2 mode. The PC2s have more decadal-
scale and multi-year variability than the PC1s, consistent with a more complex origin for EOF2.

HadISST|  Reyised-PC2(1900-2011)
——ERSST | : ,

-1 !
1900 1920

Figure 8 Revised physically-plausible PC2s (top panel) and PC3s (middle panel) for 1900-2011, and
revised PC3s (bottom panel) for 1950-2011, for annual-mean NA SST. The original COBE PCs for
these modes have been replaced by those for the next highest COBE mode (see text).

The revised EOF3s are generally dominated by a tri-pole pattern. The largest amplitudes are in a
zonal band extending eastward from the Grand Bank region and expand latitudinally in the 40-
55°W region. Weaker amplitudes are in zonal bands to the north (including the Labrador Sea)
and south in the 20-40°N range. During 1900-2011 and 1950-2011, the boundary area where the
mode changes sign (between the southern and mid-latitude poles) generally lies near the Gulf of
Maine and south of the Grand Bank, whereas that between the subpolar and subtropical poles of
EOF2 lies over or north of the Grand Bank. This raises the question of whether this mode is
additionally or alternatively connected with previously-described variability in the extension of
subpolar water west of the Grand Bank (e.g. Petrie, 2007). The PC3s have substantial decadal-
scale and multi-year variability (like the PC2s), as well as notable inter-annual variability (more
than the PC2s). The correlation coefficients between the 1900-2011 PC3s and the de-trended

* NAO index from GCOS: www.esrl.noaa.qgov/psd/gcos wasp/Timeseries/NAO/
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winter NAO index have magnitudes <0.2, indicating that the winter NAO is not a primary factor
in this mode. The interpretation and origin of this EOF are unclear at this point, beyond the peak
amplitude east of the Grand Bank indicating that the mode could be related to gyre-gyre
interaction associated with the North Atlantic Current. Support for this conjecture comes from
correlation coefficients of -0.16, -0.42, and -0.32 between the 1950-2011 PC3s (for HadISST1,
ERSST and COBE, respectively) and the sea level difference between Bermuda and Bravo in a
recent hindcast simulation of the NA during 1958-2004 (Wang et al., 2013), and coefficients of
0.35, 0.48 and 0.32 with the curl of the wind stress over the NA during this period.

3.3  EOF Results for the NW Atlantic (NWA) Sub-Domain

Trends for the NWA sub-domain are the same as those for the whole NA domain (Fig. 3, Table
2), so we will not repeat them in this subsection. Figures 9 and 10 show results from EOF
analyses of de-trended SST for 1900-2011 for the NWA. Similar to the results for the NA
domain, the original second COBE mode appeared to be spurious, so the COBE EOF2 and PC2
in these figures have been replaced by the original EOF3 and PC3, respectively. Also, the
original COBE EOF3 and PC3 have been replaced by the original EOF4 and PC4, respectively.

There is a strong resemblance among the revised EOF patterns for the NWA for a particular
mode (Fig. 9), and to those in Figures 5a (EOF1) and 7 (revised EOF2s and EOF3s) for the NA.
The percentage of variance explained is at least slightly higher in all cases than for the NA, with
the exception of COBE EOF3 where it is the same. About 40% of the variance is explained by
the EOF1s from HadISST1 and ERSST, and 30% by COBE EOF1. The lower percentage for
COBE can be explained by the presence in the dataset of the suspect original mode 2 which
accounted for 21% of the variance. The revised NWA PCs for a particular mode (Fig. 10) are
also closely similar to those in Figures 6a (PC1s) and 8 (revised PC2s and PC3s) for the NA.

The similarities in the EOFs and PCs for the NA and NWA indicate that the NA results for the
NWA are not sensitive to domain size and that SST variability in the NWA is associated with
larger-scale modes of variability in the NA. The AMO-like first mode has peak amplitudes (Fig.
9) in a broad area east and northeast of Flemish Cap and has the same phase from the Labrador
Sea to the Gulf of Maine (with the qualification that its amplitude is weak in the Gulf of Maine
in HadISST1). The NAO-linked second mode has a different sign north of the Grand Bank than
on and west of the Bank, and has peak amplitudes in the Labrador and/or Irminger Seas and (of
opposite phase) in the Gulf Stream and/or the Slope Water region to its north. A weak signature
resembling the Labrador Current east of the Grand Bank can be seen in the HadISST1 and
ERSST EOF2s. The EOF3s have a clear centre-of-action northeast of the Grand Bank and
Flemish Pass, that widens eastward from St. John’s, There is a weaker pole of opposite sign
extending offshore from the coast between Cape Hatteras and southwestern Nova Scotia.
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Figure 9 EOF patterns for the NW Atlantic sub-domain for annual means of SST for 1900-2011, with
the percentage of variance explained indicated in the inset panels. The original COBE EOF2 (which
accounted for 21% of the variance) has been rejected and replaced (see text).
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Figure 10 Revised PCs for the NWA analyses of annual mean SST for 1900-2011. The original PC2
and PC3 for COBE have been replaced by PC3 and PC4, respectively (see text).
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Section4  Results from Summer Mean Data for the North Atlantic

4.1 Trends in Summer

The trend and EOF analyses are repeated here for the summer (July-Sept) SST means because
there is generally better data coverage in summer such that issues related to data quality in sea
ice areas will not be present. The patterns of the summer trends (Fig. 11) are generally similar to
those from the annual means, but the trends are generally more positive with smaller areas of
negative values in HadISST1 in particular. Table 3 lists the summer trends for spatially-averaged
SST in the same regions of interest as in Tables 1 and 2. There is generally stronger warming in
all the regions in summer (than in the annual means), that is consistent with expectations for
atmosphere-forced warming and shallower ocean mixed layers in summer.

1900-2011

1979-2011

HadISST

ERSST

COBE
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Figure 11 Trends (°C/decade with the zero contour in white) in the NA in the various summer-mean
datasets. Note the different scales for the different periods.

For a particular period, discrepancies remain in the detailed structure and magnitude of the trends
from the different datasets in the NWA. There is still suspect anomalous warming immediately
adjacent to southern Greenland in COBE for 1900-2011 and, to a lesser degree, for 1950-2011.
The area of annual-mean cooling farther offshore, south of Greenland, during 1900-2011 and
1950-2011, has largely disappeared from the summer HadISST1 trends, but not from the ERSST
and COBE ones. In HadISST1, there is a notable summer warming trend on the Labrador
Shelf/Slope that was excluded from the annual-mean analyses (due to seasonal ice cover). This
warming is similar to that in ERSST and COBE for 1900-2011, but there are significant
differences in the detailed structure and magnitudes. The warming trends for the overall NA
during 1900-2011 have increased from 0.03 and 0.05°C/decade for the HadISST1 and ERSST
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annual means, respectively, to 0.05 and 0.07°C/decade for the summer means. For the NWA,
they have increased from -0.01 and 0.04°C/decade for the annual means to 0.13 and
0.10°C/decade for the summer means. There is also an increase in the Atlantic Canadian
shelf/slope regions (LSS, NSS, MLTZ-S, FC).

Table 3 Trends in summer SST (°C/decade) averaged over the whole NA and NWA domains, and
over latitude/longitude boxes approximating regions of interest, from HadlSST1 in blue, ERSST in
red and COBE in green, and for the three different periods. Trends significant at the 95%
confidence level (without consideration of autocorrelation in the time series) are in boldface. The
average of the trends over the three datasets is shown in black. The asterisk (*) indicates that the

trend is affected by suspicious warming around Greenland in the COBE dataset (prior to 1979).

Region 1900-2011 1950-2011 1979-2011

NA 0.05/0.07/0.09*/0.07 | 0.09/0.10/0.13*/0.11 | 0.27/0.30/0.26/0.27
NWA 0.08/0.07/0.10*/0.09 | 0.13/0.10/0.11*/0.11 | 0.38/0.39/0.34/0.37
LSS 0.06/0.05/0.13/0.08 0.15/0.10/0.11/0.12 0.52/0.54/0.56/0.54
NSS 0.11/0.09/0.12/0.11 0.16/0.13/0.14/0.14 0.38/0.45/0.46/0.43
MLTZ-S 0.14/0.08/0.12/0.11 0.22/0.14/0.16/0.17 0.41/0.32/0.34/0.36
MLTZ-0OS 0.08/0.06/0.06/0.07 0.06/0.08/0.04/0.06 0.29/0.27/0.28/0.28
NB 0.07/0.05/0.06/0.06 0.13/0.04/0.05/0.08 0.39/0.30/0.29/0.33
FC 0.09/0.07/0.06/0.07 0.21/0.07/0.06/0.12 0.77/0.43/0.45/0.55
NWC 0.04/0.03/0.05/0.04 0.10/0.05/0.05/0.07 0.43/0.40/0.437/0.42
SG 0.03/0.00/0.06*/0.03 | 0.07/0.03/0.04*/0.04 | 0.48/0.46/0.54/0.49

4.2  Variability of SST in Summer

The EOFs for the summer means are in Figure 12 and the corresponding PCs are in Figure 13.

There is substantial similarity to the revised EOFs for the annual means (Figs. 5, 7), but there are
also considerable differences. In particular, while the summer EOF1 modes for 1900-2011 and
1950-2011 (Fig. 12a,b) closely resemble the annual-mean EOF1 modes for these periods (Fig.
5a,b), the summer EOF2s and EOF3s for these periods are reversed from the annual-mean
EOF2s and EOF3s; i.e. the summer second mode closely resembles the annual third mode, and
the summer third mode closely resembles the annual second mode. Since the ordering of the
modes in each case is based on the percentage of the variance explained, this just means that one
mode is more important in the annual means and the other in the summer means. Comparison of
the annual and summer PC2 and PC3 time series (Figs. 6 and 13) supports this interpretation.
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The leading summer EOFs for the 1979-2011 period (Fig. 12c¢) are somewhat different from the
leading annual-mean EOFs for this period (Figs. 5¢c, 7). In particular, the AMO-like first mode
in the annual means is no longer present in the summer means. This is not surprising in view of
the predominant multi-decadal variation in the AMO (actually, it is perhaps more surprising that
this mode is as prominent as it is in the 1979-2011 annual means; closer inspection of Fig. 5¢
indicates that, while the spatial structure of the annual-mean EOF1 for 1979-2011 is similar to
that for the longer periods, the 1979-2011 EOF1 has a spatial change in sign unlike the longer-
period EOF1s). The 1979-2011 summer EOF1s (Fig. 12c) resemble the revised EOF3s for the
annual means during 1900-2011 and 1950-2011 (Fig. 7) in that they have a predominant centre-
of-action extending eastward from the Grand Bank in the vicinity of the North Atlantic Current
and westward to the Scotian Shelf. Similarly, the 1979-2011 summer EOF2s resemble the
annual-mean EOF2s for 1900-2011 (revised in Fig. 7) and 1950-2011 (Fig. 5b) in that they have
a change in sign to the north of the Grand Bank (note that the signs of EOF2 and PC2 in Figs.
12c¢ and 13c, respectively, need to be reversed in order to see this best).

Focussing on the lower-frequency variability (1900-2011 and 1950-2011), the PCs (Fig. 13a,b)
confirm that the summer EOF1s are the biggest contributors, with distinct multi-decadal
variations resembling the AMO-like PC1 variations in the annual means (Fig. 5a,b). The
correlation coefficients between the summer PC1s and de-trended annual AMO index are 0.84,
0.86, and 0.82 for HadISST1, ERSST, and COBE, respectively. Since these values are smaller
than those for the annual means, there is a suggestion that the AMO is not particularly associated
with summer processes. The correlations between the summer PC2s and the de-trended winter
NAO are small (magnitudes <0.1), consistent with the summer EOF2s and EOF3s being
switched from their annual counterparts. The coefficients between the summer PC3s and the
winter NAO are -0.30, -0.22, and -0.30, respectively, also consistent with this switch. The
magnitudes of these correlations are smaller than those between the annual PC2s and winter
NAO, consistent with the important role of the NAO in winter in contributing to this mode of
SST variability.

Off Atlantic Canada, there are small differences among the spatial structures of the summer and
annual-mean EOF1s for 1900-2011 and 1950-2011, but overall similarities. With the inclusion of
the seasonal ice-covered areas off Labrador and in Baffin Bay in the summer HadISST1 domain,
the broad amplified positive anomaly of EOF1 over the subpolar NA extends across the Labrador
Sea to the Labrador Shelf and Baffin Bay, somewhat similar to that in ERSST and COBE.
Collectively, this indicates that the AMO has been contributing to warming across the Labrador
Sea and as far north as Davis Strait during the past two decades, suggesting that the warming
trend seen in recent decades in DFO observations and in the 1979-2011 SST trends (Figs. 4 and
11) may include a contribution from natural variability.
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Section 5 SST Variability at DFO Monitoring Sites

5.1 Comparison of Gridded SST with DFO Observations

In this subsection, we compare time series of annual mean upper-ocean temperature from DFO
monitoring sites with time series constructed by interpolating the gridded data to positions near
these sites. The time series for the entire length of the DFO records and from the gridded data
are shown in Figure 14. Some similarities are expected because some of the observations
contributing to the DFO time series probably also contribute to the gridded historical datasets.
Some differences are expected from factors such as differing source data, possible differing
criteria for “surface” in the datasets, limited winter data at Bravo, and the location of the Prince 5
site in a coastal estuary.

There are substantial similarities among the time series from the gridded historical datasets, and
between them and the DFO time series, at all sites. In particular, there is similar inter-annual to
multi-decadal variability among the time series at Prince 5, even though the temperatures in the
DFO time series are lower (as expected) than those in the gridded datasets by ~2°C. There is
similar multi-year to multi-decadal variability among the historical and DFO time series from
Emerald Basin and Station 27, even though the means and inter-annual variations differ in some
cases. There is also general similarity among the time series for Bravo, particularly on decadal
and multi-decadal time scales, even though the DFO time series does not capture some of the
multi-year features that are common to two or more of the gridded datasets (and, vice-versa, the
gridded datasets do not show some of the interannual variability in the DFO time series).

The HadISST1 values are noticeably higher than the ERSST and COBE ones since about 1970 at
Prince 5 and Emerald Basin, over the entire record (since 1948) at Station 27, and before 1975 at
Bravo. Similarly, the ERSST values are noticeably lower than the other gridded datasets since
1985 at Station 27 and over the entire record at Bravo. These variations raise the possibility of a
systematic difference in the sampling or underlying data, or in the temperature structure (e.g.
spatial gradients), during some periods and at some sites. This might help explain the
differences in the trends among the different gridded datasets in Figures 4 and 11.

The trends in the various datasets during the DFO data periods in Figure 14 are presented in
Table 4. The DFO time series have statistically significant trends of 0.1°C/decade at Prince 5
and Station 27, a near-significant (p = 0.11) trend of 0.081°C/decade at Emerald Basin, and no
significant trend at Bravo (note that these are over different periods, so their differences reflect a
mixture of spatial and temporal variability; also the statistical significance may be overestimated
due to auto-correlation in the time series). While the differences among the trends from the
different historical datasets are generally qualitatively similar to those among the trends for the
corresponding regions in Table 2, there are large quantitative differences with the site-specific
trends (Table 4) showing wider variability among datasets at all sites except Station 27. This
points to the importance to local applications of the small-scale spatial structure in the trends
apparent in Figures 4 and 11. On the positive side, the trends from the DFO data are within the
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range (and near the average) of the trends from the three historical datasets at three of the sites
(but not at Bravo).
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Figure 14 Time series of annual means of surface temperature at four DFO monitoring sites (black),
and of SST in the vicinity of the sites from the three gridded historical datasets (coloured lines).
See Section 2.1 for information on the DFO time series.
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Table 4 Trends in annual-mean upper-ocean temperature (°C/decade) over the entire period of record at
the DFO monitoring sites, together with the trends in the annual-mean SST datasets at nearby
positions (i.e. of the time series shown in Fig. 14) and the average of the trends (Avg Hist) for these
historical datasets. Trends significant at the 95% confidence level (without consideration of
autocorrelation in the time series) are in boldface.

Station Period DFO HadISST1 | ERSST COBE Avg Hist
Prince 5 1924-2011 0.10 0.16 0.02 0.05 0.08
Emerald Basin 1947-2011 0.08 0.18 0.05 0.09 0.11
Station 27 1946-2011 0.10 0.07 0.08 0.17 0.08
Bravo 1908-2011 -0.004 0.003 0.05 0.12 0.06

5.2  Contributions of Basin-Scale Modes to SST Variations at DFO Monitoring Sites

The contributions of the primary EOF modes at specific geographic locations can be computed
by multiplying the PC time series (e.g. Fig. 6) for that mode by the EOF amplitude (e.g. Fig. 5)
at each location. This is particularly useful for the EOF modes that are associated with known
large-scale SST variation patterns; for example, EOF1 corresponding to the AMO, and EOF2
including a contribution from NAO forcing. The resulting time series indicate the contribution
of the large-scale patterns to local variability. This contribution from natural climate variability
can then be considered in identifying whether apparent short-term trends at particular locations
are related to natural modes of variability or to anthropogenic climate changes.

The DFO monitoring time series and the contributions of the AMO (first mode) from the NWA
analyses of the gridded datasets are shown in Figure 15. The same DFO observations and the
contributions from the NAO-linked second mode are shown in Figure 16. Correlation
coefficients between the observed and modal time series at each site are in Table 5.

It is clear from the time series (Fig. 15) and the correlations (Table 5) that the AMO (first mode)
makes a major contribution to the low-frequency (decadal and multi-decadal) variability at Bravo,
and a substantial (~40%) contribution to the total variance in the annual means at Bravo. In
contrast, the contribution of the AMO to the overall variability at the other sites is much smaller
(<2% of the variance) and not statistically significant. There is a hint of an AMO contribution to
the low-frequency variability at Station 27 and at Emerald Basin, even though it contributes to
only a small fraction of the variance in the time series of annual means. The range of the multi-
decadal AMO variations at the sites varies from ~1°C at Bravo to ~0.5°C at Station 27 and ~0.1-
0.2°C in Emerald Basin and at Prince 5. There is approximate consistency among the AMO
contributions from the different datasets at the Bravo, Station 27, and Emerald Basin sites, but
the differences are comparable to the range of the AMO variation at Prince 5.
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Figure 15 Observed annual-mean anomalies of surface temperature (black circles connected by lines)
at the four DFO monitoring sites together with the contributions to local SST variability from the
AMO in the three gridded datasets (coloured lines). The AMO contributions are taken from the
first mode of the EOF analysis of the de-trended annual means over the NWA during 1900-2011.
HD refers to HadISST1, ER to ERSST and CB to COBE.
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Figure 16 Observed annual mean anomalies of surface temperature (black circles and lines) at the
four DFO monitoring sites together with the contributions to historical SST variability from the
NAO-linked mode 2 in the three gridded datasets (coloured lines; same abbreviated acronyms as in
Figure 15). The second mode is from the EOF analysis of the de-trended annual means over the
NWA during 1900-2011, with the revised second mode used for COBE.

The NAO-linked second mode in all three datasets makes significant contributions to SST
variability at Bravo (14-18% of the variance) and Prince 5 (8-18% of variance), but smaller
contributions (1-6% of variance) at Emerald Basin and Station 27 (Fig. 16, Table 5). The
contributions at Prince 5 and Emerald Basin have the opposite phase to those at Bravo and
Station 27, as expected from the spatial structure of the revised EOF2s in Figs. 5, 7, and 9. This
mode contributes more broadly (but weakly) to variability on various time scales (multi-decadal
to inter-annual) than the AMO-like mode.
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Table 5 Correlation coefficients between the observed upper-ocean annual temperature anomalies
from DFO monitoring at four sites in the NWA, and the contributions of the first (AMO-like; left
columns), second (NAO-linked; middle columns) and third (right columns) modes from the EOF
analyses of the three gridded historical datasets for the NWA domain and the period 1900-2011.
Both the DFO and historical dataset indices were de-trended before the computations. Coefficients
that are statistically significant at the 95% level are indicated in boldface. The datasets are indicated
by the abbreviated acronyms HD (HadlSST1), ER (ERSST) and CB (COBE).

Station PC1 (AMO-like) PC2 (NAO-linked) PC3 (ocean gyres)
HD ER CB HD ER CB HD ER CB
Prince 5 0.12 0.13 0.09 0.43 0.28 0.35 0.33 0.47 0.30
Emerald Basin | 0.06 0.05 0.08 | 017 | 012 | 0.14 | 0.03 | -0.004 | -0.07
Station 27 -0.12 -0.09 -0.14 | 0.20 0.10 0.23 | -0.19 -0.33 -0.18
Bravo 0.64 0.67 058 | 0.38 | 040 | 042 | 0.17 0.08 0.26

The correlation coefficients between the PC3s and the DFO annual anomalies (Table 5) indicate
a significant contribution (9-22% of the variance) from the third mode in all three datasets to
observed variability at Prince 5, smaller contributions at Station 27 (3-11%) and Bravo (1-7%),
and no contribution at Emerald Basin. The contributions at Prince 5 are shown in Figure 17,
indicating that this mode contributes in particular to the warmer SSTs in the Gulf of Maine
region in the early 1950s and cooler SSTs in the 1960s (particularly for COBE). This mode is,
thus, an additional factor (to the second mode) in the cooler SSTs observed west of the Grand
Bank in the 1960s (Petrie and Drinkwater, 1993), with the present results indicating that it

contributes more in the Gulf of Maine and the second mode contributes more on the Scotian
Shelf.
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Figure 17 Observed annual mean anomalies of surface temperature (black circles and lines) at Prince
5 together with the contributions to historical SST variability from the third mode in the three
gridded datasets (coloured lines; same abbreviated acronyms as in Table 5). The third mode is
from the EOF analysis of the de-trended annual means over the NWA during 1900-2011, with the
revised third mode used for COBE.
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To conclude the comparison between the historical datasets and time series from monitoring,
several comments are appropriate. First, large-scale modes contribute to regional SST variability
as expected. Second, it appears that multiple modes contribute to the variability at some sites,
even on similar time scales. Third, a large portion of the local variability in annual time series,
particularly at high frequencies (e.g. inter-annual) cannot be explained by the leading modes
examined here. Corollaries of this are that the large-scale modes are more important to multi-
year and lower-frequency variability than indicated by the percentages of explained variance,
and forcings such as the NAO may make additional contributions to local variability through
modes not examined here (or through local effects).
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Section6 Summary

Common trend and EOF analyses for the NA were carried out using three different global
historical gridded (interpolated) datasets of monthly SST: HadISST1, ERSST and COBE.
Analyses have been carried out for three periods (1900-2011, 1950-2011, 1979-2011), and for
annual (over 12 months) and summer (Jul-Aug-Sept) means. Analyses have also been carried
out for a smaller NWA domain for annual means from 1900-2011. Time series from the
historical datasets were compared with observations from DFO monitoring programs at four sites
off Atlantic Canada.

While there are many similarities in the results from the different gridded datasets, there are also
notable differences that are probably related to data sparsity in some areas and different methods,
interpolations, corrections and sources of the data. In particular, there is a clear indication that
the magnitudes and spatial structure of the long-term (1900-2011 and 1950-2011) trends from
these datasets need to be used and interpreted with caution. The comparisons with the DFO time
series indicate qualitative similarities in the trends and variability among the gridded and
monitoring datasets at all four sites, but also notable quantitative differences.

There is a particular data quality issue for the COBE SSTs immediately adjacent to the
Greenland coast, apparently associated with suspect changes in the 1970s. This manifests as
anomalous long-term warming during 1900-2011 and 1950-2011, a spurious second mode in the
EOF analysis for 1900-2011, and a spurious third mode for 1950-2011. If these modes are
ignored in the comparisons, then there is good agreement across the three datasets for the first
three modes (see below).

For 1900-2011, there is warming of 0.05 to 0.1°C/decade over most of the NA (excluding coastal
waters off Greenland) in the annual means from all three datasets, but an area of cooling or
reduced warming south of Greenland and extending into the off-shelf waters off Labrador and
Newfoundland. There is warming on the Atlantic Canadian shelf/slope in all the datasets but
differences in the pattern of its magnitude (0.01 to 0.1°C/decade). The COBE data have the
largest differences among the datasets. Differences in the trends between the Labrador Sea and
Scotian Shelf previously identified in the HadISST1 data (Loder et al., 2012) are not present in
ERSST and COBE data. For 1950-2011 and 1979-2011, there is greater similarity in the pattern
of the trends from the different datasets but still significant differences off Atlantic Canada.
Average (across datasets) trends in the annual means for Atlantic Canadian shelf/slope regions
are 0.08 to 0.13°C/decade for 1950-2011 and 0.2 to 0.5°C/decade for 1979-2011 (where the
range reflects spatial variability). Summer trends are generally larger than annual-mean trends,
but not in all parts of the Atlantic Canadian shelf/slope.

The most robust results for 1900-2011 (and 1950-2011) are the remarkable similarity of the first
EOF mode in the three annual-mean datasets and the predominance of a multi-decadal variation
with a range of about 2°C in the PC time series. This closely resembles the AMO (e.g. Wang et
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al., 2012). This EOF accounts for 31-41% of the variance in the annual means for the NWA and
has a widespread SST variation over the NA. However, there is a large difference in amplitude
between its maximum in the subpolar gyre (and extending weakly west of the Grand Bank) and
its minimum in the subtropical gyre in the western NA. Implications are that the influence of the
AMO is greater east of the Grand Bank than to its west, and that the AMO contributed
significantly to the amplified warming in the subpolar NWA during the past three decades. The
contributions of the first EOF at the DFO sites indicate that the AMO is a major factor in the
multi-decadal variability at Bravo, but only a secondary one in the decadal to multi-decadal
variability at the other sites.

The pattern of the second EOF in the annual means (after exclusion of the original spurious
COBE mode), during 1900-2011, is also similar across the three datasets, accounting for 11-16%
of the variance in the NWA. It resembles the out-of-phase changes in upper-ocean temperature
north and west of the Grand Bank described by Petrie and Drinkwater (1993) and Deser et al.
(2010), and attributed to the NAO. The PC2s for 1900-2011 are modestly correlated (coefficient
magnitudes: r ~ 0.5) with the winter NAO index, such that we have referred to this mode as
NAO-linked. The local contributions of this mode are modestly correlated (r ~ 0.4) with the
DFO time series from Bravo and Prince 5 but, somewhat surprisingly, not significantly
correlated with the series for Station 27 and Emerald Basin (r ~ 0.1-0.2). The low coefficients
may be partly due to the strong inter-annual variability at the various sites, such that an analysis
of the time series after low-pass filtering would show a much greater NAO influence.

The EOFs and PCs for the third mode in the annual means for 1900-2011 are also similar across
the three datasets, accounting for 7-12% of the variance in the NWA. This EOF has a prominent
centre-of action near the North Atlantic Current extending eastward from the Grand Bank, and
an opposite phase in and to the south of the Gulf of Maine. It contributes significantly (r ~ 0.3-
0.5) to the DFO-observed variability at Prince 5. Its PCs are weakly to moderately correlated
with the sea level difference between Bermuda and Bravo (r ~ 0.2-0.4) in a hindcast simulation
of NA circulation during 1958-2004 (Wang et al., 2013), and with the observed curl of the wind
stress over the NA (r ~ 0.3-0.5) during this period. This suggests that this third mode could be
related to variability in ocean circulation and to interactions between the subpolar and
subtropical gyres in particular. However, further investigation of this, and the first two and other
modes, is needed to clarify the origins and implications.

The pattern and amplitudes of the summer EOF1s in the open NA are similar to those for the
annual-mean EOF1s for all three datasets during 1900-2011 and 1950-2011, and the
corresponding PC1s are similar across the datasets and periods. The PC1 correlations with the
AMO are lower for the summer means (r ~ 0.84) than the annual means (r > 0.9) indicating that,
while summer SST variability in the NA includes a significant AMO-like component, the AMO
may originate primarily in other seasons. The summer analysis of HadISST1 indicates that the
enhanced AMO signal in the subpolar region extends across the Labrador Sea to the Labrador
coast.
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The EOF2s and EOF3s, and the PC2s and PC3s, for the summer means are similar to those for
the annual means during 1900-2011 and 1950-2011, but their order is switched with respect to
the percentage of total explained variance for the NA. For example, the NAO-linked mode ranks
second in percentage variance explained in the annual means (10-14% compared to 7-10% for
the circulation-linked mode during 1900-2011), but third in variance explained in the summer
means (10% compared to 11-14% for the circulation mode). Since these differences are small,
the main point is that the NAO- and circulation-linked modes are similar in the annual and
summer means.

In conclusion, it should be stated that, while our results should help place upper-ocean
temperature variability in the Atlantic LAB off Canada in a NA-wide and broader climate
variability perspective, many questions and issues remain regarding the space-time scales and
origins of the apparent natural variability, and the magnitudes and spatial patterns of
anthropogenic changes. Further analyses with observational and model data for other ocean and
climate variables are needed.
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