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ABSTRACT 

 
Peterson, I.K., and R. Pettipas. 2013. Trends In air temperature and sea ice in 
the Atlantic Large Aquatic Basin and adjoining areas, Can. Tech. Rep. Hydrogr. 
Ocean Sci. 290:  v + 59 p. 
 
Air temperature and sea ice area trends in eastern Canada (the Atlantic Basin, 

Baffin Bay and Hudson Bay regions) are estimated for the periods of 1980-2011, 

1953-2011 and 1900-2011. In general, winter air temperature variability in 

Labrador, Nunavut, Greenland and eastern Hudson Bay, and sea ice variability in 

nearby regions are dominated by interannual and decadal variations associated 

with the North Atlantic Oscillation (NAO). However in summer, air temperature 

and sea ice area are more strongly associated with the Atlantic Multidecadal 

Oscillation (AMO), so that they have exhibited nearly monotonic trends in the 

recent period (1980-2011). Air temperature trends over the past 60 years are 

approximately 0.1-0.2°C/decade along the Canadian East Coast south of 50°N. 

These trends are similar to the global mean surface temperature trend in the 

scientific literature of 0.13°C/decade for the past 50 years, which is widely 

believed to be due primarily to anthropogenic climate change.  
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RÉSUMÉ 

 
Peterson, I.K., and R. Pettipas. 2013. Trends In air temperature and sea ice in 
the Atlantic Large Aquatic Basin and adjoining areas, Can. Tech. Rep. Hydrogr. 
Ocean Sci. 290:  v + 59 p. 
 
On a dégagé les tendances relatives à la température de l'air et aux glaces de 

mer dans la région de l'est du Canada (régions du bassin de l'Atlantique, de la 

baie de Baffin et de la baie d'Hudson) pour les périodes de 1980 à 2011, de 1953 

à 2011 et de 1900 à 2011. En général, la variabilité des températures hivernales 

de l'air au Labrador, au Nunavut, au Groenland et de l'est de la baie d'Hudson 

ainsi que la variabilité des glaces de mer pour les régions avoisinantes sont 

caractérisées de variations interannuelles et décennales influencées par 

l'oscillation nord-atlantique. Toutefois, durant l'été, les températures de l'air et les 

glaces sont plus fortement influencées par l'oscillation multidécennale de 

l'Atlantique, à tel point qu'elles ont affiché des tendances presque monotones au 

cours de la période récente (1980-2011). Les tendances des températures de 

l'air au cours des 60 dernières années se situent à environ 0,1 à 0,2 °C par 

décennie le long de la côte est du Canada, au sud du 50e degré de latitude nord. 

Ces tendances sont semblables à la tendance de la température moyenne à la 

surface du globe de 0,13 °C par décennie pour les 50 dernières années qui est 

documentée dans divers ouvrages scientifiques et qui, de l'avis de beaucoup, 

serait principalement attribuable aux changements climatiques anthropiques.  
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1.0  INTRODUCTION 

 

Over the last century, global surface temperature has increased by about 0.74°C, and it 

is believed that most of the increase in temperature since the mid-twentieth century is 

very likely due to the increase in anthropogenic greenhouse gas concentrations (IPCC, 

2007). Decreases in snow and ice extent are consistent with warming, with a trend of  

-2.7% per decade in annual average Arctic sea ice extent since 1978 (IPCC, 2007). 

Considerable regional differences in warming trends (Fig. 1) are observed on all time 

scales and likely result from changes in atmospheric circulation (Solomon et al., 2007). 

 

  

Fig. 1. Global surface temperature trends in 1901-2005 and 1979-2005 (Fig. 3-9 in 
Solomon et al., 2007). 
 
This report is mainly concerned with trends of sea ice in the Atlantic Large Aquatic Basin 

(LAB), which is under consideration in the Aquatic Climate Change Adaptation Services 

Program (ACCASP) of Fisheries and Oceans Canada. However, the adjoining regions of 

Baffin Bay and Hudson Bay in the Arctic LAB are also included. Air temperature is also 

considered in the report because of its strong relationship with sea ice (Walsh and 

Johnson, 1979), and because relatively long accurate time series are available. Trends in 

iceberg numbers are included because of the high correlation with both air temperature 

and sea ice (Prinsenberg et al., 1997), and the potential impact of icebergs on marine 

operations. In this report, trends are considered for three periods: (a) since 1900, (b) 

since the 1950s and (c) since 1980. The map in Figure 2 shows the 17 stations used for 

air temperature and the 9 regions used for ice area in this report. 
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Fig. 2. Map showing locations of air temperature stations and sea ice areas. 
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2.0 AIR TEMPERATURE 

 

2.1 DATASETS 

 

Adjusted and homogenized surface air temperature records (Vincent et al., 2009, 2012) 

for 14 stations in eastern Canada (Fig. 2) were downloaded from 

http://www.ec.gc.ca/dccha-ahccd/default.asp?lang=en&n=70E82601-1. Monthly, 

seasonal and annual mean temperatures were provided until 2012, with some records 

extending back before 1900. Temperature records from 3 stations in Greenland from 

DFO’s AZMP database of Climate Indices were also used in this study, but have not 

been adjusted and homogenized. 

 

2.2 RESULTS 

 

The trends for annual mean air temperature are shown for the periods 1900-2012, 1953-

2012, and 1980-2012 in Figure 3, and the trends for seasonal mean air temperature in 

Appendix 1. The time series of annual mean air temperature are plotted in Fig. 4, and 

seasonal mean air temperature are plotted in Appendix 1. The p-values listed to the right 

of the time series plots give an indication of the statistical significance; they have not 

been adjusted for autocorrelation. In the absence of autocorrelation, if the p-value is less 

than 0.05, the null hypothesis than the trend is equal to zero can be rejected at the 5% 

significance level, and if the p-value is less than 0.20, the null hypothesis can be rejected 

at the 20% significance level. In the presence of autocorrelation due to low-frequency 

variability, the p-value will reflect an overestimation of the degrees of freedom, and 

therefore will underestimate the significance level. 

 

For annual air temperatures, trends for the period 1900-2012 are generally consistent 

with Solomon et al. (2007, Fig. 3-9) (Fig. 1), with a low value of 0.03 °C/decade in 

southern Greenland (Nuuk). At the 4 stations in eastern Canada south of 50°N, values 

are 0.05-0.16 °C/decade compared to a global mean of 0.074 °C/decade for the period 

1906-2005 (Solomon et al., 2007).  
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Fig. 3. Air temperature trends: red indicates trend is significant at 5% level (p<0.05).
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Fig. 4. Annual mean air temperatures. 
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Fig. 4 (cont.) 

 

Air temperature trends in Greenland are generally less than for the Canadian East Coast 

during the 1900-2012 period (Fig. 3), in agreement with the global surface temperature 

trend pattern for 1901-2005 (Fig. 1). Figure 1 also shows a region with negative surface 

temperature trends to the south of Greenland. This is also a dominant feature in the 

spatial pattern for the first EOF of global SST (Wang et al., 2008), and in a regression of 

mean surface air temperature on the global mean temperature (Drijfhout et al., 2012). It 

has been suggested that this “warming hole” is associated with a decline in the Atlantic 
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Meridional Circulation (AMOC), since climate model simulations showed a similar pattern 

that was more closely associated with the AMOC than with radiative forcing (Drijfhout et 

al., 2012). Anthropogenic forcing is projected to weaken the AMOC (Meehl et al., 2007), 

resulting in reduced warming, increased atmospheric stability, and decreased occurrence 

of polar low cyclones in the subpolar North Atlantic (Woollings et al., 2012a and b). 

 

Trends for the period 1953-2012 (Fig. 3) are generally higher than for 1900-2012, with 

values of 0.13-0.22 °C/decade in eastern Canada south of 50°N, compared to a global 

mean of 0.13°C/decade for the period 1956-2005 (Solomon et al., 2007). The trends at 

Resolute and Clyde are about 0.4 °C/decade (p<0.05), and trends in western Greenland 

and southern Baffin Island are not significant (p>0.05).  

 

In a study by Serreze and Barry (2011), the global surface air temperature trend pattern 

for the period 1960-2009 showed evidence of Arctic amplification, with trends of 0.4-

0.8°C/decade in the western CAA, 0.2-0.4°C/decade in northern Baffin Bay, Hudson Bay, 

and in the Labrador/Newfoundland Slope region, and 0.1-0.2°C/decade in southeastern 

Canada and southern Greenland. In Figure 3, trends for the 1953-2012 period are 

similar. 

 

Trends for the period 1980-2012 are generally higher than for 1953-2012 (Fig. 3) and 

higher than the global mean of 0.18°C/decade for the period 1981-2005 (Solomon et al., 

2007), with values of 0.81 °C/decade at Nuuk, 0.88 °C/decade at Iqaluit, 0.83 °C/decade 

at Cartwright , 0.48 °C/decade at St. John’s, and 0.29 °C/decade at Halifax. This north-to-

south gradient in the trend is consistent with Fig 3-9 in Solomon et al. (2007) (Fig. 1).  

 

For the 1900-2012 period, the seasonal trends are generally higher in the winter than in 

other months, and more of the trends are significant in the winter (Fig. A1-1), because of 

particularly low winter temperatures in 1900-1920. For Nuuk, Greenland, the trends are 

highest in the winter and lowest in the spring and summer, in agreement with trends for 

the 1901-2000 period reported by Box (2002). Trends are significant at Mont Joli for all 

seasons and at St. John’s for summer only.  
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For the 1953-2012 period, most of the trends are significant in summer and autumn and 

few are significant in winter and spring (Fig. A1-2), because of more interannual and 

decadal variability in the winter and spring (Fig. A1-4, A1-5). Zhang et al. (2011) and 

Thistle and Caissie (2013) also found that more trends are statistically significant in 

summer than in other months in southeastern Canada over the last 60 years. For the 

1980-2012 period, most of the seasonal trends are significant except in the spring (Fig. 

A1-3) when there is high interannual variability (Fig. A1-5), in agreement with Thistle and 

Caissie (2013). 

 

3.0 SEA ICE AREA 

 

3.1 DATASETS 

 

Sea ice concentration trends are considered for the domain 40-80°N, 95-43°W and the 

period 1900-2011 using the HadISST1 dataset (available at 

http://www.metoffice.gov.uk/hadobs/hadisst/), which consists of mid-month sea ice 

concentrations on a 1° latitude by 1° longitude grid for the period 1870 to the present 

(Rayner et al., 2003). 

 

For the period 1901-1978, the HadISST1 dataset is based mainly on the Walsh dataset 

(Walsh, 1978), consisting of end-of-month ice concentrations on a 1 degree cylindrical 

projection grid, derived from ice charts. For the period since 1978, passive microwave 

data are used; the monthly gridded data consist of the median of daily area-averaged 

values over the month. The passive microwave data is from the NASA Goddard Space 

Flight Center for the period 1978-1996, and from the NCEP operational sea ice dataset 

since 1997. Before 1953, much of the Walsh dataset consists of climatology (missing 

values replaced with a long-term mean value), with increasing amounts of observed data 

throughout the period. Because of these discontinuities, the HadISST dataset should be 

used with caution for studies of climatic trends or variability. However some corrections 
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are done in the HadISST dataset to increase the homogeneity of the pre- and post-1978 

data (Rayner et al., 2003). 

 

Sea ice concentration data are also available from the Canadian Ice Service Digital 

Archive (CISDA) at http://www.ec.gc.ca/glaces-ice/, in the form of digital ice charts in 

Arc/Info GIS E00 format (Tivy et al., 2011a). In the regional data set (CISDA-R), data are 

available for the Eastern Arctic, Hudson Bay and Approaches, and Canadian East Coast 

(south of about 55°N) regions since 1968, 1971 and 1968 respectively. For the first two 

regions, the dataset contains weekly data from about June to October-December, and 

monthly data for the rest of the year since 1980. For the third region, it contains weekly 

data for the entire ice season. The historical data set (CISDA-H) produced recently 

contains weekly data for the period 1959-1969, however many of the data are missing for 

the winter and spring months north of 55°N. Ice concentrations were extracted from the 

digital ice charts on a 10 km grid, and the concentrations were spatially averaged in 1-

degree squares. Daily values were then interpolated, and monthly means calculated.  

 

In the HadSST1 dataset, for the period when passive microwave data are used, spurious 

sea ice can appear around the coasts due to land contamination resulting from the 

relatively large footprint of the instrument (of order 50 km) (Rayner et al., 2003). This is 

particularly problematic during the melt season when much of the sea ice is within a grid 

point (1 degree) of the coast. This results in a suspect positive trend in April sea ice in 

southern areas for 1980-2011 (Appendix 2, Fig. A2-1), while trends in winter air 

temperature are also positive over the same period (Fig. A1-4). Therefore the HadISST1 

data for later years were replaced with data from Canadian Ice Service (CIS) ice charts, 

depending on when charts are available. For the Canadian East Coast region south of 

53°N, data were replaced after 1960. For Eastern Arctic and Hudson Bay and 

Approaches, data were replaced for July-September after 1968, and for October-June 

after 1980. As a result, the trend in April sea ice for 1980-2011 is now negative, as 

expected (Appendix 2, Fig. A2-2). 
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3.2 RESULTS 

 

Time series and trends of annual mean sea-ice area for the areas indicated in Fig. 2 are 

shown in Fig. 5, and plots for seasonal mean ice-area are shown in Appendix 3. Constant 

values for sea ice area prior to 1953 are often found because of replacement of missing 

data with a long-term mean value in the Walsh dataset. Therefore, there is high 

uncertainty associated with the data prior to 1953. 

 

The annual and seasonal trends for the 1953-2011 and 1980-2011 periods are listed in 

Table 1. For annual mean ice areas (Fig. 5), the trends over the 1953-2011 period are 

generally small (-3 to -1% per decade) and not significant at the 5% level. For the 1980-

2011 period, the trends range from -4% per decade in the north in Baffin Bay and Hudson 

Bay, to -16% per decade in the Gulf of St. Lawrence, and -20% per decade on the 

Northeast Newfoundland Shelf, and are all significant (p<0.05). The time series plots for 

Davis Strait and the northern Labrador Sea show peaks at about 1972, 1983-84, and 

1990-93, and 2008-09. Farther south on the NE Newfoundland Shelf, the peaks are at 

1972-74, 1984-85, 1991-1994, and 2008-09, consistent with Deser et al. (2002).  

 

Corresponding troughs can be seen in the winter air temperature records for Iqaluit and 

Cartwright in these years (Fig. A1-4). In the Gulf of St. Lawrence, the 1980s and 1990s 

ice area peaks are blended into a single peak, as are the winter air temperature troughs 

at St. John’s and Charlottetown. In 2003, there is also an ice area peak in the Gulf of St. 

Lawrence, and winter air temperature troughs at St. John’s and Charlottetown (Fig. A1-

4). 
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Fig. 5. Annual mean ice area. 
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Table 1. Ice area trends for 1953-2011 and 1980-2011 (annual, winter, spring and 

summer means) for Baffin Bay (BB), Davis Strait (DS), Hudson Bay (HB), Hudson Strait 

(HS), Northern Labrador Sea (NLS), Labrador Shelf (LS), Northeast Newfoundland Shelf 

(NENS), Grand Banks (GB), South of 53°N (S53), and Gulf of St. Lawrence (GSL). An 

asterisk indicates the trend is significant at the 5% level.  

 1953-2011 1980-2011 
 Ann Wi Sp Su Au Ann Wi Sp Su Au 
BB -1 -0* -0 -7* 0 -4* -1* -3* -17* -6* 
DS -1 1 -1 -10* -1 -10* -7* -7* -24* -17* 
HB -1 -0 -1* -5 -0 -4* -0 -3* -19* -13* 
HS -1 * 1* -2* -10* -3 -8* -1 -6* -31* -19* 
NLS -3 -1 -4* -29* -5 -14* -10* -14* -29* -26* 
LS -2 0 -4 -18* 12 -15* -12* -17* -31 -29* 
NENS -3 -1 -7 -14 1 -20* -20* -20* -33 -35* 
GB -7 -7 -10 n/a -5 -30* -31* -16 n/a n/a 
S53 -3 -2 -7 -33 1 -21* -21* -20* -33 -35* 
GSL -1 -1 -5 -29 -8 -16* -15* -17 -29 -32* 
 

 

For the 1953-2011 period, the temporal patterns for the winter months (Fig. A3-1) are 

similar to those for the annual mean, and most trends are not significant at the 5% level. 

This is also true for the spring and autumn months (Fig. A3-2, A3-4), except in Hudson 

Bay, Hudson Strait and the northern Labrador Sea in the spring, where decreases in ice 

area are small but significant (p<0.05); however this may be due to higher uncertainty in 

the spring data north of 55ºN prior to the 1980s. In the summer (Fig. A3-3), decreases in 

ice area are generally significant (p<0.05) in all areas where ice was present. The trends 

decrease from -7% per decade in Baffin Bay, to -10% per decade in Davis Strait, and -

14% per decade in the northern Labrador Sea. For the 1980-2011 period, most trends 

are significant in all seasons, for all areas where ice was present, and are lower (more 

negative) than for 1953-2011. The summer trends are -17, -24 and -29% per decade for 

Baffin Bay, Davis Strait and the northern Labrador Sea respectively. 

 

Trends of summer sea ice area in various regions of the Arctic and Hudson Bay and 

Approaches domains were reported by Tivy et al. (2011a, 2011b) for the period 1968-
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2008, based on digital ice charts produced by the Canadian Ice Service. The trends were 

recently updated for the period 1968-2010 (Henry, 2011), and were -10 % per decade for 

the Baffin Bay region (25 June -15 October), and -11, -16, -14 and -17  % per decade for 

the Hudson Bay, Hudson Strait, Davis Strait and Northern Labrador Sea regions 

respectively (18 June -19 November). All the trends were statistically significant at the 5% 

level or below.  

 

Figure 6 shows the updated time series for the Baffin Bay, Davis Strait and the Northern 

Labrador Sea regions (1968-2012), as well as 3 sub-regions in the Canadian East Coast 

region (Southern Labrador Sea/East Newfoundland Waters, Gulf of St. Lawrence and the 

Scotian Shelf). The ice areas for the first 3 sub-regions were obtained from the IceGraph 

Tool on the CIS website, extended back to 1968 from 1971 using the CIS historical 

charts. The values are slightly lower than those shown in Henry (2011), possibly because 

ice in “Open Water” and “Bergy Water” areas is not included in the IceGraph dataset. 

Therefore the trends are somewhat higher for the total period (-12, -16 and -20%  

per decade; 1968-2012) compared to -10,-14 and -17% per decade; 1968-2010 from 

Henry (2011)). The ice area trends for the 4 northern sub-regions for the period 1968-

2012 are all significant (p<0.05), while the trends for the Gulf of St. Lawrence and Scotian 

Shelf are not significant for the 1963-2012 period (p>0.05). The trends for all sub-regions 

are significant for the 1983-2012 period (p<0.05). 

 

Trends of annual-mean and seasonal-mean sea ice extent and area in various regions of 

the northern hemisphere were reported by Cavalieri and Parkinson (2012) for the period 

1979-2010, based on passive microwave data. The trends were -6, -9, and -10%  

per decade for Hudson Bay, Baffin Bay/Labrador Sea and the Gulf of St. Lawrence for 

annual-mean sea ice extent, which was calculated using a concentration threshold of 

15%. The trends were statistically significant at the 1% level for the first two regions, and 

at the 5% level for the Gulf of St. Lawrence. This is in general agreement with annual 

trends in ice area for the 1980-2011 period shown in Figure 5. 
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Extremely low values of sea ice extent were also reported off Newfoundland and 

Labrador for recent years (Colbourne et al., 2011), and sea-ice volume was at a record-

low in 2010 in the Gulf of St. Lawrence (Galbraith et al., 2011) and at a second-lowest 

value on the Scotian Shelf (Hebert et al., 2011). 

 

 

Fig. 6. Sea ice area and trends derived from the CIS dataset. 

 

4.0 SEA ICE CONCENTRATION 

 

The difference in sea ice concentration (SIC) trends between seasons can also be seen 

in 25-year averaged SIC in March and July for 1961-1985 and 1986-2010 (Fig. 7). There 
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is little apparent difference in ice coverage between the 2 periods for March. For July, a 

decreasing trend is more apparent, particularly in Baffin Bay. 

 

 

Fig. 7. 25-year mean sea ice concentration (SIC) for March (top row) and July (bottom 

row) for 1961-1985 (left) and 1986-2010 (right). 

 

The mean and trend of annual mean sea ice concentration (SIC) are shown for the period 

1980-2011 (Fig. 8). Generally trends are highest in areas of strong SIC gradients where a 

general retreat of the ice edge would have the largest impact.
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Fig. 8. Mean and trend of annual mean sea ice concentration (SIC), 1980-2011 from CIS 

data. 

 

5.0 FREEZE-UP AND BREAKUP 

 

Crane (1978) examined sea ice retreat and advance in the Davis Strait-Labrador Sea 

area for the years 1964-1974, and concluded that early retreat is associated with an 

increased frequency of southerly airflow, and early advance is associated with an 

increased frequency of northerly and westerly flow. However years of early ice advance 

corresponded to years of late retreat in 3 out of the 5 heaviest ice years, and years of late 

ice advance corresponded to years of early retreat in 4 out of the 6 lightest ice years. 

With an early ice retreat, the ocean would warm for a longer period, resulting in high 

ocean heat content and late ice advance (or freeze-up) in the autumn. 

 

Markus et al. (2009) reported trends in melt and freeze onset days and melt season 

length for the northern hemisphere for the period 1979-2006 from passive microwave 

data. For the Hudson Bay and Baffin Bay/ Labrador Sea regions, the trends were -5 and -

3 days/decade respectively for the first day of continuous melt (i.e. earlier), 5 and 3 

days/decade for the first day of continuous freeze (i.e. later), and 10 and 6 days/decade 

for the melt season length (i.e. longer). These trends were all significant at the 5% level 

or less. Similarly, trends in ice break-up dates from CIS ice chart data were -5, -6 and -3 
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days per decade for Foxe Basin, Hudson Strait and Hudson Bay for the period 1971-

2009 (Galbraith and Larouche, 2011). 

 

Trends in the days of first and last ice appearance from CIS data in the Canadian East 

Coast region for the periods of 1963-2011 and 1980-2011 are shown in Fig. 9. Trends 

are highest for the latter period, in agreement with sea ice and air temperature trends. 

For 1980-2011, trends in the day of last appearance are stronger east of Labrador than to 

the south in the Gulf of St. Lawrence and east of Newfoundland, in agreement with 

stronger air temperature and sea ice trends in the summer than in the spring.  

 

 

Fig.9. Trends in first appearance (top row) and last appearance (bottom row) for 1963-

2011 (left) and 1980-2011 (right). 
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6.0 SEA ICE THICKNESS 

 

Sea ice thickness data in the Baffin Bay/Atlantic Basin area are relatively sparse, or 

extend over a period too short to infer meaningful trends. Sea ice draft was measured 

with a moored upward-looking sonar on the Labrador shelf (Makkovik Bank) every 

second year between 2003 and 2011 (Peterson et al., 2013). The two years with 

relatively low mean ice draft (2005 and 2011), also had low ice duration periods, and high 

air temperatures when ice was not present. Sea ice thickness has also been measured 

using a helicopter-borne EM system in most years in the southern Gulf of St. Lawrence 

since 1996, and off Labrador in several years since the early 1990s (Peterson et al., 

2003; Prinsenberg et al., 2012). 

 

Wadhams et al. (1985) measured a mean ice draft of 1.05 m in central Davis Strait from 

submarine sonar profiles in February 1967. In comparison, Wu et al. (2013) give mean 

values of 1.0m and 2.1m in January-March 2007 and 2008 from moored upward-looking 

sonar measurements at C2, also in central Davis Strait. Air temperatures in the winter of 

2007-2008 are unusually low, and lower than in the winter of 2006-2007 (Vage et al., 

2009). Ice thickness is about 13% higher than ice draft, for a salinity of 33 psu, a 

temperature of -1.8°C, and an ice density of 0.91 Mg m-3. 

 

Landfast ice thickness and duration are simulated for the years 1969-1979 using a one-

dimensional model at ten northern Canadian stations including Clyde, Resolute, Coral 

Harbour, Iqaluit and Cartwright (Dumas et al., 2006). The correlations with observed 

values are significant in most cases (p<0.05). Projections of ice thickness and duration 

for 2041-60 and 2081-2100 using the Canadian Centre for Climate Modelling and 

Analysis global climate model (CGCM2) indicate decreases at all stations except 

Cartwright. Increases are projected at Cartwright due to increased ice-snow formation 

associated with increased snowfall, and to slight cooling along the Labrador coast 

associated with reduced deep ocean convection (Dumas et al., 2006). However, more 
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recent models are not thought to show cooling along the Labrador coast, so there is high 

uncertainty associated with the Cartwright projection. 

 

Thus there is evidence that low ice thickness or draft is associated with high air 

temperature for pack ice in Baffin Bay and on the Labrador Shelf, and for landfast ice in 

many northern locations. Snow thickness also has a major effect of landfast ice 

thickness. 

 

7.0 ICEBERGS 

 

A dataset of the monthly number of icebergs drifting south of 48°N since 1900 has been 

produced by the International Ice Patrol (IIP) (Anderson, 1993). It is well known that 

iceberg numbers are highly correlated with sea ice extent off Newfoundland (Smith, 1931; 

Prinsenberg et al., 1997). With respect to atmospheric SLP gradients, icebergs are most 

highly correlated with the winter SLP gradient across the Labrador Sea (Smith, 1931), in 

agreement with a more recent study showing that with respect to surface winds, icebergs 

are most highly correlated with northwesterly winds in the central Labrador Sea (Peterson 

et al., 2000).  

 

The annual iceberg flux, i.e. the number of icebergs drifting south of 48°N (Fig. 10), and 

air temperature at St. John’s (Fig. 4) show similar fluctuations since 1900. Although the 

iceberg flux in the last 20-30 years has generally been high, this is probably due to 

changes over time in methods of data collection and in the information provided in the 

database (Peterson, 2004). Thus the decreasing trend of -6/decade in the square root of 

the annual iceberg flux over the last 30 years (Fig. 10) probably represents an 

underestimate. The trend for the 1900-2011 period is not significant at the 5% level 

(p=0.32). 

 

The iceberg season length (Fig. 10) was calculated as the total number of months with an 

iceberg flux greater than zero. The iceberg season length appears to have a decreasing 

trend since 1900, consistent with an increasing air temperature trend. The iceberg 
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season length appears to be particularly high between 1900 and the mid-1920s, in 

agreement with ice extent off Newfoundland from Hill (1999) (Fig. 11). However it is 

possible that for both time series, the trend is due in part to changes in observational 

technology over time. For the period since the late 1950s, ice extent from Hill (1999) (Fig. 

11) shows similar fluctuations to those for ice area south of 53°N for winter and spring 

(Fig A3-1, A3-2), as both datasets are based on CIS ice charts during this period.  

 

 

Fig. 10. The annual number of icebergs drifting south of 48ºN (top panel), iceberg season 

length (middle panel), and the iceberg area, represented by the total number of latitude-

longitude degree squares south of 48ºN where icebergs have been sighted in each 

month, integrated over all months of the year (bottom panel). 

 

The IIP iceberg sighting database contains the locations of sightings of individual 

icebergs since 1960 (Anderson, 1993). Iceberg area was calculated as the total number 

of latitude-longitude degree squares south of 48ºN where icebergs have been sighted in 

each month, integrated over all months of the year (Fig. 10). The iceberg area shows 

similar fluctuations to the iceberg fliux, however there is a clearer decrease in iceberg 

area than iceberg flux since the mid-1990s.  
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Fig. 11. The ice extent off Newfoundland from Hill (1999), available at 

http://researchers.imd.nrc.ca/~hillb/index.html). 

 

The occurrence of icebergs from Baffin Bay to the Grand Banks may also be affected by 

ice discharge from Greenland glaciers (i.e. dynamic ice loss). This would be expected to 

increase with air temperature, while iceberg deterioration would also increase with air 

temperature, For the 18 year period 1992-2009, ice discharge increased by 9.0 Gt/yr2 

(Rignot et al., 2011), which represents about 18% per decade. Glacier acceleration 

occurred south of 66ºN between 1996 and 2000, and expanded to 70ºN in 2005 (Rignot 

and Kanagaratnam, 2006). It has been suggested that the acceleration is due to 

increased lubrication of the ice-bedrock interface, weakening of the floating ice tongue 

buttressing the glacier, and more recently, a sudden increase in subsurface ocean 

temperature (Holland et al., 2008). Digital elevation models for northwestern Greenland 

derived from aerial photographs dating back to the mid 1980s suggest that there have 

been two independent dynamic ice loss events: in 1985-1993 and 2005-2010 (Kjaer et 

al., 2012). SST data from Baffin Bay suggest that ocean warming is a potential trigger for 

widespread glacier acceleration.  

 

Thus there are two potential and opposite effects of increasing air temperature on iceberg 

occurrence between Greenland and the Grand Banks: more ice discharge from 

Greenland, and more iceberg deterioration due to reduced sea ice extent and higher 

ocean temperatures. However the latter effect appears to be dominant with respect to 

icebergs south of 48°N (Fig. 10). 

 



22 

8.0 CLIMATE INDICES 

 

Much of the spatial variability in air temperature trends is due to changes in atmospheric 

circulation (Solomon et al., 2007), which is largely described by a few major patterns or 

indices. Indices of particular importance to North America are the North Atlantic 

Oscillation (NAO) index, the Pacific North American (PNA) index, and the East Pacific – 

North Pacific (EP-NP) index. The loading patterns of the indices and the correlation of the 

indices with surface temperature are shown by the NOAA National Weather Service 

Climate Prediction Center at 

http://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml (Appendix 4, Fig. A4-1), 

and the time series are plotted in Figure 12. In general terms, a positive winter NAO 

index is associated with a deepened Icelandic Low and low winter temperatures off the 

Canadian East Coast, while a positive PNA index is associated with a deepened Aleutian 

Low (Wallace and Gutzler, 1981) and high winter temperatures in western Canada. A 

positive winter NAO index is also associated with longer durations of river and lake ice in 

eastern Canada, and a positive PNA index is associated with shorter durations of river 

and lake ice in western Canada (Prowse et al., 2011).  

 

The NAO is closely related to the Arctic Oscillation (AO), also referred to as the Northern 

Annular Mode (NAM), and the two time series are highly correlated in winter (Solomon et 

al., 2007). The PNA index, which only extends back to about 1950, is highly anti-

correlated with the North Pacific Index (Fig. 12; Trenberth and Hurrell, 1994) which 

extends back to 1899. The NP index is defined as the area-weighted SLP over the region 

30-65°N, 160-140°W.  

 

Another Pacific mode, the East Pacific – North Pacific (EP-NP) index (Barnston and 

Livezey, 1987), is important in spring, summer and autumn. A positive autumn EP-NP 

index is associated with high (low) pressure anomalies over western (eastern) Canada, 

and low temperatures in eastern Canada. In particular, Hochheim et al. (2010) found 

autumn surface air temperature in the Hudson Bay region was highly anti-correlated with 
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the EP-NP index, and that a low EP-NP index since the mid-1990s has resulted in 

reduced sea ice during the freeze-up period.  

 

Fig. 12. Anomalies of North Atlantic Oscillation (NAO), Pacific North American (PNA), 
North Pacific (NP), East Pacific – North Pacific (EP-NP) and Atlantic Multidecadal 
Oscillation (AMO) indices (1900-2012). 
 

Figure 12 also shows the Atlantic Multidecadal Oscillation (AMO), representing the 

detrended mean sea surface temperature in the North Atlantic south of 70°N (Enfield et 

al., 2001, http://www.esrl.noaa.gov/psd/data/timeseries/AMO/). The AMO has a period of 

65-80 years (Enfield et al., 2001), with warm phases in about 1925-1965 and since 1995, 

and cool phases in 1901-1924 and 1966-1994 (Fig. 12, Wang et al., 2008). Regression 

coefficients associated with surface temperature regressed on the AMO are highest in 

the Atlantic subpolar gyre area and over eastern Canada (Fig. A4-2, Knight et al., 2005). 

For the North Atlantic region, the first EOF of SST from various datasets closely 
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resembles the AMO (Loder et al., 2013). The AMO is anti-correlated with SLP centred at 

about 22°N, in the southern part of the subtropical anticyclone (Fig. A4-2); a similar 

correlation pattern between detrended mean sub-tropical SST and geopotential height 

was shown by Walter and Graf (2002). The spatial pattern of surface air temperature 

associated with the AMO (Fig. A4-2) is consistent with the SLP pattern.  

 

There is some evidence of 55-100 year oscillations in paleoclimate records of North 

Atlantic ocean-atmosphere variability over the past 500 to 8,000 years (Gray et al., 2004; 

Knudsen et al, 2011). Although the forcing mechanisms of the AMO are not well 

understood, the AMO appears to be related to the NAO, with the AMO lagging the 

multidecadal NAO signal by about a decade (Delworth and Mann; 2000; Latif et al. 2006). 

Model simulations suggest that a high NAO anomaly increases the AMOC by enhancing 

the subpolar gyre and North Atlantic Current, thereby enhancing the advection of warm, 

salty water into the deep convection regions (Dong and Sutton, 2005), and by increasing 

Labrador Sea convection (Latif et al., 2006). An increase in the AMOC produces warm 

SST anomalies in the subpolar gyre and a meridional SST gradient. The SST gradient 

results in a weakening of the North Atlantic Hadley cell and northeasterly trade winds, a 

northward shift of the ITCZ, and a strengthening of northward oceanic heat transport 

((Mantsis and Clement, 2009; Smith et al., 2010). Thus model simulations suggest that 

the atmosphere drives SST anomalies associated with the AMO in high latitudes, but 

these SST anomalies drive atmospheric anomalies in low latitudes.  

 

Hakkinen et al. (2011) have also suggested that high frequency of atmospheric blocking 

events in winter between Greenland and western Europe corresponds to warmer, more 

saline subpolar waters, and the warm phase of the AMO or AMV (Atlantic Multidecadal 

Variability). The wind forcing associated with the blocking may result in weaker ocean 

gyres and weaker heat exchange, contributing to the warm phase of the AMO. 

 

Multidecadal SST variability may also be caused by multidecadal fluctuations of net 

shortwave radiation linked to aerosol and volcanic changes, either as a direct response to 

changes in solar forcing, or through some interaction with internal modes of the coupled 
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system. Ottera et al. (2010) showed that the phasing of multidecadal variability in North 

Atlantic SST over the past 150 years can be accounted for by variations in volcanic 

activity, but not the amplitude. In another model study, Booth et al (2012) showed that 

aerosol emissions and volcanic activity explain most of the variability in Atlantic SST 

since 1860. However major discrepancies were found between simulations by their 

model and observations of several other key variables, casting some doubt on the claim 

that aerosol forcing drives the bulk of multidecadal SST variability (Zhang et al., 2013). 

 

8.1 AIR TEMPERATURE 

 

Correlations between seasonal air temperature at the 17 stations (Appendix 1) and the 

climatic indices (Fig. 12) for the period 1950-2012 are shown in Table 2. The correlation 

coefficients for the AMO generally range from 0.2 to 0.6, with lower values in the winter 

and at Churchill.  Correlations for the NAO in winter are generally significant in Labrador, 

Nunavut, Greenland, and eastern Hudson Bay, with values of -0.5 to -0.7. In spring, 

correlations for the NAO are weaker than in winter. For the PNA in winter, a significant 

correlation is found only at Churchill, of the 17 stations, in agreement with the correlation 

map in Fig. A4-1. The EP-NP index shows a significant relationship with air temperature 

at many stations in Hudson Bay and the Gulf of St. Lawrence in summer and autumn. 

 

Trends for the time series of the NAO (Hurrell, 1995), PNA, NP (Trenberth and Hurrell, 

1994), EP-NP, and AMO indices are listed in Figure 12. For the period 1900-2012, the 

trend for the NAO is not significant (p>0.05). However, there is a significant negative 

trend for the NP index. This is consistent with higher temperature trends west of Hudson 

Bay and lower trends in southern Greenland (Fig. 1: Fig 3-9, Solomon et al., 2007).  

 

For the period 1953-2012, there is a positive significant trend for both the NAO and PNA 

indices, which is consistent with higher annual, winter and spring air temperature trends 

in western Canada than eastern Canada during this period (Zhang et al., 2011). Most of 

the temperature trends are significant in summer and autumn, but few are significant in 

winter and spring (Appendix 1). A positive trend for the AMO would result in positive air 
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temperature trends throughout the year. However in winter and spring, temperature 

variability is dominated by decadal variations associated with the NAO, so that fewer of 

the trends are significant.  

 

Table 2. Correlations (r) of seasonal air temperature with climatic indices for the 1950-2012 period. An 

asterisk indicates the correlation is significant at the 5% level (with no correction for autocorrelation). 

 

 Winter (DJF) Spring (MAM) Summer (JJA) Autumn (SON) 

 NAO 

(DJF) 

PNA 

(DJF) 

AMO 

(DJF) 

NAO 

(MAM) 

AMO 

(MAM) 

EP-NP 

(JJA) 

AMO 

(JJA) 

EP-NP 

(ASON) 

AMO 

(ASON) 

Upernavik -0.58* -0.11 0.26 -0.26 0.07 0.19 0.40* -0.07 0.32* 

Nuuk -0.70* -0.01 0.27* -0.56* 0.41* 0.02 0.51* -0.09 0.54* 

Churchill -0.16 0.51* 0.23 -0.28* 0.16 -0.56* 0.32* -0.67* 0.27* 

Cape Dorset -0.54* -0.06 0.28* -0.59* 0.53* -0.29* 0.40* -0.42* 0.57* 

Iqaluit -0.68* 0.03 0.33* -0.58* 0.42* -0.34* 0.42* -0.37* 0.48* 

Cartwright -0.64* 0.04 0.43* -0.49* 0.50* -0.20 0.52* -0.50* 0.63* 

St. John’s -0.25 -0.01 0.48* -0.09 0.25* -0.07 0.34* -0.48* 0.49* 

Mont Joli -0.24 0.11 0.60* -0.22 0.42* -0.31* 0.32* -0.67* 0.55* 

Charlottetown -0.11 0.01 0.51* -0.16 0.31* -0.27* 0.26* -0.63* 0.48* 

Halifax 0.04 -0.00 0.37* -0.24 0.36* -0.30* 0.47* -0.49* 0.42* 

Aasiaat -0.61* 0.01 0.36* -0.35* 0.39* 0.01 0.64* -0.12 0.53* 

Resolute -0.34* 0.24 0.28* -0.42* 0.44* -0.16 0.52* -0.45* 0.49* 

Clyde -0.53* 0.04 0.26* -0.39* 0.37* -0.33* 0.54* -0.32* 0.46* 

Coral -0.47* 0.17 0.25* -0.55* 0.40* -0.45* 0.38* -0.55* 0.47* 

Inukjuak -0.41* 0.05 0.41* -0.58* 0.49* -0.53* 0.39* -0.59* 0.38* 

Kuujjuarapik -0.40* 0.13 0.54* -0.52* 0.54* -0.57* 0.40* -0.73* 0.46* 

Moosonee -0.17 0.22 0.48* -0.45* 0.42* -0.48* 0.46* -0.79* 0.41* 

 

For the period 1980-2012, there is a negative (but not significant) trend for the NAO, and 

a small negative (but not significant) trend for the PNA index (Fig. 12), which is consistent 

with higher temperature trends for Greenland than west of Hudson Bay (Fig. 1, 3).  The 
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trend for the AMO is higher in 1980-2012 than in 1953-2012 (Fig. 12), in agreement with 

air temperature trends which are higher and more significant for the 1980-2012 than the 

1953-2012 period (Fig. 3). 

 

8.2 SEA ICE 

 

For the 1953-2011 period, winter sea ice variability is dominated by decadal variations 

associated with the NAO, so that few winter trends are significant (Table 1), and there is 

little difference in mean March ice coverage between 1961-1985 and 1986-2010 (Fig. 5). 

However summer sea ice in the Labrador Sea and Baffin Bay shows a nearly monotonic 

trend, so that trends are significant (Table 1), and mean July ice coverage in Baffin Bay 

decreases between 1961-1985 and 1986-2010 (Fig. 5). This is consistent with a study of 

sea ice variability in the northern hemisphere for the period 1958-1997 (Deser et al., 

2000), based on the Chapman and Walsh (1993) dataset of gridded monthly mean sea 

ice concentrations. In general, winter sea ice variability was dominated by decadal 

variations associated with the North Atlantic Oscillation (NAO), but summer sea ice 

variability exhibited a nearly monotonic decline over that period.  

 

In the study by Deser et al. (2000), it was found that the leading EOF in winter has a 

large amplitude in the Atlantic sector, with out-of phase variations between the Labrador 

and Greenland-Barents Sea, associated with the North Atlantic Oscillation (NAO), which 

is regarded as a subset of the spatially broader Arctic Oscillation (AO). Sea ice lagged 

SLP by 2-6 weeks. The trend in winter sea ice extent was -0.6% of the mean per decade, 

with strong decadal-scale variations. However regionally, sea ice extent showed a 

positive trend in the Labrador Sea for the 1958-1997 period, which offset negative trends 

elsewhere. Sea ice extent in summer showed a negative trend of -4% of the mean per 

decade, and was relatively monotonic. Arctic sea ice extent on shorter time scales (1979-

2012) is declining faster, with trends of -2.6% per decade in March and -13.0% per 

decade in September (National Snow and Ice Data Center (NSIDC), http://nsidc.org/).   
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The decadal-scale variations in winter sea ice anomalies and associated SST anomalies 

for the Labrador Sea were described by Deser et al. (2002), with positive anomalies 

progressing from north to south over a 3-year period. Much of the winter-to-winter 

persistence could be attributed simply to atmospheric forcing, using a simple slab model. 

Mysak and Venegas (1998) described a feedback mechanism to account for the decadal 

cycle in sea ice concentration and SLP in the northern hemisphere. Decadal-scale 

variations also appeared to be present in records of ice severity in Hudson Bay and 

approaches for 1751-1870 based on from the Hudson’s Bay Company ships’ logbooks 

(Catchpole and Faurer, 1985), and in records of spring-summer sea ice in Davis Strait 

that drifted from east of Greenland (Defant, 1961). 

 

For the 1980-2011 period, most trends in Table 1 are significantly different from zero, in 

agreement with Cavalieri and Parkinson (2012), Tivy el al. (2011a, 2011b), Henry (2011), 

and Hochheim and Barber (2010). During this period, the trend for the NAO is negative, 

the trend for the AMO is positive, and the trend for the EP-NP index is negative (Fig. 12), 

consistent with sea ice trends.  

 

During the warm phase of the AMO in the 1920s and 1930s, low levels of sea ice were 

observed off southwest Greenland. Storis (i.e. sea ice from the Arctic Ocean drifting 

northward along the southwestern Greenland coast from Cape Farewell), generally 

reaches its northernmost position in May. The northernmost position of storis was 

particularly low at this time (Drinkwater, 2006; Schmith and Hansen, 2003).  

    

9.0 CONCLUSIONS 

 

For the 1900-2012 period, annual mean air temperature trends in eastern Canada south 

of 50°N were 0.05-0.16 °C/decade and significant at the 5% level at all 4 stations 

examined, and were comparable to the global mean of 0.074 °C/decade for the period 

1906-2005 (Solomon et al., 2007). In southwestern Greenland, annual air temperature 

trends were not significant (p>0.05) at 2 of the 3 stations examined, and the trend at 

Nuuk was only 0.03 °C/decade. Greenland temperature trends were highest and 
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significant in winter, and lowest and not significant in spring, in agreement with Box 

(2002).  

 

For the 1953-2012 period, annual mean air temperature trends along the Canadian East 

Coast south of 50°N were 0.13-0.22 °C/decade and significant at the 5% level, and were 

comparable to the global mean of 0.13°C/decade for the period 1956-2005 (Solomon et 

al., 2007). Overall, most of the annual trends were significant except in southwestern 

Greenland and near Hudson Strait. In winter, most of the trends were not significant 

(p>0.05) and relatively low, while in summer and autumn, most of the trends were 

significant (p<0.05) and relatively high. In comparison, most of the annual ice area trends 

were not significant for the 1953-2012 period. In winter and autumn, most of the ice area 

trends were not significant and relatively weak, while in summer, most of the trends were 

significant (p<0.05) and relatively strong. Thus the air temperature and ice area trends 

are consistent for winter and summer. The contrast between winter and summer trends is 

in agreement with Deser et al. (2000), and can be attributed to high decadal variability in 

winter associated with the NAO. 

 

For the 1980-2012 period, annual mean air temperature trends in eastern Canada south 

of 50°N were 0.29-0.56 °C/decade and significant at the 5% level, and were higher than 

the global mean of 0.18°C/decade for the period 1981-2005 (Solomon et al., 2007). 

Trends were even higher north of 50°N, with values of 0.8-0.9 °C/decade in Canada, and 

0.8-1.3 °C/decade in Greenland. Overall, all except one of the annual trends were 

significant. Most of the seasonal trends were significant (p<0.05), except in spring, when 

few of the trends in eastern Canada south of 65°N were significant. In comparison, all of 

the annual ice area trends were significant (p<0.05) for the 1980-2012 period. For all 

seasons, most of the ice area trends were significant, except for Hudson Bay and 

Hudson Strait in winter, when these areas are almost completely ice-covered. The high 

air temperature trends in 1980-2012 can be attributed in part to the negative NAO trend 

and positive AMO trend.  
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APPENDIX 1. SEASONAL AIR TEMPERATURE TIME SERIES. 
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Fig. A1-1. Seasonal air temperature trends, 1900-2012 : red indicates p<0.05. 
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Fig. A1-2. Seasonal air temperature trends, 1953-2012 : red indicates p<0.05. 
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Fig. A1-3. Seasonal air temperature trends, 1980-2012 : red indicates p<0.05. 
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Fig. A1-4. Winter (Dec-Feb) mean air temperatures. 
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Fig. A1-4. continued. 
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Fig. A1-5. Spring (Mar-May) mean air temperatures. 
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Fig. A1-5. continued. 
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Fig. A1-6. Summer (Jun-Aug) mean air temperatures. 
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Fig. A1-6. continued. 
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Fig. A1-7. Autumn (Sep-Nov) mean air temperatures. 
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Fig. A1-7. Autumn (Sep-Nov) continued. 
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APPENDIX 2: EFFECT OF ICE DATA REPLACEMENT 
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Fig. A2-1. Monthly ice concentrations from the HadISST1 dataset are plotted for several 

areas, generally from north to south for April. 
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Fig. A2-2. HadISST1 data, with data after 1960 replaced with available CIS ice chart 

data. 
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APPENDIX 3. SEASONAL SEA ICE AREA TIME SERIES. 
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Fig. A3-1. Winter (Jan-Mar) mean ice area. 
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Fig. A3-2. Spring (Apr-Jun) mean ice area. 
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Fig. A3-3. Summer (Jul-Sep) mean ice area. 



56 

 
Fig. A3-4. Autumn (Oct-Dec) mean ice area. 
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APPENDIX 4. CLIMATE INDICES 
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Fig. A4-1. Loading patterns (left) and correlations with surface temperature (right) for 
NAO, PNA, and EP-NP patterns, from NOAA National Weather Service Climate 
Prediction Center at http://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml. 
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Fig. A4-1 (cont.) 

 
 

 

Fig. A4-2. Correlations of the AMO (Enfield et al., 2001) with SLP (left) and surface air 

temperature (right) using NCEP/NCAR Reanalysis dataset (Kalnay et al., 1996). Images 

provided by the NOAA/ESRL Physical Sciences Division, Boulder Colorado from their 

Web site at http://www.esrl.noaa.gov/psd/ . 

 
 
 

 

 

 

 


