
<

BARENTS SEA HYDROGRAPHIC VARIABILITY (1975-1991)

By

Sarah Lukens Zimmermann

RECOMMENDED:

APPROVED:



BARENTS SEA HYDROGRAPHIC VARIABILITY (1975-1991)

I\l&m
& C
I

A

THESIS

Presented to the Faculty 

of the University of Alaska Fairbanks

in Partial Fulfillment of the Requirements 

for the Degree of

MISTRESS OF SCIENCE 

By

Sarah Lukens Zimmermann, B.A. 

Fairbanks, Alaska 

December 2003

RASMUSON LIBRARY
UNIVERSITY OF ALASKA-FAJRBANKS



Abstract

Barents Sea temperature and salinity anomalies and their connection to the 

Arctic Oscillation (AO) are analyzed using a 16-year time-series of hydrographic data 

(1975-1991). Seasonal and inter-annual variations are investigated along two sections 

spanning the meridional and zonal length of the Barents Sea over two depth layers, 0 to 

50m and 50 to 200m. Depending on location, mean seasonal differences in the deeper 

layer are as large as 3°C in temperature and 0.2 in salinity, whereas the upper layer 

differences are 6°C and 1.4. Inter-annual anomalies are 0.6°C and 0.07 in the deeper 

layer and 0.8°C and 1.2 in the upper layer. Temperature and salinity anomalies' leading 

EOFs explain 49% and 34% of the total variance, and are in-phase from 1975-1985 but 

out-of-phase fori 985-1991. Examination of the surface heat-flux suggests the 

temperature anomaly is advective before 1985 and locally formed after 1985. This is 

supported by the temperature anomaly's changing propagation pattern through the 

Barents Sea after 1985. The salinity anomaly's source appears to be advective throughout 

the period. The AO correlates with the temperature EOF suggesting the AO's influence 

on the temperature anomaly is stronger over the Norwegian Sea before 1985 and stronger 

over the Barents Sea after 1985.
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Chapter 1 

Introduction

Within the broad goal of identifying climate change in the Arctic and the 

mechanisms by which the climate is changing, I have chosen to study the inter-annual 

variability of the Barents Sea. The Barents Sea is on the border of the Arctic Ocean, and 

changes in the Barents Sea water properties are expected to propagate into the Arctic 

Ocean, changing the Arctic's circulation and stratification. Whether the changes in the 

Barents Sea water properties are due to remote or local processes is one of the key 

questions addressed in this work. The results suggest salinity changes are due to remote 

processes but that temperature changes switched from remote to local processes in 1985.

1.1 Climate Change in the Arctic Ocean

Changes in the Arctic Ocean are being measured from ships, satellites, 

buoys and other instruments. The impact of these changes may directly and indirectly 

affect the global oceans. For example, increased fresh water outflow from the Arctic to 

the North Atlantic Ocean will reduce deep convection and deep water formation, in turn 

reducing the global thermohaline flow. Changes in sea-ice cover can have large effects 

on the surface heat flux. Changes in the surface heat flux may cause changes in 

atmospheric pressure gradients, winds and the surface circulation. Indirectly, arctic 

changes may be early warning signs of rising global temperatures and atmospheric 

regime changes. Understanding the causes of arctic change allows us to predict and plan 

for the future.

Rapid changes have been observed in four Arctic Ocean properties from 

1991 to 1994 (Morison et al., 2000). The warm and saline North Atlantic derived core 

waters of the Arctic, from 200 m to 1500 m depth, have been growing warmer. The cold 

halocline, which separates the surface mixed water under the sea-ice from the deeper 

warm core, has been thinning and disappearing from the western Arctic. The sea ice
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melt in the Beaufort Sea has increased. Finally, the boundary between Atlantic and 

Pacific waters has shifted counterclockwise, toward the Canadian Basin.

1.2 The Barents Sea

The Barents Sea plays an important role in the Arctic Ocean's thermohaline 

structure by contributing waters of varying temperature and salinity to the halocline 

down to the Bottom Water. The water in the northern Barents Sea is thought to be one 

source of the Arctic Ocean's halocline (Steele et al., 1995; Steele and Boyd, 1998). The 

Barents Sea Branch Water contributes to the Arctic Ocean's Atlantic Layer, Intermediate 

Water and Deep Water (Rudels and Friedrich, 2000). And finally, the Barents Sea's Cold 

Bottom Water contributes to the Arctic Ocean's Intermediate, Deep and Bottom Waters 

(Pfirman et al., 1994). To assist our understanding of the Arctic Ocean's anomalies it is 

appropriate to begin by examining the temperature and salinity anomalies in the Barents 

Sea.

The Barents Sea, shown in Figure 1.1, is a large and shallow arctic shelf sea 

bounded to the west by the Norwegian Sea, to the north by the Arctic Ocean, and to the 

south and east by Norway and Russia. It has an average depth of 230 m (Sakshaug,

1997) and dimensions of roughly 1200 by 1100 km, or 1.3 x 106 km2. The warm and 

saline Atlantic Water from the Norwegian Sea makes up the largest component of water 

advected into the Barents Sea (Figure 1.2). This water is freshened and cooled through 

mixing and seasonal processes before flowing into the Arctic.

The Atlantic Water enters the Arctic Ocean by two pathways, each of 

roughly equal transport (2 Sv); the Fram Strait branch and the Barents Sea branch 

(Blindheim, 1989; Rudels, 1987). Distinctly different physical processes modify the 

characteristics of each branch, such that when the outflow from the Barents Sea meets 

the Fram Strait branch in the Arctic Ocean these Atlantic derived waters differ in 

temperature and salinity (Schauer, 1997; Rudels et al., 1999).

The Barents Sea has a seasonal ice cover which plays a large role in the 

water modification process. In summer, the area is ice free, with strongly freshened
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Figure 1.1 Barents Sea topography and place names. 100m contours have been 
plotted. Russian and Norwegian place names are given as their English counterparts.
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Figure 1.2 The Barents Sea advected water masses. Arrows show the initial pathways 
of the water masses entering the Barents Sea. The dashed line approximates the typical 
winter ice edge.
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surface water. In winter, ice forms over the northern and eastern portion of the Barents 

Sea while the southwestern comer is kept ice-free by the inflowing warm Atlantic Water. 

Brine rejected during ice formation increases the salinity of the waters below. As a 

result, very cold and saline waters are generated in areas of ice formation. In addition to 

the local winter growth, ice advects from outside of the Barents Sea, entering from the 

Nansen Basin and the Kara Sea (Vinje and Kvambekk, 1991).

1.3 Inter-annual Variability in the Barents Sea

Due to comparatively easy access to the Barents Sea, a lack of permanent 

ice cover and economic concerns related to fishing and transportation, substantially more 

data have been collected here than in the rest of the Arctic Ocean. Studies based on 

shipboard and remote sensing data have quantified some of the inter-annual variability 

observed in ocean temperatures and salinities, ice cover, and mass transport. The most 

relevant findings are as follows:

The location of the minimum extent of sea ice cover at the end of the 

melting season in the Barents Sea receded northward during the period 1966-1988, 

implying that there has been a decrease in overall ice thickness (Vinje and Kvambekk, 

1991).

Temperature anomalies in the western Barents Sea ranged over 2°C with a 

minimum in 1979 and a maximum in 1989. Salinity anomalies had a range of 0.2 with a 

minimum in 1979 and maximum in 1991. These results are from a 1977-1991 time- 

series, depth averaged from 50 to 200 m, and are from the Vardo Section along 31 °13'E, 

from 70°30'N to 76°30'N (Loeng et al., 1992).

Years with increased temperatures in the Barents Sea correspond to years 

with increased flow of Atlantic Water into the Barents Sea (Adlandsvik and Loeng, 

1991). This conclusion is based on a comparison of wind-driven model results of the 

Atlantic Water transport across the Barents shelf for the period 1970-1986 with 

observed Barents Sea temperatures. They find the modeled transport has a standard 

deviation of 0.56 Sv, with a minimum inflow in March 1979 and a maximum inflow in 

February 1983.



6

The causes of hydrographic variability are numerous and are likely to 

include changes in volume transport, temperature and salinity of the advected water, and 

the strength of the seasonal processes. Loeng et al. (1997) believe that it is the volume 

and the properties of incoming Atlantic Water that cause the most variability in the 

Barents Sea. Adlandsvik and Loeng (1991) suggest increased Atlantic Water transport 

increases the temperature in the southern Barents Sea and reduces the sea-ice extent. In 

contrast, Belkin et al. (1998) maintain that the Barents Sea temperature and salinity 

anomalies appear earlier in the Norwegian Sea and are advected into the Barents Sea. 

They traced the salinity minimum associated with the Great Salinity Anomaly (GSA) of 

the late 1960's, and a second salinity minimum of the late 1970's from east Greenland, to 

the southern Norwegian Sea, along the coast of Norway and into the Barents Sea. Lastly, 

it has been suggested that warming in the Barents Sea is due to a reduction of Atlantic 

Water recirculation in the Norwegian Sea (Blindheim et al., 2000). Thus, even though 

the transport of heat and mass into the southern Norwegian Sea may have been steady, 

reduced recirculation implies more heat and mass transported into the Barents Sea and 

Fram Strait. They also argue that salinity anomalies in the northern Norwegian Sea 

result from interaction with the East Icelandic Current, rather than originating within the 

Atlantic Water.

1.4 Atmospheric Forcing

It is also necessary to consider atmospheric circulation, which affects the 

ocean's circulation, surface heat and fresh water fluxes, mixing and ice cover directly 

through wind forcing, as well as indirectly through changes in surface air temperature 

and precipitation. The dominant pattern in the Nordic Seas is described by the time- 

series of the North Atlantic Oscillation (NAO) (Dickson et al., 2000). This pattern is 

particularly relevant to the Barents Sea, because during its positive phase there is an 

increased cyclonic atmospheric circulation centered over Iceland that extends north into 

the Barents Sea. The cyclonic circulation transports warm air northward to the Barents 

Sea. Thus, the positive phase is associated with both increased air temperature and wind 

speeds.
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Dickson et al. (2000) summarize from recent studies that a positive NAO 

winter index corresponds with higher precipitation over the Norwegian coast, a faster 

and warmer Norwegian Atlantic Current transporting Atlantic Water north (shown in 

Blindheim et al., 2000), an increased mass flux into the Barents Sea based on a wind 

driven barotropic model from Adlandsvik and Loeng (1991), and a retreat of ice extent in 

the Barents Sea. They conclude, however, that the temporal stability of these 

connections is poorly known because of limited data and caution that these connections 

may not persist.

Blindheim et al. (2000) also find that during the positive phase of the NAO, 

the western edge the Norwegian Atlantic Current migrates eastward. The correlation 

between sea surface temperature anomalies and the winter NAO increases northward. 

They argue that a narrower current provides less surface area to the atmosphere, and if 

the volume of the transport is kept constant by increasing the current's depth, then there 

will be a reduced surface heat loss which leads to a positive temperature anomaly.

Interestingly, the NAO is not a spatially static pattern. Hilmer and Jung 

(2000) show how the northern action center of the NAO (i.e. the Icelandic low) has 

shifted northeast. From 1958-1977, the center was over the southeast tip of Greenland, 

extending northward to the Laptev Sea. From 1978-1997, however, the center moved to 

the northern Norwegian Sea and extended eastward to the central Barents Sea. They find 

that modeled ice flux south through Fram Strait correlates with the NAO over the latter 

period but not the first, illustrating the importance of incorporating the changing spatial 

pattern or appropriate time period when examining atmospheric forcing.

1.5 This Study

This study investigates the characteristics of the inter-annual temperature 

and salinity anomalies of the Barents Sea and explores their connection to the Arctic 

Oscillation which, like the NAO, captures the dominant atmospheric pattern of the 

Nordic Seas. Temperature and salinity data, from 1975-1991 in two nearly perpendicular 

sections across the Barents Sea, are examined to provide insight into the inter-annual 

variability and its causes. Methods and a description of the data set are presented in the
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second chapter. The mean monthly temperature and salinity of the Barents Sea provides 

a picture of an average year, and are presented in the third chapter. Monthly anomalies 

(departures from the monthly means) are used to describe inter-annual variability, which 

is the focus of the fourth chapter. The fifth chapter describes the results and how 

atmospheric forcing could cause the anomalies. The results are summarized in the sixth 

chapter.
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Chapter 2 

Data and Methods

Oceanographic temperature and salinity data are the principal properties 

examined in this study. The data sources (hydrographic, atmospheric, topographic and 

sea-ice) and the analytical methods used in this thesis are described below.

2.1 Description of Hydrographic Data and Processing

The oceanographic data are from the Barents and Kara Seas 

Oceanographic Data Base fBarKode) by Golubev and Zuyev (1999). The variables in 

the data base are depth, temperature, salinity, and less frequently, oxygen. BarKode is 

a compilation of data sets from the Barents and Kara Seas from 1898-1998, collected 

by the US, Russia, England, Germany, Poland and Norway, put into a standard format 

after applying basic quality control criteria. Although the spatial coverage is extensive 

(Figure 2.1a), the temporal coverage is densest along certain repeat survey lines 

(Figure 2.1b). For this study, one zonal and one meridional section were selected, 

because they bound the inflowing Atlantic Water in the southwest Barents Sea. These 

hydrographic lines have the best temporal coverage, and because they were sampled 

repeatedly in summer and winter, they provide good seasonal information. Seasonal 

and inter-annual changes were computed for the years 1975 to 1990, a time period that 

includes positive and negative phases of atmospheric patterns such as the North 

Atlantic Oscillation (Hurrell, 1995) and the Arctic Oscillation (Thompson and Wallace,

1998).

The meridonal section is an expanded version of the Russian "Kola" 

section. It starts at 70°N and ends at 80°N. The section is 2° wide and includes all 

stations between 32°E and 34°E. The zonal section extends from 10°E to 50°E, is 0.5° 

wide and includes stations between 74.5°N and 75°N. Each section is ~ 1000 km long
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Figure 2.1 Data coverage in the Barents Sea from 1975 through 1990. a) Spatial 
coverage, b) Temporal coverage, where circle size corresponds to percent of months 
with data.
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and they intersect over the Central Bank in the middle of the Barents Sea (see Figure 

1.1). The best spatial and temporal coverage is obtained after 1975 and to the south 

and west of this intersection. Only observations that had both temperature and salinity 

were used. Oxygen was not included in the study because it was sampled too 

infrequently. The data were restricted to standard depth levels, chosen to give full 

vertical coverage and match the most frequently sampled depths within the data set (0, 

10, 20, 30, 50, 75, 100,150 200, 250, 300, 350, 400m). The sections were divided into 

approximately 60 km segments with lengths of 0.5° in latitude and 2° in longitude.

The data were reduced by averaging the observations in each segment for each depth, 

month and year. Thus, the data were organized into cells of a grid with dimensions of 

length, width, depth, year and month (X,Y, Z, Yr, M). These cells are the working 

blocks of the data analyses.

Salinity is given in practical salinity units (psu). Because this is a unitless 

ratio of salinity concentration, the salinity values will be written without units.

2.1.1 Outliers

The quality control already applied in the data set screened for extreme 

outliers and clearly erroneous locations (ex. on land). Less extreme outliers still 

remained in the data. Thus, the cells were screened using tighter criteria. Two 

methods were used. The first searched for extremes in the inter-annual variability, the 

second searched for density inversions in the depth profiles. Both methods examined 

the cell values, which are the averages of the individual observations within the cells.

The first method examined groups of cells that differed only by year, and 

thus identifies outliers based on inter-annual variations. To determine if a datum was 

an outlier, a criterion based on the standard deviation (STD) was set and all cell values 

exceeding the criterion were examined. The STD was calculated two ways, with the 

larger of the two used to determine the outlier criteria. The first STD was calculated 

using the inter-annual anomalies from all cells along both sections. This value 

represents the minimum range of acceptable inter-annual variability. The STDs of 

0.92°C for temperature and 0.18 for salinity were rounded up to 1.0°C and 0.2
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respectively. The second STD was determined for each group of cells, differing only 

by year, after excluding the value farthest from the mean. Excluding this one value 

kept the STD from becoming too large due to this potential outlier. This second STD 

was compared to the first STD and the larger of the two was kept. A critical value was 

then formed by multiplying the STD by 2.8. The multiplier 2.8 was found to 

successfully exclude the outliers most commonly caught by eye. Cells that exceeded 

the critical value were listed and reviewed in context of neighboring data to determine 

if they should be excluded from the data set. This procedure was used on both 

temperature and salinity values.

The second method used to screen for outliers searched the vertical profile 

for density inversions. Cells whose density did not increase with depth were examined. 

Vertical profiles were made for each group sharing the same horizontal location, month 

and year. Potential density referenced to the surface was found per depth interval. 

Because the maximum depth is only 400 m, referencing the surface was appropriate for 

all the data. If the density instability was found to exceed -0.1 kg m-3 from one depth 

to the next, the profile was flagged. An inversion occurs if the density change is less 

than 0, but here the lenient criterion of -0.1 kg m-3 was chosen because it allowed for 

some error associated with using averaged temperature and salinity values. The 

intervals between depths ranged from 10 m to 50 m. However, the fixed criteria of -0.1 

kg m-3 between depth intervals was successful at flagging obvious outliers. The cell 

responsible for the inversion was visually examined in context of the profile to 

determine if it should be excluded from the data set.

Both methods set liberal criteria that flagged only large outliers. The 

outliers were visually inspected before exclusion from the data set. Both temperature 

and salinity were removed if either property failed the above criteria. In total, 1.0% of 

the cells with data were removed (421 cells out of 42,545). The STD method identified 

70% of the outliers and the density inversion method identified 30%. Following the 

removal of the outliers, the means and anomalies were recalculated.
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2.1.2 Spatial and Temporal Gaps

To minimize the number of gaps in the data, the most frequently sampled 

sections in the Barents Sea for the range of years with the greatest coverage were 

chosen. Spatial and temporal gaps still exist in the data and various strategies were 

examined to fill the empty cells.

No interpolation over empty cells was done because all of the methods 

considered had drawbacks. For example, linear and spline interpolations were tested to 

fill spatial gaps horizontally across the section for a given depth, month and year. 

However, the fronts in temperature or salinity between two neighboring cells (in 

latitude or longitude) could be large and interpolation smoothed the front and 

weakened the gradient. Also, where warm and salty Atlantic Water was expected, 

interpolated cells had cold and fresh values derived from the cold and fresh water 

masses that exist on either side of the Atlantic Water, a serious problem with simple 

interpolation. Interpolation was also considered to fill temporal gaps. Because the 

focus of this study is to examine inter-annual variability, the obscuring effect of 

interpolating over time did not seem appropriate. There are exceptions, where 

interpolations and moving averages have been applied for analyses and figures. This 

treatment is mentioned either in the text or in the figure caption when it is applied.

2.1.3 Variability within the Cells

Variability occurs when fronts shift positions, atmospheric processes 

change the sea surface properties, and advected water has anomalous properties.

Before addressing topics of inter-annual variation, though, it is appropriate to 

determine whether this variance is larger than the variance within the cells.

A STD of the observations within each cell was computed and a histogram 

made of all the cells' STDs. In temperature, 60% of the cells have a STD < 0.03°C. In 

salinity, 60% of the cells have a STD < 0.06. The histograms peaked near zero and 

decreased exponentially. For comparison, the inter-annual anomalies' STD calculated 

from all cells along both sections is 0.92°C for temperature and 0.18 for salinity.

An analysis of variance (ANOVA) was performed to compare the variance
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of the observations within the cells against the variance between the cells to determine 

if the means of the cells are all the same. The test was performed for each group of 

cells with identical location and month, differing only by year, to show if there is inter

annual variation. If the p-value is < 0.05 (95% confidence limit for a 1-tailed test) then 

the null hypothesis that all the means are the same is rejected, and the alternate 

hypothesis that at least one year has a significantly different mean is accepted.

The ANOVA results show that, overall, the mean temperature and salinity 

differ significantly among years, although there are some geographic exceptions. Two 

areas that do not have significant inter-annual variability compared to the within cell 

variability are the Atlantic Water region south of Central Bank between 72.5°N and 

75°N for all depths in December, and the segment along the western Svalbard Bank, 

between 16°E to 18°E, for the months with data (this excludes November through 

February and April). This latter area has high temperature and salinity gradients, so it 

is likely there is little uniformity within the cell, making within cell variance higher 

than year to year changes. In addition, the winter months, January, February and 

March, do not have enough data to test the area north of 75 °N.

2.1.4 Calculation of the Annual Cycle

Monthly means were calculated over the well sampled years 1975 to 1990. 

The spatial and temporal gaps are much fewer in this time period, thus reducing the 

bias towards specific areas and years. The mean temperature, salinity and potential 

density (referenced to the surface) were found for each horizontal location, depth and 

month by taking the mean of the cells that differed only by year. Regardless of the 

number of observations within the cell, each cell is given the same weight. For 

example, although the cell at 72°N, 20 m, June had 20 observations in 1977 and 5 

observations in 1978, the two years have the same weight in calculating the mean. 

Collectively, the monthly means describe the annual cycle or climatology, and are 

discussed in Chapter 3.
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2.1.5 Calculation of the Anomalies

The monthly means were removed from the cells' values to create a set of 

inter-annual anomalies. Using anomalies with the climatology removed allows the 

properties to be comparable between seasons, regions and depths. For example, a 

warming trend can be followed from the summer into the winter even though 

temperature is decreasing due to the annual cycle. These anomalies were used to 

investigate trends, spatial patterns, and between-property correlations. These results 

are described in Chapter 4.

2.1.6 Spatial Grouping of the Anomalies

For many of the analyses it is useful to combine cells with similar 

characteristics into groups to reduce spatial and temporal gaps and simplify the results. 

For this study, the spatial groups were formed based on areas with similar annual 

signals. The groups were determined by visual inspection of three plot types of the 

annual cycle: temperature (and salinity) v. month for each cell location; temperature v. 

salinity for each cell location; and section contour plots (depth v. distance) for August, 

the month with the largest vertical density stratification. Generally, separate groups 

were formed for the upper layer (0-30 m) and lower layer (50-200 m). Because the 

observations occur at discreet depths, there are no observations between 30 and 50 m, 

resulting in a natural gap between the upper and lower groups. A single time-series 

was produced for each group by averaging the inter-annual anomalies of the cells. The 

averaging was accomplished by first averaging vertically (over depth), weighting the 

standard depth levels appropriately, and then averaging these values laterally.

The resulting groups are listed in Table 2.1 and are shown outlined in the 

section contour plots, Figure 2.2 and Figure 2.3. The descriptive group names were 

chosen to reflect the location and/or the type of water identified in the group. The 

listed abbreviations are given to groups referred to frequently in this work.



Table 2.1. Spatial groupings within the two sections.

16

Description Abbreviation Latitude °N Longitude °E Depth (m)

Meridional Section
Coastal Water, Top CW 70 to 72 32 to 34 Oto 30
Coastal Water, Bottom cw 70 to72 32 to 34 50 to 200
Atlantic South, Top sBAW 72 to 74 32 to 34 Oto 30
Atlantic South, Bottom sBAW 72 to 74 32 to 34 50 to 200
Transition, Top 74 to 74.5 32 to 34 Oto 30
Transition, Bottom 74 to 75.5 32 to 34 50 to 200
Central Bank, Top 74.5 to 75.5 32 to 34 0 to 30
Central Bank, Bottom 74.5 to 75.5 32 to 34 50 to 200
Atlantic North, Top nBAW 75.5 to 76.5 32 to 34 0 to 30
Atlantic North, Middle nBAW 75.5 to 76.5 32 to 34 50 to 150
Atlantic North, Bottom nBAW 75.5 to 76.5 32 to 34 200 to 250
Great Bank, Top GB 76.5 to 77.5 32 to 34 Oto 20
Great Bank, Middle GB 76.5 to 77.5 32 to 34 30 to 100
Great Bank, Bottom GB 76.5 to 77.5 32 to 34 150 to 200
Far North, Top 77.5 to 80.5 32 to 34 0 to 20

Far North, Middle 77.5 to 80.5 32 to 34 30 to 100_ .
Far North, Bottom 77.5 to 80.5 32 to 34 150 to 200

Zonal Section
West Spitzbergen Current, Top WSC 74.5 to 75 10 to 16 0 to 30
West Spitzbergen Curmet, Bottom WSC 74.5 to 75 10 to 16 50 to 200
Spitzbergen West, Top 74.5 to 75 16 to 18 0 to 30
Spitzbergen West, Bottom 74.5 to 75 16 to 18 50 to 200
Spitzbergen East, Top SB 74.5 to 75 18 to 24 0 to 30
Spitzbergen East, Bottom SB 74.5 to 75 18 to 24 50 to 200
Atlantic West Transition, Top 74.5 to 75 24 to 26 0 to 30
Atlantic West Transition, Bottom 74.5 to 75 24 to 26 50 to 200
Atlantic West, Top wBAW 74.5 to 75 28 to 32 Oto 30
Atlantic West, Bottom wBAW 74.5 to 75 28 to 32 50 to 200
Central Bank West, Top CB 74.5 to 75 32 to 36 0 to 30
Central Bank West, Bottom CB 74.5 to 75 32 to 36 50 to 150
Central West Transition, Top 74.5 to 75 36 to 38 0 to 30
Central West Transition, Bottom 74.5 to 75 36 to 38 50 to 150
Central Bank East, Top 74.5 to 75 38 to 44 0 to 30
Central Bank East, Bottom 74.5 to 75 38 to 44 50 to 150
Atlantic East, Top eBAW 74.5 to 75 44 to 48 Oto 30
Atlantic East, Bottom eBAW 74.5 to 75 44 to 48 50 to 200
NZ Shelf, Top NZ 74.5 to 75 48 to 54 0 to 30
NZ Shelf, Bottom NZ 74.5 to 75 48 to 54 50 to 200
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Figure 2.2 Marked groups on summer meridional sections. Boxes define the groups and 
the abbreviations are shown for those frequently discussed. Contours of a) temperature 
and b) salinity are shown for August. Topographic names are added for reference.
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Figure 2.3 Marked groups on summer zonal sections. Boxes define the groups and the 
abbreviations are shown for those frequently discussed. Contours of a) temperature and 
b) salinity are shown for August. Topographic names are added for reference.
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2.2 Atmospheric Indices

The dominant atmospheric pattern in the Nordic Seas is the North Atlantic 

Oscillation (NAO) (Dickson et al., 2000). This pattern is particularly relevant to the 

Barents Sea because its positive phase has stronger cyclonic atmospheric circulation 

there, extending northward from Iceland. The NAO index is calculated from the sea 

level pressure differences between Iceland, where the pressure is typically low, and the 

Azores, where the pressure is typically high. Hurrell (1995) produced a time-series of 

the normalized pressure difference between Lisbon, Portugal and Stykkisholmur, Iceland 

using the winter months December through March. When the difference between the 

low and high is large, the NAO index is positive and when the Icelandic low and Azores 

high are weak the index is negative.

The Arctic Oscillation (AO) represents the leading empirical orthogonal 

function (EOF) of sea level pressure north of 20°N and represents 22% of the system's 

variance (Thompson and Wallace, 1998). It includes the NAO pattern, as Deser (2000) 

finds the correlation coefficient between the AO and NAO index for the winter months 

(November to April) is 0.95. Because of this strong correlation either time-series can be 

used to represent the winter atmospheric conditions.

2.3 Topographic Data

The topography used in the figures is from a digital terrain model called 

TerrainBase, compiled and released by the National Geophysical Data Center and the 

World Data Center-A for Solid Earth Geophysics in Boulder, Colorado. This model 

integrates many data sources, including ETOP05, to generate a data set on a global 5 

minute grid. The database is available on the internet from the National Center for 

Atmospheric Research (ftp://ncardata.ucar.edU/datasets/ds759.2/tbase.Z).

The two hydrographic sections are roughly 60 km wide. Over these 60 km 

the topography is variable, but only the shallowest depth is used in the figures. This 

method may cause some confusion, because the topography can be shallower than the 

data. For example, the depth of Svalbard Bank is 120 m whereas hydrographic data 

exists at 150 and 200 m.

ftp://ncardata.ucar.edU/datasets/ds759.2/tbase.Z
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2.4 Atmospheric Pressure, Wind, and Temperature Data

Monthly atmospheric data are from the National Centers for Environmental 

Prediction (NCEP) and the National Center for Atmospheric Research (NCAR) 

Reanalyses Project and include sea level pressure, surface wind velocities and surface air 

temperatures. The NCEP data are from a combination of models and observations used 

to generate a global, gridded data set from 1948 onward. The data are described and 

taken from the Center for Climate Prediction website: 

(http://wesley.wwb.noaa.gov/reanalysis.html).

Climate Diagnostics Center, supported by the National Oceanographic and 

Atmospheric Administration (NOAA) and Cooperative Institute for Research on 

Environmental Science (CIRES), have developed a web-page that contains tools for on

line analysis of the reanalyses data. Maps of the 1975 to 1990 seasonal means were 

generated using this web-site for surface air temperature, wind speeds and precipitation 

rates. Seasonal means were made for winter (December through March) and summer 

(June through September). The web address of this internet site is 

http://www.cdc.noaa.gov/cgi-bin/Composites/printpage.pl.

2.5 Ice Extent and Concentration Data

The yearly ice extents are assessed using two methods. The first uses the 

weekly ice maps produced by the Naval Polar Oceanography Center from 1979 to 1995 

with the exception of years 1980 and 1989. From these maps the maximum ice extent 

between January and April was calculated by finding the southern most latitude of sea 

ice between 24 and 32°E. This longitude band was chosen because it extends over the 

deep basin occupied by Atlantic Water. Sea-ice extent was ranked 1 through 4 with 1 

being far south; 2 south of 75°N; 3 north of 75 °N; and 4 being far north.

The second method, used to corroborate the results of the first, examined 

the monthly sea-ice extent maps generated by the National Snow and Ice Data Center 

(NSIDC) for the period 1978-1996. The results were in agreement for the overlapping 

years (1979, 1981-1988, 1990-1995) and thus were used to fill the missing years (1980, 

1989) from the ice charts. The web site for the NSIDC is http://nsidc.org.

http://wesley.wwb.noaa.gov/reanalysis.html
http://www.cdc.noaa.gov/cgi-bin/Composites/printpage.pl
http://nsidc.org
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2.6 Summary
Although the BarKode data set has a large spatial coverage of the Barents 

Sea, only a reduced area received frequent, repeat sampling. The sections with the best 

temporal coverage were used for this study. These sections were particularly well 

sampled from 1975 to 1991, thus the focus of the study is on this period. The data were 

processed by an initial reduction, through averaging, into monthly cells, the cells were 

then used to generate the mean annual cycle and from the annual cycle the cells' 

anomalies were found. Before using the data, outlying cells were identified and 

removed, and the variability within and between the cells assessed.

Other data sets used in the study were topographic data for plotting 

purposes, NAO and AO atmospheric indices and sea-ice extent for time-series 

comparisons, and atmospheric data to describe the mean seasonal conditions.
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Chapter 3 

Barents Sea Characteristics: Topography, Currents and Annual Cycle 

of the Water Masses

This chapter describes the Barents Sea's bathymetry and the general 

characteristics of the water masses, sea-ice and atmospheric properties. Following the 

general description, the mean annual cycles of the two sections are presented.

3.1 Bathymetry: Shelves, Troughs, Basins and Banks

The Barents Sea is a large shelf sea with an average depth of 230 m 

(Sakshaug, 1997). This is deeper than the other Arctic shelf seas, which are typically 

less than 100m. Figure 1.1 shows the bathymetry and place names in the Barents Sea. 

Depths range from 50 to 500 m. Three main troughs, two basins and three prominent 

banks steer the currents along isobaths. Most areas have both Norwegian and English 

names in the English literature. Both names are introduced when appropriate.

However, the English name is used in subsequent references.

The Barents Sea is bordered to the south by Norway and Russia. To the 

west, the shelf break opens to the 3300 m deep Norwegian Sea and has been named the 

Barents Sea Opening (BSO) by Hopkins (1991). The northern boundary edges the 4000 

m deep Eurasian Basin of the Arctic Ocean. It extends from Svalbard to Franz Josef 

Land (Zemlya Frantsa Iosifa). The eastern border is largely the Russian island Novaya 

Zemlya. Most of the Barents Sea water is exported from the Barents Sea to the Kara Sea, 

and thence to the Arctic Ocean between Franz Josef Land and Novaya Zemlya. South of 

Novaya Zemlya there is a smaller opening to the Kara Sea, which has a small exchange 

of fresh river-influenced water from the Kara Sea and the fresh coastal current from the 

Barents Sea. Between Svalbard and Greenland, thus outside the Barents Sea, is Fram 

Strait. It is a 2500 m deep passageway that directly connects the Norwegian and 

Greenland Seas to the Arctic Ocean.
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The shelves and banks are areas where sea-ice and dense water typically 

form (Nansen, 1906; Sarynina, 1969; Midttun, 1985 ). The prominent banks and their 

average depths are Central Bank (Sentralbanken), 200 m, in the center of the Barents 

Sea, Great Bank (Storsbanken), 150 m, to the north, and Svalbard Bank (Svalbardbanken 

also called Spitzbergenbanken), 75 m, to the northwest. In the eastern Barents Sea the 

shelf of Novaya Zemlya, 150 m, is thought to be the most consistent dense water 

formation area (Schauer, 2002).

The basins and troughs fill with dense winter water that subsequently drains 

into the Arctic Ocean or Norwegian Sea from the Barents Sea (Blindheim, 1989; Rudels 

et al., 1999). Hopen Deep, 400 m, in the western Barents Sea, leads to Bear Trough 

(Bjomoyrenna), 500 m, which connects to the Norwegian Sea at the BSO. St. Anna's 

Trough (Santa Anna Renna) originates in the northeastern Barents Sea (300 m) and 

extends across the Kara Sea (500 m) to the Arctic Ocean. A third trough, 350 m deep, 

between Svalbard and Frans Josef Land, provides another connection for the northern 

Barents Sea to the Arctic Ocean west of St. Anna's Trough. The large Central Basin, in 

the eastern Barents Sea, is 350 m deep and separated from St. Anna's Trough by two,

250 m sills.

3.2 Overview of the Water Masses and Currents

The Barents Sea consists mostly of three advected water masses: Atlantic 

Water, Coastal Water and Arctic Water. As shown in the schematic Figure 3.1, Atlantic 

Water and Coastal Water are advected from the Norwegian Sea by the Norwegian 

Atlantic Current and Norwegian Coastal Current, respectively. The Arctic Water is 

advected from the Arctic Ocean in the East Spitzbergen Current and from the Kara Sea in 

the Persey Current.

In addition to these three advected water masses, there are five locally made 

water types described by Loeng (1991) formed by seasonal atmospheric forcing. In the 

winter, Barents Sea Water, Bottom Water and Polar Front Water are a result of mixing, 

winter cooling, and salinity rejection from ice formation. In the summer, Melt Water and
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Meridional Section

Zonal Section

45 E

Figure 3.1 The location of the meridional and zonal sections (boxes) are shown 
with the advected water masses (arrows) and winter ice-edge (dashed line).
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Spitzbergenbanken Water are surface waters formed from ice melt.

3.2.1 Atlantic Water

Atlantic Water flows through the Barents Sea Opening (BSO) into the 

Barents Sea as the Norwegian Atlantic Current. The water comes from the North 

Atlantic mainly via the Faeroe-Shetland Channel and continues northwards, parallel to 

the coast of Norway. Outside the BSO, the Norwegian Atlantic Current branches with 

one arm flowing into the Barents Sea (the North Cape Current), and the other arm 

continuing to the west of Svalbard as the West Spitsbergen Current (WSC). Transport 

into the Barents Sea was measured with current meters by Blindheim (1989) who 

calculated an inflow of 3.1 Sv, and a return outflow of 1.2 Sv, leaving a net inflow of 1.9 

Sv. Schauer et al. (2002) deduce 0.5 Sv of the inflow is Coastal Water, with a net inflow 

of 1.4 Sv of Atlantic Water.

The WSC turns north into the Arctic through Fram Strait. Although the 

mass transport of the WSC is larger than that of the branch entering the Barents Sea 

(Hanzlick (1983) calculates 5.6 Sv across a section at 79°N), it is thought that a large 

amount of the WSC recirculates in Fram Strait and does not enter the Arctic Ocean. 

Because of the recirculation, the Fram Strait branch is thought to contribute between 2 

and 3.7 Sv to the Arctic Ocean (Hanzlick, 1983; Rudels, 1987). This is close to the 2 Sv 

estimate of mass transport of the Barents Sea branch into the Arctic (Loeng et al., 1993; 

Rudels, 1987).

The Atlantic Water cools and freshens en route through the Norwegian Sea, 

from >8 to 5°C and from >35.3 to 35.0 (Hopkins, 1991). Nonetheless, this is still a large 

heat flux into the Barents Sea and it helps balance the 100 W trf2 surface heat flux 

modeled by Simonsen and Haugan (1996).

After the Atlantic Water enters the Barents Sea, it branches again. Some 

water continues east, flowing south of Central Bank as the Murman Current. The other 

branch turns north on the west side of Central Bank. The north flowing branch splits 

three ways as it passes Central Bank. One part follows the edge of Bear Trough to the 

west and returns to the Norwegian Sea through the Barents Sea Opening. Another part
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turns east, flowing into the eastern side of the Barents Sea, north of the Central Bank.

The remaining Atlantic Water continues north over Great Bank.

The Polar Front is the boundary between Atlantic Water and Arctic Water. 

At the front, the water mass characteristics are mixtures of the two, and the winter ice 

edge is a good indicator of the front's location (Loeng, 1991). Ice forms and is 

maintained over the Arctic Water. In contrast, Atlantic Water contains enough heat to 

prevent ice formation and melts ice that is advected over it. In summer, a warm 

atmosphere melts the sea ice, so that the ice edge no longer indicates the front's position.

3.2.2 Coastal Water

The Coastal Water flows north along the Norwegian shelf as the Norwegian 

Coastal Current, inshore of the Norwegian Atlantic Current. The source of the Coastal 

Water is the Baltic Current which starts with very fresh water of 32.0 at 60 °N (Hopkins, 

1991). After flowing along the Norwegian coast to the BSO, the salinity has increased to

34.5 due to mixing with the saltier Atlantic Water in the Norwegian Atlantic Current.

The Coastal Water and Atlantic Water have different densities along the 

southwest Norwegian coast. Density differences are ~ 0.5 kg m"3 sigma-t in winter and 

increase to 3 to 4 kg m-3 in summer due to the freshening of the Coastal Water from 

coastal sources. By the time the Coastal and Atlantic Waters have reached the BSO, they 

have undergone mixing which reduces the summer density difference to 0.8 kg m~3 

sigma-t. The winter density difference is not changed by mixing (Hopkins, 1991).

The Norwegian Coastal Current enters the Barents Sea and flows east, along 

the coastline and changes name to the Murman Coastal Current along coastal Russia. 

Schauer et al. (2002) calculate a Barents Sea inflow of 0.5 Sv from Blindheim's (1989) 

measurements. Once in the eastern Barents Sea, the circulation of water is thought to 

flow mainly northward along the west side of Novaya Zemlya. Within the Barents Sea, 

the Coastal Water's characteristic temperature is > 2°C and salinity < 34.7 (Loeng, 1991). 

Coastal Water has a similar temperature range as Atlantic Water and is therefore 

distinguishable from it only by salinity.
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3.2.3 Arctic Water

Arctic Water occurs north of the Polar Front, over Great Bank and in the 

northeast Barents Sea. Arctic Water's temperature and salinity properties are similar to 

those found in the Arctic halocline: uniform and near freezing temperatures, and strong 

salinity gradients. Loeng (1991) states that the water is advected from the Arctic Ocean 

and Kara Sea. Steele et al. (1995) discuss how this water could actually be formed 

locally during the winter in the marginal ice zone by either cooled Atlantic Water mixing 

with fresh surface water, or brine rejection from ice formation mixing into the cold 

surface water. In contrast to Loeng (1991), Steele et al. (1995) suggest this water may 

flow toward, not from, the Arctic Ocean. Within the Barents Sea, the characteristic 

temperature of the Arctic Water is less than 0°C, salinity is between 34.3 and 34.8, and 

its depth is between 20 and 150 m (Loeng, 1991). Arctic Water is thought to be 

topographically steered over Great Bank and into the Norwegian Sea via the poorly 

defined East Spitsbergen Current (Pfirman et al., 1994).

3.2.4 Seasonally Formed Waters: Summer

Melt Water, found in the upper 20 m, is a very fresh layer, less than 34.2, 

formed beginning in May from melting sea-ice. Its temperature increases through the 

summer from solar heating which increases the surface stratification. Melt Water is 

found in the north and east in areas that have winter ice cover. In the winter, the layer of 

Melt Water is removed through vertical mixing, advection and convection.

Spitsbergenbanken Water is a mixture of Melt Water and Arctic Water lying 

over central Svalbard Bank. It is present only during summer.

3.2.5 Seasonally Formed Waters: Winter
Barents Sea Water is winter cooled Atlantic Water that has mixed with 

Arctic Water ( Loeng, 1991) or with dense water formed either on Central Bank or the 

Novaya Zemlyan shelf (Schauer et al., 2002). This modified water fills most of the 

eastern Barents Sea. The water is fresher, colder and denser than the source Atlantic 

Water and the Fram Strait branch Atlantic Water. When the Barents Sea Water flows
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into the Arctic Ocean, it contributes partially to the Atlantic Layer but more prominently 

to the Intermediate Water (Schauer et al., 1997). Its characteristic temperature is 

between -1.5 and 2.0°C and salinity between 34.7 and 35.0 (Loeng, 1991).

Polar Front Water is also formed from the mixing of Arctic Water with 

Atlantic Water and it has temperature and salinity characteristics similar to the Barents 

Sea Water. It is found at the boundary between these two water masses in the western 

Barents Sea (Loeng, 1991).

Bottom Water is the highest density water found in the Barents Sea, formed 

along the shelf of Novaya Zemlya and over Central Bank (Phirman et al., 1994). 

Temperatures are characteristically close to freezing (< -1.5°C) and the salinities are > 

35.0 (Loeng, 1991). The formation of the dense water depends on heat loss to the 

atmosphere and the addition of brine during sea-ice formation. This water is found at the 

bottom of the Central Basin and in Bear Trough and contributes to the intermediate water 

of the Norwegian Sea and the intermediate, deep and bottom waters of the Arctic Ocean 

(Pfirman et al., 1994 ; Blindheim, 1989; Midttun, 1985).
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Table 3.1. Characteristics of Barents Sea water masses. Adapted from Table 1. in 

Loeng (1991).

Water Mass Temperature (°C)
_ -

Salinity Depth (m)

Advected

Coastal Water >2.0 <34.7 Full depth

Atlantic Water >3.0 >35.0 50 to 200

Arctic Water <0.0 34.3 to 34.8 20 to 150

Locally formed

Summer

Melt Water >0.0 <34.2 Oto 20

Spitzbergenbankenwater 1.0 to 3.0 <34.4 0 and deeper

Winter

Bottom Water <-1.5 >35.0 Bottom

Barents Sea Water -1.5 to 2.0 34.7 to 35.0 < Bottom Water

Polar Front Water -0.5 to 2.0 34.8 to 35.0

Table 3.2. Mass transport estimates from current meter results in Blindheim (1989), 

model results in Adlandsvik & Loeng (1991) and other work summarized in Loeng et al. 

(1993) and Loeng et al. (1997).

Passageway
i----------------------------

Into Barents (Sv) Out o f Barents(Sv) Net In(Sv)

Barents Sea Opening (BSO) 3.1 1.2 1.9

BSO: Atlantic Water 1.6

BSO: Coastal Water 0.5

Bear Island to Svalbard 0.2 0.2 0

Svalbard to Franz Josef Land 0.4 0.1 0.3

Franz Josef Land to Novaya Zemlya
0.3 1.9 -1.6

South of Novaya Zemlya 0.1 0.7 -0.6

3.3 Seasonal Ice Cover

The mean maximum winter sea-ice cover extends over the area north of
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75°N and all the area east of 50°E leaving the southwest comer of the Barents Sea ice 

free (Vinje and Kvambekk, 1991). In addition to the local winter growth, some sea-ice 

originates outside of the Barents Sea, entering from the Arctic Ocean and the Kara Sea 

(Vinje, 1987). Maximum sea ice coverage is typically in late April, with melt beginning 

in early May and minimum extent in late August. The winter location of the Polar Front 

is indicated by the ice edge. Ice is occasionally exported across the Polar Front during 

high ice production years or from persistent northerly winds, but it soon melts due to the 

heat carried in the Atlantic Water (Loeng, 1991). Except for the very northern area, the 

Barents Sea is ice free in the summertime.

Typical sea-ice thickness ranges from 95 cm at 75°N to 170 cm at 80°N 

(Vinje and Kvambekk, 1991). Sea-ice imported from the Arctic Ocean is typically multi

year ice with thicknesses of 2-4 m. Large amounts of sea-ice can form in lee polynyas 

based on the direction and persistence of winter winds leading to 20 cm of ice growth 

during a cold day (Vinje and Kvambekk, 1991). Martin and Cavalieri (1989) calculate 

10-17 m of sea-ice growth over a winter in a polynya near Franz Josef Land. Ice growth 

is also thought to be particularly large along the west coast of Novaya Zemlya where 

another polynya usually opens due to wind (Martin and Cavalieri, 1989). As a result, 

very cold and saline bottom waters form there (Schauer, 2002). Vinje and Kvambekk 

(1991) show the maximum ice extent between 1973 to 1976 increased from about 

0.7x106 km2 to about 1.15xl06 km2. They also estimate that -500 km3 of ice drifts into 

the Barents Sea from the Kara Sea and between 30-40 km3 drifts out of the Barents Sea 

to the Arctic Ocean.

3.4 Atmospheric Conditions

3.4.1 Local Atmospheric Conditions

Maps of the 1975 to 1990 seasonal means generated from the reanalyses 

data (Kalnay et al., 1996), using the NOAA/CIRES Climate Diagnostic Center's analysis 

tools, show the typical seasonal cycle of temperature, wind and precipitation over the 

Barents Sea. During the summer (June through September), the surface air temperature 

ranges from 8 to 0°C from south to north with the warmest temperatures over the BSO.
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The winter (December through March) temperatures range from 0 to -25°C, again 

decreasing from the relatively warm BSO in the south to the Arctic Ocean edge in the 

north. The central Barents Sea air temperature changes from 3°C in the summer to -3°C 

in the winter. The summer winds are between 5 and 7 m s '1 and the stronger winter 

winds are between 7 and 10 m s"1. Precipitation rates are low in the summer, below 

1 mm day"1 in the majority of the Barents Sea. In the winter precipitation increases, 

ranging between 1 and 3 mm day"1, with the largest amount falling in the western 

Barents Sea.

Typical conditions of the Barents Sea are cloudy with cyclonic winds year 

round (Hopkins, 1991; Dmitriev, 2000). The summer cloud cover has both a cooling 

effect as it decreases incoming short-wave and a warming effect as it traps outgoing 

long-wave radiation. Although the winter cloud cover has a warming effect as it traps 

long-wave radiation, there is a large net loss in the winter due to the high sensible heat 

loss. Annual averaged heat loss over the Barents Sea is 100 W m"2 (Simonsen and 

Haugan, 1996), and is twice the 50 W m"2 typical of the Norwegian Sea (Haugan, 1999).

3.4.2 Large Scale Atmospheric Conditions

The North Atlantic Oscillation (NAO) is a statistically robust atmospheric 

pressure pattern that encompasses the North Atlantic and the Nordic Seas. During the 

positive index, both the Icelandic Low and the Azores High are strong and during the 

negative index both pressure systems are weak. Spectral analyses shows peaks at 2.1, 8 

and 24 years (Hurrell and van Loon, 1997). From 1900-2000, the index values have 

ranged from the lowest in the 1960s to the highest in the early 1990s. From 1960 to 

2000 there is an increased tendency toward the positive phase of the NAO. Figure 3.2 

shows the composite sea level pressure pattern during the low and high index years.
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Figure 3.2 SLP during the positive and negative phases of the NAO. Images made 
using website of the NOAA-CIRES Climate Diagnostics Center,
Boulder Colorado at http://www.cdc.noaa.gov/

http://www.cdc.noaa.gov/
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3.5 Annual Cycle of the Barents Sea Water Masses

The annual cycle in temperature and salinity of the water masses from the 

BarKode data are summarized in this section. Here, the monthly mean structure for the 

years 1975 to 1990 along the two sections, one zonal and one meridional, are presented. 

The monthly means of the two sections were calculated as described in Chapter 2. The 

locations of the sections are shown in Figure 2.1. Summer and winter contour plots of 

the sections are presented in Figures 3.3 to 3.6. During the summer, stratification is high 

throughout the Barents Sea due to solar warming and ice melt freshening of the surface 

layer. In the fall this layer begins to erode with surface cooling and mixing. From 

January through April the waters are weakly stratified, although there are large lateral 

density fronts between water masses. In early May the sea ice melts and stratification 

returns.
All the data from these sections, between 0 and 200 m, and from 1975 to 

1991, are plotted together in temperature (theta) and salinity space in Figure 3.7. The 

strong seasonal change in temperature is evident in the vertical compression of the data 

between the summer months, July and August, and the winter months, December through 

March, in Figures 3.7a and 3.7b. The seasonal change in salinity is most evident by the 

presence in summer and absence in winter of the Melt Water. For reference, the 

background boxes indicate property locations of the Barents Sea water masses defined by 

Loeng (1991) and listed in Table 3.1.

The temperature v. salinity plots in Figures 3.7c to 3.7g highlight the winter 

water from particular areas. They shows the distinction between the three advected 

water masses and the spread of the modified and mixed waters between the water 

masses. The warmest and saltiest water is from the WSC, west of the Barents Sea, and is 

the least modified Atlantic Water in the sections. The freshest and coldest waters are the 

Arctic Water and waters on the banks (Central Bank, Great Bank, Svalbard Bank and the 

Novaya Zemlya Shelf). Between these two extremes are the waters in the western and 

eastern basins. The warmest and freshest water is the Coastal Water. Between this 

extreme and the WSC lies a portion of the western basin water.
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Figure 3.3 Summer meridional section. Colored property plots of a) temperature and
b) salinity are overlaid with black isopycnal lines. Mean values are computed over the
years 1975-1990.
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Figure 3.4 Winter meridional section. Colored property plots of a) temperature and
b) salinity are overlaid with black isopycnal lines. Mean values are computed over the
years 1975-1990.
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Figure 3.5 Summer zonal section. Colored property plots of a) temperature and
b) salinity are overlaid with black isopycnal lines. Mean values are computed over the

years 1975-1990.
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Figure 3.6 Winter zonal section. Colored property plots of a) temperature and
b) salinity are overlaid with black isopycnal lines. Mean values are computed over the

years 1975-1990.
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Figure 3.7 Temperature v. salinity plots, a) Summer and b) winter months include 
yellow and blue boxes that identify advected and locally formed water masses 
respectively (Loeng, 1991). The freezing temperature of sea-water is shown by the 
solid black line near -2°C. Specific areas of the Barents Sea during winter are shown 
in c) through g).
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The distribution of data is generally consistent with Loeng's (1991) water 

mass definitions, shown as boxes in Figure 3.7 a) and b). His Atlantic Water 

specifications match the water in the WSC. However, the Atlantic Water in the western 

basin is slightly colder and fresher and spans the Atlantic and Barents Sea Water boxes.

In this study, the boundary of the Atlantic Water has been expanded to include these 

waters.

The following descriptions focus on the highlighted areas in Figure 3.7 c) to 

g) and describe the seasonal changes as well as identify the regions with the largest 

annual signal. The abbreviations of the groups, listed in Table 2.1, will be used when 

referring to water found in those defined locations.

3.5.1 West Spitzbergen Current: Atlantic Water

Zonal Section , 10 to 16°E
The West Spitzbergen Current (WSC), the branch the Norwegian Atlantic 

Current that does not enter the Barents Sea, is the least modified Atlantic Water along the 

two sections. Compared to the modified Atlantic Water in the Barents Sea's Hopen Deep, 

the WSC is 2°C warmer, 0.1 to 0.2 saltier, and 0.1 kg m-3 lighter.

The winter temperatures in the upper 200 m are between 3 and 5°C from 

December to May and salinities are between 34.9 and 35.1. Density stratification is 

weak, and sigma-theta values range from 27.6 to 28 kg m-3. The surface water begins 

warming in June and the upper 30 m reaches a maximum of 8°C in August. Summer 

salinity changes only slightly with an increase to 35.2 in June. Density responds to the 

seasonal change in temperature and shows an annual signal down to 75m. The top 30 m 

are lightest in August at 27 kg m"3, otherwise from June to November they are between

27.3 and 27.7 kg m-3.
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3.5.2 Western Basin: Atlantic Water

Zonal Section, 26 to 32°E and Meridional Section, 72 to 74.5°N and

75.5 to 76.5°N
The core of the Atlantic Water in the Barents Sea is defined in this study as 

the water mass with salinities > 34.9. Loeng (1991) used 35.0 for his definition and this 

is suitable for Atlantic Water in the WSC. However, it was decided to use a more lenient 

criterion because the mean salinities along the two sections were seldom >35.0. Atlantic 

Water, with salinities typically between 34.9 and 35.0 throughout the year, is found in 

the basin to the west of Central Bank.

The winter waters are well mixed and isotherms and isohalines are nearly 

vertical. From January through May, winter temperatures range from 1-3°C. Salinity 

shows the 34.9 isohaline intersecting the surface through April and sigma-theta is 

between 27.8 and 28.0 kg m"3 from December to June.

In May slightly fresher water, 34.8, covers the upper 30 m in the southern 

and western portion of the basin, with a stronger freshening in the northern part of the 

basin, closest to the polar front. Temperatures begin increasing in the upper 30 m a 

month later in June. The surface continues to warm from solar insolation with 

maximum temperatures in August between 6 and 8°C. Through the summer, salinities in 

the upper 30 m remain constant at 34.8 in the southern and western parts of the basin but 

decrease to 34.4 in the northern part. The lower densities in August have sigma-theta 

values of 27.4 kg m-3 in the southern and western parts and values of 27.0 kg m“3 in the 

northern area. At depths greater than 100 m, August temperatures are ~ 1°C warmer than 

in winter. However, deep temperatures increase in the fall as heat is mixed downward.

In October, the waters greater than 100 m have the highest temperature (4°C at 100 m) 

and lowest densities (between 27.6 and 27.7kg m~3 at 100 m). Summer salinities remain 

fresh in the upper 30 m until October and November, when mixing has homogenized the 

salinity to between 34.9-35.0 from the surface to the core of the Atlantic Water.

Because temperatures vary spatially and seasonally, salinity is a clearer 

tracer of Atlantic Water. The large seasonal changes in temperature are due to the 

tremendous heat loss from the Atlantic Water to the atmosphere in the winter. This
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interaction with the atmosphere has little effect on salinity and, as a result, the Atlantic 

Water in the western basin has only a weak seasonal cycle in salinity.

3.5.3 Coastal Region: Coastal Water

Meridional Section, 70 to 72°E

Winter properties of the water closest to the continental coast are well 

mixed vertically, although there is a strong lateral gradient between the fresh water near 

the coast and the salty Atlantic Water offshore. Temperatures reach a minimum in April, 

with water being between 2 and 3°C. Salinity is lowest near the coast, ~ 34.5 at 70°N, 

and increases to 34.9 by 72°N. The Coastal Water definition used by Loeng (1991) is 

water with salinities < 34.7. By his definition, water between 70 and 72°N is a mixture 

of Coastal Water and Atlantic Waters.

In May, the upper 30 m begins to warm and freshen and extends farther 

north over the Atlantic Water core. By August, the area closest to the coast (70°N) is the 

warmest and freshest with a temperature of 9°C and a salinity of 33.9. Throughout the 

year, the water is warmest in this coastal region of the Barents Sea.

3.5.4 Great Bank, Svalbard Bank, Central Bank and Novaya Zemlya Shelf:

Arctic Water and Melt Water

Zonal section, 18 to 24 °E, 32 to 50 to 54°E;

Meridional section, 76.5°N and North
The Arctic Water is defined as water < 0°C and is usually found between 50 

and 150 m depth, and is the layer below Melt Water in the summer. From July to 

September this water is evident over the Great Bank as a core of cold water with Melt 

Water above it and saltier and warmer water beneath it. The salinity in the Arctic Water 

increases with depth ( 34 to 34.7). Temperature is uniformly cold (< -1°C). Sigma-theta 

is between 27.5 and 27.8 kg m-3. The Melt Water, in the layer above the Arctic Water, 

is never greater than 3°C and the salinity is low, as low as 33.2 in September. Winter 

properties are unreported. There are few data from the Great Bank between November 

and June.
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Arctic Water is also evident over the shallow Svalbard Bank. Winter 

(December through March) temperatures are < 0°C, salinities range from 34.3 to 34.7 

and sigma-theta ranges from 27.6 to 27.9 kg trf3. The maximum salinity is 34.8 in May. 

In summer, the surface becomes warmer, fresher, and lighter with extremes attained in 

August and September. The upper 20 m temperature reaches 3°C, salinity is < 34.0 and 

sigma-theta is 27.0 kg m“3. At greater depths, the temperature begins to warm in the fall 

and warms by 1°C. Two months later it has cooled again to < 0°C . Salinity is freshest 

in November at 34.2 and sigma-theta is 27.4 kg nT3. Loeng (1991) discusses 

Spitzbergenbanken Water, created through mixing between Melt Water and Arctic 

Water. Here the water properties range from Arctic Water to Melt Water and may 

include Spitzbergenbanken Water.

Central Bank is known to trap advected or locally formed Arctic Water in 

an overlying anticyclonic vortex (Quadfasel et al., 1992). The profiles show that the 

water is between -2 and 1°C, colder than the neighboring Atlantic Water, with the 

eastern side of Central Bank the coldest. Salinities range from 34.7 to 34.9 with the 

lower salinites on the eastern side of the bank. Properties indicate the water over Central 

Bank is a mixture of Arctic Water and Barents Sea Water. This water has the highest 

density in the data set, between 27.9 and 28.0 kg m“3. Bottom Water is denser, but the 

bottom depths are not well represented in the data and are excluded from consideration. 

In the summer, on the eastern side of the bank, the top 50 m freshens substantially, to 

34.3, and the temperature increases as Melt Water covers the area. In winter, this low 

salinity water is mixed downwards, producing an annual signal in the deeper water of 

fresher winter water. This is likely why the deeper water on the eastern side of the bank 

is fresher than on the western side.

The Novaya Zemlya shelf has data for a limited number of months: March, 

August, September and December. The data indicate temperatures of -2 to 0°C and 

salinity of 34.6 to 34.8 in the deeper water and strong summer freshening and warming 

(less than 34.0 and over 4°C) in the upper 30 m. The upper and deeper layers fit the 

properties of Melt Water and Arctic Water respectively. Besides sea-ice, the summer 

fresh water may be partially Coastal Water, river outflow, or Kara Sea fresh water. The
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deeper water may have gained its salinity from mixing with Atlantic Water or brine 

rejection during sea-ice formation. It is unlikely that the deeper water is Arctic Water, 

advected from the Arctic Ocean. Because of these considerations it would be better not 

to use the Arctic Water and Melt Water names.

3.5.5 Polar Front

Meridional section, 76.5°N

The meridional section shows a sharp transition from warm and saline 

Atlantic Water over the northern end of the Hopen Deep to the cold and fresh water over 

Great Bank. The cold (-2 to -1°C) and fresh water over Great Bank is the core of Arctic 

Water from 50 to 100 m. The front between the Atlantic Water and Arctic Water is clear 

from the particularly steep isotherms. The seasonal position of the front is steady from 

July through October, the months for which there are data.

3.5.6 Eastern Basin: Barents Sea Water (Modified Atlantic Water)

Zonal section, 42 to 50°E
Winter temperatures (February to May) for the eastern basin are between -1 

and 0°C. In July the surface starts to warm and the maximum upper 0-30 m temperatures 

are between 6 and 7°C by August. The temperature maximum deepens in the following 

months and in December the 1°C isotherm has reached its maximum depth of 150 m.

The winter salinity of the deeper water (50 to 200 m) ranges from 34.7 to 35 and is 

slightly fresher (0.1) than the summer. Beginning in May, the surface begins to freshen, 

attaining a minimum of 34.5 during August though October. On either side of the basin 

(Central Bank's eastern edge and Novaya Zemlya's western shelf) there are deeper 

minimums through the summer with the lowest salinity occurring in October. There is 

spreading of fresh and warm water in December down to ~ 150 m.

Compared to the western basin, the eastern basin's surface water is colder 

and fresher. It is colder by 2 to 4°C in the winter and 1 to 2°C in the summer, except in 

August when both areas are ~ 6°C. The surface water is always fresher by 0.2 but in 

October this difference increases to 0.4. The large salinity difference in October is due
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to the eastern basin seasonal salinity minimum persisting after winter mixing in the 

western basin has begun to remove the fresh surface layer.

The deeper properties (50 to 200 m) are also colder and fresher than the 

western basin Atlantic Water. The mean properties show the water in the eastern basin is 

colder by 2 to 3°C and salinity is reduced by 0.1 to 0.2. The eastern basin properties are 

a result of Atlantic Water from the western basin mixing with Melt Water and Arctic 

Water, generating the Barents Sea Water described by Loeng (1991).

3.5.7 Seasonal Differences Summarized

The magnitude of the seasonal changes are summarized in Figure 3.8. The 

maximum property difference during the year is contoured per section. The surface 

waters show a 5°C change common in the upper 30 m. In the deeper water, the Atlantic 

and Barents Sea Waters in the western and eastern basins typically change by 1 to 2°C, 

while the Coastal Water has a larger annual change, 2 to 4°C, warming more than the 

Atlantic Water in fall and cooling more in the winter.

Salinity of the surface water has seasonal changes > 0.4 (up to 1.8) in areas 

of sea-ice melt on the Central Bank, Great Bank, Svalbard Bank and the Novaya Zemlya 

shelf. The deeper water (50 to 150 m), below these areas of summer freshening, has a 

larger annual signal (0.1 to 0.3) than the water in the western basin, where the seasonal 

difference is < 0.1.
Density differences commonly exceed 0.6 kg m-3 in the upper 30 m due to 

the combined effect of the temperature and salinity differences. In the deeper water (50 

to 200 m) of the western and eastern basins, the temperature changes result in density 

differences of 0.1 to 0.2 kg m~3.
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Figure 3.8 Seasonal differences. Maximum temperature, salinity and potential 
density difference during the year based on monthly means calculated from 1975 to 
1990. Note that non-linear intervals of the contours and color bars are used.
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3.6 Summary
The three major advected water masses of the Barents Sea are the Atlantic 

Water, Arctic Water and Coastal Water. Two additional water masses are formed 

locally; Melt Water and Barents Sea Water. The temperatures and salinities of all the 

water masses have a large annual cycle driven by the large annual changes in solar 

insolation, air temperature and wind velocity. In fall and winter, a large amount of heat 

is lost from the ocean to the atmosphere and sea ice is formed, covering half to three 

quarters of the Barents Sea. Winter convection and vertical mixing erode the density 

stratification. From January through April, waters are weakly stratified with uniform 

temperature and salinity from the surface to depth. However, strong lateral gradients 

remain between the Coastal Water and Atlantic Water. In summer, the increased solar 

insolation melts sea-ice and heats the surface water, increasing the stratification. The 

upper layer warms and freshens beginning in May, with maximum temperatures and 

minimum salinities in August.
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Chapter 4 

Inter-annual Variability in the Barents Sea Hydrography

In this chapter, the nature of the inter-annual variability is examined in 

order to address several basic questions: Is the Barents Sea warming? Where and when 

do the largest anomalies occur? Does the salinity anomaly correlate with the temperature 

anomaly? These questions are answered by first quantifying linear trends to determine 

if there is warming and/or freshening. Next, the magnitudes of the anomalies are 

examined in relation to season, depth and location to determine where and when the 

largest anomalies occur. Following this, the time-series of the anomalies are described in 

terms of anomaly minima, maxima and their spatial coherence. Time-series comparisons 

are made between the anomalies and both the AO and extent of sea-ice. The results of 

these analyses are used in the following chapter to address what may be forcing the 

anomalies.

4.1 Linear Trends
Linear trends from 1975 to 1990 were calculated for each group to 

determine if there was significant freshening or warming. Temperature and salinity 

anomalies were regressed against time, the significance of the slope found and the R2 

statistic calculated.

For the 15 year study period there are no significant trends. The tendencies 

shown by the regressions are a warming in both the Atlantic and Coastal Water, of 0.5°C 

in the upper 30 m and 0.3°C in the deeper (50 to 200 m) water. There is a freshening in 

the Coastal Water of 0.19 in the upper 30 m and 0.06 in the deeper water. The salinity 

increases in the Atlantic Water by 0.07 in the upper 30 m and 0.02 in the deeper layer. 

The R2 statistic, the ratio of the variability explained by the trend to the the total 

variability, is small, less than 14% for these trends.
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4.2 Seasonal and Spatial Variation of Anomalies

The variance of the anomalies depends on season, depth and location.

Before exploring the inter-annual time-series, it is pertinent to understand the seasonal 

characteristics of the anomalies because they provide additional information about their 

origin. The main results of this section are that 1) the magnitude of the temperature and 

salinity anomalies in the upper layer (0 to 30 m) are larger in the summer than in the 

winter, 2) they are also larger in the north than in the south, more so for salinity than 

temperature, 3) in the lower layer (50 to 200 m) the anomalies change little over the 

year, and finally 4) in winter, the magnitude of the anomalies in the upper and lower 

layers are similar.

The seasonal, depth and spatial dependence of the anomalies' variability is 

shown by examining their standard deviations (STD). The monthly STDs are calculated 

for the groups defined in Table 2.1. Only months with five or more years of observations 

are considered.

The STDs of the upper layer anomalies (0 to 30 m) show clear seasonal 

signals that are larger in the north than in the south. For both temperature and salinity, 

the STDs are larger from May to September than from December through March, as 

shown in the uppermost plots of Figure 4.1. The summer to winter STD ratios in the 

southern area are similar for temperature and salinity (1.5), but increase to 2.5 and 5 for 

temperature and salinity, respectively, in the north (nBAW). Because the winter STDs 

for all the groups are roughly the same, 0.6°C in temperature and 0.1 in salinity, the 

spatial change in the seasonal ratio is due to the summer variability.

The largest STDs in temperature and salinity are associated with the Melt 

Water. Melt Water formation occurs in summer in the northern Barents Sea and 

therefore is the likely component to the large summer surface anomaly. An area with 

large seasonal changes is likely to have larger inter-annual variability even though the 

seasonal signal has been removed. A slight shift in the timing of the melt, or a change in 

the volume or extent of sea ice, and thus of Melt Water, will have a larger effect on the 

anomaly than similar timing or volume change in an area with a smaller seasonal cycle.
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M o n th ly  S T D  o f A n o m a lie s  fo r  Y e a rs  1 975  to  1 990 . G ro u p s  U sed .

Top  L a ye r T o p  L a ye r

R a tio  o f U ppe r to  L ow e r L aye r S TD R a tio  o f U ppe r to  L ow e r L a ye r S TD

M on th

Figure 4.1 Monthly STDs of temperature and salinity anomalies. The top two plots are 
of the upper (0 to 30m) layer. The middle two plots are of the lower layer, typically 50 
to 200m. The bottom two plots are the ratios between the upper and lower layers. Only 
values with at least 5 years of input have been plotted.
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However, in contrast to this, the upper Coastal Water has a strong seasonal cycle with 

large summer freshening, and yet it has one of the smaller summer standard deviations.

The standard deviation of the anomalies in water below 50 m are similar for 

all groups with very little seasonal change. There is some month to month variability as 

can be seen in the two middle plots of Figure 4.1, with a slightly higher temperature STD 

in August and September. The STD of the salinity anomaly is slightly higher in May, 

June and October. The standard deviation of the temperature anomaly in the 50 to 200 m 

layer is between 0.5 and 0.8°C, and for the salinity anomaly it is between 0.04 and 0.1.

For both temperature and salinity anomalies, the magnitude of these lower 

layer standard deviations is similar to the upper layer's winter standard deviation. This is 

shown most clearly in the bottom two plots of Figure 4.1, where the ratios of upper to 

lower layer standard deviations are plotted. The winter ratio for both temperature and 

salinity varies from 1.0 to 1.5.

During the summer, the ratio of upper to lower layer standard deviation 

changes with location. The ratio of upper to lower layer standard deviation in 

temperature varies from 2 in the south to 3 in the north. Salinity however, with its larger 

change in summer standard deviation over the Barents Sea varies from 2 in the south up 

to 13 in the north. In particular, the areas west, east and north of Central Bank have 

salinity STD ratios much larger than the temperature ratios (wBAW, eBAW, nBAW).

Figure 4.2 illustrates the combined results of depth and location on seasonal 

change. It also supports the idea that vertical mixing in winter homogenizes the anomaly 

between surface and depth whereas summer stratification presumably uncouples the 

upper and lower anomalies. Figure 4.2 is a scatter plot of the 0 m v. the 100 m salinity 

anomalies with color showing season. The surface and deep winter anomalies are very 

similar (Figure 4.2 a). However, summer surface anomalies have a broader range than 

the deeper anomalies. Figure 4.2 a) uses data from Atlantic Water west of Central Bank. 

To show the difference in location, Figure 4.2 b) uses data from the Atlantic Water south 

of Central Bank. Here, the summer surface and deep anomalies are more similar than 

they are in the water west of Central Bank.
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W E S T  o f C e n tra l B ank : 74 .5 °N  28 .0 °E , 1975  to  1991

S O U T H  o f C e n tra l B ank : 73 .0 °N  32 .0 °E , 1 975  to  1991

S a lin ity  A n o m a ly  a t Om

Figure 4.2 Salinity anomaly for two locations, a) west of Central Bank and b) south of 
Central Bank. The anomaly at 0 m is plotted against the anomaly at 100 m. Color 
represents season, blue circles for winter and pink circles for summer.



52

In most cases the upper layer summer anomalies are not large enough to be 

responsible for the full depth winter anomalies. A 50 m anomaly mixed over 200 m will 

be reduced by a factor of 4. Thus, the ratio of the upper summer anomaly to the winter 

full depth anomaly needs to be at least 4. Only the nBAW and eBAW groups have large 

enough salinity anomaly ratios due to the large surface anomaly from the Melt Water.

4.3 Time-Series of Anomalies

4.3.1 Overview of Events

Temperature and salinity anomalies are sustained for multiple years, with 

four sign changes between 1975 and 1995. The anomalies persist from 2.5 years to 6 

years, with a mean duration of 4.5 years and have a period of 7 to 9.5 years. Anomaly 

sign changes occur over the entire depth throughout the Barents Sea in as little as half a 

year or as long as 3 years. The characteristics of each event are summarized in Table 

4.1. The dates reference the Atlantic core waters south and west of Central Bank, where 

the anomalies generally first appear, for the depths 50 to 200 m.

Table 4.1. Event summary of the anomalies in the core Atlantic water. Event describes 

the change in the sign of the anomaly, Change is the year that the anomaly changed sign, 

Min/Max is the year the anomaly was at its maximum or minimum and the magnitude of 

the min/max anomaly is under Anomaly. T and S stand for temperature and salinity

anomalies respectively.

Event Change T Change T Min/Max T Min/Max 
Anomaly (°C)

S Change S Min/Max S Min/Max 
Anomaly

1
Pos. to 
Neg. 1977

1978
(Min) -1.1 1977

1979 (Min)
-0.13

2
Neg. to 
Pos. 1982

1983
(Max) 0.9 1982

1983,1985 
(Max) 0.08

L 3

4

Pos. to 
Neg. 1985

1987
(Min) -0.7 1988

1989 (Min)
-0.06

Neg. to 
Pos. 1989

1990
(Max) i.i

1990 
and 1991

1992 (Max) 0.06 to 0.31
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Table 4.1 represents the spatially averaged anomalies. The next two 

sections examine the spatial component of the anomalies. The first section finds the 

spatial pattern that best shows how all the areas relate at any given time. This analysis 

treats the anomalies as if they occur everywhere simultaneously and do not show spatial 

propagation. This broad overview is a useful start to see what areas are correlated and 

how much of the variance can be explained in a single time-series. The second section 

examines the spatial propagation of the anomalies and traces the spread of the anomalies 

through the Barents Sea.

4.3.2 Spatial Coherence of Temperature and Salinity

The spatial relationships of the temperature and salinity anomalies are 

examined using empirical orthogonal functions (EOFs). This method shows the spatial 

structure of correlated anomalies over the Barents Sea and the temporal variation of this 

pattern. The results shown below, of the first modes of the temperature and salinity 

anomalies for 1975-1991, explain 49% and 34% of the total variance respectively. The 

Atlantic Water groups (excluding eBAW) have the largest eigenvector components for 

the first mode. Coastal Water also has a large component in the first mode of the 

temperature anomaly but not for salinity. The temperature and salinity anomaly time- 

series of the first modes appear to be in-phase from 1975 to 1985 but out-of-phase from 

1985 to 1991. This observation is tested with a cross-correlation of the time-series which 

shows they are significantly (95%) in phase from 1975 to 1985. When salinity leads 

temperature by 11 months, they are significantly out of phase from 1985 to 1991.

4.3.2.1 Calculation of EOFs

The EOFs are calculated for the temperature and salinity anomalies using 

time-series from the lower layer (50 to 200 m) at nine locations. The groups used are the 

Coastal Water off the Russian Coast (CW), the Atlantic and Atlantic derived waters in 

the WSC and south, west, north and east of Central Bank (WSC, sBAW, wBAW, 

nBAW, eBAW), also water from over the Central Bank (CB), Arctic Water over Great 

Bank (GB), and finally the water over Spitzbergen Bank (SB) which is a fresh and warm
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mixture of Melt Water, Atlantic Water and Arctic Water. The exact areas of the groups 

are given in Table 2.1.

The EOFs are computed by removing the means of the time-series, 

normalizing their variances, computing a covariance matrix from the six time-series, and 

then finding the eigenvectors and eigenvalues of the covariance matrix (the time-series 

are made from grouped anomalies so the means are very close to zero). Each 

eigenvector represents an empirical mode. The EOF modes are ordered such that the 

first mode contains most of the variance and succeeding modes form smaller fractions of 

the variance. The eigenvalues shows how much of the variance in the system is 

explained by each mode. The eigenvectors are the new basis functions to describe the 

data and the time-series of these bases are found by multiplying the matrix of the input 

time-series by the eigenvectors. The relative magnitude of the terms in the eigenvector 

reveal the relative contribution of each of the input time-series to the new time-series. 

Eigenvector terms close to zero correspond to input time-series that do not correlate with 

the other time-series and only weakly contribute to the new basis function.

The first mode of the EOF, using years 1975 to 1991, explains a large 

portion of the variance in temperature and salinity, 49% and 34%, respectively. Because 

the percent variance explained by the first mode is much larger than the following mode, 

the first mode is the best descriptor of the temperature and salinity anomalies of the 

Barents Sea. The two time-series of the first modes of the temperature and salinity 

anomalies appear to be in-phase from 1975 to 1985 and out-of-phase from 1985 to 1991. 

This is shown in Figure 4.3 where the smoothed time-series are overlain and an arrow 

marks the 1985 transition. Figure 4.4 shows the transition from in-phase to out-of-phase 

in theta-salinity space. Generally, the anomalies in the theta-salinity diagram are aligned 

along isopycnals when in-phase and are perpendicular to isopycnals while out-of-phase. 

Because of the change in 1985, EOFs were run on the partial time-series from 1975 to 

1985 and from 1985 to 1991 to determine if there are differences in the spatial pattern 

before and after the change.



55

Figure 4.3 Temperature and salinity leading modes of the EOFs. Time-series are 
smoothed with an 11 month moving average. The arrow marks where the time-series 
are no longer in phase.
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Figure 4.4 Temperature v. salinity from leading modes of the EOFs. Black lines 
represent axes of variability from 1975 to 1983, and from 1985 to 1991.
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The results of EOFs for the three series of temperature anomalies, listed in 

Table 4.2, show how the temperature patterns are very similar within the southwest 

Barents Sea. The first mode is large in all three runs, explaining over 49% of the 

variance. The results of the long time-series are shown in Figure 4.5. The CW, sBAW, 

wBAW, and nBAW groups are represented equally in the first mode. The groups with 

more Arctic Water influence (eBAW, GB and SB) have smaller contributions to the 

leading mode and GB dominates the second mode (not shown here). The spatial pattern 

of the nine groups changes little between the three series. These EOFs suggest the 

variations in the Atlantic and Coastal Water are strongly correlated, and the Arctic Water 

variations are only weakly correlated to them.

Table 4,2. Results of the temperature anomaly EOFs using three time-periods. The 

eigenvectors of the first mode of the temperature anomaly EOF are listed below with the 

percent variance explained by the first two modes.

First EOF 
Temperature

1975 to 1991 1975 to 1985 1985 to 1991

Coastal Water (CW) 0.43 0.43 0.41

Southern BAW (sBAW) 0.43 0.43 0.41

Western BAW (wBAW) 0.42 0.42 0.42

Northern BAW (nBAW) 0.36 0.36 0.39

WSC 0.35 0.35 0.33

Eastern BAW (eBAW) 0.26 0.31 0.12

Great Bank (GB) 0.12 0.13 0.12

Spitzbergen Bank (SB) 0.24 0.25 0.22

Central Bank (CB) 0.23 0.16 0.38

% Variance Explained 
by 1st Mode

---------------------------------------------

49.26% 51.25% 50.60%

% Variance Explained 
by 2nd Mode 12.67% 13.89% 17.03%
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b)

Figure 4.5 Leading temperature anomaly EOF. a) The weighting terms are shown 
next to the groups. Colors of the groups indicate the water mass found there, b) The 
time-series of the leading EOF is shown with the thin line. An 11 month moving 
average is shown by the thick line.
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As shown in Table 4.3, the first mode of the salinity anomaly EOF explains 

a third of the variance (34% in the long time-series, 34% and 35% in the shorter time- 

series). As with temperature, the Atlantic Water groups dominate the first mode and all 

groups have the same sign (anomalies are all positive or all negative). In contrast to 

temperature, salinity variations in the Coastal Water are not as well correlated with the 

Atlantic Water (Figure 4.6). However, while Coastal Water contributes little to the first 

EOF from 1975 to 1985, its weight is substantially greater for 1985 to 1991, with the 

Coastal Water eigenvector now being one of the largest and the wBAW eigenvector 

reduced.

Table 4.3. Results of the salinity anomaly EOFs using three time-periods. The 

eigenvectors of the first mode of the salinity anomaly EOF are listed below with the 

percent variance explained by the first two modes.

First EOF 
Salinity

1975 to 1991 1975 to 1985 1985 to 1991

Coastal Water (CW) 0.26 0.15 0.47

Southern BAW (sBAW) 0.42 0.40 0.41

Western BAW (wBAW) 0.44 0.48 0.33

Northern BAW (nBAW) 0.41 0.41 0.43

WSC 0.33 0.37 0.21

Eastern BAW (eBAW) 0.34 0.34 0.23

Great Bank (GB) 0.22 0.21 0.25

Spitzbergen Bank (SB) 0.14 0.15 0.16

Central Bank (CB) 0.32 0.31 0.36

% Variance Explained 
by 1st Mode 33.63% 33.62% 34.91%

% Variance Explained 
by 2nd Mode 15.69% 18.38% 18.18%
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b)

Figure 4.6 Leading salinity anomaly EOF. a) The weighting terms are shown 
next to the groups. Colors of the groups indicate the water mass found there, b) The 
time-series of the leading EOF is shown with the thin line. An 11 month moving 
average is shown by the thick line.
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4.3.2.2 Cross Correlation of EOFs

The correlation between the temperature and salinity anomaly time-series is 

tested with and without monthly lags. The time-series used are the EOFs' first modes 

calculated from years 1975 to 1991. With zero lag, there is a positive correlation, 

significant at 95%, for the 1975 to 1985 period. Further cross-correlation tests 

performed with lags applied of up to +/- 36 months show there is a slightly better 

correlation (again significant at 95%) for the 1975 to 1985 period when salinity lags 

temperature by 2 months and a significant negative correlation for the year group 1985 to 

1991 when salinity leads temperature by 11 months. The results of the correlation test 

are listed in Table 4.4.

Table 4.4. Cross-correlation results between the first mode time-series of the 

temperature and salinity anomalies. Three time-periods were tested, with and without 

lags. A positive lag indicates salinity leads temperature. Statistical results are shown 

using the full number of observation and the reduced number of observations.

Correlation Years 1975-1991 7975- 1985 1985- 1991

Lag Choice No Lag Best Lag No Lag Best Lag No Lag Best Lag

Time Lags (month) 0 -7 0 -2 0 11

Pearson's R 0.33 0.39 0.70 0.71 -0.40 -0.85

Monthly 
Observations (n)

193 179 121 117 73 51

Integral Time Step 10.1 10.1 10.1 10.1 10.1 10.1

Independent 
Observations (n')

19.1 17.7 12.0 11.6 7.2 5.1

Degrees of Freedom 
(n'-2)

17
------

16 10 10 5 3

t-test Value 1.47 1.69 3.10 3.10 -0.99 -2.77

95% 1-tailed critical 
t-test value

1.74
1.75

1.81 1.81 2.02 2.35

90% 1-tailed critical 
t-test value

1.33
1.34

1.37 1.37 1.48 1.64

Significance No No 95% 95% No 95%
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The significance, determined by the Student's t-test value surpassing the 

90% or 95% critical t-test value, is found after dividing the number of observations by 

the integral time scale to achieve a more accurate estimate of the degrees of freedom. 

Autocorrelations of the first mode (from the 1975 to 1991 EOFs) are performed and the 

integral time scale estimate is derived by integrating the autocorrelation results to the 

first zero correlation (Poulain and Niiler, (1989) as referenced by Emery and Thomson 

(2001)). The integral time scale estimates are 8.5 and 10.1 months respectively, for the 

temperature and salinity anomalies' first mode time-series.

4.3.3 Lateral Propagation
The spatial propagation of the anomalies are tracked to show their temporal 

evolution within the circulation of the Barents Sea. The EOF analysis above shows the 

standing pattern for the entire Barents Sea, and although much of the variability is 

explained in the leading mode, the analysis ignores spatial propagation. The transition 

events between the positive and negative anomalies are examined to determine the 

direction the anomalies propagate through the Barents Sea, their speed, and how a lag 

between temperature and salinity anomalies will affect density.

4.3.3.1 Transitions
The four major anomaly transitions summarized in Table 4.5 are tracked by 

following the time each group's hydrographic anomaly crosses the zero anomaly line 

(changing from one sign, positive or negative, to the other). The grouped data from the 

lower layer (50 to 200 m) are used to compare the timing of the anomaly changes.

Figure 4.7 shows the time-series of temperature and salinity anomalies in the deeper 

layer for these groups. Speeds are calculated using a distance of 1000 km from the 

Barents Sea Opening to the eBAW group and the number of years the anomaly takes to 

propagate through the Barents Sea.
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Figure 4.7 Time-series of the lower layer anomalies. The time-series are spatially 
averaged, temporally interpolated and smoothed with a 5 month moving average. Groups 
are offset by 2.5. Summer months May through September are shaded gray. The arrow 
indicates where the time-series go out of phase.
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Table 4.5. Transition events summarized for temperature (T) and salinity (S) 

anomalies.

Transition 1 2 3 4

T: Year 1977 1982 1985 1989

T: Duration (yr) 3 2 2 1

T: Speed (cm s-1) 1 1.6 1.6 3

S: Year1----------------------------------------------------
1977 1982 1988 1990

S: Duration (yr) 3 3 2 2

S: Speed (cm s ‘) 1 1 1.6 1.6

Temperature anomalies typically propagate from west to east, with the 

western half of the Barents Sea changing in the first year and the eastern Barents Sea 

changing the following second and third years. The first event has the longest duration, 

taking 3 years for all groups to change. The second two events take 2 years. The fourth 

event only takes 1 year.
Salinity changes take longer than the temperature changes, and their spatial 

pattern differs with respect to the Coastal Water group. The first two events begin in the 

west and reach the eastern Barents Sea and Coastal Water group during the third year. 

The third and fourth events only take 2 years to change, occurring last in the eastern 

Barents Sea.
Examination of these transition events reveals more about the 

characteristics of the periods before and after 1985. Figure 4.8 shows the change from 

positive to negative anomalies for the groups along the zonal section. Before 1985, the 

temperature and salinity transition events occur during the same years, taking two to 

three years to change from west to east (1 to 2 cm s-1). After 1985, the events occur 

during different years, and the transitions are quicker than for the first two. However, 

propagation rates of salinity remain between 1 to 2 cm s-1, whereas the rate for the 

temperature increases to 3 cm s-1 for the last event.
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Figure 4.8 Time-series of zonal section for a) temperature anomalies and b) the 
salinity anomalies. Transitions are shown by white areas and are emphasized with 
thick black arrows. Interpolated time-series have been smoothed temporally and 
spatially with moving averages of 11 months and 3 groups. The thin arrow indicates 
where the time-series go out of phase.
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4.3.3.2 Connection Between Transitions and EOF Results

The salinity anomaly's lag between groups shown in the transition results is 

consistent with the EOF results. The longer the lag, the weaker the correlation will be 

between groups. The Coastal Water lags the rest of the western Barents Sea by 2 years 

for the first two events. The salinity anomaly's leading mode for the 1975-1985 EOF 

shows the Coastal Water is weakly correlated with the rest of the western Barents Sea.

In contrast, the last two events have a shorter lag, and the leading mode for the 1985 to 

1991 EOF shows a strong correlation between the Coastal Water and the western Barents 

Sea.

4.3.3.3 Temperature and Salinity Anomaly Effects on Density

Density anomalies in the Barents Sea arise when temperature and salinity 

anomalies are non-compensating. Changes in density gradients could change 

geostrophic velocities, convection, mixing, and the properties of the transformed waters 

that are exported from the Barents Sea. Using the same procedure as for calculating the 

temperature and salinity anomalies, the density for each observation is computed, the 

mean density found, and the anomaly from the mean recorded. As with the group values 

of the temperature and salinity anomalies, the density anomaly is vertically averaged 

over the group depth and these values are horizontally averaged over the group length.

On a broader time scale, density anomalies smoothed with a moving 

average of 11 months (Figure 4.9), have a smaller departure from the annual signal of 

density from 1975 to 1985 than from 1985 to 1991. Because temperature and salinity 

anomalies are in-phase between 1975 and 1985, the two properties compensate each 

other in density resulting in smaller changes than for the following years. The standard 

deviation from 1975 to 1985 is between 0.04 and 0.05 kg m"3 for the wBAW and nBAW 

groups. After 1985, the density anomaly doubles, reaching between 0.07 and 0.10 kg 

m"3. For comparison, seasonal density changes in the 50 to 200 m level are 0.15 kg m-3 

in the western and northern BAW. Thus, the size of the inter-annual variability is 

between 1/3 and 2/3 the size of the annual cycle and can substantially modify it.
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Figure 4.9 Density time-series of lower layer anomalies. Boxed time-series (North and 
West BAW) show transition in 1985 from smaller to larger density anomalies. The 
time-series are spatially averaged, temporally interpolated, smoothed with a 5 month 
moving average and offset by 2.5. May through September are shaded gray.



6 8

Because the temperature and salinity anomalies propagate at different rates 

and in different directions, there can be localized density anomalies of short duration. 

During the first two transitions, Coastal Water initially had a temperature anomaly one to 

two years prior to the compensating salinity anomaly. Thus Coastal Water was denser 

during the first two years of the first event and less dense during the first two years of the 

second event. Denser Coastal Water will weaken the horizontal density gradient 

between it and the Atlantic Water, resulting in slower eastward geostrophic velocity.

The opposite occurs with lighter Coastal Water.

In summary, two types of density anomalies are characterized. The first are 

multiple year, Barents Sea wide, density anomalies due to the non-compensating 

temperature and salinity anomalies after 1985. The second are short term ( 0.5 to 1 year) 

density anomalies that exist during the anomaly transitions, due to lagging between the 

appearance of the temperature and salinity anomalies. The Coastal Water has large 

density anomalies throughout 1975-1991 from both sources. The Atlantic Water groups 

have short-term density anomalies before 1985 and multi-year density anomalies after 

1985. The density anomalies have implications for mixing and the magnitude of 

transport of water within the Barents Sea and out to the Arctic Ocean. The possible 

effects on the outflow to the Arctic are discussed in the following chapter.

4.4 Connection with Large-Scale Atmospheric Patterns

This section addresses whether the temperature and salinity anomalies are 

correlated with atmospheric patterns, and whether the hydrographic shift that occurs in 

the mid-80's has an atmospheric counterpart.

4.4.1 Correlation of Temperature and Salinity Anomaly EOFs with the Arctic 

Oscillation.
The leading EOF time-series of temperature and salinity are tested for 

correlations with the time-series of the Arctic Oscillation (AO). The AO is the first EOF 

of the sea level pressure of the northern hemisphere (20°N to 90°N) (Thompson and 

Wallace, 1998). The winter AO and the North Atlantic Oscillation are closely correlated.
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The AO is used in this study instead of the NAO because the months have not been 

normalized. Normalization of the months gives equal weighting to the summer months, 

when in fact the summer sea level pressure gradients are small compared to the winter 

months.

Correlation results are presented in Table 4.6 and Figure 4.10. The AO- 

temperature correlation is significant at the 95% level, when temperature lags the AO by 

7 months. The temperature anomaly time-series is advanced 7 months in Figure 4.10 b) 

to show the correlation between the AO and temperature anomaly more clearly. Salinity 

is not well correlated with the AO at any lag. Hence, while temperature and salinity 

anomalies become out-of-phase in 1985, the temperature anomaly remains correlated 

with the AO but salinity does not. A lag of 7 months suggests the atmospheric pattern 

of the previous season sets up conditions that effect the current season. This also may 

suggest the atmospheric pattern is most effectively forcing the ocean temperature 7 

months before the water advects across the study area. Using a speed of 3 cm s-1, 7 

months before reaching the sections south and west of Central Bank, the Atlantic Water 

would be in the Norwegian Sea, just south of the Barents Sea Opening.

4.4.2 Surface Heat Flux

Calculations of the surface and ocean heat fluxes of the southwest Barents 

Sea show the relative dominance of surface v. advective forcing of the temperature 

anomaly. The southwest region was chosen because it is ice free which produces less 

error in the heat flux calculations. NCEP reanalysis data were used to calculate the 

anomalous monthly surface heat flux. The ocean heat flux for the southwest region was 

found from the monthly change in the anomalous heat content of the upper 200 m of the 

wBAW, sBAW and CW groups. The advective heat flux is the difference between the 

ocean and surface heat flux.
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b)

Figure 4.10 The AO and leading EOF of temperature anomaly time-series. a) Plotted 
with the leading EOF of the salinity anomaly, b) Plotted with the temperature shifted 
by -7 months to remove the lag. Temperature and salinity are smoothed with 11 month 
moving averages. The AO is smoothed with a 23 month moving average.
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Table 4.6. Cross-correlations between temperature, salinity and the AO. The first 

modes of the temperature and salinity anomaly EOFs and the AO time-series were 

compared. Tests were run for years 1975-1991, with and without lags. A positive lag 

indicates EOF lags AO. Lags of up to +/- 36 months were tested.

Statististics
1975-1991

TAEO FxAO  
No Lag

SA E O F xA O  
No Lag

TA EO Fx AO 
Best Lag

S A E O F x A O  
Best Lag

Time Lags (month) 0 0 1 22
|-------- :------*-----
Pearson's R 0.19 0.00 0.40 0.14

Monthly 
Observations (n)

193 193 179 149

Integral Time Step 8.5 10.1 8.5 10.1

Independent 

Observations (n')

22.7 19.1 21.1 14.8

Degrees of 
Freedom (n'-2)

21 17 19 13

t-test Value 0.90 0.01 1.89 0.50

95% 1-tailed 
critical t-test value

1.72 1.74 1.73 1.77

90% 1-tailed 
critical t-test value

----------- --
1.32

1.33 1.33 1.35

Significance No No 95% No

The results show a change between the surface and ocean heat fluxes 

occurring in the early to mid-1980s. During the first part of the time-series, ocean 

advection appears to be forcing the ocean heat flux. This result is concluded because 

thesurface flux is typically in the wrong direction at any specific time. For example, in 

1979, 1981 and 1982 both the ocean and atmosphere are gaining heat, as opposed to 

1976 and 1985 when they are both losing heat (Figure 4.11 a). During the latter part of 

the time-series, the surface heat flux is in the right direction to force the ocean heat flux. 

This change in forcing is also illustrated with a plot of the cumulative flux (Figure 4.11 

b) where the flux is integrated in time. From 1975 to 1979, the cumulative surface heat 

flux remains near zero. However, the ocean has progressively cooled, indicating the
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a)

Figure 4.11 Surface and ocean heat flux of the southwest Barents Sea. a) The 
heat flux anomaly with a 7 month moving average, b) The cumulative heat flux 
anomaly with no smoothing. For reference, the arrow indicates where temperature 
and salinity anomalies go out of phase.
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ocean cooling must be advectively forced. From 1981 to 1985 both fluxes show a 

progressive heat gain by the ocean, although the cumulative change in the surface heat 

flux is greater than in the ocean flux. During the last period, 1985 to 1991, the 

cumulative changes are similar. These results suggest the temperature anomaly is forced 

advectively for the first part of the time-series (up to the mid 1980s) and then becomes 

forced by the local surface heat flux.

4.5 Connection with Sea-Ice

Sea-ice maximum extent, typically in April, is taken from sea-ice charts 

(NPOC, 1978-1992) for the years 1978 to 1992 and compared with the temperature and 

salinity anomalies of the Barents Sea. The minimum latitude reached by the sea-ice 

within the longitude range between Svalbard and Central Bank (24 to 32 °E) is used as 

the measurement for sea-ice extent. Sea-ice extent was ranked 1 through 4 with 1 being 

far south; 2 south of 75 °N; 3 north of 75 °N; and 4 being far north. A rank of 1 or 2 

indicates ice covers the zonal section where Atlantic Water is found.

The sea-ice extent is compared to both the upper and lower layer anomalies. 

Of these comparisons, the maximum sea-ice extent more closely matches the lower layer 

temperature anomaly. Figure 4.12 is a plot of sea-ice rank with the first EOFs of the 

temperature and salinity anomalies. The time-period from 1975 to 1985 show the three 

time series compare favorably. From 1985 to 1991, as temperature and salinity become 

out-of-phase, the sea-ice time-series agrees more closely with the temperature anomaly.

Another comparison is made between the sea-ice rank and the summer 

salinity of the sea surface (0-20 m) from three areas: over Storsbank (76.5°N), north of 

Central Bank and west of Central Bank. Summer months used are June through 

September. A large winter sea-ice extent would produce anomalously fresh water in the 

summer surface layer. However, this signal is not clearly seen. Focusing on the minima 

and maxima of the sea ice extent: in 1978, the wBAW and nBAW groups freshen; from 

1982 to 1989, SB salinity matches the extrema; and in 1990, nBAW increases in 

salinity. It is surprising that none of the group's surface salinity anomaly corresponds 

well with the sea ice, as it should be directly affected by the amount of sea-ice melt.
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Figure 4.12 Time-line of sea ice extent with the temperature and salinity anomalies’ 
leading EOFs. Sea ice is ranked such that <0 is greater extent and >0 is less extent. 
For reference, the arrow indicates where temperature and salinity anomalies go out 
of phase.
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Factors that may be responsible for obscuring the connection between surface salinity 

and sea-ice extent are surface advection such that sea-ice is transported out to the 

Norwegian Sea before melting. Alternatively, strong winds and waves may deepen the 

summer mixed layer, increasing the salinity of the upper layer by mixing fresh surface 

water down and deeper saline water up, thereby reducing the anomalies.

4.6 Summary

The temperature and salinity anomalies were examined for trends, seasonal 

and spatial dependence, and cross-correlations with each other and with the AO and sea- 

ice extent.

Over the 15 year study period there is no significant trend in temperature or 

salinity. The regressions show a warming in both the Atlantic and Coastal Water, of 

0.5°C in the upper 30 m and 0.3°C in the deeper (50 to 200 m) water. There is a 

freshening in the Coastal Water of 0.19 in the upper 30 m and 0.06 in the deeper water, 

but the salinity increases in the Atlantic Water by 0.07 in the upper 30 m and 0.02 in the 

deeper layer. The trends are small compared to the inter-annual variations, which are 

roughly a factor of 4 larger.

Seasonal and spatial analysis of the magnitude of the anomalies have three 

main results. 1) The magnitudes of the summer anomalies are larger than those of the 

winter anomalies for the upper layer (0 to 30 m). However, the magnitudes of the deeper 

(50 to 200 m) anomalies change little over the year. 2) The upper and lower layer 

anomalies have similar magnitudes in the winter. 3) The magnitudes of the upper layer 

summer anomalies are larger in the north than in the south.

Analyses of the time-series show the anomalies persist for multiple years 

over the entire Barents Sea before changing sign. These events range in duration from

2.5 to 6 years. The magnitude of the temperature and salinity anomalies are 1 °C and 0.1. 

It takes 0.5 to 3 years for the entire Barents Sea to transition to a new anomaly. The 

temperature anomaly time-series are similar for the Coastal Water and Atlantic Water. 

The salinity anomaly time-series are different between the Coastal water and Atlantic 

water from 1975 to 1985 but similar from 1985 to 1991.
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EOFs of the Barents Sea anomalies show the first modes of the temperature 

and salinity anomalies explain 49% and 34% of the total variance respectively. The 

temperature and salinity leading modes are significantly in-phase from 1975 to 1985, but 

are out-of-phase from 1985 to 1991. Hence, there is only a small density anomaly 

between 1975 and 1985, due to the compensating temperature and salinity anomalies, but 

a larger density anomaly after 1985, when the two are out-of-phase. The density 

anomaly (sigma-theta) of the western Barents Sea is 0.05 kg m-3 before 1985 and 0.07 

and 0.10 kg m-3 after 1985.

Examination of the transition events, when the Barents Sea changes 

between the positive and negative anomalies, reveals that the first two temperature and 

salinity events (before 1985) occur during the same years, share the same west to east 

spreading pattern, and take 2 to 3 years to change from west to east, excluding the 

Coastal Water. The last two temperature and salinity events (after 1985) do not occur 

during the same years, both transitions are quicker than the first two, and the spreading 

patterns are no longer similar.

Both the AO and sea-ice time-series are similar to the first EOF of the 

temperature anomaly. The AO is significantly correlated with temperature lagged 7 

months. The AO is not correlated with salinity for lags of up to 36 months. Sea-ice 

extent corresponds to both temperature and salinity anomalies from 1975 to 1985 and 

only with the temperature anomaly after 1985. Anomalous southern extent corresponds 

to colder temperatures and lower salinities.

Calculations of surface and advective heat fluxes suggest the temperature 

anomaly was initially forced by an advective flux from 1975 to the early to mid-1980s 

and then forced by the surface heat flux.
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Chapter 5 

Discussion

In this chapter, three mechanisms by which the AO may be forcing the 

Barents Sea temperature and salinity anomalies are presented. The anomaly results are 

re-examined to help evaluate which forcing mechanism is most applicable. The 

conclusion reached is that the remote processes dominate the earlier part of the record 

and the local forcing of the temperature anomaly dominates the latter part of the record. 

Finally, the effect of the anomalies advection into the Arctic Ocean is discussed.

5.1 Forcing of the Barents Sea Anomaly

The observed correlation between the Barents Sea temperature anomaly 

with the AO index suggests three possible connections: surface heat flux; variable mass 

transport of Atlantic Water into the Barents Sea; and the advection of anomalies 

generated outside the Barents Sea. The first mechanism acts locally, the other two are 

remote processes.

5.1.1 Local Surface Heat Flux

The first hypothesis is that the AO is driving the surface heat loss and 

thereby controls the heat content of the Barents Sea. The large-scale atmospheric pattern 

of the AO modifies the surface heat flux over a large area due to variations in air- 

temperature and wind speed. Warmer winter air reduces the amount of heat lost from the 

ocean to the atmosphere. However, stronger winds will increase the heat lost. Because a 

positive AO results in warmer air and stronger winds, the amount of heat lost to the 

atmosphere depends on whether the change in air temperature or change in wind speed is 

larger. One implication of this mechanism is that ocean temperature will change 

coherently over a wide area. The heat flux may have indirect effects on salinity through 

ice formation and melt, but this will not be considered here.
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5.1.2 Mass Transport of Atlantic Water into the Barents Sea

The hypothesis of variable mass transport is based on the premise that a 

positive winter AO is associated with increased wind speed in the BSO region. Faster 

winds will increase the transport of Atlantic Water into the Barents Sea, bringing in more 

heat and salt, thereby increasing the water temperature and salinity. Years with 

increased mass transport, '82/'83 and '89/'90, are also years with high AO indices, based 

on model results with wind forcing over the BSO region (Adlandsvik and Loeng, 1991).

Implications of this hypothesis are that temperature and salinity anomalies 

should correlate, because they are linked to a water mass with set properties. In addition, 

because the water is advected in the current, the anomalies should propagate in the 

direction and speed of the current.

5.1.3 Advection of Anomalies Generated Outside the Barents Sea

The third hypothesis is that the AO is forcing anomalies outside the Barents 

Sea, which are then advected in the Norwegian Atlantic Current and Coastal Current.

For example, the negative salinity anomalies in the Barents Sea observed in '78/79 and 

'88/'89, have been traced back to the southern end of Norway (Belkin et al., 1998). 

Anomalies may also be generated in the Norwegian Sea through increased lateral or 

vertical mixing between waters with different properties. Both a narrowing of the 

Norwegian Atlantic Current and increased current speeds have been theorized to increase 

the temperature anomaly by reducing the time and surface area available for ocean heat 

to be lost through the surface (Blindheim et al., 2000).

These advected anomalies should propagate with the currents, but unlike the 

mass transport hypothesis, the properties need not correlate.

5.2 Support for Mechanisms

Results of this study are reviewed within the context of the three forcing 

mechanisms to help evaluate which mechanism is most applicable.
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5.2.1 Seasonal and Spatial Variation of Anomalies' Magnitude

Depth, season, and location all affect the magnitude of the anomalies.

These results suggest the large surface summer anomalies do not modify the deeper layer 

anomalies. Thus the deeper layer anomalies are primarily due to either local winter 

forcing (surface heat flux) or advection by the currents.

Anomaly magnitude differences with depth occur when summer 

stratification isolates the surface from the deeper anomaly, allowing the surface anomaly 

to form from surface processes without feedback to the deeper anomaly. In winter, the 

depth difference is removed because vertical mixing and convection homogenize the 

properties and allow surface heat flux and changes in surface salinity to influence the 

deeper water.

Summer spatial differences arise from the restriction of Melt Water to the 

north and east of the Polar Front. Melt Water generates a strong seasonal cycle in the 

surface water with large anomalies due to the variability of the sea-ice extent. Spatial 

differences arise between temperature and salinity because Melt Water influences 

salinity more than temperature. Unlike the surface anomalies, the deeper layer anomalies 

do not appear to have a spatial difference in magnitude.

The results of this section suggest the deeper layer anomalies are not 

generated by downward mixing of a summer surface anomaly. The upper layer anomaly 

magnitude reduces to that of the deeper layer in winter, implying winter mixing. A 

check of the relative magnitude of the upper summer anomaly to the mixed winter 

anomaly shows the mixing of the upper layer anomaly into the deeper layer anomaly 

should be noticed in the salinity of the northern and eastern areas due to Melt Water. 

Because these areas do not show a difference in magnitude of the deeper layer anomaly, 

it appears the summer surface anomaly may be advected elsewhere and is not mixed into 

the deeper layer.

These results do not conflict with any of the forcing mechanisms. However, 

the results suggest a need to modify the local forcing (surface heat flux) hypothesis, so 

that it is only applicable in the winter and not the summer. The atmospheric (SLP) 

variability is known to be larger in the winter than in the summer. Thus, the AO index
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values of the winter months have the highest variance and show that the anomalous 

forcing occurs predominantly in the winter.

5.2.2 Spatial Coherence of Temperature and Salinity

The temperature and salinity EOF results provide the most substantial argument 

for the mass transport hypothesis from 1975 to 1985, but argue against it for 1985 to 

1991. If a greater mass flux of warm and salty Atlantic Water increases the temperature 

of the Barents Sea, then there should be an increase in salinity as well. Temperature and 

salinity anomalies should always be in-phase. The results show temperature and salinity 

are in-phase from 1975 to 1985 but not after 1985.

5.2.3 Lateral Propagation

The temperature and salinity lateral propagation rates are not consistent 

through the study period. The results show the salinity anomaly propagates through the 

Barents Sea at a fairly constant rate (roughly 2 to 3 cm s-1). However, only during the 

first part of the record (1975 to 1982) is the temperature anomaly in-phase with salinity. 

After 1983, the propagation rate of the temperature anomaly increases by roughly 

1 cm s"1, so that after 1985, it is no longer in-phase with salinity.

The first part of the record suggests the anomalies are advective in nature, 

but after 1983 the faster propagation speed suggests the temperature anomaly becomes 

locally forced. From 1975 to 1983 temperature and salinity anomalies are in-phase, 

supporting the mass flux forcing hypothesis. After 1983, both the increased propagation 

rate of the temperature anomaly and lack of phasing with salinity, suggests the salinity 

anomaly has become an advected anomaly and the surface heat flux controls the 

temperature anomaly.

5.2.4 Surface Heat Flux

Calculations of the surface flux and the monthly ocean flux show the 

relative dominance of surface forcing v. advective forcing of the temperature anomaly. 

The results of the calculations show the surface heat flux is smaller than the advective
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flux during the first part of the time-series (1975-1982). In 1979, heat is being lost to the 

atmosphere and yet the ocean is gaining heat which suggests the heat source is advective. 

During the latter part of the time-series (1982-1991), the surface flux grows larger than 

the advective flux. These results support the idea that the temperature anomaly is 

remotely forced for the first part of the time-series (up to 1982) and then becomes locally 

forced by the surface heat flux from 1982 to 1991.

5.2.5 Summary of Forcing Mechanisms

The results of this study suggest the salinity anomaly is advectively forced 

for the entire record, but the temperature anomaly is advective during the first part of the 

record and locally forced (by winter conditions) during the latter part of the record. 

Because both temperature and salinity are in-phase during the first part of the record, 

wind-driven transport of Atlantic Water could explain these anomalies. After 1982, 

when temperature becomes locally forced, the salinity anomaly may be from the 

propagation of the GSA into the Barents Sea as discussed by Belkin et al. (1998).

5.3 Changing Forcing Mechanism

Although the temperature anomaly is correlated to the AO throughout the 

record, it is interesting that the mechanism by which the AO may drive the anomaly 

appears to switch around 1983. The AO index represents the strength of the low 

pressure system but assumes the system is spatially static. However, it has been shown 

that, from 1958 to 1997, the mean position of the low pressure system has moved to the 

northeast resulting in a low over the Barents Sea (Hilmer and Jung, 2000). Prior to 1983, 

the stronger winds associated with the positive AO phase, outside the Barents Sea, may 

have been the primary forcing mechanism, increasing the mass transport of the warm and 

saline Atlantic Water into the Barents Sea. After 1983, the warmer air temperature 

associated with the positive AO phase, now over the Barents Sea, may have the greater 

influence on the anomaly. Warmer air temperatures reduce the surface heat flux 

resulting in warmer ocean anomalies. In this scenario, the AO remains correlated to the 

temperature anomaly even though the mechanism changes with the position of the low
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pressure center.

5.4 Effects of the Barents Sea Anomalies

The density within the Barents Sea remains constant as long as the 

temperature and salinity anomalies are in phase (1975-1985) but it changes when 

temperature and salinity anomalies are no longer compensating (1985-1991). Between 

1985 and 1987, denser water filled the entire Barents Sea followed by less dense water 

between 1989 and 1991. If the density anomalies persist to the St. Anna Trough where 

the Barents Sea water exits to the Arctic Ocean, the outflowing water will be displaced in 

depth or will change the lateral density gradient, affecting the geostrophic velocity.

The two groups in this study closest to the outflow region of St. Anna 

Trough are nBAW and eBAW. The density of nBAW has a sigma-theta of 27.90 kg trf3 

from 1979 to 1983. It increases by 0.1 kg m-3 in 1986 and decreases by 0.2 kg m"3 in 

1989. The eBAW density changes are smaller, but perhaps this is an artifact of fewer 

months with data. Sigma-theta is generally 29.92 kg m~3 with an increase of 0.1 kg m-3 

for two of the five months with data in 1987 and a return to 27.92 kg m-3 in 1990.

Sections across the slope of the Eurasian Basin, on the downstream side of 

the trough where the Barents Sea outflow is first seen, include temperature, salinity and 

density data from August/September 1995 (Rudels et al., 2000). Here, the 27.8, 27.9, 

27.95, 28.0 and 28.05 kg m“3 contours are located at 150, 200, 300, 500 and 1400 m. If 

the nBAW density does not change between the study area and the outflow section, it 

will initially be found at 200 m, then deepen to 500 m in 1986 and shoal to 150 m in 

1989 based on the outflow sections' density depths. The nBAW is warmer and saltier 

than the water seen in the outflow section and is thus expected to undergo further cooling 

and freshening before reaching the section. These further changes may adjust the density 

and alter the depth predictions in the outflow section. The eBAW has temperatures and 

salinities similar to those found in the outflow section. The density of the eBAW is 

typically between 27.9 and 27.95 kg m-3, which is located at 250 m in the outflow 

section. The depth increases to between 500 m and 1400 m in 1987 and returns to 250 m 

in 1990. As the eBAW density changes, its temperature and salinity properties match
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those from the outflow section associated with the new density. The matched properties 

imply that the eBAW does not undergo further transformation before exiting to the 

Arctic Ocean and that mixing along isopycnals will not alter the water properties.

The Fram Strait branch of the Atlantic Water is on the offshore edge of the 

outflow section. It has a density of 27.90 kg m“3, located at 300 m compared to the 

expected eBAW outflow of 27.92 kg m“3 at 250 m. These two Atlantic Water branches 

are distinct in temperature and salinity but the density and depths are similar, given the 

scale of the contours on the outflow section (50 m resolution). The outflow of dense 

water in 1987 increased the density and depth separation of the two branches.

A change in the outflow from 27.92 kg m-3 at 250 m to 28.0 kg m“3 at 

500 m with no change in the volume would vertically displace water upwards between 

these depths, but not affect the water above 250 m or below 500 m. The upwards 

displacement between 500 and 250 m would increase the lateral density gradient 

resulting in a faster geostrophic boundary current. Thus, denser outflow would advect 

around the Eurasian Basin more quickly than the typical outflow. For example, 

observations from moorings and CTD sections in the Eurasian Basin in 1995 and 1996 

suggest that the Barents Sea outflow either increased in volume and/or changed 

properties by -1°C in temperature and -0.1 in salinity (Woodgate et al., 2001). These 

changes in the outflow would have happened after 1991 and cannot be explored with the 

present data set, but they illustrate there is downstream variability that is associated with 

the Barents Sea outflow.

5.5 Summary
The results suggest the salinity anomaly is advectively forced for the entire 

record, but the temperature anomaly is advectively forced only during the first part of the 

record and locally forced by the winter surface heat flux during the latter part of the 

record. Because both temperature and salinity are in-phase during the first part of the 

record, wind-driven mass transport of Atlantic Water could explain these anomalies. 

After 1985, the advective salinity anomaly is likely due to the propagation of the GSA, 

as has been discussed by Belkin et al. (1998), but the temperature anomaly appears
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locally forced. The positive correlation between the temperature anomaly and the AO 

throughout the record, even though the forcing mechanism appears to change in 1985, 

may be a result of the altered position of the atmospheric low pressure center.

If the change in the Barents Sea density between 1985 and 1991 persisted 

as it flowed into the Arctic Ocean, the water would have been vertically displaced by up 

to 250 m from its mean depth and have changed the lateral density gradient, resulting in 

a change in the geostrophic velocity of the boundary current. This would have profound 

implications to the downstream oceanographic properties associated with the Atlantic 

Water coming into the Arctic Ocean.
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Chapter 6 

Summary and Conclusions

The three major advected water masses of the Barents Sea are the Atlantic 

Water, Arctic Water and Coastal Water. The two main locally-formed waters are Melt 

Water and Barents Sea Water. Their temperatures and salinities exhibit a strong annual 

cycle driven by the large annual changes in solar insolation, air temperature and wind 

velocity. In fall and winter, a significant amount of heat is lost from the ocean to the 

atmosphere so that sea ice is formed, ultimately covering half to three-quarters of the 

Barents Sea. Winter convection and vertical mixing erode the density stratification.

From January through April, the waters have uniform temperature and salinity from the 

surface to depth. However, strong lateral gradients remain between the Coastal, Atlantic 

and Arctic Water. In summer, the increased solar insolation melts sea-ice and heats the 

surface water, increasing the stratification. The upper layer warms and freshens 

beginning in May, with maximum temperatures and minimum salinities in August.

Over the 16 year study period there are no significant trends in temperature 

or salinity. Linear regressions show a warming tendency in both the Atlantic and Coastal 

Water, of 0.5°C in the upper 30 m and 0.3°C in the deeper (50 to 200 m) water. There is 

a freshening tendency in the Coastal Water of 0.19 in the upper 30 m and 0.06 in the 

deeper water, but the salinity increases, slightly, in the Atlantic Water by 0.07 in the 

upper 30 m and 0.02 in the deeper layer.

The seasonal and spatial analyses of the anomalies show where and when 

they are largest. The magnitude of the inter-annual anomalies are 1 °C in temperature 

and 0.1 in salinity, persist from 2.5 to 6 years and require 0.5 to 3 years to advect across 

the Barents Sea. The magnitudes of the summer anomalies are larger than those of the 

winter anomalies for the upper layer (0 to 30 m). However, the magnitude of the deeper 

(50 to 200 m) anomalies changes little over the year. The upper and lower layer 

anomalies have similar magnitudes in the winter. Lastly, the magnitude of the upper
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layer anomalies is larger in the north than in the south, particularly the summer salinity 

anomalies.

The temperature anomaly time-series are similar for the Coastal Water and 

Atlantic Water. The salinity anomaly time-series are different for the Coastal water and 

Atlantic water from 1975 to 1985 but similar from 1985 to 1991.

The first mode of the temperature and salinity anomaly EOFs explain 49% 

and 34% of the total variance, respectively. The EOF spatial terms indicated Atlantic 

and Coastal Water temperature anomalies are similar. In contrast, their salinity 

anomalies are similar only after 1985. The two modes are positively correlated from 

1975 to 1985, and are negatively correlated from 1985 to 1991 when salinity leads 

temperature by 11 months.

The correlation change between the temperature and salinity anomalies 

affects the water density. Between 1975 and 1985 there is only a small density anomaly 

due to the compensating temperature and salinity anomalies. Between 1985 and 1991, 

however, the negative correlation between temperature and salinity anomalies results in 

larger density anomalies. In the western Barents Sea the density anomalies are 

0.05 kg m~3 (sigma-theta) before 1985 and 0.07 and 0.10 after 1985.

If the change in the Barents Sea density between 1985 and 1991 persisted 

as it flowed into the Arctic Ocean, the water would have been vertically displaced by up 

to 250 m from its mean depth and have changed the lateral density gradient resulting in a 

change in the geostrophic velocity of the boundary current. This would have profound 

implications on the downstream oceanographic properties associated with the Atlantic 

Water in the Arctic Ocean.

Both the AO and sea-ice time-series are similar to the first EOF of the 

temperature anomaly. The AO time-series positively correlates with the temperature 

anomaly's leading EOF when the AO leads by 7 months. A positive AO and warmer 

temperature correspond to reduced Barents Sea sea-ice extent. The AO does not 

correlate with salinity even when tested for lags of up to 36 months. The sea-ice extent 

in the Barents Sea does not correlate with the salinity anomaly after 1985.
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In conclusion, the results suggest the salinity anomaly is advectively forced 

for the entire record, but the temperature anomaly is advectively forced only for the first 

part of the record and locally forced by the winter surface heat flux during the latter part. 

Because both temperature and salinity are in-phase during the first part of the record, 

both anomalies could be explained by variable wind-driven mass transport of Atlantic 

Water. After 1985, the advective salinity anomaly is likely due to the propagation of the 

GSA, as discussed by Belkin et al. (1998).

The positive correlation between the temperature anomaly and the AO 

throughout the record, even though the forcing mechanism appears to change in 1985, 

may be a result of the altered position of the atmospheric low pressure center. A low 

pressure center farther south may increase the mass transport due to stronger winds 

associated with the AO. This would be consistent with the proposed forcing from 1975 

to 1985. After 1985, a low pressure center positioned farther northeast may have 

reduced surface heat flux due to the warmer air temperature associated with the winter 

AO. Thus, variations in position of the atmospheric pressure centers may modify volume 

transport or alter the surface heat flux to drive the temperature and salinity variations 

described in this thesis.
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