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1. Introduction and rationale 

 

The Rockall Trough is the easternmost basin in the subpolar North Atlantic, an area 

important in the exchange of waters with the Nordic Seas to the north.  The basin is 

bounded to the east by the European Shelf and to the west by a series of banks 

separating it from the Iceland Basin (Fig. 1).  Although the northern limit of the 

trough is delimited by part of the Greenland-Scotland Ridge, the Wyville-Thomson 

Ridge, the south of the basin opens onto the Porcupine Abyssal Plain. 
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Figure 1. Bathymetry of the eastern subpolar North Atlantic and position of the 

extended Ellett Line timeseries.  Red line shows the portion of the section analysed in 

this work.  RB: Rockall Bank; RHP: Rockall-Hatton Plateau; WTR: Wyville Thomson 

Ridge. 

 

The Rockall Trough has been sampled at least annually since 1975 (with the 

exception of 1986 and 2002) along the Ellett Line timeseries.  This section originally 

stretched across the Scottish Shelf and Rockall Trough to Rockall, but was extended 
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to include to Rockall-Hatton Plateau and Iceland Basin in 1996 (Fig. 1).  Whilst only 

temperature and salinity data were collected during early cruises, since 1996 nutrient 

measurements (nitrite plus nitrate, phosphate and silicate) have been routinely made.  

Although the physical data collected along the Ellett Line has been used in several 

publications (e.g. Ellett, 1993; Holliday et al., 2000) the nutrient data have been 

largely ignored.  In 2012 Sherwin et al. published the first timeseries of nitrate, 

phosphate and silicate concentrations.  Phosphate concentrations in the upper waters 

of the Rockall Trough (0-800 m) were shown to have decreased from 0.80 µM in 

1996 to 0.63 µM in 2009.  This interesting result was speculated to be related to an 

increasing influence of low phosphate Subtropical Waters in the Rockall Trough as 

the Subpolar Gyre weakened and contracted westwards.  However, the data were not 

quality checked and no error bounds were calculated. 

 

This report details work done to create a quality-checked nutrient data set across the 

Rockall Trough section of the Ellett Line (red, Fig. 1) and to subsequently repeat the 

analysis reported in Sherwin et al. (2012) using this quality-controlled data.  

Additionally, errors were calculated enabling a robust investigation into the temporal 

variability of nutrient concentrations of the upper waters in the Rockall Trough to be 

carried out. 

 

 

2. Background 

 

Around 14.0 ± 6.5 Sv of warm and salty upper waters enter the subpolar North 

Atlantic via the North Atlantic Current, which is an extension of the Gulf Stream 

(Brambilla et al., 2008).  Between Iceland and Scotland 7.6 Sv of warm waters are 

thought to flow over the Greenland-Scotland Ridge and into the Nordic Seas 

(Østerhus et al., 2005).  Around 3 Sv of this northward flux is attributed to the Shelf 

Edge Current (purple, Fig. 2).  The high salinity core of this current (35.45-35.50 

Hansen and Østerhus, 2000) suggests at least a partial Subtropical component.  The 

remaining 9.4 Sv entering the subpolar North Atlantic via the North Atlantic Current 

recirculates in a cyclonic manner forming the Subpolar Gyre (Fig. 2).  Waters flow 

anti-clockwise around the Iceland Basin before entering the Irminger Basin to the east 
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of Greenland and flowing up the western flank of the Reykjanes Ridge.  Between 

Greenland and Iceland a further 0.8 Sv flows over the Greenland-Scotland Ridge into 

the Nordic Seas (Østerhus et al., 2005) with the remaining 8.6 Sv circulating around 

the western boundary of the Irminger Basin and entering the Labrador Sea.  These 

Subpolar upper waters, although relatively warm and salty (Table 1), are cooler and 

fresher than Subtropical Waters (cyan arrow, Fig. 2) found to the south of the Rockall 

Trough. 
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Figure 2.  Schematic of upper water circulation within the subpolar North Atlantic.  

Red: warm Subpolar Waters; Cyan: warm Subtropical Waters; Purple: Shelf Edge 

Current (dashed line indicates where seasonal variations in flow direction occur); 

Blue: cool Arctic Waters; Green dashed line: approximate position of the Subpolar 

Front marking the boundary between Subpolar and Subtropical Waters.  Bathymetric 

contours are at 500 m, 1000 m, 2000 m, 3000 m and 4000 m. 
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 Salinity Temp.  

(°C) 

[Nitrate] 

(µM) 

[Phosphate] 

(µM) 

[Silicate] 

(µM) 

Subpolar 

Waters 

34.88-35.00 5.9-6.0 16-17 ~1.1 5.0-7.5 

Subtropical 

Waters 

35.50-35.63 11.0-11.5 11-12 0.6-0.7 ~5.0 

 

Table 1.  Properties of Subpolar and Subtropical Waters.  Values are mean annual 

values at 400 m depth and were obtained from the 2009 World Ocean Atlas available 

at www.nodc.noaa.gov/OC5/WOA09F/pr_woa09f.html.  The properties for Subpolar 

Waters were taken from west of the Rockall Trough at 52.5 °N, 30 °W, and those for 

Subtropical Waters from south of the basin at 47.5 °N, 15 °W. 

 

The strength of the Subpolar Gyre is known to vary on a variety of timescales (Fig. 3) 

related to changes in the strength of westerly winds and associated wind curl (e.g. 

Bersch et al., 1999).  These variations in wind strength are thought to be driven by 

changes either in the North Atlantic Oscillation (Lozier and Stewart, 2008) or number 

of Winter Highs over the northern North Atlantic (Häkkinen et al., 2011).  When the 

Subpolar Gyre is weak it contracts north-westwards, whilst when it is strong it 

expands extending its influence south-eastwards (Johnson and Gruber, 2007).  For 

example the North Atlantic Current, which marks the boundary of the Subpolar Gyre, 

was located several degrees further west in 1996 than in 1991 indicating the 

weakening circulation of the gyre (Pollard et al., 2004).  It is thought that as the 

Subpolar Gyre weakens and contracts the upper waters of the Rockall Trough are 

increasingly influenced by more saline Subtropical Waters as the Subpolar Waters, 

contained within the gyre, are trapped to the west.  Conversely, when the gyre is 

strong, upper waters within the trough are dominated by fresher Subpolar Waters with 

Subtropical Waters trapped to the south by the expanded Subpolar Gyre (Bersch, 

2002; Hätun et al., 2005).  A strong relationship has been found between salinity 

anomalies of the upper waters in the Rockall Trough and the state of the Subpolar 

Gyre (Hätun et al., 2005).  Further, these anomalies cannot be explained  by local air-

sea exchanges (Holliday, 2003). 
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Figure 3.  Modelled (dashed) and observed (solid) subpolar gyre index between 1960 

and the present day.  The subpolar gyre index is a measure of the strength of the 

Subpolar Gyre.  Modelled data were kindly provided by Hjálmar Hátún and are 

detailed in Hátún et al. (2005).  Observed data were obtained from altimeter data 

(details in Häkinnen and Rhines (2004)) and were kindly provided by Sirpa Häkinnen.  

Thin solid line: bimonthly averaged data, thick solid line: annually averaged data. 

 

Strong relationships have also been found between the North Atlantic Oscillation, sea 

surface temperatures and amount and type of Calanus species within the eastern 

subpolar North Atlantic (Fromentin and Planque, 1996; Beaugrand et al., 2002).  

Further, the abundance of Calanus species correlates well with the subpolar gyre 

index with increasing occurrence during a weak gyre period in the southern and 

central Rockall Trough (Hátún et al., 2009b).  A link has also been found between the 

state of the subpolar gyre and the phytoplankton colour index obtained from the 

Continuous Plankton Recorder.  As the Subpolar Gyre weakens the colour index 

increases in the Iceland-Faroes region and very northern-most parts of the Rockall 

Trough.  Conversely, a decrease is observed in the southern Rockall Trough with the 

tipping point just north of the Ellett Line latitude (Hátún et al., 2009b).  At higher 

trophic levels a correlation is observed between the subpolar gyre index and Blue 

Whiting Catches.  When the gyre is strong the spawning area of Blue Whiting is 
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concentrated along the European Continental Slope, whilst as the gyre weakens and 

contracts north-westward the spawning area extends westward covering the Rockall-

Hatton Plateau (Hátún et al., 2009a).  Despite the correlations between the state of the 

Subpolar Gyre and physical parameters and biological indices, no such work has been 

carried out on nutrient concentrations. 

 

 

3. Methods 

 

The Scottish Shelf and Rockall Trough section of the Ellett Line was established in 

1975 and until 1996 was maintained by the Scottish Association for Marine Science 

(SAMS).  In 1996 the line was extended to Iceland and since has been jointly 

maintained by SAMS and the National Oceanography Centre - Southampton (NOC-S) 

with two occupations by Marine Scotland - Science (MS-S).  Thus three different 

laboratories have carried out the nutrient analysis (Table 2).  Although each 

laboratory uses the colorimetric technique with an autoanalyser, methods differ 

slightly.  Additionally, on some cruises, analytical problems were encountered which 

are generally reported in the corresponding cruise reports. 

 

Nitrite plus nitrate concentrations collected during the SAMS cruises D321, D340 and 

D365 were apparently of poor quality; concentrations during D321, D340 and D365 

were ~ 5 µM higher than expected.  It is thought that this was a result of standards and 

calibrations being prepared in deionised water and the applied salinity correction not 

fully accounting for matrix effects on the cadmium reducing column (T. Brand, 

personal communication).  The method at SAMS has subsequently been changed with 

all calibrations and standards now being prepared with low nutrient seawater.  Nitrite 

and nitrate data collected and analysed by SAMS during the 2012 Ellett Line section 

(D379) using this revised method appear to be of a high quality. 
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Year Month Cruise Stations occupied 

(A-Q) 

Analysing 

laboratory 

1996 Oct. D223 A, B, C, D, E, G, H, I, J, K, L, M, 

N, O, P, Q 

NOC-S 

1997 Sept. D230 A*, D, F, H, J, M, O, P, Q NOC-S 

1998 May D233 A, D, E, F, H, J, M, O, P, Q NOC-S 

1999 Sept. D242 A, B, C, D, E, G, H, I, J, K, L, M, 

N, O, P, Q 

NOC-S 

2000 Feb. D245 C, G, H, I, J, K, L, M, N, O, P, Q NOC-S 

2000 May 0700S A, B*, C, D*, E, G, H*, I, J*, K, 

L*, M, N*, O*, P, Q 

MS-S 

2001 May D253 A, B, C, D, E, G, H, I, J, K, L, M, 

N, O, P, Q* 

NOC-S 

2003 Apr. 0703S A*, B*, C*, D*, E*, G*, H*, I*, 

J*, K*, L*, M*, N, O, P, Q 

NOC-S 

2003 Jul. P300_2 A, B*, C, D, E, G*, H, I*, J, K*, 

L, M, N*, O, P, Q 

SAMS 

2004 Jul. P314 A, B, C, D, E, G, H, I, J, K, L, M, 

N, O, P, Q 

NOC-S 

2005 Oct. CD176 A, B, C, D, E, G, H, I, J, K, L, M, 

N, O, P, Q 

SAMS 

2006 Oct. D312 B, C, D, E, G, H, I, J, K, L, M, N, 

O, P, Q 

NOC-S 

2007 Aug. D321 A, B*, C, D, E, G, H, I, J, K, L, M, 

N, O, P, Q 

SAMS 

2008 May 0508S A, B, C, D, E, G, H, I, J, K, L, M, 

N, O, P, Q 

MS-S 

2009 Jun. D340 A, B, C, D, E, G, H, I, J, K, L, M, 

N, O, P, Q 

SAMS 

2010 May D351 A, B, C, D, E, G, H, I, J, K, L, M, 

N, O, P, Q 

NOC-S 

2011 May D365 A, B, C, D, E, G, H, I, J, K, L, M, 

N, O, P, Q 

SAMS 
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Table 2 (previous page).  Metadata for Ellett Line cruises since 1996.  Stars indicate 

stations where water samples were not taken for nutrient analysis.  MS-S used a Bran 

and Leube autoanalyser, NOC-S a Chemlab autoanalyser prior to D253 and a Skalar 

San+ autoanalyser after, and SAMS a Lachat autoanalyser. 

 

 

Although fewer analytical problems have been encountered over the years with 

phosphate analysis, some have been reported.  Phosphate levels from D223 and D230 

are biased towards higher values due to scatter resulting from problems in the 

phosphate lines (Bacon, 1998; Leach and Pollard, 1998).  During D340 and D365, 

phosphate levels may be slightly lower than expected, probably as a result of matrix 

effects associated with calibrations and standards being prepared in fresh water rather 

than sea water (T. Brand, personal communication).  During D351 a partial failure of 

the autoanalyser led to water for phosphate determination being frozen for later 

analysis at NOC-S (Read, 2010).  These data exhibit a large scatter. 

 

In contrast, silicate concentrations vary little between years (Fig. 4), suggesting not 

only that little natural variability exists but also that inter-laboratory inconsistency is 

low and that few analytical problems were encountered.  Therefore a decision was 

made to use the relationship between silicate and nitrite plus nitrate, and silicate and 

phosphate to remove poor quality data.  This is detailed below, after which the 

methods used to integrate data over the upper waters and calculate errors are 

discussed. 

 

3.1. Removal of suspect data 

 

All nitrite plus nitrate data were plotted against silicate concentrations and a curve 

fitted to the mode value for incremental silicate values (solid red line, Fig. 5.a).  The 

mean values were not used for this process to avoid bias towards poor quality data, 

this was particularly important due to erroneously high nitrite plus nitrate values 

during D321, D340 and D365.  At silicate concentrations below 11 µM a first order 

polynomial curve best fitted the data, whilst above 11 µM a linear regression line was 

more appropriate as water properties entered the high silicate Antarctic Bottom Water.  
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For each incremental step the standard deviation was calculated (red dashed lines, Fig. 

5.a).  Data within ± 1 standard deviation of the modal curve / line of best fit were 

regarded as good data, whilst data lying outside ± 1 standard deviation were 

disregarded for the purposes of this work. 

 

 

Figure 4.  Mean profiles of (a) nitrite plus nitrate, (b) phosphate and (c) silicate 

concentrations between 1996 and 2009 (solid lines) and associated ± 1 standard 

deviation (dashed lines).  No quality checks were carried out on the data.  From 

Sherwin et al. (2012). 

 

In order to quality check the phosphate data a mode curve was fitted to a plot of all 

phosphate data plotted against all silicate data (solid red, Fig. 5.b).  Again at silicate 

concentrations below 11 µM a first order polynomial curve was most appropriate 

whilst above this value a linear regression described the relationship best.  Similarly 

to the procedure used for nitrite plus nitrate data, any phosphate data within ± 1 

standard deviation (red dashed lines, Fig. 5.b) were assumed to be of a reasonable 

quality whereas data lying outside this region were not used in further analyses. 
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Figure 5.  Illustration of method used to remove suspect data points for (a) nitrite 

plus nitrate and (b) phosphate.  Solid red  lines: curve / line of best fit fitted to the 

mode calculated at incremental silicate values; dashed red lines: ± 1 standard 

deviation from the mode values.  Only data within ± 1 standard deviation were 

regarded as being good quality. 

 

 

3.2. Integration 

 

A data value averaged between 200-700 m for each Ellett Line station during a 

particular cruise was calculated using trapezoidal integration.  The upper limit of 200 

m was chosen to try and eliminate the influence of the seasonal depletion of nutrient 

concentrations in the surface layers (Fig. 4), whilst the lower limit of 700 m ensured 

that only Atlantic Waters were sampled rather than underlying intermediate Wyville 

Thomson Ridge Overflow Water (Johnson et al., 2010).  Integrated values were only 

calculated for stations with a depth greater than 700 m to avoid a bias towards 

shallower data.  Hence integrated data (potential temperature, salinity, nitrite plus 

nitrate, phosphate and silicate) were only calculated for stations D to P ignoring the 

shallow station J (~ 550 m) found over the Anton Dohrn Seamount (Fig. 6). 
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Figure 6.  Position of Ellett Line stations in the Rockall Trough and those used in the 

integration of data to calculate average values representative of Upper Waters (red). 

 

 

3.3. Calculation of errors 

 

As nutrient concentrations within the upper waters across any given Ellett Line 

occupation did not appear to be normally distributed, data were bootstrapped in order 

to give an estimation of the mean and an associated error.  Bootstrapping is a 

technique that creates replicate datasets by resampling the original data repeatedly.  In 

this case it was carried out using the Statistics Toolbox within Matlab and the data 

were resampled 2000 times with a mean being calculated for each replicate dataset.  

Following the method of Rippeth and Inall (2002), the mean for each Ellett Line 

occupation was defined as the average of all the means for each replicated data set, 

and the error as the central 95 % of the means (i.e. ± 1.96 standard deviations from the 

mean). 

 

Information on the number of data points used within the integration for each 

individual variable were calculated and used to further ensure the quality of the 

bootstrapped data.  Any cruise with less than five stations with good quality data in 

the upper waters were discounted, as were any occupations with a total of less than 10 

good quality data points in the upper waters across the Rockall Trough.  Using this 

criteria two cruises were disregarded for phosphate concentrations (0703S and D351), 

five cruises for nitrite plus nitrate concentrations (0703S, P300_2, D321, D340 and 

D365), and one cruise for silicate concentrations (0703S).  No cruises were 
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disregarded for potential temperature or salinity.  During D365 water samples for 

nitrite plus nitrate were analysed by NOC-S in addition to SAMS.  However, 

unfortunately the NOC-S data were also of a poor quality, possibly as a result of 

freezing the samples. 

 

 

4. Results 

 

4.1. Variability of upper water characteristics with time 

 

Between 1996 and 2011 the upper waters of the Rockall Trough have become warmer 

and more saline.  Salinities increased by 0.088 between 1996 and 2003 although a 

small decrease (0.025) was observed in 2000 and 2001 (Fig. 7.a).  The overall 

salinification between 1996 and 2003 was greater than the 95 % confidence interval 

associated with a particular years mean value (shown by error bars) as was the 

temporary decrease in salinity in 2000 and 2001.  After 2003 salinities remained near 

constant with nearly all variability within the 95 % confidence limit.  Temperatures 

rose from 9.12 °C in 1996 to a peak of 9.76 °C in mid 2004 (Fig. 7.b), again this 

change is out with calculated errors.  Similarly to the salinity record a small reversal 

of the warming trend is observed in 2000 and 2001.  After 2004 the upper waters 

began to cool reaching 9.6 °C at the end of the record in 2011. 

 

Changes in phosphate concentrations, although exhibiting an overall decrease with 

time (0.14 µM, 1996-2011), are more variable (Fig. 7.c).  Mean phosphate 

concentrations in the upper waters initially decreased by 0.10 µM to 0.73 µM in 1998 

before levels rise to 0.76-0.80 µM in 1999, 2000 and 2001.  Concentrations in 2003 

are 0.71 µM, but between 2004 and 2006 levels are again higher ranging from 0.78-

0.80 µM.  Finally concentrations again decrease reaching a minimum of 0.65 µM in 

2009. 
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Figure 7.  Timeseries of mean (a) salinity, (b) potential temperature, (c) phosphate 

concentration, (d) nitrite plus nitrate concentrations, and (e) silicate concentrations 

between 200 m and 700 m across the Rockall Trough section of the Ellett Line.  Error 

bars represent the 95 % confidence limit.  Grey lines in (d) show estimated 

[NO2+NO3] calculated from the N:P. 
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Nitrite plus nitrate concentrations between 1996 and 2006 remain relatively constant 

at 11.97-12.87 µM (Fig. 7.d) although it should be noted that there is no good quality 

data available from two cruises in 2003 when low phosphate concentrations were 

observed.  In 2008 the lowest nitrite plus nitrate concentration of 10.59 µM was 

recorded whilst the maximum value (12.93 µM) was measured in 2010.  The N:P 

ratio for the 11 cruises with both good quality nitrite plus nitrate and phosphate data 

was relatively constant (15.7 ± 0.3, mean ± 1 standard deviation).  This was used to 

calculate an estimated nitrite plus nitrate concentration from measured phosphate 

concentrations (grey lines, Fig. 7.d).  For all years, except 2010, estimated and 

measured nitrite plus nitrate concentrations are nearly identical.  Unfortunately 

phosphate data in 2010 is of a poor quality, however the measured nitrite plus nitrate 

value from 2010 is much higher than the estimated levels for the surrounding years of 

2009 and 2011.  As it seems unlikely that such a large increase in nutrient 

concentrations could occur in a single year, it suggests that the nitrite plus nitrate 

levels for 2010 may be artificially elevated.  An alternative explanation is that the 

2007, 2008, 2009 and 2011 mean phosphate concentrations are artificially low.  

Although it is possible that this may be the case in 2009 and 2011 when some method 

problems were encountered (section 3), no such problems occurred during the cruises 

in 2007 and 2008.  Further, it is worth noting that the 2007 nutrient data were 

analysed by SAMS, whilst those in 2008 were analysed by MS-S suggesting that any 

analytical bias is less likely.  As such the 2010 nitrite plus nitrate value, despite 

having passed the quality-checking procedures (section 3) is treated with caution. 

 

Mean silicate levels of the upper waters of the Rockall Trough between 1996 and 

2011 have remained relatively constant with time.  Concentrations vary between 4.95 

µM and 5.79 µM (Fig. 7.e) with a standard deviation of ± 0.26 µM.  The majority of 

these interannual variations are within the 95 % confidence limit of the means. 

 

4.2. Relationship between upper water characteristics and salinity 

 

A strong linear relationship (r = +0.87) exists between the mean upper water salinity 

and potential temperature in the Rockall Trough, at least between 1996 and 2011 (Fig. 

8.a).  As the mean salinity increases so does the mean potential temperature. 
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Figure 8. Plots of mean (a) potential temperature, (b) phosphate concentrations, (c) 

nitrite plus nitrate concentrations and (d) silicate concentrations against mean 

salinity for the upper waters (200-700 m) of the Rockall Trough.  Error bars 

represent the 95 % confidence limit.  In (b) and (c) data from 2004, 2005 and 2006 

are identified by circles, and in (c) the suspect 2010 data is shown in grey.  

Correlation coefficients are given in the text. 

 

Salinity and mean phosphate concentrations also appear to be linked (Fig. 8.b), 

although the relationship is weaker (r = -0.64) than that observed between salinity and 

potential temperature.  This is expected due to the non-conservative nature of 

phosphate in the ocean, as well as the increased errors associated with the chemical 
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analysis of the parameter and the fact that far fewer data points exist in the integrated 

depth range.  As mean salinity increases, mean phosphate concentrations decrease. 

 

Any possible relationship between nitrite and nitrate concentrations and salinity is 

weaker still and heavily reliant on a single low value from 2008 (Fig. 8.c).  As the 

amount of nitrogen and phosphorus in the ocean are linked via the Redfield Ratio one 

would expect a similar relationship to that observed between salinity and phosphate.  

As salinity increases, nitrite plus nitrate concentrations do indeed fall.  Using all the 

data a correlation coefficient (r) of -0.19 is obtained, however by omitting the suspect 

2010 value (section 4.1) the relationship strengthens somewhat (r = -0.39). 

 

Interestingly, nitrite plus nitrate values and phosphate concentrations are higher in the 

upper waters in 2004, 2005 and 2006 when there is no corresponding increase in 

salinity or temperature (Fig. 7).  Thus these years properties in salinity-phosphate and 

salinity-nitrite plus nitrate space lie close together and slightly separated from the 

other data points (Fig. 8, 2004-2006 indicated by circles).  Further, when these three 

years are excluded, the remaining data points have a particularly strong relationship to 

salinity (r values of -0.92 and -0.78 for phosphate and nitrite plus nitrate respectively).  

This suggests that in 2004, 2005 and 2006 a different process may be influencing the 

nitrite plus nitrate and phosphate concentrations of the upper waters of the Rockall 

Trough.  This process, whilst an unknown, has no measurable effect on temperature, 

salinity or silicate levels.  However, it should be noted that the data points in 2004, 

2005 and 2006 are still fairly similar to others observed between 1996 and 2011.  As 

such, the unusual nature of these three years cannot currently be fully assessed. 

 

Mean salinity and silicate concentrations are again negatively correlated (fig. 8.d) 

although once more the relationship is relatively weak (r = -0.36). 
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5. Discussion 

 

5.1. Effect of the Subpolar Gyre on upper waters of the Rockall 

Trough 

 

Since 1996 the upper waters of the Rockall Trough have become warmer and more 

saline, whilst phosphate and nitrite plus nitrate concentrations have decreased (Fig. 7).  

Over the same period the Subpolar Gyre index has decreased from +7.42 to -10.76 

(Fig. 3).  It has been shown that as the Subpolar Gyre weakens, salinity in the upper 

layers of the Rockall Trough increases, probably as a result of the increasing 

dominance of Subtropical Waters within the basin and the decreasing influence of 

Subpolar Waters (Bersch, 2002; Hätun et al., 2005).  As salinity appears to be related 

to potential temperature and nutrient levels (Fig. 8), it is likely that the concentrations 

of these properties are also effected by the relative importance of Subtropical or 

Subpolar Waters as hypothesised by Sherwin et al. (2012).  As the relationships with 

salinity are linear, it further suggests that the properties of the upper waters may be 

described by the mixing between two end-member water masses.  To investigate this, 

the signature of Subpolar and Subtropical Waters taken from 400 m depth at a single 

location west and south of the Rockall Trough respectively (Table 1) were plotted in a 

series of property-property plots (Fig. 9). 

 

The mean potential temperature and salinity of upper waters in the Rockall Trough 

between 1996 and 2011 lie within the expected properties if Subpolar and Subtropical 

Waters mix (grey shading, Fig. 9.a).  Further, they lie remarkably close to the mixing 

line linking the mean properties of the two end-members considering the signatures of 

these were defined at a single location and depth.  This result therefore heavily 

suggests that temperature and salinity characteristics within the upper waters of the 

Rockall Trough, certainly between 1996 and 2011, are primarily affected by the 

relative importance of Subtropical and Subpolar Waters within the basin.  It would be 

interesting to see whether this relationship holds for the entirety of the Ellett Line 

record between 1975 and the present day.  As a strong relationship is observed 

between the modelled strength of the Subpolar Gyre and upper water salinity within 

the basin (Hätun et al., 2005), it seems likely that it will. 
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Figure 9.  Property-property plots indicating possible linear mixing between 

Subpolar Gyre Waters and Subtropical Gyre Waters in the upper layers of the Rockall 

Trough.  (a) salinity versus potential temperature, (b) salinity versus phosphate 

concentrations, (c) salinity versus nitrite plus nitrate values, and (d) salinity versus 

silicate concentrations.  Data are shown as mean values ± 95 % confidence limit.  

Boxes indicate possible definitions for Subpolar Gyre (SPG) and Subtropical (STG) 

waters taken from Table 1.  Grey shading indicates the range of water properties 

should the two water bodies mix. 

 

An inherent assumption of property-property diagrams is that the measured variables 

distribution in the ocean is only determined by mixing.  Although this is true for 

temperature and salinity, nutrients exhibit non-conservative behaviour.  Thus, it is 

expected that the relationship between the end-members and upper water properties in 

the Rockall Trough will be weaker when the non-conservative nutrients are used.  
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Despite this, all but one data point in the salinity-phosphate plot lies within the 

expected properties (Fig. 9.b) suggesting that mixing between Subpolar Waters and 

Subtropical Waters is still important in controlling upper water phosphate 

concentrations in the Rockall Trough.  The majority of data points in the salinity-

nitrite plus nitrate plot lie within or very close to the expected upper water properties 

if the two end-members mix (Fig. 9.c).  However, the particularly low nitrite plus 

nitrate concentration measured in 2008 does not fit the trend.  This suggests that: the 

nitrite plus nitrate measurement for this year is inaccurate, one of the end-member 

nitrite plus nitrate definitions are inappropriate, or alternatively that another process is 

affecting nitrite plus nitrate levels within the upper waters of the Rockall Trough in 

2008.  Further work is required to determine which possibility is most likely. 

 

The salinity-silicate plot again suggests that linear mixing between Subpolar and 

Subtropical Waters are an important control in the silicate concentrations within the 

upper waters of the Rockall Trough. 

 

At least the potential temperature, salinity, phosphate and silicate concentrations 

within the upper waters appear to be related to the proportion of Subpolar and 

Subtropical Waters in the Rockall Trough.  As this is thought to be related to the 

strength of the Subpolar Gyre (Bersch, 2002; Hätun et al., 2005), the relationship 

between the water properties within the basin and the subpolar gyre index was 

investigated.  The subpolar gyre index is the first principal component of sea surface 

height within the subpolar North Atlantic obtained from altimeter data (Hakkinen and 

Rhines, 2004) and was kindly provided by Sirpa Häkinnen (NASA - Goddard Space 

Flight Center). 

 

A strong relationship between all variables, except silicate, and the strength of the 

Subpolar Gyre is found for an index value of greater than -4.5 (Fig. 10).  As the gyre 

weakens and contracts north-westward (Johnson and Gruber, 2007), salinity and 

potential temperature increase (r = -0.86 and r = -0.85 respectively) whilst phosphate 

and nitrite plus nitrate concentrations decrease (r = +0.87 and r = +0.71 respectively).  

No relationship is observed between silicate and the subpolar gyre index, perhaps 

because of the similar concentrations in Subpolar and Subtropical Waters (Table 1).
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Figure 10.  Plots of mean (a) salinity, (b) potential temperature, (c) phosphate 

concentrations, (d) nitrite plus nitrate concentrations, and (e) silicate concentrations 

for the upper waters (200-700 m) of the Rockall Trough  against the annually-

averaged observed subpolar gyre index.  Error bars show the 95 % confidence limit.  

Data from 2004, 2005 and 2006 in (c) and (d) is identified by circles, whilst the 2010 

suspect data in (d) is shown in grey.  The subpolar gyre index was kindly provided by 

Sirpa Häkinnen. 
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The Subpolar Gyre was particularly weak in the 2000s with the index falling to below 

anything observed since 1992 or modelled since 1960 (Fig. 3).  Below an index value 

of -4.5 (reached in around 2004) the relationship between the strength of the Subpolar 

Gyre and upper water properties in the Rockall Trough breaks down.  Salinity remains 

near constant (35.410 ± 0.005) whilst potential temperature decreases slightly by 0.21 

°C.  This indicates that once a gyre index of -4.5 has been reached, further weakening 

has no effect on the potential temperature and salinity of upper waters in the Rockall 

Trough.  One explanation is that the maximum possible percentage of Subtropical 

Waters in the basin is reached at an index of around -4.5.  Hence, further weakening 

of the gyre has no noticeable effect. 

 

The relationship between a particularly weak Subpolar Gyre and phosphate 

concentrations is more complex with concentrations first increasing in 2004, 2005 and 

2006 (indicated by circles, Fig. 10.c) before falling to a level similar to that observed 

for a gyre index slightly greater than the -4.5 tipping point.  Due to the low phosphate 

concentrations within Subtropical Waters, one would expect phosphate concentrations 

to remain low when the gyre index falls below -4.5.  Hence, it once again appears as if 

an additional process may be important in determining the upper water phosphate 

concentrations in 2004-2006.  Nitrite plus nitrate concentrations in 2004-2006 are also 

elevated (circles, Fig. 10.c).  It is hoped that the nutrient data from the 2012 Ellett 

Line occupation, and from cruises in subsequent years, may help to fully resolve the 

relationship between nitrite plus nitrate, and phosphate concentrations when the 

Subpolar Gyre is particularly weak. 

 

5.2. Further work - possible effects in a wider spatial area 

 

The Ellett Line timeseries also includes the Rockall-Hatton Plateau, Iceland Basin and 

Scottish Shelf, therefore the potential to extend a similar analysis to these areas exist.  

As for the Rockall Trough, a strong relationship between upper water salinities and 

the subpolar gyre index is observed for the Iceland Basin (Hätun et al., 2005).  One 

may, therefore, expect to see a similar nutrient timeseries as observed in the Rockall 

Trough (Fig. 7).  Exchange of water between the Rockall Trough and Scottish Shelf is 

known to occur (Ellett and Edwards, 1983), with the oceanic flux being much larger 
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than exchanges with the other sectors of the European Shelf (Huthnance et al., 2009).  

This linkage between the offshore and coastal areas suggests that some of the 

temporal variability observed in the Rockall Trough may also have a signature on the 

Scottish Shelf.  Indeed a positive relationship is observed between the temperature 

record from the Tiree mooring and that from the upper waters of the Rockall Trough 

(Inall et al., 2009).  As the nutrient budget of the western European Shelf is dominated 

by the input from offshore (Huthnance, 2010) it is expected that nutrient 

concentrations on the shelf region may also be somewhat similar to those of the 

Rockall Trough. 

 

 

6. Conclusion 

 

 Between 1996 and 2011 the upper waters of the Rockall Trough have become 

warmer (+ 0.48 °C) and more saline (+ 0.088).  Phosphate concentrations have 

decreased by 0.14 µM whilst silicate values have remained nearly constant (5.25 ± 

0.26, mean ± standard deviation).  Although there is currently insufficient evidence to 

say with certainty whether nitrite plus nitrate concentrations have decreased or not, 

the Redfield Ratio suggests that this is likely. 

 

 Salinity and potential temperature have a strong positive linear relationship (r =  

+0.87) whilst salinity and phosphate have a negative relationship (r = -0.64).  The 

relationship between salinity and nitrite plus nitrate, and salinity and silicate are less 

pronounced. 

 

 The variation of upper water properties between 1996 and 2011 in the Rockall 

Trough can be explained by the changing importance of Subtropical or Subpolar Gyre 

Waters within the basin.  Upper water properties lie on approximate mixing lines 

between these two water bodies. 

 

 A strong relationship between the upper water properties and the strength of the 

Subpolar Gyre exists when the subpolar gyre index is greater than -4.5.  Correlation 

coefficients of r = -0.86, r = -0.85, r = + 0.87 and r = +0.71 have been obtained for 
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salinity, potential temperature, phosphate concentrations, and nitrite plus nitrate levels 

respectively.  Hence, as the Subpolar Gyre weakens the upper waters of the Rockall 

Trough become more saline and warmer, and phosphate and nitrite plus nitrate 

concentrations decrease.  The strength of the Subpolar Gyre has little effect on silicate 

concentrations, perhaps because of the relatively similar concentrations between the 

Subpolar and Subtropical Waters. 

 

 The relationship between the subpolar gyre index and properties of the upper 

waters breaks down when the index is less than -4.5.  In these circumstances, when 

the Subpolar Gyre is particularly weak, salinity remains constant whilst temperatures 

decrease slightly.  It is thought that phosphate concentrations also remain relatively 

constant although there is currently insufficient data to state this with any degree of 

certainty.  These findings suggest that, below an index of -4.5, further weakening of 

the Subpolar Gyre has no additional effect on the upper water properties of the 

Rockall Trough. 
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