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result in a narrowing and strengthening of the current, whereas upwelling winds result in a 71 

spreading of surface layers and a slowing of the current, even flow reversal (Simpson, 1997). 72 

 73 

A somewhat different system emerges on shelves featuring high freshwater input, such as those 74 

bordering fjordic or high latitude coastlines where the sources of runoff merge into a large, coherent 75 

coastal current.  In these cases, the buoyancy-driven flow is not significantly impacted by wind 76 

events, most likely due to the short timescales typical of wind forcing (and the currents generated) 77 

not being long enough for the overall spatial extent of the flow to be impacted.  Examples of such 78 

systems can be found on the East Greenland Shelf (Bacon et al., 2002; Sutherland and Pickart, 2008), 79 

the Alaskan coastal current (Whitney and Garvine, 2005) and the Norwegian coastal current (Mork, 80 

1981).  Oceanic processes can sometimes intrude onto the continental shelves and affect the 81 

coastline, with the on-shelf propagation of eddies and meanders in boundary currents being key 82 

culprits in this regard.  The latter process is thought to be responsible for sporadic warming on the 83 

West Spitzbergen Shelf off Svalbard (Cottier et al., 2007).  84 

 85 

While physical processes on the continental shelves and slopes are well described over short 86 

periods, typically using moored current meters, boat surveys or langrangian drifters, there are few 87 

studies investigating how these short-term changes may be extrapolated to inter-annual and longer 88 

timescales.  Where long time series do exist, they can prove valuable for linking short-term 89 

processes to longer-term trends.  For example, pulses of oceanic incursion superimposed on a 90 

decadal temperature trend were linked by Reid et al., (2001) to changes in phytoplankton density in 91 

the North Sea.  Similarly, a study of decadal salinity and dissolved organic phosphate on the 92 

European shelf by Laane et al., (1996) utilised 4 observational time series to investigate inter-annual 93 

variability in nutrient availability across the shelf.  In the Pacific, the 43-year time series of the 94 

California Current System reported by Roemmich and McGowan (1995) demonstrated an upper 95 

ocean warming of 1.5 °C combined with an 80 % reduction in zooplankton biomass.  The authors 96 

suggested that increased thermal stratification resulting from surface warming decreased nutrient 97 

input to the upper ocean, which resulted in the observed decline in the zooplankton population.  98 

Subsequent studies have also noted a clear El Niño signal in these temperature observations (Kim et 99 

al., 2007) which indicates that the shallow seas off California track inter-annual changes in the 100 

adjacent ocean.   101 

 102 

Here, we present an analysis of salinity variability on the NW European Shelf on timescales ranging 103 

from tidal to decadal, and extending between the coast and the shelf break.  Salinity is an effective 104 
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tracer of shelf behaviour because it is more conservative than temperature, it is easy to distinguish 105 

coastal from oceanic origins and its use in observational campaigns has been routine for decades, 106 

enabling long time series to be constructed.  The sensitivity of salt to advection in particular can 107 

make it a more critical measure of model skill in semi-confined basins than temperature, e.g. Young 108 

and Holt (2007).  This work complements the analyses of coastal current physics by investigating 109 

their implications over inter-annual time scales. 110 

   111 

1.1 Regional setting 112 

The shallow waters west of Scotland are subject to both coastal and oceanic influences (Burrows et 113 

al., 1999; Hill et al., 1997; Inall et al., 2009; McKay et al., 1986).  The region is of a greater complexity 114 

than many shelf sea areas, as it features numerous influences on the physical oceanography 115 

combined with a convoluted coastline.  The offshore Atlantic water displays well documented inter-116 

annual variability in temperature, salinity and nutrient content (Holliday, 2003a; Holliday et al., 117 

2000; Johnson et al., 2013; Reid et al., 2001) and it is speculated that the coastal waters exhibit 118 

similar variability (Inall et al., 2009; Laane et al., 1996).  Ecosystems in this region have been shown 119 

to be sensitive to changing water properties (Gowen et al., 1998; MacLeod et al., 2005; Reid et al., 120 

2001) and flow pathways (Adams et al., 2014; Miller, 2013).   121 

 122 

Inshore, the islands and fjord-like sea lochs (a term used to describe a lake or sea inlet) of the 123 

Scottish west coast (Figure 1) present a complex route for transiting water masses, with numerous 124 

bathymetric constrictions resulting in powerful tides between islands and over shallow reefs.  The 125 

inner Malin Shelf is flushed by the Scottish Coastal Current (SCC), a persistent northward flow of 126 

relatively fresh water, much of it originating from the Irish Sea (Ellett et al., 1984; McCubbin et al., 127 

2002; McKay and Baxter, 1985; Simpson and Hill, 1986).  Further offshore, the island chain of the 128 

Outer Hebrides forms a partial barrier between the north-west Scottish coastline and the North 129 

Atlantic.  The resultant tapering south-north oriented channel is known as the Minch. 130 
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 131 

Figure 1: Position of hydrographic stations and locations mentioned in text: Ellett Line Station Q, TPM: Tiree Passage 132 
Mooring, PE: Port Erin coastal time series, DMS: Dunstaffnage Marine Station.  SoH: Sea of the Hebrides.  IF: Islay Front.  133 
Ellett Line stations used in this study are marked by a black point and rectangle.  Point shows nominal location of station; 134 
rectangle shows boundaries of supplementary ICES data merged with Ellett Line cruise data.  Inset shows the Tiree Passage 135 
region enlarged.  Ellett Line stations 1G-11G are labelled, and the Tiree Passage Mooring is marked by a black cross.  The 136 
islands bounding Tiree Passage (Mull, Coll and Tiree) are labelled.  Black dashed polygon shows sampling extent for the 137 
Tiree Passage Composite (TPC) time series.  Arrows show mean current pathways on shelf; black: water originating in the 138 
Rockall Trough, grey: coastal water. 139 

1.2 Oceanographic setting 140 

Basin-scale variability and climate 141 

The waters at the shelf edge and in the slope current are regularly mixed with the upper layers of 142 

the eastern Rockall Trough so may be considered to have the same origins (Ellett et al., 1986). The 143 

primary mode of inter-annual variability influencing the upper waters (<1000 m) of the Rockall 144 

Trough results from the changing strength of the Subpolar Gyre (SPG).  A strong SPG expands 145 

eastwards into the Rockall Trough, resulting in the admission of fresher and cooler water, whereas a 146 

weak SPG is associated with an increased warm, saline Atlantic flow (Hátún et al., 2005; Holliday, 147 

2003b).  The state of the SPG can be tracked by an index developed by Hátún et al. (2005), which 148 

compares the relative strengths of the Atlantic Subpolar and Subtropical gyres using satellite 149 

altimetry.   150 
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Between 2000 and 2010 the SPG weakened resulting in high temperatures and salinities in the upper 151 

waters of the Rockall Trough (Holliday and Gary, 2014; Holliday, 2003b).  The weak SPG was also 152 

linked to lower nutrient levels in these waters (Johnson et al., 2013).  The status of the SPG in 2010 153 

appears to be weaker than at any time since 1960 (Hátún et al., 2005; Lohmann et al., 2008), though 154 

in recent years its strength has increased marginally (Holliday et al., 2015).  The primary mode of 155 

atmospheric variability over the Northeast Atlantic is the North Atlantic Oscillation (NAO).  The NAO 156 

index developed by Hurrell (1995) tracks the relative positions of the Icelandic low and Azores high 157 

pressure systems by comparing the pressure differential between the two locations.  A high NAO (in 158 

which air pressure over Iceland is much lower than that over the Azores) is characterised by a 159 

westerly airflow and enhanced storm activity over the Northeastern Atlantic, resulting in mild 160 

winters and increased precipitation over much of Western Europe. During a low NAO phase, winds 161 

over the UK are generally lighter, winters are cooler and precipitation is lower than average. 162 

The slope current 163 

At the shelf edge, a bathymetrically-controlled slope current of 10-30 cm s-1 typically occupies the 164 

region between the 200 m and 900 m isobaths (Hill and Mitchelson-Jacob, 1993; Huthnance and 165 

Gould, 1989; Huthnance, 1986; Pingree et al., 1999).  Current meter observations at 56.5 ° N during 166 

the Shelf Edge Study (SES) campaign showed a strong tendency for water to flow parallel to the local 167 

shelf edge throughout the water column, so the presence of the slope current may limit the free 168 

exchange of waters between the Rockall Trough and the continental shelf (Burrows et al., 1999; 169 

Souza et al., 2001).  There is some evidence that the slope current flow becomes stronger but is less 170 

spatially coherent during periods dominated by the passage of low pressure systems (Pingree et al., 171 

1999; Souza et al., 2001). 172 

Incursion of oceanic water onto the Malin Shelf 173 

Despite the bathymetric constraints on ocean-shelf exchange, there is strong evidence from multiple 174 

tracers, most notably salinity time series over several decades, for the incursion of Atlantic water 175 

onto the Malin shelf.  Hydrographic surveys record the persistent presence of high salinity Atlantic 176 

water (S > 35) which is easily distinguished from coastal sources (S < 34.5) over a hundred kilometres 177 

inshore of the shelf-edge (Economides et al., 1985; Ellett, 1978, 1979; Hill et al., 1997; Inall et al., 178 

2009).  In addition a substantial portion of drifters released at the shelf edge move onto the shelf, 179 

ultimately passing close to the Scottish coastline (Burrows and Thorpe, 1999; Burrows et al., 1999).  180 

However it is not clear what drives this on-shelf incursion and to what extent it influences the water 181 

properties at the coast. 182 
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tidal currents are typically northward, with a mean velocity of 10.8 cm s-1  (Inall et al., 2009).  Whilst 216 

model studies capture some of the main oceanographic features in the region (Adams et al., 2014; 217 

Davies and Xing, 2003; Gillibrand et al., 2003; Holt et al., 2009; Xing and Davies, 1996), much of the 218 

observed variability in water properties remains unexplained.   219 

The Ellett Line is a multi-decadal hydrographic transect between Scotland and Iceland, its 220 

easternmost stations sampling within 10 km of the TPM.  It has been occupied at intervals between 221 

1975 and present, typically 1-2 times per year (Holliday and Cunningham, 2013).  The present 222 

transect builds on earlier observations by ocean weather ships and bisects the route by which 223 

Atlantic water is transported north towards the Nordic Seas and Arctic Ocean. 224 

Inall et al. (2009) demonstrated a strong correlation between local wind forcing and sub-tidal 225 

currents within Tiree Passage, and found that temperatures showed greater correlation with the 226 

Irish Sea than the adjacent Rockall Trough.  No attempt was made by the authors to analyse the 227 

salinity at the mooring due to the short duration of reliable data.  The salinity of the nearby Ellett 228 

Line repeat transect was examined, but no explanation for the observed variability could be found.   229 

 230 

This unexplained coastal variability forms the basis for our investigation.  The remainder of the paper 231 

is structured as follows: in Section 2 the data sources are introduced.  Section 3 presents new 232 

measures of coastal variability covering tidal to multi-decadal periods, and Section 4 extends the 233 

analysis from the Scottish coastline to the continental shelf edge, presenting a multi-decadal time 234 

series of hydrographic transects spanning the 120 km Malin shelf.  Section 5 investigates the 235 

relationship between the observed variability and likely oceanographic and meteorological drivers, 236 

and Section 6 discusses the physical origins of the variability.  237 

2. Data sources 238 

2.1 Tiree Passage Mooring (TPM) 239 

The TPM is situated in northern Tiree Passage at 56.62 ° N, 6.4 ° W in roughly 45 m deep water.  It is 240 

serviced at intervals of 3-5 months and the data presented here were prepared and concatenated by 241 

staff at SAMS.  Hourly current meter and temperature measurements were made at the TPM using 242 

Anderaa recording current meters (RCMs) between June 1981 and present (Figure 2) at a nominal 243 

depth of 20 m.   244 
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 245 

Figure 2: [In colour] Hourly data from the Tiree Passage Mooring.  (a) along channel velocity time series (grey) following 246 
(Inall et al. 2009). Black crosses show mean along-channel velocity calculated for each calendar month.  (b) 20 m 247 
temperature time series (grey); black crosses show month mean temperature with seasonal cycle removed (c) 20 m salinity 248 
time series (black points).  Winter months (DJFM) are indicated by grey bands.  Note the reduced temporal extent of the 249 
salinity time series, delineated by black boxes in (a) and (b).  Overlaid are supplementary salinity observations from Tiree 250 
Passage, which are introduced in Section 3.3.  Legend as per Figure 4. 251 

While the RCMs were capable of measuring salinity these data were found to be prone to sensor 252 

drift and were not considered to be of scientific value.  In August 2002 a Seabird Microcat salinity 253 

sensor was added to the standard array, and this installation forms the salinity time series analysed 254 

here.  Temperature and current meter data from the TPM were presented and analysed by Inall et 255 

al. (2009), and a full description of the mooring deployments to 2006 may be found therein.  CTD 256 

casts were conducted at the beginning and end of most deployments to aid calibration of 257 

temperature and salinity.  Further information on quality control of the TPM dataset may be found 258 

in Appendix A. 259 

2.2 The Ellett Line: stations on the Malin Shelf 260 

The Ellett Line is managed by staff at SAMS, Oban and NOC (National Oceanography Centre), 261 

Southampton.  Of primary interest to this study are the 17 CTD stations regularly occupied on or 262 
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The use of ECMWF reanalysis wind data on the European Shelf is commonplace (Holt and Proctor, 292 

2003; Huthnance et al., 2009; Pingree et al., 1999) and its accuracy on inter-annual time-scales is 293 

considered to be sufficient for the statistical analyses presented here. 294 

2.6 The Sub-Polar Gyre (SPG) index 295 

The index of SPG strengths used in this study was constructed from altimetry observations (Häkkinen 296 

and Rhines, 2004) and was provided by Sirpa Häkkinen.  Due to the limited availability of satellite 297 

altimetry from which this index is derived, this dataset covers the period from 1993 to 2015.  A 298 

description of the impacts of the SPG state on the upper waters of the NE Atlantic is given in Section 299 

1.2. 300 

2.7 Precipitation data 301 

Precipitation on the Scottish west coast is amongst the highest in the UK (Barnes and Goodley, 302 

1958).  Monthly precipitation totals (in mm) at Dunstaffnage Marine Station (DMS, Figure 1) were 303 

downloaded from the UK Met Office website (http://www.metoffice.gov.uk/public/weather/ 304 

climate-historic).  This location was chosen as being most representative of the western Scottish 305 

climate: mean annual precipitation at Dunstaffnage is 1681 mm, which is close to the average for 306 

western Scotland (1787 mm).  Despite the high precipitation for the region, the watersheds which 307 

feed the rivers and sea-lochs of the Scottish west coast are generally confined to within 30 km of the 308 

coastline due to the steep terrain on the western side of the country (Edwards and Sharples, 1986).  309 

While the Dunstaffnage station is coastal it features a similar climate to more inland stations due to 310 

the mountainous island of Mull situated 20 km to the west.   311 

3. Salinity variability near the Scottish coastline 312 

3.1 Description of the Tiree Passage Mooring (TPM) salinity time series 313 

The 20 m salinity time series derived from Microcats on the TPM (Figure 2c) features both gradual 314 

changes (for instance the decrease of 0.9 units during the spring/summer of 2004) and rapid, high 315 

amplitude fluctuations such as the subsequent rapid increase of 1 unit during winter 2004-5, and the 316 

decrease of 1.1 units during winter 2013-14.  The mean 20 m salinity is 34.40 with a standard 317 

deviation of 0.22.  There is no significant salinity trend over the 12 years of observations. 318 

3.2 Harmonic analysis of the Tiree Passage Mooring (TPM) salinity time series 319 

Following Inall et al. (2009) the Lomb-Scargle method (Press et al., 1992) was used to analyse TPM 320 

salinity due to the presence of unevenly spaced data (Figure 3).  In common with many geophysical 321 

time series, the power spectrum of salinity resembles a red-noise spectrum (Torrence and Compo, 322 
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1998), which is typified by a tendency towards higher energy at long periods.  The length of the 323 

available data restricts the analysis to periods up to 2 annual cycles, but there is no clear power 324 

maximum at a period of 1 year and hence no evidence of a defined seasonal cycle.  The lack of a 325 

seasonal cycle is in contrast to the analyses of temperature and current by Inall et al. (2009) which 326 

found clear seasonality in both.  There are peaks in the semi-diurnal and higher harmonic tidal 327 

species, possibly caused by the periodic advection of fronts or property gradients past the fixed 328 

mooring. 329 

 330 

Figure 3: Power spectrum of TPM salinity time series, for the period of near-continuous records between 2002 and 2005.  SA 331 
= Solar Annual (1 year).  Periods of M2, S2, M4 and S4 tidal components are shown. 332 

 333 

3.3 The Tiree Passage Composite (TPC) time series 334 

To provide a decadal context for the salinity observations at the TPM to date, historical data within 335 

the confines of Tiree Passage were assembled into a composite 40 year time series.  The source data 336 

comprised the ICES CTD and surface datasets, monthly means of the hourly TPM observations, and 337 

Ellett Line station 2G which is situated at the northern end of the passage.  The resultant composite 338 

time series of salinity is shown in Figure 4a, and depictions of data availability are given in Figure 4b 339 

and c. More information on estimation of errors associated with the observations is given in 340 

Appendix B. 341 
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 342 

Figure 4: [In colour] Composite salinity time series in Tiree Passage.  (a) Salinity observations and their source datasets.  343 
Surface data are averaged into 5 day bins, CTD data are sampled at 20 m depth, TPM mooring data are month means.  344 
Vertical lines show error estimate associated with each observation.  Explanation of error estimates is given in Appendix B.  345 
(b) Seasonal and temporal distribution of observations. (c) Coverage of winter (DJFM) and summer (JJAS) observations.  The 346 
standard deviations of these subsets are indicated by the shaded regions. 347 

 348 

Figure 5 depicts the TPC time series compared with observations from 20 m depth at Station Q on 349 

the Ellett Line representing salinity at the shelf-edge, and observations from Port Erin on the Isle of 350 

Man representing the salinity in the central Irish Sea, following Inall et al. (2009).  Between 1976 and 351 

2014, the salinity in Tiree Passage has a mean of 34.42 and a standard deviation of 0.22.  This may be 352 

compared to values of 34.15 +/- 0.26 at Port Erin, and 35.37 +/- 0.05 at station Q.   353 
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 354 

Figure 5: a) Comparison of salinity time series.  Black dashed line shows observations from 20 m depth at station Q at the 355 
shelf edge (note expanded scale); solid black line shows month-mean salinity observations at Port Erin in the Irish Sea; 356 
shaded region shows the TPC time series (seasonal means +/- 1 standard deviation). b) Comparison of seasonality in salinity 357 
time series; shaded regions indicate month means +/- 1 standard deviation. c) Comparison of seasonality in temperature 358 
time series; shaded regions indicate month means +/- 1 standard deviation. 359 

We follow the approach of Inall et al. (2009) (table 5 therein) by performing correlations between 360 

time series from Tiree Passage, the Rockall Trough and Port Erin (Table 1).  This enables a 361 

comparison between long-term temperature variability in the region (Inall et al., 2009) and salinity 362 

variability (present study).  Statistical comparisons between time series are expressed using the R2 363 

statistic (the square of the correlation coefficient, r), giving the amount of variance explained by 364 

each time series comparison.  Hence, an R2 of 1 indicates a perfect match while a value of 0 shows 365 

no statistical relationship between the time series.  The p-value is also given as a qualitative measure 366 

of significance, taking into account the effect size, sample size and variability of the data (a low p-367 

value indicates higher confidence in the correlation).  In contrast to the comparison between Port 368 

Erin and TPM temperature time series by Inall et al. (2009) (R2 = 0.505), there is very little 369 

relationship between the salinities of Tiree Passage and Port Erin (Table 1, R2 = 0.015).  However 370 

there are periods when the time series are somewhat coherent; for instance between 1976 and 371 

1982, and between 1994 and 2003. The relationship in salinity between Tiree Passage and Station Q 372 

on the shelf-edge (R2 = 0.154) is of similar magnitude to the temperature comparison of Inall et al. 373 

(2009) (R2 = 0.167), though the authors instead employed a temperature anomaly product by 374 


































































