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Abstract

This is the second of two papers on observational timeseries of top of ocean heat
capture. The first reports hourly and daily meridional central tropical Pacific top 3 m
timeseries showing high Southern Hemisphere evaporation (2.67 myr−1) and Northern
Hemisphere trapped heat (12 MJm−2 day−1). We suggested that wind drift/geostrophic5

stratified gyre circulation transported warm water to the Arctic and led to three phases
of Arctic basal ice melt and fluxes of brackish nutrient-rich waters to north Atlantic on
centennial timescales.

Here we examine daily top metre 1904–2012 timeseries at Isle of Man west coast
∼ 54◦ N for evidence of tropical and polar surface waters. We compare these to Central10

England (CET) daily land-air temperatures and to Arctic floating ice heat content and
extent.

We find three phases of ocean surface heating consistent with basal icemelt buffer-
ing greenhouse gas warming until a regime shift post-1986 led to the modern surface
temperature rise of ∼ 1 ◦C in 20 yr. Three phases were: warming +0.018 ◦Cyr−1 from15

1904–1939, slight cooling −0.002 ◦Cyr−1 1940–86 and strong warming +0.037 ◦Cyr−1

1986–2012. For the same periods CET land-air showed: warming +0.015 ◦Cyr−1, slight
cooling −0.004 ◦Cyr−1, about half SST warming at +0.018 ◦Cyr−1. The mid-century
cooling and a 1959/1963 hot/cold event is consistent with sunspot/solar radiation max-
imum 1923–2008 leading to record volumes of Arctic ice meltwater and runoff that20

peaked in 1962/3 British Isles extreme cold winter.
The warming Arctic resulted in wind regime and surface water regime shifts post

1986. This coincides with the onset of rapid Arctic annual ice melt. Continued heat
imbalance is likely to lead to tidewater glacier basal icemelt and future sealevel rise
after remaining relatively stable over 4000 yr. Our work needs confirmation by further25

fieldwork concentrating on the dynamics and thermodynamics of ocean top 3 m that
controls the 93 % anthropogenic global warming in the oceans. This may be done most
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cost-effectively through focussed multidisciplinary scientific research adaptively man-
aged and funded.

1 Introduction

This is the second of two papers presenting unique experimental evidence of the dy-
namic and thermodynamic processes in the upper 2 m ocean. Anthropogenic global5

warming (AGW) or heat imbalance for the past 250 yr can be explained from models of
volcanism and the log of top-of-the atmosphere CO2 concentration without reference
to solar irradiance variations (Rohde et al., 2013). This was determined from centen-
nial daily land-air timeseries. Heat and mass cannot pass the land-air boundary. They
behave differently in the surface boundary layer. Turbulent buoyancy dynamics are cal-10

culated from 10 m winds and 2 m meteorological data (Taylor, 1931). Buoyant fluxes
carry heat and mass aloft to the top of the atmosphere. Thus, volcanism and green-
house gas concentration determine infrared solar irradiance heat imbalance or AGW
at the top of the atmosphere.

Land-air buoyancy parameterisation does not apply at the sea-air boundary heated15

from the top (Matthews and Matthews, 2013). Heat and mass pass through the buoy-
ant boundary layer. Seawater buoyancy depends on density that is a function of both
temperature and salinity. Salinity introduces a negative term in the buoyancy equation.
Evaporation from surface heating produces stratification and circulation dependent on
seawater density (Turner, 1998). We found bulk parameterisation based on land-air20

buoyancy do not apply at the tropical equatorial surface ocean boundary (Matthews
and Matthews, 2013). However, more AGW-heat is in the top 2 m than in the entire
atmosphere above. Almost all solar irradiance is captured in this layer (Soloviev and
Lukas, 2006). Oceans have 93 % of observed AGW (Levitus et al., 2012). It is therefore
important to use the appropriate thermodynamic characterisation of sea evaporation25

and ocean heat capture. Hourly and daily timeseries are required although these are
not usually available at sea.
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Evaporation depends on sea surface temperature and surface buoyancy. It is highest
at the equator. It derives from the vapour pressure difference between air and water.
Sea surface temperature, not air temperature, determines vapour pressure and hence
evaporation. Saturation equilibrium vapour pressure increases by 7 % ◦C−1, (Clausius–
Clapeyron relation), while precipitation increases at 2–3 % ◦C−1. It is an exponential5

function and is most effective at tropical temperatures> 20 ◦C. The Humboldt Current
flows northwards at 15 ◦C at 40◦ S and then along the Atacama Desert. Evaporation
shows only early morning dew and precipitation is extremely rare. The same water,
4.5 yr and 19 000 km later, is in mid-Pacific at 140◦ W at 28 ◦C and evaporated at the
rate of 2.67 mm−2 yr−1 and sequestered heat of 6 MJm−2 day−1 below 3 m (Matthews10

and Matthews, 2013). Buoyant water in the Northern Hemisphere tropics at mean tem-
peratures ∼ 26 ◦C evaporated 1.67 mm−2 yr−1 and sequestered 12 MJm−2 day−1. No
correlation with wind speed or humidity was found. Surface temperature correlated to
nocturnal cooling just south of Hawaii.

Seawater density increases with increasing salinity, but decreases with increasing15

temperature (Rooth, 1982). Double diffusion results when warm salty water meets cold
brackish water (Turner, 1998). Heat passes to colder water faster than salt. Denser salty
water sinks. There is a surface salt gradient from the equator to the poles. A salt/heat
(alpha/beta) boundary was found in the north Pacific and Atlantic at abrupt fronts at
SST of ∼ 10 ◦C Carmack (2007). We found an abrupt front with surface temperature20

difference> 1 ◦C in 12 km at ∼ 11◦ N in the north Pacific (Matthews and Matthews,
2013). Fronts mark the loci of brine sinking in the alpha/beta ocean conveyor sys-
tem (Carmack, 2007). Strong Lagrangian surface wind-drift/geostrophic currents run
along the frontal boundaries in the top 2 m of the ocean, the jet streams of the ocean.
The distribution of thermohaline stratified, low salinity, nutrient-rich surface waters was25

described as a downhill journey along pycnoclines from the stratified north Pacific,
through 50 m-deep Bering Strait and the highly-stratified Arctic Ocean, to the North
Atlantic (Carmack, 2007).
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The equatorial Pacific has two surface circulation systems separated by equato-
rial upwelling and the eastbound Equatorial Undercurrent (EUC) at 50–150 m depths
(Matthews and Matthews, 2013). Salinity> 36.4 ‰ and temperature> 28 ◦C had high
evaporation (2.67 mm−2 yr−1) but cooled only for a short-time after sunset for heat se-
questration below 3 m of only 6 MJm−2 day−1. The NH tropics, with full temperature-5

driven thermohaline circulation at lower temperature and salinity, captured about dou-
ble the ocean heat at 12 MJm−2 day−1. This supports the concept of polar amplification
in the Northern Hemisphere. Meridional horizontal heat and mass transport was limited
by wind-driven upwelling and thermohaline sinking in pairs of counter-rotating vertical
meridional tropical cells (MTC). These were ∼ 300–100 km wide and ∼ 100 m deep,10

part of which were observed by Perez et al. (2010). Vertical transport was at 0.8–
10 mday−1. Meridional geostrophic transport is an order of magnitude smaller than
zonal wind-driven/geostrophic transport. Surface water flowed down pycnoclines from
the equator and from about 20◦ N and 17◦ S to downward brine sinking points about
5◦ N and 5◦ S. These were at the centre of westward-bound surface gyres.15

A zonal system of eleven interconnected counter-rotating divergent/convergent La-
grangian surface wind-drift/geostrophic gyres link the Pacific/Arctic/Atlantic and world
oceans (Ebbesmeyer and Scigliano, 2009). Ekman wind-driven near-surface currents
are modified in the upper 2 m of ocean by Lagrangian logarithmic wind drift currents
(e.g. Pugh, 1987). The gyres incorporate Lagrangian coherent water masses that have20

only recently received attention although reported as early as 1954 (Peacock and
Haller, 2013; Lin et al., 2013; Williamson, 1956). We adopt the gyre nomenclature
proposed by Ebbesmeyer and Scigliano (2009) because they refer specifically to sur-
face Lagrangian wind-driven/geostrophic gyres (Matthews and Matthews, 2013: Fig. 1).
The gyre system has been confirmed from daily data 1902–1997 in the North Pacific25

with the OSCURS numerical model tuned to very extensive experimental Lagrangian
surface drifter studies and daily geostrophic and surface wind data (Ingraham, 1997;
Dat et al., 1995; Ebbesmeyer and Scigliano, 2009; Ebbesmeyer et al., 2011). Surface
wind drift coefficients were verified for passive plankton-carrying watermasses and
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surface drifters, self-propelled drifters and those with appreciable sail areas that are
enhanced by 30–50 %. All oceans have convergent surface gyres in garbage patches
(e.g. Lavender-Law et al., 2010; Maximenko et al., 2012; van Sebille et al., 2012; Lump-
kin and Johnson, 2013).

The gyres carry stratified ocean surface water from the tropics to the polar regions in5

a global circulation system Matthews and Matthews, (2013) suggested three phases of
basal Arctic ice melt on a centennial timescale based on near-surface dynamics of the
stratified system carrying Pacific and Atlantic water. Atlantic influx of warm saline wa-
ters across the Greenland-Scotland ridge is estimated to be 8.5 Sv (1 Sv= 106 m3 s−1)
(Beszczynska-Möller et al., 2011). Pacific influx through the constricted 50 m Bering10

Strait is an order of magnitude smaller. It is therefore our aim to look at the larger north
Atlantic surface data for evidence of warming and icemelt.

Surface drifters showed that global surface counter-rotating gyre system carries al-
most all polar water eastbound to the European north Atlantic coast north of 50◦ N
(Ebbesmeyer et al., 2011). The alpha/beta boundary between subpolar and subtropi-15

cal was described as a wall. Similar experimental data in the north Pacific shows the
landfall place varies seasonally and on a 20–30 yr cycle between 45–60◦ N with a mean
at ∼ 54.4◦ N (Ingraham et al., 1998). We argue that Columbus and Viking surface drift
gyres carry sub-tropical and sub-polar buoyant surface water to mean landfall on the
western Irish coast at ∼ 54◦ N. Water from these subtropical and subarctic sources20

reach Port Erin mainly across the Malin ∼ 65 m sill and vary seasonally
The western Irish Sea is a classic 100 m-deep flooded V-shaped glacial valley fjord

inlet though it has not been mentioned as a fjord in previous work (Fig. 1a and b). How-
ever, Herdman (1893) established Port Erin Marine Biological Station (PEMBS) be-
cause the Isle of Man had north Atlantic waters and species such as starfish not found25

at the first station at Menai, Anglesey in the eastern Irish Sea (Forbes, 1841). Herd-
man’s (1920) depth profile through Port Erin clearly shows the contrast between the
deep-V of the western fjord and the shallow eastern Irish Sea (Fig. 1b). There are sim-
ilar fjords on the northwest Pacific coast with similar sills such as the 69 m Glacier Bay
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and 62 m Muir Inlet sills at 58–59◦ N (Matthews and Quinlan, 1975; Matthews, 1981a).
Semi-diurnal tidal flows over the sill continually cycle Pacific and fjord water across the
sill. When density above the sill was greater outside than inside, seawater on a flood
tide sank into the basin while less dense surface water left on the next ebb. During the
November–April winter season of minimum freshwater input, Glacier Bay winter shelf5

waters were homogenous at 3 ◦C and salinity 33 ‰ (Matthews, 1981a). UK shelf wa-
ters are vertically homogenous in winter (Brown et al., 2003; Hydes et al., 2007). We
suggest the Malin sill operates in similar way in the western Irish Sea fjord inlet to bring
water to Port Erin. Surface water derives from residual semi-diurnal tidal and wind-drift
currents on prevailing SW winds with occasional reversals from sustained wind shifts.10

Arctic surface water produces brine from freezing in water of salinity 0 ‰ to 24.7 ‰.
Like freshwater, it freezes after cooling to its temperature of maximum density at 4 ◦C to
−1.7 ◦C without further vertical mixing (Matthews and Matthews, 2013). Arbitrary values
of 35.2 ‰ and 34.8 ‰ are used to distinguish Pacific and North Atlantic warm water
from Arctic surface water (Aagaard and Carmack, 1989; Wijffels et al., 1992; Dickson15

et al., 2007; Beszczynska-Möller et al., 2011). We use the methods of Dickson et al.
(1988) in tracing salinity anomalies by looking for high anomalies (i.e. near Atlantic
Gulf Stream water at ∼ 35.1 ‰) and low anomalies (below Port Erin long-term average
34.0 ‰) (Allen et al., 1998).

Kinsman (1956) pointed out the common statistical fallacy that correlates cause and20

effect. For example, Sharples et al. (2006) report correlations with observed SST of 0.3
to the onset of spring stratification, and 0.8 to modelled SST. The model was forced only
by weather and radiation. Both are considered weak correlations and do not demon-
strate causality (Kinsman, 1956). Conclusions arose from using inappropriate land-air
parameterisations on SST data as reported (Matthews and Matthews, 2012).25

Long timeseries are rare in geophysical sciences and therefore prone to the improper
use of statistics (Kinsman, 1957). Kinsman wrote that there are generally data gaps
or only short sequences so the temptation to fill gaps according to some unproven
hypothesis is great. He noted a related problem was the inherent hazard in filling gaps
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in data taken for other purposes. Results are often at variance with the underlying
physics. Furthermore, he states: “The worst of all practices, however, is the artifice of
adjusting the data to improve the correlation”.

We confirmed the misuse of statistics without experimental verification in the central
tropical Pacific experiment (Matthews, 2012; Matthews and Matthews, 2012). Tempera-5

tures from three types of bucket were found equal to each other and contemporaneous
CTD, satellite and buoy data. Data alterations applied for evaporative cooling of bucket
samples were not justified because the short sample time (< 1 min) was insufficient for
skin evaporative cooling to reach the thermo sensor. An absurd correction had been ap-
plied for engine room warming of temperatures of engine intake seawater, often taken10

at unknown depths, that flowed through pipes at 1.5 ms−1 and measured ∼ 1.5 m from
the inlet port. We argue that even with 50 ◦C engine room temperatures, measurable
water heating is unlikely considering the 3000x difference in heat capacities and the
time available (∼ 1 s) to the sensor. Indeed, if such heat transfer were experimentally
viable, we would use our domestic water circulation baseboard heaters for summer air15

conditioner cooling as well as for winter heating. Another wrong assumption was that
seawater has the uniform temperature over the upper 10 m. Soloviev and Lukas (2006),
and Soviet Russian researchers decades earlier showed there were near-surface gra-
dients cooling with depth in all the world oceans. Central mid-equatorial Pacific tem-
perature differences over 0–3 m depth averaged a fall of –0.4 ◦C and could be as high20

as −1 ◦C (Matthews and Matthews, 2012, 2013). Indeed, we suggested these experi-
mentally unverified alterations be removed from datasets. Otherwise, important regime
shifts were removed from the 20th century record. The misuse of statistics and disre-
gard of basic physics continues to this day in Atmospheric Physics (Aberson, 2009).
Moreover, ocean heat content datasets that incorporate experimentally unverified SST25

alterations for the mid C20th to the 1990s are unlikely to be secure for this period (e.g.
Levitus et al., 2012). We therefore restrict our study of the top 3 m surface physics to
long-term daily observational datasets taken to oceanographic standards.
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The aim of this paper is to show three phases of ocean warming and its connection to
anthropogenic global warming and basal Arctic icemelt. We first review historical data.
Then we examine 1903–2012 daily sea surface temperatures from Port Erin for trends
compared to Central England (CET) land-air temperature. We relate the 1959/1963
warm/cold event to a major sunspot irradiance peak September 1957–January 19585

and subsequently to enhanced Arctic icemelt. We examine the extreme winter 1962/3
cold SST data in relation to other extreme winters. We then examine TS density cycles
from 1982 to 2007 that demonstrate a post-1986 warming trend. We look for change in
wind regimes from 1960 to the early 2000s. We then compare our north Atlantic-heating
cycles to those in the Arctic ice records from 1979 to show a post-1986 heating. Finally,10

we discuss how this relates to the hypothesis of polar amplification due to the stratified
Pacific/Arctic/Atlantic near-surface heat and mass transport system and ocean AGW.

1.1 Historical perspective

The British Isles were part of the European landmass until the last great Holocene
glacial retreat and flooding over last 250 kyr (Cunliffe, 1997; Turney and Brown, 2007).15

The last glacial ice maximum advance 20 kyr BP covered the Isle of Man (Fig. 1a),
(Rasmussen et al., 2006; Cook, 2013). At the end of the last ice age, Lake Agas-
siz flowed through Canadian archipelago and into north Atlantic (Murton et al., 2010).
Bond et al. (1997) showed ice rafted debris in the European Atlantic. The last great
flood from the melting of the Laurentide ice sheet was about ∼ 7900 yr BP (Kennett20

et al., 2008). This flooded the Irish Sea western fjord over the North Channel ∼ 65 m
sill and ∼ 90 m deep Celtic Sea sill (Fig. 1a). At the same time the 50 m deep Bering
Strait opened the Pacific surface connection to the Arctic Ocean. Up to this time the
Pacific Ocean circulation was completely separate from the Atlantic-Arctic Oceans.
Indeed, we showed that Northern Hemisphere surface waters are landlocked in the25

Indian Ocean, almost land-locked in the Pacific with the Arctic and Atlantic freely con-
nected (Matthews and Matthews, 2013). The southern ocean connects all oceans but
equatorial divergence separates surface circulation. The Arctic freshwater flux into the
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North Atlantic has been a major feature of North Atlantic circulation for at least the last
4000 yr (Mernild et al., 2012). Gebbie (2012) argues that meltwater reached abyssal
depths over a period of ∼ 1750 yr with the Pacific lagging Atlantic deep waters by
∼ 4000 yr.

For the past 4000 yr sea level has been constant suggesting relatively stable ice5

sheets until AGW began 250 yr with the industrial revolution (Matthews and Matthews,
2013; Post et al., 2011). The UK has been continuously occupied and witness to these
changes. The British Isles were conveniently situated on global seafaring network of
interconnected oceans, seas and rivers from the beginning of the Bronze Age industrial
revolution (Cunliffe, 1997, 2008). The world’s first map, a Babylonian clay tablet in the10

British Museum shows the earth as land surrounded by the circular southern ocean (Ja-
cobs, 2004). Ancient mariners would not be afraid to drop off the flat earth as were me-
dieval explorers. Pleistocene cave art is firmly dated to 12.8 kyr BP at Creswell Crags
that was first occupied 30 kyr BP in Central England (marked Pc in Fig. 1a) (Pike et al.,
2005). Kendrick’s Cave, Great Orme, North Wales (marked Po, Fig. 1a) was also oc-15

cupied at the same time (Cook, 2013). Copper was smelted on Great Orme for 6000 yr
during the Bronze Age (Cunliffe, 2008). The remains of a copper mine can be seen at
the entrance to Port Erin bay at the cliff bottom opposite the former PEMBS marine sta-
tion (Fig. 1c). Cornwall, England was a major source of rare tin traded from the typical
Phoenician island port connected to the mainland by a causeway at St Michaels Mount20

(Pme on Fig. 1c). Greek Dionysius of Syracuse in 397 BC sacked Motya in western
Sicily and it was never reoccupied (Matthews, 1963; Isserlin and Taylor, 1974). It has
the best-preserved island-causeway that was thought to be founded ∼ 2800–2900 BP.
However, recent research on shells under the tufa block causeway showed it was laid
∼ 3600 yr BP (Basso et al., 2008). High-wheeled Sicilian carts still cross the submerged25

causeway as they did in ancient times. Thus, sealevel has been relatively unchanged
for at least the last ∼ 4000 yr. We suggest depletion of Arctic floating ice will increase
basal melting of tidewater glaciers (Matthews and Matthews, 2013). Future sealevels
are likely to rise substantially.
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Though long-term solar irradiance variations do not influence the last 250 yr AGW,
decadal variations do influence ocean cycles. Many climate index timeseries such as
the El Niño/La Niña index (Nino3.4), the Southern Oscillation Index (SOI), the Pacific
Decadal Oscillation (PDO), the North Pacific Index (NPI), the North Atlantic Oscillation
(NAO), the Atlantic Multidecadal Oscillation (AMO) and the South and North Pacific5

PC1 indices (SPC1, NPC1) are based on solar resonant or phase-locked harmonics
(Douglass and Knox, 2012). The correlation coefficient between the equatorial sea
surface temperature (SST) and pressure anomalies was reported to be greater than 0.8
(Swanson and Tsonis, 2009). Challenger datasets from 1872–76, about 100 yr after the
beginning of the industrial revolution, suggest mean global ocean temperatures rose10

over 135 yr by 0.59±0.12 ◦C at the surface, by 0.39±0.18 ◦C below 366 m (200 fathoms)
and by 0.12±0.07 ◦C at 914 m (500 fathoms) (Roemmich et al., 2012). This suggests
2/3 of surface heat reached 366 m after about 135 yr. We found 2/3 of surface heat
was trapped below 3 m in MTCs to 100 m in the central north Pacific (Matthews and
Matthews, 2013). Thus, the surface ocean warming is on a centennial timescale while15

the deep ocean is millennial as noted by Rooth (1982).

1.2 Modern British atmospheric and ocean science

Admiral Fitzroy founder of the UK Met Office established global observations from
ships, lighthouses, and weatherships (Mellersh, 1974). Ocean weatherships were valu-
able resources for trans-ocean voyages and extended into the 1970s to provide bul-20

letins to aircraft (Downes, 1977). The last ocean weathership “M”/“Mike” ceased opera-
tion at the end of 2009. Subsequently satellites and moored and drifting buoys replaced
weatherships as inter-continental aircraft replaced ocean liners and very large con-
tainer ships and tankers replaced general cargo vessels. Much of the detail of ocean
processes on thermohaline, tidal and wind-driven circulation developed in the Irish Sea25

was not carried forward into global ocean near-surface studies.
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1.2.1 Western Irish Sea surface currents

The western Irish Sea surface water is subject to semi-diurnal tidal flushing and wind-
driven surface drift currents. Net south-north throughflow flow is sufficient to replace
the Irish Sea water in one year (Knight and Howarth, 1999). A substantial fraction of
annual flushing can take place in during one sustained storm. We suggest the upper5

few metres are carried on Lagrangian surface drift currents at far higher speeds than
Eulerian currents as observed by Williamson (1956). The deep Western Irish is able to
maintain stratification while the eastern Irish Sea is a well-mixed shallow coastal sea
fed by coastal plain estuaries (Fig. 1b). Simpson and Hunter (1974) parameterised the
stratification/shear frontal system between the stratified and well-mixed systems.10

A tidal model of the M2 tide showed the western Irish Sea gyre and partial tidal
current amphidrome in the co-range and current-amplitude-isolines (Mungall and
Matthews, 1978). A film of the model output clearly showed flood tides sweeping up
St George’s Channel into Liverpool bay. The southbound North Channel flood met the
St George’s flood southwest of the Isle of Man in the partial amphidrome. The tidal15

current null area or current amphidrome is a roughly triangular area between Dublin,
Carlingford, and Calf Island, off the southwest tip of the Isle of Man at the confluence of
tides from north and south (Pugh, 1981). Tidal elevations rise and fall but has perma-
nently slack water with no tidal surface currents (Fig. 1c). The film and model clearly
showed the Coriolis effect whereby the tidal range is higher on the outside of the cy-20

clonic flood circulation and anticylconic ebb. Therefore, both Strangford and Liverpool
have higher tidal ranges than the Isle of Man.

Tidal streams 3 h before and after HW are shown and range from 0.7–1.2 ms−1 on
the ∼ 7 h flood and ∼ 0.8–1.4 ms−1 on the ∼ 5 h ebb (Fig. 1c). Williamson (1957) re-
ported plankton-carrying watermasses travelling 145–320 km from North Channel to25

the Scottish west coast over 2 days of strong SW winds. Eulerian residual calcula-
tions suggested travel of only ∼ 800 mday−1. The shorter distance travelled was into
a fjord cul de sac. The longer distance is consistent with wind-drift currents ∼ 3 % of
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windspeed as verified for the OSCURS wind-drift gyre model (Ingraham, 1997). More
drifter studies are needed for better definition of drift coefficients, periods and sub-gyre
variation over time.

Details on the seasonal cold dome stratified gyre over the cold-trapped winter water
have come from models verified by observation (Simpson, 1971; Simpson and Hunter,5

1974; Simpson et al., 1990; Hill et al., 1994; Horsburgh and Hill, 2003; Young et al.,
2004; Verspecht et al., 2010; Olbert et al., 2011). Currents are ∼ 0.14 ms−1. The sea-
sonal gyre has important ecological impacts (Horsburgh et al., 2000; Butler et al., 2010;
Dabrowski et al., 2010). Models suggest seasonal warm brackish water accumulates
in the upper gyre (Horsburgh and Hill, 2003).10

The southern Celtic Sea gyre restricts surface Atlantic water penetration into the Irish
Sea (Pugh, 1981; Brown et al., 2003; Hydes et al., 2004). The cyclonic gyre circulates
water from Lands End and Bristol Channel to southwest Ireland into a complex shelf
current that had a southbound cold current. The effect of the two cyclonic gyre systems
(western Irish Sea, Celtic Sea) is to ensure surface waters at Port Erin are mainly from15

the North Channel on the cyclonic tidal system combined with net wind-drift currents
(Knight and Howarth, 1999; Davies et al., 2002; Jones and Davies, 2003; Andreu-
Burillo et al., 2007). Surface water travels along the Irish coast to the gyre boundary
just to the south of the Island. The ebb runs to the right joined by a small flux from the
east side of the gyre and exits northwards along North Channel eastside. There are20

no major rivers along the Manx west coast or the Northern Irish east coast. Therefore,
sea surface temperatures at Port Erin represent waters mainly from the North Channel
of subtropical and subpolar origin.

1.3 Surface timeseries data

Kinsman (1957) pointed out the problems of using datasets collected for one purpose25

then used for another as reported above. The problem of remote bureaucratic data
collection was raised in the 1890s when PEMBS was first established in the late 19th
century (Herdman, 1893). The issue was: “With an elaborate organisation, such as that
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suggested by the Conference, there is a danger that the work of the biological stations
would degenerate into the mere taking and recording of routine observations, whilst
the original work and the development of new methods of research, which are in reality
of far greater importance, would receive a check. Good men would certainly not be
attracted to work which consisted merely in recording observations taken according to5

stereotyped plan dictated by a central bureau. A large amount of individual freedom
to the workers is absolutely essential in order to secure the best results from scientific
research” (Allen, 1899). PEMBS avoided such problems by having only a few collectors
of daily scientific data overseen by active research scientists until the station closed in
2006 (Herdman, 1920; Allen et al., 1998). A data logger continues the SST series at10

the nearby RNLI station (Fig. 1 inset.)
At Cypris Station (54.2◦ N, 4.8◦ W) 5 km SW of Port Erin, collection of depth profiles

of temperature, salinity, and various chemical tracers began in 1954 at weekly intervals
where possible (Allen et al., 1998). However, it is not a continuous record with daily
sampling as at PEMBS, and is therefore less useful for examining physical processes15

on diurnal timescales (Kinsman, 1957). Indeed, during periods of greatest interest,
during sustained storms and gales, there are occasional gaps in the record for a month
or more. We are fortunate that the PEMBS daily timeseries continued with methods
unchanged for so long.

1.4 Previous oceanographic surface analyses20

Sea surface temperature and salinity with respect to Irish Sea tidal circulation includ-
ing Port Erin SST records were reported from 1902 to 1937 in (Proudman et al.,
1937; Proudman, 1946), for 1935–1946 in Gilles (1949), and for 1947–1961 in Hughes
(1966). Proudman investigated horizontal surface temperature gradients over a tidal
cycle and found maximum values ∼ 1 ◦C per 20 nm (nautical mile= 1.85 km) (Proud-25

man, 1938). He showed a summer regime established by May with a winter regime by
November. An isothermal plot for November clearly shows warm surface waters enter-
ing St George’s Channel with a cooling gradient into Liverpool Bay. Proudman (1936)
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noted that currents in the North Channel had residuals that appeared to be wind-driven
after extraction of the strong semidiurnal tidal currents. Earlier work had shown the im-
portance of sustained winds in influencing currents (Proudman and Doodson, 1926).

There is a summary of the temperature and salinity regime off the North European
shelf and Irish seas in Huthnance (2010). The main features of the timeseries is an5

early 20th century warming 1910–1940 of 0.3 ◦C then steady or slightly declining tem-
peratures until the 1970s followed by a continued rise by 0.4 ◦C. Source waters for Celtic
sea are from southwest of UK with surface waters 9–11 ◦C in winter and 16–18 ◦C in
summer when stratification is observed. Source waters for North Channel are from the
north and west of UK with ranges 9–10 ◦C in winter and 12–14 ◦C in summer. Interan-10

nual variability exceeds trends over decades that make determining long-term trends
difficult. It was also noted that modern monitoring has been sparse in these north At-
lantic shelf seas. However, a recent survey of temperature trends near the shelf edge
confirms the larger warming trend in air than in SST and that it is more intense north
of ∼ 48◦ N (Holt et al., 2012). The importance of stratification on air/sea exchange was15

noted and the trends in the centennial Port Erin temperatures well reproduced by the
model. The present analysis should add detail to these observations.

The variability of temperature and salinity in the Irish Sea over the 40 yr period 1960–
1999 was investigated in some detail using a fine-resolution local area model using
the usual 10 m wind formulations (Young and Holt, 2007; Smith, 1988). They found20

summer warming (May–October) at Cypris of 0.015±0.008 ◦Cyr−1 was higher than the
modelled results. The winter warming (November–April) of 0.006±0.008 ◦Cyr−1 was
also higher but much more variable. A 489 yr timeseries of proxy temperatures from
long-lived clams showed the seasonal difference between bottom and surface waters
narrowed post-1985 from a peak difference of 10 ◦C (Butler et al., 2010).25

The 35 yr, 1960–1994, SST time-series analyses for eight European Shelf Sea sites
shows the same trends (Visser et al., 1996). Before 1960, there was insufficient data for
time-series analysis. They report that Atlantic water dominates the eastern Irish Sea,
the English Channel entrance, the Scottish northeast (NE) coast, and the southwest
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(SW) Norwegian coastal waters. However, they considered the southwestern Irish Sea,
represented by Cypris Port Erin data, as a separate ecosystem. This is consistent with
the tidal gyre amphidromic circulation limits. They used monthly means and interpo-
lations because there were gaps in some records. They did some simulations with
a multi-layer numerical model. The surface was simulated for upper 10 m layer centred5

at 5 m in cell boxes. Of interest here are boxes for the Irish Sea between the Isle of
Man and N Wales, the English Channel between Lands End and Brittany, the Scottish
North Sea coast and SW Norwegian Coast.

1.5 The 1985–1989 transition

All model results showed a dramatic temperature rise from ∼ 1985–1989 (Visser et al.,10

1996). The largest rise of ∼ +2 ◦C was off the Friesian Islands in the German Bight
and along the Norwegian Coast off Bergen. The Cypris box had a rise ∼ +0.7 ◦C, the
North Sea coast off Edinburgh ∼ +0.6 ◦C and English Channel off Lands End ∼ +0.4 ◦C.
Unfortunately the English Channel records ended in 1985. It showed the highest mean
temperature of 12.35±2.62 ◦C for 1962–84 compared with Isle of Man box 10.54±15

2.49 ◦C for the decade longer record from 1962–1994. The low variability in salinity
suggests different origins with an Isle of Man box-mean of 34.18±0.22 ‰ and the
English Channel a more saline 35.20±0.13 ‰ representative of Atlantic water. This is
consistent with observations in Celtic Sea gyre.

Trajectories for theoretical particles released at points on the shelf edge at 5 m were20

modelled for 360 days. Particles released north of Scotland travelled anticlockwise
around the North Sea and up the Norwegian coast. This is in accord with normal North
Sea cyclonic circulation (Sündermann and Pohlmann, 2011). A particle released north
of Malin Head had a similar cyclonic pattern travelling along the Irish coast of the west-
ern Irish Sea to cross St George’s Channel near Dublin on the south side of the tidal25

amphidrome gyre and along the North Wales Coast off Menai Strait (Fig. 1b). A parti-
cle south of Ireland travelled along the shelf break to round Land Ends into the English
Channel. It ended on the French side of Dover Strait. A particle released off Lands End
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followed the same route through Dover Strait and ended in the cyclonic North Sea gyre
off Jutland. We therefore get a picture of residual currents in cyclonic gyres for the Irish
and North Seas. The tidal amphidromy off Port Erin appears to restrict cyclonic ebb
and flood mainly to carry water from sub-polar and sub-tropical waters from the North
Channel. However, wind-driven currents under SW prevailing winds could carry from5

St Georges Channel.
The potential future impact of climate change on the hydrography of the northwest

European shelf North Sea and the North Atlantic was investigated using coupled ocean
and Hadley centre models (Holt et al., 2010). They suggested that by 2100 shelf tem-
peratures could rise from +1.5 ◦C to 4 ◦C while salinity could decrease by –0.2 ‰. The10

model suggested the shelf waters were temperature controlled while the ocean was
salinity driven. As we noted earlier both temperature and salinity are important espe-
cially in the frontal regions where the impact on density is balance at about 10 ◦C.

2 Irish Sea and Port Erin sea surface data

Irish Sea SST records have been collected since c1870 for meteorological, fish-15

eries, biological and dynamical oceanographic purposes. Daily noon observations
of Irish Sea SST began ∼ 1870 from coastal stations, lighthouses and lightves-
sels using standard Met Office thermometers to ±1◦ F (0.6 ◦C) (Proudman et al.,
1937). From 1880, this changed to twice daily at sunrise and 16:00 LT. From ∼ 1900
Irish Sea SST data to ±0.1◦ F (0.05 ◦C) were collected for fisheries research, and20

from 1902 twice daily observations to ±0.5◦ F (0.3 ◦C) were taken from PEMBS
(Herdman, 1893; Herdman, 1920). Later observers used Nansen bottles with cal-
ibrated reversing thermometers to ± 0.01 ◦C from Port Erin stub of the partially
submerged wrecked quay at the entrance to the bay (54.09◦ N, 4.77◦ W) (Fig. 1
inset). After PEMBS closed in 2006, the Isle of Man government has continued25

data collection by automatic data logger at the nearby Royal National Lifeboat
Institution lifeboat station (54.09◦ N, 4.77◦ W) ∼ 100 m east of the quay with free
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deepwater access (http://www.gov.im/categories/the-environment-and-greener-living/
isle-of-man-government-laboratory/marine-water-monitoring/). Ronaldsway Isle of
Man Airport (54.09◦ N, 4.63◦ W) has daily meteorological records from the mid-
twentieth century. There are no permanent Irish Sea buoys recording atmospheric
and oceanic gradients in temperature and salinity. Irish Met Office Buoys, M2 and M5,5

record only SST for UK Met Office purposes (Irish Met Office, personal communication,
2013).

3 Results

3.1 Port Erin Marine Biological Station SST 1904–2012

Three distinct periods are immediately obvious from the annual means and polyno-10

mial trends shown in Fig. 2a and Table 1. Trend lines are plotted at the centre of each
period with means. The 36 yr, 1904–1939, rise of +0.018 ◦Cyr−1, followed by 47 yr,
1940–1986, weak mid-century cooling −0.002 ◦Cyr−1 and finally the modern 1987–
2012 much higher rate of +0.037 ◦Cyr−1. The majority, 0.96 ◦C, of the of 109 yr temper-
ature rise of 1.01 ◦C took place since 1986. Port Erin has a seasonal cycle as well as15

shorter and longer cycles. These three periods of warming, slight cooling, then more
rapid warming is consistent with earlier observations and our suggested Arctic icemelt
phases (Matthews and Matthews, 2013). It confirms the warming trend on the Euro-
pean shelf from late 1980s. It is consistent with the mean 0.6 ◦C global surface ocean
temperature rise over 135 yr from early to modern comparisons UK Challenger 1873–620

and German Meteor 1925–27 (Roemmich et al., 2012; Hobbs and Willis, 2013; Gouret-
ski et al., 2013). The high latitude PEMBS (54◦ N) location is expected to show polar
amplification.

Running means are plotted to the end of each period rather than the normal centred
method. This is done to show the current trend from the latest available data. Thus,25

30 yr-means are shown time shifted forward by 15 yr and 10 yr-means by 5 yr. Where
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there are abrupt shifts, we believe this method is more able to show trends. They show
as temperature difference over 1 yr, 5 yr and 15 yr at the current date. Annual running
means run from 1904, 10 yr means from 1914, and 30 yr means from 1934. This il-
lustrates how running means change through climate shifts. The temptation to remove
deviations from statistical means can therefore be avoided (Kinsman, 1957; Matthews5

and Matthews, 2012). These trends are not obvious using the usual atmospheric and
oceanic climate measure of 30 yr means for fixed periods (e.g. 1970–1999). We sug-
gest a 10 yr running mean ending with the latest data would be more appropriate for
demonstrating a rapidly changing climate.

There is a variable cycle of hot and cold years with a period ∼ 8±2 yr and amplitude10

∼ 1.1±0.4 ◦C. This is similar to the value obtained from spectral analysis by Young and
Holt (2007). There is of course a seasonal variation with lows in January/February and
highs in August. But it is clear that balance between heat gain and loss is not reached
on an annual basis. Thus 8–10 yr-means are appropriate to see long-term trends.

An extraordinary high 1959 to low 1963 event dominates the mid-century slight cool-15

ing trend. Annual averages temperatures fell from 11.54 ◦C to 9.28 ◦C. It suggests a sig-
nificant warming event in 1959 and a subsequent extreme cooling to give the extraor-
dinary 2.26 ◦C temperature difference.

3.2 Cypris Station SST record 1954–2010

Cypris station data from 1954–2010 provides a useful check on the PEMBS data for20

a shorter period. Correlation between the two records is 0.96. It replicates all features
including the 1959–1963 high to low event. It is for a similar period to the 1950–2010
ocean heat content time-series analyses used for modern ocean-warming estimates
(Levitus et al., 2012). Figure 2b and table show trends. Annual, 10 yr and 30 yr run-
ning means show similar trends to the PEMBS but over emphasise mid-century cool-25

ing. This is likely due to the 1959–1963 extreme cycle. The mid-century 33 yr period,
1954–1986, shows a strong downward temperature trend of –0.015 ◦Cyr−1. However,
the 26 yr, 1987–2010, warming trend 0.033 ◦Cyr−1 completely reverses earlier cooling.
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Thus, the overall warming is 1.0 ◦C for the 57 yr period is the same for both Cypris and
PEMBS. However, we note that the Levitus et al. (2012) ocean heat content data is
increasingly sparse going backward from 1990 to 1950. We suggest therefore that our
daily data is a better long-term indicator of ocean heating trends.

3.3 Comparison with Central England Temperature (CET)5

Central England temperature (CET) is the pre-eminent long-term record of air-
over-land temperatures (Data Crown Copyright courtesy UK Met Office (http://www.
metoffice.gov.uk/hadobs/; Manley, 1974; Parker et al., 1992; Parker and Horton, 2005).
CET data are complete from 1659 and a daily record is available from 1904. The
nearby Ronaldsway air temperature record is only from 1948 (Hisscott, 2006). There-10

fore, we use CET for long-term trends. The CET trend since 1900 to 2004 of 0.077 ◦C
per decade is significant at the 1 % level (Parker and Horton, 2005). The record is an
average over all the central England landmass to the east of the Isle of Man (Parker,
2013). The CET land-air to PEMBS SST correlation coefficient 1904–2011 is 0.8. This
suggests that Central England mainly derives temperatures from the warm Gulf Stream15

and north Atlantic waters on prevailing SW winds as does PEMBS SST. However, the
remaining 20 % in the CET record is probably attributable to continental airflows on
short timescales that do not influence the seawater temperatures

The 108 yr CET record shows the same warming-cooling-warming pattern seen in
SST (Fig. 2c and Table 3). The 1904–1939 warming rate of +0.015 ◦Cyr−1 is only20

slightly exceeded by the 1987–2011 warming rate +0.018 ◦Cyr−1 with a small mid-
century cooling from 1940–1986 of −0.004 ◦Cyr−1. The post 1987 warming trend is
about half that of the Port Erin sea surface temperature. Hisscott (2006) from analysis
of the records from 1948–2006 showed a trend to more coastal fog in summer and less
in winter. He reported that air temperature exceeded sea temperature for almost half25

the year in the first part of the record. However, since 1988 air temperature had been
increasing at 0.3 ◦C per decade while SST increased at 0.6 ◦C per decade. This results
in different seasonal trends in fog climatology. Total CET air warming is only 0.46 ◦C
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that, together with the 1904–1939 0.54 ◦C warming, contributes to the 0.92 ◦C 108 yr
total. Thus seawater is warmed ∼ 0.1 ◦C more than land-air over the century. This is
consistent with heat accumulating in the oceans. The most striking comparison is that
the 1959–1963 hot/cold event is visible in the land air record. For the mid-century
CET 1940–1986 the hottest years were 1949 10.6 ◦C with 1957 s highest at 10.0 ◦C5

(Table 3). Indeed March 1957 was the highest March air temperature at 9.2 ◦C from
1904–2011 (Table 6). This suggests 1957 solar irradiance maximum was felt in the
March air anomalous high.

3.4 Mid-twentieth century 1959–1963 hot-to-cold event

The 2.26 ◦C SST differences over 4 yr suggest an unusually strong warming event in10

1959. Water was warmer than long-term averages for 6 months of 1959 (Table 5). It is
based on daily readings so systematic errors in monthly means are unlikely. The only
source of ocean heat is solar radiation.

Sunspots are very good indicators of solar activity (Solanki, 2003). Sunspots are
found at the base of coronal loops. The more sunspots there are the more active the15

sun. The Photometric Sunspot Index calibrates sunspot numbers to sunspot area and
is a widely used as proxy for solar irradiance with records available from 1874 (Bal-
maceda et al., 2009). De Jager et al. (2010) showed three grand episodes in sunspot
numbers. These are the Maunder Minimum from 1630–1721, the regular episode
1721–1923, and the High 20th Century Maximum from 1923–2008. The 20th Cen-20

tury high with maximum 1957–58 is the highest for 400 yr. De Jager and Duhau (2012)
predict the next grand episode will be regular and do not expect a Maunder Minimum
this millennium. They compared sunspot numbers to land-air surface temperatures and
found slowly rising temperatures to 1986. There was increased warming after 1986
as in the CET records. However, the upwards temperature trend coincided the sharp25

downward trend in solar irradiance/sunspot numbers. This suggests there must be
a different mechanism for post-1986 warming.
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The period 1904–2012 contains the C20th maximum sunspot number and total ir-
radiance. The mean number of daily sunspots for the period is 60±50 (Fig. 3a).
The well known ∼ 11 yr sunspot solar irradiance cycle that is half the 22 yr Hale pe-
riod is clearly visible. However, the 1957–1958 peak is outstanding with annual mean
numbers over 2 standard deviations and maximum numbers 5 standard deviations5

above the century mean. It is the peak of the 20th century high sunspot episode in
the 19th solar cycle since 1750. We narrow the extreme event down with the monthly
means from March 1956 – May 1960 2 standard deviations above the mean (Fig. 3b).
Monthly means September 1957 to January 1958 were 3 standard deviations above
century mean. The overall record number of 355 sunspots was observed on 24 De-10

cember 1957.
This suggests record high temperatures observed at PEMBS in 1959 derived from

warm equatorial water from maximum irradiance September 1957 to January 1958
that travelled on prevailing currents to 54◦ N. Temperature differences from monthly
means for 1940–1986 from May 1956 to March 1964 show the high/low event (Fig. 3c).15

These show temperatures with daily and seasonal solar cycles averaged out. The
century extreme warm month was October 1959 at +1.7 ◦C above October mean of
12.72±0.56 ◦C. The observed record high temperature was 15.56 ◦C during the sea-
sonal peak for 8d from 26 August to 2 September 1959. October 1959 therefore showed
maximum temperature above seasonal norm during the month when tropical warm wa-20

ter is seen at Port Erin. A previous high was seen in November 1956 at +1.5 ◦C above
the November mean of 11.06±0.60 ◦C. This was also at the time of the tropical water
maximum. It shows a rapid recovery from a June 1956 minimum –2.0 ◦C below the
June mean of 11.35±0.64 ◦C. This was at the time of maximum solar radiation. It sug-
gests polar-origin water was present in June but seasonal warming and the subsequent25

warm tropical water produced the anomalously high temperatures for the period. This
suggests that the seasonal cycle usually obscures the influxes of anomalously warm
and cold waters from the solar irradiance variations.

68

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/11/47/2014/osd-11-47-2014-print.pdf
http://www.ocean-sci-discuss.net/11/47/2014/osd-11-47-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


OSD
11, 47–122, 2014

Ocean warming and
Arctic icemelt

century

J. B. Matthews and
J. B. R. Matthews

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

We suggest the century maximum radiation anomaly in October 1959 led to the
century minimum anomaly in February 1963 −2.5 ◦C below the February mean of
7.04±0.89 ◦C. The record cold surface temperatures of 3.5 ◦C were observed over
two days, 6–7 February 1963, after a rapid fall from 5 ◦C on 2 February. The minimum
was at the time of seasonal low temperatures.5

We therefore suggest the 1959 record high surface waters travelled through the Arc-
tic to produce the record cold-water flux in 1963 on the global gyre system. The peak
irradiance was 24 December 1957 at the winter solstice. Maximum heat capture was
in the tropics. The peak warm anomaly reached Port Erin at peak warming season
October 1959. This suggests a travel time from the equator of about 21–22 months.10

Anomalously warm summer peaks in 1960 and 1961 declined to low anomalies by
1962 (Fig. 3c). This parallels the decline in sunspot numbers to the minimum in 1964
(Fig. 3a). We suggest the anomalously warm water of October 1959 passed north-
wards from 54◦ N on the 8.5 Sv waterflow to the Arctic and returned as anomalously
cold meltwater 3.5 yr later in February 1963 at seasonal low.15

Ocean warming was at its most active 1940–1986 during the C20th sunspot/total
irradiance maximum. We believe this led to unusually large basal melting of multi-year
ice and deep keels of ice islands for overall cooling of surface waters. The 1959/1963
warm/cool event led to suggestions of discrepancies in the mid-century record and
that global warming stalled during the period (Matthews, 2012). We suggest that Arctic20

basal icemelt was continuous through the century with the three phases deriving from
the solar maximum leading to the mid-century overall cooling.

3.5 Extreme winters 1916–1917, 1962–1963 and 2010–2011

SST plots for three extreme cold winters are shown in Fig. 4a. British winter 1962–1963
was the coldest in the 20th century (Hirschi and Sinha, 2007). We suggest extraordi-25

nary mid century solar irradiance produced unusually large polar meltwaters. Cyclonic
circulation is normal in the Irish and North Seas. However, sustained NE winds reverse
the normally cyclonic anti-clockwise North Sea circulation from prevailing SW winds
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(see Sündermann and Pohlmann, 2011: Fig. 4). The UK CET during this extreme win-
ter resulted from strong cold easterly and northeasterly winds bringing cold Arctic air
(Hirschi and Sinha, 2007). Bowden (1956) showed that cold water passed westwards
through the shallow English Channel under strong easterly winds. This happened un-
der strong northeasterly in 1963. For the first time in living memory, brackish water from5

the Baltic froze up to a mile offshore at Herne Bay in the North Sea. Poole harbour
on the English Channel coast froze. This suggests the prevailing wind-driven cyclonic
circulation reversed and drove cold polar and Baltic waters around British Isles. This in-
cluded the North Channel to the Isle of Man where record low temperatures were also
observed. This is consistent with expected transit times for Baltic water under sustained10

ENE winds over many days. It is the reverse surface drift currents under sustained SW
winds observed by Williamson (1956).

Differences between three 20th and 21st extreme winters can clearly be seen in the
daily Port Erin temperatures (Fig. 4a and Table 4). Data for all 3 yr show a temperature
fall from 16 November towards maximum winter cooling. The 1916–1917 and 1962–15

1963 records show a steady fall to minimum temperatures ∼ 3.3 ◦C on 27 January 1917
and ∼ 3.5 ◦C 6 February 1963. Thereafter a gradual spring rise is registered. The 2010–
2011 winter temperatures remain higher until the spring rise.

We do not have Ronaldsway Met Office 10 m surface winds for 1916–1917 but we
have them for 1962–1963. Winds averaging> 25 kt (∼ 15 ms−1) for one or more days20

(i.e. ∼ two complete 25 h tidal cycles) produce significant residual current reversals.
Over a two-day period, 5–6 February 1963, winds reached a record 53 kt from 120◦

for 3 h on 6 February. This was the final push of cold stratified polar surface waters
alongshore that resulted in the record SST low of 3.5 ◦C on 8 February 1963. This ex-
plains the observed cold waters and freezing conditions reported around the southern25

UK North Sea and English Channel coasts from Baltic brackish water that are similar
to brackish Arctic water from meltwater and runoff. All post-1948 20th century extreme
winters show a cold anomaly over the N Atlantic and British Isles with a warm anomaly
over Baffin Bay (Hirschi and Sinha, 2007). However, the 1962–1963 winter shows an
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unusual cold anomaly from the eastern Beaufort Sea diagonally to US Atlantic coast.
The N–S meridional jet stream drove cold polar air over North America and to Western
Europe (Screen and Simmonds, 2013).

Therefore, the UK 1962–1963 extreme winter derived from the relatively rare combi-
nation of both polar-origin surface cold seawater and polar air. The subpolar jet stream5

was weakened by the extraordinary heating event in 1959 that gave a larger meridional
wind component (Toggweiler and Russell, 2008). Thus, the winter of 1962–1963 was
an example of NE wind reversal leading to polar water driven southwards.

The 2010–2011 minimum was ∼ 6.74 ◦C on the 19 December 2010. The 21st century
extreme regime is clearly warmer and timed differently from C20th extreme winters.10

The 21st century extreme winter so far is 2010–2011. 11.42 ◦C on 16 November was
followed by a low of 6.74 ◦C on 19 December. This is much higher and earlier than the
C20th extreme lows. Temperature is relatively constant into the spring warming period
with no evidence of the warming seen in 20th century extreme years. There is a rapid
fall to ∼ 7.3 ◦C in 15 March 2011 from which the spring warming begins. 20th century15

spring warming begins at the beginning of February. The modern extreme winter cycle
is dominated by the higher temperature regime.

3.5.1 Wind-driven surface waters from satellite data 2010–2011

For the winter 2010–2011 SST, we have complete satellite SST coverage (personal
communication, reference Høyer and She, 2007). There was a 2.5 ◦C cooling in 9 days;20

11–19 December 2010. There were no winds from the ENE. This may be a remnant
of Gulf Stream tropical water with a freshwater surface pool. To test this theory it is
necessary to look at salinity values. However, Gulf Stream origin for the buoyant cool
plume over tropical saltwater is suggested by the rapid 2.6 ◦C rise from 7.3 ◦C to 9.9 ◦C
on 1 January 2011 after 7 days’ wind ∼ 6.0 ms−1 from 268◦, the prevailing warm current25

direction.
Two periods of strong NE winds in January brought unusually cold waters. European

Shelf SST images show cold Baltic water leaving the North Sea around Scotland in the
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clockwise anticylconic current reversal. Winds of ∼ 10 ms−1 from 30–70◦ coincide with
lows of 8.5 and 7.6 ◦C in January SST record. However, winds from 40◦ averaging>
13–14 ms−1 in March–April brought lows of 7.3 ◦C. This is usually interpreted as the
classic negative phase of the North Atlantic Oscillation (NAO) (Wanner et al., 2001).
Nevertheless, we suggest polar-origin Baltic and north Atlantic surface water driven by5

sub-polar meridional jet stream components from northerly and easterly directions are
the cause as in the extreme winter 1962–1963 (Hirschi and Sinha, 2007).

The 21st century cold winters are different from 20th century extremes. We see
the seasonal warming from early February in the 20th century. Surface water is now
a degree warmer until the early April seasonal upward trend. There was a cold winter10

1986–1987 in the CET record. However, we suggest this was not severe because SST
temperatures were already warmer than earlier in the century.

3.6 10 yr heat cycles

The post-1986 heat content shift is seen in two decadal heat cycles for 1904–1913
and 2004–2013 chosen to remove decadal harmonics (Fig. 4b). The figure shows the15

total number of degree-days above a decade-average minimum, to quantify annual
heat cycles in seawater. The 21st century heating cycle at 1370 degree days is ∼ 7 %
greater than the decade-averaged 1904–1913 value 1280 degree days. The net cen-
tury heat imbalance was +90±30 degree days. The 21st century seasonal cycle is
clearly warmer with a decadal maximum of 15.2 ◦C on 22 August and minimum 7.5 ◦C20

on 20 February. This compares with the early 20th century cycle with a maximum of
14.2 ◦C on 13 August and minimum of 6.6 ◦C on 21 March. The 90 degree day heating
imbalance is 0.9 degree days per year and accounts for the mean temperature rise from
10.1±2.5 ◦C to 11.2±2.6 ◦C. However, we know that most of the century temperature
rise was post-1986. This suggests that the ∼ 90 ◦-day century rate is a likely to be the25

same for the 25 yr since 1986.
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3.7 The 350 yr CET record

The CET record goes back to 1659 and clearly shows that the +0.9 ◦C 353 yr warming
is the same as the 108 yr warming beginning 1901 (Table 6). It is interesting to note
that in the 353 yr record, June is the only month that shows zero air temperature trends
while all others have increasing trends and overall rises. January shows the largest rise5

with +1.7 ◦C with March second largest at +1.5 ◦C. Polar Amplification is the concept
of Arctic warming with the peak warming in the seasonally coldest months. Tropical
heating from solar irradiance/sunspot records has been stable for at least the last 400 yr
(De Jager et al., 2010). Therefore, a zero change in the month of June at 54◦ N at the
seasonal solar maximum radiation is consistent with observations.10

However, February 1947 was the coldest month at −1.9 ◦C over the 353 yr CET
record. The century minimum PEMBS temperatures were for February 1963 at 4.5 ◦C
and March 1947 at 5.18 ◦C (Table 5). Both 1947 and 1963 are UK extreme cold and
snowy years. However, 1963 had both the coldest seawater temperatures and air tem-
peratures suggesting this rare combination contributed to cold conditions on land and15

along the shore. We suggest the combination of the solar maximum radiation, two
orders of magnitude greater than monthly means, accentuated both the mid-century
warming 1957–1959 and resulted in maximum ice melt 1962–1963.

3.8 Seasonal temperature and salinity cycles 1982–2007

Eight-year means are used because they average out observed 8 yr harmonics and20

give two datasets mostly before and after the 1986/87 shift. A clear regime shift is
seen in temperature, salinity, density cycles for 20th century period, 1982–1989, and
21st century, 1999–2006 (Fig. 5a, Table 7). The 20th century has a well-defined annual
cycle with a higher salinity and temperature during the spring/summer heating phase
and lower salinity in fall/winter. Maximum temperatures are in August with minima in25

February at higher density. Salinity thus follows a clear seasonal circuit.
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The 21st century cycle has shifted to higher salinity and temperature but lower
density without a well-defined seasonal salinity cycle. However, there are increased
anomalous short period intrusions with a range ∼ 0.75 ‰. For example on 8 Novem-
ber we have a warm low salinity intrusion (12.3 ◦C, 33.7 ‰, 26.6). This is a consistent
anomaly in 8 yr means. It suggests surface freshwater remnants over warm saline strat-5

ified water from tropical storms are annual events. It suggests travel times are less than
one year or survival of coherent Lagrangian watermasses from previous years. Sim-
ilar water masses are found in eastern and western Pacific freshwater warm pools
reported by many observers (e.g. Wijesekera et al., 2005; Matthews and Matthews,
2013). Warm tropical origin moist air masses induce heavy precipitation in contact with10

polar air in the Iceland/Azores system. It is therefore possible that recent precipitations
falling on annual warm water masses are carried on water from a prior year. There
was a warm water anomaly in October 1959 about 18 months after the solar maximum
tropical heating in June 1958 at the NH tropical high solar radiation.

Toggweiler and Russell (2008) showed that warming since the last glacial maximum15

will shift and weaken the mean subpolar jet stream from 45–50◦ N to 50–55◦ N. This
would suggest a tendency at Port Erin, with water over the Malin Sill at ∼ 55◦ N and
remnants from St George’s Strait further south to shift towards more warm tropical
water. Weather and storm fronts seasonally move north and south. Equinoctial storms
are well known as the subpolar jet streams moves south over the Isle of Man. The20

regime shift from a well-defined seasonal cycle of subtropical and subpolar water to
a shift to higher salinity regime with warm and cold intrusions would be consistent with
the warming shift.

Water arriving at Port Erin is from a mix of tropical and subpolar water. It is distinct
from English Channel and Celtic Sea water as discussed earlier. All reference to high25

and low anomalies are given in this context. High salinity intrusions for Port Erin at
high temperature in September (15.2 ◦C, 34.2 ‰, 25.2) suggest they are from tropical
Gulf Stream and Columbus gyre that moves seasonally north to south. High salinity
and low temperature intrusions in January (9.3 ◦C, 34.4 ‰, 26.5) suggest their origin in
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late season tropics cooled by seasonal heat loss. There has been a shift northwards of
the tropical/polar water boundary (Toggweiler and Russell, 2008; Årthun et al., 2012).
They show the sub-polar jet streams would shift from latitude 45–50◦ to 50–55◦. The
Isle of Man at 54◦ N is in the new range. The polar amplification in Northern Hemi-
sphere weakens the jet stream so that we have more periods of meridional winds as5

we saw in the wind regime shift. However, our TS cycle shift appears to confirm that
the boundary has already reached latitude 54◦ N. In the SH the shift coincides with
the Antarctic circumpolar channel and stronger winds, upwelling and northward driven
surface currents at 50◦ −55◦ S (Toggweiler and Russell, 2008).

Daily densities 1982–2006 show seasonal variations and extremes for the two10

regimes (Fig. 5b). Density for 1982–1986 was 26.05±0.5 at 34.02 ‰, 10.1 ◦C. Twenty
years later for 2002–2006 it was 25.87±0.5 at 34.08 ‰, 11.4 ◦C. The reduced density
was due to the 1.3 ◦C temperature rise offset by the ∼ 0.06 ‰ salinity rise. The second
order polynomial trend went through a maximum density around 1994–6. Maximum
density on 22 March 1994 was 28.7 at 36.6 ‰, 6.9 ◦C and on 28 March 1996 was 28.415

at 36.2 ‰, 7.1 ◦C. These surface salinities are the same as those observed at 3 m in
the Central Tropical Pacific (Matthews and Matthews, 2013). They are clearly of tropi-
cal origin since evaporation is the only source of salt at the surface. Arctic brine sinks
in highly stratified brackish water. They were observed about a month after the usual
seasonal low temperature water in January/February. Low salinity water was observed20

in November about a month after peak temperatures. Low-density water on 10 Novem-
ber 1994 was 23.9 at 31.9 ‰, 12.2 ◦C, and on 8 November 2005 was 23.2 at 31.0 ‰,
11.2 ◦C. The warming trend brought tropical surface waters for about ten years after
the abrupt post-1986 rapidly rising temperature regime. However, after about 1996 the
seasonal regime shifted to balance the seasonal cycle at higher temperatures and25

salinities. We suggest the regime shift of Toggweiler and Russell (2008) is taking trop-
ical water through the Arctic. The trend suggests more Arctic ice is now melting for
a return to the earlier balanced seasonal cycle. We believe this is likely to be basal
icemelt of tidewater glaciers.
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3.9 20th and 21st century wind regime

Mean 5 yr, 1960–1964 and 2000–2004, wind directions for Ronaldsway for win-
ter/spring and summer/fall show a wind regime shift (Fig. 6). The most notable shift
is the ENE winds May–September 2000–2004 not seen in 1960–1964. Sustained
winds from this direction reverse normal cyclonic circulation and drive cold surface wa-5

ters southwards during the important plankton season. However, prevailing SW winds
are present in both summer/fall periods suggesting continuance of dominance of Gulf
Stream/Columbus gyre tropical waters. They are modified in the later period however
by more westerly and northerly component. This would also bring cold waters into the
North Channel and result in reduced salinity observed in the TS density plots.10

Winter westerlies also appear in both periods. Nevertheless, the 21st century win-
ter westerlies are more frequent. This suggests strengthening of circulation from the
Viking polar gyre and transport of more polar water. The wind regime shifts are con-
sistent with reported increase in meridional and zonal components of the sub-polar jet
stream (Screen and Simmonds, 2013). This fits well with the observed surface-heating15

trend and shift to a higher salinity regime while mean salinity is moderated by intrusions
of sub-polar water. Moreover, irreversible mass losses from Canadian Archipelago
glaciers are now contributing to these cold brackish surface waters (Lenaerts et al.,
2013).

This is a similar process to that observed in the North Pacific over the same pe-20

riod where increased SW winds from a similar climate shift enhanced Pacific water
and heat influx through Bering Strait (Danielson et al., 2012). The is consistent with
the reported link between observed significant summer increases in meridional wave
amplitude over Europe, and mid-latitude weather (Screen and Simmonds 2013). The
concept of Arctic amplification linked mid-latitude weather from observations of autumn25

and winter weakened zonal winds, and an increased frequency of blocking north-south
jet streams (Francis and Vavrus, 2012; Jeffries et al., 2013; Walsh, 2013). It is consis-
tent with Toggweiler and Russell (2008) shift as suggested above.
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3.10 Relationship to 20th and 21st century Arctic ice melt

Rudels (2012) reviewed Arctic Ocean Atlantic exchange circulation and pointed out the
importance of the low salinity surface layer outflows to the North Atlantic. Beszczynska-
Möller et al. (2011) confirmed changes in recent decades in the two main Arctic Ocean
processes of poleward oceanic heat flux and export of freshwater to the North Atlantic.5

Woodgate et al. (2010) used the observed Bering Strait volume and heat transport
between 1991 and 2007 in numerical flow models. In both volume and heat trans-
port 2007 values were record highs; 2007 heat flux ∼ 5–6×1020 Jyr−1 was twice 2001
measured flux. They suggest interannual flow variability ∼ 0.2 Sv. They note that the
incoming Pacific Ocean heat flux is sufficient to account for 1/3 seasonal Arctic ice10

loss or to melt an ice sheet 1 m thick over an area of 1–2×106 km2.
The onset of increased Arctic ice melt coincides with the increased warm-

ing of Port Erin surface waters and north European waters in the well-
documented shift 1986–1987. Daily mean Arctic sea ice volumes for 1979–
1986, 1987–1991, and 2005–2012 are shown Fig. 7. Data are by courtesy15

of Zhang and Rothrock (2003); http://psc.apl.washington.edu/wordpress/research/
projects/arctic-sea-ice-volume-anomaly/data/. The long-term annual melt volume of
∼ 16.2×103 km3 was already changing by the second period 1987–91. The period
1986/7 marked warming regime shift as in PEMBS and European SST and CET land-
air temperatures.20

Net annual reduction in ice volume post 1986 is −0.4×103 km3 shows the observed
rapid ice loss. The 8 yr periods 1979–1986 and 2005–2012, ice volume, area and thick-
ness trends are shown in Table 8. The annual ice melt, the difference between maxi-
mum and minimum ice volume, increased from 16.2±0.9 to 17.8±0.9×103 km3 yr−1.
It is now melting ∼ 1.6×103 km3 yr−1 more ice than in the previously relatively stable25

period before 1986. However, the same quantity of heat or more is available now to
melt a lower starting volume. This accounts for the higher annual melt rate. As starting
volumes continue to decrease there should be heat available for other processes.
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It was briefly thought that ice melt had paused based solely on satellite ice area
observations. However, Barber et al. (2009) showed that porous rotten annual ice and
compact multi-year ice have identical satellite radiometric signals despite have very
different melt rates. Only field observation showed the differences in the actual ice. We
use ice volume for heat calculations but look at the impacts on ice thickness and area.5

The mean volume has changed from the long-term stable volume of ∼ 23×103 km3

to ∼ 15×103 km3 a reduction of ∼ 34 %. This has reduced ice volume ∼ 8×103 km3

over the 26 yr period. Heat formerly used in the annual ice melt is now available for
additional surface warming of ∼ 2.7×1021J (latent heat of fusion ∼ 3.42×108 J m−3)
at the rate of ∼ 1×1020 Jyr−1. There is a positive feedback mechanism of increased10

summer open water later into the freezeup season and potential for enhanced basal ice
melt through the winter. This would tie into the new seasonal density cycles observed
at Port Erin (Fig. 4b).

The mean annual maximum to minimum ice melt area over the 8 yr cycles in-
creased from 9.1±0.3 to 10.4±0.4×106 km2 yr−1 (Table 8). Data are by courtesy15

of courtesy of http://nsidc.org/data/docs/noaa/g02135_seaice_index/index.html?file=
/data/seaice_index/derivation.html Sea Ice Index, Boulder, Colorado USA: National
Snow and Ice Data Center, Digital media. This suggests a change in ice thickness.
We computed the ice thickness from volume/area for the two periods and found the
mean ice thickness had decreased by 0.5 m from 1.9 m to 1.4 m (Table 8).20

The trends show ice volume reduction rate rose from 0.2×103 km3 yr−1 to 0.7×
103 km3 yr−1. However, the mean areal reduction rate only rose from 0.04×106 km2 yr−1

to 0.05×106 km2 yr−1. This is because the maximum area is now increasing at
+0.04×106 km2 yr−1 whereas it formerly fell at about the same rate. We are now hav-
ing a greater area of thinner ice. This probably reflects the freezing of the brackish low25

salinity 0–24.7 ‰ surface waters that freeze from 4 ◦C to –1.7 ◦C without vertical mix-
ing (Matthews, 1981c). The Arctic Ocean is a stratified estuary receiving ∼ 11 % river
discharge while accounting for only ∼ 1 % of ocean volume over deeper brine layers
(Stigebrandt, 1984; McClelland et al., 2012). It is a double estuary with positive alpha
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stratification in the surface and negative beta stratification beneath (Carmack, 2007).
Both Pacific and Atlantic warm saline waters interleave and cause basal melting.

3.11 Long term stability and centennial change

Our hypothesis is that three phases of ice melt are consistent with the centennial sea
surface temperature measurements at Port Erin through the Alpha/Beta stratified sys-5

tem. Buoyant freshwater flux is consistent with observed changes, between 1958–1970
and 1993–1997 at the beginning of the freezeup season, of substantial reduction in
multiyear ice> 2 m, an increase in 1–2 m ice and an increase in open water area over
the same period from 19 % to 30 % (Yu et al., 2004). It suggests the erosion of deep
keel ice had been ongoing at least from the mid-20th century (Polyakov et al., 2012).10

The sea ice cover had been stable for 1450 yr before the modern rapid reduction (Kin-
nard et al., 2011). The long-term equilibrium thickness was maintained by an Arctic
surface heat flux of ∼ 2 Wm−2 that compares with the modern Canada Basin, Arc-
tic Ocean heat flux of ∼ 5 Wm−2 or ∼ 3.5 Wm−2 over the basin as a whole (Sirevaag
et al., 2011).15

The long-term effects of warm Pacific water on the Canada basin were hidden for
the first half of the 20th Century by the melting of deep ice island and tidewater
glaciers> 4 m. Ocean cycles have a very large variation in timescales (Rooth, 1982).
Melting of deep ice keels was mentioned as an indicator of climate change as early
as 1955 when a deep fjord in the Canadian Northwest Passage became ice-free but20

plugged by grounded glacier ice at the exit sill (Crary et al., 1955). The Canadian
gateway for freshwater transport to Atlantic is increasingly important in 21st century
(Beszczynska-Möller et al., 2011). There was a rise in iceberg numbers in Labrador
Current crossing 48◦ N from 1902–1912 with peaks in 1909 and 1912 that ultimately
focussed attention on icebergs through Titanic disaster (Diemand, 2001). The mean25

sea ice extent appeared stable but deep ice erosion appears to have been progressing
since about the 1890s.
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4 Discussion

4.1 Centennial polar amplification in Northern Hemisphere

Walsh (2013) clearly showed polar amplification of global warming in his study of the
Northern Hemisphere. His polar hemisphere surface temperature plot for 1963–2012
is reprinted as Fig. 8. Figure 8 shows warming 1–2 ◦C during 1963–2012 in the Bering5

Sea and along the Irish coast ∼ 54◦ N, including the Malin sill and Irish Sea but not the
Celtic Sea. We found warming of +1.22 ◦C for the same period in PEMBS sea surface
temperature and a linear trend of 0.026 ◦Cyr−1. The central North Atlantic from New-
foundland has a temperature rise< 1 ◦C because of the meltwaters in the eastbound
Viking Gyre. We suggest our analysis of the warming at Port Erin shows prevailing10

SW winds and currents carrying tropical water with intrusions of brackish subpolar
meltwaters and runoff water as hypothesised. We showed the NH sequestered 2/3 of
surface ocean heat below 3 m in the central tropical Pacific compared with 1/3 in the
SH (Matthews and Matthews, 2013). This is not the beta/alpha boundary but a con-
sequence of the southern tropical Pacific hypersalinity (> 36 ‰). The North Atlantic15

Ocean is less saline than the North Pacific because it carries all the Arctic meltwaters
and runoff. These waters travel on Carmack’s (2007) downhill (pycnocline) supply of
stratified brackish Arctic waters over a deep halocline/pycnocline. Tropical NH Atlantic
heat sequestration should be also about 2/3 of ocean surface heat. The circulation of
unusually warm water during the mid-20th century peak sunspot/solar irradiance two20

standard deviations greater than monthly means suggest this is the case. It could be
determined from hourly data from meridional transects in the central Atlantic as we
used in the central tropical Pacific (Matthews and Matthews, 2013).

4.2 Solar irradiance variation and climate shifts

Equatorial solar irradiance at the equator is year-round in the range= 1–0.9 of total25

peak irradiance, cosine of angle of incidence ±22.5◦. Seasonally in the tropics, latitude
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±22.5◦, the angle of incidence cosine is in the range 1.0–0.7. Thus, the tropics have
year-round solar irradiation in the range 0.7–1.0 of the total incident radiation. In po-
lar regions, year-round heating process derives from basal ice melt from high heat-
capacity seawater rather than seasonal weak irradiance. Because of this, tropical heat-
ing is the major source of ocean heat. The Pacific Ocean tropics capture the majority5

of ocean heat (Levitus et al., 2012). However, the Atlantic/Arctic Ocean captures the
majority of icemelt in buoyant surface waters. We found warm tropical water reached
Port Erin at 54◦ N about 20 months after the 1957–8 extreme solar radiation event. The
Gulf Stream/Columbus subpolar gyre half period is about ∼ 20 months. Moreover, sea-
water density, a function of temperature and salinity, controls ocean heat sequestration10

(Matthews and Matthews, 2013). The balance point at which the density contributions
are equal and opposite is at a surface temperature 10 ◦C (Carmack, 2007). This is a re-
gion of abrupt fronts and where warm saline water comes up against wall of cold polar
water (Ebbesmeyer et al., 2011). It is the site for ocean conveyor brine separation.
Long-term variations in solar radiation over at least 250 yr did not affect observed an-15

thropogenic global warming (Rohde et al., 2013). Observed land-air warming could be
completely explained by top of the atmosphere volcanism and the log of CO2 concen-
tration. Indeed a sharp increase post-1986 in AGW coincided with a sharp decrease in
solar irradiance/sunspot numbers after the 1923–2008 20th century high.

The Viking gyre period is not well defined because of a lack of drifter verification20

data (C. C. Ebbesmeyer, personal communication, 2013), However, we know from the
low salinity anomaly studies based on weather ship observations that cold low salin-
ity anomalies travel from off Greenland to UK in about 4 yr and separate anomalies
about a decade apart (Dickson et al., 1988). Modern surface temperatures studies
from satellites and instrumented seals suggest the warm and cool waters circulation25

has intensified in recent years (Hydes et al., 2004; Mernild et al., 2012). Warm tropical
water has been observed basal melting tidewater glaciers year-round in East Green-
land and focussed attention on the importance of tidewater glaciers (TWG) to global
warming (Mernild et al., 2012; Straneo et al., 2013).
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The post-1986 climate shift observed in the Arctic/Atlantic appears about a decade
earlier in the Pacific. The Pacific Ocean receives the majority of ocean AGW but surface
waters are trapped by Bering Strait. It loses only about a tenth of the Atlantic 8.5 Sv
into the Arctic Ocean (Beszczynska-Möller et al., 2011). Alaska was not ice covered
during the last glacial maximum when Isle of Man was completely ice covered (Fig. 1a).5

Alaskan tidewater glaciers have been melting since the beginning of the industrial rev-
olution and at least from 1820 (Matthews, 1981a). North Pacific gyres re-circulate heat
to produce complex pathways with southbound warm western boundary currents not
found in the Atlantic (Fine et al., 1994). Jet stream meridional variations can carry air
from the north Pacific over Alaska and south from the Beaufort Sea toward north central10

USA (Francis and Vavrus, 2012). Wendler and Shulski (2009) reported a rise in Central
Alaska air temperatures from 1972–3. Crawford et al. (2007) reported a temperature
rise of +0.9 ◦C from 1958–2005 in the 10–50 m deep layer along Line P through the
Aleut subpolar gyre. However, the bulk of Crawford et al.’s (2007) reported temperature
rise was in 1977. Moreover, the largest of the 18 climate shifts reported by Douglass15

(2010) was also in 1976–1977.

4.3 Further potential impacts

There are further impacts of rapid Arctic amplification. Arctic storms are now very sim-
ilar to mid-latitude storms with great coastal erosion (Simmonds and Rudeva, 2012).
There is increasing evidence of Pacific species of flora and fauna entering the Arc-20

tic Ocean and some getting established in the North Atlantic. For example, Japanese
skeleton shrimp, the Chinese mitten crab and the leathery sea squirt have already
reached the British Isles (http://www.marlin.ac.uk/marine_aliens/). King Crabs have
reached Norway from Kamchatka and Alaska. We suggest the wind-driven Lagrangian
coherent water masses may be important as jet streams of the ocean. Williamson25

(1957) reported Irish Sea North Channel coherent watermass carrying plankton trav-
elled up to 320 km north to the Minch, Outer Hebrides channel under prevailing strong
SW winds. The peak ENE winds May–September 2000–2004 (Fig. 6) could reverse the
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flow so that northern species could travel south to the Irish Sea fjord as we observed
in the North Channel from NW winds along the channel axis. This is particular signif-
icant for bottom species such as starfish that have larval hybridisation where buoyant
larvae with bi-lateral geometry metamorphose into benthic animals with circular geom-
etry (Williamson, 2006, 2009, 2012; Williamson and Boerboom, 2012). The long-living5

Norwegian clams could have travelled this way to the 100 m-deep fjord off Port Erin
(Butler et al., 2010).

Ebbesmeyer and Scigliano (2009) noted that Arctic Ocean gyres; Beaufort, Melville,
and Polar Bear gyres have travel speeds of 0.6 nmday−1 and periods of 12–14 yr. How-
ever model and field studies suggest that, in an ice-free ocean, gyre speeds will be as10

high as 7 nmday−1 with much shorter trans-Arctic travel times. This could have far-
reaching consequences for ecosystems and circulation patterns.

PEMBS mean SST shifted from 10.24±0.52 ◦C during 1904–39 to 10.8±0.45 ◦C
during 1987–2012. A surface temperature of ∼ 10 ◦C marks the density balance point
where salinity and temperature have equal and opposite effects. It is the sinking front15

on the global conveyor. Our temperature shift suggests a northward shift in the North
Atlantic fontal system. Temperature is a major moderator of ocean carbon dioxide ex-
change and ocean acidification (Feely et al., 2008; Mathis et al., 2011). Seasonal acidic
upwelling from northerly coastal winds along the tidal Pacific Northwest coast has re-
sulted in flushing of oyster beds so that Pacific oysters are unable to spawn naturally20

since 2007 (Waldbusser et al., 2013). Similar upwelling could accompany the new ENE
and N wind regimes in the north Atlantic. Global ocean acidification and sea surface
temperature will be discussed in a forthcoming paper (Matthews, 2013). Polar ampli-
fication in the Arctic is likely to lead to positive feedback from methane release from
quasi-stable methane hydrates at ∼ 400 m (Archer et al., 2007). Better understanding25

of seasonal cycles would aid in determining methane Arctic impact (Kort et al., 2012).
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5 Conclusions

We conclude that European North Atlantic AGW at ∼ 54◦ N 1987–2012 is increasing at
+0.53 ◦Cdecade−1 (i.e. > 1 ◦C in 20 yr) after a century of modification by Arctic basal
ice melt. These findings are based on accurate high-quality observational timeseries
unaltered by models or data processing. AGW is controlled by top-of-the-atmosphere5

dynamics and thermodynamics of solar radiation modified by volcanism and green-
house gases. Ocean AGW is controlled by the top 3 m of ocean dynamics and ther-
modynamics. Ocean solar radiation heat imbalance is controlled by year-round tropi-
cal evaporation and heat sequestration modified by high latitude year-round basal ice
melting and seasonal radiative loss restricted by strong stratification. Stratified ocean10

circulation carries nutrient-rich surface water through the Arctic to the North Atlantic.
Surface transport by interconnected wind-driven/geostrophic counter-rotating gyres is
strongest in the top 2 m. Eastbound surface gyres make landfall on the west coasts of
both north Pacific and north Atlantic at about ∼ 54◦ N. PEMBS Isle of Man on the west-
ern Irish Sea fjord coast is ideally located to monitor centennial changes from daily15

timeseries at a fixed location.
We found three phases of surface temperature trends: rising +0.018 ◦Cyr−1 during

1904–1939, slight falling −0.002 ◦Cyr−1 during 1940–1986, and more than double the
early C20th rising at +0.037 ◦Cyr−1 during 1987–2012. This is consistent with three
phases of Arctic ice melt: first the deep keels of tidewater glaciers and ice islands, sec-20

ond the multiyear ice and now the modern annual ice. The C20th sunspot/solar irradi-
ance maximum that peaked in 1957 resulted in a large heat anomaly in October 1959.
That heating event carried on the 8.5 Sv flux between Scotland and Greenland to the
Arctic resulted in unusually large ice melt and cold water at Port Erin in February 1963.
Irradiance during the 1923–2008 solar maximum of at least two standard deviations25

larger than monthly means resulted in the 1959/63 hot/cold event. We suggest unusu-
ally large tropical warming led to unusually large basal Arctic melting that reached Isle
of Man ∼ 3.5 yr later. We believe this accounts for record cold European 1962/3 winter
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and century extreme cold sea surface temperatures. It confirms the suggestion that
basal icemelt is the principal cause of observed Arctic thermodynamic processes.

Post-1986 we found surface water and wind regime shifts. Surface water ceased
a regular TS seasonal cycle. It now has ∼ 0.18 lower mean density from ∼ 1.3 ◦C
higher temperature modified by ∼ 0.06 ‰ higher salinity. Seasonal density minimum5

is in November and maximum in March. Intrusions of high and low-density tropical and
polar waters were observed. They were carried on Lagrangian wind-drift/geostrophic
surface currents driven by winds maintained for ∼ 2 days or more. The wind regime
May–September 2004 showed more ENE winds and weakened prevailing southwester-
lies. While October–April 2004 showed strong westerly, and weaker ESE wind regime.10

The 2010–2011 winter low shifted to minimum temperatures March/April.
Modern ocean AGW depends on seawater density and heat trapped mainly in the

tropics in the upper 2 m. Total AGW for the last 250 yr can be modelled on volcan-
ism and the log of CO2 concentration at the top of the atmosphere. Oceans account for
93 % of observed AGW. PEMBS warming during 1987–2012 of +0.037 ◦Cyr−1 is repre-15

sentative of ocean warming, formerly buffered by Arctic icemelt, now showing a rapidly
increasing trend in sea surface temperatures. Land-air, CET, warming during 1987–
2012 (+0.018 ◦Cyr−1) is similar to 1904–1940 (+0.015 ◦Cyr−1) but is representative
only of the 7 % AGW in the atmosphere.

The observations are consistent with Arctic ice melt rate shift to increased melting20

2005–2012 of 0.73×103 km3 yr−1 from the 1979–1986 rate of 0.18×103 km3 yr−1. This
led to more open-water and larger amounts of brackish cold surface water over strong
double haloclines. The Arctic Ocean is strongly stratified over deep haloclines from the
Atlantic, Pacific, and deeper brine from the freezing process. Year-round basal icemelt
can reduce observed mean ice thickness by 0.5 m from 1.9 m 1979–86 to 1.4 m 2005–25

2012. The modern (2005–12) maximum ice area increasing trend of +0.4×106 km3 yr−1

suggests more surface ice from brackish surface waters< 4 ◦C and < 24.7 ‰ that form
a stable stratified surface layer.
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We found additional heat, formerly absorbed in annual icemelt of ∼ 2.7×1021 J in-
creasing at ∼ 1×1020 Jyr−1, is available to increase near-surface water temperatures
and melt tidewater glaciers. This is likely to lead to increased sealevels that have been
stable for 4000 yr. It is not surprising, given the processes quantified here, to find that
actual Arctic sea ice retreat is far ahead of all model projections (Stroeve et al., 2012).5

Thus, a full understanding of the heat exchange processes cannot proceed without
better data on the dynamics and thermodynamics in the top 3 m verified by extensive
ground truth fieldwork.

We suggest that far from a lull in global warming, as suggested by atmospheric
studies, AGW is proceeding at an alarmingly rapid rate in the oceans as suggested by10

others (e.g. Hansen, 2009). Clearly, more observational studies are required. Surface
satellite data and models are insufficient to quantify global heat balance through the
thin ocean boundary layer with its many diverse processes and impacts. North Atlantic
drifter studies and daily and hourly meridional timeseries in the top 2–3 m are needed
for testing our hypothesis. Nutrient and plankton sampling along with CO2 and pH are15

of great importance. We suggest adaptive management of focussed multidisciplinary
scientific research on the top 3 m oceans is the most cost-effective method for future
work (Matthews and Matthews, 2013b).
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Table 1a. PEMBS 1904–2012 sea surface temperature ◦C changes and trends ◦Cyr−1.

Period 1904–2012 ∆T ◦Cyr−1 1904–1939 ∆T ◦Cyr−1 1940–86 ∆T ◦Cyr−1 1987–2012 ∆T ◦Cyr−1

Min 9.14 −0.94 9.14 −0.74 9.28 −0.94 10.07 −0.75
Y Min 1917 1962 1917 1915 1963 1962 1987 1996
Mean 10.46 0.01 10.24 0.02 10.37 −0.02 10.98 0.06
Std Dev 0.52 0.45 0.42 0.41 0.42 0.50 0.45 0.44
Max 11.66 1.25 10.88 0.95 11.54 1.25 11.66 0.79
Y Max 2007 1964 1933 1921 1959 1964 2007 1997
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Table 1b. PEMBS 1904-2012 period trends and temperature changes.

Trend Years Linear Log Σ ◦C

1904–2012 109 0.0093 1.0009 1.01
1904–1939 36 0.018 1.0024 0.66
1940–1986 47 −0.0024 0.9998 −0.11
1987–2012 26 0.037 1.0034 0.96
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Table 2a. Cypris Station 1954–2010 Sea surface temperature ◦C changes and trends ◦Cyr−1.

Period 1954–2010 1954–1986 1987–2010

Min 9.6 9.6 10.4
Y Min 1986 1986 1987
Mean 10.9 10.6 11.3
Std Dev 0.5 0.4 0.4
Max 11.8 11.8 11.8
Y Max 2003 1959 2003
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Table 2b. Cypris Station 1954-2010 period trends and temperature changes.

Trend Years Linear Log Σ ◦C

1954–2010 57 0.017 1.002 1.0
1954–1986 33 −0.015 0.999 −0.5
1987–2010 24 0.033 1.003 0.80
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Table 3a. Central England 1904–2011 land-air temperature ◦C changes and trends ◦Cyr−1.

Period 1904–2011 ∆T ◦Cyr−1 1904–1939 ∆T ◦Cyr−1 1940–86 ∆T ◦Cyr−1 1987–2011 ∆T ◦Cyr−1

Min 8.5 −1.8 8.5 −1.8 8.5 −1.4 8.8 −1.3
Y Min 1963 1922 1919 1922 1963 1962 2010 1996
Mean 9.6 0.0 9.4 0.0 9.5 −0.0 10.1 0.1
Std Dev 0.6 0.6 0.5 0.7 0.5 0.6 0.6 0.7
Max 10.8 1.9 10.5 1.1 10.6 1.2 10.8 1.9
Y Max 2006 2011 1921 1920 1949 1957 2006 2011
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Table 3b. Central England 1904-2011 land-air period trends and temperature changes.

Trend CET Years Linear Log Σ ◦C

1904–2011 108 0.0085 1.0009 0.92
1904–1939 36 0.0151 1.0016 0.54
1940–1986 47 −0.0036 0.9996 −0.17
1987–2011 25 0.0183 1.0018 0.46
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Table 4. PEMBS sea surface daily mean temperatures ◦C for three extreme winters; 1916–
1917, 1962–1963 and 2010–2011.

Dec–Apr 2010–11 1962–63 1916–17

Min 6.74 3.50 3.33
Date Min 19 Dec 8 Feb 27 Jan
Av 8.40 6.64 6.61
Std Dev 0.91 1.91 1.90
Max 11.42 10.70 10.56
Date Max 16 Nov 16 Nov 16 Nov

106

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/11/47/2014/osd-11-47-2014-print.pdf
http://www.ocean-sci-discuss.net/11/47/2014/osd-11-47-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


OSD
11, 47–122, 2014

Ocean warming and
Arctic icemelt

century

J. B. Matthews and
J. B. R. Matthews

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 5. PEMBS monthly mean, min, max temperatures ◦C and trends ◦Cyr−1.

1904–2012 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Min 5.66 4.50 5.18 5.75 7.73 9.34 11.13 12.66 12.47 11.14 8.90 7.99
Y Min 1963 1963 1947 1917 1917 1956 1956 1986 1986 1919 1919 1917
Mean 8.16 7.23 7.10 7.85 9.32 11.39 13.18 14.11 13.80 12.71 11.08 9.54
Std Dev 0.71 0.79 0.74 0.70 0.66 0.65 0.64 0.60 0.60 0.64 0.71 0.67
Max 9.58 9.08 8.85 9.50 11.19 12.89 14.51 15.44 15.14 14.38 12.64 11.08
Y Max 1998 1998 1998 2007 2007 2003 1959 2003 2006 1959 1997 1997
Max−Min 1.4 1.9 1.8 1.6 1.9 1.5 1.3 1.3 1.3 1.7 1.6 1.5
Lin trend 0.007 0.006 0.010 0.010 0.010 0.010 0.010 0.010 0.009 0.010 0.012 0.007
ΣT ◦C 0.78 0.71 1.09 1.10 1.13 1.08 1.07 1.05 1.03 1.04 1.26 0.81

1904–1939 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Min 6.32 5.19 5.34 5.75 7.73 10.27 11.73 12.94 12.61 11.14 8.90 7.99
Y Min 1918 1917 1917 1917 1917 1916 1919 1920 1912 1919 1919 1917
Mean 8.02 7.12 6.82 7.52 9.02 11.07 12.92 13.87 13.55 12.37 10.69 9.26
Std Dev 0.63 0.58 0.65 0.56 0.42 0.41 0.54 0.48 0.55 0.54 0.64 0.62
Max 9.23 8.28 7.93 8.41 9.85 11.78 14.10 14.81 14.70 13.48 11.71 10.70
Y Max 1932 1935 1938 1938 1921 1937 1905 1933 1933 1921 1938 1924
Lin trend 0.024 0.020 0.019 0.017 0.010 0.015 0.015 0.013 0.026 0.017 0.025 0.017
ΣT ◦C 0.86 0.73 0.69 0.63 0.36 0.55 0.53 0.49 0.94 0.62 0.92 0.62

1940–1986 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Min 5.66 4.50 5.18 6.45 7.79 9.34 11.13 12.66 12.47 11.38 9.83 8.24
Y Min 1963 1963 1947 1986 1956 1956 1956 1986 1986 1952 1952 1952
Mean 8.01 7.04 6.99 7.79 9.22 11.35 13.06 13.94 13.70 12.72 11.06 9.57
Std Dev 0.68 0.89 0.73 0.69 0.64 0.64 0.60 0.50 0.50 0.56 0.60 0.65
Max 8.93 8.26 8.37 9.04 10.61 12.53 14.51 15.13 14.97 14.38 12.60 11.06
Y Max 1973 1961 1959 1959 1960 1960 1959 1959 1959 1959 1956 1956
Lin trend 0.000 −0.004 −0.000 −0.010 −0.002 −0.000 0.001 −0.001 −0.003 −0.004 −0.003 −0.002
ΣT ◦C 0.00 −0.17 −0.01 −0.45 −0.10 −0.01 0.03 −0.05 −0.13 −0.20 −0.16 −0.11

1987–2012 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Min 7.15 5.95 6.43 7.38 8.78 10.54 13.00 13.78 13.25 11.90 10.42 8.31
Y Min 1987 1991 1987 1994 1996 1991 1996 1994 1994 1993 1993 2010
Mean 8.63 7.72 7.68 8.42 9.93 11.88 13.76 14.72 14.33 13.16 11.65 9.88
Std Dev 0.68 0.66 0.53 0.53 0.59 0.64 0.46 0.48 0.53 0.63 0.63 0.62
Max 9.58 9.08 8.85 9.50 11.19 12.89 14.42 15.44 15.14 14.18 12.64 11.08
Y Max 1998 1998 1998 2007 2007 2003 2006 2003 2006 2006 1997 1997
Lin trend 0.017 0.018 0.031 0.050 0.046 0.055 0.042 0.041 0.044 0.046 0.040 0.010
ΣT ◦C 0.43 0.48 0.81 1.30 1.19 1.42 1.10 1.06 1.15 1.19 1.05 0.27
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Table 6. CET monthly mean temperatures ◦C and trends ◦Cyr−1 1659–2011.

1659–2011 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Y ∆T ◦Cyr−1

Min −3.1 −1.9 1.0 4.7 8.5 11.5 13.4 12.9 10.5 5.3 2.3 −0.8 6.8 −2.4
Y min 1795 1947 1674 1701 1698 1675 1816 1912 1674 1740 1782 1890 1740 1740
Av 3.2 3.9 5.3 7.9 11.2 14.3 16.0 15.6 13.3 9.7 6.1 4.1 9.2 0.01
Std Dev 2.0 1.8 1.5 1.2 1.1 1.1 1.2 1.1 1.1 1.3 1.4 1.7 0.7 0.7
Max 7.5 7.9 9.2 11.8 15.1 18.2 19.7 19.2 16.8 13.3 10.1 8.1 10.8 2.5
Y Max 1916 1779 1957 2011 1833 1846 2006 1995 2006 2001 1994 1934 2006 1741
Max−Min 7.5 7.9 9.2 11.8 15.1 18.2 19.7 19.2 16.8 13.3 10.1 8.1 10.8
Linear trend 0.005 0.003 0.004 0.003 0.001 0.000 0.001 0.001 0.002 0.004 0.004 0.003 0.003 Σ yr
ΣT ◦C 1.7 1.0 1.5 0.9 0.5 0.0 0.5 0.5 0.7 1.3 1.2 1.2 0.9 353

108

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/11/47/2014/osd-11-47-2014-print.pdf
http://www.ocean-sci-discuss.net/11/47/2014/osd-11-47-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


OSD
11, 47–122, 2014

Ocean warming and
Arctic icemelt

century

J. B. Matthews and
J. B. R. Matthews

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 7. Temperature, salinity and density for 8 yr means 1999–2006 and 1982–1989.

T 99–06 S 99–06 ρ 99–06 T 1982–9 S 1982–9 ρ 1982–89

Min 7.1 33.7 25.2 6.3 33.8 25.3
Day Min 28 Feb 8 Nov 6 Sep 20 Feb 8 Feb 30 Aug
T ◦C @ Min 7.1 12.3 15.2 6.3 7.0 13.9
S ‰ @ Min 34.0 33.7 34.1 34.0 33.8 33.9
Density σ @ Min 26.6 25.4 25.2 26.6 26.4 25.3
Av 11.3 34.1 25.9 10.3 34.0 26.0
StDev 2.6 0.1 0.5 2.6 0.1 0.4
Max 15.2 34.4 26.6 14.2 34.2 26.7
Day Max 2 Sep 8 Jan 5 Mar 18 Aug 15 May 18 Feb
T ◦C @ Max 15.2 9.3 7.4 14.2 9.0 6.4
S ‰ @ Max 34.2 34.4 34.2 34.1 34.2 34.0
Density σ @ Max 25.2 26.5 26.6 25.4 26.4 26.7
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Table 8a. Arctic sea ice volume in 103 km3 for two 8 yr periods, 1979–86 and 2005–12. Data
courtesy of PIOMAS, Zhang and Rothrock (2003). Arctic sea ice extent in 106 km2 courtesy
of Fetterer, F., Knowles, K., Meier, W., and Savoie, M. (2002), updated 2009. Sea Ice Index.
Boulder, Colorado USA: National Snow and Ice Data Center, Digital media.

Volume 103 km3 Min Day Mean Max Day Max−Min

1979–86 14.9±1.4 12 Sep 23.4±1.2 31.1±1.2 24 Apr 16.2±0.9
2005–12 6.3±2.2 16 Sep 15.4±1.9 24.1±1.6 15 Apr 17.8±0.9
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Table 8b. Arctic sea ice volume period trends.

Trend Volume 103 km3 yr−1 Min Mean Max

8 yr Linear Log Linear Log Linear Log
1979–86 −0.088 0.995 −0.180 0.993 −0.237 0.973
2005–12 −0.862 0.863 −0.731 0.953 −0.565 0.977
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Table 8c. Arctic sea ice area period maximum, minimum and differences.

Area 106 km2 Min Day Mean Max Day Max−Min

1979–86 7.0 8 Sep 12.2±0.2 16.1 12 Mar 9.1
2005–12 4.7 7 Sep 10.7±0.2 15.0 16 Mar 10.4
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Table 8d. Arctic sea ice area period trends.

Trend Area 106 km2 yr−1 Min Mean Max

8 yr Linear Log Linear Log Linear Log
1979–86 −0.060 0.991 −0.040 0.997 −0.043 0.997
2005–12 −0.225 0.951 −0.051 0.995 0.038 1.002
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Table 8e. Arctic sea ice thickness period maximum and minimum.

Thickness Vol/Area m Sep Min Mean Mar Max Max−Min

1979–86 2.1 1.9 1.9 −0.2
2005–12 1.4 1.4 1.6 +0.2
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Fig. 1. (a) Irish Sea western fjord (b) Bathymetric cross section through Isle of Man fjord 76
fathoms, eastern Irish Sea 16 fathoms (Herdman, 1920) 1 fathom= 1.83 m (c) Irish Sea flood,
ebb and gyre surface currents, (d) Inset Port Erin Bay.
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Fig. 2. Running means and trends for (a) PEMBS, Isle of Man SST 1904–2012. (b) Cypris
station, Isle of Man SST 1954–2011 (c) CET land-air temperatures 1904–2011.
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Fig. 3. Sunspot numbers (a) 1904–2012 arrows mark year maximum> 5 standard deviations
above mean (b) March 1956–May 1960 arrows mark months> 3 standard deviations above
long-term mean (c) Port Erin SST differences from monthly means 1940–1986.
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Fig. 4. (a) Daily Port Erin bay SST for winters December through April 1916–1917, 1962–1963
and 2010–2011 (b) Port Erin 10 yr mean annual heating cycles for 1904–1913, and 2004–2013
in degree-days with means, minimum and maximum dates.
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 63

 1 

Figure 5. a) Daily mean seasonal TS 8y cycles 1982-9 and 1999-2006 b) Daily density 1982-2 

2006 with second order polynomial trend. 3 

4 

Fig. 5. (a) Daily mean seasonal TS 8 yr cycles 1982–1989 and 1999–2006 (b) Daily density
1982–2006 with second order polynomial trend.
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 1 

Figure 6. Ronaldsway, Isle of Man airport, (54.09ºN 4.63ºW), wind direction for winter 2 

(October-April) and summer (May-September) for 5-year periods 1960-64 and 2000-2004.  3 

 4 

5 

Fig. 6. Ronaldsway, Isle of Man airport, (54.09◦ N 4.63◦ W), wind direction for winter (October–
April) and summer (May–September) for 5 yr periods 1960–1964 and 2000–2004.
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 1 

Figure 7. Annual cycle of ice volume melt for 5y periods 1979-1986, 1987-91 and 2005-12. 2 

Data courtesy of Zhang and Rothrock, 2003) 3 

(http://psc.apl.washington.edu/wordpress/research/projects/arctic-sea-ice-volume-4 

anomaly/data/ ) 5 

 6 

7 

Fig. 7. Annual cycle of ice volume melt for 5 yr periods 1979–1986, 1987–1991 and 2005–
2012. Data courtesy of Zhang and Rothrock, 2003) (http://psc.apl.washington.edu/wordpress/
research/projects/arctic-sea-ice-volume-anomaly/data/).
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 1 

Figure 8. NASA GISS temperature rise 1963-2012 showing polar amplification reprinted by 2 

permission Oceanography Society and J. E. Walsh from Walsh (2013). 3 
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Fig. 8. NASA GISS temperature rise 1963–2012 showing polar amplification reprinted by per-
mission Oceanography Society and J. E. Walsh from Walsh (2013).
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