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Several workers have proposed criteria to determine whether complete vertical mixing should occur or
a thermocline be developed as a result of summer heating. For waters around the British Isles Fearnhead
i(1975) found that the existence of fronts between well mixed and stratified waters corresponds to a
value of H/ur?1 ~ 100. where H is the depth of water and u_ is the amplitude of the tidal current.
Considerable degree of stratification in temperature and salinity was observed over a large part of the
area in the Eastern Irish Sea during the summers of 1975 and 1976. In view of the current interest
in the occurrence of the fronts and their relation to mixing processes the conditions observed in these

3

two summers are related to various criteria which have been proposed. Contours of the values P=H/
u- show that the critical value of about 100 applied fairly well to the area in the Eastern Irish Sea.

One would expect a thermocline to be formed earlier in summer where the values of the parameter p

are the highest.

INTRODUCTION

The heat energy absorbed by the upper layer of the
ocean causes variations in temperature. When surface
heating is sufficient, more buoyancy is produced than
can be dissipated by wind and tide. Owing to the influence
of gravity there is tendency for dense parcels of water to

sink and for less dense parcels to rise towards the surface:

of the oceans.

The usually gentle vertical gradient of temperature
in the ocean may sometimes be steepened in zones deli-
neated by isopleths that are closely spaced relative to
the total depth. In these layers the vertical gradient of tem-
perature may be sharply graded from the deep water regime
to that of the surface layer. A steep vertical gradient of
temperature in an otherwise gently graded sounding is
called a thermocline. In a body of water a thermocline does
not necessarily form simultaneously over the whole area,
so that the water column may be mixed in one region and
stratified in an adjacent region. In this situation there is
commonly an increased horizontal temperature gradient
in the surface water between the two adjacent regions,
which is termed a front.

In sufficiently shalow waters, the formation of fronts
depends on the bottom generated turbulance due to the
tidal currents. If the tidal currents are strong, there will
be enough bottom generated turbulence to prevent the
formation of a seasonal thermocline and keep the water

in a mixed state. On the other hand in a region of weak
tidal currents, the water will become stratified.

In view of the current interest in the occurrence
of fronts and their relation to mixing processes, the condi-
tions observed in the Eastern Irish Sea are described and
related to various criteria which have been proposed.

Presentation of Data. The data were obtained during
the following two cruises in R.R.S. John Murray:

27th July — 13th August, 1975
29th June — 12th July, 1976

Profiles of temperature and salinity form 1 m below
the surface to within about 3 m of the bottom were obtained
with a Bissett-Berman STD Probe. A model 9006 instru-
ment was used in 1975 and a model 9040 in 1976. In each-
case an expanded depth scale was used to give adequate
resolution in shallow water. 85 stations in approximately
the same position were worked in both years and these
provide the basic data for the present study. In the 1975
cruise, 55 other stations were occupied further to the north
and west of the area. A chart of the Eastern Irish Sea
showing the depth contours and the position of the stations
is given in Fig. 1.

The distribution of surface temperature in the two
years is shown in Fig. 2, that of surface salinity in Fig. 3
and that of density by %t [o, = 103 (p -1)] where p is
density, in Fig. 4. This paper is concerned primarily
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Fig. 1 Map of the Eastern Irish Sea with STD stations.

with the temperature distribution, but in view of the
correlation between the temperature and salinity stratifi-
cation it is reasonable to consider the two together. As
expected the salinity decreased from the open sea towards
the coast where the influence of river run-off is effective.
In 1975 the decrease in salinity occurred fairly gradually,
but in 1976 the decrease was concentrated into a narrow
band in the Liverpool Bay area, as seen from the course
of the 33.5 to 32.75 °/oo isohalines. The temperature
increases from the open sea towards the coast, as expected
in summer due to the greater rise in temperature of the
shallow water. The surface distribution of 0, may be
compared with those taken by Heaps and Jones [3] as
the basis of their calculations of density currents using
a three dimensional numerical model. In 1975 the distri-
bution was rather similar to that of September 17—October
6,1972 although the gradient of o from the Isle of Man-
Anglesey line towards the English Coast was somewhat
greater. In 1976 the distribution was more similar to
the second example taken by Heaps and Jones [3], for
6—20 September 1971 with sharp density gradients in the
south-east of the area.

The difference between surface and bottom values of
temperature, salinity and density in each of the two years
are shown in Figs. 5,6 and 7 respectively. The areas with

the largest differences in temperature and salinity corres-
pond to one antother approximately, although the corres-
pondence is by no means exact. The difference in density,
being determined by the difference in temperature and
salinity naturally follows a similar distribution. On the
whole the temperature has the greater influence on the
density difference. A temperature difference of 4° between
the surface and bottom corresponds to about 1.00 in 0
while a difference of 0.4 /oo in salinity corresponds to
032 in 0,. Comparing the two years, the area within
which significant stratification occurred did not extend
quite so far to the west in 1976, although the intensity of
stratification, as indicated by the surface-bottom diffe-
rences was somewhat greater at the beginning of July 1976
than it had been a month later in 1975.

Some representative examples of the STD traces at
various stations are shown in Figs. 8 and 9. At some sta-
tions e.g. Fig. 8(a) there was a surface mixed layer several
‘metres in thickness with sharp gradients of temperature
and salinity immediately below it. At others, as in Fig. 8(b)
the .gradient appeared to start at the surface although,
with the STD probe, measurements could not be made
at a depth of less than 1 m. An some traces the tomperature
and salinity then decreased fairly uniformly to the bottom
but in others, e.g. Fig. 9(b) a secondary mixed layer occur-
red &t mid-depth. No systematlc correlation could be found
between the character of a traces and the area in which
it occurred considerable differences often appeanng bet-

ween traces at adjacent stations.

Criteria for the Formation of a Thermoclme Several
workers have proposed criteria to determine whether
complete vertical mixing should occur or a thermocline
be developed as a result of summer heating. These involve
a comparison of the energy required for mixing against a
buoyancy flux with the turbulent energy generated by
bottom friction. Simpson and Hunter [5] propsed the
use of the parameter H/ ug where H is the total depth
of water and u_ the amplitude of the tidal current near

the bottom. Denoting this parameter by P complete mixing

should occur if

P= H/ ug L
where the critical value P it depends on various physical
parameters and is inversely proportional to the rate of
heat flux Q through the surface. If a single value of P st
is to be used as a criterian for the occurrenceé of a summer
thermocline, the value of Q may be taken as the maximum

rate of heating in the summer months. Simpson and Hunter
[S] found that the occurrence of a front separating well
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Fig. 2. Contours showing the surface temperature (a) 1975 (b) 1976.

mixed from stratified conditions corresponded to a value

of P_ .. of 100 for the region in the Irish Sea to the
southwest of the Isle of Man and about 55 in the south

western approches to St. Georges Channel, where H is in

manduoisinms'l. p

A somewhat similar criterian was derived by Fearn-
head [2], but he allowed for wind mixing within a surface
layer of depth h, whereas Simpson and Hunter [5] had
assumed that the heat was absorbed in an infinitely thin
surface layer and did not consider wind mixing explicitly.
Thus the parameter introduced by Fearmhead [2] was
(H-h) /uf,r'l where u_ is the amplitude of the average
tidal current at springs. The conditions for complete
vertical mixing may be expressed as

'= Hh_ :
F U3 < Pait,
m
where p'crit depends on similar physical parameters to
P . and is inversely proportional to a buoyanc flux

crit
term. The two'criteria are essentially the same if the buoy-

ancy flux is assumed to be due entirely to the heat flux.

For waters around the British Isles, Fearnhead [2] found
that the existence of fronts between well mixed and strati--
fied waters corresponded to a value of P'crit. of about 100
(log; ; k = 2.0 in his notation) where h was taken as 10 m,
in the absence of more detailed informatin for most areas.

The values of the parameter H/ ul'; tor the stations
in the Eastern Irish Sea were calculated and the contours
are shown in fig. 10. u m is the amplitude of the depth-
mean tidal currents at springs, based on available measure-
ments, supplemented by data'provid'ed by Dr. N. S. Heaps
[3] from his two dimensional numerical model ofthe Irish
Sea. It is seen that the critical value of about 100 applies
fairly well to the area to the Eastern Irish Sea in which
stratification was observed in the summers of 1975 and
1976.

In a study of thermocline formation in a frontal
region at the south end of St. Georges Channel, James
[4] found a minimum value of log; g P i = 2.5 (ie.
P_ i = 300) to apply in August with somewhat larger
values earlier and later in the year. Since P_ ;¢ is inversely
proportional to the heat flux Q, a minimum value
(Peridmin May be expected where Q attains its maximum
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Fig. 3. Contour showing the surface salinity (a) 1975 (b) 1976.

value Q e In the heat budgét estimate [1] Q, reached

‘its maximum in June in both 1975 and 1976 with a.

value of approximately 400 Cal cm™ day™.
P would thus have its minimum value in June

crit.
and its value in other months may be estimated from
Omax.
I:.crit % Q (Pcrit)min.

Table I shows the monthly mean value of Q expressed as Cal
cm2 day™! tor each of the month in 1975 when Q was posi-
tive and the corresponding value of P_ .., where (Pcrit) ot
in June has been assigned the arbitrary value of 100. One
would expect a thermocline to be formed earler in the
summer where the values of the parameter P are highest.
Thus in the Eastern Irish Sea a thermocline would be
expected to form first in the band extending ENE from
the Isle of Man to Cumbria,where P>300and then to spread
northwards and southwards from this area. The parameter
P applies to the initial formation of a thermocline. After
a thermocline has been established, the stored buoyancy
has to be removed before the water column can become

mixed. A different parameter would be needed to predict

the breakdown of the thermocline and the value of Pcrit

~given in Table 1 for the months after June cannot be used

for this purpose. :

Effect of Fresh Water Flux. The buoyancy flux arising
from a net excess of rainfall over evaporation at the sea
surface may be incorporated by expressing the total buoyan-
cy tlux B as

B=g ( +Bsf) [8]

a

CP

Where f = excess of rainfall over evaporation
s = surface salinity

B= Coefficient of saline contraction.

Inserting typical values of Q and f for the Irish Sea in
summer indicates that the freshwater flux term arising
in this way is unlikely to exceed 5 % of the heat flux
term. The appreciable salinity stratification observed at
a number of station is more likely to be due to the sprea-
ding of river water cutward from the coast. To take this
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Fig. 4. Contours showing the surface density (a) 1975 (b) 1976.

into account requires a more complex model than the one-
dimentional model considered in formulating the above
criteria.

Comparison of Conditions in the Summers of 1975
and 1976 with Other Years. The summers of 1975 and
1976 were unsually sunny and warm in most parts of the
British Isles and it may be asked whether the conditions
in the waters of the Irish sea were also exceptional in
these two years. Unfortunately, surveys of the type des-
cribed here have not been carried out in other years and
there is no direct evidence on the question. Some guidance
may be obtained from the surface water temperature at
Port Erin breakwater which has been measured daily for
many years. The monthly mean temperature for the six
months March — August in 1975 and 1976, expressed as
deviations from the 10 years mean for the years 1962-71
are shown in Table 2. For all months except May 1975,
the 1975 and 1976 temperatures were higher than the
mean, but the difference exceeded 1° only in July and
August, 1975. The deviations from the mean do not seem
to be exceptionally large but Port Erin is on the Western
edge of the area and the temperatures there may be influen-

ced by the deeper water to the west of the Isle of Man
rather than by those of the Eastern Irish Sea.

As an indication of the extent to which the meteoro-
logical conditions were abnormal, the solar radiation
figures for Fairfield (about 10 km to the East of Blackpool)
the nearest recording station to the area are shown tin
Table 3. for the months March — August in 1975 and
1976, compared with the mean values based on 15 years
data. In 1975 values 16—17 %above the mean were recorded
in May, June and August, although July was slightly below
average. In 1976 the value for May was below average,
but those for the June, July and August were all highér.
Taking the three months June, July and August together,
the radiation received was about 10 % above average in
both 1975 and 1976.

Another significant meteorological factor is the wind
speed which has an important influence on the heat loss
by evaporation. Table 4 shows wind speeds measured at
three land stations around the Irish Sea. The monthly
mean wind speeds measured at Squires Gate near
Blackpool, during the periods March — August in 1975
and 1976 were consistently lower than the 10 years mean
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Fig. 5. Contours showing the temperature difference (surface temperature — bottom temperature) (a) 1975 (b) 1976.

_ —1
Table 1. Monthly variation of heat flux Q (Cal. Cm” day )

and the parameter P_ . 1975.

April  May  June July Aug. Sept.

Q 162 290 401 235 268 11

P 248 138 100 123 150 3645

crit.

Table 2. Monthly mean sea surface temperature (oC)
at port Erin breakwater in 1975 and 1976 expressed as
deviations from the 10 years average, 1962-1971.

March Aprii May June July August

1962-71 6.62 748 925 1140 1299 1392
Deviation
1975 0.76 043 0.00 030 1.17 1.11
Devaition
1976 047 024 0.12 044 0.78 0.30

Table 3. Monthly means of daily totals of solar radiation
(Watt-hr m”) recorded at Fairefield expressed as percentages
of the 15 years mean.

March Aprii May June July August.

15 year mean 2183 3560 4660 5226 4734 3864

1975% 1166 97.1 1164 1173 98.2 116.3

1976% 929 102.1 91.5 104.2106.3 120.9

values for 1965—1974 by 8 to 28 %. Those at‘valley,
Anglesey, were also consistently lower throughout the
same period by a similar amount. The wind speeds measured
at Ronaldsway did not show a pronounced deviation,
being within + 5 % of the mean in May, June and July of
each year but lower in August by 25 % in 1975 and 15 %
in 1976. On the whole it appears that wind speeds over
the area were lower than average in the summers of 1975
and 1976, thus tending to reduce the heat loss by evapora-
tion as well as to reduce mixing of the surface layer. The



222 F. Ahmad.

Fig.6. Contours showing the salinity difference (Bottom salinity) surface salinity) (a) 1975 (b) 1976.

Table 4. Comparison of wind sfaeeds in knots measured at Squires Gate, Valley, Ronaldsway in 1975 and 1976
: with monthly means of 1965-1974 period

Squires Gate Valley Ronaldsway Squires Gate Valley Ronaldsway
March April
Mean 1965-74 132 14.7 136 11.9 134 12.1
1975 % 72. 80 84 86 96 93
1976 % 89 82 106 80 81 88
May June
Mean 1965-74 116 129 10.3 11.2 12,5 9.0
1975 % 78 5 95 86 82 106
1976 % 91 98 106 78 94 94
July August
Mean 1965-74 11.2 119 8.7 11.0 11.6 94
1975 % 85 99 103 79 78 74

1976 % 85 84 102 76 73 85
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s
Fig. 7. Contours showing the density difference (Bottom density-surface density) (a) 1975 (b) 1976.
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Fig. 10. Contours of H/u3

west, as described in this paper, has also been shown by
infrared photographs from satellites. Simpson, Allen and
Morris [6] reproduced an infrared image from the NOAA
S satellite, taken on 20 August, 1976, which showed the
high temperature area separated by a front from the colder
mixed water. A further example taken from the same
satellite on 21 May 1978, reproduced by Simpson and
Bowers [7], clearly showed an increased surface tempera-
ture in the same region.

DISCUSSION

The processes leading to the formation of a thermo-

cline in coastal waters have an interest beyond that of the
occurrence of the thermocline itself. One aspect is the
dynamical effect which it can have on the density current
flow generated by the offshore gradient of density. As
shown by Heaps [9] in an analytical treatment the current
vector rotates with depth, having an offshore component
near the surface and an onshore component near the bot-
tom. Subsequent work by Heapsand Jones [3], with a
three dimensional numerical model of the Irish Sea, provided
a more detailed picture of the circulation in the Eastern

Irish Sea driven by a typical distribution of density. Compa-

ring the density currents with the circulation produced
by various distributions of wind stress, they concluded
that the density current flow would be dominent when
the wind speed was less than about 5 m s At higher wind
speeds the wind driven current would become increasingly
important and would dominate for the wind speeds excee-
ding 10 m sl In general the wind speeds are lower in the
summer months and the density current circulation may
be expected to prevail for a high proportion of the time.

The vertical distribution of velocity depends on the
effective eddy viscosity, which will be greatly reduced
in the thermocline. An increased’ current shear may be
expected to develop at the thermocline, probably with an
increased offshore component of the velocity in the surface
layer. This may be the process by which river water frfom
the coastal zone spreads seawards as relatively shallow
surface layer, so that a halocline is formed accompaying
the thermocline.

The combined effect of oftshore surface flow and
onshore deep flow is to produce an apparent lateral eddy
diffusion by the shear effect, thus assisting the mixing of
coastal waters, and any pollutants associated with them,
with the waters turther off shore. The mixing zone may be
limited by the occurrence of a front, which is a region in
which distinctive patterns of flow may occur.

The occurrence of a summer thermocline accompanied
over much of the area by a halocline, is thus of dynamical
significance and may be of practical importance in its
eftect on the mixing of coastal and oftshore waters.
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