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Infroductibh

It has become common practice in recent years to talk glibly about the
long-term warming up of the scas around our coasts and to use anomalies as a
convenient way of describing those periods of time where the sea surface
femperature is abnormal. There is, in a sense, an implied precision about
the value of an anomaly which may be largely spurious unless the context is
carefully defined, and to do this some simple but fundamental questions must
be answered. For example, an anomaly is a departure from the norm: but which
norm? and by how much? If it is agreed that we accept the 50-year meen in
the 1905-54 ICES Atlas (Ref. 1), for example, can it be assumed that this is
biologically, or hydrographically,:the nost relevant, or would sone shorter
period mean be nore nmeaningful? If we define the significance of an anomaly
in terms of a nmultiple of the standard deviation of the residual variation
about this nean, have we first checked that the random residual is normally
distributed? If not, the statistical confidence of the gignificance is open
to question. »

As a sinmple illustration, Figure 1 shows the annual neans of séa sur-
face temperature from 1903 to 1964 at the Seven Stones Lightvessel. If we
consider the magnitude of the positive anomalies fron the overall nean in .
1921 (0.86°C) and in 1962 (0.92°C) we conclude that they are ofbmuch_the
sane significance, although the 1962 anomaly is slightly greater. However,
as anomalies fronm the lincar regression line the 1921 anomaly (1.04) is not
only the larger but is two and a half times the anonaly for 1962 (0.44) -
hence considerably more significant. In fact, the residual standard devia-
tion abouﬁ the regresoion is approximately 0.40°C, and hence a va alue equal
to or excpedlng the 1962 anonaly might be expccted from purely random causes
on about one in throe occaslons, wherceas the chance of cqualling or exceed-
ing the 1921 anomaly is almost one in a hundred, or thirty times less likely.

Thus, if we are looking for indications of abnormal cnvironmental conditions,
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the choice of. & norn from which to calculate our anomaly nmay be crucial. How
then do we decide which norm to use? It depends of course on the application,
or on the hypothesis under test, but oy biologist colleagues advise me that
fluctuations fron relatively short-tern neans or trends are probably nore
appropriate than deviations from long period means when dealing with nmarine
oninals which have a relatively short life span.

So what I an really asking is how best should we, as fisheries hydro-
graphers, analyse & large mass of long-tern trend data at an ocean data
station, and although I shall deal in this paper only with surface tempera-
ture at two English lightvessels (Figure 2) the principles apply to salinity,
or any other paraneter‘collected regularly over a long period in any data
field. Clearly, in order to understand the significance of the data and to
draw valid quantitatiVG rather than qualitative conclusions, we nust be able
to describe the date nathematically, i.e..to formulate some simple nathe- '

.matical nodel and associate with it a relevent set of tests of statistical
significance. Without these tools there is little chance of using large
nassces of data, such as are contained in the ICES Atlas, for valid predic-

~tion or hindcasting of environnmental conditions and relating these to-

~biological behaviour patterns. .

Southward, 1960 (Ref. 2), anong others, has discussed the long-ternm

trends of sea temperature in the Channel at International Station E{ and

also at the Seven Stones Lightvessel, and related these to changes in the

. fauna. He concludes, in his summary, that the sea surface temperature has
risen by about 0.59C over the last 50 years or so, and illustrates it in
Figure 3. He inplies in his paper (and in this figure) that the SST was
fluctuating about a period iaean of 11.92°C from 1903-27 and subsequently fron .
1928-59 about a nean of 12.42°C. Now of course these are the neans for the

’periods before and after 1927, but the conclugion is at the very least open
to criticism. Another interprectation is given in ny Figure 1, which shows
the least squares fitted linear regression, and from this we can conclude
that the rise in.temperature over the period in question was nearly double
Southward's estinate, and has been fluctuating about a continuously rising
linear trend. . , ?

In my view this conclusion is the more valid, since there is a better
fit - a better mathematical description of the data. Ellett fronm Lowestoft
used a sinilar stepped nean technique (Ref. 3),'but his approach was nore
.appropriate since hc was essentially testing the hypothesis that thore was
Qvidence of significant differences in the long- and short-tern nmeans of

sea surface tcoperature and salinity at a nunber of English lightvessclé,
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and by inference in other data fields of the ICES Atlas. But even in his
approach it might have been more rewarding to have used a regression techni-
que, and it was basically the discussion of his paper at Lowestoft which
triggered the present approach. However, meanwhlle Tomczak, in another
paper to this Committee last year (Ref. 4), fitted linear regressions to

144 fields of data from the ICES Atlas, and concluded that the slopes (or
what he called the temperature coefficients a) varied from month to month
and between fields. Further to his work, the following questions arise:

(a) Is there any regression (or correlation) of temperature on time

in each field of data?

(b) Is it fair to represent the trend by a 11near regregs1on, i. e..,

is there eVldence of departure from 11near1ty

(c) Are the slopeo of the monthly means 31gn1f1cantly different

from the annual slope and from each other? Or could they be
repreoented by a common slope within the degree of r631dual
varlatlon expected?

Resulté .

Let us look in a little more detail at the data for the Seven Stones
Lightvessel. e saw from Figure 1 that it looked reasonable to represent
the data by a linear relationship. We can test whether this is so, of
course, to the first order, by calculating the correlation coefficient and
testing its significance, but we shall arrive at the same answer by studying
the simple analysis of variance table of the regression shown in Table 1.
This has the added advantage of giving us immediately a measure of the resi-

dual variance.

Table. 1 Seven Stones annual meang regression
Source Sum of squares Dof F Mean Exp. value
LT T N square mean square
Regrégélon .'"EZE(kJE)Z. = 5.75 | 1 5.75 02+82(x—i)2
e SRR éi. | ,
Residual 2(y-y-b(x-x))° = 8.61 53 0.162 o
Total =(y-y), = 14.36 24 =




If we let y and x represent temperature and the year (1ess 1960) we

.. have the usual linear regression model

y =¥ + b(x-x),
where b is the slope, and, in this case,
= 12.26 + 0.017 (x - 32.29).
Testing the mean square against the residual, we have :

i 53 = 359

which is significant at 0.001 level and shows that we may certainly assume
that there is a first order linear relationship. Now, of course, we should
have checked the normality of the random residual, bbut since the scatter is
clearly symmetrical we could check that it is reasonable to assume a normal
distribution by estlmatlng various confidence limits from the residual stan-
dard deviation o = /0.162 = 0.40 approximately, and checking the number of
observations which should fall within these limits. Ninety-five per cent
confidence limits have been drawn on Figure 1 and we could expect not more
than 1 in 20 or 2-3 points to be outside them, which agrees quite well.

If we now consider the annual means at the Varne Lightvessel, as
illustrated in Figure 3, and plot the linear regression line which is cal-
culated as

¥y = 11.41 + 0.018 (x - 33.35)

we are immediately in doubt as to whether the 1oW'points at 1915, 1916,
1917 and 1918 may reasonably be reckoned as within the assumed normal distri-
butions of the residual about the regression, although from the analysis of

variance in Table 2, the recgression is seen to be significant at the 5 per

<cent level, since F1 46 = = 5.35. B e o

.Table 2 Varne annual means regression :

Source . | :Sum of squares. - Dof F Mean équare
Regréssion _ 5.08 . 1 5.d8 :
TResidual R P I _.0.948. ;
Total . 48.67: 47 ?

If the low points are omitted and an amended regression calculated, together
with the associated 95 per cent confidence limits, we see that the low points

cannot be considered to be from the same population as the remainder and are
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not therefore properly repregentbd by the regression. : This does not of itself
justify their rejection as valld data, but certainly 1t is only the rcenainder
that can be properly represcnted by a linear regression, the equation of

which is anended to
= 11.66 + 0.006 (x - 34.89),

and we now estinate from Table .3 that F1 42 1.37, which is not significant
b

at the 20 per cent level, l.e. we have not sufficient evidence from these

data to support the view that there has becn a statistically significant rise

in the annual neans of surface temperature over the pericd.

Table 3 Varne ancnded annual ncans regression
Source Sun of squares Dof F Mean square
Regression 0.47 1 0.47
Re 1dual 14.42 42 - 0.343
Total 14.89 - 43 -

Let us now consider the regressions of the monthly neans. As shown in

Table 4, the slopes vary considerably from 0.024 to 0.009 at Seven Stones and

..fron 0.027 to ~-0.010 at Varne, the highest being in general in the autunn

nonths, showing that the average rate of increasec in temperature has been

greater at this time of year at both locations over the 60-year period.

Table 4 Regression slopes of nonthly neans at Seven Stones and
Varne Lightvessecls

Seven Stones _ Varne
Month . . S Siﬁiii;_ Stiziij-
_ Slope S.D. level Slope | S.D. 1cvel

(%) (%)
January - 0.017 0.004 1 © 0.007 0.010 NS
February 0.016. | 0.005 1 0.003 0.012 NS
March 0.017 0.005 1 -0.010 0.010 . NS
April "1 0.019 0.005 1 -0.001 0.009 NS
May 0.016 0.006 1 0.000 0.007 - NS
June 0.021 0.006 1 0.019 0.009 5
July - ' 0.016 0.007 5 0.019 0.009 5
August 0.009 0.007 NS 0.020 0.008 2
Septenber 0.021 0.007 1 0.026 0.008 -1
October 0.022 | 0.005 N 0.027 0.008 1
Novenber 0.024 | 0.004 1 0.027 0.009 1
Decenber = | 0.021 0.004 1 0.013 0.008 NS




Also included in Table. 4 are the standard deviations of the regression slopes
oy and the eignificanoe_level'of the regression, from which we can deduce that
the slopes are not significantly different from zero in August. at Seven.
Stones and from December to llay inclusive at Varne. Since the slopes are
scattered about zero from December to May at Varne, there is no reason to
suppose that there has been any long-term warming in these months over the
period. Vhether there are significant differences between the monthly slopes
can be tested by calculating the weighted average residual variance for the
months to be tested, and hence the variance sz of the difference of the
regression slopes b1 and b2. The significance may then be tested by
Student's t test

withtn1 +n, degree; of freedom. MNone of the pairs of months at: Seven Stones
(excludlng August) turn out to have s1gn1f10antly different slopee at this
level of confldence. Slmllarly, the dlfferences between the monthly slopes
at Varne from June—November are not sufflclentLy large to be statistically
significant at the 95 per cent level.

The next step is to consider whether it.is reasonable to represent the
trend by a linear regression. In order to test for departure from linearity,
we must include in the simple model above a. departure term B (t = 1,—-—&)

at each of the K arrays of y, so the model becomes

=y - % 7 §TE geee
Fpg = Fee + 3(xt X) + By + Zyy i= 1---n

where B 1s the expected value of the regression coefficient b and Z 1s the
random resldual which we are assuming to be 1ndependent normally dlstrl-
buted and of constant standard dev1at10n along the regression line. It, 1s

clear that some replication (i = 1-——n ) is necessary in the t'th array: of ¥y

~~in order to separate the variance due to deperture from llnearlty and the

random re31dual If the suffixes of B and Z were identical, these
varlances ' could not be distinguished. Ne can overcome the repllcatlon
requlrement by grouplng the means. Normally 3-year groups have been used
but these become 2- or 41year groups at either end of a gap in the data,
such as the 1914-18 war perlod. An example of the analy31 of variance .
tables is's hown for the Aprll monthly means at’ Seven Stones in Table 5,

since this is one of the more 1nterest1ng cases, but the analy31s was com-

pleted for the annual means and the monthly mean at both llghtvessels where
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Table 5 Seven Stones>April monthly means regression
Source . Sum of squares Dof F Mean square. "Exp.value mean square
K D 5 k )
Slope vy n,(x, - %)° = 1.97 1 1.97 o + 8°% n,(x - %)2
t=1 tt t=1 L

k - - . - ~ ’ k
About regression ) nt{(yt.— y..)2 - b2(xt - x)zj = 6,79 X=-2=12 0.57 02 + El_ pM ntBt
t=1 ) -2 t:']
n
1k P N 2
Residual T 2 (y.. = F.e) = 7.38 N -K =28 0.26 1l o
. ti t
‘n
k t - _
Total z Zz (yt. - y..) = 16.14 N-1=4
X i
t=1 i=1




the significance of the regression had been established. F@r the April
means in Table 5 a significant variance ratio of the "about regression
over "residusl" will indicate the existence of the Bt’ as cén be seen from
the expected values cf;the mean squares. In this casé, 12,28 = = 2.15,
which is just significant at the 5 per cent level, from which we conclude
that there is reasonably good evidence of departure from linearity, so we
should conéider carefully whether or not a more complex curvilinear model
should be dttémpted;“'We also “see, by comparing the mean squares of "slope"
and “"residual', that F,:

1,28
level (7.6), but of course we arc already aware of the significance of the

= T.47 is almost significant at the 1 per cent

overall regression. Dvidence of significant departure from linearity was

only found at the Seven Stones Lightvessel at Jjust above the 5 per cent

level for the”monthly”means during "April znd October;'and would not there-

fore, in my view, Jjustify the extra work involved in attempting to fit a '
higher order model. However, at the Varne the monthly mean regression for
July‘éhowed~significant‘departure at 1 per cent and we could not therefore

accept a linear model in this case. .

+ might be thoughf”that another method of"grouping could be to group
the months seasonally, i.e. January-March, April—June; July-September, etc.,
and hence retain a longer sequence of data. In fact these énalyses were
carried out for these scasonal groups and at both lightvessels significant
departure‘from linearity was indicated, normally at the 1 per cent level.

The winter 3—monthly group (January-Marbh) for Se&en Stones is given in
Table 6 as an example. Here the comparison of the "about regression" and
"residual" mean squere gives an F ratio of 2.008, which is just significant
at 1 per cent. This result would appear to be contrary to the results .
obtained for the three individusl months alonc. The explanation is that the
apparent siénificance shovn by Table 6 is spurious, because the data in the
individual 3—month groups are not normally distributed, and hence the F test
in this casc is not valid. The residual variation will in fact be platy-
kurtic and hence there is a considerably greater chance of obtaining a larger
variance ratio than would be indicated by the F tables. This particular
illustration is included to~show the importance of the underlying assumptions
which are ogten assumed and then neglected, and this can of course often lead

to misleading conclusions.



Table 6 Seven .Stcnes winter group regression

Source - Sum of squares Dof F Mean square
Slope 3.14 1 3.14
About regression 26.66 40 0.67
Residual 26.89 | 81 0.33
Total ‘ © 56.70 122
Conclﬁsions

Thus, to summarize, it might be concluded that at Seven Stones there has
been a significant linear average upward trend of about 0.99C in annual means
over the 60 years, and that there has been no evidence of-an upward trend in
the August monthly means, but that in all other months there has been a sig-
nificant positive regression which tends to be more marked in the autumn
months but is not significantly so. At the Varne Lightvessel, if the highly
significant negative anomalies for 1915-18 are omitted, there is no statis-
tically significant e&idence for a general warming of the surface water as
" indicated by the annual means or the monthly means from December to lMay.
During the reméinder of the year the rate of increase in monthly means has
been similar to that at the Seven Stones Lightvessel. Hence we might con-
clude that the similar increase in surface temperature at the two locations
in the autumn is largely due to an increase in the influx of Atlantic water
over the period, but that the warming trend has not penetrated as far as
the Varne in the winter and spring because of the proximity of the conti-
nental land mass and its winter cooling. The absence of an upward trend at
the Seven Stones in August is more interesting and could possibly be explained
by the existence of a short-term thermocline which produces a higher order
of surface temperatures and temperature fluctuations, which swamp the evidence
for a steadily rising trend (of much smaller proportions) due to an increased
Atlantic influx; ©but the aim of this paper is to suggest a possible form of
analysis which includes critical statistical testing for the large masses of
data occurring in the ICES Atlas, rather than to draw valid hydrographic
conclusions from so small a sample as two fields. This, it scems to me, is
necessary before we can expect to grasp the full quantitative significance
of long-term environmental trends and anomaly data and apply the conclusions

to biological occurrences.
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Figure 1  Annual means of sea surface temperatures at the Seven Stones lightvessel.
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Figure 3

Annual means of sea surface temperatures' at _thé_Seveh Stones lightvessel (after Southward).
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