
Hydrographic conditions off the northeast coast of 
Iceland in relation to meteorological factors 

By UNNSTEINN S T E F h S S O N  and GUBMUNDUR GUBMUNDSSON: 
Marine Research Institute, Reykjavik 

ABSTRACT 

The relationship between oceanographical and meteorological variables off northeast 
Iceland is re-examined and analyzed statistically. The analysis confirms the previous 
hypothesis of a strong connection between the oceanographical conditions east of 
Langanes, northeast Iceland, and air temperature and N-S winds about 90 days prior 
to  the observations. Since hydrographic conditions north of Iceland are known to 
depend largely on the influx of Atlantic Water from the Irminger Sea, and the average 
travel time of this water from the northwest coast to the region east of Langanes is 
about 3 months, this time lag corresponds closely to the expected one.The results of the 
numerical analysis indicate that the air temperature is a more important factor than 
the winds, although the hypothesis of an independent effect of the wind cannot be 
rejected. The effect of air temperature on the influx of Atlantic Water is believed to be 
indirect: air temperature variations leading to corresponding variations in horizontal 
density gradient across the shelf whereby the coastal circulation is affected. Some 
evidence for this is provided. 

Introduction 

Oceanographically the Iceland Sea* is a region 
of great contrasts, since it consists of water 
masses of diverse characters and different origin. 
Their distribution in time and space varies 
greatly, not only from season to season, but 
also from year t o  year. 

It has been shown (Stefansson, 1962) that in 
late winter, spring and the first part of summer 
the uppermost 200 meters of water in the shelf 
area north of Iceland consist mainly of mixtures 
of two water types, Atlantic Water (t = 7.0°C, 
S = 35.15 %,,) and North Icelandic Winter Water 
(t = 1.4"C, S = 34.84 %,,). The former is derived 
from the area west of Iceland and enters the 
Iceland Sea off the northwest coast. The latter 
is formed north of Iceland in winter by vertical 
mixing of Atlantic Water and cold arctic waters 
occupying the upper layers in the region between 
Iceland and Jan  Mayen. The proportion of At- 
lantic Water decreases in the direction of flow 

1 Present address: Department of Mathematics, 
University of Manchester, Institute of Science and 
Technology. 

a The Iceland Sea is here defined as the sea area 
between Iceland, Greenland and Jan Mayen (for 
exact limits see Steftinsson, 1962, pp. 30-31). 
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from west to east along the north coast of Ice- 
land. During summer the winter water is grad- 
ually replaced by subsurface arctic water mov- 
ing in from the north. I ts  t, S characteristics are 
similar to those of North Icelandic Winter Water. 
Meteorological conditions may to some extent 
modify the water types formed, especially the 
North Icelandic Winter Water. Penetration of 
drift ice to the North Icelandic coastal area or 
intrusion of Polar Water from the East Green- 
land Current drastically changes the hydro- 
graphic conditions in the surface layers. How- 
ever, owing to the low density of Polar Water or 
melted water from ice, its effect will generally 
not be significant in the deep-lying water strata. 
I n  the period 1930-1962 drift ice was only 
rarely observed in the coastal area north of 
Iceland, except for occasional scattered floes in 
late spring and summer, mainly affecting the 
conditions in the western part of the area. 

North of Iceland seasonal changes are detec- 
ted down to a depth of at leaat 300 meters. It 
has been shown (Steftinsson, 1962) that two 
kinds of seasonal variations can be distinguished 
viz. (a) hydrographic variations directly asso- 
ciated with changes in the sun's altitude and 
(b) variations in the relative magnitude of At- 
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lantic Water. The Atlantic influence was found 
to increase in spring and reach a maximum in 
summer. In autumn and winter it is greatly 
reduced. 

The Atlantic influx has also been found to 
differ considerably from year to year. Such 
annual variations are most easily identified at 
intermediate depths, between 50 and 200 meters. 

It is the object of this paper to investigate 
the relationship between these observed varia- 
tions and meteorological variables. Specifically, 
previous hypotheses concerning causal connec- 
tion between winds, air temperature and oceano- 
graphic conditions will be re-examined and 
tested statistically. 

Previous studies of year to year variations 

On the basis of data available for the period 
1924-1960 a preliminary study was made of the 
most likely causes of year to year variations in 
temperature and salinity north of Iceland during 
the summer season (Steft-insson, 1962). Three 
main factors were considered, viz. (1)  varia- 
tions in the extension of drift ice, (2) meteoro- 
logical factors concurrent with hydrographic 
observations and (3) variations in the strength 
of the North Icelandic Irminger Current. 

A distinct correlation was found to exist 
between surface temperature in the western part 
of the area and the frequency of drift ice a t  the 
northwest coast. Also, the surface salinity was 
closely associated with the ice conditions. Fur- 
thermore, a weak, but significant correlation 
was found between the sea surface temperature 
and the concurrent air temperature. This as- 
sociation may be both direct and indirect, e.g. 
the sea surface temperature drops when drift ice 
approaches the area. Sea surface temperatures 
north of Iceland will also depend on the advec- 
tion of Atlantic Water from the southwest. 

With regard to conditions below the seasonal 
thermocline, the influx of Atlantic Water ap- 
peared to be the dominating factor. The effects 
of winds on the Atlantic influx were examined 
by testing two hypotheses: (1) that the influx of 
Atlantic Water to the North Icelandic shelf area 
is dependent upon the easterly or westerly wind 
component, (2) that southerly winds intensify 
the flow of Atlantic Water northward along the 
west coast of Iceland and lead to increased 
influx of this water to the area north of Iceland. 

Conversely, northerly winds in the region west 
of Iceland would be expected to reduce the 
northward flow of Atlantic Water. Since the 
ocean area west of Iceland represents the source 
of Atlantic Water penetrating the North Ice- 
landic shelf region, the second hypothesis was 
a pr ior  i considered more plausible. 

As a measure of the wind, pressure differences 
were used: between Akureyri, north Iceland, 
and Vestmannaeyjar south of Iceland for the 
east-west component, between Djiipivogur, east 
Iceland, and Stykkishdmur, west Iceland, for 
the north-south component. 

For testing the first hypothesis temperatures 
in July at intermediate depths (50-200 meters) 
a t  the “permanent” oceanographic station S 
(Fig. 1) were compared to the mean difference 
in air pressure between Vestmannaeyjar and 
Akureyri, computed for 10 days’ intervals over 
a period of 60 days prior to the date of the oce- 
anographical observations. The result was that 
no significant correlation could be found be- 
tween hydrographical conditions at station S in 
July and the east-west wind component in the 
60 days’ period prior to the working of the sta- 
tion. 

For testing the second hypothesis, tempera- 
ture and salinity at the two stations S and L 
(Fig. 1) were correlated with the average 
monthly pressure difference between Djupivo- 
gur and Stykkish6lmur in various months during 
spring and summer. At station S the strongest 
correlation of temperature or salinity with the 
south-north wind component was found for the 
average monthly wind component 14 month 
prior to the date of the oceanographical observa- 
tions. East of Langanes at station L the best 
correlation was found for a time difference of 3 
months. These lags correspond approximately 
to the time it takes the mean coastal current 
to transport the water from the region off the 
northwest coast (off Latrabjarg, see Fig. 1 )  to 
the station in question (Hermann & Thomsen, 
1946; Stefansson, 1962). For these time differ- 
ences the correlation was highly significant, for 
other time differences the correlation was either 
less significant or not significant at all. From 
these results it was postulated that southerly 
wind is the dominating factor affecting the 
influx of Atlantic Water to the area north of 
Iceland. 

It was also found that the air temperature 
along the North Icelandic coastal area in spring 

Tellus XXI (1969), 2 
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Fig. 1. Locations of hydrographical and meteorologicd stations referred to in the text. 

is closely correlated with the hydrographic con- 
ditions at station L in late summer. This corre- 
lation was believed to result mainly from an as- 
sociation between high (low) air temperatures 
and southerly (northerly) winds, although an 
independent effect of the air temperature was 
also considered possible. 

Material 

Comparison of year to year variations in 
different parts of the area north of Iceland 
revealed that the maximum variations in tem- 
perature and salinity at intermediate depths 
occur east of Langanes (station L) in August. 
Therefore, data from station L were chosen in 
the present study. The temperature and salinity 
deviations in August of different years at this 
station, aa well as average values of tempera- 
ture and salinity and standard deviations, are 
given in Table 1. 

The meteorological data used in our analysis 
consisted of one observation a day. As a meas- 
ure of the air temperature along the North 

Tellus XXL (1909), 2 

Icelandic coast, average values of the three 
meteorological stations Kjorvogur, Grimsey and 
Raufarhofn were chosen. The north-south wind 
component was estimated as the pressure dif- 
ference between east and west Iceland. Since 
measurements of barometric pressure were dis- 
continued at Dj6pivogur in 1960, differences 
between H6lar and Stykkish6lmur were used 
(Fig. 1). 

Local conditions can have a considerable 
effect on the air temperature but the use of 
three stations reduces this source of error. Be- 
sides, the stations a t  Grimsey and Raufarhofn 
are likely to be relatively free from such disturb- 
ances because there are no large mountains in 
the neighborhood. Single measurements of baro- 
metric pressure are considered fairly representa- 
tive for the surrounding area, but of course a 
difference between two values is more sensitive 
to errors than the average of three values. 

There will be some difference between the 
pressure gradient off LBtrabjarg and the gra- 
dient estimated by the observations at H6lar 
and Stykkish6lmur. Since the atmospheric lows 



T
ab

le
 1

. 
D

ev
ia

tio
ns

 i
n 

te
m

pe
ra

tu
re

 a
nd

 s
al

in
ity

' 
in

 A
ug

us
t 

at
 s

ta
tio

n 
f
,
 (6

6'
22

' N
, 1

3'
35

' 
W
)
 

O
m

 
20

 m
 

50
 m

 
75

 m
 

10
0 

m
 

15
0 

m
 

20
0 

m
 

-
 -
-
-
-
-
7

 

Y
ea

r 
T

O
 

S
%

o 
T

o
 

s ;
do 

T
"

 
S

X
 

T
o
 

s
%

o
 

T
" 

8
%
 

T
"

 
8%

 
T
O
 

8
%
 

19
34

 
0.

71
 

-0
.3

6 
0.

67
 

-0
.3

1 
-0

.9
3 

0.
03

 
-1

.0
5 

-0
.0

7 
-0

.8
5 

-0
.0

9 
-0

.8
8 

-0
.1

4 
-0

.4
9 

-0
.1

2 
9 

19
35

 
-0

.2
4 

0.
22

 
-0

.0
9 

0.
19

 
0.

54
 

0.
13

 
0.

41
 

0.
06

 
0.

50
 

0.
04

 
0.

51
 

0.
04

 
-0

.0
2 

0.
01

 
0.

50
 

0.
13

 
19

36
 

1.
06

 
0.

11
 

0.
89

 
0.

07
 

2.
86

 
-0

.1
8 

2.
50

 
0.

01
 

1.
88

 
0.

06
 

1.
27

 
0.

13
 

19
38

 
0.

56
 

-0
.3

0 
-0

.1
3 

-0
.3

1 
-1

.0
2 

-0
.1

0 
-0

.2
9 

-0
.0

2 
-0

.0
5 

-0
.0

1 
-0

.5
2 

-0
.0

9 
-0

.4
2 

-0
.1

0 
0.

81
 

0.
10

 
0.

61
 

0.
11

 
0.

12
 

0.
08

 
19

39
 

1.
03

 
0.

08
 

0.
87

 
0.

10
 

0.
81

 
0.

20
 

0.
68

 
0.

12
 

19
47

 
1.

60
 

-0
.0

3 
1.

74
 

-0
.0

8 
1.

54
 

0.
00

 
19

48
 

-0
.3

0 
0.

04
 

-0
.8

0 
-0

.0
7 

-1
.5

9 
-0

.1
7 

-1
.0

8 
-0

.1
4 

-0
.6

4 
-0

.0
7 

-0
.4

1 
-0

.1
1 

-0
.5

5
 

-0
.0

6 
1.

45
 

-0
.0

2 
1.

29
 

0.
00

 
1.

46
 

0.
05

 
1.

60
 

0.
12

 
2 

19
49

 
-0

.4
9 

-0
.4

1 
-0

.3
3 

-0
.1

8 
-3

.3
9 

-0
.2

1 
-2

.7
5 

-0
.1

9 
-2

.3
8 

-0
.1

5 
-1

.7
4 

-0
.1

2 
-1

.8
4 

-0
.1

4 
' 

19
50

 
0.

27
 

-0
.4

1 
0.

63
 

-0
.4

2 
-0

.2
9 

0.
07

 
-0

.1
9 

0.
04

 
-0

.5
5 

-0
.0

2 
-0

.4
1 

-0
.0

2 
-0

.3
0 

-0
.0

3 
8 

19
51

 
0.

05
 

0.
03

 
-0

.6
0 

0.
06

 
0.

21
 

0.
02

 
-0

.1
5 

0.
05

 
-0

.5
1 

0.
02

 
-0

.5
8 

0.
03

 
-0

.9
6 

0.
01

 
0
 

1.
06

 
0.

01
 

0.
97

 
0.

03
 

1.
24

 
0.

04
 

1.
34

 
0.

00
 
4
 

19
54

 
0.

65
 

0.
00

 
-0

.2
6 

0.
13

 
1.

09
 

0.
03

 
19

56
 

-1
.7

5 
0.

26
 

-1
.3

1 
0.

20
 

-0
.0

2 
-0

.0
1 

-0
.4

2 
-0

.0
1 

-0
.2

8 
-0

.0
2 

0.
18

 
0.

02
 

0.
73

 
0.

03
 
2 

19
57

 
0.

05
 

0.
20

 
-0

.1
9 

0.
18

 
0.

57
 

0.
15

 
0.

60
 

0.
09

 
0.

75
 

0.
03

 
19

58
 

-2
.1

5 
0.

16
 

-1
.3

3 
0.

12
 

-1
.1

5 
-0

.0
2 

-1
.2

7 
-0

.0
7 

-1
.0

1 
-0

.0
6 

-1
.0

3 
-0

.0
6 

-1
.0

6 
-0

.0
4 

W
 

19
60

 
1.

05
 

0.
08

 
1.

52
 

0.
04

 
0.

06
 

0.
16

 
0.

57
 

0.
11

 
0.

61
 

0.
07

 
0.

62
 

0.
09

 
0.

98
 

0.
10

 
19

61
 

0.
08

 
0.

28
 

0.
12

 
0.

24
 

0.
32

 
0.

12
 

0.
05

 
0.

08
 

0.
16

 
0.

10
 

-0
.0

4 
0.

08
 

-0
.2

0 
0.

05
 

8 
19

62
 

0.
10

 
0.

09
 

-0
.0

2 
0.

16
 

0.
15

 
0.

10
 

0.
12

 
0.

09
 

0.
06

 
0.

08
 

-0
.0

1 
0.

06
 

-0
.2

6 
0.

04
 

19
63

 
- 

1.
84

 
-0

.0
5 

-1
.4

1 
-0

.0
8 

0.
51

 
-0

.2
6 

-0
.3

3 
-0

.2
0 

-1
.2

3 
-0

.1
0 

-1
.2

6 
-0

.1
3 

-0
.7

1 
-0

.1
1 

8 
19

64
 

0.
44

 
0.

04
 

0.
55

 
0.

05
 

1.
51

 
0.

03
 

1.
19

 
0.

00
 

0.
89

 
0.

01
 

0.
93

 
0.

00
 

1.
06

 
0.

01
 

'4 

A
ve

ra
ge

a 
8.

55
 

34
.6

1 
8.

13
 

34
.6

5 
5.

31
 

34
.8

8 
4.

93
 

34
.9

5 
4.

61
 

34
.9

7 
4.

04
 

34
.9

7 
3.

50
 

34
.9

5 
S

. 
D

.a
 

1.
02

 
0.

22
 

0.
89

 
0.

19
 

1.
38

 
0.

13
 

1.
15

 
0.

10
 

1.
00

 
0.

07
 

0.
88

 
0.

08
 

0.
87

 
0.

08
 

0.
04

 
-0

.0
2 

0.
39

 
-0

.0
2 

' 

19
65

 
-0

.9
5 

-l
.O

la
 

-0
.5

6 
-1

.O
fP

 
-1

.8
0 

-0
.3

3a
 

-1
.0

9 
-0

.2
7'

 
-0

.4
4 

-0
.1

8'
 

0.
00

 
-
 

0.
00

 
-
 

I
 

2 
a 

S
al

in
it

y 
de

vi
at

io
ns

 a
nd

 m
0a

n 
ba

se
d 

on
 t

he
 p

er
io

d 
19

36
19

64
. 

E x E c N
 



HYDROQRAPHIC CONDITIONS OFF COAST OF IOELAND 249 

tend to move eastward and average values over 
several days are used in our analysis, this source 
of error will be reduced. A time difference of a 
day or so is of no importance. 

Mathematical model 

I n  this study only linear relations will be 
considered. The connection between the obser- 
vations is then given by the convolution inte- 
grale 

T(t)  = WTp(t’) P(t - t’)  dt’ s: 
+ j ;W,( t ’ )Q( t  - t ’ )d t ’  +NT( t )  

and S( t )  = WsP(t’)P(t - t ’ )dt’  s: 
where T( t )  and S(t) are sea temperature and 
salinity a t  the time t ,  P is the pressure difference 
between H6lar and Stykkish6lmur, Q is the 
average air temperature of the meteorological 
stations at Kjorvogur, Grimsey and Raufarhofn, 
NT and N, are variables that account for meas- 
urement errors and deviations from the model 
described by equations (1) and (2), WTP(t’) is the 
weight attached to the value of P(t - t ‘ )  in 
determining T(t) ,  and W,Q, WsP and W s ~  are 
analogous weight functions which determine 
how T and S depend on past values of P and Q. 

Linear models like those given by equations 
(1) and (2) occur frequently in time-series 
analysis. Observations of the variables, here T, 
S, P and Q, are used to gain information about 
weight functions. 

Numerical analysis 

The meteorological variables and the sea 
temperature and salinity are time-series and the 
weight functions could be estimated from the 
spectra and cross-spectra of these (Akaike, 
1965). Observations of T and S are too sparse 
for the estimation of spectra. Although the 

TeIIus XXI (1969), 2 

spectra of the dependent variables are not need- 
ed for the estimation of the weight functions 
this prevents the calculation of coherencies 
which deprives spectral analysis of one of its 
main advantages. Our problem is also one 
where time is a more natural dimension than 
frequency. Spectra were therefore abandoned 
in favour of covariances. 

I n  order to reduce the computation a low- 
pase filter was applied to the meteorological 
data. The filter is described by the equation 

where X ( j )  is an observation on the day j and 
Y ( j )  a filtered value centered around j .  The 
filtering was carried out by taking twice the 
moving average of 8 values (Blackman & Tukey, 
1959, pp. 129-135). The filtered value on the 
day of the oceanographical observations waa 
used and every fifth value of the filtered me- 
teorological data prior to this date. For each 
year 32 values, spanning a time interval of 160 
days, were analyzed. 

The air temperature has a large annual varia- 
tion which must be taken into account, and a 
complication arises because the oceanographical 
observations are not carried out on the same 
day each year. The average and a least squares 
estimate of a sine-wave with wavelength one 
year were subtracted from the filtered values, 
counting the time each year from the day of 
observation of T and S. This implies that in a 
year when the observation was carried out say 
on the 8th of August, the same adjustment we8 
made to the values on 8/8, 3/8, 29/7 etc. aa to 
the values on 2818, 23/8, l8/8 etc. in a year 
when the observations took place on the 28th of 
August. This seems preferable to making the 
same adjustment to the same time of the year 
regardless of the day of observation. By this 
procedure some account is taken of the great 
difference it makes to the air temperature during 
the 160 days preceding the observation whether 
the observation is carried out in the beginning 
or at the end of August. The average waa also 
subtracted from P, T and S, and in the following 
it will always be assumed that the mean of 
these variables is zero. 

The data consist of a finite number of dis- 
crete values and equations (1) and (2) are re- 
placed by the sums 



250 u. STEF~NSSON AND G. GUDMUNDSSON 

0 5 1  - -  o n " s ~ O n  -- -.-Ao5 - - - ~ - - -1 - --A 
0 150 57 150 C 50  D A Y S  100 

Fig.' 2. Correlations of sea temperature (T) and salinity (8) with air temperature (Q) and pressure 
difference (P)  as functions of time, at the sea surface, 60 meters, 100 meters and 200 meters. 

31 

The unit in the indices represents 5 days 

Before further investigating equations (4) and 
unless otherwise stated. 

( 5 )  we introduce the new functions 

C P P ( ~ )  =E[P( i )P( i -k ) l  =CPP( -k), 

C T P ( k )  =EIT(l')P(i-k)l ,  

C P Q ( k ) = E I P ( l ' )  Q(i-k)l  = C Q P ( - k ) ,  

etc., and 

where E stands for expectation and V ,  is the 
variance of X .  It will be assumed that the co- 
variances of P and Q are independent of the 
time of the year and can be written as functions 
of time-lags only. 

The number of observations that can be used 
for estimating CTp and V ,  in equation ( 7 )  is 
equal to the number of observations of T ,  but 
V p  is estimated from 32 values of P each year 
that T is measured. This makes RTp somewhat 
different from usual correlation coefficients. 
Numerical estimates of R,, RTQ, Rsp and RsQ 
are presented graphically in Fig. 2. 

By minimizing E [NT(j )a]  we obtain: 

Tellus XXI (1969), 2 
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Pig. 3. Auto- and cross-correlation coefficients of air temperature (Q) and pressure difference (P) as 
functions of time. 

I 31 

+ 2 w*Q(i)cQQ(k-i). 
i = o  

With k assuming the values 0-31 this provides 
64 equations for solutions of the 32 values of 
W T p  and WTa respectively. Analogous equations 
for Wsp and WsQ are obtained by minimizing 

There are only 20 observations of each of the 
variables T and S and yet the cross-covariances 
C,, C,,, Csp and CsQ were estimated for 32 
values of the time-lag. With such a small num- 
ber of observations an attempt to estimate the 
32  values of the weight functions in equations 
(4) and ( 5 )  is not justified. The obvious method 
of reducing the number of covariances by filtering 
over a longer time interval would fail if the 
physical relationship between the oceanogra- 
phical and meteorological characteristics were 
confined to a few days. Covariances correspond- 
ing to longer time intervals are easily calculated 
from those of shorter intervals, but of course 

Tellus XXI (1969), 2 

E[NS(j)*1. 

not vice versa. Fig. 2 shows that at most depths 
there are large covariances for k = O  and 1 (0 
and 5 days). After that most of the covariances 
are rather small for more than a month but in- 
crease again, and have a rather broad maximum 
at a time lag of about three months before the 
oceanographic observations. 

Numerical results 

Fig. 2 indicates that investigation of the 
maximum a t  90 days prior to the oceanographic 
observations could be carried out with time 
interval longer than 8 days. We introduce the 
functions 

C h Q ( k ) = E  2 P ( i + l )  2 Q ( j - k + 1 )  1 1 = - 2  1 - - 2  

etc., and use V i  and V b  for the variance of 
the sum of five consecutive values of P or &. 
We define also 

R h P ( k )  = c h P ( k ) / [ v T  Vil** (10)  

For the estimation of Vk and Vb only values 
of P ( i )  and &(i) 80-100 days (i = 16-20) before 
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Table 2. Numerical estimates of m i m u m  correEation coefficients 
~ 

Depth, m. .  . 0 20 50 75 100 150 200 

0.61 
95 

0.50 
95 

0.09 
90 

0.27 
85 

0.50 
100 

0.44 
95 

0.01 
90 

0.27 
90 

0.63 
90 

0.73 
90 

0.15 
100 

0.57 
95 

0.66 
90 

0.72 
90 

0.31 
90 

0.62 
95 

0.60 
90 

0.63 
90 

0.42 
90 

0.68 
85 

0.54 
90 

0.64 
90 

0.46 
90 

0.67 
85 

0.42 
90 

0.53 
90 

0.48 
90 

0.60 
85 

the oceanographic observations were taken into 
account. This makes little difference to Rip  and 
R i p ,  but RhQ and RH, are considerably reduced 
compared to the results that would have been 
obtained by normalizing with V b  calculated 
from the values in Fig. 3. This is because the 
variance of the temperature at the time of the 
maximum is greater than the average variance 
over the whole time interval used in the in- 
vestigation. 

Table 2 shows R‘ for the value of k that gave 
the largest R’. 

The choice of summing over 5 values of P and 
Q was arbitrary and for most depths a smaller 
number would have provided a larger Rkp and a 
larger number a larger R‘,,. I n  neither case 
would this make any great difference, nor 
would small changes in the choice of k. 

The probability that a correlation coefficient 
calculated from n pairs of observations from 
non-correlated normally distributed variables is 
greater than given values or less than minus 
these values can be written 

and for given values of p ,  x can be found from 
statistical tables (Fisher & Yates, 1963). Some 
hypotheses will now be tested concerning the 
correlation of temperature and salinity at sta- 
tion L with meteorological observations. 

The robustness of the sample distribution of 
the correlation coefficient against deviations 
from normality of the population distributions 
of the variables was investigated by Gayen 
(1951). He found that when the population cor- 
relation coefficient e = 0 the sample distribution 
is fairly robust even for small samples. 

Tests for linear relationships can be based on 
the tails of the distribution of en. The error due 
to non-normality in determining x for a given e 
increases towards the tails of the distribution. 
Because of this we have used p =0.05 in equa- 
tion ( 1  l )  throughout, although in many cases 
our results would also have been “significant” 
with a considerably lower p .  

Investigation of histograms and comparison 
with the estimates of the standard deviations 
indicate that with the exception of the salinity 
in 1965 the assumption of normality is not un- 
reasonable for our variables. But with only 20 
observations small deviations from normality 
cannot be detected. Changes in the hydrogra- 
phic or meteorological conditions since 1934 
could disturb normality and so could the pro- 
cedure applied for the seasonal adjustment of 
the air temperature. 

For p = 0.05 and n = 20 the tables give x = 0.44. 
All except two values of R k p  and Rk,  are well 
above this level. This is a good support for the 
hypothesis that a positive correlation of T with 
P and Q is due to influx of warm Atlantic Water 
off Vestfirair, provided there is sufficient evid- 
ence from observations other than those in- 
cluded in our estimates of R‘ that it  takes the 
current about 90 days to flow the distance along 
the north coast of Iceland to Langanes. 

I f  on the other hand we disregard all informa- 
tion except the data from which Table 2 is 
calculated the R’s should rather be compared 
with x in the equation 

P[I en. ,,, I =- 21 = 0.05, (12) 

where I Q , , ~ ~  is the largest value of le,l ob- 
tained from rn samples of n pairs from a popula- 
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Table 3. Numerical estimates of maximum correlation coefficients 

Depth, m... 0 20 50 75 100 150 200 

R h p ( 4  0.75 0.58 0.77 0.78 0.74 0.70 0.55. 

Rho(k )  0.53 0.49 0.73 0.73 0.68 0.70 0.58 

R;pW 0.10 0.03 0.11 0.49 0.53 0.58 0.60 

R ; Q ( k )  0.28 0.26 0.57 0.69 0.74 0.74 0.65 
k (days) 85 85 90 90 85 85 85 

k (days) 90 90 90 90 90 90 90- 

k (days) 85 80 85 85 85 90 90 

k (days) 90 90 90 80 90 90 90 

tion of non-correlated two-dimensional normally 
distributed stochastic variables. There is some 
question about the appropriate choice of m be- 
cause of the serial correlation of P and Q, but 
it appears reasonable that the lowest values of 
k should be left out. With m = 5, x = 0.56. Even 
with some doubt regarding the distribution of 
our variables, several values in Table 2 ought to 
be significant at the 95 % level without the a 
prior i  assumption about a time lag of 90 days. 

The correlation of P and Q with salinity is not 
significant a t  0 or 20 meters depth. As the year 
1965 was left out, n is 19 and for p =0.05 in 
equation (9), 2 is 0.46. The largest correlation 
coefficient between the salinity and the pressure 
difference is 0.48 a t  200 m depth, but the corre- 
lation with the air temperature is high a t  50- 
200 m depth. 

Fig 3 shows that there is a considerable cor- 
relation between the pressure difference and 
the air temperature, and using the same values 
of P and Q as in previous estimates of R', we 
get R;4 = 0.59. A high correlationbetweenPand 
Q could lead to a significant correlation of both 
of these variables with the oceanographic vari- 
ables, even if the causal relationship is only with 
one of the meteorological variables. This can be 
investigated by use of the partial correlation 
coefficients: 

and analogous for other partial correlation coef- 
ficients. R>Y/z is the correlation coefficient of 
X and Y after that part of their variance which 
can be attributed to 2 has been eliminated 
(Hald, 1957, p. 625). 
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In  order to test the values of partial correia- 
tion coefficients the number of observations in 
equation (11 )  is reduced by one which gives. 
x =0.46 and 0.48 for the temperature and 
salinity respectively at the level of p = 0.05. The 
largest RhQIP is 0.57 at 50 m depth and the 
values at 75 and 150 m are also >0.46. The 
largest values of Rkpi4 is 0.45 at 0 m. S;qlp is 
0.59 at 100 m depth and the values for 50-150 m 
are >0.48. 

As will be discussed later, some change took 
place in the characteristics of the artctic water 
mixing with the eastflowing Atlantic Water 
after 1962. Therefore, a separate analysis was 
made for the period 1934-1962. Table 3 gives 
the results of the numerical estimates of R' for 
this period. 

Most of the R's are larger than in Table 2, 
especially the correlation of the oceanographic 
observations with pressure difference. Because 
of the reduction in the number of observations 
the 95 % level is increased to 0.48 and for the 
partial correlation coefficients to 0.50. The out- 
come of the same tests as applied to the results 
from 1934-1964 or 1965 is similar. A noticeable 
exception are the partial correlation coeffi- 
cients RkPIQ and RkQIP. Rio(0) is 0.63 when 
1963-1965 are left out and as there is a 5 daya 
difference in k for some depths, we also need 
R;Q( - l) ,  which is 0.62. The highest value of 
RkPjQ is 0.63 at 0 m depth and the valuesat 50, 
75 and 100 m are also ~ 0 . 5 0 .  The RkoIP are 
now all ~ 0 . 5 0 .  The roles have thus been re- 
versed from the values in Table 2, where the 
temperature of the sea had a stronger correla- 
tion with the air temperature than the pressure 
difference. Regarding this somewhat peculiar 
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result of the estimation of the partial correlation 
coefficients it should be pointed out that they 
are based on estimates of correlation coefficients 
from populations where e + O .  Gayen (1951) 
shows that for large I e I estimates are sensitive 
to deviations from normality. 

Prediction 

If the weight functions are known, equations 
(4) and (5) can be used to predict T ( j )  and S(j) .  
The properties of linear systems are completely 
determined by the various auto- and cross- 
covariances. They were estimated from the ob- 
servations and because of the small number of 
observations the variance of the estimates is 
rather large. Equation (8) can be simplified by 
omitting all except a few of the largest covarian- 
ces. Even then the solution of the weight func- 
tions is highly sensitive to small changes in the 
covariances and therefore a poor estimate of 
the true weight functions. In order to investigate 
the quality of a numerical prediction we return 
to the sum of the five filtered values of pressure 
and air temperature from 80-100 days before 
the oceanographical observations and call them 
P' and Q' respectively and write 

T = w ; ~ P ~ +  w&,Q'+N,, (14) 

S =  w & P +  w&,Q'+N,. (15) 

By changing the physical dimensions so that 
the variances of T, S ,  P' and &' are all equal 
to one, the correlation coefficients in Tables 2 
and 3 are estimates of the covariances. As before, 
all these variables are deviations from mean 
values. These equations can be solved in the 
aame way as equations (4) and (5) by minimizing 
the variance of of NT and Ns and the solution 
is analogous to equation (8). In  both tables the 
covariances vary with depth. With E [ T  P'] = 

Rkp = RhQ = 0.70and E[P'Q'] = 0.60 the solution 
of equation (14) gives W k p  = WhQ =0.44. The 
predicted deviation from the mean of the sea 
temperature is: 

The quality of the prediction can be investi- 
gated by calculating the variance of the differ- 
ence of the true value and the predicted value 

By using the values above, assuming that the 
variances and covariances are estimates and 
taking into account the number of degrees of 
freedom lost in estimating the weight functions 
(Rao, 1965, p. 186), the estimate of E[N;]is  
0.43 and the standard deviation 0.66. 

If no account is taken of meteorological or 
hydrographic observations the best prediction 
of T would probably be the average. Since the 
standard deviation of the sea temperature for 
50-200 m depth is 0.87"-1.38"C (Table l ) ,  the 
95 9; confidence limits are 1.83"-2.90°C. By 
using Tpredicted as defined by equation (16) the 
95 % confidence range is reduced to about 66 % 
of this. 

In practice prediction would be bmed on the 
calendar year rather than on a time scale meas- 
ured from the August observation off Langanes. 
The average May air temperature a t  Kjorvogur, 
Grimsey and Raufarhofn 1931-1960 was 3.9"C. 
The average pressure difference in May between 
H6lar and Stykkish6lmnr in the same years was 
0.4 mb. Our estimates of the standard deviation 
of the average of the sum of five consecutive 
values of P ( i )  and Q(i) for this part of the year 
were 1.7 mb and 2.O"C respectively. 

As an example we take a year when the aver- 
age values of P ( i )  and Q(i) at 5/5, 10/5, 15/5, 
2015 and 2515 are 1.9 mb and 6.0"C respectively. 
For a depth where the standard deviation of T 
is 1.2"C, W k ,  =0.44 x 1.2/1.7"C/mb and WhQ = 

0.44 x 1.212.0. The predicted value of the devia- 
tion from the mean of the sea temperature in 
mid-August at this depth 

Tpredicted = 0.44 x 1.2 - + - = 1.O"C. [;:: :::I 
It should be emphasized that the reliability 

of the prediction will be considerably reduced, 
if the hydrographic conditions in the North 
Icelandic shelf area change due to other factors 
than influx of Atlantic Water, such as was the 
case during the years 1963-1967. 

Discussion 

The statistical analysis confirms the hypo- 
thesis of a strong connection between the ocea- 
nographic conditions off Langanes in August 
and meteorological factors about 90 days prior 
to the observation. ks we have shown, this time 
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lag corresponds closely to the expected one, if 
we assume that the influx of Atlantic Water to 
the shelf area northwest of Iceland is primarily 
governed by meteorological factors. 

Previous investigations based on data from 
1934-1960 indicated a closer correlation than 
here found. The explanation of this difference is 
partly that in the previous studies temperature 
and salinity observations, made at different 
dates in August, were correlated with the mean 
monthly meteorological values for May rather 
than 80-100 days before the actual observa- 
tions. This affected especially the year having 
the largest deviations, viz. 1949, and led to a 
higher correlation than here found, where the 
dates of the observations have been taken into 
account. Another explanation, although of mi- 
nor importance, is that the previous investiga- 
tions had indicated that pressure differences 
between Stykkish6lmur and Djlipivogur gave a 
slightly closer correlation with the hydrographic 
conditions than did the pressure differences be- 
tween Stykkish6lmur and Dalatangi or H6lar. 
These explanations, however, do not account 
for the whole difference, which must therefore 
be partly attributed to the observations made 
after 1960. 

I n  this study it has been assumed that At- 
lantic Water entering the North Icelandic shelf 
area from the Irminger Sea mixes with winter 
water and/or arctic water of relatively uniform 
characteristics. This holds approximately true 
up to the year 1962. Investigations made in 
1963 (Istoshin & Shmarina, 1965, J6nsd6ttir, 
1965) and 196P1967 (Malmberg, 1967) show 
clearly a much greater polar influence in arctic 
waters of the oceanic area between northeast 
Iceland and Jan Mayen than in the preceding 
years. Thus within the area between 67" and 
69" N and 11" and 15" W, the mean values of 
temperature and salinity in the uppermost 100 
meters of water were 1.44"C and 34.83 X re- 
spectively for the period 1950-1958, but 0.17"C 
and 34.58 X respectively for the period 1964- 
1967. It follows that during the last few years 
the water component mixing with Atlantic 
Water has been considerably colder and less 
saline than before. Furthermore, the distribu- 
tion of drift ice in the North Icelandic coastal 
area has been greater in the years 1963, 1965 
and 1967 than during the preceding three de- 
cades. These cirumstances explain the relatively 
poor correlation found between meteorological 
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factors and temperature and salinity after 1962. 
Since the salinity decrease is even more conspi- 
cuous than the temperature decrease, the cor- 
relation of meteorological factors with salinity 
is affected to a greater extent than the correla- 
tion with temperature. 

Near the sea surface the characteristics of the 
inflowing Atlantic Water are modified by a 
number of external factors, such as short- 
periodical heating and cooling, upwelling due 
to winds, drift ice, fresh water run-off and preci- 
pitation. On the other hand, the proportion of 
Atlantic Water decreases with depth, especially 
below 150 meters, and the maximum retention 
of orginal characteristics is found below the 
seasonal thermocline, usually within an inter- 
mediate layer between 50 and 200 meters. 
Therefore, the highest correlation of sea tem- 
perature or salinity with meteorological condi- 
tions in the past would be expected for inter- 
mediate depths which is essentially what the 
results of the numerical analysis show. It will be 
noted, however (Tables 2-3), that the correla- 
tion with sea temperature has a maximum for 
depths of 50 and 75 meters, but the correlation 
with salinity has a maximum for depths of 
100-200 meters. Furthermore, the correlation 
with temperature is significant for 0 and 20 
meters, whereas with salinity it is not. These 
results are easily explained by the fact that 
salinity is much more sensitive to external fac- 
tors than is temperature. 

It will be seen from Fig. 2 that while the cor- 
relation as a function of time has a maximum 
for a time lag of about 3 months, there exists a 
significant correlation between the sea tempera- 
ture and the concurrent air temperature or pree- 
sure difference. This concurrent correlation is 
greatest for the surface layer, as would be ex- 
pected, but it is also significant for depths 
2 100 m. With regard to the surface layer it can 

be explained by variations in solar radiation 
affecting simultaneously the temperature of the 
air and the sea surface, but conduction of heat 
from the sea to the air may also contribute to 
the correlation found. Another explanation re- 
ferring to depths below the thermocline is that 
northerly winds, generally associated with low 
air temperatures, may give rise to geostrophic 
currents in the wind direction causing an intru- 
sion of cold, subsurface arctic water from the 
north, whereas southerly winds east of Langanes 
may prevent such an intrusion. 
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Fig. 4. Seasonal variations of the difference in dynamic height of the sea surface relative to the 300. 
decibar surface between stations F-1 and F-8. 

While the results of the numerical analysis 
indicate that hydrographic conditions east of 
Langanes are significantly correlated with both 
air temperatures and north-south winds during 
the preceding 80-100 days, the correlation with 
air temperature is with one exception consider- 
ably stronger. Therefore, it  appears that the air 
temperature is a more important factor, al- 
though the hypothesis of an independent effect 
of the wind cannot be rejected. 

It remains to explain how the air temperature 
can affect the influx of Atlantic Water to the 
area north of Iceland. This is best done by con- 
sidering seasonal variations. 

On the basis of hydrographic data collected 
during the years 1953-1955 it  was concluded 
(StefBnsaon, 1962, pp. 178-183) that the rate of 
the coastal current north of Iceland changes 
seasonally, leading to corresponding changes in 
the influx of Atlantic Water. Since wind condi- 
tions are known to be highly unstable in the 
vicinity of Iceland and seasonal trends slight, it 
seems hardly possible that the relatively regular 
seasonal change in the Atlantic influx to the 
region north of Iceland results from seasonal 
variations in the prevailing wind system. There 
is, however, a seasonal change in the density 
distribution in the shelf area. During winter the 
coastal water is cooled to a greater extent than 
the offshore water, the reverse process taking 
place in summer. This leads to seasonal change 

in the horizontal density gradient causing in- 
creased anticyclonic coastal circulation in sum- 
mer, decreased circulation in winter. By fric- 
tional effects these changes in the coastal cir- 
culation should in turn give rise to corresponding 
changes in the movement of Atlantic Water 
farther offshore. An evidence for such seasonal 
changes in the northgoing current west of Ice- 
land is furnished by Fig. 4 which shows the dif- 
ference in dynamic height between an offshore 
station and a nearshore station in Faxafl6i. 
While variations in run-off and winds also affect 
the horizontal density gradient in the coastal 
area and thus obscure the relationship some- 
what, there exists a significant correlation be- 
tween air temperature and dynamic height dif- 
ferences across the shelf. A similar result was 
found for the area north of Iceland (Stefansson, 
1962, Fig. 118). 

But if this explanation of seasonal variations 
in the influx of Atlantic Water is true, it follows 
that in years with unusually high air tempera- 
ture, say in spring, and hence a more intensive 
warming up, the eastflowing current north of 
Iceland must be relatively strong. Conversely, 
following a cold spring, the coastal current will 
be more sluggish and less Atlantic Water will 
penetrate the North Icelandic area. Super- 
imposed on these variations related to the den- 
sity distribution will be those caused directly by 
the wind conditions. 
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Fig. 5. Variation of temperature with depth at station L, June 13, 1964 (aolid line), and range of 
temperature variations for 13 years in the period 1936-1966 (Shaded area). 

A further support. for our postulate is provided 
by observations made east of Langanes a t  sta- 
tion L in June 1964. Compared to the August 
variations a t  this station the variations in June 
are normally relatively small. The year 1964 
constitutes an exception, since then abnormally 
high temperatures were found at  subsurface 
depths (Fig. 5) .  The mean air temperature for 
March 1964, i.e. about three months prior to 
the hydrographic observations, was the second 
highest recorded during this century. Southerly 
winds were also predominant during March 
1964. 

The deviations from the model described by 
equations (1) and (2) probably arise mainly from 
two sources: (a)  changes in the hydrographic 
conditions of the area north of Iceland that are 
unrelated to the inflow of warm Atlantic Water, 
e.g. admixture of polar water from the north- 
west and variations in the characteristics of the 
arctic water mixing with the Atlantic Water 
and (b)  the tacit assumption made that approx- 
imately the same current velocity, and hence 
the same time lag, applies to all observations. 
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In  view of the variability of the rate of the 
coastal current the validity of this assumption 
is certainly questionable. The rather broad 
maximum shown in Fig. 2 between 2 and 4 
months prior to the observations also suggests 
that the appropriate time lag may be variable. 
Finally, it is of interest to note that whereas the 
correlation with pressure difference is alterna- 
tely positive or negative for more than a month 
before the observations, the correlation with 
air temperature is predominantly positive. This 
can be explained by several factors: (a)  there 
will be a direct exchange of heat between sea 
and air, and a parcel of warm sea water may 
continue to warm the overlying air masses over 
a considerable period after this parcel has 
entered the North Icelandic area, ( b )  prevailing 
high (low) air temperature may continue to 
intensify (reduce) the eastward flow of Atlantic 
Water and lead to increased (decreased) distri- 
bution of this water and less (greater) mixing 
with colder water masses, (c) due to the auto- 
correlation of the air temperature (Fig. 3) po- 
sitive correlation coefficients tend to extend 
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over a longer time interval than does the phy- 
sical connection. Corresponding effects of a i r  
pressure will be either smaller or non-existing. 
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