
B E R I C H T E 
aus dem 

I N S T I T U T F Ü R M E E R E S K U N D E 
an d e i 

CHRISTIAN-ALBRECHTS-UNIVERSITÄT - K i e l 

Nr. 132 
1 9 8 4 

I S O P Y C N I C A T L A S 

O F T H E 

N O R T H A T L A N T I C O C E A N 

- monthly mean aaps and s e c t i o n s -

by 

J . Bauer and J.D. Woods 

<D0\ *0.Z2*5/lFM-2etL.1l2 
Copies are a v a i l a b l e from 
I n s t i t u t für Meereskunde an der Universität 
Abt . R e g i o n a l e Ozeanographie 
Düsternbrooker Weg 20 
D-2300 K i e l 1, FRG 

ISSN 0341 - 8561 



C o n t e n t s 

Page 

1. INTRODUCTION 1 

2. DATA PROCESSING 3 

2.1 The Roblnson-Bauer-Schroeder n u m e r i c a l a t l a s 3 
2.2 Seasonal v a r i a t i o n 3 
2.3 D e n s i t y p r o f i l e s 5 
2.4 I s o p y c n a l s 5 

3. THE NUMERICAL ATLAS ON THE IFM COMPUTER 6 

3.1 Gene r a l d a t a s t r u c t u r e 6 

3.2 P r o c e s s i n g programs 6 

4. REFERENCES 8 

5. ACKNOWLEDGEMENTS 10 

6. FIGURES 11 
6.1 L i s t of f i g u r e s 11 
6.2 F i g u r e s (1 - 160) 15 



\ _ 

1. INTRODUCTION 

The d i s t r i b u t i o n s presented i n t h i s volume have been d e r i v e d from the 
well-known Robinson-Bauer-Schroeder (1979) a n a l y s i s of bathythermograph and 
hy d r o c a s t a r c h i v e data to g i v e monthly mean temperature and mean s a l i n i t y 
v a l u e s at stand a r d depths i n a l°x I o a r r a y . T h e i r analyzed data have been 
i n t e r p o l a t e d onto d e n s i t y s u r f a c e s and are presented as i s o p y c n i c maps and 
s e c t i o n s . The a n a l y s i s was undertaken as p a r t of an i n v e s t i g a t i o n of water 
mass c o n v e r s i o n and c i r c u l a t i o n i n the warm water sphere of the North 
A t l a n t i c Ocean. 

I s o p y c n i c a n a l y s i s was i n t r o d u c e d I n t o oceanography f i f t y years ago by 
Montgomery (1938) and P a r r (1938). I s o p y c n i c maps and s e c t i o n s have s i n c e 
appeared i n many a t l a s e s and papers, a l t h o u g h the t r a d i t i o n a l i s o b a r i c p r e 
s e n t a t i o n remains much more common. A s e l e c t i o n of p u b l i c a t i o n s i n c l u d i n g 
i s o p y c n i c maps or s e c t i o n s i s l i s t e d on page 3. 

P r e s e n t a t i o n of h y d r o g r a p h i c d a t a as d i s t r i b u t i o n s on i s o p y c n i c s u r f a c e s 
o f f e r s a number of advantages over the more common i s o b a r i c p r e s e n t a t i o n . 
F i r s t l y , m i x i n g occurs more f r e e l y a l o n g d e n s i t y s u r f a c e s than a c r o s s them 
because the former i n v o l v e s no work a g a i n s t the Archimedes f o r c e . The power 
i n p u t t o t h r e e d i m e n s i o n a l t u r b u l e n c e i n the s t r a t i f i e d i n t e r i o r of the ocean 
i s so weak t h a t d l a p y c n i c m i x i n g n o r m a l l y a c h i e v e s v e r y much l e s s v e r t i c a l 
t r a n s p o r t of p a s s i v e s c a l a r s than i s o p y c n i c m i x i n g a l o n g i n c l i n e d ( b a r o c l i n i c ) 
d e n s i t y s u r f a c e s by q u a s i - g e o s t r o p h i c t u r b u l e n c e ( G a r r e t t , 1982). 

i . e . K d V dS « b 2 . K t VjS 

where the s u b s c r i p t s ¿ and j r e f e r t o components of the d i f f u s i v i t i e s K and 
the g r a d i e n t s 7 d i r e c t e d a c r o s s and alo n g the d e n s i t y s u r f a c e r e s p e c t i v e l y , 
and b i s the s l o p e o f the d e n s i t y s u r f a c e . For t h a t r e a s o n , i s o p y c n i c a n a l y s i s 
has proved p a r t i c u l a r l y v a l u a b l e i n geochemistry ( B r o e c k e r , 1981) and 
e s p e c i a l l y i n s t u d y i n g the s p r e a d i n g of t r a n s i e n t t r a c e r s (Sarmiento et a l . , 
1982). 

I s o p y c n i c a n a l y s i s i s a l s o the f i r s t s t e p i n mapping the d i s t r i b u t i o n of 
p o t e n t i a l v o r t i c i t y , which i s i n v e r s e l y p r o p o r t i o n a l t o the s p a c i n g between 
two i s o p y c n i c s u r f a c e s . Maps of t h i c k n e s s have been p u b l i s h e d by T s u c h i y a 
( 1 9 6 8 ) . P o t e n t i a l v o r t i c i t y i s mixed a l o n g d e n s i t y s u r f a c e s l i k e R h i n e s , 
1979. Maps of the l a r g e - s c a l e i s o p y c n i c d i s t r i b u t i o n o f S v e r d r u p l a n p o t e n t i a l 
v o r t i c i t y ( i n which the r e l a t i v e v o r t i c i t y i s assumed t o be n e g l i g i b l e com
pared w i t h the p l a n e t a r y v o r t i c i t y because of the l a r g e s c a l e ) have been 
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p u b l i s h e d by Sarmiento (1982) and McDowell, Rhines & K e f f e r , 1982. Mesoscale 
i s o p y c n i c maps of t h i c k n e s s and p o t e n t i a l v o r t i c i t y have been p u b l i s h e d by 
Leach, M i n n e t t & Woods (1984) and F i s c h e r , Leach & Woods (1985). 

The a n a l y s i s of c l i m a t o l o g i c a l data onto i s o p y c n i c ( r a t h e r than i s o 
b a r i c ) s u r f a c e s a l s o f a c i l i t a t e s comparison w i t h e x p e d i t i o n d a t a , s i n c e i t 
e l i m i n a t e s s p u r i o u s d i f f e r e n c e s a r i s i n g from t r a n s i e n t v e r t i c a l d i s p l a c e 
ment by i n t e r n a l waves and q u a s i - g e o s t r o p h i c eddies ( s e e , f o r example, the 
comparison i n Leach, M i n n e t t & Woods, 1985). 

Some p u b l i c a t i o n s t h a t i n c l u d e I s o p y c n i c maps or s e c t i o n s 

Date 

1937 
1938 
1942 

1965 
1968 
1968 
1970-73 
1971 

1971 

1972 
1973 
1981 

1982 
1982 

Authors 

R.B. Montgomery 
E.A. P a r r 
R.B. Montgomery 
& M.J. P o l l a k 
J.L. Reid 
M. Ts u c h i y a 
R.A. B a r k l e y 
C M . Love (Ed.) 
K. W y r t k i 

J.L. R e i d & 
R.J. Lynn 
J.E. C a l l a h a n 
J.L. R e i d 
A.L. Gordon & 
E . J . M o l i n e l l i 
S. L e v i t u s 
J.L. Sarmiento 
C.G.H. Rooth 
& W. Roether 

Reference 

B u l l . American Met. Soc. 18, 210-212 
J . Mar. Res. 1, 269-290 

J . Mar. Res. 5, 20-27 

I n t e r m e d i a t e waters o f t h e P a c i f i c Oean 
Upper waters o f the i n t e r t r o p i c a l P a c i f i c 0 c. 
Oceanographic A t l a s o f t h e P a c i f i c Ocean 
E a s t r o p a c a t l a s (7 volumes) 
Oceanographic a t l a s o f t h e I n t e r n a t i o n a l 
I n d i a n Ocean e x p e d i t i o n 

Deep-Sea Res. 18, 1063-1088 

Deep-Sea Res. 19, 563-575 

Northwest P a c i f i c ocean w a t e r s i n w i n t e r 

S outhern Ocean A t l a s 

C l i m a t o l o g i c a l A t l a s o f t h e World Ocean 

J . Geophys. Res. 87, 8047-8056. 
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2. DATA PROCESSING 

2.1 The Robinson-Bauer-Schioeder n u m e r i c a l a t l a s 

The s t a r t i n g p o i n t f o r our work was the n u m e r i c a l v e r s i o n of the a t l a s 
produced by Robinson, Bauer & Schroeder (1979). D e s c r i p t i o n s of the a r c h i v e 
d a t a used i n the c o m p i l a t i o n of the a t l a s , and the p r o c e s s i n g method, are 
g i v e n i n Robinson, Bauer & Schroeder (1979). I t s s p e c i a l f e a t u r e i s t h a t 
the c o n c e n t r a t i o n of bathythermograph dat a i s s u f f i c i e n t t o j u s t i f y c a l c u 
l a t i o n of monthly mean temperature at i n t e r v a l s of 1° l a t i t u d e and l o n g i 
tude i n the top 150 m. The h i g h s p a t i a l r e s o l u t i o n has been r e t a i n e d f o r 
temperature at depths g r e a t e r than 150 m and f o r s a l i n i t y at a l l depths, 
a l t h o u g h the data base i s then too s m a l l t o j u s t i f y s t r a t i f i c a t i o n by month 
of the year. The monthly mean temperatures at depths down t o 150 m and the 
h i g h s p a t i a l r e s o l u t i o n p r o v i d e i n f o r m a t i o n about the seas o n a l c y c l e t h a t 
i s m i s s i n g m i s s i n g from a t l a s e s ( e . g . L e v i t u s , 1982) which use h y d r o c a s t , 
but not bathythermograph d a t a . 

2.2 Seasonal v a r i a t i o n 

The Robinson-Bauer-Schroeder n u m e r i c a l a t l a s o f f e r s us the p o s s i b i l i t y 
o f c l i m a t o l o g i c a l I s o p y c n i c a n a l y s i s of the s e a s o n a l l y v a r y i n g component of 
the upper ocean. On the other hand the l i m i t a t i o n s of the a t l a s (no monthly 
mean temperatures below 150 m or s a l i n i t i e s a t any depth) f o r c e d us t o base 
our a n a l y s i s on a pseudo-monthly-mean d e n s i t y , which i s o n l y an a p p r o x i m a t i o n 
t o the monthly mean d e n s i t y t h a t would be c a l c u l a t e d from an " i d e a l " a t l a s 
c o m p r i s i n g monthly mean temperature and s a l i n i t y a t a l l depths. Our assumption 
i s t h a t the d i f f e r e n c e between the pseudo- and i d e a l - monthly mean d e n s i t y 
d i s t r i b u t i o n s a r e not so s e r i o u s as t o i n v a l i d a t e the i s o p y c n i c d i s t r i b u t i o n s 
p r e s e n t e d h e r e i n . D i f f e r e n c e s can a r i s e from a v a r i e t y of s o u r c e s . We s h a l l 
b r i e f l y c o n s i d e r three of them, namely (1) s e a s o n a l v a r i a t i o n below 150 m, 
( 2 ) s e a s o n a l v a r i a t i o n of s a l i n i t y i n the top 150 m and (3) s e c u l a r change 
of temperature and s a l i n i t y . 
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(1) Seasonal v a r i a t i o n below 150 metres 

The n u m e r i c a l a t l a s d a t a e x h i b i t s i g n i f i c a n t v a r i a t i o n of temperature at 
150 m, the maximum depth f o r which monthly mean v a l u e s are g i v e n . An e s t i m a t e 
of the maximum depth of sea s o n a l v a r i a t i o n might be o b t a i n e d by d e t e r m i n i n g 
the depth at which the seasonal minimum s u r f a c e temperature occurs i n the 
ann u a l mean temperature p r o f i l e . Robinson et a l . (1979) used a s i m i l a r method, 
based on the monthly mean s u r f a c e temperature minus 2 F a h r e n h e i t degrees 
( a p p r o x i m a t e l y I K ) , to determine the depth of the mixed l a y e r each month. 
Only i n or near the t r o p i c s i s the annual maximum depth of the mixed l a y e r , 
so c a l c u l a t e d , l e s s than 150 m. Seasonal v a r i a t i o n extends deeper a t h i g h e r 
l a t i t u d e s . 

(2) Seasonal v a r i a t i o n of s a l i n i t y 

S e asonal v a r i a t i o n of s a l i n i t y at North A t l a n t i c Ocean Weather S t a t i o n s 
has been d e s c r i b e d by T a y l o r & Stephens (1980). Table 1 shows the range of 
s u r f a c e d e n s i t y v a r i a t i o n s due t o the s e a s o n a l c y c l e of s a l i n i t y . The changes 
are s m a l l and c o n t r i b u t e l i t t l e t o the s e a s o n a l v a r i a t i o n of d e n s i t y i n the 
s e a s o n a l p y c n o c l i n e . I f there were no seasonal v a r i a t i o n of s a l i n i t y , i s o -
h a l i n e s would remain v e r t i c a l i n an i s o p y c n a l l y p l o t t e d s e c t i o n through the 
s e a s o n a l p y c n o c l i n e . The i s o h a l i n e s i n f i g . 1 do indeed r i s e almost v e r t i c a l l y 
through the s e a s o n a l p y c n o c l i n e , showing t h a t n e g l e c t of the s e a s o n a l 
v a r i a t i o n o f s a l i n i t y w i l l not n o r m a l l y l e a d to s e r i o u s e r r o r i n c a l c u l a t i o n 
of the depths of i s o p y c n a l s i n the seasonal p y c n o c l i n e . The n e g l e c t of 
s e a s o n a l v a r i a t i o n of s a l i n i t y i n our a n a l y s i s and the data b i a s towards 
summer samples do not t h e r e f o r e seem to be s e r i o u s . 

T a ble 1: Annual range of s u r f a c e d e n s i t y due to s a l i n i t y changes observed at 
Ocean Weather S t a t i o n s ( a f t e r T a y l o r & Stephens, 1980) 

BAS/kg n f 3 OWS L a t i t u d e L o n g i t u d e 

0.048 A 62° N 33° W 
0.143 B 56.5° N 51° W 
0.080 C 52.7° N 35.5° W 
0.177 D 44° N 41° W 
0.070 E 35° N 48° w 
0.040 I 5 9 o N 19° w 
0.028 J 52.5 N 20° w 
0.021 K 45° N 16° w 
0.068 M 66° N 2° E 
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(3) Longer tetm changes of temperature and s a l i n i t y 

Pu & P o l l a r d (1984) have shown t h a t the s a l i n i t y i n the North E a s t A t l a n t i c 
has changed s i g n i f i c a n t l y over recent decades. There i s a l s o evidence of 
i n t e r a n n u a l and decadal v a r i a t i o n of temperature. The a r c h i v e d a t a s et 
sampled t h i s s e c u l a r v a r i a t i o n unevenly over the p e r i o d 1900 t o 1974, w i t h 
d i f f e r e n t sampling p r o f i l e s f o r temperature and s a l i n i t y i n the upper 150 m 
because the former i s dominated by bathythermographs and the l a t t e r by 
h y d r o c a s t s . Below 150 m, both temperature and s a l i n i t y were o b t a i n e d from 
h y d r o c a s t data w i t h the same sampling p r o f i l e . Our knowledge c o n c e r n i n g 
i n t e r a n n u a l and decadal v a r i a t i o n i s not s u f f i c i e n t t o j u s t i f y a t t e m p t i n g 
t o c o r r e c t f o r these sampling b i a s e s . 

2.3 D e n s i t y p r o f i l e s 

The monthly mean d e n s i t y p r o f i l e s were c a l c u l a t e d f o r the whole water 
column, from the a t l a s temperature and s a l i n i t y d a t a . D e n s i t y i n v e r s i o n s 
were e l i m i n a t e d by m o n o t o n i s a t i o n wherever they o c c u r r e d , above 150 m i n 
th e w i n t e r months. Wherever d e n s i t y v a l u e s at depths g r e a t e r than 150 m made 
i n v e r s i o n s , they were r e p l a c e d w i t h the v a l u e a t 150 m ( f i g . 2 ) . Temperature 
was c o r r e c t e d t o the va l u e c o n s i s t e n t w i t h s a l i n i t y and d e n s i t y where t h i s 
c o r r e c t i o n was made. 

2.4 I s o p y c n a l s 

V a l u e s of p r e s s u r e , temperature and s a l i n i t y were i n t e r p o l a t e d v e r t i c a l l y 
onto s e l e c t e d d e n s i t y s u r f a c e s . 
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3. THE HUMERICAL ATLAS ON THE IFM COMPUTER 

T h i s chapter g i v e s a b r i e f i n t r o d u c t i o n to u s i n g the n u m e r i c a l a t l a s 
i n s t a l l e d on the computer of the I n s t i t u t f i i r Meereskunde (VAX 11/750). I t 
d e s c r i b e s the g e n e r a l s t r u c t u r e of the d a t a , and the programs used to 
e x t r a c t the products i l l u s t r a t e d i n t h i s a t l a s . 

3.1 G e n e r a l d a t a s t r u c t u r e 

The n u m e r i c a l a t l a s i n s t a l l e d at the I f M computer c o n t a i n s h y d r o g r a p h i c a l 
d a t a of the A t l a n t i c Ocean between 5° S and 60° N and 0° W and 90° W i n a 
1° x 1° g e o g r a p h i c a l g r i d and at the f o l l o w i n g depth l e v e l s : 0, 30, 60, 90, 
125, 150, 183, 200, 244, 250, 300, 305, 366, 400, 500, 600, 700, 800, 900, 
1000, 1100, 1200, 1300, 1400, 1500, 1750, 2000, 2500, 3000, 4000, 5000, 
6000, 7000 m. The b a s i c d a t a set c o n t a i n s 4266 p r o f i l e s r e c orded i n 112074 
c y c l e s of 17 v a r i a b l e s . 

I t s t a r t s a t the north-west corner of the N o r t h A t l a n t i c . Along each 
l a t i t u d e p r o f i l e s are a l i g n e d from west to e a s t . The mean v a l u e c a l c u l a t e d 
by a v e r a g i n g the sample v a l u e s l y i n g i n a 1° x 1° g r i d square i s l a b e l e d t o 
t h e c e n t r e of the g r i d square ( f i g . 3 ) . P o s i t i o n v a l u e s are p o s i t i v e n o r t h 
o f the equator and east of the Greenwich m e r i d i a n and n e g a t i v e south of the 
equator and west of Greenwich. The d a t a i s s t o r e d i n the MK4-Format 
( H o l t o r f f , 1980), a b i n a r y code f o r r e a l numbers, used a t the IFM f o r a l l 
k i n d s of d a t a p r o c e s s i n g . I t i s t h e r e f o r e compatible w i t h o t h e r d a t a used 
a t the IFM. The standard p r o c e s s i n g programmes of the MK4-System c o u l d be 
a p p l i e d f o r f u r t h e r p r o c e s s i n g of the a t l a s data and v a r i o u s t r a n s f e r p r o 
grams a l l o w an uncomplicated t r a n s f e r t o o t h e r computers ( H o l t o r f f , 1984). 

3.2 P r o c e s s i n g programs 

The computer programs used t o o b t a i n the p r o d u c t s presented i n t h i s 
volume from the n u m e r i c a l a t l a s a r e b r i e f l y d e s c r i b e d below. 

V a r i o u s k i n d s of subsets can be e x t r a c t e d from a d a t a set by program 
BXTRAC. I t was a p p l i e d here t o s e l e c t monthly f i l e s i n p r o f i l e form from 
t h e a t l a s d a t a s e t . 

Oq was c a l c u l a t e d from monthly mean temperatures and a l l - d a t a mean 
s a l i n i t i e s u s i n g program EICH5. 
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Program MONINT monotonized the d e n s i t y , r e i t e r a t e d temperature and 
i n t e r p o l a t e d temperature, s a l i n i t y and depth on s e l e c t e d 09 v a l u e s . 

A g a i n EXTRAC s e l e c t e d s i n g l e s u r f a c e s of constant 09 out of the i n t e r 
p o l a t e d p r o f i l e s . 

Program MEGRUM a two-dimensional i n t e r p o l a t i o n contour program f o r 
g e o g r a p h i c a l d a t a f i e l d s was used to produce the h o r i z o n t a l c h a r t s . The 
p o s i t i o n s of the i s o l i n e s are c o n v e r t e d i n t o g e o g r a p h i c a l c o o r d i n a t e s . 

The p l o t t i n g of the c h a r t s was done w i t h PLMEGR, which p l o t s a c a r t o 
g r a p h i c p r o j e c t i o n on a c y l i n d e r mantle (e.g. Mercator p r o j e c t i o n ) . The 
p o s s i b i l i t y to i n c l u d e data s e t s w i t h g e o g r a p h i c a l c o o r d i n a t e s was used 
here t o p l o t c o a s t l i n e s and i s o l i n e s . 

The o b j e c t i v e a n a l y s i s program OBJANT was a p p l i e d to produce e q u a l l y 
spaced p r o f i l e s along the t r a c k s of the SFB stand a r d s e c t i o n s . 

The c o n t o u r i n g of the v e r t i c a l s e c t i o n s was done w i t h program CONREC. 
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F i g . 2: Monthly mean profiles of temperature, s a l i n i t y and density from the 
atla s for the 1° x 1° square at position 50°N 35°W i n February and 
September. The broken lines Indicate the procedure used to obtain 
monthly mean values i n the seasonally-varying layer below 150 metres. 

41-N 

Fig. 3: Horizontal and v e r t i c a l posi
tioning of the atlas data. The 
data cycle containing the mean 
values calculated by averaging 
the samples lying between 41°N 
and 42°N and 29°W and 30°W are 
labeled at the position: 
+ - 41°30', X - -29° -30'. 
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F i g . 60: 

SALINITY (10~3) on C f l = 25.5 kg nf 3 JUNE 
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F i g . 77: 
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F i g . 99: 
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Fig . 101: 
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F i g . 102: 

SALINITY (10 - 3) on C f l = 25.0 kg m'3 SEPTEMBER 
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F i g . 103: 

PRESSURE (104 Pa) on cr0 = 26.0 kg m~3 SEPTEMBER 
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F ig . 105: 

SALINITY (10~3) on Og = 26.0 kg nf 3 SEPTEMBER 
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F i g . 109: 

PRESSURE (104 Pa) on Cfe = 25.0 kg nf 3 OCTOBER 
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Fig . 110: 

TEMPERATURE C O on Co = 25.0 kg m"3 OCTOBER 
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Fig . 112: 

PRESSURE (104 Pa) on tf0 = 26.0 kg nf 3 OCTOBER 



- 126 -

Fig . 113: 

TEMPERATURE C O on tfe = 26.0 kg nf 3 OCTOBER 
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F ig . 114: 

SALINITY (10~3) on OQ = 26.0 kg m"3 OCTOBER 
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F ig . 115: 

PRESSURE (104 Pa) on öo = 27.0 kg m"3 OCTOBER 
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F ig . 116: 

TEMPERATURE C O on (fe = 27.0 kg m"3 OCTOBER 
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Fig . 117: 

SALINITY (10"3) on (Jo = 27.0 kg nf 3 OCTOBER 
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F i g . 122: 

TEMPERATURE (*C) on tífi = 26.0 kg m"3 NOVEMBER 
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F i g . 123: 

SALINITY <10~3) on tffi = 26.0 kg nf 3 NOVEMBER 
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F i g . 124: 

PRESSURE (104 Pa) on Cffl = 27.0 kg nf 3 NOVEMBER 
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F i g . 125: 

TEMPERATURE C O on (fe = 27.0 kg m"3 NOVEMBER 
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F i g . 126: 

SALINITY (10~3) on Co = 27.0 kg nf 3 NOVEMBER 
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F i g . 135: 

SALINITY (10~3) on tffl = 27.0 kg m"3 DECEMBER 



- 149 -

F i g . 136: L o c a t i o n of v e r t i c a l s e c t i o n s 
Azores - Greenland and Azores - E n g l i s h Channel 
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