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Abstract 

A unique data  set  consisting of expendable bathy- 
thermograph (XBT)  observations from repeated Gulf 
Stream crossings was used t o  provide ground-truth for  
GEOS-3 altimeter measurements of temporal sea  height 
variabil i ty.  The XBT data were obtained by NAVOCEANO 
using ocean l iners   t ravel l ing between New York and 
Bermuda as  observation  platforms. Approximately 120 
crossings, each consisting of  50-60 XBTs, were made 
between October 1969  and November 1974. Dynamic 
heights were calculated us ing  XBT profiles and temper- 
ature/salinity  relationships from historical  data. 
Results were then compared to  sea  height  variability 
measured  from the  differences i n  altimeter  profiles 
between pairs of collinear GEOS-3 passes. The  com- 
parison shows tha t   t he   s a t e l l i t e  measurements are  in 
good agreement with  the  conventional  shipboard  obser- 
vations.  Additionally, i t  is  shown that dynamic 
height  variability  correlates very highly w i t h  temper- 
ature  variabil i ty  at   depths between  100  and 450 
meters. T h i s  relationship  indicates t h a t  i n  the Gulf 
Stream region,  the  sea  surface topography i n  conjunc- 
t i o n  w i t h  historical  data  could be used to  infer 
subsurface thermal structure. 

Introduction 

Satel l i te   a l t imetry has been shown to be an 
effective  tool  for  determining dynamic h e i g h t  anomaly 
and temporal sea  height  variabil i ty.  To compute the 
dynamic height i t  i s  necessary to remove from the 
a1 t imeter   prof i le   effects  of atmospheric  pressure, 
wind, t ides ,  ephemeris error,  and most significantly,  
gravity. A precise  gravimetric  geoid i s  required  for 
these  computations.  Several  geoid-independent  tech- 
niques  are  also  available  for measuring temporal sea 
height  variabil i ty  as shown  by Douglas and  Cheney, 1 

Menard,*  Cheney, e t  a1 . ,3  and Douglas, e t   a l .  4 
Generally  these  teFIiniFes  consist  of calcu1aKng-e 
differences between altimeter  readings a t  cross-over 
po in t s  of ascending and descending orbits or  between 
pairs o f  collinear or repeat ground tracks. I n  these 
methods the  spatial  variations due to  geoid a re  can- 
celled  out, and the  differences  represent temporal sea 
height  variability. Because a precise  gravimetric 
geoid i s  n o t  available  except  for a few se lec t  
regions,  the main thrust of sa te l l i t e   a l t imet ry  has 
been towards geoid-i ndependent techniques. 

A1 timetric  analyses have i n  the  past been  com- 
pared to conventional  determinations from expendable 
bathythermographs (XBTs) , s h i p  d r i f t  and surface 
d r i f t e r s .  However, these  independent  observations  are 
n o t  always compatible w i t h  satell i te  al t imetric  analy- 
sis. The reason for  the discrepancy  as  explained by 
Wyrtki ,5 Ebbesmeyer and TaftY6 and Douglas, e t  a1 .4  is 
principally due to   the way i n  which the v z i z i l i t y  
s t a t i s t i c s   a r e  derived. The altimeter measures varia- 

b i l i t y   a t   t h e  same point b u t  a t   d i f f e ren t  times, 
providing temporal variabil i ty.  The oceanographic 
observations, however, are  taken a t   d i f f e ren t  times 
b u t  seldom a t  the same point. The va r i ab i l i t y   s t a t i s -  
t i c s  must therefore be generated by averaging  the  data 
w i t h i n  a lOOkm to  200km square  region. T h i s  yields 
variabil i ty which includes  the  spatial as well as 
temporal components. In the open ocean,  spatial  vari- 
ab i l i t y  i n  a 200km square  region may  be negligible, 
b u t  i n  the  vicinity  of  western boundary currents,  the 
spatial component can dominate. 

One oceanographic  data s e t  does ex i s t  which  can 
provide temporal variabil i ty unbiased by the  spatial 
variabil i ty component. Between  1969  and  1974 the 
Naval Oceanographic Office (NAVOCEANO) conducted a 
program for  collecting XBT data  along a track between 
New York and Bermuda us ing  ocean l i ne r s   a s  observation 
platforms. These observations  resulted i n  120 col- 
linear  sections  across  the Gulf Stream. Model T-7 XBT 
probes  extending to 760m depth were  used  whenever 
water depth exceeded 45Om. This i s  important i n  the 
Sargasso Sea where the main thermocline i s  generally 
found between 600  and 11OOm. In contrast,  historical 
XBT f i l es   cons is t  predominantly of T-4 XBT (450m) 
probes. Using XBT temperatures and s a l i n i t i e s  from 
historical  temperature/salinity  (T/S)  relationships, 
we could calculate temporal dynamic height   var iabi l i ty  
along  the New York - Bermuda track which is analogous 
t o  measurements from col l inear   satel l i te   a l t imeter  
data. 

In addition  to  providing  valid ground- t ru th  for  
a1 timetric  analysis, this data   set  provided a  unique 
opportunity t o  determi ne the re1 ationship between 
temporal sea  height  variability and the  var iabi l i ty  of 
sub-surface thermal structure.  Traditionally, oceano- 
graphers use i n  situ temperature and sa l in i ty  measure- 
ments t o  calculate dynamic heights or sound veloci- 
t i e s .  W i t h  the  advent of s a t e l l i t e  a1 timeters, we 
have the  capability t o  measure sea  height  variability 
d i r e c t l y .   I t  i s  important  to know what inferences can 
be  made from these measurements about  sub-surface 
thermal structure which has many practical applica- 
tions i n  oceanography and underwater acoustics. 

Data 

Figure (1) shows the  location  of XBTs used in 
th i s  study. The observations were taken from the 
shelf break a t  73.5OW to   the  Bermuda r i s e   a t  65OW. 
Approximately 50 to  60 XBTs were taken on each survey 
w i t h  spacing  varying from about lOkm i n  the Gulf 
Stream t o  20km-40km elsewhere. The duration of each 
cruise was about 36 hours.  Observations were taken 
dur ing  the southbound t r ans i t  from New York to  Bermuda 
and during the  return t r ip  four days la te r ;   the  survey 
was then repeated i n  two weeks. In order t o  produce a 
more uniformly  spaced time ser ies ,  only the southbound 
sections a t  two  week intervals were used i n  this 
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F i g .  1. L o c a t i o n   o f  XBT observa t ions   based  on   the   61  
c r o s s   s e c t i o n s ,   a n d   h i s t o r i c a l   l i m i t s   o f   s u r f a c e   G u l f  
S t r e a m   p o s i t i o n s   a l o n g   t h e  New York t o  Bermuda t r a c k .  
Data  were  obtained  between  1969  and  1974. 

s t u d y .   D a t a   w e r e   n o t   c o l l e c t e d   d u r i n g   w i n t e r   m o n t h s  
because  ocean l i n e r s   a l t e r e d   t h e i r   r o u t e s   f r o m  Decem- 
b e r   t o  March.  However,  one w i n t e r   c r o s s i n g   b y  a Coast 
Guard c u t t e r ,   w h i c h   c o l l e c t e d   i d e n t i c a l   d a t a ,  was a l s o  
i n c l u d e d .   T h i s   r e s u l t e d   i n  a t o t a l   o f   6 1   s e c t i o n s  
which  were  used i n   v a r i a b i l i t y   c o m p u t a t i o n s .   ( D u r i n g  
1972 t h e   c r u i s e s   o r i g i n a t e d   i n   N o r f o l k   r a t h e r   t h a n  New 
York.   These  data  were  excluded  f rom  the  present 
study. ) 
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method 

Dynamic Height   Computat ion from Shipboard 

Dynamic h e i g h t s   w e r e   c a l c u l a t e d   f r o m  XBT tempera- 
t u r e s   u s i n g   t h e  T/S r e l a t i o n s h i p s   f r o m  NAVCCEANO's 
Genera l i zed   D ig i ta l   Env i ronmen ta l   Mode l  (GDEM). The 
m d e l   i s  a syn thes ized  da ta   base w i th  temperature,  
s a l i n i t y ,   a n d   s o u n d   s p e e d   p r o f i l e s   a t   e v e r y  30 minutes  
o f   l a t i t u d e   a n d   l o n g i t u d e .  It i s  based  on a l l   a v a i l -  
a b l e   h i s t o r i c a l   d a t a   i n c l u d i n g  Nansen cas ts ,  
salinity/temperature/depth (STD) s t a t i o n s ,   a n d  XBTs. 
A d e s c r i p t i o n   a n d   e v a l u a t i o n   o f   t h e   m o d e l   i s   g i v e n   i n  

L o c k l i n   e t   a l . 7  The T/S cu rve  shown i n   f i g u r e   ( 2 a )  
was u s e d   T 5 r T e t e r m i n i n g   s a l i n i t i e s   i n   S a r g a s s o   w a t e r  
and   t he   Gu l f   S t ream.   Th is  T/S c u r v e   d i d   n o t  show  any 
s i g n i f i c a n t   s e a s o n a l   v a r i a b i l i t y .   I n   t h e   s l o p e   w a t e r ,  
t h e r e  was c o n s i d e r a b l e   s c a t t e r   i n   t h e  T/S r e l a t i o n -  
s h i p .   T h i s   s c a t t e r  was reduced  by  us ing  seasonal  T/S 
curves  as shown i n   f i g u r e   ( 2 b ) .  The  water mass t y p e  
was de termined  fo r   each XBT p r o f i l e  based on t h e  
tempera ture  a t  200m depth. I f  the   t empera tu re  was 

below 15OC, t h e   s l o p e   w a t e r   s a l i n i t y  was used f o r  
dynamic h e i g h t   c a l c u l a t i o n s ;  if t h e  200m tempera ture  

was 15OC o r  warmer, t h e   S a r g a s s o   w a t e r   s a l i n i t y  was 
used.  Dynamic h e i g h t s   w e r e   c a l c u l a t e d   r e l a t i v e   t o  a 
700  dec ibar   (dbar)  1 eve1 . When an  occas ional  XBT 
p r o f i l e   d i d   n o t   e x t e n d   t o   t h a t   d e p t h ,  it was ex t rapo -  
l a t e d   u s i n g   t h e   a v e r a g e   t e m p e r a t u r e   g r a d i e n t   f o r   t h e  
a p p r o p r i a t e   w a t e r  mass. 

F i g u r e  ( 3 )  shows c o m p o s i t e   p l o t s   o f   d y n a m i c  
he igh t   f o r   61   sec t i ons   be tween  New York  and Bermuda, 
t h e  mean p r o f i l e ,   a n d   i t s   s t a n d a r d   d e v i a t i o n .  Gulf 
Stream  meanders, warm r i n g s ,   a n d   c o l d   r i n g s   a r e  
c l e a r l y   d i s c e r n i b l e  i n  t h e   c l u s t e r   o f   l i n e s .  The mean 
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Fig. 3. Dynamic height anomaly ( r e l a t ive   t o  700 dbar) 
between New  York and  Bermuda. Fig. 3a shows composite 
plots  for  the 61 cross  sections  (cubic  spline smooth- 
ing was applied  along each track).  The  mean  and 
standard  deviations  are shown i n  Figs .  3b  and 3c. 

Gulf Stream, located  70-7loW  along this  section, 
appears  as an  80cm step between the  slope  water and 
Sargasso Sea. I t  i s  here  that we see  the peak sea 
height  variabil i ty,  approximately 30cm rms. On e i ther  
side of the Stream, variability  gradually  drops  to 
10cm. 

- Sea Height Variability Computation from Sa te l l i t e  
A1 timeter 

Figure ( 4 )  from Douglas, et fi.4 shows mesoscale 
sea  height  variability i n  the  western North Atlantic, 
and Gulf of Mexico  computed  from GEOS-3 altimeter 
data. The s a t e l l i t e  was operational from May 1975 t o  
October 1978 and produced over 1000 pairs of coll inear 
profiles i n  the region. 

The altimeter  data were edited and  smoothed us ing  
a  seven-point ( 7  second) trimmed mean f i l t e r ,   e f f ec -  
t ively reducing the  noise  level of the GEOS-3 data  to 
about 10 cm. Corresponding sea  surface heights along 
the tracks  of each pair members were then differenced 
and l inear  trends removed from the complete prof i le  
difference. Trend removal i s  necessary to  eliminate 
l o n g  wavelength errors i n  the a1 t i  tude of the  satel- 
1 i te.  After  trend removal, nns variations were com- 
puted for each 1.5' geographic  square.  Since  the 
prof i le   differences  ref lect   the  sum of mesoscale 
var iab i l i ty  i n  both passes,  a  reduction by the  square 
root of two was required  for  results t o  be equivalent 
to computing variations  about  the mean. Finally  these 
values were contoured to  produce a map of variabil i ty 
shown i n  figure ( 4 ) .  

The minimum time  separation between repeat  tracks 
for  GEOS-3 data was 38 days. This means tha t  each 
track can be considered to  be  an independent  observa- 
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Fig. 4. Sea surface  height  mesoscale  variability 
computed from repeated  pairs  of GEOS-3 altimeter pro- 
f i l e s  (from Douglas, et*. ), and the  location of 
ship  tracks. 

4 

t i o n ,  and the computed va r i ab i l i t i e s  can be compared 
t o  long-term  oceanographic  surveys. 

Results 

Comparison of XBT and Altimetric Sea Height 
Yariability 

For d i rec t  comparison of XBT and altimeter 
derived  sea  height  variability between New York and 
Bermuda,  some rescal i ng of XBT data was necessary. 
First,  the  values had t o  be averaged  over 1.5' of 
longitude  along the track  to  simulate the averaging 
process used in  altimeter  data. Then, an adjustment 
had to  be  made because the XBT dynamic heights were 
computed re1 a t ive   to  a 700 dbar  level of no motion, 
while  the  satell i te measures the  total   signal.  Deep 
hydrographic stations show tha t  dynamic height  rela- 
t ive  t o  the 700 dbar  level  accounts fo r  about 75% of 
the  total dynamic height (Cheney ). The XBT values 
therefore had to  be increased by one t h i r d .  A d i rec t  
quantitative comparison could then  be made between 
temporal sea  height  variability  as measured by the 
a1 timeter and the temporal dynamic height   var iabi l i ty  
computed  from XBTs. T h i s  i s  shown i n  figure (5) .  
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F i g .  5. Temporal sea  height  variability and  dynamic 
height  variability  along  a  section between New York 
and Bermuda. Altimeter  profile was taken from Fig. 4.  
Shipboard data ( r e l a t ive   t o  700 dbar) were rescaled 
for   d i rec t  comparison. 
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Both  methods show the maximum variability  occurring 
between 7Oo-7l0W w i t h  a maximum magnitude of 25-30 cm. 
Southeast of the Stream, i n  the  area of cold eddy 
formation,  the  altimeter shows higher var iab i l i ty  t h a n  
XBTs.  One possible  explanation  for this discrepancy 
is  that  the  observations  covered  different time 
periods. The XBT observations were made between Octo- 
ber 1969 and November 1974 whereas the GEOS-3 data 
were collected between May 1975  and October 1978. 
These two time  periods may have had different   levels  
of  eddy ac t iv i ty  which would resu l t  i n  different sea 
height  variability. The discrepancy  could  also be 
attributed  to  the  noise  floor of the  altimeter. 

Correlation Between  Sea Surface Topography and Sub- 
~ _ _ _ ~  SurfaceThermaISt ruc ture  

Cheney8 has shown tha t   there   i s  a high correla- 
t i o n  between  dynamic height and the  depths of 15OC 
isotherm, 17.5OC isotherm, and the  temperature a t  
350m.  The relationships can be explained by the  fact  
that  dynamic height i s   l a rge ly  a function of the 
thermocline  depth.  Collinear XBT data  offer an oppor- 
tunity t o  examine the  relationship between temporal 
dynamic height   var iabi l i ty   (a  parameter that  can  be 
determined from sa te l l i t e   a l t imet ry)  and the sub- 
surface thermal structure. 

Figure (6 )  shows the mean temperatures a t  the  sea 
surface, 50m, loom, 200111,  450111, and 700111 depths. A t  
the  sea  surface, and a t  50m t h e r e   i s  a gradual  in- 
crease i n  temperature from the  shelf break a t  approxi- 
mately 73OW t o  the  eastern Gulf Stream boundary a t  
69.5OW. A t  greater  depths,  the main increase i n  tem- 
peratures of approximately 8 -lO°C occurs between 71'- 
69.5OW coinciding w i t h  the  envelope of Gulf Stream 
positions  along this cross  section. Note t h a t  between 
l O O m  and 700111 depths  the mean temperature  curves  are 
very similar t o  the mean  dynamic height  curve shown i n  
figure  (3b)  suggesting  that mean temperatures  could be 
expressed  as a function of  dynamic height w i t h  h i g h  
accuracy. 

0 

Figure ( 7 )  shows the  standard  deviations of tem- 
peratures between New York and  Bermuda a t  several 
depths. Sea surface  temperature shows the maximum 
variabil i ty of approximately 7 O C  a t  73OW. I t  
decreases  gradually  to  about 3OC a t  70°W which is  the 
southern 1 imit  of  the Gulf Stream location and stays 
a t   t ha t   l eve l  i n  the  Sargasso  water. A t  50m depth the 
maximum var iab i l i ty  of 5.5OC occurs a t  approximately 
!0.5OW, which is  the mean Gulf Stream position. W i t h  
Increasing  depths,  the  location of naximum var iab i l i ty  
i s  gradually  shifted  to  the  east and a t  700m depth i t  
occurs a t  approximately 7OoW. The gradual s h i f t  t o  
the  east   i s   consis tent  with  the  vertical  slope  of  the 
Gulf Stream North Wall. Maximum variabi l i ty   therefore  
i s  always a t   t h e  same location  relative t o  the Gulf 
Stream North Wall. A t  700m depth,  there i s  a1 so a 
marked increase i n  variabil i ty  southeast  of the Gulf 
Stream when compared t o  the 4 5 h  depth. This is  
probably  caused by the increased  vertical  gradient 
below the  l imits  of 18OC water . During 1969-1974 the 
18OC water was observed between 200m and 500m i n  t h i s  
region. 

The temperature  standard  deviation  curves between 
100 and  450 meters  are very similar t o  the dynamic 
height  standard  deviation shown i n  f igure  (3c) ,  i n d i -  
cating  that  h i g h  correlat ions  exis t  between these 
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Fig .  6 .  Mean temperatures  along New York t o  Bermuda 
section. Gulf Stream 1 imits  are  evident a t  a l l  depths 
bel ow 100m. 

parameters. Cross correlation  coefficients along  the 
track  for  the mean values and for  the  standard  devia- 
tions have been computed for  the  following  parameters: 
dynamic height  anomalies (DH), depth of 15OC isotherm 
(DEP15), sea  surface  temperatures  (SST), 50m tempera- 
ture  (T50), lOOm temperature ( T l O O ) ,  200m temperature 
(T2001, 450m temperature (T4501 a n d  700m temperature 
(T700).  Table 1 shows the  cross  correlation  of mean 
values. The high correlation  coefficients  indicate 
strong  linear  relationships between mean dynamic 
heights a n d  mean temperatures a t   a l l  depth levels. 

The cross  correlation  coefficients of var iab i l i -  
t i e s   a r e  shown i n  table 2. I t  can be seen that 
between the lOOm and 45Om depths  the dynamic height 
correlation w i t h  temperature i s  very  high (0.95-0.98) 
indicating a strong  linear  relationship.  This  implies 
that   at   these  depths,  dynamic height  variability  could 
be used t o  infer  temperature  variability w i t h  h i g h  
accuracy. Table 2 also shows t h a t  sea  surface tem- 
perature  variabil i ty does n o t  correlate w i t h  any other 
parameter,  indicating t h a t  i t  cannot be used t o  pre- 
dict  subsurface thermal s t ructure   var iabi l i ty .  
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Fig .   7 .  Standard  deviation of temperatures  along Mew 
York to  Bermuda section. Maximum variability  coin- 
cides w i t h  the mean Gulf Stream location. 

d a c e  Topography 
Inferrin  Sub-surface Thermal Structure from  Sea 

Although high correlation  coefficients imply a 
strong 1 inear  relationship between two variables,  they 
do not  quantify the value of one variable  as a 
function of the  other. For this objective,  regression 
plots and computation of standard  error of estimate of 
y on x (m) and the  coEfficient of determination ( r  ) 
which measures the goodness of f i t "  i s  a more 
appropriate approach. Note tha t  Ozr2Ll , and i f  r2=lv 
we have a per fec t   f i t .  

2 

Figure (8 )  shows mean  200m temperature (7200) 
computed along the  track  as a function  of mean dynamic 

neight (BTI). In equation form, i t  can be expressed 
as: 
- T200 = 10.63 (m) + 4.63. 

25 - 
Y = 10.63 (X) i 4.63 

2o U= 0.26 
6 = 0.99 

= 

1 g 10 / 
0 I 

0.0 0.3 0.6 0.9 1.2 I5 
YEM DYIUYIC HElW (NU) 

Fig.  8. Relationship between mean  dynamic height 
anomaly ( re la t ive   to  700 dbar) and  mean  200m tempera- 
ture.  

The leas t   square   l inear   f i t  shows a standard  error of 
0.26OC  and r of 0.99. T h i s  indicates  that   if   the 
mean dynamic h e i g h t  i s  known, the mean temperature a t  
200m could be  computed w i t h  surprisingly high 
accuracy.  Similar  relationships were derived  for mean 
temperatures a t  other  depths  as a function  of m. In 
equation form these  are: 

2 

ssf = 6.18(m)+16.7 u =O. 77 r2=0.84 

T50 =10.83(m)+8.97 u =O. 94 r =0.91 

T100= 9.63(m)+8.02 0=0.48 r = .97 

- 2 

2 

2 

2 

- 

- 
T450=15.93(m)-4.18 u =O. 51 r =0.99 

T700=12.64(Tjyi)-3.77 u =O. 82 r =0.95 
- 

The above equations show tha t  between l O O m  and 450111 
depths, mean temperatures can be derived from mean 
dynamic heights w i t h  very high accuracy. 

Linear  relationships  along  the  track between 
dynamic height   var iabi l i ty  and temperature  variability 
have also been determined.  Figure (9) shows the  plot  
of dynamic height   var iabi l i ty  ( D H v )  vs 200m tempera- 
ture   var iabi l i ty  (T200v). In equation form: 

T20OV=13.52[DHV)-0.34. 

The least  squares f i t  indicates a standard  error o f  
u.29Ot:  and r2 of 0.91. Similar  equations  for  other 
depths  are: 

SSTv = 2.86(DHv)+3.07 o =1.08 r 2 =0.03 

T50V =11.41(DHv)+1.35 0 =0.47 r 2 =0.73 

TIOOv =14.27 ( DHV)+O.  07 u =0.19 r =0.96 

u =0.38 r2=o. 90 

T700v = 5.90(DHV)+0.93 u =0.79 r =0.20 

DEP15V=  637 ( DHv )+20.3 u =25.6 r2=0. 74 

2 

T450v ~ 1 6 . 5 4  ( D H  ) -0.47 
V 

2 
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DH 

SST 

T50 

T l O O  

T200 

T450 

T700 

DEP15 

DH 

SST 

T50 

T l O O  

T200 

T450 

T700 

DEP15 

I = 13.52 (X) - 0.34 
(I= 0.29 
r' = 0.91 

- DH 

1.00 

.91 

.95 

.98 

.99 

.99 

.97 

.99 

- DH 

1.00 

.18 

.85 

.98 

.95 

.95 

.45 

.86 

Table 1. Cross Correlations of Means 

- SST ~ ~ ~ T 4 5 0 ~ ~  
.91  .95  .98  .99  .99  .97  .99 

1.00 .97  .93  .91  .88 .82 .87 

.97  1.00  .98  .94  .92  .87  .91 

.93  .98  1.00  .98  .96  .93  .96 

.91 .94 .98 1.00 .99  .97  .99 

.88  .92  .96  .99 1 .oo .99  .99 

.82 .87  .93  .97  .99 1.00 .99 

.87  .91  .96  .99  .99  .99 1.00 

-- Table 2. - Cross Correlations of Variabil i t ies 

SST T50 TlOO T200 T450 T700 DEP15 

.18 .85 .98 .95 .95 .45 .86 

- _ - - _ _ _ _ -  

1.00 .59  .19  .38  -.01 -.65 -.22 

.59 1.00 .89 .89 .70 .04 .55 

.19 .89 1.00 .93 .91 .42 .83 

.38 .89 .93 1.00 .89 .25 .75 

-.01 .70 .91 .89 1.00 .64 .96 

-.65 .04 .42 .25 .64 1.00 .81 

-.22 .55 .83 -75 .96 .81 1.00 

the i r   var iab i l i ty  could be predicted from sea  surface 
height   var iabi l i ty .  

Additional  regression  curves were computed using 
individual  values of temperatures ( i n  contrast  t o  mean 
values)  as a function of dynamic heights.  Figure (10) 
shows the  plot  of T200 vs DH computed a t  68OW along 
the New York to Bermuda track. A t  this 1 ocation  all . .  

M 

I' = 0.63 

Fig. 9. Relationship between  dynamic height  (relative 
to 700 dbar) temporal variabil i ty and 200m temperature 
temporal variabil i ty.  Least  square f i t  has a standard 
error of 0.29~~. 

These results  indicate  that between lOOm and 450m 
depths,  temperature variabil i ty can be estimated from 
dynamic height  variability w i t h  standard  error o f  

0.38OC or  less.  Therefore,  if  temperatures a t  these 
depths  are known from historical  data  or a survey, 

5t  
0 

1 1 1 1 

0.1 03 0.6 0.9 12 
DYNlYlC AllOYNl (by) 

1.5 

Fig. 10. Relationship between dynamic height anomaly 
and 200m temperature based on 61 observations i n  the 
Sargasso Sea. Least  square f i t  has a standard  error 
of 0.58OC. 
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the  observations  are i n  Sargasso  water. The equation 
for  the  regression  line is: 

T = 6.40(DH) + 10.19 0 =O. 58 r 2 =0.63. 

Similar  computations  for 200111 temperatures a t   d i f f e r -  
ent  locations  along  the  track  yielded  the  following 
results:  

A t  72OW (Slope  water) 
T200= 9.48(DH)+5.62 a=1.09 r 2 =0.50 

A t  71'61 (Gulf Stream) 
T200=12.23(DH)+3.14 0 =1.22 r =0.75 

A t  7OoW (Gulf Stream) 
T200=10.95(DH)+4.17 0=1.14 r =0.87 

2 

2 

A t  69OW (Sargasso Water) 
T200=10.50(DH)+4.62 u =  .93 r =0.70 2 

4 uouglas, B.C.,  R.W. Agreen, and R.E. Cheney, Eddy 
energy of the northwest  Atlantic determined from GEOS- 
3 altimeter  data, J- Geophys. Res., i n  press, 1983. 

'Wyrtki, K. , Fluctuations of the dynamic topography i n  
the  Pacific Ocean, J- Oceanogr., 5, 450-459, 
1975. 

6Ebbesmeyer, C.C., and B.A.  Taft,  Variability of 
potential  energy, dynamic height and sa l in i ty  i n  the 
main pycnocline  of  the  western North Atlantic, J- 
Phys. Oceanogr., 9, (61, 1073-1084, 1979. 

'Locklin, J . ,   J .  Feuillet ,  L. Lynch,  and L. Solomon, 
Long  Range Acoustic Performance Prediction (LRAPP) 
objective  analysis, Ocean Data Systems Inc., 
Rockville, MD, Unpublished report, 1979. 

*Cheney, R.E. ,  Comparison data for SEASAT a1 timetry i n  
the western north Atlantic.,  12, Geophys. Res., 87, 
(C5), 3247-3253, 1982. 

These resu l t s  show relatively  large  values  of u 
and smaller r values.  Therefore,  inferring T200 from Deep Sea Res., 5, 297-305, 1959. 
individual  values of dynamic heights i n  pure water 

2 'Worthington, D.V., The  18' water i n  the  Sargasso Sea, 

masses (Slope and Sargasso) is not  practical  since 
climatological models such as GDEM can predict  the 
temperatures w i t h  considerably  smaller  standard  devia- 
tions. Within the Gulf Stream an improvement over 
s t a t i s t i ca l  models can be expected. Similar  computa- 
tions  for  other  depths  also  resulted i n  large  standard 
errors and  low r2 values  confirming tha t   d i rec t  
inference of sub-surface  temperatures from  dynamic 
heights  without  the a priori  knowledge of the thermal 
s t ruc tu re   i s  not  practical. 

Sununary  and Conclusions 

1. Sea h e i g h t  var iab i l i ty  between New York  and 
Bermuda computed  from GEOS-3  a1 timeter  col 1 i near 
t racks   i s  i n  good agreement w i t h  analogous measure- 
ments from collinear XBT measurements. 

2. Between l O O m  and 450m depths, mean tempera- 
tures can be computed  from mean  dynamic heights w i t h  a 
standard  error  of 0.51°C or  less.  

3. Between 50m and 450111 depths, temporal varia- 
b i l i t y  of temperatures can be determined from temporal 
dynamic height  variabil i ty,  w i t h  a standard  error  of 
0.47OC or  less.  
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