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ABSTRAC T 

The quality of bathy messages from the Hawaii to Tahiti Shuttle 

Experiment was determined to be poor: 13 .8% of all radio-transmitted 

temperature-depth pairs were 0 in error by at least 0 . 5 C, and 9 . 5% of 

all pairs were in error by more than 20 meters. The source of these 

errors was determined to be, overwhelmingly, shipboard coding 

inaccuracies. Two methods of error detection were developed and found 

to be partially successful: 20% of all depth errors in the thermocline 

greater than 20 meters and 31 .6% of all temperature errors greater than 

!°C in the mixed and deep layers were found to be detectabl�. Despite 

the general poor quality of the bathy message data, it is found that 

bathy messages may be useful for crude estimates of heat storage and 

geostrophic velocities. 
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SECTION I INTRODUCTION 

1 . 1 BATHY ME S SAGES AND THE BATHY ME SSAGE PROGRAM 

A bathy mes sage is a radio-transmitted representation of a 

bathy thermograph record . A bathy thermograph record g ives temperature 

as a continuous funct ion of depth . The instrument g eneral ly used to 

produce a bathy thermograph record is the expendable bathythermograph 

(XBT) . Occas ional ly a retrievable  bathy thermograph ( BT )  is employed . 

Information encoded in a bathy massage includes the sh ip' s  cal l sign, 

cruise number, po sition, time, date, observation number, station number 

and instrument (XBT or BT ) . Throug hout this paper the term bathy point 

shal l refer to a radio-transmit ted temperatur e-depth pair . . The 

temperature is read to the nearest tenth of a degree Celsius  and the 

depth is read to the ne arest whole  me ter . Temperatures at the sea 

surf ace,•at the deepest point measured, and at several points in 

between are recorded . Les s  than twenty point s must be used to de scr ibe 

temperatures in the upper 500 meters. 

The Bathy Operational Program is a part of the Integrated Global Ocean 

Station System ( IGOS S ) ,  a joint ef for t of the Int ergovernmental Oceanic 

Commiss ion ( IO C )  and the World Met eorolog ical Organiz ation (WMO ) . The 

purpose of the Bathy Program is to provide international real-time 

communication of ocean temperature data.  Bathy messages  are exchanged 

through the Global Telecommunication System (GTS ) of the World Wea ther 

Watch (WWW) of the WMO . 
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The availabil ity of bathy message data from the Hawaii to Tahiti 

Shut tle Experiment has provided an excel lent opportunity to evaluate 
I 

the Bathy Mes sage Program. During the Shut tle Experiment (Wyrtki � 

, 1 981 ) data from XBT observations were encoded on bathy message 

log s . These log s  were then transmitted via Coas tal Radio Stations into 

the GTS . Transmitted bathy message information, recorded on Fleet 

Nt.nnerical Oceanographic Center (FNOC)  tapes , was available for 

compari son with the orig inal XBT data . More than 800 bathy messages 

were recorded during the Shut tle Experiment . 

1 . 2 PURPOSE OF THIS STUDY 

The purpose of th is comparison of the Shut tle Experiment XBT data with 

the corresponding FNWC ba thy message data is three-fold: 

( 1 )  to make a statistical evaluation of !GOSS data 

transmission accuracy; 

( 2) determine the rel iabil ity of product s prepared 

from bathy message data; 

( 3 )  establ ish guidel ines for detecting and 

correct ing errors . 



3 

1 . 3 CLAS SIFICATION OF ERROR 

There are three types of errors which can appear in bathy message data 

(Huber, 197 9 ) :  

(a)  Phy sical errors caused by instrument 

inaccuracies. Such errors occur at the time 

of observation . An XBT thermistor failure is 

an example·of a phy sical error which can occur 

in situ . An improperly cal ibrated or mal-

functioning recorder wi.11 also appear as a, 

physical error . 

( b )  Coding errors resul ting from human error when 

an observer enters a wrong value or incorrect-

ly encodes information on a bathy log • 

. 
(c ) Transmis sion errors which may occur whenever 

data is transferred from one pl ace to another, 

or from one storage space to another . 

Included as transmis sion errors are incomplete 

and /or dupl icated me ssages . 

1 . 4 GUIDELINE FOR DETECTING ERRORS 

The frequency of transmission and coding errors was determined by 

comparing bathy message data with the corresponding or ig inal XBT traces 
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and noting the discrepancies . A check was then run on the bathy radio 

logs to determine the or ig in of the error . A transmis s ion error was 

dist inguishable by a correct and complete bathy radio log and an 

incomplete or erroneous bathy message . Cod ing errors appeared on the 

radio log as wel l as on the bathy message . 

Two tes ts were established for detecting errors from the bathy tr ace 

al one: 

1 .  Reg ional upper and lower l imit s for temperatures at 

f ixed ( 5  m interval ) depths were es tabl ished using 

al l available NORPAX XBT data . Bathy temperature 

values fal l ing out side of these l imit s were then 

checked to determine whether they resulted from 

coding or transmis sion errors . 

0 
2 .  Temperature increases of 0 .5 C or more with 

increasing depth were noted . If a temperature 

proved to be the resul t  of a cod ing or transmis sion 

error then this error was considered detectable.  

Coding and transmission errors resulting in incorrect information on 

FNOC tapes had the appearance of phy s ical errors on the bathy message 

trace . The two test s descr ibed above might, therefore, be used to 

detect phy sical as wel l as transmission and cod ing errors . However the 

ef fectiveness of the two aforementioned test s  could not be determined 

because XBTs which were obviously incorrect were not transmit ted as 

bathy messages . Thus al l errors in the bathy message data set which 
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were detectable could be determined to be the result of either coding 

or transmission inaccuracies. 

1 . 5 RELIABILITY OF BATHY MESSAGE PRODUCTS 

The ultimate goal of the Bathy Program is the acquisition, on an 

international scale, of real-time data for the production of timely 

oceanographic products. The influence of errors on certain of these 

products, specifically dynamic height, geostrophic velocity, and heat 

storage will be discussed below. 

After errors in the bathy message data have been detected by the above 

mentioned method, some errors falling within the prescribed limits 

remain undetected. The effect of such hidden errors on the quality of 

oceanographic products derived from bathy message data will be 

determined by comparing these products with those produced from the 

corresponding original XBT data. 

1 .6 THE DATA SET 

Bathy messages received by FNOC from the central equatorial Pacific 

during the period of the Hawaii to Tahiti Shuttle Experiment were 

provided on digital tapes. All bathy data were then entered on 9 track 

1600 b.p.i. ASCII tape in order to be compatible with the Hawaii 

Inst�tute of Geophysics (li.I.G.} HARRIS 800 system. All XBTs recorded 

during the Shuttle Experiment had previously been digitized using the 
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H.I.G. inhouse digitizer and this information had been stored on 9 track 

1600 b.p�i� ASCII tape. 

1.7 REMOVAL OF DUPLICATE AND UNMATCHED BATRY MESSAGES 

Each bathy message is identified by the latitude, longitude, date and 

time of the corresponding XBT station. A listing of all bathy messages 

received for each cruise occasionally revealed more than one bathy 

message for an XBT. Often one of these messages would be incomplete. 

Duplicated messages possibly result when a radio operator at a Coastal 

Radio Station receives a garbled transmission from a shipboard operator 

and asks for a repeat (D. McLain, personal communication). Duplicated 

messages were easily recognized and removed. Comparisons of 

cruise-by-cruise listings of bathy messages with the corresponding XBTs 

revealed a number of bathy messages for which no XBT information was 

available. These unmatched bathy messages were removed from the data 

set. 

Bathy logs were essential for determining if a bathy message error 

resulted from a transmission or a coding error. All information to be 

transmitted in a bathy message was first recorded in a bathy log. 

Discrepancies between bathy logs recorded aboard the observation ship 

and bathy messages recorded by FNOC resulted from errors occurring 

after coding of the bathy message. Such errors, occurring during the 

transfer of information, were defined to be transmission errors. On 

the other hand, if information contained in a bathy log was consistent 
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with the information contained in the bathy message but differed from 

the corresponding XBT, it was determined that a coding error had 

occurred. A total of 76 0 bathy message logs from the Hawaii-Tahiti 

Shuttle cruises were available for cruises 5-12 and cruises 14-15 .  No 

logs were available from cruises 1-4 and 13 , although bathy messages 

were received from these cruises. Logs were available for the latter 

portion of cruise 1 5  while bathy messages were received by FNOC for the 

first half of the cruise only. Thus no bathy message from cruise 1 5  

could be matched with its respective log. 

A total of 802 bathy messages were received by FNOC from the Shuttle 

cruises. Of these, 79 were duplicates. Of ten a repeated message 

contained a grossly incomplete message (e.g., two points). Of the 

remaining 723 bathy messages all but 1 5  could be paired with the parent 

XBTs, yielding 708 bathy messages which were successfully matched with 

correspomiing XBTs. No bathy logs were available for 1 80 of these 708 

bathy message-XBT pairs, leaving a total of 528 bathy message/bathy 

log/XBT sets for analysis. 

1 .8 DIGITIZATION OF XBTS 

XBTs from the Shuttle Experiment bad been digitized by recording 

temperature-depth pairs along each XBT trace every 10 m and every 

0 
0 .5 c .  Thus an XBT trace extending from the surface to 400 m over 

temperatures ranging from 28°c to 10°c was digitized by a minimum of 77 

points. The trace was also digitized at the apex of each significant 
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temperature spike (small scale temperature changes with depth or an 

unsteady signal from the thermistor will produce sharp peaks or 

'spikes' in the XBT trace). Typically, 90 t emperature-depth pairs were 

recorded per XBT for the upper 400 m. 
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SECTION II ANALYSIS OF ERROR 

2.1 PRELIMINARY ANALYSIS 

The accuracy of an XBT is dependent on the thermal structure of the 

water column, through which the XBT f al ls. While the overall system 

accuracy of an XBT is, roughly, + o.2°c and .:t. 5 m (Anderson, 1980), the 

depth of a specific isotherm in a weak thermal gradient is more poorly 

determined than the depth of an isotherm in a sharp thermal gradient. 

Conversely, the temperature at a specific depth in a weak thermal 

gradient is better determined than the temperature at a specif ic depth 

within a strong thermal gradient. For example, Shuttle XBTs f requently 

recorded temperature changes of more than 15°c over depth changes of 

less than 50 m. Within such a sharp temperature gradient a system 

accuracy of .:t. 5 m means that temperatures at specif ic depths cannot be 

known more accurately than + 1.S0c. On the other hand, Shuttle XBTs 

commonly recorded surf ace mixed layers with temperature changes of a 

few tenths of a degree over depth changes of 80 m or more. For such 

0 
weak thermal gradients an XBT system accuracy of + 0.2 C means that the 

depth of a specific isotherm has an uncertainty of many tens of meters. 

An error analysis of bathy messages prod uced f rom XBTs must consider 

the dependency of XBT accuracy on the thermal structure in which the 

XBTs were deployed. The waters of the central equatorial Pacific 

consist of a warm shallow mixed layer of almost uniform temperature 

separated from a region of cold deep water by a sharp gradient of 
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temperature in.the thermocline (Fig.l). Temperature gradients in each 

of these three layers are, on the average, sufficiently different to 

warrant a separate analysis of error in each layer. 

For analysis each bathy message was divided into three layers utilizing 

characteristics of the mean thermal structure. The mixed layer was 

defined as the region extending from the sea surf ace to the first depth 

with temperature less than the sea surface temperature by i0c or more. 

The thermocline region was designated from the bottom of the mixed 

layer to the first depth with temperature less than or equal to 12°c. 

Choice of the depth of the 12°c isotherm as the bottom of the 

thermocline is justified as follows: 

The shape of the mean temperature-depth profile in the deep layer is 

almost a straight line. At about the depth of 12°c the profile begins 

to depart from this line. Thus, while this depth does not correspond 

to the bottom of the thermocline for all stations, the depth of 12°c 
represents, on the· average, a lower limit for the bottom of the 

thermocline. The deep layer was defined from the bottom of the 

thermocline to 400 m, a depth to whete the majority of the XBT casts 

extended. 

The mean difference between·XBT and bathy message temperatures, at 5 m 

intervals, in each of the three layers was calculated for each station. 

Histograms of these mean differences for each layer were compiled for 

each cruise (Tables 1, 2, 3 ) . Most mean differences fell within + 

o.s0c for all layers. The means of these (mean) temperature 

differences were within + 0.25°c for all cruises for all three layers 
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with two exceptions: the histograms of mean temperature differences for 

the thermocline layer in Cruises 13 and 14 were centered near +0.4°c 

(Table 1). It is noted here that, first, there are differences in 

bathy message quality between the cruises and, second, temperature 

differences in the sharp thermal gradient of the thermocline are 

larger than temperature differences in the weaker thermal gradients of 

the mixed and deep layers. Histograms for the mixed and deep layers 

for all cruises were sharply peaked near o.o0c (Tables 2, 3 ) . 

Each bathy message-XBT pair was linearly interpolated to give 

temperature values at 5 m intervals. Each pair was then plotted in a 

temperature versus depth graph utilizing the Versatec plotter so that 

the fit of the bathy message to the XBT could be seen. In addition a 

plot of the difference between the XBT and the corresponding 

interpolated bathy message temperatures at 5 m intervals was 

superimposed • . 

2 .2 EFFECTS OF INTERPOLATION 

In some of the bathy message-XBT comparisons to follow the digitized 

Shuttle XBTs were first linearly interpolated to give temperature 

values at 5 m depth intervals. In comparing these interpolated XBTs to 

bathy messages it is neccesary to determine how much of the difference 

between the two data sets is due to interpolation alone. To determine 

the contribution from computational effects of linear interpolation, 

XBTs from cruises 4 and 7 were linearly interpolated to give 
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temperature values at 5 m intervals. Since the XBTs were first 

digitized to 10 m intervals before being interpo lated to 5 m intervals, 

a comparison of temperature values at depth intervals that are 

multiples of 10 m would be biased. Therefore a depth interval of 3 m 

was chosen for this test. 

Temperature values at 3 m depth intervals were determined by linear 

interpolation for both the interpolated and uninterpolated sets. The 

mean difference in temperature ((digitized)-(digitized and interpolated 

to 5 m intervals)) was calculated at each three meter depth interval 

from zero to 462 m for both cruises. These differences were found to 

be quite small. For the 1 5 5  mean differences calculated for Cruise 4 ,  

only 1 5  
0 

exceeded 0 .02 c .  The size of the mean temperature difference 

0 ( 0 
at only one depth was greater than 0 .06 C 0 . 1 3  C). Ninety-nine of the 

155 mean temperature differences were equal to zero for Cruise 4 .  

22 of 155 standard deviations of these mean differences were 0 . 1 0°c 

greater. The largest standard deviation observed 0 was 0 .3 5  c .  

Only 

or 

In 

Cruise 7 ,  1 0 9  of the 1 5 5  mean differences were equal to zero. Five of 

the mean temperature differences 0 exceeded 0 .0 2  c .  The largest mean 

temperature difference determined for Cruise 7 was 0 .0 9°c .  Sixteen of 

the 1 5 5  standard deviations of the mean temperature differences in 

0 
Cruise 7 were 0 . 1 0  C or more. The largest observed standard deviatio n 

0 was 0 . 27 C. 

The effects of linear interpolation on the depth of specific isotherms 

was also examined for Cruises 4 and 7 .  The depths of all isotherms 
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from five to 28°C at temperature intervals of 1°c were found for both 

the digitized and the digitized, interpolated data sets. It was found 

that the mean differences (digitized-(digitized and interpolated)) in 

isotherm depth were small. In Cruise 4 the largest mean depth 

difference observed was 0 .36 m, and the largest standard deviation of 

mean depth difference was 1 . 26 m. In Cruise 7 the greatest size of the 

mean depth difference was 0 . 46 m. The largest observed standard 

deviation was 1 .47 m. 

Based on the above tests, it is concluded that the uncertainties 

introduced by linearly interpolating the XBT data to S m depth 

intervals are quite small. On the average, linear interpolation 

contributes less than o .0 1°c to the difference in temperature at a 

specified depth, and less than 0 .3 m to the difference in depth of a 

specified isotherm. 

2 .3 EXPECTED ERROR DUE TO 'l'HE SHAPE OF THE XBT CURVE 

All available Shuttle XBTs were interpolated to 5 meter intervals and 

the mean temperature at each depth was then determined. The resulting 

mean XBT profile is shown in Figure 1 .  This mean profile cannot be 

interpreted as being anything more than loosely representative of a 

region extending across 40 degrees of latitude. For example an XBT 

cast in the waters of the North Equatorial Countercurrent would show a 

more pronounced temperature gradient in the thermocline than the mean. 

Conversely an XBT taken at 17 ° S would indicate a less pronounced 
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thermal gradient in the thermocline than is shown for the mean. 

Nonetheless certain features of the mean prof ile lend themselve s to a 

statement about bathy message error . 

In Figure 1 it is seen that above roughly 130 meters ( 20°C )  the mean 

prof il e is concave upwards (d
2

Z/dT
2 

is negative ) and below 130 meters 

the mean prof ile is concave downwards (d
2

Z/dT
2 

is po sitive ) .  An 

operator producing a bathy me ssage from such an XBT prof ile using only 

a dozen points to def ine the curve is likely to produce errors 

result ing from the paucity of points ,  as shown in Figur e  2 .  

Whil e the magnitude of the errors so produced cannot be known from this 

simpl e analysis , it is po ssible to determine the sign . Def ine the 

* 
quant ity T 

* 
T =temperature difference ( XBT-BM) at f ixed depth . 

* 
From Figure 2 it is possible to state that , on the averag e ,  T wil l be 

po sitiv e  above 130 meters ( 20°C )  and negative below 130 m. Def ine the 

. * 
quantity D 

* 
D =difference in depth ( XBT-BM) of a f ixed isotherm. 

* 
Again from Figur e  2 it is seen that , on the averag e ,  D wil l be 

negative above 130 m and positive below 130 m. 

The s ize of the inaccuracies produced during the dig itization proce ss 

as the resul t of using a l imited number of points to def ine the curve 

varies from prof ile to prof ile . For exampl e ,  a trace with many 
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inf l ect ions or spikes would require a bathy po int a t  each apex . 

Similarly many point s might be required to def ine a smoothly curv ing 

trace . HtDD.an judgement play s  a larg e role in determining the size of 

inaccuracies produced . A person digitizing an XBT who fail s to 

properly indicate the position of an inflection point wil l produce an 

error even if the bathy point cho sen l ies on the XBT trace . 

2 .4 EFFECTS OF HUMAN ERROR IN DIGITIZATION 

The scale of the Sippican XBT analogue recorder is , itsel f ,  a source of 

bathy error distor tion. That is , an operator who makes  a mistake of 1 

mm in the horizontal direction while digitizing the trace wil l cause an 

in of 
0 

The temperature scale factor in the error temperature 0 . 2 c.  

fol lowing discussion is equal to 0.2°C/mm . A 1-mm mis take in the 

vertical direction creates an error of 3.7-3.8 m ( the scale on the 

Sippican•recording paper decreases  sl ightly with increasing depth) . 

Thus the depth scale factor is 3.7 m/mm or 3.8 m/mm , depending on the 

depth . 

An estimate was made of the ef fect s of smal l coding inaccuracies on the 

qual ity of bathy me ssage accuracy based on a simp l e  g eometric analysis 

us iRg featur es of the mean temperature-depth prof ile .  

In Figure 3 Eh is the al lowable human error ( in mil limet ers ) .  An 

operator who records a bathy point a perpendicular dis tance � from the 



analogue trace wil l produce a temperature error g iven by 

* -1 
T =�* ( t emperature scale fact or )*sin(tan dZ/dT ) . ( 1 )  

* 
The depth error D produced by the operator error � is g iven by 

* -1  
D =�* (depth s cal e factor )*co s (tan dZ/dT ) .  ( 2 )  

16 

In the equations above dZ/dT i s  the local f irs t derivative of the 

anal ogue trace . Equations 1 and 2 apply for smal l � only . 

Except for the reg ions near the top and bo ttom of the thermocl ine, the 

mean prof ile can be represent ed by three straight l ines, one each in 

the mixed, thermocline , and deep layers . In Table 4 the slope , dZ/dT , 

in each of the three layers is approximated by 

Az/AT a ( (bottom depth-top depth) / (bottom temperatur e-

top temperatur e ) ) • 
.. 

The average mixed layer depth is taken to be 60 m,  and the bo ttom of 

the thermocline occur s , on the averag e ,  at a depth of about 220 m. 

In Tabl e  4 (IA Z/ A T)
t 

is the slope on the anal ogue trace 
race 

corresponding to 4Z/AT: 

(4Z/4T )
t 

•(AZ/4T)* (t emperatur e scal e factor/depth 
race 

scale factor ) .  

The ang l e  in Figure 3 i s  g iven by 
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It can be seen from Table  4 and equations ( 1 )  and (2) that for a human 

inaccuracy of 0 .5 mm the estimated expect ed depth error is about 0 .3 m 

in the mixed layer , 1.7 m in the thermocline layer , and , approximately , 

0 .6 m in the de ep layer . The estimated expected temperatur e  error due 

to a human inaccuracy of 0 .5 mm is about 0 . 1°C in the mixed and deep 

layer s ,  and O.OS0c in the therm.ocline . An XBT has an ins trumental 

accuracy of , approximately , .t. 5 m .t. 0 .2°C (Anderson , 1 980 ) .  In 

I 
comparison with XBT instrumental accuracy it is seen that the expected 

depth error in the mixed and deep layers and the expected temperatuure 

error in the thermocline due to a human inaccuracy of 0 . 5 mm are 

neg ligible .  However the expect ed depth error in the thermocline and 

the expected temperature error in the mixed and deep layers-' make a 

smal l but po ssibly significant contribution to bathy messa g e  

inaccuracy . 

2 .5  BAmY POINT TEMPERAlURE AND DEPTH INACCURACIES 

The 708 bathy message-XBT pairs were examined to de termine the range of 

bathy point temperature and depth errors for al l bathy point s from the 

surf ace to a depth of 400 m. The XBT data set used in this comparison 

was interpolated to 5 m depth interval s. For each bathy point the 

dif fer ence between the tempe rature given by the ba thy point and the 

temperature found by linear int erpolaton of the corresponding XBT to 

the depth of the bathy point was found . Any non-z ero difference was 

termed an error . Depth errors were found for each bathy point by 

subtracting the depth given by the bathy point from the depth found by 
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linear interpolation o f  the corresponding XBT t o  the temperature given 

by the bathy point . 

The resul ts of t emperature and depth comparisons reveal the overal l 

poor quality of bathy message data from the Shut tle  Experiment . Of the 

7 , 6 94 bathy point s  examined for temperature differences ,  1 , 06 1 ( 13 . 8% )  

had temperature differences exceeding 0 . 5  degrees Cel sius . Of these , a 

total of 454 bathy points with temperature differences greater than i0c 

were found . A to tal of 2 ,363  bathy points ,  or 30 . 7 % , differed from the 

XBT temperature at �e 0 same depth by more than 0 . 2 c .  Of the 7 , 674 

bathy points analyz ed , 3716 ( 46 .3% ) did not deviate from the cal culated 

XBT temperature value by more than 0 . 1 degrees Cel sius . 

The resul ts of the depth comparisons show that the number of 

significant depth difference s is quite larg e .  A subs tantial number , 

1 , 1 88 of the 6 , 067 bathy point s  for which it was possible to cal culate 

depth difference s ,  had depth difference s in excess of 10 m, and 574 , or 

9 .5% of al l depth differences examined exceeded 20 m.  A to tal of 3 , 884 

(64.0% ) of the bathy point s  had depth difference s of 5 m or less . 

In conclusion a significant number of the bathy point s examined gave 

temperatures which differed by more than 1 . 0°c from the temperatures 
' 

found from th e corresponding XBTs for the same depth . A subs tantial 

number of bathy point s  had depth difference s greater than 20 m. On the 

basis of the above resul t s  it is concluded that , for any bathy point , 
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probability of the given temperatur e being incorrect by more than O.s0c 

is 13 .8% and the probabil ity of the given depth having an inaccuracy 

greater than 10 m is 1 9 .6% . 
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SECTION III DETECTION OF ERROR 

3 . 1 DETECTION OF CODING AND TRANSMIS SION ERROR 

An effort was made to determine the source of the temperature errors 

found in the prev ious analy sis . The temperature of each bathy point 

from the surf ace to the depth at which the message terminated was 

compared with the temperatur e value found by linearly int erpolating the 

corresponding XBT at the depth of the bathy point . If the magnitude of 

this dif ference was greater than or equal to 1°c a check was made with 

the ba thy log to de termine whether the difference resul ted from a 

coding inaccuracy. 

Of the 708 stations which had bo th bathy mes sag e s  and XBTs availabl e ,  

282 

more .  

stations were found to 
0 

have a temperatur e difference of 1 C or 

A total of 494 temperatur e difference s greater than 
0 

1 C were 

involved. This total includes ,  in addition to the 454 such points  

found previously , 40 point s  below 400 m. 

The 528 matched bathy me ssa g e-bathy log-XBT se t s  were examined to 

determine the source of these temperature difference s. Of the 3 43 

bathy point s  in this da ta set which were in error by more than 1°c ,  it 

was found that 46 resul t ed from transmis sion errors and 297 were the 

resul t of coding inaccuracies. 
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3 .2 TRANSMISSION LOS SES 

A to tal of 5, 7 7 8  bathy point s  were recorded for the 528 stations for 

which bathy message s ,  radio logs , and matching XBTs were availabl e .  A 

check of the log s revealed that 20 8 point s  were lost in transmis sion . 

Thus only 96 .4% of the point s transmit ted were received .  Transmis sion 

losses af fect ed 74 stations , or 14.0% . Frequently a transmis sion loss 

resul ted in a truncated ( shor t )  message: transmis sion losses result ed 

in 31  bathy me ssages which did not reach a depth of 400 m ( 5 .9% of al l 

stations in the sample ) . 

3 .3 SHORT MESSAGES 

The FNOC data were examined to de termine the number of bathy messages  

which were complete t o  400 m. Of  the 708 bathy messages with paired 

XBTs , 100 were found to termina te at depths shal lower than 400 m. All 

of the corresponding XBTs were compl ete to 400 m depth or more .  

Forty-five o f  these 1 0 0  bathy s reached depths greater than 350  m ,  and 

64 bathy s recorded depths of 300 m or mor e .  Eleven stations did not 

reach depths greater than 100 m. 

The 528 stations from cruises 5-12 and cruise 14 which had matching 

XBTs , bathy me ssages , and logs were scrutiniz ed to determine whether 

these short messages were the result of transmis sion errors or coding 

inaccuracies.  Of 78 incomplete messag es  37 were found to be the resul t 

of transmis sion error and 41 short messages  were caused by coding 

error . 
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3.4 ERRORS IN POSITION AND TIME OF BATIIY STATIONS 

Statistics of the (XBT-BM) differences in position and time have been 

recorded in Table 5. The overall accuracy of the positions and times 

of stations, as received by FNOC , is fair. Six hundred seventy-nine of 

the 708 (97.6%) bathy messages examined recorded station times within 

12 hours of the times recorded for the corresponding XBT's. Six 

hundred seventy of the 708 (94.6%) bathys reported the latitudes of 

their respective stations within 15' of the latitudes recorded for the 

XBTs. A total of 97.9% (693/708) of the longitudes given by bathy 

messages were correct. If it is assumed that space and time error 

statistics are independent then the joint probability that a bathy 

message gives the latitude and longitude to within 15' of the correct 

position and the time to within 12 hours is 90.1%. 

Twelve bathy messages had time differences of 24 hours and one had a 

time difference of 48 hours. Twenty-four bathy messages had latitude 

errors and 8 had longitude errors of 1° or more. Cruise 13 alone 

accounted for 45.8% (11/24) of the latitude differences exceeding one 

degree. 

Bathy message-XBT pairs for which bathy logs were available were 

examined to determine the source of errors and it was found that bathy 

message errors in position and time were predominantly the result of 

coding errors. Seventy-five percent (9/12) of the time errors greater 

than 12 hours, 70.0% (14/20) of all errors in latitude greater than 
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fif teen minutes , and 100% ( 14/ 14) of al l longitude errors greater than 

fif teen minut es were the resul t of coding mis takes .  

The correctness  of the time and location of XBT stations recorded as 

bathy messages report ed by the same ship can be checked using two 

crit eria: 

(i) The difference in space be tween two stations 

divided by the difference in their respective 

times mus t  be less  than a reasonable  maximum 

ship spe ed .  

(ii)  Bathy messages sequential in space should also 

sequential in time . 

The firs t criterion wil l ,  if a sufficiently large 'maximum ship speed' 

is chosen , give a de termination with a high degree of certainty that an 

error has occurred . The second crit erion assumes that a ship of 

opportunity wil l  travel an approximately l inear path in the open ocean . 

This as sumption cannot alway s be valid. For example a ship tr aveling 

from west to east might suddenly veer north or even west to avoid a 

st orm .  The two crit eria pr esented above al low a de termina tion that an 

error may have occurred , but are not suf ficient to de termine absolut ely 

that an error bas occurred , or whether the po ssibl e  error is a mistake 

in space or in time . Further it cannot alway s be known which of two 

sequential s tations is the source of error . 

XBT stations during the Tahiti Shut tle Experiment were , in general , 
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po sitioned 1 .0° latitude apart. For a maximum ship speed of 12 knots 

(an arbitrary maximum ship speed for a research vessel ) the minimum 

transit time be tween two consecut ive stations separated a dis tance of 

1 .0° latitude is 5 .0 hrs .  The 707 BM-XBT pairs were s crutiniz ed for 

time errors greater than 5 . 0 hours and space errors greater than or 

equal to 1 .0° latitude . Criteria ( i )  and ( ii)  were appl ied to 

determine th e detectabil ity of these errors . The resul ts are tabulated 

in Tabl e  6 .  Fifteen of the 20 time errors greater than 5 .0 hours ( 7 5% )  

were de tectabl e (Table 6 ) . Of 3 1  space errors greater than or equal to 

1 .0° latitude 1 9  ( 6 1 .3% ) wer e detectabl e .  

A total of 1 0  space errors occurred because the sign of the latitude 

was incorrectly recorded on the bathy message .  The respective dates , 

times , and long itude s of these stations were in log ical sequence when 

compared with ne ighbor ing bathy message s .  Thus it.could have been 

determitted from the bathy me ssa g e  information alone that the latitude 

was incorrect .  If it is as sumed that only one bit of information is 

the cause of the inaccuracy then th e sign of the latitude is 

immediately suspe ct . S ince changing the sign of the latitude al lows 

these nine space errors to sati sfy criteria ( i )  and ( ii )  it is 

concluded that these 9 errors are correctabl e .  The tenth bathy message 

gave a latitude which , in addition to possessing the wrong sign , 

contained an error in magnitude . Thus , for this station , the de tected 

error in latitude was found to be only partial ly correctabl e .  
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3 .5 DETECTION OF INCORRECT BA'lliY POINTS 

Detection of an error, regardless of it s causes, requires that 

temperature or depth value s  exceed ac ceptable  limit s .  Two methods of 

establishing these limit s are: 

(i) from phy sical principl es. To a firs t order the 

ocean is in hydro static balance . Coding and trans­

mis sion errors may be de tect ed if they resul t in 

phy sical ly unlikely temperature inversions . 

(ii )  sta tistical ly . If an area of interest is rich in 

hist orical data acceptable  limits may be set 

stati stica l ly .  

The attractiveness  of the firs t method is that incorrect bathy points 

are detect ed on phy sical grounds . A weakness of the second method is -

the as sumption that the record is sufficiently complete to pr eclude the 

po ssibility that a bathy point fal ling out side of the maximum or 

minimum limit s is , nonetheless, correct . 

3 . 6  TEMPERATURE INVERSIONS IN 'lliE NORPAX DATA 

In order to determine realis tic limit s for phy sica l ly plausible  

temperature inversions in the  Central Equatorial Pacific , a study was 

made of the frequency of temperatur e inversions in the Shut tle  XBT 

data . The depths at which temperatur e inversions began was examined 
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( Fig . 4) . Since the sy stem temperature accuracy of an XBT is .±. 0 .2°c 

(Anderson , 19 80 ) , 0 a change in temperature of less  than 0 . 2 C could be 

merely the resul t of XBT thermis tor inaccuracy . In order to de termine 

the temperature inversions which might be significant any increase in 

temperatur e of 0 . 1°c or more with increasing depth was noted .  A 

maximum of 17  temperatur e inversions were obs erved to begin at the 

surface . Sixteen inversions began at a depth of 5 m.  No more than 6 

inversions were obs erved to begin at any singl e  depth below 5 m.  Eight 

of these temperature inversions involved a temperature increase of 

0 0 .50 C or mor e .  

3 . 7 DETECTION O F  ERROR B Y  TEMPERATURE INV ERSION 

Bathy messages were scr eened for temperature inversions of o.s0 c or 

mor e .  A total of 3 8  were found . Visual inspe ction of the bathy 

mes sage•and XBT plots showed that 3 5  of the 3 8  'inversions' ( 92.1% ) 

were caused by coding or transmis sion errors . One de tected inversion 

was from an XBT which had been edited (truncated ) ,  suggesting that a 

physical error had occurred . If , as suspe cted , a physical error had 

occurred , then 36 of the 3 8  detect ed 'unlike l y  inversions' were indeed 

error s ( 94.7% ) . The two remaining inversions could not be po sitively 

identified as errors because inversions in the bathy record are 

consistent with inversions recorded by the XBT .  Thus the po ssibility 

that these two temperature inversions are physical errors remains . 
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3 .8 USEFULNES S OF THE TEMPERATURE INV ERSION METHOD FOR BATHY ERROR 

DETECTION 

At least 94.7%  of al l bathy me ssage inversions of 0 . 5° C or more were 

determined to be errors, sug g e s ting that an upper limit for temperature 

increase s over increasing depth is a useful method of error de tection. 

Reasonable limit s must be se t for the al lowabl e  ranges  of inversion 

thicknes s  and t emperature increase with depth , but these limit s  can be 

taken to be suf ficiently broad that they are only weakly dependent on 

the regional oceanography . This method succeeded in identi fying 35 of 

the 494 bathy point s  (7 .0% ) deviating by 1° C or more from the 

corresponding XBT temperatur e at the same depth . Within the 

thermocline the temperature inversion test was succe ssful in 

identifying 31.6% ( 24/ 76 ) of the bathy point s  whose temperatures were 

incorrect by more than 1°c. In the mixed and deep layers , 1 3 .8% 

( 11 / 80 )  •of the bathy point s with depths incorrect by more than 20 m 

were identified by this method . It is concluded that the temperature 

inversion test was partial ly succe ssful in detecting ba thy temperature 

dif ference s in the thermocline . 

3 .9 A METHOD OF STATISTICAL DETECTION OF ERROR 

Since 93% of the bathy point s in error by 1° C or more could not be 

identified as unlikely temperature inversions , an attempt was made to 

determine whether upper and lower limit s of temperatures at fixed 

depths ,  determined s tatistica l ly from the regional data base , could be 
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established . To this end a review of the phy sical oceanography of the 

area was conducted . 

3 . 1 0  'l'HE MEAN PICTURE OF THE THERMAL STRUCTURE 

The phy sical oceanography of the transequatorial region is wel l  known 

and has been de scribed previously (Wyrtki � A!.&_ , 1 977 ) . The 

thermocline ( 13° to 2S° C )  is strong ly developed between s0 S and 

1S0 N.  Pol eward of  s0 S and 1S0 N the isotherms spread increasing ly 

apart . Ridges in the thermal 
1
{tructure at the equator and at 10° N and 

a trough at s0 N are associated with the geostrophic flows of the 

northern portion of the South Equatorial Current ( 0° to s0 N) and the 

eastward f lowing North Equatorial Countercurrent (S0 to 10° N) . From 

10°N to 20° N the downward sloping isotherms of the thermocline are 

associated with the North· Equatorial Current . South of s0 S the 

isotherms of the thermo cline slope downwards away from the equator in 

association with the South Equatorial Current . At the equator the 

Equatorial Undercurrent is characteriz ed by a spreading of the 

isotherms . 

3 . 1 1  THE LONG TERM VARIABILITY 

The mean picture of the thermal structure of the transequatorial 

region , described above , is subject to great variation (Wyrtki � Ai&. 

-1977). Occas siona l ly the trough in the thermocline as sociated with 

the Countercurrent dissappears altogether and the isotherms ris e  from 
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the southern hemisphere to the thermocline ridge near 10° N.  At such a 

time the Countercurrent ext ends to the equator and the South Equatorial 

Current retreats into the southern hemisphere.  At other times the 

ridge in the thermocline. at 10° N subside s  and the Countercurrent 

almost dis sappears. Infrequently the entire equa torial region may be 

covered with a lay er of warm ( 29° C )  water . The North Equatorial 

Current may split into branches and frequently contains eddies .  

Embedded in 

occasional ly 

the 

found 

wes tward flowing 

the eastward 

South Equatorial 

flowing South 

Current is 

Equatorial 

Countercurrent . The northern portion of the South Equa torial Current 

is quite variabl e ,  re sponding to variations in the strength of the 

Southeast Trade s  and to lateral shifts  of the Nor th Equatorial 

Countercurrent . 

3 . 1 2  SHORT TERM VARIABILITY 

Short term variabil ity of the thermal s tructure is revealed by AXBT 

transequatorial sections (Patz er t .e.t..Al&. , 1 978).  Depths of the 14°c 

and 18°c isotherms can vary by 25 m and more in two days .  Spectral 

analy sis of NODC data (Wyrtki .e.t...!l... , 1 977) for the depths of the 

18°c isotherm shows that energy was concentrated at a period of 4 . 5  

days and a mean amplitude of 14 m .  Time series o f  the eight een degree 

isotherm al so show fluctua tions a t  the frequency of semi-diurnal tide s 

with amplitude s of 5 m. 
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3.13 THE RESULTS OF STATISTICAL DETECTION OF ERROR 

Because the transequatorial thermal structure shows great variability 

on time scales of days, seasons, and years, attempts at error detection 

based on deviation from some observed mean will achieve only limited 

success. Nonetheless an effort was 

determining the bathy points wpich 

maximum-minimum temperature envelope 

made to detect bathy errors by 

fell outside of the observed 

(Fig. 1) by 0.5° C. A total of 

seventeen such points were found. Nine of these points caused 

temperature differences of more than i0c in the thermocline, and six 

points caused depth differences greater than 20 meters in the deep and 

mixed layers. Of these seventeen points found by statistical detection 

eight had already been detected by the 'unlikely temperature inversion 

test' dicussed above. Thus a total of nine new errors were revealed. 

3.14 CONCLUSION 

Of the 80 points within the thermocline which had XBT-BM depth 

differences of more than 20 m, f6 (20%) were detected (11 by the 

inversion test and 7 by the statistical test). Of 76 points above or 

below the thermocline which had temperature differences (XBT-BM) 

greater than !°C, 24 (31.6%) were detected. 

Overall, a total of 45 of 494 (9.1%) incorrect bathy points known to be 

in error by 1° C or more were successfully detected from statistical 

and . physical considerations. It is doubtful that more errors could be 

efficiently detected since increased restrictions in the limits of 
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al lowable  temperature range s  a t  f ixed depth , al lowabl e  temperature 

inversion thicknesse s ,  or rang e s  of temperature increase with depth 

would resul t in el imination of many good bathy points as well as 

further de tect ion of bathy error . 

It is concluded , based on the 708 XBT-BM pairs from the Tahiti Shut tle 

Experiment , that , for any g iven bathy me ssage , there is a 90 . 5% ( 641 of 

708 stations ) probabil ity that the depth value s  of al l bathy points 

wihin the thermocl ine do not contain errors greater than 20 m,  and that 

there is a 89 .8% ( 63 6  of 708 stations ) probabil ity that all bathy 

point s in the deep and mixed layers are correct to w ithin 1°c .  

' 



L 

3 2  

SECTION I9 PROPAGATION OF ERRORS IN BA'lHY PRODUCTS 

4 . 1  HEAT STORAGE CALCULATIONS 

Heat storage H in the upper 40 0 m was comput ed for the 6 0 5  matched 

bathy message-XBT pairs that extended to depths of 400 m or more: 

r 'fao H • jTdz 
0 

It can be seen that the difference (XBT-BM) in H ( Table 7 )  also 

represents the sum of the temperature differences  between each ba thy 

mes sage and correspond ing XBT .  

The difference in the resul ting cal culations of H between the two data 

sets was found to vary greatly between cruise s .  Cruise  14 showed the 

greatest mean difference, 0 102 . 1  C m. Cruise 5 had the smal lest 

( absolute value ) mean difference, 0 .8°c m.  Seven of  the twelve cruises 

had mean differences greater than z ero . The absolut e  value of the 

difference in H was l e s s  than 50°c m for 54 .0% ( 3 27 /605 ) of the 

stations examined ( Table 7 ) . For 7 9 . 2% ( 47 9/605)  of the bathy 

mes sage-XBT pairs the abs olut e value of the difference in H was 100 °c 

m or less . Typical ly , a value of H comput ed from a Shut tle XBT might 

be between 5000°c m and 7000°c m. If it is assumed that 2000°c m 

represents a charact eristic value for the range of H values in the 

Central Equator ial Pacif ic, then an accuracy of .t. l00°C m repr esents an 

accuracy of about 5% of the range of H values .  

The standard dev iation of difference s in H was al so determined for each 
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cruise . The larg est  standard dev iation, 1 7 8 . 2  °c m, was recorded for 

Crui se 14 and the smal lest, 3 2 .3 °C m, was recorded for Cruise 4 .  For 7 

of the 1 2  crui ses  exam ined the standard dev iation of dif ference s in H 

0 
were gr eater than 100 C m.  

Since more than 79% of  the H value s cal culated from th e 708 bathy 

mes sages examined were within l00°c m of the H val ues cal cula ted from 

the corresponding XBTs, 1 00°c m might be considered to be the typical 

inaccuracy of an H value de t ermined from a ba thy messag e . A difference 

of 100°c m represent s, approximately, a difference of 10 Kcal cm
-2

• 

4 . 2  DIFFERENCE IN DYNAMIC HEIGHT COMPUTATIONS 

Computa tion of dynamic height using a temperatur e- sal ini ty rel ationsh ip 

to determine dens ity ( s igma- t )  has been de scribed by o ther authors 

(Emery, 1 97 5 ; Wyrtki, 197 8 ) . The tempe ratur e-sal inity relationsh ip 

used in . the fol lowing computations of sigma-t was establ ished from al l 

availabl e  da ta between 145°w and 165°w for interval s of 5° latitude 

between 20°N and 20°s .  In each of these int erval s the sal inity was 

specif ied at 0 . 2°C temperatur e interval s .  

Dynamic height at the surf ace relative to 40 0 m was cal culated for each 

bathy me ssage-XBT pair ext ending to at least 400 m depth (605  total ) . 

The data sets used in th is computation were int erpolated to g ive 

temperature value s at 5 m depth interval s .  The computations (NODC 

User's  Manual, 1 974) proceeded by f irs t determining the specific volume 

anomaly (5 ) 
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Dynamic height of the surf ace relative to 400 m is simply the dynamic 

depth anomaly at 400 m. 

The distribut ion of difference s ( XBT-BM) of dynamic height at the 

surf ace relative to 400 m is centered near z ero for cruises 4 through 

12 ( Table 8} . The means of the differences in dynamic height for 

cruises 13 through 1 5  are about 15 dyn mm. The dynamic height s 

computed from the bathy me ssage s  tended to be lower than the 

corresponding XBT dynamic heights: 61%  ( 36 9/ 605 ) of the difference s in 

dynamic 'height ( XBT - BM) were positive . Of the 6 0 5  ( 90 .7 % )  dynamic 

height differences examined 549 were within 40 dyn mm of z ero . A total 

of 523 ( 86 .4% )  of the differences were with in 30 dyn mm of the or ig in , 

and 74.7% ( 45 2/ 6 05 )  wer e with in 20 dyn mm of z ero.  Almost hal f ( 289)  

o f  the dynamic height difference s (absolut e value s )  were 10 dyn mm or 

les s .  Typical value s of dynamic height at the surface relative to 400 

m comput ed from Shut t le  XBTs ranged between 800 and 1200 dyn mm. The 

change in dynamic height at the surf ace relative to 400 m observed in 

the Shut tle data over a distance of 1 degree of latitude was , usua l ly ,  

between 3 and 100 dyn mm .  If 100 dyn mm is taken as a charact eristic 

value of the change in dynamic height at the surf ace relative to 400 m 
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acros s  a typical current, an accuracy of + 20 dyn mm represent s 20% of 

a typical value . 

The st andard dev iation of the d if ference s in dynamic height were 

cal culated . Cruises  13 had the highest st andard dev iation of 5 1 .2  dyn 

mm. All other cruises had standard dev iations of less than 40 dyn mm. 

4.3 COMPUTATION OF GEOSTROPHIC Y ELOCITIES 

Geostroph ic velocities resul ting from difference s in dynamic height are 

g iven by 

u • -1/f  AD/AY 

v • 1 / f  AD/A X  

where 4D i s  the difference in dynamic height between two stations, and 

4 X  is ttte difference in space between the two stations . 

If 20 dyn mm is taken as  the typical inaccuracy of a dynamic height 

computed from a bathy message  then the resul tant inaccuracy in a 

de termination of geostrophic f low from two bathy messages  is 8 .8 cm 

-1 0 -1 0 -1 sec at 3 latitude , 2 . 6  cm sec at 10 latitude , and 1 . 3  cm sec 

at 20° 
latitude. 
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SECTION Y CONCLUSION 

The overal l qual ity of the bathy message s  examined was
,
poor . A 

substantial number ( 13 .8% )  of the bathy points were incorrect by more  

than 0 0 . 5 c.  Only 30 .7%  of the point s were within o .2°c of the correct 

temperatur e .  A signif icant number of points ( 9 .5% ) gave depth value s 

incorrect by more  than twenty meters, and 19 .6% of al l point s were 

incorrect by at least ten meters . Of 708 st ations examined 282 

contained at least one bathy point in error by more than 1°c .  A total 

of 494 such points were involved . 

Coding errors were the pr imary cause of bathy message  inaccuracies . 

Most ( 251/ 297 ) of the points in error by more than 1 °c for which bathy 

logs were available were the resul t of cod ing errors . Coding errors 

were al so responsible for mo st of the errors in posi tion and time . 

Seventy-fiv e  percent ( 9/ 1 2) of the station times incorrect by more than 

twelve hours resulted from cod ing inaccurac i e s .  Seventy percent 

( 14/ 20 ) of the errors in latitude and 100% ( 1 4/ 14) of the errors in 

long itude greater than f ift een minut es were due to cod ing mis take s .  

The two methods developed t o  detect errors were partial ly succe ssful . 

In the thermoc line , 3 2 .4% ( 1 1/ 34) of the depth errors greater than 40 

meter s  and 55 .6% ( 5/ 9 )  of the depth errors greater than 100 meters were 

detected . Twenty percent ( 16 / 80 )  of the depth errors in �e 

thermocline greater than 20 meters were found by these two methods .  In 

the deep and mixed lay ers 31 .6% ( 24/ 76 ) of the temperatur e errors 

0 
greater than 1 C were det ectabl e .  
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Despite the inaccuracies in the bathy message data set, ba thy messages 

may be useful for crude estimates of geostroph ic vel ociti es . Of the 

605 dynamic height s comput ed from ba thy me ssag es  5q9 differed from the 

dynamic height value s for the corresponding XBTs by less than 40 

dynamic mil l ime ters . A total of 45 2 ( 7 4 . 7 % )  of the difference s in 

dynamic height s were less  than 20 dynamic mil l imeters . If 20 dynamic 

mil limeters is taken as a typical inaccuracy in dynamic height comput ed 

from a bathy message, then the resul ting inaccuracy in a computation of 

geostroph ic f low is 8 .8 cm s-l 
at 3 degrees latitude, 2 .6 cm s

-l 
at 10 

-1 
degrees latitude , and 1 .3 cm s at 20 degrees latitude . 

Bathy messages  may be useful for heat storage computations when the 

magnitude of chang es  in heat storage are larg e . A total of 5 4 . 0% 

( 327 /605 ) of the bathy me ssa g e s  gave heat storag e  value s differing from 

the corresponding XBTs by less than 50°c m and 7 9 .2% ( 47 9/605)  of the 

heat storag e  value s comput ed from bathy messa g e s  were with in l00°c m of 

the values de termined from the respective XBTs . 
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F i g u r e  1 .  Th e m e an t e mp e r a t u r e - d e p t h  p ro fi l e  c o mp i l e d 

fr o m  1 0 6 1  S h ut t l e  X B T s . A l s o  s h o w n  a r e  p r o f i l e s 
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t e rm i n a t e d . 
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Table l .  The distribution of the means of temperature differences (lBT-BM) 
at 5 m depth intervals within the thermocl ine layer at each 
station, compiled for 708 stations . 

i� 
4 5 6 7 8 9 1 0  1 1  1 2  13 14 1 5  total 

l 

l S -2 .0 I 2 2 2 l 2 9 
-2 .o < 1 :s -1 .8 l l 

-1 .8 < 1 :s -1 .6 l 1 l 3 
-l . 6 < X s -l .4 l l l 3 

-1 .4 < x .s -1 . 2  2 l l l 5 

-1 .2 < 1 � -l .O 1 2 1 1 l 6 

-1 . 0 <  l �  -0 .8 1 l l 2 1 l 7 

-0 . 8 <  l s  -0 .6 l 1 2 2 3 l l l 1 2  

-0 .6 < l s  -0 .4 2 1 l 3 1 l 3 2 6 l 4 l 26 
-0 .4 < 1 � -0 . 2  3 4 1 1  6 7 14 8 8 l 1 l 6 4  
-0 . 2 <  x� o .o 16 6 14 27 16 1 9  2.3 22 1 9  9 8 7 186 

0 .0 <  l .:S  0 . 2  1 5  1 2  13 16 1 8  24 7 14 1 2  1 3  9 17 170 

0 .2< l S  0 .4 7 5 8 2 1 2  5 7 l 1 5  1 6  1 0  1 6  104 

0 .4< l !!:  0 .6 l l l 2 , 5 5 7 6 3 9 40 
0 .6 < 1!!: 0 .8 l 3 2 1 3 5 4 2 21 

o .8 c. l� i .o l l l 3 4 4 14 
1 .0 " l :!> 1 . 2 l l l l 3 l 8 

· 1 . 2 cc X s  1 .4 1 l 1 3 2 2 1 0  
1 . 4 <  x� 1 . 6 3 4 7 

1 .6 < 1 � 1 .8 l 2 3 
1 . 8 <  l ::!i  2 .0 1 1 l 3 

1 > 2 . 0  1 1 l 2 l 6 

total nU111ber 
of stations 45 27 47 64 6 6  6 7  6 0  6 2  7 9  6 6  6 2  63 708 

considered 

44 
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Table 2 .  The distribution of the means of temperature differences (XBT-BM) 
at 5 m interval s  within the mixed layer at each station compiled 
for 708 staiona.  

l�ruise 4 5 6 7 8 9 10 ll 12 13 14 1 5  

I 
total 

interval , 

·� I 

i 
; 

x � -2.0  I 1 I 1 
-2.0 < lt ::! -1 .8 ' 
-l .8 < 1 ::: -1 .6 ' 
-l .6 < X s -l .4 

' -1 .4 <X :! -l .2 
-1 .2 <X s -1 .0 l l 
-1.0  < X  !: -0 . 8  l l 2 
-0 .8 < X  s -0 .6 l l 

I 
2 

-0 .6 c:. x  � -0 .4 2 l l 1 2 7 
-0 .4 < X � -0 .2 2 1 8 2 3 14 3 l l 1 36 
-0 . 2 "" X � O.O  31 5 7 28 7 37 24 27 34 8 l l  2 2  241 

0 .o <. x s 0 .2 l l  18  33  18 39  21  20 9 32 37 27 31 ' 296 
0 .2 <l � 0 . 4  3 4 4 1 2  4 9 2 5 10 14 7 74 
0 .4 < x :! 0 .6 l l l 2 l 2 3 1 1 13 
0.6  < X s 0 .8 1 1 1 2 1 1 3 1 l l  

I 
0 .8 < X S l .0 1 2 1 1 3 1 9 
1 .0 < x s 1 .2 1 1 2 4 
1 .2 < X  <;; 1 .4 2 2 
1 . 4 < X  s l .6 1 1 I 2 I 1 .6 < X  s l . 8 1 I 1 

I 1 .8 < x  :: 2 .0 I I x > 2 .0 2 1 1 1 1 6 
I 

I 
total number 

1 45 of station• 27 47 64 66 67 60 62 79  66  62  63  708 
considered 

4 5  
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Table 3 .  The d is t r ibut ion o f  t h e  means o f  temperature d i f ferences (XBT-BM) 
in degrees cent igrade at 5 m int ervals within the deep layer , 
compiled for the 653 s t a t ions . Only s t a t ions with bathy messages 
complete t o  250 m depth or deeper were considered . 

I� 
4 5 6 7 8 9 1 0  1 1  1 2  1 3  1 4  1 5  total 

1 

x s -2 .o 1 2 1 4 
- 2 . 0 <.  x � -1 . 8  

-1 . 8  < x s -1 .6 1 2 3 
-l .6 < X � -l .4 1 1 
-1 .4 < x � -1 . 2  1 1 1 3 

-1 . 2  < x � -1 . 0  1 1 
-1 . 0  < x s -0 . 8  1 2 1 4 
-0 . 8 <  x s -0 .6 3 1 1 1 6 
-o .6 < x �  -o .4 1 1 1 1 2 5 1 1 2  
-0 .4 < X �  -0 . 2  1 3 2 2 4 3 3 9 1 0  6 2 3 48 

-0 . 2  < x s  o . o 21 7 14 21 16 27 3 2  29 2 1  1 0  1 6  3 2  2 46  
o .o < x � 0 . 2  1 1  5 17 1 4  2 7  26 1 8  1 5  3 3  3 9  2 8  1 8  251 

0 . 2  < x :s 0 . 4  1 2 2 4 4 2 1 8 8 8 2 42 
0 .4 < X :S  0 . 6  1 1 2 1 2 2 1 10 
0 .6 < X � 0 . 8 1 1 1 1 2 2 1 2 1 1  

0 . 8  < x 5 1 . 0  4 1 1 6 
1 . 0 c: X -s  1 . 2 1 1 
1 . 2 < X s 1 . 4 1 1 
1 . 4 < x s 1 .6 

l . 6 c:: X s l . 8 1 1 
1 . 8 <  x s 2 . 0 

x > 2 . 0  1 1 2 

total number 

I 
of stations 33 1 8  46 42 5 8  6 7  6 0  6 2  7 9  6 6  6 2  6 0  6 53 
considered 
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T a b l e  4 .  T h e  e s t i m a t e d  e x p e c t e d  e r r o r  d u e  t o  a h u m a n  e r r o r o f  0 . S  mm i n  t h e  t h r e e  l a y e r s : 

m i x e d , t h e r m o c l i n e ,  a n d  d e e p .  
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C 8 0  m 2 S . S
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d e e p  3 8 0  Ill 9 . 7
°

C 2 4 0  m 1 2 . 4
°

C - 1 4 0  - 3 8  7 0 . 4  0 . 9 4 0 . 3 4 0 . 6 3 ID 0 . 0 9
°

c 2:7 13:5 

+:­
__.. 



T a b l e  5 .  T h e  n u m b e r  o f  t i m e a n d  s p a c e  e r ro r s  o u t  o f  a t o t a l  o f  7 0 8  b a t h y  m e s s a g e ­

X B T p a i r s .  Th e e r r o r s  o f  t h e  5 2 8  b a t h y  m e s s a g e / b a t h y  l o g / X B T m a t c h e d  s e t s  

a re c l a s s i f i e d  a s  c o d i n g  ( t ) g r  t r a n s m i s s i o n ( T )  e r r o r s . ' * '  i n d i c a t e s  t h a t  

t h e  b a t h y  l o g s  w e r e n o t  a v a i l a b l e .  

----- ----------·-·------ - ·----------......------
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� 2 4 h r  
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Tab l e  6 .  T h e  numb e r  o f  d e t e c t ab l e  t i me e r r o r s  a n d  co r r e c t ab l e  

an d de t e c t ab l e  s p ac e  e r r o r s  o ut o f  a t o t a l  o f  7 0 8  

b at h y  me s s a ge s  e x am i n e d . 

' 
n umb e r  o f  . n u mb e r  o f  n umb e r  o f  n umb e r  o f  n umb e r  o f  

c ru i s e  t i m e  e r ro r s  I d e t e c t ab l e  d e t e c t a b  l e  d e t e c t ab l e  

4 9  

s p a c e  e s r o r s  
� 5 h r  i t i m e  e rro rs 1 .  0 sp a c e  e r r o r s  an d co r re c t ab l e  

I � s  h r  � l . o 0 s p a c e  e r ro r s  I � 1 .  o 0  

I I 

2 
i 

2 0 0 0 4 I 
I 

5 0 0 0 0 0 

6 4 4 0 0 0 

7 l l 0 0 0 

8 4 2 7 5 1 

9 1 1 2 2 2 

1 0  1 1 3 l 0 

1 1  3 l 2 2 0 

1 2  I 1 0 1 0 0 

1 3  3 3 1 2  8 5 

1 4  0 0 l '  0 0 

• 1 s I 0 0 3 1 1 

t o t a l  2 0  1 5  3 1  1 9  9 

I 
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Table 7 .  The distribut ion o f  differences (XBT-BM) i n  beat storage H from 
the surface to 400 m compiled for 60S stations.  

�e 4 s 6 7 8 9 10 1 1  1 2  13 14 lS total 
interva 

H c: -200 
-200 :s H < -1 90 1 1 2 
- 1 90 :s H e:  -180 1 1 
- 1 80 s H <: -170 
-170 s H < -160 1 1 
-160 SH < -lSO 
-lSO 'S H <:  -140 1 1 
-140 :!i H < -130 2 1 1 4 
-130 S H <  -120 1 1 2 
-120 '!H <: - 1 1 0  1 1 2 
-110 S H <  -100 1 2 1 4 
-100 " H < -90 1 1 1 2 2 2 9 

-90 SH < -80 2 1 2 2 1 8 
-80 .SH < -70 1 1 1 4 3 1 1 1  
-70 S H  < -60 1 1 1 2 3 1 1 1 1 1  
-60 S H < -SO 2 2 2 1 4 4 1 3 1 9  
-SO S H  < -40 4 1 1 2 2 4 s 3 3 2 27 
-40 �H < -30 4 2 2 3 s 6 7 1 3 1 34 
-30 S H <  -20 3 1 1 2 2 3 1 4 1 3 1 1 23 
-20 -S H <.  -10 2 4 2 3 1 7 4 3 6 1 1 34 
-10 S H <  0 7 2 s 2 s 6 s 1 1 2 3 3 Q  

0 SH < 1 0 1 1 2 6 2 4 4 2 4 1 2 29 
1 0  SH < 20 4 2 s 4 8 6 1 2 3 3 2 4 44 
20 SH < 30 2 1 3 2 s 6 4 2 3 s 2 8 43 
30 5H < 40 1 1 1 2 4 2 4 2 4 4 1 s 3 1  
40 sH < so 3 2 2 3 2 4 3 3 23 
SO SH ... 60 3 1 1 4 3 1 3 4 2 4 26 
60 sH < 70 2 2 1 1 2 6 6 2 22 
70 5H <. 80 2 1 4 1 1 7 4 3 1 24 
80 sH < 90 1 2 1 1 2 1 2 10 
90 'SH < 100 1 1 1 1 3 1 4 1 2  

100 S H < 1 1 0  1 2 2 1 s 1 1  
1 1 0 'S H < 1 20 2 2 1 2 1 8 
1 20 'S H  < 130 1 1 1 1 3 2 1 1 0  
130 S H < 140 1 1 1 1 4 
140 S H  < l SO 1 1 1 4 7 
lSO 'S H  < 160 1 1 3 1 1 7 
160 :: H  < 170 1 1 1 1 4 
170 s H  < 1 80 2 1 3 
1 80 S H < l 90 1 2 1 4 
1 90 �  H < 200 1 1 2 1 s 

H ? 2 0 0  2 s 1 6 2 3 4 s 6 8 4 46 
no . stations 
considered 33 17 46 42 S8 S9 so SS 73 S 9  S3 60 60S 



Table 8 .  The d i s t r ibution o f  the d i f f erences (XBT-BM) i n  dynamic 
depth anoma ly , X, in dynamic millime ters at 400 m compiled 
for 605 stat ions . 

�e 
J.nterval 

x < -100 
-100 S X < -9S 

-9S 5' x < -90 
-90 s x < -8S 
-8S � x <. -80 
-80 S X <  -7S 
-7S -;; X < -70 
-70 5 X< -6S 
-6S s x < -60 
-60 s  x < -ss 
-ss s x < -so 
-SO s X <  -4S 
-4S s x < -40 
-40 s x <: -3S 
-3 S � X < -30 
-30 -s  x < -2S 
-2S S X < -20 
-20 s x < -l s  
-ls � x < -10 
-10 S X < -S 

-s s x  < 0 
o s x < s  
s s x <: 10 

10 s x < lS 
lS s x < 20 
20 s: x < 2S 
2S s x  < 30 
30 s x < 3S 
3S s X  < 40 
40 .s x  <. 4S 
4S � X < SO 
so � x < SS 
SS s x < 60 
60 s x <. 6S 
6S  s x < 70  
7 0 � X < 7S 
7S s X < 80 
80 s x < 8S 
8S s x < 90 
90 s x <. 9S 
9S � x  < 100 

x ::  100 
no . stations 
considered 

4 s 6 7 8 9 

1 1 

1 

1 

1 
1 
1 1 1 

1 2 1 
1 2 2 1 

2 2 3 1 
2 4 6 2 2 
9 2 2 3 1 7 

1 1  1 6 6 4 l S  
4 7 2 1 2  7 9 
3 2 9 3 1 1  9 
4 s 2 7 6 

1 2 s 3 
s 2 2 
4 1 6 

1 
2 1 
1 1 

1 1 1 

1 

1 1 
33 17 46 42 S8 S9 

10 1 1  1 2  13 14 lS total 

1 1 4 
1 1 

1 
1 1 

1 1 2 

1 
1 1 2 

1 1 2 
1 1 

1 1 3 
1 2 

1 4 
1 s 

3 3 1 13 
3 s 6 1 24 
7 4 8 1 1 3 40 
6 1 2  6 4 2 S4 
8 7 8 3 3 s 7 7  
7 s 9 6 s 8 81 
7 s 6 6 3 13 7 7  
4 1 9 9 9 6 6 1  
3 1 s 8 s 4 37 

1 3 3 1 8 2S 
1 4 3 s 4 1 29 

1 2 s 4 1 14 
2 1 6 

1 2 3 1 9 
2 1 6 

2 1 3 
1 1 1 3 

1 1 1 3 
1 1 1 4 

1 1 

1 1 
s 1 8 

so S7 73 S 9  S l  6 0  60S 

5 1  


