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1. INTRODUCTION 

Data from NOAA's polar orbiting 
satellites have been used to attempt global 
mapping of sea surface temperature for the past 
17 years (Yates et al. 1986). These remotely 
sensed retrievals became considerably more 
accurate following the launch of the AVHRR 
(Advanced Very High Resolution Radiometer) in 
late-1978. Multi-channel SSTs (MCSST) have 
been computed operationally from AVHRR data 
since late-1981. 

Various authors (Bernstein 1982, Strong 
and McClain 1984, McClain et al. 1985, McClain 
1989) have presented statistics indicating RMS 
differences ranging from ±0.4 to 0.6°C between 
co-located in-situ buoy SST and satellite MCSST 
observations. Most importantly the biases of 
these monthly match-ups when compared with 
the drifters continue to show small and random 
biases (e.g., ±0.3°C maximum), with smaU 
nighttime monthly mean biases frequently 
compensating in sign for small daytime biases. 

The purpose of this paper is to compare 
annual MCSST with in-situ (ship and buoy) 
short-term oceanic surface temperature 
tendencies for the eight year period from 1982 to 
1989. Having combined both daytime and 
nighttime satellite observations into composite 
annual means we would expect that little effect 
will remain of an occasional bias problem noted 
during late-1988 and early-1989 between 
daytime and nighttime satellite retrievals over 
the westem tropical Pacific Ocean (Reynolds et 
al. 1989). Making use of the copious, although 
admittedly brief, MCSST database with its 3-5 
million monthly MCSST observations between 
60N and 60S, some notable tendencies are 
observed in both MCSST and in-situ SST 
records during the decade of the 1980s. 

With the wide ranging diversity of atmo­
spheric conditions through which MCSSTs are 
corroborated using drifting buoys, there is no 
reason to suspect accuracies should be any less 

in those ocean areas where drifting buoy match-ups 
happen not to be available. The primary exception 
to accurate MCSST determinations since 1982 was 
associated with a contamination from stratospheric 
aerosols from the April 1982 eruptions of El 
Chichdn. This negative offset incorporated within 
the MCSST measurements was chiefly a Northem 
Hemisphere event that lasted through October 
1983. Although most of the effect was to severely 
limit the MCSST retrieval density over large areas 
between ION and SON during the six months 
following the eruption, negative biases appear in 
the.data.set until latel_983 (Strong 1984).' For this 
reason earUer presentations of monthly 
hemispheric short-term (1982-89) trends have been 
improved by substituting ship and buoy SST 
monthly mean calculations for questionable 
MCSSTs during the 1982 and 1983 period until 
they can be corrected (Robock 1989, Strong, 1989a). 

2. DATA AND METHODS 

In order to remove monthly or seasonal 
variabihties, anomalies derived from the Robinson-
Bauer climatology are considered in the following 
annual mean presentations of global and 
hemispheric data. The data also have been 
separated latitudinally and by ocean basin to 
further examine compatibility and time series 
tendencies. The grid used for dl these data is the 
2.5 degree latitude/longitude interval previously 
used by Strong (1989b), and no analyzed 
conventional data have been used in these 
calculations. Althou^ this presents little difficulty 
with the MCSST computations, since virtually ail 
grid-quadrangles have well over 100 observations 
for each monthly computation, this is not the case 
with many of the grid values for in-situ data. 
Frequently, especially south of ION, grid point 
values are computed from less than ten monthly 
in-situ SST observations during a given month. 

3. RESULTS 

Eight-year tendencies are presented for 
global, Northem Hemisphere, Southem Hemi­
sphere SSTs in Figures 1, 2, and 3, respectively. 
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Annua/ global MCSST and in-situ SST departures from climatology CC) for the period 
1982 to 1989. 
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Figure 2 Same as Fig. 1 except for Northem Hemisphere only. 
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Figure 3 Same aa Fig. 1 except for Southem Hemisphere only. 

AREA 

In general, more variability is seen in the 
MCSST than in the in-situ SST year-to-year 
anomalies. MCSST data show warmer 
conditions during the 1987 El NiAo and, in the 
Northem Hemisphere, lower SSTs following the 
1982/3 and 1987 El Niiio than shown by the in-
situ data. Nevertheless, using annual data, the 
upward linear regressions in both data sets in 
Table 1 do not show any statistically significant 
differences, i.e. their standard errors all overlap. 
Interestingly, although concem has been 
expressed that MCSST values have been 
erroneously too high at times, the Northem 
Hemisphere results (Fig. 2) are now revealing 
in-situ data that exceed the MCSST levels using 
these processing procedures. Furthermore, the 
upward trend in the in-situ data over the 
Northem Hemisphere show the most significant 
upward trend during this eight-year period 
(Table 1). Significant also, in this record is the 
somewhat faster increase in SST over the 
Northem Hemisphere compared to the Southem 
Hemisphere, particularly shown by the in-situ 
data. 

ZONALS 

60N 
50N 
40N 
SON 
20N 
ION 
EQ 
lOS 
20S 
30S 
40S 
50S 

Table 1. 

SLOPE - DROATTAÎ  STANDARD ERROR 

MCSST IN-SITU MCSST IN-SITU 

Global 0.042 0.036 0.014 0.009 

Northem Hem 
Southem Hem 

0.040 
0.034 

0.044 
0.021 

0.018 
0.015 

0.009 
0.012 

North Pacific 
South Pacific 
North Atlantic 
South Atlantic 
Indian 

0.046 
0.064 
0.060 
0.077 
-0.054 

0.046 
0.046 
0.076 
0.063 
-0.061 

0.019 
0.016 
0.018 
0.015 
0.038 

0.015 
0.014 
0.014 
0.018 
0.036 

0.059 0.030 0.044 0.015 
-0.057 -0.032 0.033 0.028 
0.080 0.079 0.044 0.033 
0.104 0.080 0.022 0.010 
0.042 0.060 0.032 0.019 
0.020 0.034 0.047 0.032 

-0.058 -0.032 0.081 0.045 
0.035 0.026 0.040 0.028 
0.076 0.054 0.028 0.017 
0.086 0.050 0.011 0.014 
0.051 0.040 0.029 0.015 
-0.076 -0.097 0.022 0.034 

nal and Zonal variations tn 
SST fbr both satellite and in-situ 
data. Standard errors for the slope 
calculations are included. 
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Further observations can be made about 
the following basins: North and South Pacific 
Ocean, Figures 4/5; North and South Atlantic 
Ocean, Figures 6/7; and Indian Ocean, Figure 8. 
There is good overall correspondence between 
the two data sets in virtually all areas. Note 
how well the large excursions seen in the Indian 
Ocean anomalies are supported by both satellite 
and conventional SSTs. Both excursions are 
undoubtedly a function of the El Niflos of the 
1980s and provide further evidence of air-sea 
teleconnections between the Indian and Pacific 
Oceans that has been discussed by Cadet (1985). 
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Figure 4 

Figure 5 

Figure 6 

Figure 7 

Figure 8 

Same as Fig. 1 except for North 
Pacific basin only. 
Same as Fig. l except for South 
Pacific basin only. 
Same as Fig. 1 except for North 
Atlantic basin only. 
Same as Fig. 1 except for South 
Atlantic basin only. 
Same as Fig. 1 except for Indian 
Ocean basin only. 

Remembering that most of the drifting 
buoys used to establish the MCSST algorithms 
resided in the Southem Hemisphere, we note that 
the best correspondence between the two data sets 
is found in the Northem Hemisphere, where data 
density for the ship and buoy data set is highest. 
It is our contention that much ofthe discrepancy 
between conventional and MCSST annual values in 
the Southem Hemisphere is due to reduced data 
coverage from in-situ sources. From these 
presentations, it can be seen that over the 
Northem Hemisphere the greatest SST increases 
during this period are occurring in the North 
Atlantic - with the in-situ annual means 
increasing slightly fester, although not significantly 
so, than the satellite means. Again, as with the 
earlier hemispheric and global cases. Table 1 shows 
that all tendencies have "standard error bars" that 
overlap, si;iggesting there is no significant disagree­
ment between these two data sets. Other than this 
larger Atlantic Ocean change, perhaps the most 
noteworthy observation is the observed decrease 
recently seen in the Indian Ocean trend, 
apparently assodated through teleconnections with 
the decrease in equatorial Pacific SST following the 
1987 El Nino. Temperatures over the Indian 
Ocean during 1988 and 1989 have been averaging 
annually below anything observed during the rest 
of this past decade. When reviewing this basin's 
annual time series over the period it is apparent 
that the extreme scatter from the two high-
anomaly spikes, coinciding with the 1983 and 1987 
El Ninos, is responsible for the greater standard 
errors derived over this region. 

From the eight-year trends summarized in 
Table 1, the most significant rises over this 
relatively short period are on both sides of the 
equator in the Atlantic Ocetm. Here upward tend­
encies are seen that are nearly double the rate 
seen on the global ocean scale. It is apparent that 
the Indian Ocean, whose surface area represents 
21% ofthe global oceans, has been cooling, helping 
to offset some ofthe overall effect ofa more rapidly 
warming Westem Hemisphere (and Northem) 
during the 1982-89 period. Although much ofthe 
area of the Indian Ocean Hes in the Southem 
Hemisphere (approximately 90%), both the trend 
and year-to-year variations in anomaly bear no 
resemblance to those being seen in the other two 
oceans of the Southem Hemisphere. 

Displaying SST tendencies zonally provides 
another way to monitor our ocean's variabilities 
and trends. This is useful because for the most 
part our planet's climate regimes are best categor­
ized zonally. Zonal sUces from the data sets used 
here have been selectively analyzed for every ten 
degrees of latitude from the 2.5 degree latitude/-
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longitude oceanic grid. Figure 9 presents time-
series tendencies for these twelve zones from 
60N to 50S for the satellite and conventional 
SST data sets. Trends and stfmdard errors of 
these tendencies are summarized in Table 1. 
From these zonal analyses the similarities in 
short-term tendencies at approximately the 
same latitudes in each hemisphere can be 
compared. Although the only error bars that do 
not overiap occur at 30S, that higher trends are 
seen at both 30N and 30S may give more 
credence to the trends seen in these areas than 
otherwise. 

ZONAL S S T TRENDS 

Figure 9 Zonal tendencies from satellite and 
conventional data sources betuieen 
1982 and 1989 as a function on 
latitude. See Table 1 for standard 
errors accompanying each location 
and data type. (All overlap except 
30S location.) 

With the recent discussions of tropical 
surface warming (Nitta and Yamada 1989) it 
should be noted that Figure 9 indicates both in-
situ and satellite data sets show similar but 
slightly cooling equatorial surface tendencies, 
which are in opposition to the warming found at 
subtropical latitudes. At higher latitudes in 
both hemispheres, these overall SST increases 
can be seen to fall off, the trends becoming 
negative at 50N and 50S. Again, what appears 
most significant from these data sets is the 
symmetry in tendency apparent over both 
hemispheres. Poor in-situ SST coverage over 
the Southem Hemisphere around 30S may help 
to explain the largest discrepancies between the 
MCSST and in-situ trends. (Development ofthe 
operational MCSST algorithms have extensively 
employed drifting buoys from this ocean region -
giving further weight to their credibility in 

these latitudes.) 

One final latitudinal comparison has been 
recently made using all the individual monthly 
mean MCSST and in-situ SST data. This 
examination was similar to the technique used to 
examine the El Chichdn emption cloud Astribution 
and evolution that considered the difference 
between the MCSST and in-situ SST data over the 
1982-89 time frame. Figure 10 shows that over 
high latitudes of the Northem Hemisphere (50N -
60N) a very decided seasonal difference persists 
that could indicate an in-situ measurement 
contamination. During the colder winter and early 
spring months in-situ monthly means cycle to 
values typically I'C higher than MCSST. This 
effect can be seen to latitudes as low as 40N. 
During the summer months, a reverse offset can be 
seen in this same data comparison between 25 and 
45N. In the southem hemisphere, these features 
are less conspicuous, probably due to the poorer in-
situ coverage. 

M C 3 S T " - I N - S I T - U A T S O N O R T H 

Figure 10 Differences between MCSST and in-
situ SST at SON latitude for the 
complete monthly data set. 

4. DISCUSSION 

If a case can be made for any increase in 
SSTs during the 1980s from these analyses, it 
would be for the subtropical ocean regions ~ 20-40° 
N and S and the Atlantic Ocean. Regions along 
the Equator, at least globally, appear to show small 
cooling tendencies as does the entire Indian Ocean. 
Zonally, the higher latitudes around 50N and S ex­
hibit negative trends during the decade. It should 
be noted that the low to mid-latitude regions 
showing greatest increases are dominated by large 
anti-cyclones in the atmosphere, and they overUe 
large oceanic anticyclonic gyres in the respective 
ocean basins. Higher SSTs over these latitudes 
may indicate a shght migration of th features 
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during the recent 8-year period being considered 
here and/or changing cloud coverage amounts. 
The tendencies, furthermore, would indicate a 
broadening ofthe warmer tropical waters and a 
poleward displacement and slight increase ofthe 
north-south SST temperature gradient. 
Provided these trends continue in a similar 
fashion over the next decade, there are 
implications for some significant redistributions 
of heat over the planet's oceans. 

As climatologists continue to watch both 
oceans and atmosphere for signals of changing 
temperatures from predicted "greenhouse" 
related adjustments in our coupled air-sea 
environment, the questions are where should we 
watch and what should we expect to observe? 
Recently some sophisticated models have begun 
to point to certain zones and regions where 
responses might be most notable. NOAA's 
GFDL (Geophysical Fluid Dynamics Laboratory) 
results (Manabe and Stouffer 1988, Stouffer et 
al. 1989) from their coupled ocefin-atmosphere 
model reveal that little change in SST is 
expected due to global warming in the region of 
the Antarctic Convergence ~ even some decrease 
in SST could occur. Their model predicts 
considerably larger increases should be seen 
over the Northem Hemisphere where a higher 
land/sea ratio exists than over the Southem. 
The results presented here appear to be 
consistent with these preliminary GFDL 
findings. 

Results from the NASA/GISS (Goddard 
Institute for Space Science) three-dimensional 
model (Hansen et al. 1988) target the "low-
latitude" oceans for significant warming from 
augmented greenhouse conditions. The region of 
30S exhibits notable warming over the oceans by 
the 1990's in their "Scenario B". The Northem 
Hemisphere warming zonal band appears 
around 40N in the GISS results. Our zonally 
stratified calculations for tendencies during the 
1980s are qualitatively consistent with the 
findings from the GISS model. Quantitatively, 
their model shows these ocean areas could 
expect somewhat more than 0.5°C increases over 
the decade. Our tendencies over this area are 
not significantiy different. 

Possibly the biggest surprise in our 
findings is the strong apparent correlation 
between the Indian Ocean SST tendencies and 
El Niiio events in the tropical eastem Pacific. 
The two warm events from the 1982̂ 3 and 1987 
El Niiios are mirrored strongly in the average 
Indian Ocean basin anomalies. Walker (1923) 
and Beriage (1957) argue that a strong coupling 

exists between the atmospheres over the South 
Pacific and the Indian Ocean. Pressures of the 
lower atmosphere over these two regions correlate 
strongly, but negatively, in a "seesaw" (Rasmusson 
and Wallace 1983) effect tiiat points to a strong 
inter-relationship between these two large ocean 
areas. 

Incorporation of additional MCSST data 
during the 1990s should help reduce the depen­
dency of trends in these time series resulting {rom 
the periodic and far reaching effects of El Niiio 
events. It has been suggested that considering 
only grid locations with coincident satellite and in-
situ values would help remove much of the 
remaining discrepancies between the two global 
data sets. If that tums out to be the situation, an 
excellent case can be made for continuing and 
maintaining this MCSST time-series to adequately 
monitor our entire planet's SST, particularly in the 
Southem Hemisphere. 

The differences noted above between the 
differences of the monthly means of MCSST and 
in-situ SST during certain seasons may indicate 
some residual intake or ship effect. Contamination 
from the heated vessel during winter and air-
conditioning in summer would account for the 
observed seasonal offsets in the in-situ data set. 
Since these opposing effects are not being observed 
at the same latitude they do not cancel out when 
the annual means are considered. 
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ABSTRACT 

A time-series of AVHRR derived multi­
channel sea surface temperatures 
(MCSST) has been compared with ship and 
buoy SST data during the 1982-89 
period. Monthly mean results have been 
converted to annual means to reduce 
s e r i a l dependencies between montdis. 
Data separated both into regional and 
latitudinal time-series show favorable 
agreement between the s a t e l l i t e and 
conventional SSTs. comparisons with 
the NOAA/GFDL coupled atmospheric/ocean 
model results (EOS, 70,43 p.1002) 
indicate that certain changes in some 
ocean areas may be beginning recently 
that have been identified as changes to 
be expected in global warming 
scenarios. For example, during the 
past decade the southern hemisphere 
"ocean" has been warming at a slower 
rate (0.03C/yr) than i s seen over the 
northern hemisphere "ocean" (0.04C/yr). 
Our time-series show that during this 
(albeit short) 8-year record several 
regions are not showing warming, rather 
a cooling: the Indian Ocean (-0.05C/ 
yr),' the high latitude southern ocean 
(-0.08C/yr) ; and the equatorial oceanic 
belt (-0.06C/yr). 

1.INTRODUCTION 

i Data from NOAA's polar orbiting 
s a t e l l i t e s have been used to attempt 

i global mapping of sea surfac^e 
i.temperature for the past 17 years . 
I These remotely sensed retrievals became 
; considerably more accurate following 
: the launch of the AVHRR (Advanced Very 
i High Resolution Radiometer) in l a t e -
1978. Multi-Channel SSTs (MCSST) have 
been computed operationally from AVHRR 
data since late-1981. 

Various authors*'^'*'* have presented 
s t a t i s t i c s indicating RMS differences 
ranging from ±0.4 to 0.6'C between co-
located i n - s i t u buoy SST and s a t e l l i t e 
MCSST observations. Most importantly 

the biases of these monthly match-ups 
when compared with the drifters continue 
to show small and random biases (e.g., 
±0.3*C maximum), with small nighttime 
monthly mean biases frequently 
compensating in sign for small daytime 
biases. 

The purpose of t h i s paper i s to compare 
annual MCSST with i n - s i t u (ship and 
buoy) short-term oceanic surface 
temperature tendencies for the eight 
year period from 1982 to 1989. Having 
combined both daytime and nighttime 
s a t e l l i t e observations into composite 
annual means we would expect that l i t t l e 
effect w i l l remain of an occasional bias 
problem noted during late-1988 and 
early-1989 between daytime and nighttime 
s a t e l l i t e retrievals over the western 
tropical Pacific Ocean*. Making use of 
the copious, although admittedly brief, 
MCSST database with i t s 3-5 million 
monthly MCSST observations between 60N 
and 60S, some notable tendencies are 
observed in both MCSST and i n - s i t u SST 
records during the decade of the 1980s. 

2. DATA AND METHODS 

In order to remove monthly or seasonal 
v a r i a b i l i t i e s , these data are presented 
not only as global and hemispheric 
annual mean anomalies using the 
Robinson-Bauer climatology, but they 
also have been separated latitudinally 
and by ocean basin. The grid used for 
a l l these data i s the 2.5 degree 
latitude/longitude interval previously 
used by Strong', and no analyzed data 
have been used in these calculations. 
Although this presents l i t t l e difficulty 
with the MCSST computations, since 
virtually a l l grid-quadrangles have well 
over 100 observations for each monthly 
computation, t h i s i s not the case with 
many of the grid values for in-situ 
data. Frequently, especially south of 
ION, grid point values are computed from 
less than ten monthly in-situ SST obser­
vations during a given month. 
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o.on 

-0.061 
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0.034 
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0.01' 

0.011 
o.01s 

0.019 
0.016 
0.018 
0.015 
0.038 

0.044 
0.033 
0.04' 
0.022 
0.032 
0.047 
0.081 
o.°'o 
0.028 
0.011 
0.029 
0.022 

0.009 

0.009 
0.012 

0.015 
0.014 
0.014 
0.018 
0.036 

0.015 
0.028 
0;033 
0.010 
0.019 
0.032 
0.045 
0.028 
0.017 
o.ou 
0.015 
0.034 

Table 1. Regional and Zonal variations in SST for both satellite 
and in-situ data. Standard errors for the slope calcu­
lations are included. 



responsible for the greater 
standard errors derived over 
this region. 

From the eight-year trends 
summarized in Table 1, the 
most significant rises over 
this relatively short period 
are on both sides of the 
equator in the Atlantic 
ocean. Here upward tend­
encies are seen that are 
nearly double the rate seen 
on the global ocean scale. 
It is apparent that the 
Indian Ocean, whose surface 
area represents 21t of the 
global oceans, has been 
cooling, helping to offset 
some of the overall effect of 
a more rapidly warming 
Western Hemisphere (and 
Northern) during the 1982-89 
period. Although much of the 
area of the Indian Ocean lies 
in the Southern Hemisphere 
(approximately 90\), both the 
trend and year-to-year 
variations in anomaly bear no 
resemblance to those being 
seen in the other two oceans 
of the Southern Hemisphere. 

Displaying SST tendencies 
zonally provides another way 
to monitor our ocean's vari­
abilities and trends. This 
is useful because for the 
most part the planet's 
climate regimes are best 
categorized zonally. Zonal 
slices from the data sets 
used here have been select­
ively· analyzed for every ten 
degrees of latitude from the 
2.5 degree latitude/longitude 
oceanic grid. Figure 9 pres­
ents these twelve zones from 
60N to sos for the satellite 
and conventional SST data 
sets. Trends and standard 
errors of these tendencies 
are summarized in Table 1. 
Although more annual vari­
ability is often obvious when 
the data are broken out 
zonally, with expected lower 
overall significance, certain 
features that collectively 
could become significant may 
be worth noting. Figure 10 
illustrates the similarities 
in short-term tendencies at 
approximately the same lati­
tudes in each hemisphere. 
Although the only error bars 
that do not overlap occur at 
3 os, that higher trends are 
seen at both JON and JOS may 

.. 
I ..• 

; .•. : 
IM8 l.tiea H .. & ... l .. &M1 &IM ..... &Mt -

~ •. :: ' i ~ ' Yi 
• . ;·····+--P··· .. ·v: : I-··· i I ' 

-· j j : ' ; : 
, .. &.- , ... , ....... &M'I PM ,._ &9M -

.. MIM1M .. ,. 

~ ··: f ..... . ....... 
i -··· . i i ; I ! I ' -· c.......---------'---"-" , ... aeui 1M4 u• , ... I.MT , ... , ... WM -

... 
1 ··: ;· .. ··, ·. 
·•·•1:..--------------" , ..... ~ , ......... , ... ,..., , ... , ... , ... -

ft eount MT• 

i-··· 
-·CJ-~_.__.....__.___,'--.....__.__.... 

J.M8 l9U ......... HM &MT ..... UNUM -
' 

i-•.: ·•t..;.... _________ ___, 
..... &.ea , ... , ... , ......... I.eel , ....... -

.. l«M114i .. ,. 

·1t tmffi ~ 
0 

I •·• ····· ··. i-L·~ 
&.a &eA &-.. ..... PM ..., ,,_. ..... , ... ... 

.. _,,. ... 

:.JHft-t~ ll 
PMUMMM& .. & ... UeT&aeea ........ -

Q 

I •·• 
' 1 ... : 

-• I 
, ... &Ma ,..,. , ... & ... 1891 UM a-. UM -

.. mnN ..,.. 

tftttmi II 
, .. , .. , ... &8A ..... ,..., .......... , .. -
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SST departures from climatology 
('C) between 60N and sos from 
1982 to 1989. 



3. RESULTS 

Eight-year tendencies are presented for 
global. Northern Hemisphere, Southern 
Hemisphere SSTs in Figures 1, 2, and 3, 
respectively. In general, more 
variability is seen in the MCSST than 
in the in-situ SST year-to-year 
anomalies. MCSST data show warmer 
conditions during the 1987 El NiAo and, 
in tihe Northem Hemisphere, lower SSTs 
following the 1982/3 and 1987 El Niflo 
than shown by the in-situ data. 
Nevertheless, using annual data, the 
upward trends in both data sets in 
Table 1 do not show any statistically 
significant differences, i.e. their 
standard errors a l l overlap. Interest­
ingly, although concem has been 
expressed that MCSST values have been 
erroneously too high at times, the 
Northem Hemisphere results (Fig. 2) 
are now revealing in-situ data that 
exceed the MCSST levels using these 
processing procedures. Furthermore, 
the upward trend in the in-situ data 
over the Northem Hemisphere show the 
most significant upward trend during 
this eight-year period (Table 1). 
Significant also, in this record i s the 
somewhat faster increase in SST over 
the Northern Hemisphere compared to the 
Southem Hemisphere, particularly shown 
by the in-situ data. 

Further observations can be made about 
the following basins: North and South 
Pacific Ocean, Figures 4/5; North and 
SoutOi Atlantic Ocean, Figures 6/7; and 
Indian Ocean, Figure 8. There is good 
overall correspondence between the two 
data sets in virtually a l l areas. Note 
how well the large excursions seen in 
the Indian Ocean anomalies are 

supported by both satellite and 
conventional SSTs. Both excursions are 
undoubtedly a function of t:he El NiAos 
of the 1980s and provide further 
evidence of air-sea teleconnections 
between the Indian and Pacific Oceans. 

Remembering that most of the drifting 
buoys used to establish the MCSST 
algorithms resided in the Southem Hemi­
sphere, we note that the best corre­
spondence between the two data sets is 
found in the Northern Hemisphere, where 
data density for the ship and buoy data 
set is highest. Possibly the greater 
discrepancies between conventional and 
MCSST annual values in the Southem 
Hemisphere is due to reduced data cov­
erage from in-situ sources. From these 
present-ations, i t can be seen that 
greatest SST increases during this 
period over t:he Northern Hemisphere are 
occurring in the North Atlantic — with 
the in-situ annual means increasing 
slightly faster, although not signif­
icantly so, than the satellite means. 
Again, as wit:h the earlier hemispheric 
and global cases. Table 1 shows that a l l 
tendencies have "standard error bars" 
that overlap, suggesting there is no 
significant disagreement between these 
two data sets. Other than this larger 
Atlantic Ocean change, perhaps the most 
noteworthy observation is the observed 
decrease recently seen in the Indian 
Ocean trend, clearly associated with the 
decrease in SST following the 1987 El 
Nii^o. Temperatures over the Indian 
Ocean during 1988 and 1989 have been 
averaging annually below anything 
observed during the rest of this past 
decade. When reviewing this basin's 
annual time series over the period i t is 
apparent that the extreme scatter from 
the two high-anomaly spikes, coinciding 

NORTH 
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Figure 4 Same as Fig. 1 except for North Pacific basin only. 

Figure 5 Same as Fig. 1 except for South Pacific basin only. 

Figure 6 Same as Fig. 1 except for North Atlantic basin only. 

Figure 7 Same as Fig. 1 except for South Atlantic basin only. 

Figure 8 Same as Fig. 1 except for Indian Ocean basin only. 
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give more credence to the 
trends seen in these areas 
than otherwise. I t should be 
noted that these are regions 
that are dominated by large 
anti-cyclones in the atmo­
sphere, and they overlie 
large oceeuiic anticyclonic 
gyres in the respective ocean 
basins. 

With the recent discussions 
of tropical surface warming 
Figures 9 and 10 indicate 
both in-situ and satellite 
data sets show similar but 
slightly cooling equatorial 
surface tendencies, which are 
in opposition to the warming 
found at subtropical l a t i ­
tudes. At higher latitudes 
in both hemispheres, these 
overall SST increases can be 
seen to f a l l off, the trends 
becoming negative at SON and 
SOS. Again, what appears 
most significant from these 
data sets is the symmetry in 
tendency apparent over both 
hemispheres. Poor in-situ 
SST coverage over the South­
ern Hemisphere around SOS may 
help to explain the largest 
discrepancies between the 
MCSST and in-situ trends. 
Development of the operation­
al MCSST algorithms have 
extensively employed drifting 
buoys from this ocean region. 

4. DISCUSSION 

If a case can be made for any increase 
in SSTs during the 1980s from these 
analyses, i t would be for the 
subtropical ocean regions — 20-40* N 
and S 'and the Atlantic Ocean. Regions 
along the Equator, at least globally, 
appear to show small cooling tendencies 
as does the entire Indian Ocean. 
Zonally, the higher latitudes around 
SON and S exhibit negative trends 
during the decade. Provided these 
trends continue in a similar fashion 
over the next decade, there are 
implications for some significant 
redistributions of heat over the 
planet's oceans. 

As climatologists continue to watch 
both oceans and atmosphere for signals 
of changing temperatures from predicted 
"greenhouse" related adjustments in our 
coupled air-sea environment, the 
questions are where should we watch emd 
what should we expect to observe? 
Recently some sophisticated models have 
begun to point to certain zones and 
regions where responses might be most 

ZONAL SST TRENDS 
i9sa-ea MCSST t in-.itu oat. HCSST 

IN-SITU 

Figure 10 Zonal tendencies from satellite 
and conventional data sources 
between 1982 and 1989 as a 
function on latitude. See Tjdsle 
1 for standard errors 
accompanying each location and 
data type. (All overlap except 
3OS location.) 

notable. NOAA's GFDL (Geophysical Fluid 
Dynamics Laboratory) results • from 
their coupled ocean-atmosphere model 
reveal that l i t t l e change in SST is 
expected due to global warming in the 
region of the Antarctic Convergence — 
even some decrease in SST could occur. 
Their model predicts considerably larger 
increases should be seen over the 
Northern Hemisphere where a higher 
land/sea ratio exists than over the 
Southern. The results presented here 
appear to be consistent with these 
preliminary GFDL findings. 

Results from the NASA/GISS (Goddard 
Institute for Space Science) three-
dimensional model" target the "low-
latitude" oceans for significant warming 
from augmented greenhouse conditions. 
The region of 30S exhibits notable 
warming over the oceans by the 1990's in 
their "Scenario B". The Northern Hemi­
sphere warming zonal band appears around 
40N in the GISS results. Our zonally 
stratified calculations for tendencies 
during the 1980s are qualitatively 
consistent with the findings from the 
GISS model. Quantitatively, their model 
shows these ocean areas could expect 



somewhat more than o.5•c increases over 
the decade. Our tendencies over this 
area are not significantly different. 

Possibly the biggest surprise in our 
findings is the strong apparent 
correlation between the Indian Ocean 
SST tendencies and El Nino events in 
the tropical eastern Pacific. The two 
warm events from the 1982/3 and 1987 El . 
Ninos are mirrored strongly in the 
average Indian Ocean pasln anomalies. 
Walker12 and Berlage1 argue that a 
strong coupling exists between the 
atmospheres over the South Pacific and 
the Indian Ocean. Pressures of the 
lower atmosphere over these two regions 
correlate strongly, but negatively, in 
a "seesaw"" effect that points to a 
strong inter-relationship between these 
two large ocean areas. 

Incorporation of additional MCSST data 
during the 1990s should help reduce the 
dependency of trends in these time 
series resulting from the periodic and 
far reaching effects of El Nino events. 
It has been suggested that considering 
only grid locations with coincident 
satellite and in-situ values would help 
remove much of the remaining 
discrepancies between the two global 
data·sets. If that turns out to be the 
situation, an excellent case can be 
made for continuing and maintaining 
this MCSST time-series to adequately 
monitor our entire planet's SST, 
particularly in the Southern 
Hemisphere. 
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ALBERT GORE, JR. 393 RUSSELL SENATE OFFICE BUILDING 

TENNESSEE PHONE: 202-224-4944 

Bmted States Senate 
WASHINGTON, DC 20510-4202 

May 20, 1991 

Honorable Joseph Biden 
United States Senate 
Washington, D.C. 20510 

Dear Joe: 

I've asked my s t a f f t o research your question on ocean 
temperatures. You had asked whether the oceans were c o o l i n g . The 
answer i s t h a t they are not; both the Northern and the Southern 
Hemisphere oceans are warming. 

There i s , however, room f o r confusion here: w h i l e the oceans 
o v e r a l l are warming, the Indian Ocean and a very narrow band around 
the equator do show downward trends i n temperature dur i n g the 1980's. 
(Note t h a t t h i s t r e n d may be changing. The Indian ocean has reached 
record warm temperatures r e c e n t l y , and many s c i e n t i s t s suspect t h a t 
the elevated temperatures touched o f f the severe storm systems 
Bangladesh has s u f f e r e d . ) Moreover, w h i l e the Southern Ocean i s 
warming, the r a t e of temperature increase has not been as r a p i d as i n 
the Northern Hemisphere. 

These r e s u l t s are derived from s a t e l l i t e data. I m p o r t a n t l y , 
they have very r e c e n t l y been checked against — and found t o be 
st r o n g l y c o r r e l a t e d w i t h — buoy sea surface temperature data. I n 
a d d i t i o n , the r e s u l t s are i n agreement w i t h the p r e d i c t i o n s made by 
climate modelers of the l i k e l y e f f e c t s of greenhouse warming. 

I f you would l i k e f u r t h e r i n f o r m a t i o n on these trends, Alan 
Strong (301-267-3561) i s NOAA's expert. I enclose h i s two most 
recent papers f o r your i n f o r m a t i o n . 

Best Regards, 
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Ocean Data ShowsGlobal 
arming May Have Begun 

By THOMAS H. MAUGHII, Times Science Writer 

. New measurements reveal that 
the oceans are warming and rising 
about twice as rapidly as scientists 
had thought, strongly suggesting 
that global warming caused by the 
burning of fossil fuels has already 
begun, researchers said Wednes­
day., • . . • • . . • • 

Satellite data indicates that the 
temperature of the Earth's oceans 
has been rising at a yearly rate of 
nearly 0.2 degrees Fahrenheit 
through most of the 1980s, accord­
ing to a report scheduled for publi­
cation today in the journal Nature. 

"We may be just beginning to 
witness the onset of warming" 
produced by the accumulation of 
carbon dioxide in the atmosphere, 
said oceanographer. Alan E. Strong 
of the Nationcd Oceanographic and 
Atmospheric Administration in 
Suitland, Md. 

Coincidentally, Richard Peltier 
of the University of Toronto re­
ported Wednesday at an American 
Geophysical Union meeting in 
Snowbird, Utah, that the level of 
the oceans is rising about 1/12 of an 
inch per year—an outcome of 
warming caused by the greenhouse 
effect 

Combined with recently report- ' 
ed data that five of the hottest 
years in recorded history have 
occurred during the 198Cte—per-; 
haps as a result of the greenhouse . 
effect—the new reports offer evi­
dence that the Earth may already, 
have entered a period of unprece-: 
dented heat The reports seem to , 
add new urgency to predictions 
that greenhouse warming will lead ^ 
to widespread coastal flooding and 
even to the obliteration of soma 

Please setJ)ATft-, Page 28. j 
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DATA: Oceans Warming, Rising 
island nations, such as the Mal­
dives. 

"Tliis is very important work," 
-said glaciologist Richard Williams 
of lhe U.S. Geological Survey. "It 
has taken a long time to gel 
people's attention, bul it is happen­
ing now. I think you are going to 
see a lot more things beginning to 
surface as the recognition comes 
lhal we've got severe problems." 

Monitoring ocean temperatures 
has been particularly difficult in 
the past because little data has 
been available lo cover the vast-
ness of the oceans. Such measure­
ments typically are provided by 
instruments on floating buoys and 
by ships traversing cargo routes, 
leaving large areas of the ocean 
unmonitored. 

In contrast, satellite measure­
ments, which are rapidly becoming 
the foremost way to monitor global 
change, cover virtually all areas of 
the globe and provide as many as 3 
million observations per month. 
The satellite measurements are 
compared closely to measurements 
from buoys and ships to ensure 
accuracy of the data, Strong said. 

Variations in Temperature 
The satellite data covers lhe 

period from 1982 to the present. 
Although there are large yearly 
variations in temperature. Strong 
said, an upward trend of aboul 0.18 

degrees per year is clear, about 
twice the rate of increase that had 
been obtained wilh conventional 
measurements. The current aver­
age temperature is now about 66 
degrees. 

Strong attributed the apparent 
discrepancy in measurements to an 
above-average temperature in­
crease in equatorial regions, where 
few conventional measurements 
are recorded. "The global-
warming people are saying that 
ought to be a region where we 
might start seeing evidence of 
global warming," he said. "There is 
no way to say how much of that 
temperature increase is attributa­
ble to global warming, but [at least] 
part of that increase is due to it." 

Measurements of changes in the 
ocean level are also quite difficult, 
Peltier noted, because land levels, 
which serve as a reference point, 
are themselves changing, a process 
known as "isoslalic adjustment." 
The East Coast of the United 
States, for example, is slowly sink­
ing, while Scandinavia and the 
Hudson Bay region are rising above 
the ocean. 

Measurements of changes in the 
ocean surface level are normally 
made by averaging tidal levels 
around the world as measured by 
tide gauges. But the changes in the 
land itself produce widely varying 
measurements of sea level changes 
around the globe. Peltier attempted 

to circumvent this problem by 
subtracting the effects of isostatic 
adjustment from: the measured tide 
levels at each location. 

Twice the Rate 
He told the geophysical meeting 

Wednesday that his measurements 
yield an average increase in ocean 
level of about 1/12 of an inch each 
year during the 1980s, about twice 
the rate scientists had previously 
estimated. He noted, however, that 
the measurements must be inter­
preted cautiously because there are 
very few tidal measurements in the 
Southern Hemisphere. 

Most oceanographers agree that 
the level of the oceans has risen by 
as much as two inches over the last 
century. Various projections of the 
increase that will result from 
greenhouse warming range from 10 
feet to 25 feet by the end of the next 
century. 

Some of that increase, perhaps as 
much as a third, is due to expansion 
of the oceans as they have warmed. 
Beyond that expansion, however, 
"the only obvious explanation" is 
melting of glaciers, particularly in 
Antarctica, Williams said. 'This 
seems to fit with a greenhouse 
scenario, in which melting glaciers 
would be one consequence of 
warmer temperatures. 

About 91% of the world's ice is in 
Antarctica, Williams said, and sat­

ellite imagery clearly shows that 
the ice pack is shrinking. That 
shrinkage is also evidenced by the 
increased "calving" of large ice­
bergs, such as the "monster ice­
berg," 60% of the size of Connecti­
cut, that broke off from the 
Filchner glacier in 1986. 

Floating Ice 

So far, he added, mosl of the 
Antarctic ice that has disappeared 
has been floating ice, whose melt­
ing will have no effect on ocean 
levels since the ice was already in 
the water. But as the fronts of the 
glaciers retreat, he said, more ice 
resting on land will melt, and lhal 
will lead to a much greater increase 
in ocean levels. 

Such increases, experts predict, 
would cause large-scale flooding 
along the Eastern Seaboard of the 
United States, as well as in other 
low-lying areas such as Galveston, 
Tex. Other areas that may be 
flooded include Lake Maracaibo in 
Venezuela, Port-au-Prince, Haiti, 
and Puerto Cortes, Honduras. In 
addition, areas such as Bangladesh, . 
Pakistan and India that already 
suffer severe flooding during mon­
soon seasons will experience even j 
greater devastation, according to 
the United Nations Environment 
Programme. 

The new studies reflect an in­
creased awareness of the ocean's 
role in climate and an intensified 
effort to study it. Said Strong: "We 
have never looked at the oceans 
this well." 



hepatitis C cases in the early acute stages 
because the antibody takes months to 
develop, notes molecular v i ro logis t 
Daniel W. Bradley of the Centers for 
Disease Control's Hepatitis Branch in 
Atlanta. Bradley says he and his co­
workers are working to develop other 
assays lor the acute disease as well as a 
vaccine. 

To make the test, the Chiron re­
searchers stitched together three hepati­
tis C viral clones and inserted them into 
yeast, which then began making a viral 
protein from the foreign genetic material. 
Antibodies to the virus bind to the pro­
tein and become visible after a color-
producing reaction with another anti­
body, enabling scientists to use the 
manufactured viral protein to test blood 
samples for the hepatitis r • -

' I R S MAIN F.tE COPY 

. . ̂ ouii 111 all seven control 

samples, demonstrating that it detects 
antibody in infectious samples, Hough­
ton says. And when mixed wi lh blood 
from 10 prospectively studied transfu­
sion recipients diagnosed with non-A, 
non-B hepatitis, the test showed that ail 
developed antibodies wi th in a year after 
infection; for nine, the test picked out a 
positive blood donor No such antibodies 
were delected in blood from 43 people 
infected with other known hepatitis vir­
uses, he says. 

- Further use of the test should shed light 
on whether other agents can cause non-A, 
non-B hepatitis, Houghton says. Other 
studies already indicate lhat a significant 
portion of the cases may be caused by 
mutant forms of the hepatitis B virus (SN: 
1/28/89, p.,S2). 

The test is now in clinical trials, which 
should be completed by June, and Chiron 
plans to apply to llie Food and Drug 
Administration to market tlie test by the 
end of the summer, says company 
spokesman Larry Kurtz. - / . Wickelgren 

Recent ocean warming: Are satellites right? 
Satellites have detected a significant 

warming in Earth's oceans between 1982 
and mid-1988 that conventional methods 
have underestimated, reports Alan E. 
Strong from the National Environmental 
Satellite Data Information Service in Suit-
land, Md. But another researcher who 
works wi th the same measurements sees 
the purported warming as a largely art i ­
ficial one created by biases in the satellite 
information and by tlie brevity of the 
record. 

According to Strong, who presents his 
analysis in the Apri l 20 NATURE, "The 
global ocean is undergoing a gradual but 
significant warming of [approximately] 
0.1 °C per year, whereas the trend ob­
tained for the same period from conven­
tional data sources (ships and buoys) is 
about half that magnitude." 

Satellite measurements for ocean tem­
perature go back no farther than 1982. 
While this relatively short observation 
period makes it premature to use satellite 
data to detect long-term trends, such as a 
greenhouse warming, "we may just be 
beginning to witness the onset of this 
warming through satellite surveillance of 
ocean-surface temperature," says Strong. 

Yet Richard W. Reynolds of the Climate 
Analysis Center in Camp Springs, Md., 
says he is "flabbergasted" by tlie re­
ported warming in the satellite data. "I 
think this whole thing is an error." 

The controversy revolves around data 
taken by thermal sensors aboard several 
satellites run by the National Oceanic and 
Atmospheric Administration. Tiiese in­
struments measure infrared radiation 
emitted by the ocean, which can give an 
indication of sea-surface temperature 
once researchers perforin difficult cor­
rections for water vapor and clouds in the 

Chiron's brightening 
hints it's a comet 

When astronomer CHarles Kowal in 
1977 discovered the omect now called 
Chiron between the orbits of Saturn and 
Uranus, i l was known (enigmatically as 
"Object Kowal." Astronomers could not 
tell whelher it was an asteroid or a comet, 
since it orbited farther from the sun than 
most known asteroids l^ut for years failed 
lo show a comet's fuzzy "coma." Now 
Chiron may have revepled its true iden­
t i ty 

atmosphere. 
By checking the satellite observations 

against measurements taken by dri f t ing 
buoys, Strong says he has corrected for 
the important biases in the satellite data. 
(Bias is a consistent tendency to overesti­
mate or underestimate.) 

But Reynolds says significant biases 
remain in the satellite data. The 1982 
eruption of the Mexican volcano El 
Chichon skewed the record by flooding 
the stratosphere with dust particles that 
absorbed infrared radiation. For the first 
two years of ttie observation period, 
these particles made the oceans seem 
cooler than they were. OUier biases can 
affect certain regions of the globe. Right 
now, satellite instruments consistently 
indicate the Western Pacific is O.ST cold­
er during day than during night, which 
poses a clear problem, Reynolds says. 

In his paper, Strong reports that elim­
inating the El Chichon years of 1982 and 
1983 only slightly reduces the observed 
warming. But Reynolds contends that 
these bi.ises introduce a substantial ar t i ­
ficial warming into the record. In his own 
analysis of global ocean temperatures, 
Reynolds mathematically blends satellite 
measurements wi th those taken by both 
ships and buoys, a technique he says 
removes the satellite biases. The blended 
record shows almost no temperature rise 
between 1982 and 1988. 

Reynolds notes that ending the record 
in mid-1988 exaggerated the satellite er­
rors because the record includes the hot 
El Nino of 1987 but misses much of the 
cool La Nina of 1988. Because of such 
natural fluctuations, he and other re- / 
searchers caution against using a six-
year-long record to talk about tempera­
ture trends. - R. Monaslersky 

Solid line shows how a typical asteroid 
brightens as it nearsjihe sun, compared 
with additional brightening of "Comet" 
Chiron. Horizontal jlur/s represents dis­
tance from sun in astronomical units; 
vertical axis shows: visual magnitude, 

j 
Astronomers had speculated that the 

object might nevjbr warm enough to re­
lease the frozen! surface material that 
would give it a (coma. But as early as 
November 1987, as it approached the sun, 
Chiron seemed to brighten more rapidly 
than would be ekpected ol a bare, rocky 
object. Now Kar^n J. Meech of the Univer­
sity of Hawaii Institute for Astronomy in 
Honolulu and N ichael J.S. Belton of Ki l l 
Peak National Observatory in Tbcson, 
Ariz., report a coma around Chiron in 
images made with the Kitt Peak 4-meter 
telescope whenkhe object was about 11.8 
astronomicfil ui^its from the sun (1 astro­
nomical unit equals about 92.9 mil l ion 
miles). Chiron I is expected to get no 
closer than about 8.5 astronomical units, 
bul the brightening is apparently due to 
"sunlight reflected from an extended dust 
atmosphere," th^y say "indicating that it 
is a very large comet." 

The researchei-s note that Chiron ap­
pears about 112 miles in diameter, 10 to 20 
times the size of Comet Halley Ices such 
as carbon dioxid^, which evaporate at 
much lower temperatures, may have 

ould be Chiron's first been freed in what 
t r ip this close to t sun. - J. Eberharl 
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The latter molecule has a star shape comprising four aliphatic 
arms surrounding a central silicon atom. Both compounds are 
chemically inert. 

The liquid drop profiles are shown in Figs 1 and 2. Note the 
extreme distorsion of the horizontal to vertical scales (a factor 
of lO'). The volumes of the drops were found to be conserved 
(within errors) over the timescale of the experiment (one week), 
by numerically integrating the profile in cylindrical geometry. 
This shows that under constant flow of nitrogen there is no 
evaporation of the liquids. 

The first series of profiles (Fig. 1 a-c) shows the time evolution 
ofa drop of PDMS. The profiles are extremely flat (with slopes 
of the order of a few mm per lO'm). A "fool", corresponding 
to the precursor film, is clearly seen extending out ofthe central 
cap, (Fig. la) , with a thickness of 6 A. This structure may be 
interpreted as a monolayer of molecules extending for macro­
scopic distances out from the central macroscopic droplet; the 
thickness of the 'foot' is comparable to the lateral thickness of 
the molecule (7 A) as measured with an atomic force machine 
(AFM)'"\ As the profile evolves in time (Fig. lo-c), further 
structure is visible, with the suggestion of a second layer becom­
ing apparent. 

The second series of profiles, for Ihe time evolution ofa drop 
of tetrakis(2-ethylhexoxy)-silane, is more striking. Initially (Fig. 
2a) a molecular foot (of thickness 10 A) extends out from the 
central reservoir. As the drop spreads and flattens, a second 
molecular 'step' (again of thickness 10 A) appears (Fig. 2h), 
along with some indication of further layers. In Fig. 2c-/ the 
drop flattens down to a 'molecular carpet', and in the transient 
stages more steps of equal thickness become clearly visible: the 
first layer continues to extend, at the expense ofthe upper layers 
which progressively shrink and disappear. In these transient 
spreading stages, the fluid is strongly structured, with up to four 
distinct molecular layers forming near the solid wall. One could 
consider this layering as a form of smectic-like order induced 
in the liquid by the presence of an impenetrable wall. We note 
that the roughness of the substrate must be small for such 
molecular layering to be possible. 

There could be a connection between our observations and 
adsorption studies of rare gases on graphite, where stepwise 
adsorption has been observed (ref. 14 and references therein). 
But it should be emphasized that the layering previously 
observed in these adsorption experiments corresponds only 
to equilibrium situations. In our case, the situation is a dynam­
ical one: the layering could occur because of a stacking 
of the molecules near a wall (smectic density wave") or 
because of anomalies in the shear viscocity as a function of 
thickness of the fluid (see, for example, the modified AFM 
shear-viscosity measurements in ref. 16, which show step-like 
behaviour). 

The dynamic structural effect reported here calls for theoreti­
cal efforts aimed at a better understanding of such a striking 
physical phenomenon. • 
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Greater global warming revealed 
by satellite-derived sea-
surface-temperature trends 
A. E. Strong* 

National Atmospheric and Oceanic Administration, NESDIS/SRL/OSB, 
Suitland, Maryland 20233. USA 

INVE-STIGATING the response of global climate to changes in 
external forcing Is essentia! to our understanding of climate 
change. Here I present an analysis of satellite-derived sea surface 
temperatures for the period 1982-88. It can be seen from this 
analysis that the global ocean is undergoing a gradual but sig­
nificant warming of —0.1 °C per year, whereas the trend obtained 
for the same period from conventional data sources (ships and 
buoys) Is about half that magnitude'. Satellite global coverage, 
however, is far greater and, although we have no long lime series 
of satellite data (as opposed to conventional data), it Is possible 
(o observe short-term trends, as shown here, that may not be 
discerned using the coarser-resolution conventional data. 

Monthly mean daytime and night-time multichannel sea-
surface-temperature (MCSST) data from NOAA satellites have 
been consolidated into 25° latitude-longitude quadrangles 
between 60° N and 60° S. Typically, more than two million 
MCSST determinations are accumulated each month over this 
area. During the 1982-1988 MCSST record, approximately 98% 
of this oceanic grid contains MCSST average-temperature deter­
minations over the period. 

Using data from the operational Advanced Very-High-Resol­
ution Radiometer (AVHRR), NOAA has developed the capabil­
ity to measure remotely the surface temperature of the global 
ocean employing algorithms that eflectively correct for attenu­
ation by the intervening atmosphere, which before 1982 had 
hampered accurate remote measurement of sea surface tem-
perature^ Furthermore, these algorithms are initially tuned 
using measurements of sea surface temperature (SST) from 
drifting buoys whenever a new satellite is launched, thus assuring 
continuity of the program between successive sensors'. The 
AVHRR MCSST time series has been carefully monitored on 
a monthly basis, with SST measurements from drifting buoys 
being noted so as to guard against instrumental offsets or trends. 
No significant adjustments have been made lo the operational 
algorithms between different launches of the satellite. 

Monthly statistics derived from close individual match-ups 
between MCSSTs and the in situ drifting-buoy data which 
NOAA receives via the Global Telecommunications Syslem 
(GTS) have monthly global average biases (both daytime and 
night-time) within ±0.3 °C (ref. 3). Most (90%) of these biases 
fall within ±0.1 °C, and match-up scatter (standard deviation 
ofthe diflerences) averages about 0.6 °C (the range is 0.4-0.9 °C). 
The buoy-satellite match-up statistics typically represent 300-
800 sample pairs per month, both daytime and night-time. 

Most significantly in relation to this study, no trends have 
been observed in these monthly biases and no corrections are 
made to the operational algorithms on the strength of these 
biases. Furthermore, no significant biases are observed between 
daytime and night-time comparisons with drifting buoys, ruling 
out significant daytime solar heating or 'surface-skin' eflects on 
the monthly means. Because of the paucity of drifting buoys in 
the Northern Hemisphere that are linked to the GTS, match-ups 
have been largely restricted to the Southern Hemisphere. A 
regional survey of bias variability, performed in 1985, revealed 
no statistically significant variation as a function of atmospheric 
moisture or location over all major oceanic regions'*. 

A monthly mean consolidation and presentation of MCSST 

• Present address: Oceanography Department. US Naval Academy, Annapolis, Maryland 21402. USA. 
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FIG. 1 Satellite-derive multichannel sea-surface-temperature (MCSST) 95% level (dashed lines). (With the El Chichon years of 1982 and 1983 
monthly mean departures from climatology CO for the period 1982 to June excluded (see text) the slope and variance values shift slightly: global—b = 
1988. a. Global: slope b = 0.12 °C yr"\variance /-̂  = 0.73; ft Northern Hemi- O.llXyr''^, r̂  = 0,46; NH—b = 0,13 °C yr"', r '= 0,53: SH—b = 0.1 °Cyr'\ 
sphere (NH): b=0.16''Cyr"\ r' = 0.66; c. Southern Hemisphere (SH): b= /•' = 0,33.) 
0.1°Cyr" . r =0.57. Regression lines include their confidence limits at 

TABLE 1 Monthly variations in mean SST 

Slope (all months) Slope (1982 and 1983 excluded) 
Northern Southern Northern Southern 

Month Global Hemisphere Hemisphere Global Hemisphere Hemisphere 

January 0.11 0.14 0.13 0.11 . 0.09 0.14 
February 0.11 0.11 0.08 0.11 0.07 0.11 
March 0.09 0.11 0.09 0.08 0.07 0.08 
April 0.08 0.12 0.04 0.06 0.01 0.01 
May 0.08 0.13 0.03 0.04 0.11 0.01 
June 0.08 0.11 0.08 0.03 0.06 0.05 
July 0.15 0.21 0,10 0.10 0.12 0.06 
August 0.14 0.20 0,12 0.05 0.05 0.05 
September 0.14 0.19 0,12 0.11 0.11 0.14 
October 0.18 0.26 0.16 0.20 0.28 0.17 
November 0.18 0.26 0.19 0.20 0.24 0.23 
December 0.16 0.23 0.17 0.18 0.18 0.19 

Variance (all months) Variance (1982 and 1983 excluded) 
Northern Southern Northern Southern 

Global Hemisphere Hemisphere Global Hemisphere Hemisphere 

January 0.77 0.50 0.76 0.74 0.46 0.80 
February 0.79 0.45 0.55 0.77 0.38 0.77 
March 0.72 0.58 0.66 0.69 0.69 0.59 
April 0.70 0.78 0.35 0.41 0.68 0.01 
May 0.73 0.89 0.25 0.31 0.70 0.01 
June 0.67 0.68 0.69 0.15 0.69 0.37 
July 0.93 0.88 0.85 0.83 0.80 0.60 
August 0.75 0.73 0.73 0.25 0.25 0.25 
September 0.85 0.78 0.93 0.79 0.94 0.91 
October 0.89 0.90 0.89 0.85 0.88 0.86 
November 0.89 0.96 0.91 0.85 0.93 0.98 
December 0.97 0.85 0.96 0.98 0.78 0.97 
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measurements has been available for global evaluation since 
1982'. This study presents an analysis of MCSSTs for a 6^-year 
time series beginning in 1982 and extending to mid-1988. On a 
25° latitude-longitude grid, the Earth's oceans occupy —5,000 
of these grid boxes. An average of —500 monthly MCSST 
observations accumulate at each grid location. An exception to 
the otherwise nearly perfect coverage in this ±60° zonal band 
occurred during 1982 and into the first half of 1983, when 
monthly mean accumulations became briefiy less dense, par­
ticularly in the Northern Hemisphere tropics. This was a result 
of contaminating aerosol from El Chichon precluding MCSST 
retrievals through the thickest portions of the extensive volcanic 
cloud'. 

To provide for further evaluation of the MCSST data, 23° 
latitude zonal means are calculated; these are then used to 
compute MCSST means for the Northern and Southern Hemi­
spheres. Before values for each hemisphere are composited, 
zonal means are appropriately weighted to allow for the varying 
number of oceanic grid points in each zonal band. A similar 
treatment is applied to the global ensemble of MCSST data to 
produce an integrated monthly mean value for the entire ocean 
data set. An alternative evaluation, which weights grid points 
by area, produces similar results. 

One small segment ofthe time series is not available at present. 
This 5-month lapse occurred in 1986 between August and 
December because of problems with the computer system. These 
data cannot be used until arrangements for reprocessing can be 
made. 

Global, hemispheric and selected ocean basins were examined 
for significant MCSST trends during the 1982-1988 period using 
simple regression techniques. Departures from Robinson-Bauer 
climatology' * (that is, anomalies) are used in all cases to normal­
ize results. Global MCSST tendencies, with statistics, are shown 
in Fig. 1 with 95% confidence limits for the slope. Standard 

errors of all slopes depicted in Fig. 1 never exceeded 
±0.01 "Cyr" ' . In addition, a separate analysis was performed 
in which all 1982 and 1983 data were excluded from the 65-year 
time series to reduce potential effects of stratospheric aerosol 
contamination from El Chichon. These small diflerences are 
noted in the legend for Fig. 1. 

Another analysis was performed to investigate trends of the 
monthly data sets by calendar month. This allows us to focus 
on any exceptional tendencies during certain months or seasons. 
The data from Fig. 1 are redistributed for this purpose and are 
shown in Fig. 2 and tabulated in Table 1. 

Figure 3 presents trends ofthe world's oceans subdivided into 
five major regions: North and South Atlantic; North and South 
Pacific; and Indian. Standard errors ofthe slopes in Fig. 3 ranged 
from ±0.01 to 0.02 "Cyr" ' . 

Comparisons with past time series are difficult as no truly 
complete data sets were derived from solely conventional data, 
for which considerable smoothing is required to produce accep­
table global analyses. An analysis of historical SST data by Oort 
et a/.' also revealed an increased rate of temperature increase 
in the Northern relative to the Southern Hemisphere, but with 
a magnitude only half that of the total increase found here for 
the 1980s. Furthermore, the gradual increase presented in the 
Oort et al. survey occurred over a fifty-year period (1910-1960). 

A recent study' incorporating data from a Comprehensive 
Ocean-Atmosphere Data Set (COADS) has also shown increas­
ing surface temperatures (land and sea) during this same time 
interval, but the observed trend is only about half that found 
here. Even though some ocean surface temperatures were 
included, no satellite-derived sea surface temperatures were used 
in the COADS data sets'". Trends in the COADS data may be 
suppressed because ship and buoy observations typically miss 
over 25% ofthe monthly 2^° grid points south of 12.5 °N, where 
many monthly means must be calculated from fewer than five 

FIG. 2 MCSST monthly mean tendencies by month for global (solid line). Regression slopes (°C yr '). b. Variances (r^). 
Northern (dashed line) and Southern (dot-dashed line) Hemispheres, a. 
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FIG. 3 MCSST monthly mean tendencies over the same interval seen in Fig. 
1. 3, Northern Pacific (slope b =0.17 °C yr"^, r̂  = 0.65): b. South Pacific 
(b=0.13°Cyr " \ r= = 0.64): c. North Atlantic (b = 0,i21 °Cyr" ' , /•̂  = 0,64): d. 
South Atlantic (b =0.13 °C y r^ \ = 0.46); e, Indian Oceans (b =0,05 °C yr"^, 
r̂  = 0.12). 
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observations. COADS datd coverage typically exceeds 90% only 
at grid points between 20° and 40° N. Furthermore it is possible 
that the land temperature, whose contribution to the total area 
is neariy twice as great in the Northern than in the Southern 
Hemisphere, may be warming at a different (slower?) rate than 
the oce;ln. 

Further inspection of specific regions reveals increasing 
MCSST tendencies that are similar in the Atlantic and Pacific 
basins but are insignificant over the Indian Ocean. Closer 
examination of zonal tendencies, or even pinpointing the 
'centres of action' for the months or zonal bands exhibiting 
marked warming, would seem to be warranted. 

When examined on a separate monthly basis, the months of 
October to December are characterized by considerably more 
significant MCSST increases than March to June in both hemi­
spheres (Fig. 2). Although this is undoubtedly partly a result of 
the 1987 El Nino, October and November rates exceed 
0.2°Cyr~' in the Northern Hemisphere, with explained vari­
ances consistently exceeding 0.90. 

With the collection of ship data from thousands of reports 
having been rlecessary each month over the last dozen decades', 
the incorporation of satellite-derived, buoy-maintained SSTs 
Would seem to have certain advantages. Using the generally 
high-quality drifting-buoy data alone to corroborate observed 
trends in the global MCSST data set would not appear practical 
because of their paucity and spatial variability from year to 
year. Nevertheless, these drifters are an invaluable part of the 
satellite MCSST program. Unfortunately, no other adequate 

independent system exists for rigorous validation. Long time-
series data from moored buoys could be helpful for further 
comparisons at key sites. Biit where should these sites be located? 
Studies are underway to better identify regions showing the 
greatest trends in MCSST, with the hope that larger sets of 
quality-controlled conventional data can be secured in these 
more limited areas. 

Global changes ofthe sort described here have been predicted 
to increase drarnatically over the next few decades as a result 
of the greenhouse effect. We may be just beginning to witness 
the onset of this warming through satellite surveillance of ocean 
surface temperature. Using satellite MCSST time-series data, 
we are now in a better position to monitor both long- and 
short-term oceanic changes that, before this decade, were largely 
unnoticed. • 
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•< A cross-polarization micrograph of 
a crystal of olivine (blue) partially 
transformed to the spinel phase 
under stress. The small linear features 
(white bordered by yellow) are 'anti-
cracks' normal to the greatest com­
pressive stress, and may hold the key 
to the mechanism of deep earth­
quakes. Pages 733 and 687. THIS WEEK 

San Francisco 
The long-feared earthquake on 
the San Andreas Fault struck in 
the evening rush-hour last Tues­
day, See News pages. 

Immune reactions 
Following the recent discovery 
that the cyclosporin-binding pro­
tein cyclophilin is identical to a 
previously described peptidyl-
prolyl cis-trans isomerase, a 
cellular binding protein for the 
new immunosuppressant FK506 
is found to be distinct from cyclo­
philin but to have the same enzy­
matic activity. As well as having 
clinical importance in preventing 
allograft rejection, these drugs 
are revealing details of the 
lymphocyte activation process, 
pages 755, 758 and 692. 

Progress report 
The first practical applications of 
ceramic high-temperature super­
conductors are likely to be 
SQUIDS — superconducting 
quantum interference devices. If 
these new SQUIDS are to be com­
petitive with conventional mag­
netometers, low intrinsic mag­
netic flux noise will be necessary. 
A thin film of YBa^Cu^O-,.̂  has 
now been shown to exhibit such 
low noise (page 723). On page 
725, detailed measurements of 
the current-voltage characteris-
itics of bulk YBasCuaOy show 
that the critical properties of 
high-Ij superconductors cannot 
be fully explained by low-r^ 
theories. 

Hot and cold water 
How quickly is the global ocean 
warming? Conventional measure­
ments from ships and buoys point 
to an increase in temperature of 
0.05 °C per year, but satellite data 
have been interpreted as evidence 
for an increase of 0.1 °C per year. 
Reynolds et al. attempt to recon­
cile satellite and terrestrial data. 
Page 728. 

On a microplate 

:^»i tv 

Moai (stone statues) on Easter 
Island. Tbe statues are can/ed 
from volcanic tuff, one of the 
emption products of the pro­
posed Easter hotspot. Another 
manifestation of the hotspot may 
be the formation of a tectonic 
'microplate'. This microplate 
has now been comprehensively 
imaged by British and American 
sidescan sonars, as described in 
the Article on page 701. 

Memory's made of this 
Arachidonic acid facilitates a 
slow-onset, persistent increase 
in synaptic efficacy in the hippo-
campal dentate gyrus on weakly 
activating the perforant path. 
This is consistent with a 'retro­
grade messenger' role for arach­
idonic acid in the later phases of 
long-term potentiation, a widely 
studied model of the synaptic 
basis of information storage in 
the mammalian brain. Page 739. 

Tandem tum off 
The crj'Stal factor of tile met 
repressor DNA binding protein 
from f coli reveals a conspicuous 
absence of the helix-turn-helix 
binding motif found in the struc­
tures of other bacterial DNA bind­
ing proteins. The protein recog­
nizes specific sequences of DNA, 
turning off genes encoding for 
enzymes involved in methionine 
synthesis, by binding to them in 
tandem arrays. Pages 705 and 
711. 
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Satellite data contamination 
SiK—Strong' claims to have observed a 
global warming of 0.1 °C yr"' for the 
period 1982-88 using satellite-derived sea 
surface temperatures (SSTs). His results 
show a much larger warming trend than 
other analyses of the same data'. Strong's 
analysis is in error because, during the 
initial two years of his analysis period, he 
excluded S.ST data when the satellite data 
were contaminated by the signal from the 
dust cloud from the El Chichon volcanic 
eruptions of 29 March and 3-4 Apr i l 1982. 
Because the dust from the El Chichon 
volcanic cloud absorbed soinc of the 
infrared radiation emitted by the surface 
and re-emitted some infrared radiation at 
a lower temperature, satellite measure­
ments of the thermal emission of the sea 
surface gave readings in these areas that 
were too low. 

The excluded data in this region were 
not randomly distributed with respect to 
the mean SST. but covered the region of 
high SST anomalies resulting from the 
great El Nino of 1982-83. It was precisely 
where record-breaking SSTs were being 
observed at the surface that Strong 
eliminated data. In fact, recognition of the 
intensity of the 1982-83 El Nit'io was 
delayed at the time by dependence on 
satellite data that did not show the 
warm SSTs. 

Strong" used the difference between 
the satellite-derived SST and in situ data 
from ships and buoys as a measure of the 
thickness and location of the El Chichon 
dust cloud. It can be seen from his 
analyses that the //; situ SST measure­
ments in the region of the El Chichon dust 
were more than 0.4 °C higher than the 
satellite-retrieved values belwecti the 
Equator and 30° N from Apri l I9S2 to 
August 1983. and were more than l.d °C 
warmer for most of this region for most of 
this time. 

The result of excluding the contami­
nated satellite-derived data was lo niiss 
the warm icniperatiircs of the ocean 

g i j ^ ing llic first two \cius of his analvsis. 
j Thus the trend In his analysis is niuch 
Stoo large, because it starts from temp-
[cfiitures that are too cold for 1982-83. 

Omitting the data from ihese two years 
did not correct this iiiislakc. because the 
temperatures for these two years were 
higher than the average for the next two 
years, nol equal. 

Had Strong substituted //; .'iiiu data for 
the missing data in 1982-83 lo get a 
'blended' analysis, as Is done ri)iitinel\' at 
the Clirnaie Aii;ilysis Center'', he would 
have calciilalcil the correct trend. Indeed, 
he had these data a\ailahle because he 
used them in his previous work" . 

Analyses of lhe lotig-tcrin temperature 
record of the globe show an irregular 
warming during the past century (as 
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shown in ref. 2 for example), but this 
warming cannoi be unambiguously 
ascribed only to the effects of anthropo­
genic greenhouse gases. To separate out 
the competing effects of volcanic erup­
tions (which cause cooling for several 
years, and probably longer), tropospheric 
aerosols, and random, chaotic variations 
of the climate system, the actual record of 
climate change must be known as accur­
ately as possible. This requires a combina­
tion of data sources, including satellite 
data. But when satellite data are not avail­
able, such as in 1982-83, the best available 
data must be used to give correct global 
temperatures. 

ALAN ROBOCK 

Department of Meteorology, 
University of Maryland, 
College Park, 
Maryland20742, USA 

STRONC; uiicLiES—As mentioned by 
Robock, the effects of aerosol from El 
Chichon during the 1982-83 period have 
been well documented'*, showing exten­
sive involvement for aliout 18 months over 
large portions of primarily the Northern 
Hemisphere. I also discussed the effects 
from El Chichon. Robock is concerned 
that missing grid-point data (not elimina­
ted by me. but by the Multi Channel Sea 
Surface Temperature (MCSST) cloud 
detection procedures) in the areas where 
aerosol cont.imination was extensive 
could distort the data, particularly if those 
areas were undergoing dramatic warminc 
from the 1982-1983 El Nino. Although 
many grid boxes in the 10°-30° N latitu­
dinal band over the Pacific were void of 
data, most of these were during the period 
April-September 1982 before the de­
velopment of El Nino during September 
1982 along the E(|uator. By the time the 
volcanic debris migrated southward 
during December 1982 over the region 
being affected by the developing El Nino, 
some data were available for grid-box 
MCSS r monthly means, although derived 
from fewer MCSST retrievals, despite 
volcanic aerosols. The missing MCSST 
data from the volcanic cloud, therefore, 
did nol substantially affect the region 
where El Nirm was developing. 

The major concern is a period of nega­
tive offsets in derived MCSSTs from 
December. 1982 to niid-1983 over the 
eastern atid central equatorial Pacific. As 
Robock points out. an alternative analysis 
could have been performed to eliminate 
aivy possibility of contaminated MCSST 
data during the 1982-83 period by using a 
hybrid data set substituting entirely in situ 
sea surface temperatures (SSTs) every-
where'for the El Chichon years. 

Following Robock's suggestion. I have 
used monthly ship and buoy in situ SSTs 

over a grid identical to the one I used 
earlier'. These conventional data (not 
analyses) were then substituted for the 
initial 1982-1983 portion of the MCSST 
record. The revised short-term trends are 
somewhat less, but arc still upward. For 
the 6.5-year record (January 1982 - June 
1988) the rates of change arc: Global = 
0.08 °C yr-'; Northern Hemisphere (NH) 
= 0.07 °C yr"'; Southern Hemisphere 
(SH) = 0.07 °C. This compares with my 
previously reported global, NH and SH 
MCSST rates of change of: 0.12. 0.16 and 
0.10 °C yr"'. respectively. Using entirely 
conventional data these global. NH and 
SH rates are: 0.04, 0.04 and 0.03 °C yr"'. 
For hybrid data spanning an updated 
period from 1982 to March 1989 the 
global. N H and SH slopes are: 0.05, 0.04, 
and 0.05 °C yr"', respectively; conven­
tional global, NH and SH SST rates: 0.03, 
0.04, and 0.02 °C yr"', respectively: As 
well as accounting better for some of the 
contaminated MCSST data in 1982-1983, 
these updated values reflect the cooling 
that took place over much of the Earth's 
oceans during 1988. So far during 1989 the 
tendency has been again towards higher 
values. 

ALAN E. STRONG* 

Satellite Research Laboratory. 
National Oceanic and Atmospheric 

Administration, 
Camp Springs, 
Maryland 20233, USA 
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•Present address. Oceanography Department. U.S. Naval 
Academy. Annapolis. Maryland 2 1 4 0 2 . USA. 

High table tales 
SiK—Robert May {Nature 341. 386-387; 
1989) has Haldane's famous beetle story 
elicited by a question from Jowett. 
Haldane was born (in Oxford) on 5 
November 1892. Jowett died on 1 October 
1893. ha\ ing left Oxford in September of 
that year. So while they could have met. 
they certainly diti not have a conversation 
either at high table at Balliol. or anywhere 
else. 

MARK WILLIAMSON 

Department of Biology, 
University of York, 
York YOl 5DD. UK 

MrW Kuri.iL.s—Mundane constraints of 
time and space do not apply to stories 
about Oxford. 

ROBERT M . MAY 

Department of Zoology, 
University of Oxford 
Oxford 0X1 3PS, UK 
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a heavier i so tope * ' . This isotope effect leads to the di f ference 
in the extent o f ion izat ion o f the species depend ing on the 
isotope mass, wh ich in tu rn leads to a dif ference in the chromato­
graphic retent ion o f the isotopic compounds at a p H near the 
p K ^ where bo th two terms o f the r igh thand side o f equat ions 1 
and 2 make signif icant cont r ibu t ions . 

Figure 2a shows the separat ion o f a standard mix tu re ( 1 : 1 ) 
o f D M A - " ' N and D M A - " N at p H 3.8. We f ound the n i t rogen 
isotope effects on the d issociat ion o f pro tonated amines, 
" ' A : „ / " A C „ , to be 1.019 for a n i l i n e ' " and 1.014 for D M A , in 
agreement w i th the reported v a l u e s " '". A m a x i m u m chromato­
graphic separat ion factor, ' " k ' / ' ^ k ' , o f 1.011 was observed at 
p H 3.5-4.0 for the isotopic D M A . 

To enr ich ' " N f rom the natural abundance o f 0 .37%, we 
col lected - 5 % o f t h e total peak, inc lud ing the f rac t ion corre­
spond ing to D M A - ' ^ N , as shown in Fig. 2b. The rechromatogra-
phy o f the col lected f ract ion in Fig. 2c shows that the isotopic 
pur i ty o f ' N , by the compar ison w i l h the standard chromato-
grams, is - 6 % , which agrees wel l w i th the results o f gas 
chromatography /mass spectrometry de terminat ion . We can 
obta in an isotopic pur i ty as high as 9 0 % by co l lect ing an 
appropr ia te f rac t ion o f t h e chromatograph ic separat ion shown 
in Fig. 2c 

The separat ion o f " 'O and ' "O requires a s imi lar co l umn 
efficiency as that required for the separat ion o f ' " N and " N . 
We have f o u n d the oxygen isotope eflects on the d issociat ion 
" • K J ^ ' K , to be 1.020 for benzoic acid ( n A ) - " ' 0 2 and B A - ' ^ O , 
(ref. 13), and 1.017 for P N P - ' ^ O H and P N P - ' ^ O H . This results 
in an isotope separat ion factor ' "A - ' / " 'A ' o f 1.010 for PNP. Abou t 
800,000 theoret ical plates are required to achieve complete 
resolut ion o f P N P - ' ^ G H , P N P - " O H and P N P - ' ^ G H , wh ich 
can be p rov ided hy a co lumn system of 15-20 m. Wc show the 
separat ion o f the three oxygen isotopes by recycle 
c h r o m a t o g r a p h y " ' ' ' o f PNP in Fig. 3. The results show that 
" O , wh ich is cur rent ly avai lable at less than 6 0 % isotopic pur i t y 
in the fo rm o f H ; 0 , can be enr iched to a very high isotopic 
pur i ty (90% and above) by s imple f rac t ionat ion o f t h e chromato-

750 eOO 750 800 
Time (mini 

750 800 

FIG 2 Separation of DMA-'^N anij DMA-'^N a. 1:1 mixture of DMA-'''N and 
DMA- '^ . (3, Fractionation of DMA-'^N from ordinary DMA. Every 40 min we 
injected 0.1 mg of ordinary DMA dissolved in 10 ^l of the mobile phase 
(The sample size and separation time depend on the column size and flow 
rate.) We collected the fraction between the two spikes, containing - 5 |a.g 
of DMA. each time. We removed buffering species by chromatography of 
the combined collected fractions on a C,e column using 60% methanol. 
Following the evaporation of methanol, we extracted the enriched material 
with ether. The gas chromatography/mass spectrometry analysis of the 
extracted DMA gave relative intensity. 100.00:80.75:11.11 for m/z values 
120, 121 and 122 ( M - 1 , M' , M + 1). respectively, compared with 
100.00:72.31:5.77 for ordinary DMA. indicating - 6 . 5 % isotopic purity of 

c. Rechromatography of the separation products from b. Dashed lines 
indicate the simulated traces for DMA-'^N and DMA-"'N at a 6:94 ratio. 
We expect a 90°.b isotopic purity for DMA-'^N, when the fraction is collected 
before the time marked by the arrow'^. Column: Capcellpak C]„-SG. 5-(i.m 
particles (ShiseiOo). 4.6-mm ID, 350 cm (10 x 15 cm i 8 ><25 cm). Mobile 
phase: 0.5M acetate buffer-acetonitnle (90%-10% (v/v)) with 0.01% 
triethylamine at pH 3.8. Flow rate: 0.37 ml min" ' . Temperature: 50 °C. 
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FIG. 3 Separation of PNP-'^OH, PNP-^'OH and PMP-̂ '̂O. The solutes were 
recycled 12 times through a pair of 45-cm column systems by using an 
automated column-switching valve' Increases in the peak width and 
separation factor were observed because of the effect of the pressure 
gradient in the column'^. We expect about 90% isotopic purity for PNP-"OH, 
if the fraction between the two minima were to be collected'^. Column: 
Cosmosil-5Cis, 4.6-mm ID. 90 cm (6 x15 cm). Mobile phase 0.02M-phos-
phate buffer-methanol (95%-5% (v/v)) with O.OOIM sodium octanoate at 
pH 7.6. Flow rate: 0.4 ml min"V Temperature: 40 °C. A mixture of - 0 . 5 M.g 
each of PNP-'^OH. PNP-"OH and PNP-'"OH was injected. 

graphic etTuent. The enr ichment o f ' "O wi l l be considerably 
easier than that o f '^O because o f its greater natura l abundance. 

In spite o f the smal l isotope separation factors, the use o f 
h igh-per formance co lumns and opt imized mob i le phases has 
enabled us to achieve a fast separat ion o f oxygen and ni t rogen 
isotopes by reversed-phase l i qu i d chromatography. By carry ing 
out reversed-phase l i qu id chromatography at a p H value 0.5-1.0 
p H units higher than the p K , for weak acids or 0.5-1.0 p H units 
lower than the pA.'., for weak bases, one can obta in enr ichment 
o f t h e ' N , '^O or ' "O atoms invo lved in the d issociat ion equ i l i ­
br ia . Current polymer-based pack ing materials a l low operat ion 
o f the chromatograph ic process in the range p H 2-12. • 
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Biases in satellite-derived 
sea-surface-temperature data 
R i c h a r d W . R e y n o l d s * , C h r i s K. F o l l a n d t 

& D a v i d E. P a r k e r t 

* Climate Analysis Center, NMC/NWS/NOAA. Washington. DC 20233. USA 
t UK Meteorological Office. Bracknell. Berkshire RG12 2SZ. UK 

S T R O N C ; ' indicates f rom satel l i te data lhal global sea surface 
temperature increased by 0.1 ° C per year over Ihc 6.5-ycar period 
between .lai iuary 1982 and .lunc 1988. Here wc show lhal no 
significant trend can be seen in three analyses nf g lobal sea surface 
temperatures lhat arc based on in \ i l u data in Ihis l i in l led period, 
nor In an independent analysis of soa-surfacf- lempcralurc (SST) 
and land-alr- tcmpcralure data. Satel l i te data are blended and 
adjusted in one of the above SST analyses. An unadjusted satell i te 
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SST analysis similar to that used by Strong shows the same, but 
probably spurious, trend. 

Three ofthe SST analyses we use here were produced at the 
Climate Analysis Center (CAC) of the US National Meteoro­
logical Center, and comprise an in situ, a satellite and a blended 
analysis. TTie in situ SST analysis uses radio-transmitted data 
from ships and buoys. The satellite analysis uses the multichan­
nel SST (MCSST) data reported by Strong, but with small 
diflerences in analytical procedure. The blended SST analysis 
combines satellite and IM situ SST observations by using the in 
situ analysis to define 'ground truth' temperatures in regions of 
sufficient in situ data and the analysed satellite data to define 
the shape of the SST field where there are few or no in situ 
data^. Where enough in situ observations are available, they 
provide all the information about SST; elsewhere the adjusted 
satellite field provides increasing information about SST patterns 
as in i i fu data become sparser. 

We also use a quality-controlled in 5ifu SST analysis (pro­
duced by the UK Meteorological Office ( U K M O ) ' \ as well as 
a data set of air temperatures measured at night (UKMO) . Both 
data sets use temperatures measured by ships and buoys. We 
excluded daytime air-temperature measurements because ofthe 
risk that variable biases could be introduced by overheating of 
the ship's thermometer housing by day'. In the regional time 
series, the grid-box data are weighted by the cosine of the 
latitude. 

Figures 1 a and 1 b show monthly anomalies for the CAC SST 
analyses for January 1982-March 1989, averaged over two 
regions: Equator to 60° N (the same as Strong's Northern Hemi­
sphere area), and 40° S to the Equator. The anomalies were 
calculated relative to a 1950-79 climatology. The southern limit 
of 40° S was selected for the second region because ofthe scarcity 
of in situ observations south of 40° S. The Northern Hemisphere 
satellite time series (light line) in Fig. 1 a is similar to that shown 
by Strong (his Fig. Ife); the two series have the same linear 
trend of 0.16 °C yr" ' between January 1982 and June 1988, The 
two satellite time series are not quite identical because CAC 
and Strong used different climatologies and averaged the 
MCSST data on different grids (2° and 2,5°, respectively). In 
addition. Strong averaged only grid values with data (that is, 
he did not interpolate data for grids where the satellite data 
were unavailable because of cloud cover) and did not use cosine 
weighting to reduce the weight of boxes at higher latitudes. He 
effectively assumed that all latitude zones over the ocean had 
the same longitudinal extent because he averaged zonal means 
of SST with equal weight for each zone (Strong, personal com­
munication). The CAC technique interpolated data for missing 
grid points over the ocean and used all oceanic grid points 
(within the given latitudinal bounds) with cosine weighting. 
.Although these analysis differences cause small monthly 
changes, major features, such as the above trends, were 
unaffected. (Wc note that the confidence limits quoted by Strong 
for his linear trends are too narrow as he did not account for 
the persistence of SST anomalies for periods longer than a 
month.) 

Figure la also shows the CAC blendetl (thick line) and CAC 
in situ SST analyses (dots) for 0° to 60° N; the two data sets are 
nearly identical (correlation r = 0.97 for January 1982-March 
1989). There is no significant trend in either set for January 
1982-June 1988 or January 1982-March 1989. This agreement 
between in situ and blended SST anomalies demonstrates that 
the blending technique successfully adjusts the satellite data 
relative to the in siiu analysis. The warmth of 1982-83 is mostly 
due to the I9S2-8.1 El Nino. The uncorrected satellite data, 
however, indicate very low SSTs during this period (see ref. 6, 
comment on the same paper). 

Figure 1 h, for the Equator to 40 °S, covers a smaller area than 
Strong's Fig. I f (Equator to 60° S) but the trend of 0.12 °C yr" ' 
in the CAC satellite data for January 1982-June 1988 is similar 
to Strong's value ofO.lO °C yr" ' over his larger area. In situ data 
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FIG. 1 a. Time series of CAC SST anomalies for the Northern Hemisphere 
between 0° and 60° N, January 1982-March 1989. Satellite anomalies are 
indicated by a light line; blended anomalies are indicated by a heavy line; 
in situ anomalies are dotted, b. As in a. except the region Is 40° S to 0°, 
c. As In a, but for the region 20° S to 20° N, 
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Meteorological Office (UK) in situ 
Climate Analysis Center (USA) in silii 

satellite 
blentJed 

FIG. 2 Mean differences between UKMO in 
situ. CAC satellite, CAC in situ and blended 
analyses and quality-controlled expendable 
bathythermograph data for the region 0 ° to 
60° N for January 1982-December 1984. 

12 15 18 21 24 
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again show no significant trend. Agreement between the CAC 
blended and in situ analyses is again very good (r = 0.96 for 
January 1982-March 1989). 

Strong stales that the warming trend in the satellite data is 
about twice that of a warming trend shown by in situ data 
sources. The Oort ei all ' data that he discusses in this connection 
extend only to 1985; for the period of overlap with Strong's 
record, Oort ci a l use the CAC blended analysis (Figs. \a and 
16), which, of course, includes adjusted satellite data. No sig­
nificant global or hemispheric warming trend exists in the limited 
period of o\erlap with Strong's data (1982-1985). A linear trend 
fitted to the Oort et al. Northern Hemisphere data over this 
four-year period shows slight cooling. 

To help clarify the relative accuracies of satellite and in situ 
SST data, we have compared them with expendable bathy­
thermograph (XHT) data for January l9S2-i:>ecember 1984. 
Although lhe SSTs from XBTs arc sparser than the conventional 
surface marine in situ observations used above (the ratio of 
number of .XBTs lo convciiiional SSTs is roughly 57„ ), ihcv are 
useful because XBTs are not included in any of lhe analyses 
used here and are widely distributed spatially. Figure 2 shows 
time scries of CAC satellite, CAC tn situ. CAC blended and 

1982 ' 198A 1986' . '19S8 
FIG. 3 Seasonal anomalies for the Norlticrn Hemisphere referred lo a 
1951-80 climatology for January-March 1982 to October-December 1988: 
Solid line. UKMO sea surface temperature; dotted line, UKMO night marine 
air temperature dashed line, land air temperature*''. 
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U K M O in situ SST analyses for the Northern Hemisphere 
subtracted from quality-controlled near-surface SST data 
derived from XBTs. We call these differences 'biases'. Mean 
biases were 0.04 °C, 0.04 °C and 0.01 °C for CAC in situ, CAC 
blended and U K M O analyses respectively, and were not statisti­
cally significant. The mean bias for the satellite analysis was 
-0.30 °C and was highly significant, showing that the satellite-
derived temperatures were almost certainly too low overall. 
Furthermore, the satellite bias varied from near -0.8 °C between 
mid-1982 and early \9%}i to small values towards the end of 
1984. Thus the satellite biases varied in such a way as to give 
rise to a pronounced spurious warming trend in 1982-84. In 
contrast, the XBT data suppon the lack of trend in the other 
SST analyses. 

During the period of interest, two El Nifio/Southern Oscilla­
tion events (1982-8.1 and 1986-87) caused strong warming of 
the tropical oceans, primarily in the central and east Pacific. 
Figure Ic shows time scries of the monthly CAC satellite, in 
situ and blended analyses between 20° S and 20° N. These 
tropical warmings are shown in the in situ and blended analyses. 
As discussed by Robock'', El Chichon aerosols resulted in a 
negative bias in satellite SST retrievals from April 1982 to the 
end of 1983. Thus, the satellite analysis in Fig. 3 does not show 
the large-scale warming associated wilh the 19S2-S3 El Nino 
event. Despite this, closer analysis shows that the satellite 
retrievals did detect a locally strong but distorted El Nino 
warming. The warming observed in the satellite data (south of 
5° N in the tropical east and central Pacific) was offset, however, 
nol only by unrealistic negative biases north of this latitude in 
the Pacific but also by widespread biases in the other tropical 
oceans. 

Further support for the view that the warming trend in the 
satellite data is mostly false comes from Fig. 3. It shows, for 
January 1982-December 1988 and the Northern Hemisphere, 
seasonally averaged (1) U K M O SST anomalies, (2) U K M O 
night marinc-air-tcmperalure ( N M A T ) anomalies and (3) air-
temperature anomalies on land'" ". These data are all referred to 
a 1951-80 average. The correlation between seasonal SST and 
N M A T data sets over this period is very high (r = 0.92); that 
between the land air and ocean is less, as the land data show 
more interseasonal variability (r = 0.54 with SST and r = 0.62 
with N M A T ) . Nevertheless, neither the land nor the marine 
data show any significant trend over the period 1982-SS. Indeed, 
two El Nino/Southern Oscillation events dominated the record 
so completely that calculation of a trend over this period is 
almost meaningless. 
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FIG. 4 Mean difference between daytime and 
night-time satellite SST values over the tropical 
Pacific for February 1989. The contour interval 
is 0.5 °C; solid contours indicate positive 
differences and dashed lines negative differen­
ces. The heavy solid line is the zero-difference 
contour. Dotted regions indicate differences 
between -0.5° C and - 1 °C. Stippled regions 
indicate differences more negative than -1°C. 

I OOW 

We are much less certain about the adequacy o f in 5iru data 
for the Southern Hemisphere because o f its poor coverage. 
Southern Hemisphere satell ite data may not always be com­
pletely adequate, however, even after al l possible inf iuence f rom 
El Ch ichon ceased. In Fig. 4 wc show satell i te day-minus-n ight 
differences for February 1989, a more recent per iod than that 
covered by Strong. In the western t rop ica l Pacific, there is a 
large region where dayt ime satell ite SSTs are more than 0.5 °C 
colder than cor respond ing n ight - t ime values. This pattern had 
persisted since the new N O A A - 1 1 satell i te became operat ional 
in November 1988, but t ropical dayt ime SSTs cou ld not be 
co lder tha i i n igh t - t ime SSTs fo rsuch a long per iod . Compar isons 
o f satellite retr ievals w i th d r i f t i ng -buoy SST measurements in 
this region since November 1988 conf i rm that day t ime satell i te 
temperatures are lower than the buoy temperatures. Such prob­
lems must be corrected before satell i te data can be used on their 
own to estimate c l imate trends. 

Accurate g loba l SST data f rom satellites are urgent ly needed. 

especially i h the Southern Hemisphere, to help p rov ide trust­
wor thy analyses o f t h e expected future global surface warm ing . 
For the recent past, the best outcome wou ld be that satell i te 
SST data avai lable since the 1970s could be corrected (retrospec­
t ively) for their biases, b lended w i th (corrected) in .<:ilu SST data 
and combined w i t h surface- land and sea-ice analyses. • 
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Beryllium in marine pore waters: 
geochemical and 
geochronological implications 
D. L. B o u r l e s * , G . K l i n k h a m m e r , A . C. C a m p b e l l , 

C. I. M e a s u r e s , E. T . B r o w n & J. M . E d m o n d 

Department of Earth. Atmospheric and Planetary Sciences, 
Massachusetts Institute of Technology, Cambridge, 
Massachusetts 02139. USA 

DiArpENF.l IC remobi l izat inn and hydrothcrnial inputs have been 
invoked as possible explanations for the discrepancy between the 
thcoret i ta l and nica.surcd temporal decrease of Ihe non-dcl r l ta l 
'"Be/' 'He rat io observed In sedinicnts'. Rcmohl l l / .a l ion is also 
consistent with water-column proll les of bery l l ium, which indicate 
a signil icani hcnthic f lux f rom sediments^, l o evaluate Ihe impact 
of diagcnclic recycl ing on Ihe bery l l ium isotopic composit ion of 
marine waters and the effects of Ihis process on Ihe bery l l ium 
gcochronoincif r, we have analysed the 'Be coii lcnt of Interst i t ia l 
waters f rom dif ferent environments. Here wc report lhe first pore-
water profiles for 'Be in oxic and suboxic pore waters as well as 
some prelini lnur> results f rom hydrolhermal sediments collected 
in Ihc Guaymas Basin. Our results suggest that the use of the 
beryl l ium isotopes as a gcochronometer is not affected cither by 
sedimentary diagenesis al oxic and suboxic sites or by input of 
hydrolhermal ly derived 'Be more than a few ki lometres f rom vent 
sites. 

* Present address Cenire de Specliometiie Nude aire el de Spectromcltie de Masse. Batimenl 108. 

91405 Campus Orsay. France 

Oxic pore waters were col lected at M A N O R site S in the 
central equator ia l Pacif ic; suboxic pore-water samples were 
collected at the Patton Escarpment (Southern Ca l i f o rn ia Border-
land)-*. Subcores taken w i th plastic core l iners f r om box cores 
were sectioned and cent r i fuged at in situ temperatures and , at 
the suboxic site, under n i t rogen. Pore water thus obta ined was 
immediate ly filtered and ac id i f ied. 

Interst i t ia l waters f rom Guaymas Basin were obta ined du r ing 
dives o f t h e submersible A l v i n in January 1982. Core 1172 is 
f rom the Southern Vent Fie ld immediate ly adjacent to an active 
20-m-high hyd ro lhe rma l m o u n d , and core 1174 was taken in 
the v ic in i ty o f East H i l l near hydro lherma l deposits'*. They were 
obtained w i t h plastic A l v i n core tubes. The sediment was 
ext ruded, sect ioned and squeezed in an acid-cleaned plastic 
pore-water press. The fluids were immediate ly filtered and sealed 
in glass ampoules. 

Bery l l ium analyses were made by gas chromatography w i th 
electron-capture detect ion o f its 1,1,1 - t r i f luoro-2,4-pentanedione 
derivat ive. The detai ls o f the method have been presented in 
ref, 5. A l iquo ts ranging f rom 10 to 30 ml were requi red for these 
analyses. 

Bery l l ium concen t ra t i on -dep th profiles for the ox ic and sub­
oxic sites are presented in Fig, 1 along w i th interst i t ia l M n and 
Si data. The be ry l l i um concentrat ions near the interface are a 
factor o f 2.5 ( M A N O P site S) and .1.3 (Pat lon Escarpment) 
higher than the average N o r t h Pacific bo t tom water (29.4± 
1.7 p M , refs 2 and 7). Th is , coup led w i th the observed increase 
in concentrat ion w i th dep th , impl ies a flux o f be ry l l i um out o f 
the sediments. 

We estimated steady-state fluxes to bot tom waters for each 
locat ion assuming molecu lar Fick"s-law d i f fus ion and a l inear 
concentrat ion gradient across the interface. We estimated an 
efTective bulk sediment d i f fus ion coefficient o f 1.7 x 10"' ' c m ' s " ' 
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GLOBAL, REGIONAL, AND ZONAL SEA SURFACE TEMPERATURE SIGNALS 
FROM SATELLITE AND IN-SITU OBSERVATIONS DURING THE 1980s 

Alan E. Strong 

Oceanography Departinent 
United States Naval Academy 

Na t i o n a l Oceanic and Atmospheric A d m i n i s t r a t i o n 
Annapolis, Maryland 21042 

ABSTRACT 

A t i m e - s e r i e s of AVHRR de r i v e d m u l t i ­
channel sea surface temperatures 
(MCSST) has been compared w i t h s h i p and 
buoy SST data d u r i n g the 1982-89 
p e r i o d . Monthly mean r e s u l t s have been 
converted t o annual means t o reduce 
s e r i a l dependencies between months. 
Data separated both i n t o r e g i o n a l and 
l a t i t u d i n a l t i m e - s e r i e s show fa v o r a b l e 
agreement between the s a t e l l i t e and 
conventional SSTs. Comparisons w i t h 
the NOAA/GFDL coupled atmospheric/ocean 
model r e s u l t s (EOS, 70,43 p.1002) 
i n d i c a t e t h a t c e r t a i n changes i n some 
ocean areas may be beginning r e c e n t l y 
t h a t have been i d e n t i f i e d as changes t o 
be expected i n g l o b a l warming 
scenarios. For example, d u r i n g the 
past decade the southern hemisphere 
"ocean" has been warming a t a slower 
r a t e (0.03C/yr) than i s seen over the 
northe r n hemisphere "ocean" (0.04C/yr). 
Our t i m e - s e r i e s show t h a t d u r i n g t h i s 
( a l b e i t s h o r t ) 8-year record several 
regions are not showing warming, r a t h e r 
a c o o l i n g : the I n d i a n Ocean (-0.05C/ 
y r ) , the high l a t i t u d e southern ocean 
(-0.08C/yr) ; and the e q u a t o r i a l oceanic 
b e l t (-0.06C/yr). 

1.INTRODUCTION 

Data 
s a t e l 
globa 
tempo 
These 
consi 
the 1 
High 
1978. 
been 
data 

from NOAA's p o l a r o r b i t i n g 
l i t e s have been used t o attempt 

mapping of s urface 
.1 

r a t u r e f o r the past 17 years 
remotely sensed r e t r i e v a l s became 

derably more accurate f o l l o w i n g 
aunch of the AVHRR (Advanced Very 
Resolution Radiometer) i n l a t e -
M u l t i - c h a n n e l SSTs (MCSST) have 

computed o p e r a t i o n a l l y from AVHRR 
since l a t e - 1 9 8 1 . 

Various authors^'''^'' have presented 
s t a t i s t i c s i n d i c a t i n g RMS d i f f e r e n c e s 
ranging from ±0.4 t o 0.6"C between co-
located i n - s i t u buoy SST and s a t e l l i t e 
MCSST obser v a t i o n s . Most i m p o r t a n t l y 

the biases of these monthly match-ups 
when compared w i t h the d r i f t e r s continue 
t o show small and random biases (e.g., 
±0.3*C maximum), w i t h small n i g h t t i m e 
monthly mean biases f r e q u e n t l y 
compensating i n s i g n f o r small daytime 
biases. 

The purpose of t h i s paper i s t o compare 
annual MCSST w i t h i n - s i t u ( ship and 
buoy) s h o r t - t e r m oceanic surface 
temperature tendencies f o r the e i g h t 
year p e r i o d from 1982 t o 1989. Having 
combined both daytime and n i g h t t i m e 
s a t e l l i t e observations i n t o composite 
annual means we would expect t h a t l i t t l e 
e f f e c t w i l l remain of an occasional bias 
problem noted d u r i n g late-1988 and 
early-1989 between daytime and nighttime 
s a t e l l i t e r e t r i e v a l s over the western 
t r o p i c a l P a c i f i c Ocean*. Malting use of 
the copious, although a d m i t t e d l y b r i e f , 
MCSST database w i t h i t s 3-5 m i l l i o n 
monthly MCSST observations between 60N 
and 60S, some notable tendencies are 
observed i n both MCSST and i n - s i t u SST 
records d u r i n g the decade of the 1980s. 

2. DATA AND METHODS 

I n order t o remove monthly or seasonal 
v a r i a b i l i t i e s , these data are presented 
not only as g l o b a l and hemispheric 
annual mean anomalies using the 
Robinson-Bauer c l i m a t o l o g y , but they 
a l s o have been separated l a t i t u d i n a l l y 
and by ocean basin. The g r i d used f o r 
a l l these data i s the 2.5 degree 
l a t i t u d e / l o n g i t u d e i n t e r v a l p r e v i o u s l y 
used by Strong', and no analyzed data 
have been used i n these c a l c u l a t i o n s . 
Although t h i s presents l i t t l e d i f f i c u l t y 
w i t h the MCSST computations, since 
v i r t u a l l y a l l grid-quadrangles have w e l l 
over 100 observations f o r each monthly 
computation, t h i s i s not the case w i t h 
many o f the g r i d values f o r i n - s i t u 
data. Frequently, e s p e c i a l l y south of 
ION, g r i d p o i n t values are computed from 
less than ten monthly i n - s i t u SST obser­
v a t i o n s d u r i n g a give n month. 
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Figure 1 Annual global MCSST and i n - s i t u SST departures from 
climatology ("C) for the period 1982 to 1989. 

Figure 2 Same as Fig. 1 except for Northern Hemisphere only. 
MC39T 
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Figure 3 Same as Fig. 1 except for Southern Hemisphere only. 

TABLE 1 

AREA SLOPE - JJEG/YEAR STANDARD ERROR AREA 
MCSST IN- SITU HCSST IN-SITU 

Global 0 042 0. 036 0 014 0 009 

Northern Hera 0 040 0. 044 0 018 0 009 
Souttiern Hem 0 034 0. 021 0 015 0 012 

Nortti P a c i f i c 0 046 0. 046 0 019 0 015 
South P a c i f i c 0 054 0. 046 0 016 0 014 
North A t l a n t i c 0 060 0 075 0 018 0 014 
South A t l a n t i c 0 077 0 063 0 015 0 018 
I n d i a n -0 054 -0 061 0 038 0 036 

ZONALS 

60N 0 059 0 030 0 044 0 015 
SON -0 057 -0 032 0 033 0 028 
4 ON 0 080 0 079 0 044 0 033 
3 ON 0 104 0 080 0 022 0 010 
2 ON 0 042 0 050 0 032 0 019 
ION 0 020 0 034 0 047 0 032 
EQ -0 058 -0 032 0 081 0 045 
lOS 0 035 0 026 0 040 0 028 
20S 0 076 0 054 0 028 0 017 
305 0 086 0 050 0 O i l 0 .014 
40S 0 051 0 040 0 029 0 015 
50S -0 076 -0 097 0 022 0 034 

Table 1. Regional and Zonal variations i n SST for both s a t e l l i t e 
and i n - s i t u data. Standard errors for the slope calcu­
l a t i o n s are included. 
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3. RESULTS 

Eight-year tendencies are presented f o r 
g l o b a l . Northern Hemisphere, Southern 
Hemisphere SSTs i n Figures 1, 2, and 3, 
r e s p e c t i v e l y . I n gener a l , more 
v a r i a b i l i t y i s seen i n the MCSST than 
i n the i n - s i t u SST year-to-year 
anomalies. MCSST data show warmer 
c o n d i t i o n s d u r i n g the 1987 El Nino and, 
i n the Northern Hemisphere, lower SSTs 
f o l l o w i n g the 1982/3 and 1987 El Nino 
than shown by the i n - s i t u data. 
Nevertheless, using annual data, the 
upward trends i n both data sets i n 
Table 1 do not show any s t a t i s t i c a l l y 
s i g n i f i c a n t d i f f e r e n c e s , i . e . t h e i r 
standard e r r o r s a l l overlap. I n t e r e s t ­
i n g l y , although concern has been 
expressed t h a t MCSST values have been 
erroneously too high a t times, the 
Northern Hemisphere r e s u l t s ( F i g . 2) 
are now r e v e a l i n g i n - s i t u data t h a t 
exceed the MCSST l e v e l s using these 
processing procedures. Furthermore, 
the upward t r e n d i n the i n - s i t u data 
over the Northern Hemisphere show the 
most s i g n i f i c a n t upward t r e n d d u r i n g 
t h i s e i g h t - y e a r p e r i o d (Table 1) . 
S i g n i f i c a n t a l s o , i n t h i s record i s the 
somewhat f a s t e r increase i n SST over 
the Northern Hemisphere compared t o the 
Southern Hemisphere, p a r t i c u l a r l y shown 
by the i n - s i t u data. 

Further observations can be made about 
the f o l l o w i n g basins: North and South 
P a c i f i c Ocean, Figures 4/5; North and 
South A t l a n t i c Ocean, Figures 6/7; and 
Indi a n Ocean, Figure 8. There i s good 
o v e r a l l correspondence between the two 
data sets i n v i r t u a l l y a l l areas. Note 
how w e l l the l a r g e excursions seen i n 
the I n d i a n Ocean anomalies are 

supported by both s a t e l l i t e and 
conventional SSTs. Both excursions are 
undoubtedly a f u n c t i o n of the E l Nines 
of the 1980s and prov i d e f u r t h e r 
evidence o f a i r - s e a t e l e c o n n e c t i o n s 
between the I n d i a n and P a c i f i c Oceans. 

Remembering t h a t most o f the d r i f t i n g 
buoys used t o e s t a b l i s h the MCSST 
algorithms resided i n the Southern Hemi­
sphere, we note t h a t the best c o r r e ­
spondence between the two data sets i s 
found i n the Northern Hemisphere, where 
data d e n s i t y f o r the s h i p and buoy data 
set i s h i g h e s t . Possibly the g r e a t e r 
discrepancies between conventional and 
MCSST annual values i n the Southern 
Hemisphere i s due t o reduced data cov­
erage from i n - s i t u sources. From these 
p r e s e n t - a t i o n s , i t can be seen t h a t 
g r e a t e s t SST increases d u r i n g t h i s 
p e r i o d over the Northern Hemisphere are 
o c c u r r i n g i n the North A t l a n t i c — w i t h 
the i n - s i t u annual means inc r e a s i n g 
s l i g h t l y f a s t e r , although not s i g n i f ­
i c a n t l y so, than the s a t e l l i t e means. 
Again, as w i t h the e a r l i e r hemispheric 
and g l o b a l cases. Table 1 shows t h a t a l l 
tendencies have "standard e r r o r bars" 
t h a t overlap, suggesting t h e r e i s no 
s i g n i f i c a n t disagreement between these 
two data sets. Other than t h i s l a r g e r 
A t l a n t i c Ocean change, perhaps the most 
noteworthy o b s e r v a t i o n i s the observed 
decrease r e c e n t l y seen i n the In d i a n 
Ocean trend, c l e a r l y associated w i t h the 
decrease i n SST f o l l o w i n g the 1987 El 
Nino. Temperatures over the In d i a n 
Ocean d u r i n g 1988 and 1989 have been 
averaging annually below anything 
observed d u r i n g the r e s t of t h i s past 
decade. When reviewing t h i s basin's 
annual time s e r i e s over the p e r i o d i t i s 
apparent t h a t the extreme s c a t t e r from 
the two high-anomaly spikes, c o i n c i d i n g 

NORTH PACIFIC SSTB SOUTH PACIFIC SST« NORTH ATLANTIC SST. SOUTH ATLANTIC SST. INDIAN OCEAN SST. 

Figure 4 Same as Fi g . 1 except f o r North P a c i f i c basin o n l y . 

Figure 5 Same as Fi g . 1 except f o r South P a c i f i c basin o n l y . 

Figure 6 Same as Fi g . 1 except f o r North A t l a n t i c basin o n l y . 

Figure 7 Same as Fi g . 1 except f o r South A t l a n t i c basin o n l y . 

Figure 8 Same as Fig. 1 except f o r I n d i a n Ocean basin o n l y . 
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responsible f o r the g r e a t e r 
standard e r r o r s d e r i v e d over 
t h i s r e g i o n . 

From the e i g h t - y e a r trends 
summarized i n Table 1, the 
most s i g n i f i c a n t r i s e s over 
t h i s r e l a t i v e l y s h o r t p e r i o d 
are on both sides of the 
equator i n the A t l a n t i c 
Ocean. Here upward tend­
encies are seen t h a t are 
nearly double the r a t e seen 
on the g l o b a l ocean scale. 
I t i s apparent t h a t the 
Indian Ocean, whose surface 
area represents 21% of the 
gl o b a l oceans, has been 
c o o l i n g , h e l p i n g t o o f f s e t 
some of the o v e r a l l e f f e c t of 
a more r a p i d l y warming 
Western Hemisphere (and 
Northern) d u r i n g the 1982-89 
p e r i o d . Although much of the 
area of the I n d i a n Ocean l i e s 
i n the Southern Hemisphere 
(approximately 90%) , both the 
t r e n d and year-to-year 
v a r i a t i o n s i n anomaly bear no 
resemblance t o those being 
seen i n the other two oceans 
of the Southern Hemisphere. 

Dis p l a y i n g SST tendencies 
z o n a l l y provides another way 
to monitor our ocean's v a r i ­
a b i l i t i e s and tr e n d s . This 
i s u s e f u l because f o r the 
most p a r t t he planet ' s 
c l i m a t e regimes are best 
categorized z o n a l l y . Zonal 
s l i c e s from the data sets 
used here have been s e l e c t ­
i v e l y analyzed f o r every ten 
degrees of l a t i t u d e from the 
2 . 5 degree l a t i t u d e / l o n g i t u d e 
oceanic g r i d . Figure 9 pres­
ents these twelve zones from 
60N t o BOS f o r t h e s a t e l l i t e 
and c o n v e n t i o n a l SST data 
sets. Trends and standard 
e r r o r s of these tendencies 
are summarized i n Table 1. 
Although more annual v a r i ­
a b i l i t y i s o f t e n obvious when 
the data are bro)cen out 
zo n a l l y , w i t h expected lower 
o v e r a l l s i g n i f i c a n c e , c e r t a i n 
f e a t u r e s t h a t c o l l e c t i v e l y 
could become s i g n i f i c a n t may 
be worth n o t i n g . Figure 10 
i l l u s t r a t e s the s i m i l a r i t i e s 
i n s h o r t - t e r m tendencies a t 
approximately the same l a t i ­
tudes i n each hemisphere. 
Although the only e r r o r bars 
t h a t do not o v e r l a p occur a t 
30S, t h a t higher trends are 
seen a t both 3ON and 3OS may 
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Figure 9 Annual zonal MCSST and i n - s i t u 
SST departures from climatology 
(*C) between 60N and 50S from 
1982 to 1989. 
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somewhat more than 0.5'C increases over 
the decade. Our tendencies over t h i s 
area are not s i g n i f i c a n t l y d i f f e r e n t . 

Possibly the big g e s t s u r p r i s e i n our 
f i n d i n g s i s the st r o n g apparent 
c o r r e l a t i o n between the I n d i a n Ocean 
SST tendencies and E l Nino events i n 
the t r o p i c a l eastern P a c i f i c . The two 
warm events from the 1982/3 and 1987 El 
Ninos are m i r r o r e d s t r o n g l y i n the 
average I n d i a n Ocean basin anomalies. 
Wal)cer'^ and Berlage^^ argue t h a t a 
strong c o u p l i n g e x i s t s between the 
atmospheres over the South P a c i f i c and 
the I n d i a n Ocean. Pressures of the 
lower atmosphere over these two regions 
c o r r e l a t e s t r o n g l y , but n e g a t i v e l y , i n 
a "seesaw"" e f f e c t t h a t p o i n t s t o a 
strong i n t e r - r e l a t i o n s h i p between these 
two l a r g e ocean areas. 

I n c o r p o r a t i o n of a d d i t i o n a l MCSST data 
du r i n g the 1990s should help reduce the 
dependency of tre n d s i n these time 
s e r i e s r e s u l t i n g from the p e r i o d i c and 
f a r reaching e f f e c t s of El Nino events. 
I t has been suggested t h a t c o n s i d e r i n g 
only g r i d l o c a t i o n s w i t h c o i n c i d e n t 
s a t e l l i t e and i n - s i t u values would help 
remove much of the remaining 
discrepancies between the two g l o b a l 
data s e t s . I f t h a t t u r n s out t o be the 
s i t u a t i o n , an e x c e l l e n t case can be 
made f o r c o n t i n u i n g and m a i n t a i n i n g 
t h i s MCSST t i m e - s e r i e s t o adequately 
monitor our e n t i r e p l a n e t ' s SST, 
p a r t i c u l a r l y i n the Southern 
Hemisphere. 
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give more credence t o the 
trends seen i n these areas 
than otherwise. I t should be 
noted t h a t these are regions 
t h a t are dominated by l a r g e 
a n t i - c y c l o n e s i n the atmo­
sphere, and they o v e r l i e 
l a rge oceanic a n t i c y c l o n i c 
gyres i n the r e s p e c t i v e ocean 
basins. 

With the recent d i s c u s s i o n s 
of t r o p i c a l surface warming* 
Figures 9 and 10 i n d i c a t e 
both i n - s i t u and s a t e l l i t e 
data sets show s i m i l a r but 
s l i g h t l y c o o l i n g e q u a t o r i a l 
surface tendencies, which are 
i n o p p o s i t i o n t o the warming 
found a t s u b t r o p i c a l l a t i ­
tudes. At higher l a t i t u d e s 
i n both hemispheres, these 
o v e r a l l SST increases can be 
seen t o f a l l o f f , the t r e n d s 
becoming negative a t SON and 
50S. Again, what appears 
most s i g n i f i c a n t from these 
data sets i s the symmetry i n 
tendency apparent over both 
hemispheres. Poor i n - s i t u 
SST coverage over the South­
ern Hemisphere around 30S may 
help t o e x p l a i n the l a r g e s t 
discrepancies between the 
MCSST and i n - s i t u t r e n d s . 
Development of the o p e r a t i o n ­
a l MCSST a l g o r i t h m s have 
e x t e n s i v e l y employed d r i f t i n g 
buoys from t h i s ocean r e g i o n . 

4. DISCUSSION 

I f a case can be made f o r any increase 
i n SSTs d u r i n g t he 1980s from these 
analyses, i t would be f o r the 
s u b t r o p i c a l ocean regions — 20-40° N 
and S and the A t l a n t i c Ocean. Regions 
along the Equator, a t l e a s t g l o b a l l y , 
fappear t o show small c o o l i n g tendencies 
(as does the e n t i r e I n d i a n Ocean. 
Zonally, the higher l a t i t u d e s around 
SON and S e x h i b i t negative trends 
d u r i n g the decade. Provided these 
trends continue i n a s i m i l a r f ashion 
over the next decade, t h e r e are 
i m p l i c a t i o n s f o r some s i g n i f i c a n t 
r e d i s t r i b u t i o n s of heat over the 
planet's oceans. 

As c l i m a t o l o g i s t s c o n t inue t o watch 
both oceans and atmosphere f o r s i g n a l s 
of changing temperatures from p r e d i c t e d 
"greenhouse" r e l a t e d adjustments i n our 
coupled a i r - s e a environment, the 
questions are where should we watch and 
what should we expect t o observe? 
Recently some s o p h i s t i c a t e d models have 
begun t o p o i n t t o c e r t a i n zones and 
regions where responses might be most 

ZONAL SST TRENDS 

19BS-e9 MCSST L I n - . i t u D . t . 

Figure 10 Zonal tendencies from s a t e l l i t e 
and conventional data sources 
between 1982 and 1989 as a 
f u n c t i o n on l a t i t u d e . See Table 
1 f o r standard e r r o r s 
accompanying each l o c a t i o n and 
data type. ( A l l overlap except 
308 l o c a t i o n . ) 

notable. NOAA's GFDL(Geophysical F l u i d 
Dynamics Laboratory) results'"'" from 
t h e i r coupled ocean-atmosphere model 
reveal t h a t l i t t l e change i n SST i s 
expected due t o g l o b a l warming i n the 
region of the A n t a r c t i c Convergence --
even some decrease i n SST could occur. 
Their model p r e d i c t s considerably l a r g e r 
increases should be seen over the 
Northern Hemisphere where a higher 
land/sea r a t i o e x i s t s than over the 
Southern. The r e s u l t s presented here 
appear t o be c o n s i s t e n t w i t h these 
p r e l i m i n a r y GFDL f i n d i n g s . 

Results from the NASA/GISS (Goddard 
I n s t i t u t e f o r Space Science) t h r e e -
dimensional model'' t a r g e t the "low-
l a t i t u d e " oceans f o r s i g n i f i c a n t warming 
from augmented greenhouse c o n d i t i o n s . 
The re g i o n of 30S e x h i b i t s notable 
warming over the oceans by the 1990's i n 
t h e i r "Scenario B". The Northern Hemi­
sphere warming zonal band appears around 
40N i n the GISS r e s u l t s . Our zo n a l l y 
s t r a t i f i e d c a l c u l a t i o n s f o r tendencies 
d u r i n g the 1980s are q u a l i t a t i v e l y 
c o n s i s t e n t w i t h the f i n d i n g s from the 
GISS model. Q u a n t i t a t i v e l y , t h e i r model 
shows these ocean areas could expect 
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