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ABSTRACT

A comprehensive comparison is made among four sea surface temperature (SST) datasets: the optimum interpo-
lation (OIl) and the empirical orthogonal function reconstructed SST analyses from the National Centersfor Environ-
mental Prediction (NCEP), the Global Sea-Ice and SST dataset (GISST, version 2.3b) from the United Kingdom
Meteorological Office, and the optimal smoothing SST analysis from the Lamont-Doherty Earth Observatory (LDEO).
Significant differences exist between the GISST and NCEP 1961-90 SST climatologies, especially in the marginal
sea-ice zones and in regions of important small-scale features, such as the Gulf Stream, which are better resolved by
the NCEP product. Significant differences also exist in the SST anomalies that relate strongly to the number of in situ
observations available. In recent years, correlations between monthly anomalies arelessthan 0.75 south of about 10°N
and are lower still over the southern oceans and parts of the tropical Pacific where root-mean-square differences ex-
ceed 0.6°C.

While adequate for many purposes, the SST datasets all contain problems of one sort or another. Noiseis evident
in the GISST data and realistic temporal persistence of SST anomalies after 1981 is lacking. Trends in recent years
are quite different between the GISST and NCEP analyses, and this can be partially traced to differences in the pro-
cessing of in situ data and an increasing cold bias in the NCEP Ol data arising from incompletely corrected satellite
data. Significant discrepancies also exist in centennial trends from the LDEO and GISST datasets, and these likely
reflect the separate treatment of the very low frequency signal in the GISST analysis and questionable assumptions
about the stationarity of statisticsin the LDEO method.

Ensembles of integrations with an atmospheric general circulation model (AGCM) are used with three of the SST
datasets as lower boundary conditions to show that the differences among them imply physically important differ-
ences in the atmospheric circulation. Over the Tropics, where masking by internal atmospheric variability is small,
SST differences affect moist convection and systematically produce strong responses in the local divergent circula-
tion. A case study showsthat analyzed SST differencesin thetropical Pacific can be aslarge asfor amoderate El Nifio.
Such large discrepancies induce local rainfall anomalies up to 8 mm day* and, in addition to the tropical circulation
anomalies, are associated with global teleconnections that influence temperatures and precipitation around the world.
Results also show the limitations to using AGCMs when forced by specified SSTs.

The likely sources of the problems evident in the different SST products are identified and discussed. Several of
the problems are being addressed by current efforts to reprocess the SST data, which is strongly recommended, but
remaining problems demand further attention and attempts to resolve them should continue. The choice among SST
analyses used for AGCM simulations, for the atmospheric reanalysis projects, for identifying climate signals, and for
monitoring climate isimportant, as known flaws in the global analyses can compromise the results.
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1. Introduction

Perhaps the most important field in climate system
modeling is sea surface temperature (SST). Flaws
in simulating SSTs are often corrected in coupled
atmosphere-ocean model runsthrough a“flux correc-
tion,” which adjusts the heat (and moisture) fluxes
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between the atmosphere and ocean so that realistic
SSTsare reproduced. For atmospheric general circu-
lation model (AGCM) simulationsasequence of SSTs
are specified asthelower boundary condition, imply-
ing an infinite heat capacity. The imposed SSTs are
typically changed in arealistic fashion by specifying
either amean climatological annual cycle or the ob-
served SSTs over some period of time. In the Atmo-
spheric Modeling Intercomparison Program (AMIP)
(Gates 1992), for example, observed SSTs are speci-
fied beginning in 1979. Knowledge of SSTs as well
asseaiceisalso required in analyses of atmospheric
fields; thus, theintegrity of the global reanalyses, for
example by the National Centers for Environmental
Prediction (NCEP) and the European Centre for Me-
dium-Range Weather Forecasts (ECMWF), depends
critically on the specified lower boundary conditions.
Reana yses have been or will be performed from about
1948 to the present.

The need for correct SSTsin coupled simulations
stems directly from several feedback processes that
would be serioudly distorted by inaccurate surfacetem-
peratures. Errors at high latitudes, for instance, can
greatly impact the sea-ice extent, resulting in too much
or too little, with resultant ice-albedo feedbacks po-
tentially exacerbating the original SST errors. Errors
intropical SSTscan greatly impact moist convection
and the hydrological cycle, thereby affecting the wa-
ter vapor feedback and global tel econnections such as
those observed during El Nifio events.

Given the critical need for correct SSTs, itisim-
portant to document and understand how well SSTs
areknown and whether or not the errors matter. These
arethekey questions addressed in this paper. We show
that, while new methods of interpolating and extrapo-
lating into areas devoid of observations likely have
improved the historical SST analyses, important flaws
remain in the global SST fieldsthat are used for driv-
ing and validating models and in monitoring climate.
Moreover, some of these are sufficiently serious that
they compromise the results of model simulationsand
analyses produced with four-dimensional dataassimi-
lation (4DDA). Some problems with temporal conti-
nuity can be partially ameliorated with smoothing.
However, other flaws or uncertainties, such asin
trends, are not easily reduced.

We havefirst performed comprehensive compari-
sons among four monthly SST datasets. from NCEP
both the optimal interpolation (Ol) SST analysis of
Reynolds and Smith (1994) and the empirical orthogo-
nal function (EOF) reconstructed SST analysis of
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Smith et al. (1996), from the United Kingdom Meteo-
rological Office (UKMO) version 2.3b of the Global
Sea-Ice and SST dataset (GISST) of Rayner et al.
(1996), and from the Lamont-Doherty Earth Observa-
tory (LDEO) the optimal smoothing (OS) SST analy-
sisof Kaplanet d. (1997, 1998). Aswell assignificant
differences between the long-term mean climatol ogies
of the NCEP and GISST products, large differences
exist in the monthly time series and are dramatically
revealed by the autocorrel ations of each product. The
different SST datasets have been used aslower bound-
ary conditionsfor ensembles of runswith the National
Center for Atmospheric Research (NCAR) GCM (ver-
sion 3 of the Community Climate Model, CCM3),
which enables usto assess the climatic significance of
the analyzed SST differences. Aswe will show, dis-
placed convection in the tropical Pacific because of
errors in SSTs has a strong and direct impact on the
tropical circulation, aswell as on teleconnectionsinto
midlatitudes and el sewhere.

Another key issue is the long-term trends in the
datasets. New methods for analyzing SSTs use are-
cent well-observed base period to define spatial struc-
tures (modes) and statistics, such ashow much agiven
observation projects onto each mode, that are then used
to interpolate in space and time. This procedure has
the advantage of more reliably projecting the SST
anomaly patternsthat exist based on limited observa-
tions, but it depends critically on the assumption of
stationarity of the statistics. In particular, the presence
of trends, such asthose expected with climate change,
serioudly violates the assumptions of stationarity. For
instance, given the presence of alinear trend in along
record, the standard deviation of that trend in a
subsample of the record is proportional to the length
of the subsample. Statistics based on the subsample
will, therefore, necessarily underestimate the compo-
nent that projects onto the long-term trend. Different
treatments of the very low frequency signal can give
greatly different results. Both the GISST and LDEO
datasets extend over a century and feature quite dif-
ferent trends. The LDEO dataset, for example, indi-
cates less warming than the GISST dataset at most
locations, including a cooling in the tropical eastern
Pacific sincetheturn of the century (Caneet a. 1997).

Other recent comparisons of SST datasets have
been carried out by Trenberth et al. (1992, henceforth
TCH) and Folland et al. (1993). A more compl ete sum-
mary of theresultsof TCH on errorsin SSTsand their
origins is given is section 6 along with a discussion
of the problemsin defining SST and the impacts of sat-
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eliteretrievals. TCH compared the reproducibility of
SSTsin analyses from the UKMO and the U.S. Cli-
mate Prediction Center (CPC), which revealed
monthly anomaly correlations on a5° grid exceeding
0.9 over the northern oceans but less than 0.6 in the
central tropical Pacific and south of about 35°S. Root-
mean-sguare differences between CPC and UKMO
monthly SST anomalies exceed 0.6°C in the regions
wherethe correlation islower than about 0.6. Similar
results are reported here, and the dependence on the
number of in situ observationsisclear.

The datasets compared and eval uated are described
in section 2, and in section 3 the model experiments
used to assess the importance of the discrepanciesin
the SST fieldsare outlined. Theresults of the compari-
sons are presented in section 4, and the results of the
model experimentsare given in section 5. Theresults
arediscussed inthe context of other sources of informa:
tion relating to the reasons why discrepanciesexistin
section 6, and conclusions are drawn in section 7.

2. SST datasets

The four SST datasets examined here are all
monthly but differ in terms of spatial resolution, cov-
erage, and length of record. Each dataset is briefly
summarized below, as are two high-resolution SST
climatologies. All comparisons between datasets are
made over common periods of time and on common
grids. Thelatter sometimesrequired degrading higher-
resolution SST analysesto lower resolutionsby simple
averaging techniquesto minimize aliasing. Trenberth
and Solomon (1993) provide a discussion of the er-
rors caused by interpolating from finer to coarser grids.

a. NCEP Ol analyses

The Ol SST analysis technique described by
Reynolds and Smith (1994) was devel oped for opera-
tional purposes at NCEP. It follows on the analysis
methods of Reynolds (1988) and Reynolds and
Marsico (1993), which combine in situ and satellite-
derived SST data using Poisson’ s equation to produce
“blended” products, with an analysis of the sea-ice
edge asone boundary at —1.8°C. Thein situ SST data
used consist of quality controlled ship and buoy ob-
servations available over the Global Telecommunica-
tion System (GTS). Satellite data are obtained from
the Advanced Very High Resolution Radiometer
(AVHRR) on National Oceanic and Atmospheric
Administration (NOAA) polar orbiting satellites. The
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SST retrievasare produced operationally by NOAA's
Environmental Satellite, Dataand Information Service
(NESDIS) and are available beginning in November
1981. The global coverage provided by satellite esti-
mates of SST is a considerable advantage over the
sparse coverage of in situ data, and satellites also pro-
vide useful information about patterns and gradients
of SSTs. The absolute accuracy of satellite-derived
SST, however, isuncertain; substantia correctionsare
necessary where in situ data are available to provide
calibration (Reynolds 1988). Without real-time bias
corrections, SST analysesusing operational AVHRR
retrievalsare not useful for climate monitoring or cli-
mate modeling. A disadvantage of the blending tech-
nique to correct biasesin the satellite data relative to
the in situ data, however, is the considerable degra-
dation of the spatial resolution of the SST analysis.

With the Ol product, the high resolution of the sat-
ellite datais better preserved and the analysisis done
weekly (and daily for operations). Thefirst stepisto
use the blending technique to provide a preliminary
large-scale time-dependent correction of satellite bi-
ases. Thein situ and bias-corrected satellite SST data
arethen analyzed using Ol on a1° latitude and longi-
tude grid. Optimal interpolation produces an interpo-
lated value from aweighted sum of the data. Weights
are computed using estimates of local spatia covari-
ance and dataerror variance. Thefirst guessisthe pre-
vious analysis of the anomalies, which, therefore,
persiststhe anomaliesin the absence of new informa:
tion. The technique does not otherwise utilize infor-
mation from earlier or later times.

The NCEP Ol product is globa and is therefore
very useful for both climate monitoring and asalower
boundary condition for AGCM simulations; however,
because of its reliance on SST retrievals from the
AVHRR instruments, its period of coverage extends
only from November 1981 onward.

b. NCEP EOF analyses

To produce anear-global SST dataset based onin
situ data farther back intime, Smith et a. (1996) de-
veloped an interpolation method that takes advantage
of thefull covariance structure in the more recent Ol
SST field. Using 12 yr (January 1982—-December
1993) of the monthly Ol SST anomalies, determined
by subtracting the adjusted Ol climatology of
Reynolds and Smith (1995), EOF spatial basis func-
tionsare computed for six subregions of the globe (see
Fig. 2 and Table 3 of Smith et al. 1996). The domi-
nant regional EOF modes are then fit to detrended
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2° monthly median SST anomaly statistics from
the Comprehensive Ocean—-Atmosphere Data Set
(COADS; Woodruff et al. 1987) to determinethetime
dependence of each mode. Regionally completefields
of monthly SST anomaliesonthe2° COADSgrid are
reconstructed from the spatial modes, the subregions
are combined to produce a near-global product, and
finally the smoothed long-term trend is restored at
each grid point. The number of EOFsretained for each
subregion variesfrom 16 to 25, and they generally ex-
plain between 80% and 90% of the varianceinthe Ol.
The maximum number of EOFs are selected in an at-
tempt to minimize the data noise but maximize the
recontructed signal.

The EOF-based SST analyses have asouthern limit
of 45°S because of therelativelack of in situ SST ob-
servations at high southern latitudes, and their north-
ern limit (~65°N) is determined by regions of seaice
that are not well represented by the EOFs. Grid points
not reconstructed are assigned values from the 1982—
93 Ol climatology of Reynoldsand Smith (1995). The
period of coverageisfrom January 1950 to the present.
Overdl, Smith et al. (1996) concluded that their EOF-
based interpol ation method [or eigenvector projection
method; see Kaplan et al. (1997), (1998)] resultsin an
improved SST analysis that more redlistically repre-
sentsthelarge-scale SST structurein sparsely sampled
regions than more traditional analysis techniques. In
regionswherein situ sampling is dense, the EOF-based
reconstruction does not have such aclear advantage.

c. GISST analyses

The GISST SST analyses have complete global
coverage and are designed explicitly for forcing cli-
mate models. Severa different versions exist and up-
dates are frequent. The version examined here is
GISST 2.3b, which updates GISST 2.2 described by
Rayner et a. (1996). Total SST fields are available
month by month on a 1° grid, although intermediate
processing of the anomaliesis done on coarser grids.

Severd different steps have been used to construct
the GISST analyses.

1) GISST 2.1. The analyzed fields are monthly from
January 1982 onward and make use of the Poisson
blending technique of Reynolds (1988) to incor-
porate bias-corrected satellite-derived SST data
from the AVHRR instruments with in situ data
from the quality controlled U.K. Meteorological
Officehistorical SST dataset [MOHSST version 6;
Bottomley et al. (1990); Parker et a. (1994); Parker
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2)

3)

et a. (1995a)] and COADS, sea-icedata, and asta
tistically based ice-zone SST specification (Rayner
et al. 1996). Theanalysisisdone using an anomaly
resolution of 2°, and total SST fields are obtained
by adding the 1° resolution 1961-90 climatol ogy
of Parker et al. (1995h).
GISST 1.2. Spatial gaps in 5° gridded monthly
MOHSST (version 5) anomalies for 190348 are
infilled using coarse-resolution (~10°) ocean ba-
sin EOFs based on seasonal data from 1901 to
1990. For data-poor areas where EOFs cannot be
adequately defined, SST values are estimated us-
ing the Poisson equation technique with assump-
tionsabout SST near theiceedgeasin Parker et a.
(1995c). The anomalies used and the 1° resolution
climatology added back are with respect to 1951—
80.
GISST 2.2. Over the period 1949-81 SST fieldsare
based on reconstructions using eigenvectors of
in situ anomalies with a 2° spatial resolutionin a
fashion similar to that employed in the NCEP EOF
analysesof Smith et a. (1996). Detailsdiffer, how-
ever, inthelength of the SST records used to con-
struct the EOFs, in the areas over which the EOFs
are computed, and in the methods used to deal with
the trend component. The first step of the analy-
sisisto remove a globa multidecadal SST trend
signal represented by thefirst global EOF of low-
pass filtered coarse-resolution data (Fig. 3 in
Rayner et al. 1996; see also Parker and Folland
1991). Next, 2° resolution regional EOFs over four
ocean basins are calculated using MOHSST (ver-
sion 6) anomalies over 195190 interpolated us-
ing a background field reconstructed from 20
coarse-resolution global EOFs. Asfor the NCEP
EOF analyses, the areas covered by the regional
EOFs overlap dightly (Rayner et al. 1996), so a
near-global SST reconstruction is made by aver-
aging acrossthe overlapping domains before add-
ing back the low-frequency-trend EOF. Where
data coverage is too sparse to determine EOFs
(e.g., parts of the Southern Ocean and the south-
eastern Pacific), SSTsareinfilled using Laplacian
interpolation similar to the scheme used in GISST
1.2. Asfor GISST 2.1, ice-zone SSTs are speci-
fied satistically, and the 1° resolution 196190 cli-
matology of Parker et al. (1995b) isadded back to
obtain the total SST fields.

The combination of the EOF-reconstructed
SSTsover 1949-81, GISST 1.2, and GISST 2.1is
termed GISST 2.2. Rayner et d. (1996) discussim-
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provements relative to GISST 1.1 (Parker et al.
1995¢): in particular, after 1948 GISST 2.2 con-
tains more accurate sea-ice data, abetter represen-
tation of near-ice SST, an improved background
climatology, and higher-resolution SST analyses.

4) GISST 2.3. The SST analysesover 190348 areim-
proved and extended back to 1871 by reanalyzing
the datain asimilar way to the EOF-reconstructed
SSTs discussed above. In particular, MOHSST
(version 6) dataare used throughout, agloba trend
EOF and 4° resolution ocean basin EOFs are uti-
lized inthereconstructions, and the anomaly analy-
sisisdone on a4 grid.

At high latitudes, marginal ice-zone SSTsin
GISST 2.3 are obtained through smpleregression re-
lations between SST and sea-ice concentration in ar-
eas where both exist. The sea-ice concentration data
are from Walsh (1995) over the Arctic and various
climatol ogies and other sources over the Antarctic and
inland seas (see Rayner et al. 1996 for details).
Observed monthly mean SSTsfromin situ sourcesfor
196190 over the Northern Hemisphere (NH) and
satellite-derived SSTsfor 1982-94 over the Antarctic
areregressed againgt the searice concentration data. The
resulting equations depend on season and longitude
over the Arctic, but only season over the Antarctic.

Satellite dataused in the construction of the GISST
2.3 analysis were erroneously biased from 1982 on-
wardintheinitial release of thedata(GISST 2.3a). The
correction of thiserror led to therelease of GISST 2.3b,
which isthe dataset examined here.

d. LDEO analyses

The global analyses of Kaplan et al. (1998) are
derived from 5° in situ datafrom MOHSST (version
5; Parker et al. 1994) using astatistical method known
as reduced space optimal smoothing. The period of
record is 18561991, although an unpublished update
based on COADS data through the end of 1997 was
kindly provided to us by Y. Kushnir (1998, personal
communication). Since the resolution of the data is
lower than either of the NCEP productsor GISST, the
LDEO SST analyses are not as useful as a lower
boundary condition for AGCM integrations. They
have been used, however, for examining low-
frequency modes of global SST variability (e.g.,
Enfield and Mestas-Nufiez 1999; Cane et al. 1997).

The OS method and its differencesfrom other sta-
tistically based analysis methods such as Ol and the
eigenvector projection technique of Smith et a. (1996)
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are described in detail by Kaplan et al. (1997), who
also demonstrate the differences in the analyses over
therelatively data-rich Atlantic north of approximately
30°S. The techniques are then applied and compared
over the global oceans by Kaplan et al. (1998).

The OS technique combines data reduction and
least squares optimal estimation. The data reduction
involves computing EOFs of the MOHSST data over
the period 1951-91, then using a subset (80 global
EOFs) asabasisfor the analyzed solution. Unlikethe
approaches used in the construction of the NCEP EOF
and the GISST analyses, the trend component is not
analyzed separately in the OStechnique, so unlessthe
base period containsthe whole trend, it islikely to be
underestimated.

It isthe determination of the stationary spatial co-
variance of the SST field that is perhaps the most novel
feature of the OS analysis. Because of data gaps and
observational error in the covariance field, Kaplan
et al. (1997) smocthitineach spatial directioninsuch
away as to preserve the large-scale relations in the
original covariance while eliminating the small-scale
variations, which are presumed to be dominated by ob-
servationa error. Thevariance of the original SST data
removed by this procedureisthen recovered by inflat-
ing the variance in the smoothed spatial covariance.
The EOFsto be used asabasis set are then cal cul ated
and are also used for fitting a first-order linear
autoregression model of timetransitions. Thus, the OS
technique provides a best estimate of SST based on
available observations at al space points, but it also
utilizesinformation from all times (preceding, during,
and after the analysestime), in contrast to the Ol and
projection methods.

Over periods of relatively good data coverage,
Kaplan et al. (1997, 1998) find that the OS, OI, and
proj ection methods give comparabl e results; however,
at times of especialy poor coverage the use of infor-
mation from other times appears to give the OS
method an advantage. As in the Smith et al. (1996)
SST analyses, the OS SST product isnot global: in ex-
tremely data-sparse areas no attempt is made to esti-
mate the spatial covariancefield.

e. SST climatologies

Theadjusted Ol SST climatology of Reynoldsand
Smith (1995) has recently been updated to the World
Meteorological Organization (WMO) suggested base
period of 1961-90. This new climatology isdescribed
by Smith and Reynolds (1998). Briefly, a 1° resolu-
tion SST climatology is formed from the NCEP Ol
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product over the 1982-96 period, whichincludesthree
more years of Ol analyses than were in the older cli-
matology of Reynolds and Smith (1995). Next, the
NCEP 2° EOF-reconstructed SST analysesare used to
compute a monthly climatology over the desired
WMO base period, with COADS data used to fill in-
land seaareas. Thisclimatology isthen used to adjust
the higher-resolution Ol climatology to the 1961-90
base period following the proceduresin Reynolds and
Smith (1995), so that equatorial upwelling and fronts
remain well resolved. Absolute differences between
the 1950-79 and 1961-90 adjusted Ol climatologies
aregenerally lessthan 0.2°C and appear to reflect real
changesin the climate, such as colder SSTs over the
North Pacific and northwest Atlantic associated with
intensified Aleutian and Icelandic low pressure sys-
tems over the past 20 years (e.g., Hurrell 1996).

The other 1° resolution climatology we examine
isthe GISST 2.2 product described by Parker et al.
(1995b), which improves upon earlier UKMO clima-
tologies(e.g., Bottomley et a. 1990) especidly in data
gparse regions because of the utilization of satellite
data. A globally complete background SST fiddisfirst
created from blended satelliteand MOHSST dataover
1982-94 (GISST 1.1; Parker et a. 1995c). Worldwide
in situ SSTs over the years 1961-90, combined with
statistically based estimates of SSTsin sea-ice zones,
are then blended with the background SST field as
outlined in Parker et al. (1995b), and the resulting
monthly SSTsare averaged to form anew monthly 1°
resolution climatology representative of the WMO
standard reference period. This monthly climatol ogy
isthen interpolated to daily resolution, and these val -
uesare used in the quality control of thelatest version
of MOHSST (version 6), which, inturn, isused inthe
development of the monthly GISST 2.2 analyses de-
scribed above. Thefinal step isto average the result-
ing GISST 2.2 analyses to form a new GISST 2.2
1961-90 monthly climatology.

3. AGCM experiments

General circulation models of the atmosphere
forced over timewith observed SSTsare an important
tool inour ability to understand climate variability and
predictability. Knowledge of the observed SST field
isalso critical for the analysis and reanalysis of atmo-
spheric data. Relatively little attention has been paid,
however, to the impact of different SST analyses on
model simulations. Usually different models are
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forced with the same SSTs (e.g., asin AMIP), or one
SST analysisisused to force the same model but with
changes to other climate forcings. When anew SST
analysiscomesaong, often the atmospheric model has
changed over time aswell so theimpact of the differ-
ent SSTs on the simulated atmosphere cannot be de-
termined. Moreover, especially for the climate record
of the past several decades, when SSTs are much bet-
ter observed, the impact of differencesin SST analy-
sesisgenerally assumed to be small compared to the
noise levels of internal atmospheric variability. One
might be tempted, for instance, to increase ensemble
size by averaging together integrations performed with
the same model but forced with different SST analy-
ses of the same period of time.

Herewe examinetheimpact of differencesin ana-
lyzed SSTs on a model-simulated climate with are-
cent version of the NCAR AGCM, CCM 3, described
in detail by Kiehl et al. (1998). The standard model
configuration uses atriangular wavenumber 42 (T42)
horizontal spectral resolution (approximately a2.8° by
2.8° transform grid) with 18 unequally spaced verti-
ca (hybrid) levels. Fifteen integrations are analyzed.
Onefive-member ensembleisforced with the monthly
NCEP EOF-reconstructed SST analyses over 1950—
97, while another five-member ensemble is forced
with those SSTsthrough 1981 and the NCEP Ol SST
analysesover 1982-97. Thefinal fiverunsareforced
with the GISST 2.2 SST analyses over the period
1903-94. Analyzed monthly SSTsare assigned to the
midmonth date and updated every time step at each
ocean grid point using linear interpolation.

4, SST comparison results

a. Climatological SSTs

We compare the NCEP-adjusted Ol climatology of
Smith and Reynolds (1998) to the UKMO GISST 2.2
climatology of Parker et al. (1995b), which are both
representative of the 30-yr period 1961-90. Month-to-
month differences between the two climatologies re-
veal many of the samefeatures; therefore, asummary
isgiven by theannua mean of the monthly differences
(Fig. 1). Overall thereisreasonably good agreement,
with absolute differences less than 0.25°C over most
of the global oceans. The largest differences (~2°C)
are at high latitudes where the GISST climatology is
warmer. These differences stem from the extremely
low number of in situ observationsin these regionsand
the very different methodol ogies employed at NCEP
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Annual (1961-1990)
R

and UKMO to estimate SST

(GISST) - (Adjusted NCEP OI)

near seaice, asdescribed earlier.
In the high southern latitudes
andin polar regions, where sam-
pling is extremely poor, both
analyses are questionable.

Other large differencesrelate
to the ability of the NCEP-
adjusted Ol climatology to re-
solvereal small-scale structures
and sharp SST gradients. Thisis
particularly evident in the equa-
torial Pacific upwelling region, !
wherethe GISST climatology is . L
warmer by amost 0.5°C, andin
areas where SST gradients are
large. Absolute SST differences
exceed 1°C, for instance, in the
retroflection region south of
Africa and near the Peru,
Falkland, and Benguela Cur-
rents. Even more striking are the large differencesin
the Kuroshio extension in the North Pacificand in the
Gulf Stream of the North Atlantic. Inthelatter area, a
narrow Gulf Stream iswell defined in the NCEP cli-
matology, but not in the GISST, which leadsto a di-
pole structure in the differences with absolute values
exceeding 1°C (Fig. 1).

up to absolute 3°C.

b. Local reproducibility of SSTs

We compare the four monthly SST datasets de-
scribed in section 2 using simple standard statistics.
Correlation coefficients, root-mean-square (rms) dif-
ferences, standard deviations, linear trends, and lag-1
month autocorrel ations are computed after removing
separate annual cycles using the monthly means,
thereby eliminating systematic biases.

Higher-resolution SST datasets, such asthe NCEP
Ol and GISST 2.3b products, are directly compared;
however, they are areaaveraged onto coarser-resol ution
grids for comparisons with the NCEP EOF-recon-
structed and LDEO SST datasets. For brevity, wefirst
focus primarily onthe NCEP Ol and GISST 2.3b SST
analyses from 1982 onward. Both incorporate in situ
and satellite SST data over this period and, because
they have complete global coverage, they are com-
monly used to force AGCMs.

The standard deviation of monthly SST anomalies
from both the NCEP Ol and GISST analysesislarg-
est along the equatorial tropical Pacific and South
American coast where interannual variability associ-
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Fic. 1. Differences between the 30-yr 1961-90 climatologies of GISST and NCEP
(GISST-NCEP) in °C. The color contours are every 0.25°C up to absolute 1°C, then 0.5°C

ated with the EI Nifio-Southern Oscillation (ENSO)
phenomenon is most pronounced (Fig. 2). Large
month-to-month variability isalso evidentinthe SSTs
over the North Pacific and over the North Atlantic
associated with the Kuroshio extension and the posi-
tion of the Gulf Stream. In al of these areas the vari-
ance is larger in the NCEP Ol analyses than in the
GISST product partialy reflecting the coarser resolu-
tion of the latter. Over much of the rest of the global
oceans, however, monthly SST variability is greater
in GISST. Thisisespecially true over data-sparse re-
gionswhere GISST relies heavily on locally interpo-
lated in situ observations and sampling uncertainty is
large. Smith et al. (1996) have a so compared thesetwo
analyses to their EOF-reconstructed SSTs and our
findings (figures not shown) are consistent. In general,
the NCEPreanalyzed SSTsretain most of the variance
of the Ol product, with very good agreement over the
northern oceans and dlightly less variance over the
tropical Pacific.

Global maps of correlation coefficients and rms
differences between the NCEP Ol and GISST 1° glo-
bal SST monthly anomalies (Fig. 3) reveal that over
the northern oceans and the eastern tropical Pacific
correlation coefficients are highest, mostly exceeding
0.9. Values are generally lower than 0.75 south of
about 10°N and are much lower locally over the west-
ern tropical Pacific and the southern oceans, both re-
gions where the number of in situ observations drops
off considerably. Root-mean-square differences be-
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Fic. 2. Standard deviations of monthly SST anomalies for
1982-97 with a contour interval of 0.2°C for GISST 2.3b and
NCEP Ol. Values greater than 0.8°C are stippled and values less
than 0.4°C are shaded.

tween the SST analysesincrease fromlessthan 0.2°C
over the central North Atlantic to over 0.6°C over the
eastern tropical Pacific, in the eastern Pacific south of
10°S, and generally south of 35°S except near New
Zedland (Fig. 3b). In the two latter areas the correla-
tions are lessthan ~0.6. Asshown in TCH, thereisa
striking resemblance between both the pattern of cor-
relationsand rms differencesand the numbersof in situ
observations available. Because essentialy the same
in situ and satellite observations are used in both the
GISST and NCEP Ol products, the correlations and
rms differencesreflect differencesin the quality con-
trol and analysis methods, and it is apparent that there
isuncertainty in the true anomaliesrelated to the rms
differences (see discussion in section 6).

Onereason for the differencesisthe coarser reso-
lution used in the GISST analysis. A coarser-grid
analysis may be more realistic for the presatellite
record, and especially before 1950 when sampling is
often poor. But it is costly when high-resolution data
are available. For example, GISST cannot resolve
equatorial upwelling aswell asthe NCEP Ol (Fig. 1).
In addition, the GISST analysis relies more heavily
on in situ data, which are noisier than satellite data
(e.g., Reynolds and Smith 1994).
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Fic. 3. Correlations (top) and rms differences (bottom) between
monthly SST anomaliesfrom GISST 2.3b and NCEP Ol for 1982—
97. The correlations are contoured every 15% and values below
(above) 0.6 (0.9) are shaded (stippled). The rms differences are
contoured every 0.15°C and values exceeding 0.6°C are shaded.

Another reason for the differences in correlation
relates to the size and persistence of the climate sig-
nal, and someinsight into thisis given by maps of the
standard deviation of the monthly anomalies (Fig. 2).
This quantity squared depicts the sum of the actual
signal plus the noise variance. Although details dif-
fer, large signals are hard to miss and are captured in
both analyses. Thisistrue, for instance, over the east-
ern tropical Pacific where the El Nifio signal islarge.
In contrast, over much of therest of thetropical oceans,
thesignal issmall and the influence of noiseisgreater.

c. Persistence of anomalies

Significant differences between the NCEP Ol and
GISST analyses are a so evident in the persistence of
SST anomalies from one month to the next (Fig. 4).
Relatively large (> 0.7) lag 1-month autocorrelations
areevident inthe NCEP Ol SSTsover much of tropi-
cal and North Pacific Oceans, over the tropical and
subtropical Atlantic, and generally south of about
50°S. Somewhat lower values (< 0.6) are associated,
for instance, with the major ocean currents off the
coasts of continents such as the Kuroshio and Gulf
Stream where cold and warm ocean rings form and
eddy activity isknown to belarge. These values seem
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Fic. 4. Lag-1 month autocorrelations of SST anomaliesfor the
period 1982-97 for the NCEP Ol (top) and GISST 2.3b (bottom).
Both series were detrended before computation, although this
makes little difference. Values greater than 70% are stippled and
less than 50% are shaded, and the contour interval is 10%.

to be very reasonable and are not a function of data
density. In sharp contrast are the lag-1 month autocor-
relationsinthe GISST 2.3b analyses, which are much
lower nearly everywhere. Vaueslessthan 0.3 arewide-
spread south of about 30°N, except over the tropical
Pecific and portions of the northern subtropical Atlan-
tic. Over thelatter region aband of relatively high cor-
relations in the GISST analyses extends from North
Africato Brazil along one of the world’ s major ship-
ping routes. For the GISST autocorrelationsthereisa
striking relation with the number of in situ observa
tions(e.g., see Fig. 8in TCH), with valuesfalling off
in regions with little data.

The low lag-1 month autocorrelations and their
patternin GISST 2.3b from 1982 onward relates pri-
marily to the use of the Poisson blending technique
(N. A. Rayner 1998, personal communication). From
1982 to 1994 in situ data were infilled using the
Laplacian of the AVHRR SST field (after 1995 the
NCEP Ol SSTswere used for this purpose), and the
result isthat areas of poor in situ coverage are tempo-
rally incoherent. Asexpected, this problem can be par-
tially alleviated through smoothing. When the lag-1
autocorrelations are computed from running 3-month
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mean anomalies, for instance, the agreement between
the NCEP Ol and GISST products improves consid-
erably, with autocorrelations exceeding 0.7 at all
ocean points in both datasets, although autocorrela-
tionsremain slightly lower inthe GISST product (not
shown).

The lack of temporal continuity in the monthly
GISST analyses after 1981 is not, however, evident
when earlier timesare examined. Over the period when
the GISST fields are based mainly on reconstructions
using eigenvectors of in situ SST anomalies, for ex-
ample, lag-1 month autocorrel ations are much higher
(Fig. 5). In fact they seem to be too high in the
Kuroshio extension and Gulf Stream regions (cf. the
NCEPOI inFig. 4). Low valuesarestill found locally
over mid- and high latitudes of the Southern Hemi-
sphere (SH), where there is no reason physically for
the values to be lower than comparable NH regions
where a Sverdrup balance dominates. This again re-
vealsthat the data coverageisafactor in the analyses.

Also shown in Fig. 5 is the autocorrelation from
the LDEO analyses. For direct comparison with the
GISST results, the lag-1 month autocorrelations are
shown for the period 1950-81. Theresultsare consis-
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tent with those from other periodsaswell and are very
smooth, which reflects the coarse 5° resolution. Also
the coarse resol ution reduces the variability of small-
scale eddies, such asin the Gulf Stream, and thusin-
creases the autocorrelation. Otherwise the values are
reasonably consistent with those of the NCEP Ol
analyses.

d. Multidecadal trends

Trends in the analyses over the post-1950 period
arequite similar, aswould be expected from the com-
mon database and the fact that this period or part of it
isused to define the statistics for the EOF infilling or
optimal smoothing. In contrast, for longer periods, the
trends are quite different. Figure 6 presentsthe linear
trends for 1900 to 1997 from the GISST and LDEO
analyses, both of which are based upon mostly the
same data (and in particular with the same corrections
for observing methods). The differences are substan-
tial and trends are generally more negative in the
LDEO dataset, including cooling trends in the tropi-
cal eastern Pacific, as reported by Cane et al. (1997)
(here the data have been updated), in the subtropical
North Pacific and South Pacific, and more extensively
inthe North Atlantic.

GISST
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Fic. 6. Linear trends of monthly SST anomalies for 1900-97
on a5° grid for GISST 2.3b and LDEO. The contour interval is
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tive values are shaded.
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While the GISST results are not guaranteed to be
correct, thetrend isanalyzed separately, asit isdesir-
able to take into account the nonstationary effects
trends produce in any analysis of variance. The low-
frequency signal isalso removed in the NCEP analy-
sesof Smith et al. (1996, 1998) before gridding of the
residual signal, in order to avoid this problem, and the
low-frequency variance is only added back on after
gridding. In contrast, it is clear that the trend will not
be correctly projected using the OS technique, unless
the base period of 1951-91 contains the entire trend,
which it clearly does not.

e. Area-averaged time series

Itisoften argued for climate purposesthat tempera-
tureanomaliesarelargein scale so that averaging over
larger areas better servesto definethe anomalieswhile
reducing sampling error. In the following, area aver-
agesover the extratropical NH, extratropical SH, and
the Tropics aretaken to emphasize the regional varia-
tions and to see the extent to which the different SST
analyses agree. The latitudinal bounds are 45°S and
60°N, which correspond to the limits of the NCEP
EOF-based SST analysis. The comparisons are made
with monthly anomalies relative to 1950-79.

Over the NH extratropics (20°—60°N; Fig. 7)
monthly SST fluctuations are highly correlated be-
tween the GISST and both NCEP analyses (0.87) over
the period since 1950, and the largest differencestend
to appear in individual months rather than over ex-
tended periods. Monthly differences become smaller
after themid-1970s except toward the end of therecord
(e.g., May 1995 and August 1996) because of spiky
behavior in the GISST analyses. Of note are the dif-
ferences in warming over the past five years, with
NCEP EOF SSTs showing distinctly less warming.

To examine the extent of the agreement and dis-
crepanciesin moredetail, 5-yr running means of cross
correlations, autocorrelations, standard deviations, and
rms differences were computed. One noticeable fea
ture this revealed over the NH was very low correla-
tions (~0.2) between the GISST and NCEP EOF SSTs
during the early 1960s and during the mid-1970s, and
these are primarily due to very different trends over
those short periods. Centered on January 1961, for in-
stance, the GISST analyses cool at arate of —0.16°C
per 5 yr while the linear trend in the NCEP data is
0.11°Cper 5yr (Fig. 7). The NCEP EOF SSTsexhibit
dightly less monthly variance than either the GISST
or the Ol products, consistent with the findings of
Smith et a. (1996), although thischaracteristicismore
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noticeable in regions where the in situ coverage is
worse, such asthe Tropics and the SH.

The best agreement in all statistical measures
among the three datasets occurswhen the SST anoma-
lies are averaged over the Tropics (Fig. 7). Over this
portion of the glabe (20°S-20°N), the large interan-
nual variability associated with ENSO iswell captured
in each analysis, although absolute differences of up
t0 0.2°C are evident between the GISST and NCEP re-
constructed data prior to the 1980s. Clearly seeninal
three products is the post-1976 jump to higher SSTs
(Trenberth and Hoar 1996, 1997). Over the past 15
years, differences are small but show a dlight warm-
inginthe GISST datarelativeto both NCEP products.

The agreement between monthly SST anomalies
isworst over the SH extratropics (20°—45°S) where ab-
solute differences are large (up to 0.5°C between the
GISST and NCEP Ol anayses, which correlate at 0.52
since 1982) and spiky in character (Fig. 7). Thewarm-
ing of the GISST relative to both NCEP products is
most pronounced in the SH, whichisalso wherethere
istheleast amount of in situ data. Asdiscussed in sec-
tion 6, it islikely that the NCEP Ol product is biased
cold, and even more so in the 1990s, because of the
satellite data. The NCEP EOF analyses do not use sat-
ellite data, however, so the differences with GISST
must be due to the processing of in situ data (R. W.
Reynolds 1999, personal communication).

5. Tropical Pacific SST differences and
atmospheric impact

Within the Tropics there is a fairly direct tropo-
spheric response to SST anomalies and masking by
internal atmospheric variability is relatively small
compared with the extratropics (Shukla 1998). It is
over this portion of the glabe, therefore, that the SST
differences are most likely to produce achangeinthe
atmospheric circulation above the noise of chaotic
natural variability in AGCM simulations. A review of
the tropical SST teleconnections (Trenberth et al.
1998) indicates that the signal is more likely to be
found if the SST anomalies|ast for aseason or longer.

Thetemporal evolution of SST anomaliesover the
large 1982-1983 El Nifio event isdepicted differently
inthe NCEP Ol analysesrelativeto the GISST analy-
ses (Fig. 8). Monthly tropical Pacific SST anomalies,
referenced to a 1950-79 base period, are shown as a
function of time and longitude averaged between 5°S
and 5°N. The lack of temporal consistency in the
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monthly GISST dataisclearly evident: relatively large
SST anomalies of one sign are often followed 1 or 2
months later by equally large SST anomalies of op-
posite sign, in contrast to the relatively smooth tem-
pora behavior of the NCEP OI product. Differences
between the two total SST fields (Fig. 9) further re-

2671



b)
GISST 2.3b

T
150E 180 150W 120W

T e T
0w

150E

Fic. 8. Longitude-time sections for the period from Jan 1982 through Dec 1984 of the tropical Pacific averaged from 5°N to 5°S
for (@) NCEP Ol and (b) GISST 2.3b. The contour interval is 0.25°C and values greater than 0.5°C are shaded and less than —0.5°C

are stippled.

veal the noisier structure in GISST. Some of this can
be removed by smoothing (e.g., 3- or 5-month running
averages), but systematic differencesremain.

We have examined the impact of differences be-
tween the NCEP OlI, the NCEP EOF reconstructed,
and the GISST 2.2 SST datasets on five-member
ensemble simulations performed with CCM3.
Differences between the ensemble-mean monthly to-
tal precipitation averaged over 5°S-5°N (Fig. 9) are
aslargeas5 mmday?, especially west of the dateline,
and the noisier structure from the GISST analysisis
apparent. Therelationship between differencesin to-
tal precipitation and SST is, however, nonlinear. Over
the eastern tropical Pacific, for instance, differences
between two SST analysesaslarge asthosein Fig. 9
do not usually translate into significant precipitation
differences except during warm events. Thisis seen
by thelack of rainfall differences after mid-1983 when
the SSTs returned to below normal in this region
(Fig. 9). Thus over cold upwelling equatoria waters
it doesnot rain inthemodel (or in nature) evenif one
SST analysisis 1°-2°C warmer or colder than another.
The sameisnot true over the warm pool region, how-
ever, where ensemble-mean monthly total precipita-
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tion differences over 1982-84 (and all other periods
as well) are more frequently (but not always) of the
samesign asthe SST differences, and thisisalsotrue
when the El Nifio warming spreads into the eastern
Pacific (asin 1982—early 1983) (Fig. 9).

How realistic is the precipitation response in
CCM3todifferencesin analyzed SSTs? The correla-
tion coefficientsfrom 1979 to 1995 between monthly
SST anomaliesfrom Smith et al. (1996) and monthly
precipitation anomalies from Xie and Arkin (1996)
reveal that the highest values (> 0.45) are observed
over thetropical Pacific, with considerably lower val-
ues el sewhere but with large-scal e structure (Fig. 10).
In comparison, the gridpoint correl ations between the
same SST dataset and the ensemble-mean precipita-
tion anomaliesfrom CCM3reveal higher correlations
that are positive almost everywhere (Fig. 10). Similar
results have been found for other AGCMs as well,
including those used in the reanalysis of atmospheric
data (Masutani 1997). This most likely indicates a
shortcoming of most state-of-the-art AGCM experi-
ments driven with specified SSTs. In such integrations
heat fluxes from the ocean into the atmosphere do not
cool the SSTs (Saravanan 1998), whereas, over the
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extratropics, it is established

SST and Precipitation
L | 5

that the atmosphere typically
drives the ocean rather than the
other way around (Trenberth
et al. 1998). Because there are
substantial uncertainties in the
precipitation dataset (Xie and
Arkin 1996), correlations may
be lower in the “observed”
panel in Fig. 10 than in redlity.
Nevertheless, it is likely that
these kinds of AMIP runs are
only pertinent for SST anoma-
lies in the Tropics where the
ocean drivesthe atmosphere and
has a large upper ocean heat
content support. A salient point
here is that most AGCMSs, in-
cluding CCM 3, do respond rela-
tively strongly and realistically
to changes (or differences) in
monthly SST in low latitudes.
Wefound many examples of
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thisusing CCM3, and we illus-
trate one in Fig. 11. Averaged
over the three months Decem-
ber—January—February (DJF)
1954/55, SSTsin GISST near and
just west of the date line along
theequator are 1°C warmer than
they are in the NCEP EOF-
reconstructed SST analyses. Differencesin CCM3 en-
semble-mean total precipitation over this area reach
up to 8 mm day (with the GISST-forced precipita-
tion rate greater), and such large changesin the mod-
eled latent heating also imply changesin atmospheric
responses and tel econnections.

AlsoshowninFig. 11 arethe differences between
the ensemble-mean 200-mb divergent wind compo-
nent and the 200-mb streamfunction averaged over
DJF 1954/55. Theresponsein thelocal divergent wind
isclear and is as expected: over the region where the
GISST SSTs are warmer and the CCM 3 simulated
precipitation rate is greater, the divergent outflow is
stronger in the GISST-forced runs, and thisistruein
each individual member of the ensemble as well.
Moreover, differencesin the ensemble-mean subtropi-
cal and extratropical rotational flow are consistent with
the changes in the tropical heating and outflow
(Trenberth et al. 1998). In addition to twin anticyclonic
centers just poleward of the region of the largest dif-
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Fic. 9. Longitude-time sections for the period from Jan 1982 through Dec 1984 of the
tropical Pacific averaged from 5°N to 5°S. In color is shown the differences between the
SST anomalies (GISST-NCEP Ol, from Fig. 8) with the color scale (right) in °C. The con-
tours are the differences in ensemble-mean precipitation from CCM3 (GISST-NCEP Ol
runs) with a contour increment of 1 mm day™. Dashed contours are negative.

ferencesin SST, strong wave trains are evident over
the extratropical Pacific and downstream over both
hemispheres with geopotential height anomalies ex-
ceeding 100 m in places. The magnitudes of the
streamfunction anomalies are similar to those ob-
served during warm or cold ENSO events (e.g., see
Fig. 39inHurrell et al. 1998).

More generally, however, we found it difficult to
identify an unequivocal extratropical responseto ana-
lyzed SST differences using CCM 3, aswould be ex-
pected given thelarge amount of internal atmospheric
variability in mid- and high latitudes. Thisisespecialy
true of periodswhen large differencesintropical SSTs
persisted for only 1 or 2 months, although such cases
undoubtedly add spurious variance to the simulated
climate. In several caseswhentropical SST differences
persist for several months or longer (such as DJF
1954/55), however, extratropical responsesvery conss
tent with the tropical heating anomalies that occur in
nature areidentifiable. Thishasimportant implications
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for the interpretation of climate variability and predict-
ability from AGCM runs forced with analyzed SSTs.

6. Discussion and likely origin of
discrepancies

We have shown that there remain significant dif-
ferences between global SST datasets, both in their
long-term climatol ogies and in the monthly anomalies
that are important meteorologically. The results are
similar to an earlier comparison of TCH and Folland
et al. (1993), indicating that considerabl e uncertainty
in our knowledge of the SST fields remains, in spite
of improved analysis techniques and the greatly im-
proved spatial coverage that satellite data provide.
While much work remainsto be done, progressis be-
ing made, the sources of many of the differences are
known, and it isalso reasonably well established how
to fix many of the problems. No dataset is perfect; all
have identifiable problems that can be addressed.

Using the COADS, TCH analyzed sources of er-
rors for in situ SSTs. By assessing the variability
within 2° latitude by 2° longitude boxes within each
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month for 1979, TCH found that individual SST mea-
surements are representative of the monthly mean to
within astandard error of 1.0°Cinthe Tropicsand 1.2—
1.4°Cin the extratropics. The standard error islarger
in the North Pacific than in the North Atlantic and it
ismuch larger in regions of strong SST gradient, such
as within the vicinity of the Gulf Stream. Thisis be-
cause both within-month temporal variability and the
within 2°—box spatial variability are enhanced. The
total standard error of the monthly mean in each box
is reduced approximately by the sguare root of the
number of observations available. The overall noise
in SSTs ranges from less than 0.1°C over the North
Atlantic to over 0.5°C over the oceans south of about
35°S.

An additional problem with SST isthat it isnot as
well defined asisdesirable. Historically, SST hasre-
ferred to abulk near-surface ocean temperature mea-
sured by tossing a bucket over the side of a ship in
order to obtain awater sample. The design and insu-
lation of the buckets has changed with time, however,
sothat corrections must be applied (Folland and Parker
1995). During World War 11, moreover, there was a
switch from bucket measurements to measuring the
temperature of water taken on to cool the ship’s en-
gines. Thesetemperatures depend on the depth (3—7m
or more) and size (10-51 cmin diameter) of theship’s
intake, the lading of the ship, the configuration of the
engineroom, and the point where the measurement is
taken. Such differences areresponsiblefor some of the
noise in the SST measurements, but biases also arise
because heat from the engine room more than offsets
any cold biasfrom the depth of theintake. Overal, the
difference between engineintake and bucket tempera-
turesistypically 0.3°C (see TCH for amaore complete
review).

With satellite remote sensing of SSTs has come
additional problems related to the skin (radiometric)
temperature and the differences between the near-
surface and bulk temperatures. While infrared satel-
lite measurements of SST in principle give the skin
temperature, many agorithms convert the skin tem-
perature into a bulk SST measurement using aform
of regression with selected buoy observations (e.g.,
Reynolds and Marsico 1993; Reynolds and Smith
1994). In the tropical western Pacific warm pool,
Webster et a. (1996) compared the values of skin tem-
perature versusthe bulk temperatures at 1-cm, 0.5-m,
and 5-m depth, wherethelatter correspondsto thetypi-
cal depth of measurements from buoys and ship in-
takes. Skin temperatures are lower than the bulk 1-cm
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depth SST by typicaly 0.2°C. In well-mixed windy
conditions the three bulk SSTs are about the same,
while in light wind conditions with high surface inso-
lation strong near-surface warming occurs, and 1-cm
temperatures are warmer than the 5-m depth SSTs by
as much as 3°C. This gives rise to a significant diur-
nal cyclein SSTs on days with light winds. Webster
et al. (1996) point out that a 1°C error in SSTs typi-
cally resultsin errors of 27 W m in surface energy
balance. This would be expected to have a significant
impact on convection, as we have shown in the previ-
ous section.

As shown in section 4, in al regions there is are-
cent warming in GISST relative to the NCEP Ol data
and GISST is systematically warmer relative to the
other analyses after 1982, especidly in the Tropics and
SH. These features are most likely related to differ-
ences in the processing of in Situ
data, and the cold bias in the
NCEP Ol product arises dso from

been used, which trandates into gpproximately 15 000
observations per week (R. W. Reynolds 1998, per-
sonal communication). Because the bias correction is
underestimated where in Stu observetions are parse, the
difference in the number of ship cbservationsis alikey
cause of the cold bias in the NCEP Ol analyses rela
tive to GISST, which is especidly evident over the SH
mid- and high latitudes during the 1990s. Therefore,
although global SST analyses are likely to be more
complete when satellite-retrieved SSTs are included,
they may be subjected to biases that vary in time.

Clearly there is scope for a more physica trestment
of satellite measurements. It is desirable, for instance,
to explicitly recognize the different nature of skin and
bulk SST measurements and parameterize the diurnal
cycle in satellite SST estimates, especially in light
wind areas (Webster et a. 1996).

incompletely bias-corrected sat-
ellite data and is worse in the
1990s than in the 1980s (R. W.
Reynolds 1998, personal com-
munication). Reynolds (1988)
showed that the satellite data
were causing biases in the analy-
ses, and the biases were differ-
ent for daytime and nighttime

retrievals. Folland et a. (1993)

showed that the CPC satellite
SST data were biased cold, typi-
cally by 0.5°C in the Tropics
and SH, where in situ data used
for bias correction are few.
Satellite-based SSTs are not
available in cloudy regions and,
while they alow for water vapor
attenuation, they are adversely
affected by aerosols. The 1991
Mount Pinatubo eruption, for 5
ingtance, produced a cold biasin

25 3
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the retrieved SSTs (Reynolds
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and Smith 1994). During the
1980s, in situ datafrom COADS
were used to correct biases in the
satellite-derived SSTs, so that
roughly 30 000 ship observa-
tions per week globally were
used. During the 1990s, how-
ever, only GTS in situ data have
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Fic. 11. For the season DJF 1954/55, (top) shown in color are the SST differences
(GISST-NCEP EOF) in °C, and contoured are the differences in CCM3 ensemble-mean
precipitation in mm day™* with negative values dashed. (bottom) Differences in CCM3
ensemble-mean 200-mb divergent wind and the 200-mb streamfunction in 106 m? s™.
Streamfunction values statistically significantly different from zero at the 5% level are
stippled; negative values are in blue and positive values arein red. Note that the color scale
isnot linear. The longest divergent wind vectors slightly exceed 2 m s™.
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Near the seerice zones large differences exist in the
SST analyses that need to be resolved. Observations
are few and far between in these regions but there is
information that should allow improved empirical
models to be developed and used to make the analy-
ses of SST more rdiable. In particular, it is important
that the SST's should be consistent with the observed
ice cover. One of the most important problems is un-
certainty in the searice concentrations. During north-
ern summer, for instance, climatological sea-ice
concentrations over the Arctic based on objective
analyses of microwave satellite observations differ by
20% or more in some regions from a subjective analy-
sis (Knight 1984) of in situ and satellite data (R. W.
Reynolds 1999, personal communication). The collo-
cated data used to define the constants in the GISST
regressions (section 2c and Rayner et d. 1996) prima:
rily occur at low concentrations near the ice margins.
The statistically generated SSTs at higher latitudes,
however, are far from mogt of these data and are thus
sensitive to the choice of the sea-ice concentration
dataset. Careful comparisons and evaluations of dif-
ferent sea-ice analyses are therefore critical.

The problem of sparse or nonexistent data in the
more distant past will remain. Quality control is
also more difficult with few observations, and redun-
dancy isessentia for cross-checking. Our experience
indicatesthat at |east three observations are desirable
before a monthly anomaly can be reliably defined.
However, exploiting thefull information contained in
each observation and their time sequenceisaproblem
that is only beginning to be addressed. The OS tech-
nique of Kaplan et al. (1998) takes full advantage of
the spatial and temporal structure expectedinthe SSTs.
The noise evident in the GISST analyses appears to
come partly from shortcomings in quality control,
which should otherwise catch the problems seen in
Fig. 8. However, the lack of continuity in the GISST
analyses after 1982 (Fig. 4) also shows the need to
exploit the temporal persistence better.

Asnoted in the introduction and in section 4d, the
treatment of trendsisdifficult and different approaches
yield greatly different results. Thereis aneed to rec-
ognize that awarming trend is present, for whatever
reason, inthe SSTsin most places. Moreover, awarm-
ing trend is expected from human activities and the
increasesin carbon dioxide and other greenhouse gases
in the atmosphere. Consequently, the climate should
not be assumed stationary. The use of EOFson which
to project an observation based upon relationshipsin
arecent well-observed period assumes stationarity and
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isthereforeinvalid. The standard deviation of alinear
trend isproportiond to thelength of the samplerecord.
Therefore any trend pattern will be underestimatedin
asubsampl e of the entire record. Thisaccountsfor the
differences seen in Fig. 6 in which the LDEO values
are more suspect. The GISST approach and that of
Smith et al. (1996, 1998) separates out the trend be-
fore carrying out theremaining analysisand it isclear
that such special treatment is essential .

7. Conclusions

Significant differences exist among SST analyses
and none is universally the best for all purposes.
The previous section discussed the likely origin of the
main discrepancies and the need for progress to ad-
dressthem. Relativeto the large magnitude of the an-
nual cycle in surface temperature over midlatitude
oceansand thelarge meridional gradient in SST from
the Tropicsto high latitudes, anomaliesin SST are of -
ten quite small, yet they can have important impacts
on the climate, especially over the Tropics. Accurate
climatol ogies are essentid, therefore, in order to moni-
tor climate anomalies and detect climate changes. In
the long-term mean climatologies, large differences
exist near seaice at high latitudes and there are differ-
encesin spatial resolution of real but small-scalefea-
tures such asthe Gulf Stream and equatorial upwelling,
which are better resolved in the NCEP SST analyses.
A climatology that resolvesthese featuresis necessary
to be able to better define and quality control the
anomalies when observations are present.

In GISST 2.3b there is evidence that the quality
control of observations could be improved and there
are mgjor deficiencies in the temporal continuity of
SST anomalies after 1981. If existing GISST analy-
sesare used for driving AGCMs, we strongly recom-
mend that a 3- or 5-month running mean filter should
be applied to the monthly means after 1981. Satellite
datausage in analyses has the advantage of better de-
fining spatial patterns of SST and regions of strong
gradient, but more attention needs to be paid to pos-
sible biases in retrievals, especialy associated with
volcanic aerosol, and to physical differences between
skin and bulk temperature. Such biases can easily af-
fect trends, and this seemsto be the case for the NCEP
Ol SSTs. Other differences between the SST anadyses
relate to differences in the processing of in situ data.
Differences between the processed in situ data used
a NCEP and the MOHSST (version 6) deta, for instance,
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are larger than differences in the unprocessed in situ
data from the two centers (R. W. Reynolds 1999, per-
sonal communicetion), so a careful comparison of the
in situ processing methods is warranted.

New methods of interpolating and extrapolating
into areas devoid of observations likely improves the
SST analyses but caution is called for in what such
methods may imply for trends or other nonstationary
features of time series. Consequently the long-term
trendsin the LDEO SST analyses are especialy sus-
pect. However, the optimal smoothing analysis tech-
nique has much to recommend it, and it is hoped that
something like it could be applied to higher-resolution
datasets with special measures taken to deal with the
trends.

In the course of this study, we have examined en-
sembles of runs with the CCM3 forced by specified
SST sequencesfrom the different analyses. Asshown
in Fig. 10, there appear to be significant differences
between the modeled local precipitation response to
the SST anomalies and the estimates from observa-
tions. Thisresult hasto be tempered by the uncertainty
inthe observed precipitation estimatesand also inthe
SSTs, as shown here, but it provides a strong indica-
tion that such model experiments may not be well
posed physically. Implicit in these AGCM experi-
mentsisthe assumption that the atmosphere responds
locally to the SSTsand that the SSTsevolvein areal-
istic fashion. Thereisagood basisfor thefirst assump-
tioninthe Tropics and subtropics, such aswith El Nifio
events, as the atmosphere responds locally and fairly
deterministically (e.g., Shukla 1998; Trenberth et al.
1998). But in the extratropics this is not the case, as
moretypically it ssemsthat the atmosphere drivesthe
SST changes and the atmospheric responseisunlikely
to be primarily local (Trenberth et a. 1998). In addi-
tion, as chaotic aspectsdominate theflow it isunlikely
that the SST evolution matches that implied by the
surfacefluxesinthe AGCM simulation. These points
add to those of Saravanan (1998), who found that the
relationship between the surface heat flux is opposite
insignin AMIP-typeintegrations versusfully coupled
ocean—atmosphere models, so there arelimitationsto
using AGCMs with specified SSTs.

We used the AGCM model resultsto show that the
tropical SST differencesthat exist in the datasets are
important, not only in the region in which they occur
but aso globally through tel econnections. Differences
can be aslarge as those from modest El Nifio events,
including theimplied differencesin temperatures and
precipitation. Therefore the SST dataset chosen for
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AMIP-typeintegrations, for attempting to sort out and
detect climate signals (e.g., Folland et al. 1998), for
monitoring climate, and for global reanalyses matters
and should be afactor in evaluating results. We note
that in evaluation of the AMIP integrations (Gates
et al. 1999), no mention ismade of SST uncertainties
aall.

Neverthel ess, many of the problems can bereadily
addressed in reprocessing of the SSTs. For GISST, a
later version (GISST 3.0) has many of the same char-
acteristics as shown here. But ongoing efforts, for in-
stance, have diminated the post-1981 lack of tempora
continuity by reanalyzing the recent record using an
Ol technigue in place of the Poisson blending tech-
nique (N. A. Rayner 1999, persona communication).
The result is that the lag-1 month autocorrelations in
the reprocessed GISST data [HADISST1 (formerly
GISST 4.0), yet to be released] are in much closer
agreement with the NCEP Ol results shown in Fig. 4.

Other discussions have dready occurred among the
groups involved with producing the SST analyses, and
moves are under way to reanayze the data in ways that
should produce a much improved historical SST
record. New analysis techniques at NCEP are reduc-
ing (but not entirely eliminating) the cold bias evident
in the Ol product relative to GISST (Fig. 7), and there
appears to be a convergence toward adoption of the
UKMO gtatistical techniques for deriving marginal
ice-zone SSTs, athough results need to be tested us-
ing independent data. Clearly, as the SST analyses
evolve, it will be important to continue critical evalu-
ations and comparisons of the datasets.
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