
S ea surface temperature (SST) inf luences the

 atmosphere through its eff ects on sensible and

 latent heat f luxes across the air–sea interface 

and is therefore fundamentally important for climate 

research and for accurate simulations of surface and 

low-level winds in numerical weather prediction 

(NWP) models. On large scales, SST is negatively 

correlated with surface winds, which has been inter-

preted as evidence of one-way forcing of the ocean by 

the atmosphere through wind eff ects on air–sea heat 

fl uxes and Ekman advection of the mean SST gradi-

ents (e.g., Mantua et al. 1997; Okumura et al. 2001; 

Tomita et al. 2002; Visbeck et al. 2003). On scales of 

100–3000 km in regions of strong SST fronts associ-
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ated with ocean currents, recent satellite observations 

of SST and surface winds reveal fundamentally diff er-

ent ocean–atmosphere interaction (Xie 2004; Chelton 

et al. 2004). In these regions, SST and surface winds 

are positively correlated from SST-induced changes 

in the stability of the atmospheric boundary layer 

that modify the low-level winds through their ef-

fects on vertical turbulent mixing. Th e persistence 

of the ocean–atmosphere heat fl uxes that sustain this 

small-scale SST forcing of low-level winds is evidently 

attributable to oceanic advective and eddy heat fl uxes 

that maintain the warm and cool SST anomalies 

associated with meandering ocean currents. The 

importance of this oceanic forcing of the atmosphere 

to climate variability is not yet known because scales 

smaller than ~1000 km are poorly resolved in climate 

datasets. Th e global satellite microwave observations 

of SST that have been available since June 2002 from 

the Advanced Microwave Scanning Radiometer on 

the National Aeronautics and Space Administration 

(NASA) Earth Observing System (EOS) Aqua satel-

lite (AMSR-E) are introduced here and evaluated for 

climate research and NWP applications.

The observed SST influence on the surface wind 

field is clearly identifiable in NWP models, albeit 

with underestimated intensity (Chelton 2005). The 
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second objective of this study is to demonstrate the 

sensitivity of NWP models and, by inference, climate 

models, to specification of the SST boundary condi-

tion. This is accomplished by analyzing surface wind 

stress fields from the European Centre for Medium-

Range Weather Forecasts (ECMWF) operational 

NWP model and is made possible by the fact that 

a major change in the SST boundary condition was 

implemented in May 2001. Prior to this time, the SST 

boundary condition consisted of the 7-day-averaged 

Reynolds SST analyses (Reynolds and Smith 1994; 

Reynolds et al. 2002). At 1800 UTC 9 May 2001, 

ECMWF changed the ocean boundary condition to 

the 1-day-averaged, higher spatial resolution Real-

Time Global SST (RTG_SST) analyses that have been 

produced operationally since 30 January 2001 by the 

National Oceanic and Atmospheric Administration 

(NOAA; Thiébaux et al. 2003).

The paper begins with an overview of satellite 

measurements of SST, including brief summaries of 

the Reynolds and RTG_SST analyses that are based 

on a blending of in situ observations and satellite 

infrared measurements from the Advanced Very 

High Resolution Radiometer (AVHRR). Regional 

examples of 3-day composite averages of AVHRR, 

RTG_SST, and AMSR-E data, and the nearest cor-

responding weekly average Reynolds SST analyses 

are then presented for six areas of the World Ocean 

to summarize the resolution limitations of the 

Reynolds and RTG_SST analyses. The importance 

of accurate specification of the SST boundary condi-

tion in NWP and climate models is investigated from 

analyses of surface wind stress fields constructed 

from the ECMWF and the NOAA National Centers 

for Environmental Prediction (NCEP) models. The 

paper concludes with a summary of the results and 

a discussion of how AMSR-E data could be used to 

improve the accuracy of SST and wind stress fields 

for NWP and climate research.

SATELLITE-BASED GLOBAL SST FIELDS. 
Because of the sparse coverage of in situ measure-

ments of SST from buoys and ships, satellite ob-

servations are essential for construction of global 

SST fi elds. Historically, satellite measurements of 

SST have been provided by the AVHRR with mul-

tiple infrared channels that has been operational on 

NOAA satellites since November 1981. Infrared (IR) 

measurements of SST can only be obtained in cloud-

free conditions. Cloud contamination1 is particularly 

problematic over the subpolar oceans where cloud 

cover can exceed 75%. Infrared estimates of SST are 

also contaminated by aerosols from volcanic erup-

tions and dust storms (Diaz et al. 2001).

Because clouds and aerosols are essentially 

transparent to microwave radiation at frequencies 

below about 12 GHz, microwave remote sensing 

has the potential to eliminate the atmospheric con-

tamination problems that plague IR measurements. 

The atmospheric contribution to the microwave 

brightness temperatures measured by a satellite at 

these frequencies is only a few percent. Microwave 

estimates of SST are possible because the surface 

radiance is proportional to SST at frequencies 

between about 4 and 12 GHz. SST retrievals at 

these frequencies must also take into account the 

effects of wind on the emissivity of the sea surface. 

Since microwave emission from the sea surface is 

weak, accurate satellite microwave observations 

of SST require a highly calibrated radiometer. 

High-quality microwave SST data first became 

available in December 1997 from measurements 

at 10.7 GHz by the Tropical Rainfall Measuring 

Mission (TRMM) Microwave Imager (TMI; Wentz 

et al. 2000). Individual TMI observations of SST 

have a footprint size of about 46 km and an accu-

racy of about 0.5°C (see the appendix).

While the 46-km footprint size of TMI measure-

ments of SST is large compared with the ~1 km 

footprint of satellite IR observations, the microwave 

data have the considerable advantage that the mea-

surements are available in all nonraining conditions. 

Rain-contaminated measurements from TMI are 

identified and eliminated from further analysis using 

collocated measurements at 37 GHz. A limitation in 

coastal regions is that the TMI brightness tempera-

tures are contaminated by land in the antenna side 

lobes within about 50 km of land.

As reviewed by Xie (2004), the TMI data have been 

used extensively in studies of air–sea interaction in 

the tropical latitudes of all three ocean basins. TMI 

measurements of SST, together with simultaneous mea-

surements of surface winds by the Quick Scatterometer 

(QuikSCAT), revealed that the coupling between the 

ocean and the atmospheric boundary layer on scales 

smaller than a few thousand kilometers in regions of 

1 Cloud contamination of IR measurements can be difficult to identify unambiguously. As a consequence, automated cloud-

screening algorithms sometimes fail to identify clouds and sometimes falsely identify clear areas as cloud covered (e.g., Cayula 

and Cornillon 1996; Stowe et al. 1999; Di Vittorio and Emery 2002).
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strong SST fronts is much stronger than had been in-

ferred previously from sparse in situ observations.

Aside from the larger footprint size compared 

with IR and the inability to measure SST near land, 

the primary limitation of TMI data is the low incli-

nation of the TRMM orbit, which restricts the TMI 

observations to the latitude band of 40°S–40°N. This 

precludes studies of SST influence on surface winds 

over oceanographically important midlatitude SST 

fronts. In addition, the SST sensitivity of the TMI 

10.7-GHz brightness temperatures decreases with 

decreasing SST, resulting in degraded accuracy of 

TMI retrievals of SST below about 10°C.

Both the restricted latitudinal sampling and the 

degraded accuracy of TMI estimates at low SST are 

eliminated in the SST 

measurements by the 

AMSR-E, which orbits 

the Earth on the EOS 

Aqua satellite in a sun-

synchronous, near-polar 

orbit. The AMSR-E has 

sampled the global ocean 

since 1 June 2002 with 

89% coverage each day 

and 98% coverage every 

2 days. AMSR-E retriev-

als of SST (see the appen-

dix) are based on mea-

surements of brightness 

temperature at 6.9 GHz, 

which is more sensi-

tive to SST than are the 

10.7-GHz measurements 

used in TMI retrievals, 

particularly at the low 

temperatures at which 

TMI retrievals become 

degraded. Rain-contam-

inated measurements are 

identified and excluded 

from further analysis us-

ing collocated measure-

ments at 36.5 GHz. The 

AMSR-E footprint size 

for SST measurements 

is about 56 km, and the 

accuracy is estimated to 

be about 0.4°C (see the 

appendix). Sidelobe con-

tamination at 6.9 GHz 

with the AMSR-E anten-

na extends about 75 km 

from land and ice, both of which are easily identified 

as brightness temperatures that are considerably 

warmer and less polarized than ocean brightness 

temperatures.

The improved global sampling of microwave 

measurements of SST by AMSR-E compared with 

IR measurements by the AVHRR is evident in Fig. 1, 

which shows the percent coverage for each instrument 

in 3-day composite averages of SST over the 12-month 

period October 2002 through September 2003, during 

which there was no significant loss of AMSR-E data. 

The low coverage at high latitudes is attributable to 

ice cover. At lower latitudes, the prevalence of rain 

contamination reduced the AMSR-E coverage to 85% 

in the intertropical convergence zone near 10°N in the 

FIG. 1. Percent coverage of SST measurements from (top) the AMSR-E and 
(bottom) the AVHRR in 3-day composite average maps during the 12-month 
period Oct 2002 through Sep 2003. The white boxes indicate the six areas for 
which example 3-day-averaged SST maps are presented in Figs. 4 and 6–10.
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eastern and central Pacific and to about 90% in some 

regions of the tropical Atlantic and Indian Oceans. 

Elsewhere, AMSR-E coverage in 3-day averages was 

near 100% everywhere. In comparison, AVHRR cov-

erage in 3-day averages exceeds 75% in some regions 

of the Tropics and subtropics but is less than 30% over 

much of the middle- and high-latitude ocean.

TMI and AMSR-E measurements of SST are not 

presently utilized in the SST fields constructed for 

NWP or climate research since the data have only 

recently become available. Because the AVHRR 

measurements of SST have been available since 

November 1981, considerable effort has been de-

voted to their use for constructing global SST fields. 

Biases in AVHRR estimates of SST from incomplete 

corrections for cloud and aerosol contamination are 

reduced by blending the AVHRR measurements of 

SST with all available in situ data. The problems of 

sparse sampling of both the in situ and the AVHRR 

data over much of the World Ocean are dealt with by 

smoothing in both time and space.

Climate studies have traditionally been based 

on the Reynolds SST analyses (Reynolds and Smith 

1994; Reynolds et al. 2002) produced operationally 

since 1981 by NOAA. The Reynolds SST analyses 

consist of weekly averages on a global 1° latitude × 

1° longitude grid and are obtained from a nonlinear 

iterative objective analysis (OA) that uses correlation 

length scales of approximately 900 km zonally and 

600 km meridionally.

Until recently, the Reynolds SST analyses have also 

been the only global SST fields available for providing 

the ocean boundary condition in operational NWP 

models. On 30 January 2001, NOAA began producing 

new operational high-resolution SST fields, referred 

to as the RTG_SST analyses (Thiébaux et al. 2003). 

The RTG_SST analyses are provided as daily aver-

ages on a 0.5° latitude × 0.5° longitude grid from a 

variational analysis that blends in situ and AVHRR 

measurements of SST. Large-scale biases in the satel-

lite data are removed by the same method used in the 

Reynolds analyses. The RTG_SST analysis system 

was modified on 23 April 2002 to include a small 

amount of spatial smoothing of the daily average SST 

fields to reduce small-scale noise in the analyses (B. 

Katz 2003, personal communication).

The in situ and AVHRR data used to construct the 

RTG_SST analyses are the same as those used in the 

Reynolds analyses. In addition to the different gridding 

and temporal averaging summarized above, the two 

OA procedures differ significantly in the specification 

of the correlation length scales. The Reynolds analyses 

are based on the previously noted anisotropic correla-

tion length scales of about 900 km zonally and 600 km 

meridionally. The RTG_SST analyses are based on geo-

graphically varying isotropic correlation length scales 

that are inversely proportional to the magnitude of the 

climatological average SST gradient magnitude, rang-

ing from 100 km for regions of strong SST gradients to 

450 km for regions of weak SST gradients (Thiébaux 

et al. 2003).

The improved spatial 

resolution of the RTG_SST 

analyses over the Reynolds 

analyses can be inferred 

from Fig. 2, which shows 

the root-mean-square (rms) 

differences between 7-day-

averaged RTG_SST and 

Reynolds SST fields over 

the 12-month period Octo-

ber 2002 through Septem-

ber 2003. The rms differ-

ences are less than 0.25°C 

in the subtropical regions 

of weak SST gradients. In 

regions of strong SST gra-

dients, such as the Kuroshio 

Extension in the North 

Pacific, the Gulf Stream in 

the northwest Atlantic, and 

in several regions of the 

Southern Ocean, the rms 

FIG. 2. Geographical distribution of the rms differences between 7-day aver-
ages of Reynolds and RTG_SST analyses of SST on a 1° lat × 1° lon grid over 
the 12-month period Oct 2002 through Sep 2003.
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differences exceed 1°C. The higher spatial resolution 

of the RTG_SST fields is further illustrated from the 

example SST maps in the next section.

REGIONAL EXAMPLES OF SST. Th e potential 

of AMSR-E data to benefi t climate research and NWP 

is illustrated in this section from example maps of 

SST from AVHRR data2 (see online at ftp://podaac.
jpl.nasa.gov/pub/sea_surface_temperature/avhrr/
pathfinder/data_v5/), Reynolds analyses, RTG_SST 

analyses, and AMSR-E data3 (see online at www.
remss.com/amsr/) for the six areas shown by the white 

rectangles in Fig. 1. Th e times for which the SST maps 

are plotted for each area are indicated by the vertical 

dashed lines in the time series of percent coverage by 

AMSR-E and AVHRR in 

Fig. 3. Th ese times were 

chosen somewhat arbi-

trarily to coincide with 

interesting features in 

the AMSR-E SST fi elds. 

Th e AVHRR, RTG_SST, 

and AMSR-E SST fi elds 

in these examples were 

constructed from 3-day 

composite averages. 

Th e Reynolds SST fi elds 

are the 7-day-averaged 

analyses nearest in time to the center date of the 3-day 

averages of AVHRR, RTG_SST, and AMSR-E.

A 1-yr animation (October 2002–September 2003) 

of daily overlapping 3-day-average maps of AMSR 

measurements of SST for the region 62°S–70°N, 

150°W–65°E centered on the Atlantic Ocean can be 

viewed at DOI:10.1175/BAMS-86-8-Chelton. This 

geographical region encompasses five of the six in-

dividual areas considered in this study plus several 

other interesting areas not specifically considered 

here.

The eastern tropical Pacific. Microwave SST observa-

tions from the TMI have been analyzed extensively 

over the past 5 yr in the eastern tropical Pacific where 

2 The AVHRR data used in 

this study consist of ver-

sion 5.0 of the Pathfinder 

data produced by the Jet 

Propulsion Laboratory. 

These SST data include 

both daytime and night-

time measurements from 

the AVHRRs on all avail-

able NOAA satellites, av-

eraged onto a 4-km global 

grid. For the present study, 

these SST fields were fur-

t her averaged onto an 

8-km global grid.
3 The AMSR-E data used in 

this study are the version 4 

data produced by Remote 

Sensing Systems on a 0.25° 

latitude × 0.25° longitude 

global grid, which is finer 

than the inherent 56-km 

resolution of individual 

SST measurements.

FIG. 3. Time series of the percent coverage from the AMSR-E (heavy lines) 
and the AVHRR (thin lines) for each of the regions shown in Figs. 4 and 6–10. 
The vertical dashed line in each panel indicates the time for which the cor-
responding map is shown in Figs. 4 and 6–10. The three periods of complete 
loss of AMSR-E data are due to EOS Aqua spacecraft anomalies during which 
the AMSR-E was not operational.
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the variability on monthly time scales is dominated 

by tropical instability waves (TIWs). While TIWs 

have long been known to exist north of the equator 

in this region (Legeckis 1977; see also the review by 

Qiao and Weisberg 1995), the near-all-weather cover-

age of the TMI data revealed the existence of TIW-

induced perturbations of the SST field south of the 

equator as well (Chelton et al. 2000). Together with 

measurements of surface wind stress by QuikSCAT, 

the TMI data also revealed the remarkably strong 

influence of SST on the atmospheric boundary layer 

in this region (Chelton et al. 2001; Hashizume et al. 

2001). Perturbations of the wind stress, wind stress 

curl, and wind stress divergence fields all propagate 

synchronously westward at about 0.5 m s–1 with 

TIW-induced perturbations of the SST field. This 

ocean–atmosphere coupling has also been observed 

from TMI and QuikSCAT data in the tropical Atlan-

tic (Hashizume et al. 2001).

Example maps of SST in the eastern tropical 

Pacific for 28 May 2003 are shown in Fig. 4. The 

TMI map for this time (not shown here) is virtu-

ally indistinguishable from the AMSR-E map. The 

well-known equatorial cold tongue is readily appar-

ent in all four of the left panels in Fig. 4. This cold 

tongue is present seasonally from about May through 

February in normal and La Niña years and weakens 

or disappears altogether during El Niño years. The 

undulating structure of the cold tongue is attributable 

to perturbations of the SST field by TIWs.

AVHRR observations of SST in the eastern tropical 

Pacific are limited by the fact that the skies are typi-

cally clear less than 50% 

of the time over the region 

just north of the northern 

f lank of the cold tongue 

(Fig. 1). For the 3-day-av-

eraging period shown in 

Fig. 4, during which the 

AVHRR coverage was bet-

ter than average (Fig. 3), the 

skies were cloud covered 

on both sides of the cold 

tongue in the eastern por-

tion of the AVHRR map 

with scattered clouds over 

the rest of the domain. The 

AVHRR nonetheless cap-

tured the undulating struc-

ture of the TIW perturba-

tions of the cold tongue at 

this time. This structure is 

also apparent in the Reyn-

olds SST field but is heavily 

smoothed. The undulating 

structure is better resolved 

in the RTG_SST map but is 

still significantly smoother 

than in either the AVHRR 

or the AMSR-E SST fields.

The resolution differ-

ences between the various 

SST f ields are best seen 

from the maps of the mag-

nitude of the SST gradient 

field in the right panels in 

Fig. 4. The SST gradients 

are about twice as strong 

in the RTG_SST map as in 

FIG. 4. Maps of (left) SST and (right) the magnitude of the SST gradient in the 
eastern tropical Pacific cold tongue region constructed from (top to bottom) 
AVHRR, Reynolds, RTG_SST, and AMSR-E for the 3-day-averaging period 
27–29 May 2003. The white areas in the top left are regions of persistent cloud 
cover over the 3-day-averaging period. The white areas in the bottom left 
correspond to regions of rain contamination. These white areas expand in 
the derivative fields in the top right and bottom right panels.
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the Reynolds map (upper-

left panel in Fig. 5). The 

higher resolution of the 

RTG_SST fields signifi-

cantly improved the ac-

curacy of wind stress fields 

in the ECMWF model in 

this region after the May 

20 01 cha nge f rom t he 

Reynolds analyses to the 

RTG_SST analyses as the 

ocean boundary condi-

tion (Chelton 2005). While 

better than the Reynolds 

analyses, the SST gradients 

in the RTG_SST map are 

only 50% as strong as in the 

AMSR-E map (Fig. 5).

From comparison of 

the AMSR-E map with the 

clear-sky regions of the 

AVHRR map in Fig. 4, it 

can be noted that the SST 

gradients in this region are 

somewhat underestimat-

ed in intensity and overly 

smooth in the AMSR-E 

data. This is attributable to 

the resolution limitation of the 56-km footprint of 

the AMSR-E measurements. Also evident is the lack 

of AMSR-E data due to land contamination along the 

South and Central American coastlines and around 

the Galapagos and Marquesas Islands. Sporadic loss 

of AMSR-E data due to rain contamination is ap-

parent near 5°N to the east of about 110°W. Overall, 

however, the 90%–95% AMSR-E coverage in this 

region is much better than the 40%–80% AVHRR 

coverage (Figs. 1 and 3). The lower spatial resolution 

of the AMSR-E data is thus a tradeoff for the much-

improved spatial and temporal coverage compared 

with AVHRR data.

The Agulhas Return Current. In the southwest Indian 

Ocean, the Agulhas Current flows southward along 

the east coast of Africa to about 35°S, 25°E, where it 

separates from the coast, continues southwest to about 

40°S, 20°E, and then abruptly retroflects eastward to 

form the Agulhas Return Current (ARC; Boebel et al. 

2003). The 40°–45°S latitude of the meandering zonal 

SST front associated with the ARC is poleward of the 

highest latitude sampled by the TMI.

The first year of the AMSR-E data has been 

analyzed with simultaneous measurements of 

wind stress by QuikSCAT to investigate ocean–

atmosphere interaction in the ARC region (O’Neill 

et al. 2005). Compared with an earlier study based 

on Reynolds SST analyses (O’Neill et al. 2003), 

the AMSR-E data provided significantly improved 

characterization of the midlatitude inf luence of 

SST on the wind stress field. The coupling between 

SST and wind stress was found to be similar to that 

inferred in the eastern tropical Pacific from TMI 

and QuikSCAT data.

The limitations of the AVHRR observations are 

readily apparent from the maps for 5 July 2002 (Fig. 6). 

Undulations of the SST front are marginally visible 

along the northern flank of the ARC in the AVHRR 

map, but most of the sea surface at higher southern lati-

tudes was obscured by clouds during this time period. 

This is typical of the AVHRR coverage in this region, 

which is less than 40% south of about 40°S (Fig. 1). 

Except for a rain cell near 45°S, 50°E, the AMSR-E 

coverage was virtually complete for this time period.

Not surprisingly, given the sparse coverage in 

both AVHRR and in situ observations of SST in this 

heavily cloud covered and remote region of the World 

Ocean, the Reynolds SST field in Fig. 6 is exceedingly 

smooth with no detectable undulations of the SST 

FIG. 5. Binned scatterplots of the magnitude of the SST gradients in the Reyn-
olds (blue) and RTG_SST (red) fields as functions of the magnitude of the 
SST gradient in the AMSR-E SST field for the six regions shown in the maps 
in Figs. 4 and 6–10. The solid red and blue circles and associated vertical bars 
represent the average and ± std dev of the scatter of points within each bin. 
For display purposes, these binned values are offset slightly horizontally to 
avoid overlap of the std dev bars. The red and blue lines are least squares fits 
to the bin averages. The slopes s of these lines are labeled in the upper-left 
corner of each panel.
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front. The RTG_SST field in Fig. 6, which is based 

on the same in situ and AVHRR observations as the 

Reynolds SST field, is unexpectedly good compared 

with the AMSR-E. This is likely attributable to the fact 

that many of the meanders of the SST front in this 

region tend to be relatively stationary, probably due 

to bathymetric influence (Boebel et al. 2003).

While most of the major meanders of the SST 

front are evident in the RTG_SST map, its resolution 

limitations are readily apparent from comparisons 

of the RTG_SST and AMSR-E SST gradient maps 

in the right panels in Fig. 6. The SST gradients in 

the RTG_SST map are only 53% as strong as in the 

AMSR-E map (Fig. 5). The SST gradients in the 

Reynolds map are only 21% as strong.

The Brazil–Malvinas Conf luence. The southwest 

Atlantic is a region of complex SST fronts associated 

with the confluence of the 

warm, southward-flowing 

Brazil Current and the cold, 

northward-flowing Malvi-

nas Current (Saraceno et al. 

2004). The interaction of 

these two currents results 

in st rong temperature 

contrasts near the western 

boundary and large mean-

ders and detached eddies 

throughout much of the 

interior basin. These fea-

tures are all evident in the 

AMSR-E map of SST for 27 

July 2003 (Fig. 7). Although 

the AVHRR coverage was 

better than average during 

this time period (Fig. 3), 

the southwest Atlantic was 

most ly c loud covered, 

limiting the utility of the 

AVHRR data.

As in the southwest 

Indian Ocean example in 

Fig. 6, the Reynolds SST 

analysis for the south-

west Atlantic is exceed-

ingly smooth. Despite the 

sparse coverage of in situ 

and AVHRR data in this 

region, the RTG_SST map 

captures the salient fea-

tures, but it misses much 

of the detailed complex 

structure of the myriad SST fronts in this region. The 

resolution limitations are most clearly evident in the 

SST gradient maps in the right panels in Fig. 7. The 

SST gradients in the RTG_SST and Reynolds maps 

are only 53% and 14% as strong, respectively, as in 

the AMSR-E map (Fig. 5).

It is noteworthy that the region of AMSR-E data 

loss near 54°S, 39°W on the west side of South Georgia 

Island extends more than 75 km from land because 

of a large iceberg that was attached to the west side 

of the island. A recently calved iceberg can be seen 

as a “protrusion” of the Antarctic ice sheet near 57°S, 

47°W. The drift of both of these icebergs is clearly 

evident in animations of the AMSR-E data.

It is also noteworthy that the SST fronts in the clear 

region centered near 45°S, 60°W in the AVHRR SST 

gradient map are much narrower and more intense 

than in the AMSR-E SST gradient map. This again 

FIG. 6. Same as in Fig. 4, except for the ARC region of the southwest Indian 
Ocean for the 3-day-averaging period 4–6 Jul 2002.
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emphasizes the resolution limitation of the 56-km 

footprint of the AMSR-E observations.

The Gulf Stream. SST maps for the western North 

Atlantic are shown in Fig. 8 for 1 May 2003. The 

ribbon of warm water off the eastern seaboard of the 

United States that is evident in the AMSR-E map is the 

northward-flowing Florida Current, which separates 

from the coast near 35°N at Cape Hatteras and turns 

eastward to become the meandering Gulf Stream. As 

is typical of this region (Fig. 1), the Gulf Stream was 

mostly cloud covered 

north of about 38° in 

the AVHRR map. The 

sea surface was also 

obscured by clouds as-

sociated with weather 

systems east of Florida 

and in the southeast 

corner of the region 

shown in Fig. 8. The 

AVHRR map is thus 

only marginally use-

ful during this time 

period.

The Reynolds SST 

map shows no evidence 

of any meanders in the 

Gulf Stream and pro-

vides only a blurred 

impression of the in-

tense SST front asso-

ciated with the Gulf 

Stream. The meanders 

are much better re-

solved in the RTG_SST 

map, but the small-

scale structure is only 

marginally resolved 

throughout the region 

north of about 35°N. 

Overall, the intensities 

of the SST gradients 

are better represented 

in these RTG_SST and 

Reynolds maps of the 

Gulf Stream region 

than in the other five 

regions considered 

here but are still only 

80% and 47% as strong, 

respectively, as in the 

AMSR-E map (Fig. 5).

The Kuroshio Extension. The North Pacific analogs to 

the Florida Current and Gulf Stream in the North 

Atlantic are the Kuroshio Current and its eastward 

extension that separates from the coast of Japan at 

about 35°N. SST fields for this region are shown 

in Fig. 9 for 10 June 2003. The AVHRR coverage 

during this time period was poor, but only slightly 

worse than average (Fig. 3). Except for rain cells 

near 27°N, 140°E, 24°N, 155°E, and 37°N, 178°E, 

the AMSR-E coverage was mostly complete during 

this time period.

FIG. 7. Same as in Fig. 4, except for the Brazil–Malvinas Confluence region 
of the southwest Atlantic Ocean for the 3-day-averaging period 26–28 Jul 
2003.
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As in the areas considered above, the Reynolds SST 

map shows no evidence of the complex structures of 

the SST fronts east of Japan (right panels in Fig. 9). The 

RTG_SST map shows more of the meanders of the 

Kuroshio Extension but misses many of the small-scale 

structures of the SST fronts that are evident through-

out most of the region in the AMSR-E map. The SST 

gradients in these RTG_SST and Reynolds maps of the 

Kuroshio Extension region are only 38% and 16% as 

strong, respectively, as in the AMSR-E map (Fig. 5).

The California Current. SST 

maps for the California 

Current region of the east-

ern North Pacific are shown 

in Fig. 10 for 20 September 

2002. The inadequacies of 

the Reynolds and RTG_SST 

maps are again readily ap-

parent. Unlike the previous 

examples, however, serious 

limitations of the AMSR-E 

data are also evident in 

the California Current re-

gion. The SST fronts in 

this region contain nu-

merous structures with 

spatial scales smaller than 

the 56-km footprint of the 

AMSR-E measurements 

(Strub et al. 1991). While 

the AMSR-E map captures 

the large-scale alongshore 

meandering of the SST 

front off the Oregon and 

California coasts, the nar-

row filaments of cold water 

that extend westward into 

the interior ocean and are 

evident in the clear regions 

of the AVHRR SST and SST 

gradient maps are poorly 

resolved in the AMSR-E 

data.

It is noteworthy that 

the skies were exception-

ally clear during the 3-day 

time period considered 

in Fig. 10 (Fig. 3). The 

AVHRR coverage is highly 

variable in this region, 

depending on the extent 

of low-level stratus clouds 

that tend to form over the 

cold water of the California Current. Indeed, stratus 

clouds obscured much of the cold inshore region 

during the 19–21 September 2002 time period shown 

in Fig. 10. On the other hand, the loss of AMSR-E 

data near land because of contamination from the 

antenna sidelobes also restricts the usage of AMSR-E 

data to regions farther than 75 km from the coast. 

The use of satellite observations of SST from either 

IR or microwave data alone can thus be problematic 

for this region. The best SST fields for regions such 
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as this are likely to be obtained from a blending of 

AMSR-E and AVHRR data that takes advantage 

of the complimentary sampling and resolution of 

microwave and IR measurements of SST (e.g., Guan 

and Kawamura 2004).

THE RESOLUTION LIMITATIONS OF 
REYNOLDS AND RTG_SST ANALYSES. 
Th e improved resolution of the RTG_SST fi elds over 

the Reynolds SST fi elds is readily apparent from the 

example maps and binned scatterplots in Figs. 4–10. 

As summarized previously, both products are based 

on the same input data but diff er in the details of the 

objective analysis procedures. Th e Reynolds analysis 

procedure apparently imposes unnecessarily heavy 

smoothing on the SST fi elds.

While they are a significant improvement over 

the Reynolds SST f ields, the resolution of the 

RTG_SST f ields is st i l l 

coarse compared with SST 

f ields constructed from 

AMSR-E data. The regions 

of largest resolution differ-

ences can be inferred from 

Fig. 11, which shows the 

rms differences between 3-

day averages of RTG_SST 

and AMSR-E fields over 

the 12-month time period 

October 2002 through 

September 2003. In ice-

free regions of the World 

Ocean, the largest differ-

ences, which exceed 1°C in 

some places, occur in re-

gions of strong SST gradi-

ents (e.g., the Gulf Stream, 

the Kuroshio Extension, the 

eastern tropical Pacific, the 

Brazil–Malvinas Conf lu-

ence, the ARC, and other 

regions of the Antarctic 

Circumpolar Current).

The resolution differ-

ences of the Reynolds, 

RTG_SST, and AMSR-E 

SST fields are quantified 

in Fig. 12, which shows 

the zona l wavenumber 

spectra of 1-month aver-

ages during the respective 

winter periods of 2003 for 

the Kuroshio Extension 

region of the western North Pacific and the ARC 

region of the southwest Indian Ocean. The ratios of 

the AMSR-E to RTG_SST spectral values are about 1 

down to length scales of ~400 km but increase mono-

tonically on smaller scales (higher wavenumbers). At 

length scales of ~200 km, the spatial variability is less 

energetic in the RTG_SST fields by about a factor of 

10 in the Kuroshio region and by about a factor of 100 

in the ARC region. In comparison, the spatial vari-

ability is less energetic in the Reynolds SST fields by 

about a factor of 10 at length scales of ~400 km and 

by more than three orders of magnitude at length 

scales of ~200 km.

IMPACT OF SST SPECIFICATION ON 
ECMWF WIND STRESS FIELDS AT MID-
LATITUDES. Th e 9 May 2001 change from the 

Reynolds analyses to the RTG_SST analyses as 
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the ocean boundary condition in the operational 

ECMWF model provides an opportunity to assess 

the sensitivity of the model to specifi cation of the 

SST boundary condition. A recent detailed analysis 

of the eastern tropical Pacifi c region found that the 

wind stress fi elds in the ECMWF model improved 

dramatically aft er implementation of the RTG_SST 

boundary condition (Chelton 2005). At midlatitudes, 

SST eff ects on the surface wind fi eld during May when 

the RTG_SST boundary condition was implemented 

are seasonally strongest in the Southern Hemisphere. 

The immediate impact of this change in the SST 

boundary condition is therefore most easily seen from 

analysis of the ECMWF 6-h wind stress fi elds4 (more 

information available online at http://dss.ucar.edu/
datasets/ds111.3) in the ARC region of the southwest 

Indian Ocean, which is the region of strongest SST 

infl uence on the surface wind fi eld in the Southern 

Hemisphere midlatitude ocean (O’Neill et al. 2003).

With sufficient temporal averaging, SST effects on 

the wind stress field are easily distinguished from the 

effects of weather variability (see Fig. 8 of O’Neill et al. 

2005). For present purposes, the 6-hourly ECMWF 

surface wind stress magnitude fields were scalar av-

eraged over 28-day periods immediately preceding 

and following the week of the 9 May 2001 change 

of the ocean boundary condition in the ECMWF 

model. These 28-day periods coincide with the four 

7-day-averaged Reynolds analyses before and after 

9 May 2001.

The sensitivity of the ECMWF wind stress fields 

to specification of SST is assessed here from com-

parisons with the NCEP model, which continues to 

use the Reynolds analyses as the ocean boundary 

condition (B. Katz 2005, personal communication). 

The NCEP wind stress fields were computed from 

10-m wind analyses using the wind speed–dependent 

drag coefficient described by Trenberth et al. (1990). 

The resulting wind stress magnitude fields were 

scalar averaged over the same two 28-day periods as 

the ECMWF wind stress fields. The 7-day-averaged 

Reynolds SST fields were averaged over both 28-day 

periods, and the daily averaged RTG_SST fields were 

averaged over the second time period.

To highlight the scales smaller than a few thou-

sand kilometers over which SST and wind stress are 

highly correlated, the 28-day averaged wind stress 

FIG. 10. Same as in Fig. 4, except for the California 
Current region of the eastern North Pacific Ocean for 
the 3-day-averaging period 19–21 Sep 2002.

4 The ECMWF wind stress fields analyzed here are the “accumulated stresses” over each 6-h forecast model integration period 

obtained from the ds111.3 data files archived at the National Center for Atmospheric Research. These forecast wind stress 

fields were found to be more accurate than wind stress fields computed from the 6-hourly ECMWF analyses of 10-m winds 

using one of the usual wind speed–dependent formulations of the drag coefficient (e.g., Trenberth et al. 1990). This is evi-

dently due to the fact that the ECMWF 10-m wind analyses are biased low over most of the ocean by approximately 0.4 m s–1 

relative to buoy and QuikSCAT observations (Chelton and Freilich 2005). This corresponds to an underestimate of the wind 

stress by 10%–20% over most of the World Ocean.
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magnitude and SST fields 

were all spatially high-pass 

filtered to remove features 

with scales longer than 10° 

latitude × 30° longitude. 

The resulting filtered SST 

and wind stress magnitude 

fields are shown in Fig. 13. 

The smoothness of the 

Reynolds SST fields in the 

top two panels and the bot-

tom panel compared with 

the RTG_SST field in the 

third panel is evident. The 

ECMWF and NCEP wind 

stress magnitude f ields 

were very similar during 

the first time period. In 

contrast ,  t he ECMWF 

wind stress magnitude field 

during the second time 

period contained much 

more small-scale structure 

than the corresponding 

NCEP wind stress field. 
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FIG. 11. Geographical distribution of the rms differences between 3-day aver-
ages of RTG_SST analyses and AMSR-E observations of SST on a 0.5° lat × 
0.5° lon grid over the 12-month period Oct 2002 through Sep 2003.

FIG. 12. Zonal wavenumber 
power spectral density of 
1-month-averaged winter-
time SST fields (top) for the 
Kuroshio Extension region 
(30°–45°N, 150°–210°E) dur-
ing Feb 2003 and (bottom) 
for the ARC region (50°–37°S, 
10°–110°E) during Jul 2003. 
The three lines in the left pan-
els correspond to the spectra 
of the AMSR-E (heavy solid 
lines), RTG_SST (thin solid 
lines), and Reynolds (dashed 
lines) SST fields. The three 
lines in the right panels cor-
respond to the ratios of the 
AMSR-E to RTG_SST (heavy 
solid l ines) , RTG_ SST to 
Reynolds (thin solid lines), and 
AMSR-E to Reynolds (dashed 
lines) . The wavenumber is 
expressed in terms of cycles 
per degree of longitude on 
the abscissas. Corresponding 
selected wavelengths at the 
center latitude of each rectan-
gular region are labeled along 
the top axes.



The remarkable fidelity with which the detailed 

small-scale structures in the RTG_SST field over the 

ARC are reproduced in the ECMWF wind stress field 

during the second time period is clear evidence that 

the improved RTG_SST boundary condition had a 

significant impact on the ECMWF model.

The effects of the improved SST boundary condi-

tion are quantified by the wavenumber spectra in 

Fig. 14. The increase in spectral energy over all wave-

lengths in both models from the first time period to the 

second time period is attributable to a general inten-

sification of the small-scale SST structures associated 

with the normal seasonal increase toward the Southern 

Hemisphere wintertime (O'Neill et al. 2005). For the 

ECMWF model, the increase was a factor of 5–10 

over all wavelengths smaller than 10° of longitude. In 

comparison, the spectral energy at these wavelengths 

increased by only a factor of 2–5 in the NCEP model. 

As the only change in the two models during this time 

period was the change to the RTG_SST boundary 

condition in the ECMWF model, the greater increase 

in the spectral energy at short wavelengths in the 

ECMWF model must be attributable to the higher 

resolution of the RTG_SST analyses.

FIG. 13. Maps of spatially high-
pass-filtered SST (color) and 
wind stress magnitude (con-
tours, with a contour interval 
of 0.015 N m–2) in the ARC av-
eraged over the 28-day period 
(top two maps) preceding and 
(bottom two maps) following 
the 9 May 2001 change of the 
ocean boundary condition 
in the ECMWF model from 
the Reynolds SST analyses 
to the RTG_SST analyses. 
The wind stress fields in the 
top and bottom maps in each 
pair were constructed from 
the ECMWF and NCEP mod-
els, respectively. The SST in 
each map consists of 28-day 
averages from the Reynolds 
analyses (both maps of NCEP 
and the top map of ECMWF) 
and RTG_SST analyses (the 
bottom map of ECMWF) . 
The spatial high-pass filtering 
of these SST and wind stress 
magnitude fields was achieved 
by removing smoothed fields 
obtained using the multidi-
mensional loess smoother 
introduced by Cleveland and 
Devlin (1988). The spans of 
the loess smoother were cho-
sen to have half-power filter 
cutoffs of 10° lat × 30° lon. 
This is analogous to the fil-
tering properties of 6° × 18° 
block averages, but the filter 
transfer function of the loess 
smoother is much better than 
that of block averages (see 
Fig. 1 of Chelton and Schlax 
2003).
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The abrupt change of the 

ECMWF wind stress fields 

after the 9 May 2001 change 

to the RTG_SST boundary 

condition is also clearly appar-

ent in the Gulf Stream region. 

The averages of the ECMWF 

and NCEP wind stress fields 

over the 4-week period prior 

to 9 May 2001 were relatively 

smooth, highly correlated with 

each other, and only moderately 

well correlated with the 4-week-

averaged Reynolds SST field 

(upper two panels in Fig. 15). 

The 4-week-averaged NCEP 

wind stress field after that time 

is very similar in character 

(bottom panel in Fig. 15). In 

contrast, the small-scale struc-

ture in the ECMWF wind stress 

field increased dramatically 

after 9 May 2001 (third panel 

in Fig. 15). The small-scale 

features in the vicinity of the 

Gulf Stream are seen to be very highly correlated with 

small-scale features in the RTG_SST field.

DISCUSSION AND CONCLUSIONS. Satel-

lite microwave measurements of SST by the TMI and 

AMSR-E have revealed that SST in regions of strong 

SST fronts associated with ocean currents exerts a 

strong infl uence on the marine atmospheric boundary 

layer, resulting in a remarkably high positive correla-

tion between surface winds and SST on scales smaller 

than a few thousand kilometers (Xie 2004; Chelton 

et al. 2004). Surface winds are locally higher over 

warm water and lower over cool water. Th is coupling 

becomes clearly distinguishable from weather vari-

ability when the data are averaged over a few weeks or 

longer (O’ Neill et al. 2005). Accurate knowledge of the 

global SST fi eld is essential for accurate representation 

of this ocean–atmosphere interaction in operational 

NWP models, as well as in the general circulation 

models (GCMs) and datasets used in climate research. 

Th ese applications of SST are generally based on the 

Reynolds SST analyses. Inadequacies of the Reynolds 

SST analyses have been clearly demonstrated in this 

paper. In most regions, SST gradients in the Reynolds 

SST analyses are only 15%–25% as strong as in the 

AMSR-E SST fi elds (Fig. 5).

The RTG_SST analyses that have been produced 

operationally by NOAA since 30 January 2001 have 

significantly higher resolution than the Reynolds 

analyses. The ECMWF operational model changed 

the ocean boundary condition from the Reynolds 

analyses to the RTG_SST analyses on 9 May 2001. 

Significant impacts of this change have been dem-

onstrated from analyses of ECMWF surface wind 

fields in the eastern tropical Pacific (Chelton 2005), 

the midlatitude southwest Indian Ocean (Fig. 13), 

and the Gulf Stream region of the western North 

Atlantic (Fig. 15).

The results of this study and that of Chelton (2005) 

have clearly shown that the ECMWF model is sensi-

tive to the resolution of the SST fields used as the 

surface boundary condition. The NCEP operational 

model presently continues to use the Reynolds analy-

ses as the ocean boundary condition. Based on the 

analyses of the surface wind fields in the ECMWF 

model, it can be anticipated that the surface wind 

fields in the NCEP operational model would simi-

larly change if the ocean boundary condition were 

changed to the RTG_SST analyses. SST specification 

is undoubtedly also important in the GCMs used for 

climate research.

The RTG_SST and Reynolds SST analyses are 

based on the same AVHRR and in situ observations 

of SST. The higher resolution of the RTG_SST fields 

indicates that the space–time smoothing in the 

Reynolds objective analysis procedure is overly con-

FIG. 14. Zonal wavenumber power spectral density of wind stress magnitude 
computed over the region 50°–37°S, 10°–110°E in the ARC from the spatially 
high-pass-filtered 28-day average maps shown in Fig. 13. (left) The spectra 
computed from the ECMWF and NCEP models (heavy and thin lines, re-
spectively) for the 28-day-averages preceding (dashed lines) and following 
(solid lines) the 9 May 2001 change of the ocean boundary condition in the 
ECMWF model. (right) The ratios of the spectra during the second time 
period to the spectra during the first time period, with the heavy solid line 
corresponding to ECMWF and the thin solid line corresponding to NCEP. 
The wavenumber is expressed in terms of cycles per degree of longitude 
on the abscissas. Corresponding selected wavelengths at the 43.5°S center 
latitude of the region are labeled along the top axes.
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servative. It should be possible to perform a higher-

resolution reanalysis of the historical Reynolds SST 

fields, which date back to November 1981, using 

shorter spatial correlation scales in the objective 

analysis scheme. Preliminary assessment of such an 

effort is encouraging (R. Reynolds 2005, personal 

communication). A 25-yr Reynolds reanalysis would 

be very useful for climate research.

While a significant improvement over the Reynolds 

analyses, the resolution of the RTG_SST analyses is 

inherently limited by the sparse distribution of the 

AVHRR and in situ data from which the SST fields 

are constructed. These limitations are most clearly 

manifest in the SST gradient fields. In most regions, 

SST gradients in the RTG_SST analyses are only 

40%–55% as strong as in the AMSR-E SST fields 

(Fig. 5). Satellite microwave observations of SST by 

the TMI and the AMSR-E are not presently utilized 

in the RTG_SST analyses. Within the limitations of 

the ~50 km footprint of the microwave estimates of 

SST, and the inability to measure SST closer than 

about 75 km from land, the RTG_SST analyses and 

Reynolds reanalyses of SST could be greatly improved 

by inclusion of the near-all-weather and global satel-

lite microwave observations of SST. Moreover, com-

parisons of contemporary TMI and AMSR-E data 

with AVHRR data are insightful for characterizing 

the errors in SST analyses for time periods before 

the microwave measurements of SST were available.

Looking toward the future, the AMSR-E will be 

succeeded by the Conical Microwave Imager/Sounder 

(CMIS) that is a primary sensor on the National 

Polar Orbiting Environmental Satellite System with 

a planned launch in 2009. With its full compliment 

of polarimetric channels, it is expected that CMIS 

will be able to measure SST to an accuracy at least as 

good as AMSR-E and with about the same footprint 

size and coverage.
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APPENDIX: THE AMSR-E SST RETRIEVAL 
ALGORITHM. Th e sensitivity of vertically polar-

ized brightness temperature to SST at 6.9 GHz is 

the basis for AMSR-E retrievals of SST. Microwave 

brightness temperatures also depend on the eff ects 

of wind-induced roughness on the emissivity of the 

FIG. 15. Same as Fig. 13, except for the Gulf Stream 
region of the western North Atlantic and with a con-
tour interval of 0.01 N m–2 for the contours of spatially 
high-pass-filtered wind stress magnitude.
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sea surface and on atmospheric temperature and 

moisture profi les. As the frequency and polarization 

dependencies on the surface roughness and the atmo-

sphere are quite distinct from the SST dependence, the 

infl uence of these other eff ects can be removed based 

on simultaneous observations from the 10 microwave 

channels on the AMSR-E, corresponding to both 

horizontal and vertical polarization at frequencies 

of 6.9, 10.7, 18.7, 23.8, and 36.5 GHz.

The AMSR-E SST retrieval algorithm is a physi-

cally based two-stage regression that expresses SST in 

terms of the microwave brightness temperatures T
Bi

 

in kelvin measured in channels i, i=1, . . . ,10. Initial 

estimates of SST and wind speed are obtained from 

21-parameter regressions,

  
(A1)

where t
i
 = –ln(290 – T

Bi
) for the two 23.8-GHz 

channels, and t
i
=T

Bi
 – 150 for all other channels. 

The subscript j = 1 or 2 denotes SST or wind speed, 

respectively. The leading subscript 1 in (A1) signifies 

that this is the first-stage retrieval. The regression 

coefficients a
ij
 and b

ij
 are determined from a radiative 

transfer model as discussed below.

Equation (A1) provides a reasonably good initial 

estimate of SST and wind speed. To account for non-

linearities in the relationship between the brightness 

temperatures and SST and wind, a second stage to 

the retrieval algorithm is implemented using a large 

set of localized algorithms in which the retrievals 

are trained to perform well over a relatively narrow 

range of SST and wind speeds. Localized algorithms 

are derived for 38 SST reference values ranging from 

–3° to 34°C at 1°C increments and for 38 wind speed 

reference values ranging from 0 to 37 m s–1 at 1 m s–1 

increments. All SST and wind speed combinations are 

considered, resulting in a two-dimensional table of 

1444 localized algorithms. Each algorithm is trained 

to perform well over an SST range of ±1.5°C and a 

wind speed range of ±2 m s–1 centered on the reference 

SST and wind values.

Each localized algorithm consists of 11-parameter 

regressions,

  
(A2)

where the subscripts k = –3 . . . 34 and l = 0 . . . 37 de-

note the reference SST and wind speed, respectively, 

and the subscript j = 1 or 2 again denotes SST or wind 

speed. The second-stage retrievals p
2j
 of SST and wind 

speed are obtained from a bilinear interpolation of 

the 1444 tabulated solutions p
jkl

 obtained from (A2) 

for the localized algorithms that bracket the first-

stage SST retrieval p
11

 and the first-stage wind speed 

retrieval p
12

.

The regression coefficients c
ijkl

 in the 1444 local-

ized algorithms were found by generating a large 

ensemble of simulated brightness temperatures 

computed from a microwave radiative transfer model 

(RTM) for the ocean and intervening atmosphere 

(Wentz and Meissner 2000) based on a set of 42,195 

radiosonde soundings launched from weather ships 

and small islands around the global ocean (Wentz 

1997). The radiosondes were used to specify the 

atmospheric part of the RTM. For each radiosonde, 

the sea surface wind speed was varied from 0 to 

40 m s–1, wind direction was varied over the full 

360° range, and sea surface temperature was varied 

±5.5°C about the climatological average Reynolds 

SST for the location of the radiosonde. For each of 

these simulated Earth scenes, the set of 10 AMSR-E 

brightness temperatures was computed by the RTM, 

and noise was added to simulate sensor noise. The 

simulated brightness temperatures were substituted 

into (A1), and the regression coefficients a
ij
 and b

ij
 in 

the first-stage algorithms were determined by least-

squares minimization.

The regression coefficients c
ijkl

 for the 1444 local-

ized algorithms given by (A2) were determined simi-

larly by least-squares minimization. Each localized 

algorithm was trained using only the small subset 

of the simulated Earth scenes with SST and wind 

speed values that fell within the ±1.5°C and ±2 m s–1 

window centered on the algorithm’s reference SST 

and wind speed.

For the present study, only the AMSR-E retrievals 

of SST are considered. The accuracy was assessed 

from comparisons with TMI estimates of SST. A 

more complete analysis of the AMSR-E measure-

ment accuracy based on direct comparisons with 

buoys is underway. The differences between TMI 

and the Tropical Atmosphere–Ocean (TAO) buoy 

measurements of SST have previously been shown to 

have a mean of –0.08°C and a standard deviation of 

0.57°C (Gentemann et al. 2004). The corresponding 

rms difference of 0.58°C is an upper bound on the 

errors of the TMI measurements of SST. Taking into 

account the differences owing to the fact that TMI 

measurements consist of the average temperatures 

in the upper millimeter over a 46-km footprint and 

the TAO measurements consist of temperatures at 

1-m depth at a point location, the TMI measurement 

accuracy is estimated to be about 0.5°C.
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The differences between collocated (within 25 km 

and 3 h) TMI and AMSR-E measurements of SST 

computed from the first year of the AMSR-E dataset 

have a mean of 0.06°C and a standard deviation of 

0.56°C. The rms difference is therefore 0.57°C. For 

SST ranging from 11° to 28°C, over which 83% of 

the collocations occurred, there is negligible SST 

dependence of the differences between AMSR-E and 

TMI estimates of SST. There were very few colloca-

tions in SST cooler than 11°C because of the limited 

latitudinal range sampled by TMI. At temperatures 

higher than 28°C, the TMI estimates become biased 

high relative to AMSR-E by as much as 0.55°C. We 

believe this bias is attributable to small systematic 

errors in TMI estimates of these high SSTs.

With a TMI measurement accuracy of 0.5°C, and 

assuming that the TMI and AMSR-E measurement 

errors are independent, the rms difference of 0.57°C 

corresponds to an AMSR-E measurement error of 

about 0.3°C. This is probably an underestimate 

since the errors in collocated measurements by TMI 

and AMSR-E may be somewhat correlated because 

errors in the environmental correction that are re-

sponsible for the SST estimation errors are similar 

for both instruments. We therefore suggest that the 

AMSR-E measurement error for a single observation 

is about 0.4°C. When averaged over time, as in the 

examples in the figures in this paper, these errors 

are reduced.
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