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Introduction

The global measurement of Sea Surface Temperature (SST) has for many years operationally relied on infrared (IR) radiometer systems flown on polar orbiting and geostationary platforms.  Although offering high spatial resolution (~1km), high radiometric fidelity, and daily global coverage; the presence of cloud in the IR radiometer field of view (FoV) prevents accurate retrieval of SST.  At any one time, approximately half of the earth’s surface is enveloped by clouds, with certain oceanic regions having persistent cloud cover lasting for weeks.  Detection of cloud contaminated observations is generally more successful during daytime when visible and near-IR image data can be used in synergy.  Nevertheless, the contaminating effect of thin cirrus or sea fog is particularly difficult to detect and the formidable problem of sub-pixel size clouds and their effect on IR-SST is depressingly, unresolved.

In addition, with the exception of the Along Track Scanning Radiometer (ATSR), the accuracy of IR-SST is also vulnerable to the transient presence of aerosol  Stratospheric aerosols injected by volcanic events have long residence times of several years and a quasi-global distribution whereas trophospheric aerosols (desert dust and large fires) are much more localised and short lived.  The possible long-term biasing from aerosols has grave implications for the usefulness of these observations in investigations of climate change.

Clouds and aerosol remain the largest error source in IR-SST and properly accounting for their effects remains the most important procedure of the IR SST retrieval process.  This has motivated the development of a new generation of well-calibrated, multi-spectral, passive microwave radiometers capable of accurately retrieving SST irrespective of atmospheric cloud and aerosol.  These instruments are currently capable of retrieving SST to an accuracy of <0.5 K (rmse) and future instruments are scheduled to provide continuous high quality global SST for the next 20 years.

Measuring SST from microwave emission

Surface radiance is proportional to the observed brightness temperature at microwave frequencies.  While microwave radiation is strongly attenuated and scattered by precipitation at frequencies <15GHz it is insensitive to atmospheric aerosols and only weakly attenuated by oxygen, non-precipitating clouds, and atmospheric water vapour.  Attenuation accounts for ~3% of the signal received, but simultaneous retrieval using additional frequencies (19-85 GHz) allows for an extremely accurate correction.  The emissivity of the sea surface at ~11 GHz is primarily a function of surface roughness and temperature and their complex effect on microwave emission needs to be fully accounted for before SST is successfully retrieved.

There are essentially three types of approach to the development of SST algorithms with many permutations: multiple linear regression, non-linear iterative, and post-launch in-situ regression.  The first two approached rely on physically based radiative transfer models (RTMs) of the ocean and atmosphere and are therefore geophysical algorithms.  The third is purely statistical based on regression between satellite and in situ observations.  While this approach may have the smallest RMS error when compared to in-situ data, understanding the underlying physical basis for the algorithm (leading to improvements) is not possible.

Microwave SST from space

The measurement of sea-surface temperature through clouds by satellite microwave radiometers has been an elusive goal for many years.  The scanning multi-channel microwave radiometer (SMMR) which flew on both Seasat and Nimbus-7 in 1978 were poorly calibrated, and the later generation of radiometers called the Special Sensor Microwave Imager (SSM/I) did not have the low frequency channels needed for accurate SST retrieval algorithm.  Finally, in November 1997, a well-calibrated radiometer with a 10.7 GHz channel was launched aboard the Tropical Rainfall Measuring Mission (TRMM) satellite (a joint program between NASA and NASDA).  The TRMM orbit (Figure 1a) is low altitude (350 km) and low inclination (35º), resulting in extensive non-sun-synchronous coverage of the tropical regions between 40(N and 40(S.  Note that when SST <15(C, the change in BT with respect to SST is too small at 10.7 GHz to be useful and consequently, future instruments offering global coverage all utilise 7 GHz channels.

The microwave SST algorithm developed for TMI at Remote Sensing Systems is based on a multiple linear regression to simulated TBs generated by an accurate and reliable RTM (Wentz and Meissner, 1999).  About 400,000 scenes are generated from a large ensemble of possible environmental conditions (42,195 radiosondes are combined with 5 cloud models, randomly varied SST, wind speed, and wind direction).  Simulated TBs for each scene are generated by the RTM.  Coefficients for a multiple linear regression algorithm are derived from the simulated TBs.  The algorithm retrieves SST, wind speed, columnar water vapour, cloud liquid water, and rain rate.  Ignoring the effect of directional sea surface roughness, at 6.9 GHz typical SST retrieval errors of ~0.3 K are expected due to uncertainties in radiometer noise, incidence angle and radio frequency interference.  Figure 1b shows a complete day of SST observations using the Remote Sensing Systems v2.0 SST algorithm.  Gaps due to the TRMM orbit are virtually completely filled over a 2-day span.

For microwave SST retrieval, the effect of surface roughness (parameterised in terms of wind speed and direction) is particularly important.  At high wind speeds (>12 m/s), the dominant source of error in microwave SST retrieval is wind direction cross-talk.  Wind speed is easily distinguished from SST as the wind speed mainly affects horizontally polarized channels but the directional component is more difficult to separate from SST as both polarizations are affected.  Most future satellite microwave radiometers are complemented by additional instruments (scatterometers) capable of simultaneous wind direction retrievals.  Otherwise, algorithms must rely on model wind vectors to estimate the anisotropy in the surface roughness.

SST from TRMM TMI

A characteristic of microwave SST observations is poor spatial resolution.  For a microwave radiometer, FOV is a function of both frequency and antennae size with diffraction the main limitation to resolution (i.e., antenna is diffraction limited).  Considering radiation at 10.7 GHz with wavelength ~0.03 m, the resulting a FOV is ~50 km, smaller wavelengths will result a larger FOV.  This limitation is generally overcome by over sampling and re-mapping resulting in SST products at a grid size as small as 25 km.  Figure 2 shows SST around South Africa observed in one day and clearly reveals the Aguhlas Current in with great thermal detail and structural consistency that is characteristic of TRMM TMI data.  Warm rings, separated from the Aguhlas Current and advected north, are clearly seen along the west coast.  Note that SST retrieval is not possible in close proximity to land due to hot thermal emission and side-lobe contamination.  Unlike IR-SST where composite maps over periods of several days are normally required to image this area, TMI SST are available on a daily bases.

Figure 3 shows the North Indian Ocean with several interesting features including large upwelling signatures seen off the coast of Arabia and Somolia associated with the Southwest Monsoon circulation patterns.  Also marked is the ground track of typhoon Jelawat that resulted in 80 deaths attributed to flooding.  A large cold wake is visible to the right of Jelawat’s track (where the winds are strongest).  This is present because of increased ocean-atmosphere heat exchange and upwelling cause by the storm.  Cold wakes generated by such storms can impact their subsequent evolution when their forward velocity is small and the inclusion of cooling under storms improves intensity estimates.  Such observations are exceptionally difficult to obtain using IR systems due to the large amount of cloud cover associated with storms.

The production of the TMI SST data set shown here is a collaborative effort with the TRMM Project at GSFC and the Passive Microwave Earth Science Information Partnership (ESIP) for Climate Studies.  All data and documentation is available via anonymous ftp at ssmi.com or through the website www.remss.com.

Sub-skin sea surface temperature

The ocean emissivity at microwave frequencies is much lower and more variable than at IR frequencies due to surface roughness, foam, and the dielectric (temperature and salinity) properties of seawater.  The depth of penetration of microwave radiation into the sea surface is also governed by the conductivity of seawater in the frequency of the observation.  For a temperature of 298 K and salinity of 36 ppt., penetration depth varies between ~2 mm @ 5 GHz and ~1 mm @ 15 GHz.  Consequently, a microwave radiometer determines a physically different temperature from an IR radiometer.  The latter measures the “skin temperature” which has a penetration depth of ~10(m at a wavelength of ~10(m.  Figure 4 schematically demonstrates the relationship between the sub-skin layer of the ocean (the SST retrieved from a microwave radiometer) the subsurface bulk SST (measured by buoys and ships) and the skin SST.  At night or, during moderate to strong winds during the day, the sub-skin SST is similar to the bulk SST but characteristically warmer than the cooler skin SST.  However, with light wind conditions and solar warming SST deviations of several degrees are possible depending on measurement depth.  Such fundamental differences between SST measured by in situ sensors, microwave radiometers and, IR radiometers demands careful attention if these data sets are to be used together.

Accuracy

Due to the large FOV associated with the TMI SST product it is difficult to devise a satisfactory validation strategy.  As a simple and pragmatic approach, weekly TMI SST were compared against quality in situ SST obtained from the moored buoy installations.  Nearly 10,000 contemporaneous measurements (summarised in Table 1) show that the TMI SST product is providing SST observations with negligible mean bias and a variability within the expected range of uncertainty due to the spatial-temporal mismatch between buoy and TMI observations and uncertainties in the surface roughness correction.

The future

Table 2 describes current and planned satellite passive microwave radiometer missions suitable for SST retrieval.  Advanced Microwave Scanning Radiometer (AMSR) instruments are scheduled for launch later this year (EOS PM and ADEOS-II) and later in the decade (GCOM B-1).  These instruments have channels at 6.9 and 10.7 GHz and a wide 1600 km swath that will provide global coverage.  Further improvement in SST retrieval is expected from these instruments using 6.9 GHz observations, better pre launch calibration, and supplementary information on surface roughness using contemporaneous scatterometer measurements.  SST retrievals should approach the accuracy of clear sky IR retrievals for 3 day average data (~0.2-0.3 K) albeit with a reduced spatial resolution of 50 km.  The challenge is to develop a new generation of SST data products that capitalise on the exceptional synergy benefits of IR and Microwave SST.
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Tables

Buoy source
Number of collocations
Mean Residual (K).
RMSD (K)

NDBC
2436
0.24
0.72

TAO
7018
-0.04
0.40

PIRATA
374
0.03
0.35

ALL
9828
0.03
0.50

Table 1. Weekly Average TMI SST compared to in situ buoy observations.

Platform, Instrument
Time
SST Channels
Scatterometer

TRMM, TMI
1997-2003
10.7 GHz
No

ADEOS-II, AMSR
2001-2005
6.9 & 10.7 GHz
Yes

EOS PM, AMSR-E
2001-2005
6.9 & 10.7 GHz
No

WindSat
2001-2004
6.9 & 10.7 GHz
Yes

GCOM B-1, AMSR
2005-2010
6.9 & 10.7 GHz
Yes

NPOESS, CMIS
2009-2020
~7 & ~11 GHz
Yes

Table 2. Currently operational and future passive microwave satellite sensors providing SST estimates.  Satellites with scatterometers will have simultaneous retrieval of wind direction.

Figure Captions

Figure 1.  (a) A Schematic showing the configuration of TRMM orbit and swath of the TMI. Data are limited to 40°N and 40°S because of TRMM’s orbit inclination.  (b) SST derived from TRMM TMI for November 23, 2000 using the Remote Sensing Systems (RSS) V2 SST algorithm.  Land is coloured grey, while missing data due to orbital characteristics or rain contamination of the SST retrieval is white.

Figure 2.  SST in the South African Aguhulas retro reflection region showing the fine scale thermal detail and structural consistency that is characteristic of TRMM TMI data.

Figure 3.  TRMM SST, August 11-12, 2000.  A cold wake is seen alongside the track of Typhoon Jelawat. There is a well-developed upwelling signature along the coasts of Somolia and Arabia.

Figure 4.  Schematic showing characteristic temperature profiles at the sea surface for (a) night time conditions or daytime with moderate to strong winds and (b) daytime light wind conditions and solar warming.

