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Abstract

We propose an ISSI study project on the Generation of Climate Data Records (CDRs) of Sea-
Surface Temperature (SST) from current and future satellite radiometers, drawing on expertise of
specialists from Europe, China and the USA.

Unlike many critical parameters in the earth’s climate system the SST is a well-defined variable
with a correspondence to an Sl standard unit. It has been declared an Essential Climate Variable.
Thus, the generation of Climate Data Records of SST is both of great importance and also
tractable, at least in principle. In practice a pathway exists if the SST retrieval uncertainties are
determined using accurate ship-based radiometers with calibration traceable to National
Metrology Institute (NMI) standards, such those maintained by the National Physical Laboratory
(NPL) in the UK and the National Institute of Standards and Technology (NIST) in the USA.

Time series of measurements intended for use in Climate Research are referred to as “Climate
Data Records” (CDRs), which have been defined as “a data set designed to enable study and
assessment of long-term climate change, with ‘long-term’ meaning year-to-year and decade-to-
decade change. Climate research often involves the detection of small changes against a
background of intense, short-term variations” (NRC 2000). It is important to continue validation
efforts over the lifetimes of the spacecraft sensors to ensure that the effects of degradation of the
instruments in orbit are not misinterpreted as being caused by environmental signals (NRC
2000). In generating time series of surface temperatures that span several satellite missions, the
role of validation includes providing the necessary continuity in the derived fields.

The ISSI Study Project would build on a series of three infrared radiometers workshops held at
the Rosenstiel School of Marine and Atmospheric Science (RSMAS), University of Miami, in
collaboration with the US NIST to cross-calibrate ship-mounted, self-calibrating infrared
radiometers used to validate the satellite SST. Another objective was to provide traceability of
calibration to NMI SI standards. At these workshops, the radiometers were calibrated in the
laboratory against black-body calibration devices that were in turn characterized by the NIST
Transfer Radiometer (TXR). The measurements of the radiometers were then compared in the
field, either from the RSMAS jetty, or, in the 2001 workshop, on the RSMAS research vessel.
The most recent workshop was held in Miami in May 2009, in coordination with a laboratory
blackbody calibration comparison held at the UK National Physical Laboratory.

The proposed 1SSI Study Project will bring together scientists active in the field of satellite
remote sensing of SST and ship-based radiometry with those from NMlIs to establish the
procedures for the consistent generation of CDRs of SSTs. We intend that the coordinated group
activities will result in submissions to the peer-reviewed literature. This is a very timely effort
given the imminent launch of new generations of satellite radiometers on NASA and ESA
satellites, which have the potential of extending the time series of SST fields derived from Earth
Observation Satellites into future decades.



Scientific Rationale

There are uncertainties associated with all measurements, and the magnitude of the uncertainties
imposes restrictions on how the measurements should be applied or interpreted. The
uncertainties can result from a variety of causes that relate to the nature of the variable being
measured, and how the measurements are made. Furthermore, the techniques employed to assess
the magnitude and characteristics of the uncertainties are also prone to error, and thus contribute
to the overall uncertainty budget, which is conventionally attributed as a satellite SST retrieval
error.

For sea-surface temperature (SST) derived from measurements taken by infrared radiometers on
earth-observing satellites, the sources of uncertainties can be divided into those that result from
the characteristics of the radiometer, and how well the measurements are calibrated, and those
that arise from imperfections in the atmospheric correction algorithm that is applied to remove
the effects of the intervening atmosphere, including identifying the effects of clouds and
aerosols.

The application with the most demanding accuracy requirement is “climate research” where a
multi-decadal time series of global SSTs is required to detect small changes that are expected to
reveal the response of the climate to changing radiative forcing. Analysis of a time-series of
SSTs to search for signatures of climate change will not lead to a convincing result if the
uncertainties associated with the measurements are larger than the anticipated signal, which is
likely to be <0.2K decade™. This requires 15-20 years of consistent and accurate SSTs with
uncertainties <0.3K (Ohring et al. 2005).

The radiance measured in space by infrared radiometers has its origin in the skin layer of the
ocean and not in the body of the water below, the “bulk temperature” of which is what is
measured by in situ thermometers below the surface. The near-surface temperature gradients
result from three distinct processes: the absorption of insolation, the heat exchange with the
atmosphere and levels of subsurface turbulent mixing. In conditions of low wind speed, the heat
generated in the upper ocean by the absorption of solar radiation is not well mixed through the
surface layer, but causes thermal stratification with temperature differences between the
uppermost layer of the ocean and the water below. There is a strong diurnal component to the
magnitude of these temperature gradients, as well as a dependence on cloud cover, which
modulates the insolation, and, importantly, wind speed which influences the turbulent mixing
(e.g. Price et al. 1986; Fairall et al. 1996; Gentemann and Minnett 2008). The surface, skin layer
of the ocean, much less than one millimeter thick (Hanafin 2002; Hanafin and Minnett 2001), is
nearly always cooler than the underlying water because the heat flux is nearly always from the
ocean to the atmosphere. The heat flow, supplying energy for both the turbulent and radiant heat
loss to the atmosphere, is accomplished by molecular conduction through the aqueous side of the
interface and this is associated with a temperature gradient in the surface skin layer. The
relationship between skin and bulk SSTs just below the surface (at ~5cm) is reasonably well
behaved (Minnett et al. 2011). The relationship with deeper bulk temperature, at depths of a few
meters where many bulk SST measurements are taken, is the same on average during the night,
and during the day for wind speed conditions of >~6ms™ (Donlon et al. 2002). But under low
winds the relationship is very variable - vertically, horizontally and temporally (Minnett 2003;
Ward 2006). The difference between the skin temperature and that measured by a bulk, in situ



thermometer is strongly dependent on the depth of the bulk measurement. Use of the bulk
temperature for satellite-validation introduces these near-surface gradients into the error budget
of the satellite retrieval and leads to an over-estimate of the uncertainties (Kearns et al., 2000).
Physical models of the growth and decay of the diurnal thermocline (e.g. Woods and Barkmann,
1986; Price et al., 1986; Schiller and Godfrey, 2005; Gentemann et al. 2009) require high
temporal resolution forcing fields to produce reliable predictions, and this is a limitation on their
use in relating bulk to skin temperatures for the validation of satellite-derived SSTs.

Given that CDRs of SST span several satellite missions, ensuring that the validating
measurements are themselves accurate over the CDR period is of prime importance. Without this
assurance, systematic changes in the characteristics of the data sets used to validate the satellite
SSTs could be misinterpreted as systematic changes in the upper ocean, and the climate. The
only way of ensuring this stability in the calibration of the sensors used to provide the validation
data is to have a traceable calibration chain to a national SI temperature standard.

The validation of SSTs with infrared radiometers can be done using instruments mounted on
ships (e.g. Kearns et al. 2000; Noyes et al. 2006). For the highest quality data to be used in the
validation of satellite SSTs, the ship-based radiometers must be mounted on the ships so they
have a clear view of the sea surface ahead of the ship’s bow wave. Otherwise they do not take
measurements of the skin SST undisturbed by the presence of the ship. Because the emissivity of
the sea surface is not unity, a small component of the signal measured by the radiometer when it
is directed at the sea surface is reflected sky radiance. To correct for this a measurement of the
downwelling atmospheric radiance is required and thus, the validating instrument must be able to
view the sky at the same angle to zenith as the sea view is inclined to nadir. The radiometers on
the ships must be calibrated throughout the field deployment using internal calibration targets;
and the calibration procedure should be checked using laboratory facilities before and after each
deployment. Consistency of practice by all groups taking such measurements is important to
ensure the generation of accurate and compatible data.

The key to the generation of an SST CDRs lies in the calibration of the ship-based radiometers.
The path to national temperature standards for satellite-derived SSTs, therefore, is through the
calibration of the radiometers used to validate the satellite retrievals, and this requires, and
provides, radiometric traceability to national standards. The national reference standards are
maintained by the NPL in the UK and NIST in the USA.

As part of the pre-launch characterization of the satellite radiometers, they are carefully
calibrated in thermal-vacuum chambers to replicate the conditions on orbit. The pre-launch
calibration is traceable to national standards, but the satellite radiometers are never recovered at
the end of the mission for recalibration and re-characterization. To ensure traceability to NIST
standards, an infrared calibration facility has been set up at RSMAS at the University of Miami.
Three international workshops have been held at which many of the ship-board radiometers used
to validate satellite-derived SSTs were calibrated using a water-bath blackbody calibration target,
built to a NIST design (Fowler 1995). The internal calibration of ship-board radiometers is
assessed by pointing them into the cone of the water-bath blackbody calibration target. The
radiation emerging from the cone depends not only on its temperature, as given by the
thermometers in the water bath, but also on its emissivity. The emissivity was determined, and
hence the calibration system characterized, by the NIST Transfer Radiometer (TXR; Rice and
Johnson 1998), which is the infrared radiometric standard for the NASA Earth Observing System
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program (Rice and Johnson 1996). The TXR was also used to characterize the laboratory
blackbody calibrators used elsewhere to check the internal calibration of the ship-deployed
radiometers (Rice et al. 2004).

Goals and Outcomes of the ISSI Study Project
The goals of the 1SSI Study Project are to bring experts together in a secluded environment to:

1. Review of the results of the three Miami infrared workshops and lay the groundwork for
the next series of workshops to be held in the USA or Europe.

2. Review the current “state of the art” of satellite SST retrieval uncertainties, and identify

the contributions to the satellite-derived uncertainty budget from the validating

radiometers, and from the method of validation.

Reuvisit the specifications for future SST validation radiometers.

Establish and publish a Best Practices Handbook for validation of satellite-derived SSTs.

Ensure the steps to establishing SST CDRs are rigorous and well-understood by those

involved in this activity.

6. Make longer term, coordinated plans to validate new satellite radiometers — VIIRS on
NPP and JPSS, and SLSTR on Sentinel-3.

7. Coordinate the validation of the satellite-derived SSTs within the framework of the
CEOS QA4EO.

8. Examine the initial validation results of the VIIRS on NPP.

9. Finalize publications arising from the Study Projects.

o~ w

Much of the fundamental research and field programs that will provide the framework of the
ISSI meetings are underway with funding from national sources. The research and the transition
of results into the operational community is facilitated through the Group for High Resolution
SST (GHRSST; Donlon et al. 2009) in which any of the participants in the proposed Study
Project are active. A newly constituted SST Science Team, formed under aegis of the NASA
Physical Oceanography Program, provides a loose framework and discussion forum for a large
group of active researchers. The role of the proposed ISSI Study Project is to coordinate the
effort and facilitate activities of a small subgroup of the satellite SST community concerned with
the generation of CDRs of SST. The value of the ISSI involvement is to provide a forum for
focused and dedicated discussions, analysis, and paper preparation.

The outcome will be a handbook of Best Practices and papers submitted to the peer-reviewed
literature; potential titles of papers are:

“Demonstrating traceability to Sl in deriving climate data records: An example using
sea-surface temperature”

"Accuracy of satellite-derived sea-surface temperatures derived from multi-decadal
time series from multiple satellite sensors™

Schedule

It is envisioned to hold three, three-five day workshops at 1SSI, spanning an 18-24 month period
beginning in the autumn of 2011, at about the launch of NPP (October 2011). Subsequent



workshops would be at 8-12 month intervals. The main foci of each workshop will be the above
topics in groups of three as listed, with overlap to review progress.

Participants

Dr Peter Minnett (Team Leader) University of Miami, USA

Dr Gary Corlett (Co-leader) University of Leicester, UK

Mr Werenfrid Wimmer University of Southampton, UK

Dr Tim Nightingale Rutherford Appleton Laboratory, UK
Dr Nigel Fox National Physical Laboratory, UK

Dr Craig Donlon ESA-ESTEC, NL

Dr Andrew Jessup University of Washington, USA

Dr Gary Wick NOAA Earth System Research Laboratory, USA
Dr Chelle Gentemann Remote Sensing Systems, USA

Dr Sandra Castro University of Colorado, USA

Dr Simon Hook NASA Jet Propulsion Laboratory, USA
Dr Bob Evans University of Miami, USA

Mrs Anne O’Carroll EUMETSAT, DE

Dr Lei Guan Ocean University of China, CN

Because of other commitments, it is not expected that all participants will be able to attend all
ISSI meetings, and communications via email will ensure the group cohesion. It is expected that
about six to eight of the participants would be able to attend each of the ISSI meetings.

Facilities required

It is anticipated each participant will bring their own computer, but internet access at ISSI would
be needed. A meeting room with a white board and computer projector with a table large enough
to accommodate discussions of the entire group would be required. Smaller, quiet offices where
small subgroups could work would be advantageous.

Financial Support Requested

In accordance with the ISSI guidelines, requested financial support will be limited to travel costs
of the Team Leader and hotel and per-diem expenses of the participants while in Bern for the
ISSI meetings.
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