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FOREWORD

Looking to the future, NASA’s plans for the next decade include the flight of a
scatterometer aboard the U.S. Navy Remote Ocean Sensing System (N-ROSS) satel-
lite; a dedicated altimeter mission, the Ocean Topography Experiment (TOPEX),
and a color scanner aboard a platform of opportunity. These missions are planned
to fly in the early 1990’s. In the interim, two satellites scheduled for launch 1n 1985
and 1986, although not intended specifically for oceanographic applications, have po-
tential for ocean research. The first is the U S. Navy’s Geodetic Satellite (GEOSAT),
which will carry an altimeter; the second is number one in a series of Defense Mete-
orological Satellites which will carry a Special Sensor Microwave/Imager (SSM/I).

To assess the useful ocean parameters that can be obtained from GEOSAT and
SSM/I data, and to review the scientific problems that can be addressed using these
data, the Ocean Energy Flux Working Group was appointed to provide recommen-
dations to NASA. This report presents the results of their study. We express our
gratitude to Peter Niiler and the other members of this group for their thoughtful
and timely recommendations. It is hoped that the oceanographic utilization of these
GEOSAT and SSM/I data will provide both the experience and the understanding
necessary to more fully exploit NASA’s missions planned for the early 1990’s.

William Patzert, Manager
Physical Oceanography Program
NASA Headquarters






TERMS OF REFERENCE

The Ocean Energy Fluxes Science Working Group was established in March 1984
by the Earth Science and Applications Division of NASA. The group was asked:

(a) To identify scientifically useful parameters for air-sea interaction that can be
obtained from the DMSP SSM/I sensor (launch: early 1986) and the GEOSAT
altimeter (launch: March, 1985);

(b) To review the scientific problems that can be addressed using these parameters;

(c) To assess the status of and needed improvements in algorithms used to trans-
form satellite data to geophysical parameters;

(d) To identify auxiliary data needed to verify and calibrate the necessary algo-
rithms, as well as in situ data that would scientifically complement SSM/I and
GEOSAT data;

(e) To formulate specifications for processing, archiving, and distributing the data
by the Pilot Ocean Data System (PODS) at the Jet Propulsion Laboratory
(JPL) or other agencies.

This is a report of the study carried out by the Science Working Group (SWG).
The conclusions and recommendations were formulated principally at a meeting
held at Scripps Institution of Oceanography, La Jolla, California, during 18-20
April, 1984.

We wish to acknowledge the University of Miami’s Remote Sensing Facility per-
sonnel, particularly programmer Angel Li, for providing their time, computing fa-
cilities, and laser printer during the final production phase of this report. Support
for the SWG and report production was provided by NASA Contract JPL956773,
through Nova University.

Peter Niiler
SWG Chairman
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1 INTRODUCTION

The air and sea interact in a variety of modes which in the atmosphere on
very large scales determine Earth’s climate, and on very small scales control the
development of intense ocean storms. In the ocean, the energy for circulation is
derived entirely from air-sea interaction processes. The communication between
these two fluid media is through fluxes of momentum and heat from the air to the
ocean and fluxes of heat and moisture from the ocean to the air.

A central scientific problem is to determine the air-sea fluxes accurately so that a
clear physical understanding of the interaction process can be achieved. This allows
the coupled ocean and atmospheric circulation to be modeled, and in a number of
space and time scales allows their joint evolution to be predicted. When weather
prediction is to be achieved over successively longer times over continents, influences
of increasingly larger ocean areas need to be considered. When climate prediction
is considered, knowledge of global air-sea interaction becomes crucial.

In the past three decades, direct measurements have been made of turbulent
momentum and heat exchange between the ocean and atmosphere under a wide
variety of synoptic weather conditions. Using turbulent, planetary boundary layer
theory as a guide, practical formulas for estimating heat and momentum fluxes
from synoptic weather observations from ships are now in wide use. For example,
estimation of synoptic momentum flux to the ocean requires knowledge of synoptic
wind speed and direction, sea state, and the vertical stability of the air boundary
layer as expressed by air and sea temperature and humidity differences. The heat
flux to the ocean is composed of four components: solar heating, latent flux, long
wave flux, and sensible flux. Estimation of the latent flux to the ocean requires
knowledge of wind speed, air specific humidity, and sea surface temperature.

Today our knowledge of the global air-sea fluxes is adequate only along heavily
traveled merchant ship routes. South of 20°N latitude, the marine observations are
sparse. Using ship data alone, the temporal evolution of fluxes between atmosphere
and ocean cannot be computed accurately, and our knowledge of the intensity of the
evolving air-sea interaction today is inadequate for purposes of predicting both long-
term weather and short-term climate in the atmosphere or changes in the large-scale
circulation of the oceans.

A number of important developments in satellite remote sensing techniques have
occurred recently which offer the possibility of studying over vast areas of the ocean
the temporally evolving energy exchange between the ocean and the atmosphere.
Commencing in spring of 1985, passive and active microwave sensors that can pro-
vide valuable data for scientific utilization will start to become operational on De-
partment of Defense (DOD) missions. The passive microwave radiometer can be
used to estimate surface wind speed, total air column humidity, and rain rate. The
active radar, or altimeter, senses surface gravity wave height and surface wind speed.



The Defense Meteorological Satellite Program (DMSP) plans to deploy passive
microwave radiometers on a continuing basis. The first, termed SSM/I (Mission
Sensor Microwave/Imager), is to be launched in early 1986. The U.S. Navy launched
an altimeter on the GEOSAT mission in March of 1985; after 18 months, its orbit will
be adjusted to provide a meaningful sampling strategy for ocean surface phenomena.
The GEOSAT data will be useful for mapping sea level changes that are associated
with the movement of strong ocean current systems and their rings and eddies. This
use also is described below. The SSM/I data also can be used for mapping sea ice;
this utilization is covered by the NASA Scientific Working Group on Sea Ice.

The utilization\\ of SSM/I and GEOSAT data for air-sea interaction studies is
addressed below. These missions were not designed for the optimum scientific uti-
lization. The working premise of this SWG is that avenues have been established
within NASA and DOD by which scientists can have a strong input as to how the
raw data are calib*ated and how the geophysical variables are derived for scientific
use. This report addresses the science that can be done and how the data are best
used for scientific objectives.



2 SCIENTIFIC STUDIES

2.1 Tropical Ocean and Global ‘Atmosphere (TOGA)

In the tropics, the ocean and atmosphere exhibit closely coupled variabilities
in circulation, temperature, and rainfall on monthly to yearly time scales. The
1982-83 El Nifio was the largest such departure on record from normal seasonal
conditions on the Pacific equator. The air-sea interaction process thought most
directly responsible for these dramatic shifts of climate are changes of heat transfer
from the ocean to the atmosphere and shifts of the wind stress patterns over the
tropical ocean. The Intergovernmental Oceanographic Commission (IOC) and the
World Meteorological Organization (WMO) have organized a global study of these
phenomena. The scientific objectives are the following:

(a) To determine to what extent the time-dependent behavior of the tropical
oceans and global atmosphere system is predictable on time scales of months
to years, and to understand the mechanisms of this behavior;

(b) To study the feasibility of modeling the coupled ocean-atmosphere system for
the purpose of predicting its variations on time scales of months to years,

(c) To provide the scientific background for designing an observing and data trans-
mission system for operational prediction, if this capability is demonstrated
by coupled atmosphere-ocean models.

There are numerous requirements that dictate a range of observations of the
combined system:

(a) Basic research into key physical processes,
(b) Diagnostic studies,

(c) Model development and verification.

One of the principal components of TOGA is an air-sea flux measurement pro-
gram aimed at providing a ten-year data set of monthly values of the fluxes of
momentum, heat, and moisture across the air-sea interface. These values are re-
quired in the earlier stages for driving ocean models and in the later stages for
validating coupled atmosphere-ocean models (WCRP, 1984d).

Strong anomalies of heat flux do occur in the tropics. Figure 2.1 shows the
latent plus sensible flux difference between December 1972 (an EI Nifio year) and
December 1973 (a post-El Nifio year). The signal associated with El Nifio events is
in excess of 200 w/m?. Thus, the evolution of the monthly time scale for tropical sea
surface temperature, which largely governs the evolution of atmospheric circulation,
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Figure 2.1: The latent plus sensible ocean heat flux difference between December 1972 El
Nifio and December 1973, non-El Nifio. Along the equator the ocean is cooled more and
atmosphere is heated more in December 1972 than in December 1973. Contours are in watts
per square meter,

is strongly affected by such heat fluxes (McPhaden, 1982; Stevenson and Niiler, 1983;
Reed, 1983). Quite simply, if the local monthly excess heat flux of 50-100 w/m?
over annual mean flux is distributed over the tropical mixed layer having a depth
of 50 m, local temperature changes of 0.75-1.50°C can result. Thus to describe as
well as to model tropical SST evolution, accurate heat exchange rates are required.

The monthly changes of tropical net heat exchange are determined principally
by variations of solar heating and latent cooling (Weare, et al., 1980). As has been
widely discussed (e.g., Niiler, 1982), an accuracy of 20 w/m? for monthly means and
2°x 2° spatial averages would be sufficient to model or estimate local temperature
changes of 50 m deep tropical mixed layers to an accuracy of 0.3°C. Thus a TOGA
goal would be a net heat flux estimate of 20 w/m? rms accuracy. A useful level is
40 w/m? rms accuracy. This would allow modeling or estimation of the seasonal
signal and prediction of SST to 0.6°C, which is the accuracy of SST remote sensing
or resolution of SST by ships-of-opportunity.

For estimating fluxes by practical formulae, measurements of wind speed and
direction, SST, air specific humidity, amount of cloudiness, and speciation are re-
quired. In the tropical oceans, sufficient meteorological observations for estimating
monthly mean fluxes of heat or momentum exist only along a few shipping lanes. But
global remote sensing of air-sea interaction is crucial to the success of the TOGA



objective and must be implemented. The tropical momentum flux determination
has been addressed by a TOGA science working group on Interim Ocean Surface
Wind Data Sets (WCRP, 1984a). The net surface radiation measurement and SST
determination have been addressed by the TOGA science working group on Sea
Temperature and Net Surface Radiation Budget (WCRP, 1984b). The conclusions
of these studies are that net insolation can be determined with sufficient accuracy for
the TOGA goal, and, provided that remote wind speed accuracy can be improved
(to 1 m/sec), useful latent heat flux also can be estimated (to 2040 w/m?; also see
Section 3).

In summary, TOGA objectives and implementation plans require a strong remote
sensing program in air-sea heat and momentum fluxes. The parameters that can
be derived from SSM/I are crucial to the implementation of the TOGA program.
Additionally, global sea level variability from the GEOSAT Exact Repeat Mission
(ERM) will play an important role.

2.2 World Ocean Circulation Experiment (WOCE)

The primary goal of WOCE (WCRP, 1984c) is to collect the data necessary to
develop and test ocean models useful for predicting climate change. Within this goal,
specific aims (WCRP, 1984d) are to determine and understand, on a global basis,
the following aspects of the world ocean circulation and their relation to climate:

(a) The large-scale fluxes of heat and fresh water and their divergences on a 5-year
mean time scale and, in addition, their annual and interannual variability;

(b) The dynamic balance of the ocean circulation and its response to changing
surface fluxes;

(c) Components of ocean variability on months to years, 1000 km to global scales,
and the statistics on smaller scales;

(d) The rate and nature of formation, ventilation and circulation of water masses
that influence the climate on time scales from 10 to 100 years.

Goal 2 of WOCE is to determine the representativeness of the specific WOCE
data sets for the long-term behavior of the ocean, and to find methods for deter-
mining long-term changes in the ocean circulation.

Satellite data are considered essential to WOCE. The main field phase is planned
for 1990-1995, to run concurrently with the N-ROSS, ERS-1 and TOPEX satellite
missions. However, it is stressed that many observational programs need not neces-
sarily be coincident with the main field phase, and that data for Goal 2 are required
over a considerably longer time period. Thus relevant data obtained from DMSP
and GEOSAT within the runup period and (for later DMSP missions) within the



field phase will be of value to WOCE not only for planning purposes but also for
the main scientific research.

The WOCE goals for which DMSP and GEOSAT have the potential to supply
useful data are the following:

(a) Large-scale fluxes of heat and water: Determining the vertical flux of heat and
water through the sea surface is an important component of this goal. The
difficulty of making such a determination has been recognized, and WCRP
suggests continued exploration of techniques using total integrated water vapor
to estimate latent heat of wide swath satellite measurements for providing the
necessary sampling density. The SSM/I on DMSP will be the major source of
wide swath integrated water vapor values in the time period 1985-1991. SSM/I
wind speed and rain rate data also will be directly relevant to determining the
fluxes.

(b) Ocean variability: Altimetric data already have demonstrated their usefulness
in ocean variability studies, and GEOSAT altimeter data will be of value in
this respect.

2.3 The Ocean Observing System Development Program

The Ocean Observing System Development Program (CCCO, 1984) of the Com-
mittee on Climatic Changes and the Ocean (CCCO) was designed to initially provide
multi-variable data sets and time series in support of the observational strategy asso-
ciated with the three streams of the WCRP. Thus the observational requirements of
this program are similar to those of TOGA and WOCE. However, there is particular
stress on the need to provide a data base for intercomparison with new observational
technologies and analysis methods, both to enable thorough evaluation and to pre-
serve continuity with past records. It is expected that the Ocean Observing System
will provide the basis of experience from which, as the mechanisms of climate vari-
ability and change are better understood, a more cost-effective observing system
will be designed and used, on a pilot basis, for climate prediction.

An Ocean Observing System must provide quantitative information on key de-
rived fields, such as wind stress and surface heat flux, on the broad scale needed for
validation of numerical models. The potential of DMSP and GEOSAT sensors to
provide heat flux information has been discussed elsewhere (see Sections 4.1 and 4.2).
The requirement for wind stress information commences before the launch of future
scatterometer missions. A workshop on the provision of Interim Ocean Surface Wind
Data Sets (WCRP, 1984a) recommended that:

Operators of satellites with microwave radiometers (e.g., Nimbus 7,
DMSP) and altimeters (e.g. Geosat) should make provisions to archive



sensor and geophysical data and to make them available to the research
community. The sensor and geophysical algorithms should be docu-
mented and known errors in the algorithms should be corrected.

2.4 Midlatitude Cyclones

The information on atmospheric water content, as vapor, cloud liquid water,
and raindrops, which can be calculated from the SSM/I brightness temperatures,
is particularly valuable for the study of midlatitude cyclones. This is true for two
reasons. One is obvious: since conventional data are very sparse over the ocean, by
producing data for these regions SSM/1 is closing a large existing data gap. Secondly,
since storms over the oceans are not modified (strongly at least) by terrain variations
and strong temperature gradients along the surface, the way in which cyclones evolve
when they have minimal external influences may be studied. This is not to say that
variations in the drag coefficient and sea surface temperature may not be important
for storms over the oceans as well, since there the whole system becomes more
subtle.

Another important aspect is that SSM/I data will provide maps at 50 km reso-
lution or better in swaths (1,394 km wide) of integrated atmospheric water vapor,
integrated cloud liquid water, and rain rate. This is totally new information not ob-
tainable by any other means. Similar information from radar images or radiosonde
sequences from coastal stations, islands, or ships has been obtained previously, but
not with the coverage of measurements from space. In particular, it is information
on the mesoscale of the moisture field in synoptic frontal zones that holds promise
for deepening the understanding of these weather systems, and for aiding in the
diagnosis and location of fronts. This will in turn improve the predictability of their
future development.

Valuable experience on sensing the atmospheric water as vapor and liquid water
was gained from previous passive microwave sensors (see Njoku, 1982, for a review).
The primary drawback of the older sensors was the crude resolution, 0(150 km),
for water vapor. For liquid water and rain rate, much higher resolution is required,
since the natural scales of variability for these phenomena are much smaller: 0(10
km) (Hobbs, 1978). Moreover, the problem affects averages, since at high rain rates,
>4 mm/hr, the algorithms for rain rate retrieval are nonlinear (Wilheit and Chang,
1980).

The latest passive microwave sensor from which atmospheric water parame-
ters can be obtained, the Scanning Multi-channel Microwave Radiometer (SMMR),
which was flown on SEASAT and Nimbus 7 (Gloersen and Barath, 1977), has a
better resolution, 0(50 km), for water vapor and cloud liquid water; rain rate can
be measured at 27 km resolution for rain rates <4 mm/hr. For cyclones over the
oceans, this resolution is becoming closer to being commensurate with the scales



of variability. In midlatitude cyclones, most of the precipitation is in the form of
widespread rain. With the SMMR, individual storms can be analyzed and their de-
velopment followed. Several studies have been carried out to validate the algorithm
retrievals of geophysical data (e.g., Katsaros, et al., 1981; Taylor, et al., 1981a; Al-
ishouse, 1983). A variety of new phenomena have been documented (e.g., Hobbs,
1978; Katsaros and Lewis, 1984; McMurdie and Katsaros, 1985; Matejka, 1980;
Taylor, et al., 1981b).

Research topics on midlatitude cyclonic storms can be addressed with the fol-
lowing features of data from SSM/I:

(a) Mesoscale structure of the frontal boundaries between the cold and warm air,
which can be seen in all three of the parameters on atmospheric water: total
vapor, total cloud water, and rain rate;

(b) Rain band orientation and distribution, which can be seen in the high-resolution
data;

(c) The relationship of relative magnitudes of total water vapor, cloud liquid wa-
ter, and rain rate to storm dynamics, particularly to vertical velocities;

(d) The relationship of total water in a storm, as seen with passive microwave
sensors, to precipitation on the coast, i.e., flood hazards and river runoff;

(e) Comparison of life histories of oceanic cyclones in all seasons as they cross the
different oceans. The differences in size and sea surface temperature distribu-
tion of the oceans may have an influence on the storms’ development;

(f) The dramatically developing polar lows, which can be studied particularly well
from polar orbiting passive microwave sensors because of the high frequency
of sampling at high latitudes.

2.5 Planned and Proposed Studies of Ocean Circulation Involving
the GEOSAT Missions

2.5.1 Gulf Stream Regional Energetics Experiment

The Northwest Atlantic Regional Energetics Experiment (REX) being carried
out by the Naval Ocean Research and Development Activity (NORDA) will be the
first concurrent application of satellite altimetry, regional eddy-resolving numerical
modeling, and an extensive field program focused upon an understanding of Gulf
Stream mesoscale dynamics and energetics (Mitchell, et al., 1985). The specific
scientific issues to be addressed are



(a) What is the relative importance of the barotropic mode (to be uniquely de-
termined by a combination of altimetry and bottom-moored Inverted Echo
Sounders with Pressure Gauges (IES/PG)) in determining the dynamics of
the Gulf Stream in the region of the New England Seamount chain?

(b) How are fluctuating space and time scales modified by flow through the New
England Seamount Chain?

(c) How are fluctuating vertical structure and horizontal exchanges influenced by
interaction with strong bathymetry?

Ongoing numerical modeling (Hurlburt and Thompson, 1984) indicates that
many of the characteristic scales and phenomena (e.g., stream bifurcation) asso-
ciated with Gulf Stream fluctuations arise as a result of the relative importance
of the barotropic mode and, in many cases, the subsequent interaction with the
strong bathymetry of the New England Seamount Chain. One consequence of this
interaction is a greatly enhanced frequency of warm core ring generation over the
seamounts themselves. Determination of sea level topography from GEOSAT al-
timetry (see Section 4.2) in the vicinity of seamounts will be dependent upon the
extent to which the geoidal effects of the seamounts can be removed

A major objective of the supporting field program is to provide absolute sea
level measurements. The calibration for the satellite altimeter in two regions will
be studied. The first region is centered on the mean axis of the Gulf Stream at
approximately 65-66°N (upstream of the New England Seamount Chain). The
second region, centered on approximately 59°W, 39°N, lies immediately downstream
of the seamounts. IES/PG’s will be deployed over these two regions. Supported
by periodic regional CTD and AXBT surveys, the moored arrays will allow for
computation of both free surface topography and main thermocline undulation from
in situ data (Watts and Wimbush, 1981). Use of the IES/PG thus allows separation
of the barotropic mode from low-order baroclinic modes. Error budgets associated
with the use of IES/PG data for calibration of the altimeter in an absolute sense
will be assessed. Absolute calibration of the altimeter range measurement would
result in diminished residual orbit error and subsequent increase in the spatial scale
over which the altimetry may be applied.

GEOSAT was launched in March, 1985. The imtial IES/PG cruise is sched-
uled for May, 1985, during which the deployment of instruments and a supporting
CTD survey are planned. Recovery of the moored instruments is planned for late
spring, 1986. Subsequent redeployment and possible augmentation of the instru-
ments is scheduled for summer/fall, 1986, at about the time of the beginning of
the GEOSAT-ERM. Numerical model studies and data assimilation experiments
are planned throughout the period Additionally, global altimeter crossover point
statistics will be used to compile unclassified statistics on global mesoscale variability
throughout the nominal GEOSAT and GEOSAT-ERM muissions.



10

2.5.2 Equatorial Pacific Sea Surface Topography Experiment

NOAA/NGS (National Geodetic Survey) is proposing to study large spatial
scale fluctuations of sea level with GEOSAT-ERM data. The occurrence of the
El Nifio/Southern Oscillation (ENSO) in the equatorial Pacific Ocean is related to
climate and weather in the United States. This phenomenon is characterized by a
weakening or reversal of the western Pacific trade winds, intense warming of equato-
rial surface waters, and major anomalies in global atmospheric circulation patterns
(also see Section 2.1). Collapse of the trade winds causes water to surge eastward
across the Pacific basin, changing sea level by 20-30 cm.

At present there is only fragmentary information on how this redistribution
of water occurs, but detailed patterns of sea level change can be mapped with a
satellite altimeter. Furthermore, a search can be conducted for similar occurrences
in other oceans. This project will use GEOSAT altimeter data to form global mean
sea surfaces in order to monitor the large-scale change of dynamic height that is
associated with events such as ENSO. Work will be coordinated with the U.S. TOGA
program.

Global GEOSAT altimeter data are required in order to apply algorithms to
correct the ephemeris of the satellite. Tide, EM bias, and propagation corrections
also will be applied to the data. The unclassified release of data from the geodetic
portion of the GEOSAT mission is not adequate for this project because the data
sets close to the SEASAT tracks will occur too infrequently in time and will be
broken into relatively short segments. The data analysis will be carried out at a
secure facility to provide the proper protection for the GEOSAT altimeter data and
ephemerides. The product of this project will be data sets showing the change of sea
surface height in the tropical Pacific from Southeast Asia to Central/South America
at regular intervals for the duration of the GEOSAT mission. Since only changes
in sea surface topography are to be reported, no gravity or geoid signatures will
be revealed. This program will be greatly enhanced with topographic variability
available from the GEOSAT-ERM.

2.5.3 Gulf of Mexico Dynamic Topography and Circulation

The Gulf of Mexico is an ideal basin for testing ocean circulation models and
their ability to assimilate new data types. Because of the Gulf’s limited size and
well defined inflow and outflow through the Yucatan and Florida Straits, it is pos-
sible to envision experiments for studying the circulation of the Gulf as a whole.
NOAA/NGS is proposing to conduct a survey of the Gulf using a long-range air-
craft equipped with AXBT'’s, radar altimeter, and a Global Positioning System
(GPS) geodetic receiver for precise positioning relative to another GPS receiver on
land. The AXBT data can be used to construct the surface dynamic topography,
while the altimeter and GPS systems will provide the total sea surface height. The
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difference between these two surfaces is, to a good approximation, the geoid. Once
the geoid has been determined, subsequent GEOSAT altimeter profiles can be used
to derive maps of dynamic topography and thus the surface circulation of the Gulf
of Mexico.

All GEOSAT altimeter data in the Gulf of Mexico are required along with the
precise ephemeris computed from Doppler tracking data. Data processing and analy-
sis will be carried out at a secure facility to preserve the integrity of the classified
data and ephemeris. The product will consist of a series of maps of the Gulf of
Mexico showing dynamic topography and surface circulation.

2.5.4 Three-year Global Ocean Mesoscale Variability

GEOS 3 and SEASAT demonstrated the potential of altimetry for mapping the
mesoscale eddy field, but neither provided the global long-term description desired.
GEOSAT, and particularly the GEOSAT-ERM, will make an important contribu-
tion in this area. It is proposed to derive global eddy statistics from either crossover
(ground track intersections) or collinear differences. The preferred technique will
depend on the phase of the GEOSAT mission. Neither technique requires any geoid
knowledge. The global altimeter data set is required. Corrections must be made for
ocean tides, path length effects, EM bias, sea state, and ephemeris errors. It will
be necessary to use the entire data set in order to get an adequate temporal sam-
ple. NOAA/NGS will need to generate cross-over statistics, because the algorithm
selected to reduce the error of the precise ephemeris from the altimeter data can
affect the results. The product of this investigation will be a report containing maps
of eddy energy and sea height variability of the global ocean. This product is inde-
pendent of the marine geoid and gravity, because it is determined from differences
of altimeter measurements which contain no gravity or geoid signature.

2.6 Satellite Altimeter Data and Wave Research

The impact of satellite data on ocean wave research has been assessed by Carter
and Challenor (1984). They suggest that three major areas of impact will be short-
and long-term wave statistics and ocean wave modeling.

For short-term statistics, initial research will be driven by the need to understand
the relationships between the sea surface and the altimeter return. This will involve
the extension of much ocean wave theory from one to two dimensions and further
development of nonlinear theories. The altimeter may provide measurements of
important sea state parameters, such as the variance of the vertical acceleration of
the sea surface, which are not available from conventional buoy measurements. Such
data can be used to derive a wave period (Challenor and Srokosz, 1984). Current
research (Srokosz, 1985, unpublished manuscript) suggests that an algorithm giving
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joint estimates of significant wave height, skewness, and a parameter possibly related
to long-crestedness is derivable. Skewness is expected to be higher in regions of active
wind-wave generation and may allow these regions to be distinguished from those
where the significant wave height is dominated by propagating swell. The results
also would allow a better estimate of the sea state “bias” in altimeter measurements
of the mean sea level. For research into the above topics, the altimeter waveform
data would be required.

For long-term statistics, altimeters will enable large-scale spatial processes to be
studied and, over a number of years, will provide data on which to construct a wave
climate model for areas of the world where there are no data now. It will be possible
to study the spatial correlation scale and the spatial homogeneity of ocean waves,
and hence the spatial variability of wave climate. For these studies, significant wave
height data from the satellite are a minimum requirement; however, interpretation
may be hindered considerably if the satellite is in a non-repeat orbit.

Although work has commenced on the incorporation of satellite measurements
into ocean-wide wave models, Carter and Challenor (1984) suggest that the altimeter
will have a relatively small impact compared with scatterometers. However, the
altimeter might provide useful significant wave height data for the verification of
models; the altimeter wind estimates, being collocated with the H, values, also may
be useful for this purpose. A further use of the combined altimeter wind and wave
data may be for the estimation of a swell-related parameter (Guymer, et al., 1985).

Under the International Oceanographic Data Exchange (IODE) system of the
IOC, Responsible National Oceanographic Data Centers (RNODC’s) are charged
with the cataloguing, archiving, and dissemination of certain categories of data. The
Marine Information and Advisory Service (MIAS) of the Institute of Oceanographic
Sciences (Wormley, England) is the RNODC for instrumentally measured wave data
on a world-wide basis, including those data provided by satellites. MIAS receives
on average 350 to 370 enquiries per year for wave data (Jones and Tabor, 1984).
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3 PARAMETERS AND REQUIRED ACCURACIES

Both of the sensors addressed in this report, the altimeter on GEOSAT and
the SSM/I on DMSP, have the potential of measuring ocean surface wind speed.
This parameter is required for determining the latent heat flux and available kinetic
energy flux to the ocean. Wind speed is required in bulk formulas of heat transfer
computation. The kinetic energy provides mechanical stirring of the upper ocean
and facilitates transport of heat and salt. There are a number of studies on the
portion of the available kinetic energy actually transferred from the atmosphere
to the ocean mixed layer (e.g., Denman and Miyake, 1973; Richman and Garrett,
1977); it is proportional to the wind speed cubed. Global coverage of this function
south of 20°N cannot be acquired adequately over any time scale with the existing
sparse surface data sets.

The SSM/I also will measure the columnar water vapor (precipitable water) W
in the atmosphere. Liu and Niiler (1984) have demonstrated that monthly mean W
can be related to monthly mean surface layer humidity. Together with wind speed
and sea surface temperature measured by spaceborne sensors, monthly mean latent
heat flux (evaporation) can be determined over the globe or over an ocean basin (Liu,
1984). Evaporation affects ocean salinity and atmospheric water budget in that it
changes the fresh water content of both the upper ocean and the lower atmosphere.
For a net water budget, rain rate must be known. The problems of measuring sea
surface temperature from space have been addressed in other workshops (¢f., JPL,
1984; WCRP, 1984b), and the present accuracies over most of the globe are sufficient
for latent heat flux estimation to about 20 w/m?. This section covers in detail the
requirements for wind speed and surface layer humidity. Rain rate is discussed in
Section 4.1.3, but since rain data are sparse over the ocean, rain determination will
require special research programs for the duration of the mission discussed here.

For studies of interannual variability, monthly mean values of the variables will
suffice. Current knowledge of the fluxes and related parameters comes mainly from
meteorological reports of merchant ships and fishing vessels that are concentrated
along shipping lanes and coastal fishing grounds. The sampling density required to
evaluate the evolving monthly means depends on the temporal and spatial gradi-
ents. Luther and Harrison (1984) found that 21 samples per month are required to
produce over 0.90% correlation between sub-sample and true wind stress time series
at four island stations representing different wind regimes in the central and western
tropical Pacific. The requirement is less stringent at locations with relatively higher
annual and interannual energy. Weare and Strub (1981) suggested that more than
11 samples per month for a 5° by 5° area are required to reduce satisfactorily the
sampling bias at two coastal regions in the eastern tropical Pacific. At higher lati-
tudes, Fissel, et al. (1977) found that sampling once every two days is required to
define heat and momentum fluxes at Ocean Weather Station P (50°N), and Taylor
(1984) suggested that sampling at a period of 30 hours is necessary to define la-
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Figure 3.1: Temporal and spatial variations of latent heat flux in the equatorial Pacific,
estimated from 20-year monthly means of Weare, et al. (1980).

tent heat flux to 20% of the mean during the Joint Air-Sea Interaction Experiment
(JASIN) in the North Atlantic. It appears that a sampling rate of once every 1 to 3
days is necessary for much of the ocean.

To estimate the required accuracy for spaceborne sensors, the magnitude of the
signal to be measured must be known. Niiler (1982) derived the heat flux difference
between the December of a normal year (1973) and the December of an anomalous
year (1972) in the tropical Pacific from the data of Ramage, et al. (1980). He found
that the difference can be as large as 200 w/m? (see Figure 2.1). Figure 3.1 shows the
temporal and spatial variation of latent heat flux at the equator in the Pacific (Liu,
1984), derived from the 20-year means of Weare, et al. (1980). Figure 3.1a shows
the annual variation at 135°W on the equator, and Figure 3.1b shows the spatial
variation on the equator for August. The monthly mean can exceed 200 w/m?;
the temporal and spatial variations have about the same magnitude: 120 w/m?.
In tropical oceans, the mean and variation appear to have similar magnitudes, and
20% of the variation exceeds 20 w/m?. For the CAGE Experiment (Dobson, 1983),
the required accuracy is 10 w/m?, corresponding to 20% of the heat flux required
to balance the meridional heat transport across 24°N in the North Atlantic. This is
compatible with the requirement for monitoring interannual variation in the North
Atlantic,

The latent heat flux is generally determined from ship reports by the bulk for-
mula:

E = pLCsU(Q, - Q) (1)
where p is the surface air density, L is the latent heat of vaporization, Cg is the
transfer coefficient for moisture, @Q, is the saturation humidity at sea surface tem-
perature, and U and @ are the wind speed and specific humidity at a level in the
atmospheric surface layer. Typical wind speed in the tropical Pacific is about 7 m/s,
and the typical value for Q, — Q is about 5 g/Kg. A 20% accuracy requirement for
E corresponds to 20% accuracy requirements in U or Q, i.e., 1.4 m/s or 1 g/Kg.
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For 7 m/s wind, to achieve an accuracy of 10 w/m? in E requires an accuracy of
4 g/Kgin Q.

To obtain @ from satellite observations, Liu and Niiler (1984) show that a uni-
versal relation between monthly mean Q and W can be derived. By using a local
regression in the tropical Pacific, monthly mean Q can be predicted to an accuracy
of .4 g/Kg, and with a global regression, an accuracy of .8 g/Kg can be achieved.
Assuming a 7 m/s wind, these accuracies correspond with approximately 10 and
20 w/m? in the determination of latent heat flux with (1). Over tropical oceans, an
accuracy of 1 g/Kg in Q requires 10 Kg/m? in W. The requirements for W become
more stringent in subtropical regions but relax again in midlatitudes, reflecting the
decrease of the vertical humidity gradient in the troposphere away from the sub-
tropical highs. A 0.4 g/Kg accuracy in Q requires a 4 Kg/m? accuracy in W over
tropical oceans, but approximately 2 Kg/m? on average over the global oceans.

Hellerman and Rosenstein (1983) demonstrated that the largest amount of avail-
able kinetic energy is found in the winter westerlies of the North Atlantic and Pa-
cific, in the summer monsoon of the Arabian Sea, and in the winter westerlies of
the Antarctic circumpolar current regions: 0.6, 0 5, 0.4, and 0.3 w/m?, respectively.
The available kinetic energy flux K also can be determined from the bulk formula:

K =CpU?® (2)

where Cp is the drag coefficient. A 20% accuracy requirement in K corresponds
to a 6.7% requirement in U. For example, measuring K corresponding to a typical
wind speed of 7 m/s to 20% accuracy requires that the wind speed measurement be
accurate to .5 m/s. The interannual variation over tropical oceans may be just half of
this amount and puts a high demand on the accuracy of wind speed measurements.

In summary, to study latent heat flux over tropical oceans, accuracies of 1.4 m/s
in U and 10 Kg/m? in W are required, but better accuracies are desirable. The
demonstrated accuracies of spaceborne sensors on SEASAT are similar to the re-
quirement in U and about an order of magnitude better in W. Satisfying the .4 g/Kg
(10 w/m?) accuracy over global oceans requires pushing the known capability to the
limit. The study of interannual variation of kinetic energy flux, however, requires
improved technology.
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4 SENSORS AND ALGORITHMS

4.1 The SSM/I Mission

SSM/I is a joint Navy/Air Force project. This system was developed by the
Hughes Aircraft Company, under the direction of the Navy Space Systems Activity
(NSSA) and the Air Force Division. It is to be flown on the DMSP operational
spacecraft as an all-weather oceanographic and meteorological sensor (Hollinger and
Lo, 1983).

The SSM/I is a seven-channel, four-frequency, linearly polarized, passive mi-
crowave radiometric system. The instrument measures atmospheric/ocean surface
brightness temperatures at 19.3, 22.2, 37.0, and 85.5 GHz. These data will be pro-
cessed on an operational basis by the Naval Oceanographic Command and the Air
Force Air Weather Service to obtain near real-time global precipitation maps, sea
ice morphology, marine surface wind speed, columnar integrated liquid water, and
soil moisture percentage.

The instrument consists of an offset parabolic reflector that is fed by a corru-
gated, broad-band, seven-port horn antenna. The reflector and feed are mounted on
a drum that contains the radiometer, digital data subsystem, mechanical subsystem,
and power subsystem. The reflector-feed-drum assembly is rotated about the axis of
the drum by a coaxially mounted bearing and power transfer assembly (BAPTA).
All data, commands, timing and telemetry signals, and power pass through the
BAPTA on slip-ring connectors to the rotating assembly.

A small mirror and hot reference absorber are mounted on the BAPTA and do
not rotate with the drum assembly. They are positioned off-axis such that they pass
between the feed horn and the parabolic reflector, occulting the feed once each scan.
The mirror reflects cold sky radiation into the feed, thus serving, along with the hot
reference absorber, as calibration references for the SSM/I. This scheme provides
an overall absolute calibration that includes the feed horn. Corrections for spillover
and antenna pattern effects from the parabolic reflector are incorporated into data
processing algorithms.

The radiometers are total power, balanced mixer, superheterodyne type re-
ceivers. The exact operating frequencies and radiometric performance character-
istics are given in Table 4.1.

Details of the scan geometry are shown in Figure 4.1. The SSM/I rotates once
in 1.90 seconds, during which time the satellite advances 12.5 km. The antenna
beams are at an angle of 45° to the BAPTA rotational axis, which is normal to
the earth’s surface. Thus as the antenna rotates, the beams define the surface of a
cone and, from the orbital altitude of 833 km, make an angle of incidence of 53.1°
at the earth’s surface. The scene is viewed over a scan angle of 102.4° centered on
the ground track aft of the satellite, resulting in a swath width of 1394 km. The
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Table 4.1: SSM/I Performance Characteristics.

Parameter Radiometric Performance

Center Freq., GHz 19.35 + 0.05 22.235 + 0.05 37.0 + 0.1 85.5 + 0.3

Polarization VERT AND VERT VERT AND VERT AND
HORIZ HORIZ HORIZ

If Bandpass, MHz 10 to 250 10 to 250 109 to 1000 100 to 1500

Radiometric Accuracy, K 1.5 1.5 1.5 1.5

AT, K 0.8 0.8 0.6 1.1

Dynamic Temp Range, K 375 375 375 375

Effective Fov (3 dB 70 x 45 60 x 40 38 x 30 16 x 14

Antenna Beamwidth;
Includes Integ Time)
Reference, KM

Integration Time, m§ 7.95 7.95 7.95 3.89

radiometer outputs are sampled differently on alternate scans. During the scans
labeled A in Figure 4.1, each of the five lower-frequency channels is sampled over 64
equal 1.6° intervals, and each of the two 85.5 GHz channels is sampled over 128 equal
0.8° intervals, or approximately every 11 km along the scan. During the alternate
type B scans, only the two 85.5 GHz channels are sampled at 128 equal intervals.

Sampling to 12-bit precision is accomplished by the integrate, hold and dump
method with an integration period of 7.95 ms for the five lower-frequency channels
and 3.89 ms for the two 85.5 GHz channels. Alternate 0.8° intervals are centered on
the midpoints of the 1.6° intervals so that samples of all seven channels are collocated
with additional 85.5 GHz samples equally spaced between them. Thus the five lower
channels are sampled on an approximate 25 km grid along the scan and along the
track. The two 85.5 GHz channels are sampled at one-half this spacing, both cross-
and along-track.

The hot absorber and cold sky reflector references are both sampled in the same
manner as for the scene data, but over total angles of 8.0°, rather than 102.4° as
they occult the feed horn during the remaining portion of the scan.

The DMSP office has adopted the calibration/validation plan for the SSM/I
instrument and algorithm proposed by the Navy (Hollinger and Lo, 1985). The plan
includes the validation of the calibration algorithm, the antenna pattern correction
algorithm, and the environmental parameter retrieval algorithm to ensure quality
performance and proper application of data for scientific purposes.
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Figure 4.1: SSM/I scan geometry.

4.1.1 The SSM/I Wind Sensing Capability

The potential for SSM/I to measure wind speed over the world’s oceans is promis-
ing. SSM/I's predecessor, the SSMR, demonstrated a capability to measure wind
speed to an accuracy of 2 m/s (Wentz, et al., 1982; Cardone, et al., 1983). How-
ever, these SMMR wind speed retrievals relied primarily on the 6.6 and 10.7 GHz
channels, which are not present on SSM/I. Since the SSM/I channels are at higher
frequencies, which are more subject to atmospheric interference, there is some ques-
tion as to SSM/I's wind sensing capability. In a recent study (Wentz, et al., 1985)
that addresses this question, the SEASAT SMMR higher frequency channels were
used to retrieve winds. The results were very encouraging. For 123,000 compar-
isons over the SEASAT 3-month period, a 1.7 m/s agreement was obtained between
the SMMR winds derived from the 21 v-pol and 37 h- and v-pol channels and the
SEASAT SASS winds.

Figure 4.2 (from Wentz, et al., 1985) shows SMMR and SASS wind speed com-
parisons using six different channel combinations for SMMR. The first four com-
binations are indicative of the earlier SMMR algorithms that relied on the lower
frequencies to obtain wind. The last two combinations, which consist of SSM/I
channels only, should provide a good indication of the wind sensing capability that
will be obtained from SSM/I. As can be seen, there is some degradation in perfor-
mance in going from the 6.6 and 10.7 GHz systems to the 18 and 37 GHz systems.
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The rms difference between the SMMR and SASS winds for the 6.6 and 10.7 GHz
systems is about 1.5 m/s, whereas it is 2.2 and 1.7 m/s for the 18 and 37 GHz sys-
tems, respectively. Relative to the 37 GHz system, the performance of the 18 GHz
system is better at higher winds and worse at lower winds. These results suggest
that a four-frequency combination, 18H/21V/37V/37TH, may be advantageous for
the SSM/I wind retrieval.

It is emphasized that the good agreement between SMMR and SASS winds does
not necessarily mean that the actual wind can be measured to a 1 to 2 m/s accuracy.
Rather, the SMMR/SASS comparisons indicate that there exists a high correlation
between the sea surface roughness characteristics that affect microwave brightness
temperatures and radar cross sections. Unfortunately, these intersensor comparisons
do not really address the complex boundary layer problem involving the correlation
of near-surface winds and sea surface roughness.

Although SSM/I’s potential to measure wind looks promising, a number of pos-
sible problems do exist. First, there is still considerable debate over the relationship
between brightness temperature and wind speed. Furthermore, the uniqueness of
the wind dependence can be questioned. Secondary effects such as atmospheric sta-
bility and the duration, fetch, and variability of the wind may be significant. Finally,
the presence of rain will certainly degrade the wind retrievals. Small rain cells that
partially fill a footprint can be mistaken for a heavy uniform cloud layer, and larger
rain cells can totally obscure the surface. The SMMR/SASS wind comparisons dis-
cussed above considered only 150 km resolution cells, for which the effect of rain is
washed out.

4.1.2 The SSM/I Water Vapor Sensing Capability

The ability of microwave radiometers to measure water vapor has been well
established for many years. The NIMBUS 5 NEMS (Staelin, et al., 1976), the NIM-
BUS 6 SCAMS (Grody, et al., 1980), and the SEASAT and NIMBUS 7 SMMR’s
(Alishouse, 1983; Chang, et al., 1984) all have demonstrated the capability to mea-
sure the columnar water vapor content V to within 0 3 to 0.4 g/cm? when com-
pared to radiosonde measurements. Much of this small discrepancy between the
radiometer and radiosonde water vapor probably is due to the spatial and temporal
misregistration between the two instruments. With its 22.235 GHz channel, SSM/I
also should provide excellent water vapor information.

The relationship between T and V is somewhat nonlinear, with the derivative
dTp/dV decreasing with increasing V. This is particularly true for SSM/I, for
which the water vapor channel is at the center (22.235 GHz) of the water vapor
absorption line, rather than being offset ike SMMR (21 GHz). In the tropics, where
the columnar water vapor content can be as high as 6 g/cm?, this nonlinearity is
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Figure 4.2: A comparison of SMMR and SASS winds at a 150 km resolution for the
three-month SEASAT period. For each row of plots the SMMR winds come from a different
combination of three SMMR channels. The four plots in a row correspond to different
swath positions, going from the satellite subtrack to the outer portion of the swath. The
solid curve denotes the mean SMMR minus SASS wind difference, and the dashed curves
show the +1 standard deviation envelope for the differences.
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important and must be taken into account, in order to obtain an unbiased estimate
of V.

4.1.3 The SSM/I Precipitation Sensing Capability

The role of precipitation in the dynamics of the earth’s ocean-atmosphere system
is very important. Unfortunately, precipitation is highly variable in both space and
time, making the sampling requirements extremely stringent.

A variety of schemes using visible and infrared observations from both Geosta-
tionary (GEO) and Low Earth Orbiting (LEO) satellites have been applied to the
precipitation estimation problem (Barrett and Martin, 1981). Recently, microwave
observations also have been shown to be useful. They have been directly related
to the hydrometeors and thereby represent a new data source for improved satellite
observations of precipitation rate. From the microwave measurement, the desired
quantity of an integrated rainfall over some period of time can be derived, with a
properly designed measurement strategy.

Passive microwave rainfall measurements fall into two regimes: absorption and
scattering. Generally at frequencies below the 22 GHz water vapor line, absorption
is the dominant process, and at frequencies above the 60 GHz oxygen complex,
scattering dominates. Between 22 and 60 GHz, either process can be dominant,
depending on the specific situation.

In the absorption regime rainfall is observed through the emission associated
with absorption. A cold background is required in order to make such observations,
so it is ideally suited for ocean observations. The liquid raindrops themselves are
the dominant contributors to this absorption and emission, thereby providing a
very direct physical relationship between the rainfall and the observed microwave
radiances.

In the scattering regime, the rainfall is observed via the scattering within the
rain column, which then reflects the cold cosmic background toward the downward-
viewing observer. 