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Abstract

ERS-1 will provide two classes of data. The first will contain
a limited number of Fast Delivery Products, which will be generated
in near real-time either on board the spacecraft or at the Kiruna
ground station. The second involves a wide range of products, whose
processing and interpretation is less straightforward, and will be
produced at a separate off-line Processing and Archival Facility.

The present study discusses aspects of data processing for the
ERS-1 radar altimeter over oceans and sea-ice for both these classes.
After identifying useful products the report reviews the status of
algorithms for extracting the rélevant geophysical parameters from
sensor data. Suggestions are made concerning retrievals from ERS-1
data taking 1into account differences between ERS-1 and Seasat.
Particular problems concerning the extraction of wind speed and the
effects of sea-surface non-linearities are identified and several new
parameters, including a wave period, are proposed. Finally, some
implications for the overall radar altimeter ground segment
philosophy are outlined, including thg accessibility and
dissemination of products and standardization of formats.

A broader account of the scientific usefulness and applications
of ERS~1 radar altimeter data is given in a parallel study report by
Rapley et al. (1985) which also describes the development of an

altimeter performance simulator.
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l. Introduction

l.1 Scope of study

In July 1984 approval was granted for Phase C/D of Europe’s
Remote sensing Satellite ERS-1. One of the sensors to be carried is
a radar altimeter, similar to that successfully flown on the U.S.
Seasat in 1978. It is important for any spaceborne sensor not only
that it should be designed and constructed to perform reliably and
within specification wunder extreme conditions but also that the
ground segment (i.e. the reception of data from the instrument, the
subsequent processing to produce calibrated data and its
dissemination in a convenient form to interested parties) is
developed with equal care. Such a development 1is particularly
important for ERS-1 which will be a pre-operational system. Some
aspects of the ground segment have already been examined by industry
in Phases A and B but consideration was mainly restricted to the
requirements of so-called Fast Delivery data (to be delivered within
three hours of acquisition; other data (termed off-line or precision-—
processed) have been treated separately both financially and
conceptually by national delegates to ESA’s Remote Sensing Programme
Board. It 1is, therefore, appropriate that the subject of data
processing requirements should be approached from the users’ point of
view. The purpose of this report is to provide a preliminary outline
of these requirements for the radar altimeter. This study does not
claim to be -‘comprehensive and, in some cases, for example ocean

topography, the treatment is less detailed than others. We have



concentrated rather on matters which seem to us to be in need of most
attention.

The study is a natural progression from two previous studies,
one on the uses of satellite altimetry in climate and oceanographic
research (Foster et al., 1980) and the other on altimeter operation
over ice surfaces (Rapley et al., 1983). A companion study by Rapley
et al.(1985) discusses the uses of satellite altimeter data across a
broad range of disciplines and describes the development of a
performance simulator in which pulses characteristic of the returns
from a variety of surfaces are generated and fed into the simulator

to assess their effects on the tracker, etc. The calibration and

)

validation of altimeter data over continental ice is also included in
the report. Preliminary results from the present study provided a
significant input to the ERS-1 Radar Altimeter Data Products Workshop
held at Frascati in May 1984 and Chapters 2 & 8 incorporate material

from the Workshope.

1.2 Study overview

In Chapter 2 we assess the wusefulness of altimeter data in
several disciplines and, for each, attempt to identify the products
which are required and their associated accuracies, formats and
delivery times. Some implications of the choice of orbit on data
processing and special problems arising from non-standard ocean
returns are discussed.

Algorithms developed for previous altimeter missions are

reviewed in Chapter 3. Before outlining the details of the retrieval
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schemes the physical basis ot the techniques is examined. For the
ocean an extended non-linear theory of the sea surface has been used
to study the nature of the radar return. Problems with the Seasat
wind algorithm are identified and implications for the interpretation
of mean wind field intercomparisons are discussed. A brief outline
of the processing stages involved in extracting ocean topography is
then given, followed by an assessment of the present status of
extracting sea-ice proaucts, particularly the location of the
ocean/sea—-ice boundary.

Chapter 4 compares the ERS-1 altimeter (designed by Selenia)
with that of Seasat, emphasising the resulting impact on data
processing. A description of the Sub-optimal Maximum Likelihood
Estimator algorithm for significant waveheight is included.

In Chapters 5, 6 and 7 attention is devoted to the estimation of
geophysical parameters from ERS-1 data based partly on the review of
published work in Chapter 3 and also on new analyses conducted by the
study team. Chapter 5 discusses wave parameters for both real-time
and research use, including the possibility of estimating parameters
other than significant waveheight. A more rigorous approach to the
problem of sea-state bias is also given. Chapter 6 details the
topics which must be considered if an improved wind algorithm is to
be developed for ERS-1 including the absolute accuracy of backscatter
intensity determinations, an improved understanding of the
relationship between the mean square slope of the sea surface and
wind speed, and an outline of a possible scheme for joint

calibration/validation of the ERS-1 altimeter and wind scatterometer.
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Recent work on the characteristics of return pulse shape over sea-ice
is reported in Chapter 7. A new ‘pulse peakiness’ parameter and
preliminary attempts to use it as a means of identifying the sea-ice
boundary and different zones within the pack ice are described. The
application of altimeter data to the study of ocean swell interaction
with sea-ice is also outlined.

The 1last major chapter, Chapter 8, covers some of the
implications that the results of previous chapters have for the
overall organization of the ground segment and expands some of the
themes discussed at the ERS-1 Altimeter Data Products Workshop.
Topics include the requirement for global data, strategy for
reprocessing of data and accessibility of the data to users.

Finally, conclusions and recommendations are given in Chapter 9,

with cross-references to relevant sections of the report.
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2. ERS-1 radar altimeter data products over oceans and sea-ice.

2.1 Definition of a data product and product levels

It is important at the outset to recognise that there are
differing views of what constitutes a data product. For those
involved in the design of facilities to process, archive and
disseminate data in suitable forms to users the term has a rather
restricted meaning. 1In gene;al it is confined to data sets (both
digital forms such as computer compatible tapes or visual displays
such as images, contour plots, etc.) which can be routinely
generated, are reasonably well validated and understood, and are of
sufficiently general interest to be considered a marketable product.
A similar view is 1likely to be taken by that section of the user
community whose chief requirements are operational e.g. ice and
weather forecasting, oil pollution monitoring. Here there is a need
to have data processed to a 1level where meaningful geophysical
outputs are obtained and are disseminated in a manner and at a speed
commensurate with the decisions that need to be taken. It may be
helpful to call these Routine Data Products. According to NOAA
(1980), which lists ocean products to be generated by NOAA from the
National Oceanic Satellite System (NOSS), a product is broadly
defined as any item routinely produced and available for applications
within the environmental sciences. This wider definition is closer
to the scientific community’s concept for ERS-1.

The research community (and some sections of the applications

community e.g. designers of off-shore structures) is not so concerned



with the rapid reception of highly-condensed data but 1s interested
in exploiting the information contained in order to add to its
understanding of phenomena. This often entails careful examination
of the data and re—analysis to extract data products of sufficiently
high precision or attempts to present the data in differing ways so
as to cast new light on the problem being studied. This may involve
generating new one-off data products, whose value may appear somewhat
limited and which may need interpretation. These may be referred to
as Scientific Data Products.

Much of the work wusing data from previous oceanographic
satellites e.g. GE0S-3, Seasat and NIMBUS-7 has been by scientists,
partly because of the novelty of the techniques and partly because of
the dintermittency of the coverage obtained. This has produced a
wealth of papers many of which use, or have resulted in the
generation of, data products of one sort or another. With regard to
the altimeter specifically, the’ERS—l Radar Altimeter Data Products
Workshop Report provides a good illustration of the wide range of
products {(Guymer, Drewry & Rapley, 1984).

In this section we shall review the usefulness of altimeter data
in several disciplines and for each attempt to translate applications
into products which will be described in terms of accuracy, format
and delivery time requirements. Assessments will be made of the
extent to which such products are operational. However, it 1is
important to mnote that the division into Routine and Scientific
Products is somewhat arbitrary and that between now and the launch of

ERS-1 some of the latter are likely to become routine. Therefore any
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processing facility which is designed now should be flexible enough
to cope with an increase in the number of routine products. For
example a 50% growth allowance, as included in the NOSS design, would
seem to be a reasonable compromise betweeg the extremes of an over-
rigid and an under-defined systenm. The relationship between
Routine/Scientific and Fast-Delivery/Precision Products, also needs
clarification. Both the F.D. and Precision sets will contain
"Routine’ products; F.D. products will be extremely useful in
providing a first-look at suitable scientific data sets.

It will also aid discussion in the subsequent sections to use as
a starting point the same product levels as assumed at the Data
Product Workshop (see Table 2.1),'though this should be regarded as a
scheme which may evolve a little. These are similar to those adopted
by NASA“s Pilot Ocean Data System (PODS) and NOSS. Basic data sets
are generated at low levels and serve as the source for all higher
level products, which may require restructuring or processing of the

data in such a way as to reduce the quantity of information.

2.2 Wave Data Products

2.2.1 Usetulness of R.A. data for waves

Much of the embhasis in recent studies of the scientitic
interest in altimetry has centred on the ability to monitor the
topography of the sea surface and of ice sheets (e.g. Foster et
al.,1980; NERC/SERC 1983; TOPEX 1982). This has a particular

relevance to climate. The ability of the altimeter to measure waves
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Table 2.1 Product Levels for Wind, Waves and Sea-Ice

Level
1 Instrument-corrected, earth located, engineering units
(including the full waveform) + instrument corrections that
have been applied, mode and blunder point information,
coast/land/ice flags. Data stored at 20 per second.
Archive period: 2-5 years depending on confidence in
Level 1.5,

1.5 All Level 1 data, corrected for atmospheric effects, tides,
etc. + list of corrections applied. Data stored at 20 per
second.

Archive period: Permanent.

2 Geophysical data (similar to Seasat GDR) corrected for
atmospheric effects, etc., including separate list of
corrections. 1 per second.

Archive period: Permanent.

3 Geographically-ordered and/or gridded products.
Archive period: Permanent.

4 Temporal/spatial summaries.

Archive period: Permanent.
Note

This table is based upon Table 1.1 in Guymer (1984) but differs from
it in that geophysical corrections are included at Level 2 as well

as 1.5. The reason is that Level 2 data will probably be transferred
to specialist data centres. Users who require instrument corrections
would still have to access the Processing and Archival Facility.

2.4



has been regarded as more of an operational tool and as such
significant waveheight (HS) has been incorporated into the fast
delivery products from ERS-1. However, there is also considerable
interest in the scientific benefits of altimeter wave data (see
Guymer, 1984), and the Sub-optimal Maximum Likelihood Estimator
(SMLE) algorithm on ERS-1 is expected to improve the accuracy of the
onboard values of HS.

Carter and Challenor (1984) have assessed the impact of
satellite altimeter data on wave research in two main areas. The
first is the short—-term statistical description of the sea-surface.
Many important properties can be shown to depend only on the low
order spectral moments corresponding to the variances of the surface

elevation (mo), vertical velocity (m,) and vertical acceleration

2
(m4)° This model is also very useful for understanding the nature of
the altimeter return. The altimeter has provided estimates of m,
(related to Hs) which are probably as accurate as the best
measurements from in-situ platforms. The requirement to interpret
R.A. returns in terms of sea-state parameters has proved an incentive
to further research, mainly but not entirely in the spatial domain.
This research is 1leading to the realisation that parameters of
interest which are not measurable by conventional instruments might
be extracted from the altimeter return. Among these are m, from
which a wave period may also be derivable.

A realistic description of the sea surface has to account for a

non-Gaussian sea-surface in which skewness is an important parameter.

The altimeter can be used to measure the skewness of the distribution



ot specular points but not ot the sea surtace directly. To obtain
one from the other it is necessary to assume a specific non-Gaussian
model. Nevertheless since surface-following buoys cannot measure the
non-linearities (Srokosz, 1984a) even with these problems skewness is
likely to prove to be one of the more useful outputs of the altimeter
and should stimulate further research on non-linear aspects of the
sea surface. This is explored further in 5.1. A particular problem
with spatial analysis (which is what altimeter data require) is that
results depend upon the '"long-crestedness" of the waves i.e. the
directional spreading‘ot the waves between the two extremes of
isotropy and uni-directionality. Since the altimeter can make no
measurements of the directional properties it will be necessary to
make some assumptions if some parameters are to be estimated from the
returne.

The second area (long-term statistics) is concerned with much
larger space and time scales.in which a wave climatology of certain
parameters is built up which is useful as a basis for a statistical
estimation of extreme values. A particularly important parameter in
the design of off-shore structures is the value that is exceeded, on
average, once every 50 (or 100 years). Consequently, a considerable
part of the research in long-term statistics 1is concerned with
deriving the wupper tail of the distribution of Hs from which the
value of Hgy can be extrapolated (Carter & Challenor, 1981).
Unfortunately there are very few data (for most sites less than 2
years, Fig. 2.1) and there is no physical model on which to base

interpolation between points so that the confidence limits are large.



*oaenbs asadap
00T 1ad s9371Ss QuUIPIOD2I BSABM JEBIUBWNIISUT JO 1dquny [°7 *JTId

35081 3,051 3,02 3,06 3509 3,0¢ o0 Mo0E Mo09 Mo06 MoOZt MoO0St Mo08L
S509 - S009
So0v \.@v a | \H_.— m So0v

g| logfieh8 € 2ei82| | 97 |/
o L s 9 2 LinlvT TS W 1] 1 o
SR ENRO DAL AAERECUEREDHER L
; NV TE] [ [ JA 8 F o
T 111 m.m\ NDE dE e L e °
- ~J v G N T«
No0Z . ﬂ —,«Lm L ,w \N N 4~ 4 .. w.—., e e < NoOZ
21871 irieiey [ / LNy a
LL10E)9 1 Telalrido] . loglv 92152
i 1 D SF ol 2| | (selLelotervelz| | |z oo
] m.m\w - @ 2 l ..~ F.mvvn\ /\N. ﬁu/ 9
- L)L ) . A"
- D1 %P 4 paoiviliLie| | jegie] J-ls 2)3/6|541
° i Terztels|en (LY K [ VRek | Tk (L] T ww eos
. e LS [T A /N‘m\“, ol T ey
L Rt LT 2| (v ele = S L VEITL (o) A
N-vol} ...u.\x.n.\. . n\\\. ..% ~—nl 3 my'aﬂ_.ﬂmmv
No08 7 B4 : =4 o P No08

3,081 3,064 3,024 3,06 3,09 3,0¢ o0 Mo0E Mo09 Mo06  MoOZL  MgOSE  Mo08H



The altimeter will provide a completely different kind of data.
Each day it will produce twice the number of estimates of Hs that
have been measured by the Seven Stones Light Vessel during the last
twenty years. However, the sampling rate at a specific location will
be a lot poorer. Depending upon the satellite orbit one or two
observatioﬂs might be obtained at a particular site every 3 days
(see 2.6). This means that our methods of analysis must be modified
to 1include the additional spatial information which will cover areas
at present devoid of any instruments. One need is to find out the
spatial correlation scale and the distance over which the wave field
is homogeneous so that we know how many points along the track can be
incorporated to produce extended time series. Unfortunately most
commercial interest in the long-term statistics 1is concentrated in
coastal waters where these horizontal scales are smallest and where a
satellite altimeter suffers most problems due to land interference
(Frassetto et al., 1984). Impr&vements in hardware design and in the
ground processing which improve the quality of data in the footprints
ad jacent to coasts will therefore be of benefit. Long—-term
statistics of wave period and of a skewness parameter will also be of
great value.

A third area of wave research mentioned by Carter & Challenor,
and also discussed in relation to altimetry by Guillaume (1984),
Bouws et al.(1984), and Kjelaas & Guddal (1984) is wave modelling.
Ewing (1983) gives an account of the present state of wave modelling
and Draper (1983) catalogues the models. One of the largest sources

of error in these models is in the initial wind field (this applies
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not only to forecast winds but also to observed winds when the nodel
is being wused in a hindcast node to derive wave statistics). At
first sight it might appear that the incorporation of a line of HS
data across the mnodel domain would be of considerable value but
Carter & Challenor (1984) and Guillaune (1984) point out that mnodels
are not designed to accept HS as input, and it is difficult to sec
how the numerical spectral information at the grid point might be
adjusted to give the correct integrated spectrum. They suggest a
more realistic role for the altimeter may be in the verification of
the models. Kjelaas & Guddal (1984) describe such use of GE0OS-3
waveheights, with satisfactory agreement. Guillaume believes that
ERS-1 HS will provide an importan£ global reference data set for the
comparison of the many wave models.

Bouws et al (1984) are of the opinion that ERS-1 wave data in
the Norwegian Sea will improve wave forecasts in the southern North
Sea where the present wave wnodel at the Royal lletherlands
Meteorological Institute has difficulty in estimating the swell from
the north. It is possible to obtain some information on swell fron
altimeter measurements by using wind speed estimates to partition HS
into a wind-wave component and a swell component (llognard, 1981,
1984; Parsons 1979). "fognard derives a ninimum swell height and
examines the evolution of such swell maps for consecutive periods of
3 days inferring the propagation of swell systens across ocean
basins. Such products would be very ueful but great care is required
in interpreting the data in this wav. A review of the technique is

given in 3.1.3.



2.2.2 Real-time use - some further comments

From the foregoing it will be seen that R.A. wave data in
themselves will be of extremely 1limited use in forecasting wave
conditions by their incorporation into wave models e.g. as
initialisation data. FHowever, this is not to deny the value of real-
time dissemination of waveheight products. These could be wused to
modify analyses of Hs based on conventional data, similar to the use
of cloud imagery in positioning features in synoptic weather
analyses, capturing small-scale features lost in the analysis, or
they could be produced as a stand-alone product combining, say, data
from 3 consecutive passes covering the N. Atlantic. Tor ships or
coastal regions lying reasonably close to satellite tracks in space
and time (100 km, 3 hr) the altimeter may provide a more accurate
very short—term forecast (by extrapolation) than a wave model
especially in regions where the latter is based upon unreliable wind
fields. The R.A. could then be regarded in a similar way to the role
of land-based radars in nowcasting precipitation for selected areas.
With the addition of two or three more altimeters neasuring HS the
space—time coverage would be improved significantly.

Another possible use of real-time waveheights would bhe to

identify high sea-state areas for inclusion in storm warnings.

2.2.3 Data products required

In the previous section we have described a number of wave
paraneters which it may be possible to extract from altimeters

similar to that planned for ERS-1 and have outlined some
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applications. The problem then is to convert these into data
products. The extent to which these ought to he regarded as routine
and therefore included in the sizing of the processing and archiving
facility depends on how broad the interest is and how well validated
such products are. The interface with specialist data centres
(8.3.4) will be important here. Often several products will be bascd
upon the same parameter (e.g. HS) but organised in different wavs
(e.g. along-track, time series at a point, mean plus variance in an
extended geographical region. The important point is to ensure that
a basic product is available from which the others can he generated.

The wave parameters of relevance in altimetry are:- 11, s

’ s
(vafiance of sea surface slopes), period, skewness, cross-skewness
(possibly related to long-crestedness), and minimun swell. For each
of these, requirements need to be expressed in terms of accuracy and,
depending on the actual product, the spatial sampling update period,
delay time and source information required. Table 2.2 is an attempt
to categorise what is a desirable accuracy. There are various ways
of doing this. WYe regard an altimeter estimate as useful if (i) it
duplicates a conventional measurement hut to a preater accuracy (ii)
its accuracy 1is similar to or slightly inferior to in-situ data bhut
is in a data-sparse location, (iii) regardless of accuracy it cannot
be obtained at all from surface-based instruments. It is also
important to know over what range of a parameter the accuracy is
required.

Algorithns for deriving the ahove parameters are detailed in 3.1

and S.l. ”s will be calculated in real-tine using on-hoard estimates
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Table 2.2 Desired accuracies for ls means of altimeter wave parameters

Achievable Desirable Not
Parameter accuracy accuracy useful Rank Comments
Significant + 10cm <+ 10% >+ 20% 1A Less accuracy may
waveheight (0—5m) (0-20m) be acceptable in
data sparse regions.
Period ? <+ 1s >+ 3s 3
(1-15s)
Skewness ? <+ 0.05 >+ 0.2 3 Longer averaging
(0.05-0.2) period may be
necessary.
Skewness ? ? ? 3 Longer averaging
coefficient period may be
necessary.
Mean square ? <+ 0.01 >+ 0.03 3
slope (0-0.08)
Min. swell ~lm if _ <+ 1m fo >+ 3m 2 For Seasat min. swell
U< 10ms U < 20ms is seriously over-
estimated at high
wind speeds.

Key to rank

1A Well established and validated
1B Well established - not validated
2 Possible (more processing needed)

3 Research

Numbers in brackets denote ranges.
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of the leading edge of the altimneter pulse. It will also be
generated at the PAF together with the other wave parameters. The
basic source information is the tracker-loop parameters contained in

the 20s sensor records, but for skewness access to the raw

waveforms is needed.

2.2.4 Product descriptions

Off-line products, based on the above parameters, are required
at a number of levels as discussed in 2.1. The levels most commonly
accessed by the wave data user comnunity will be levels 3 and 4
because this avoids the need to sort through large anounts of global
data. lowever, in order to genera;e these and to meet the needs of
researchers studying global wave data, level 2 is the primary product
which needs to be routinely generated; it 1is the basic level of
geophysical data record. Possible contents of this product are
listed in Table 2.3.

(In addition a Fast Nelivery Product will be generated in near
real-time from tracker loop parameters. This will consist of Hs but
it is sugpgested in this report Section 5.2) that it could also
include a vave period parameter.)

Although geographical reordering of the wave data 1is very
desirable it 1is questionable whether gridding should be carried out
at the same time. This is because of the coarse cross—track sampling
in relaticn to typical horizontal scales of the wave field. Exanmples
of products at each level are listed in Table 2.4 but this is only

meant to be illustrative. Higher level products should be defined

N
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Table 23

Possible Contents of Basic Geophysical (Level 2) Product required for waves

Tape

header: Algorithm IDs, start/end times of tape, start/end pass

numbers, list of variables, units, formats.

1st File header: Satellite pass number, equator crossing time, equator

crossing longitude, number of data cycles to follow,

number of gaps.

1st data file: 1 sec. means of the following variables (number of bytes

12,
13.
14.
15.
16.
17.
18.
19.
20.

in brackets):

t Time since start of pass (4)
La Latitude (4)
Lo Longitude (4)
s Significant waveheight (2)
OHS Variance of 20/s Hg (2)
TA wave 'period' (2)
OTA Variance of 'period' (2)
A Skewness (2)
5 Variance of skewness (2)
8 Cross-skewness (2)
ad vVariance of cross-skewhess (2)
S2 Mean square slope of surface (2)
052 Variance of 82 (2)
U Wind speed at 19.5m (2)
Ow Variance of {| (2)
Hm Minimum swell height (2)
OHm Variance of Hm (2)
Data quality flags (1)
Land/water/ice flags (1)

Rain, atmospheric attenuation flags (1)

2nd File header

2nd data file

Note

etc.

Each one-second data cycle consists of 43 bytes (= 344 bits)
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‘with end users, and the extent to which these should be produced
routinely or in response to specific requests will depend on the
interest displayed.

Some of the products, particularly at level 4, can be produced
in hard-copy form which will also serve as a useful means of
disseminating information on data availability and quality and to
interest potential wusers. Figs 2.2-2.7 show some examples of
products that could be generated. Fig. 2.2 is a plot of the along-
track wvariation of HS obtained from GE0S-3 using the ground track as
the abscissa. On this occasion (6 February 1976) waveheights
exceeding 10 m were associated with a very intense low pressurec area
near SOON, 30°W. Such a product could be generated as part of the
Fast Delivery Data Set and is amenable to dissemination via radio—
facsinile as used for meteorological charts. If desired similar
plots combining three successive passes could be disseninated every
6 hours or so. The latter could'also be represented as contour maps
(Fig. 2.3) or as 3-D Hs topography distribution (Fig. 2.4). The
problem is that interpolation across quite large space and time gaps
is necessary. However, Parsons (1979) suggests that even with such
uncertainties the interpolated waveheights are mnore accurate than
visual estimates from ships - but high waves are underestimated by
sone 20%.

Fig. 2.5 illustrates how the coverage for a particular month can
be represented (February 1976). The relationship between ”s and wind
speed Fig. 2.6 can be used to summarise the range of conditions

sampled and how these measurements compare with those expected in a
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fully-developed sea. 1In Fig. 2.7 an exceedance diagram is displayed
based on GE0S-3 and in-situ data. The apreement is encouraging,
suggesting that monthly statistics from a 5© square have sone
validity. In this example the satellite estimates indicate that ”s

exceeded 5 n for 60% of the time and R m for 207 of the time.

2.3 Wind Products

2.3.1 Usefulness of R.A. data for winds

Surface winds are required as an input to numerical weather
forecasting models, to wind-wave nodels and, in the form of wind
stress, to ocean circulation nmodels. It is generally assumed that
altimeter winds are not as wuseful as those from a scatterometer
because they give no directional information and the coverage is
linited to a few kilometres either side of the sub-satellite track
compared with several hundred kilometres. Howvever, the altimeter on
FRS-1 has the potential to produce useful wind products in several
areas. These are:

(i) to provide estimates of wind speed at the same points as
waveheight measurements

(ii) to extend coverage of EPS~] for wind speed

(iii) to examine small-scale variations in wind speed

(iv) to obtain wind information closer to land and ice than is
possible with the scatteroneter

(v) to provide wind speed for the Alonz-Track Scanning
Radiometer/i'icrowave (ATS/:1) so that the accuracy of water

vapour retrievals can be improved

ro

.
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(vi) to correct cloud-motion vectors derived from geostationary

VIS/IR images to the ocean surface.

(i) Coincidence with waveheight measurements

On ERS-1 the radar altimeter will be the only instrument capable
of giving wind speeds at nadir. The wind scatterometer, unlike that
carried by Seasat, has no footprints near nadir and the microwave
part of the ATSR, although sampling at nadir, does not have the
appropriate frequencies to retrieve wind speed. On Seasat the
Scanning !Multichannel Microwave Radiometer (SHIMR) swath extended from
50 km to the left of nadir to 600 km to the right. Such overlaps
have proved important in the evaluation of the sensors which in turn
has begun to shed 1light on the different physical processes
associated with wind determination by the three sensors (see 3.2).
For many purposes winds are required in the interpretation of wave
records and so as to minimise ﬁroblems caused by spatial variability
both parameters should be measured as close together as possible.
The altimeter samples the same footprint for wind and waves. This
allows some information on swell component to be extracted from the
significant waveheight estimated by the altimeter (Mognard, 1983;

Parsons, 1979).

(ii) Extend wvind speed coverage of ERS-1

As implied in (i) using Seasat it 1is possible by combining SR
and Seasat—A Satellite Scatterometer (SASS) data to map wind speed in

a swath extending from 50 kin to the left to 700 km to the right of



the satellite track and in sone modes a swath on the left-hand side
from 200-700 km. The lack of a scanning microwave radiometer on
ERS-1 and the reduced swath of the scatterometer (400 km wide, near
edge 250 km off nadir, single-sided mode only) mneans that the
altimeter winds help to fill in a significant gap in the coverage for

both real-time and precision products.

(iii) Small-scale variability of winds

The size of the altimeter footprint over the ocean is a few
kilometres compared with 750 km for the ERS-1 scatterometer.
Although the AGC tracker loop (from which altimeter wind speed is

derived) has a time constant of 3 s, implying that independent wind

)

estimates are obtained every 21 km, (footprint velocity ~7 kms
this 1is only a constraint for fast delivery data. Reprocessing of
the waveform data will allow a spatial resolution of a few kn to be
realised. Such  sampling will be wuseful in studying the detailed

variation of winds across atmospheric fronts and in relation to

mesoscale convective systens.

(iv) Vinds close to land/ice

Related to (iii) is the problem of obtaining gpood wind data
close to land and ice. The snall footprint of the altimeter gives it
an advantage over other sensors but with Seasat there were
difficulties when 1loss-of-lock occurred as the footprint moved fron
land to open water(Rapley et al., 1235 Appendix I(d)). I'ethods are

currently being explored to mininise this problem. Coastal winds are



important in studying pollution and sediment transport, for harbour
control and a variety of leisure activities. Near sea 1ice a
knowledge of surface winds is useful for studying break-up of the ice

and predicting drift of ice-floes.

(v) Input to ATSR/M water vapour retrieval

In order to extract atmospheric water content from passive
nicrowave data it is necessary to remove the effects of surface wind
on the emissivity of the sea surface and hence on the brightness
temperatures of the channels being used. On Seasat there were
sufficient channels on the SMMR to estimate wind speed but for ERS-1,
where the two channels chosen are those most sensitive to atmospheric
water, wind speeds will have to be derived from an external source.
The altimeter is the obvious choice because of coincidental coverage.
It should also be remembered that the mnain reason for deriving
atmospheric water vapour estimaées is to provide the wet tropospheric

range correction for topography products from the altimeter.

(vi) Correction of cloud-motion wind vectors to the surface

It has been suggested (WCP, 1984) that altimeter winds could be
used to correct wind speeds derived from geostationary satellite
cloud-notion data (representative of a height of 1-2 km) to the sea
surface. This relationship may well hold for some distance either
side of the satellite track and, since wind direction may also be
derived from the cloud motion such a technique would offer

possibilities of obtaining the wind vector over a swath perhaps 200
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km wide, centred on the sub-satellite track. Such data would also

comp lement the wind scatterometer coverage.

2.3.2 Wind data products required

Some wind products have already been discussed in 2.2.4 because
of the requirement of wave data users to have access to relevant wind
information. There is a class of users who will not need to have a
combined wave/wind data set. Therefore a scparate wind product
should be considered consisting of CTO(OO), UIQ.S (the 19.5m wind
speed), and T  the surface wind stress. Accuracy requirements are
given in Table 2.5. A reason for retaining Uﬁ’ in the geophysical
product 1is that, given the uncertainty in the relationship between
radar backscatter and wind speed discussed in 3.2, users may wish to
have the option of developing their own algorithm. Surface stress is
included because it 1is the parameter wused 1iIn representing wind
forcing 1in ocean mnodels. It seens nmost likely that for FRS-1 the
stress will have to be obtained from the wind wvia the bulk
parametrization formulae (e.g. Large & Pond,!281). Jilncertainties in
the paranetrization schemes will contribute an additional error to
the stress determination. There 1is some hope that a nore direct
relationship bhetween 0° and stress can be obtained but the lack of
high quality direct measurements of the latter has prevented nuch
progress in that direction. It is generally believed that to relate
CTO to stress rather than wind has a sounder physical basis
(Hoiceshyn et al., 1984) though Donelan & pPierson (1984) provide an

alternative view-—point.



Table 2.5 Desired accuracies for ls means of altimeter wind parameters

Achievable Desirable Not
Parameter accuracy accuracy useful Rank Comments
Sigma nought + 1.04B <+0.5dB at 8dB >+1.5dB at 8dB 1a Doubt over absolute
{8-204B) <+1.0dB at 20dB >+2dB at 204B accuracy of O
Wind speed +2m/s <+2m/s _ >+20% 1A 1B for speeds _
(at reference (0-10ms ) (0-24ms exceeding ~10ms
height)
Surface stress ? <+25% _ >+45% 3 Includes errors in
(0=0.8Nm ) drag coefficient
Key to rank
1A Well established and validated
1B Well established
2 Possible (more processing needed)
3 Research
Notes
1. Reference height for winds should be same for altimeter and scatterometer.

2. The oceanographic components of WCRP require monthly averages of wind

stress and wind speed for 10° 1at. x 10° long. boxes (2o x 5° in tropics).

Accuracy of analysed fields should be 20% of signal for wind speed and

102 for wind stress (WCP,

1984).



Sections 3.2 and 6.2 discuss the processing stages involved 1in
extracting wind parameters from the rav altimeter data. Surface wind
speed will be produced as a fast delivery product wusing on-hoard
estimates of Automatic Gain Control (AGC). Together with stress it
will also be generated at the PA¥ from level 1.5 data (sensor records
at 205~1 sampling).

As with waves it is expected that nost end users will access the
data at levels 3 and 4. One example is the requirements of the World
Ocean Circulation Fxperiment (WOCE) and Tropical Ocean Glohal
Atmosphere (TOGA), two of the oceanographic components of the Vorld
Climate Research Programme (WCRP, 1983). In order to mneet their
objectives winds and stress are needed in areas a few degrees square
and meaned over one month. Accuracies have been expressed 1in terms
of these averaged quantities since it is on these scales that surface
forcing is considered to be important. These accuracies are
stringent but attainable if there are sufficient independent samples
over the specified area per month to reduce the random ervors and if
systematic errors can be ninimised. It is the latter constraint
which is the more serious since, given the empirical nature of the
algorithns, biases due to geographical location and sea-state
conditions may enter. Atmospheric attenuation may also prove to he a
serious problem at this level of accuracy.

It should be noted that WCRP will use a combination of winds
from different sources, particularly scatterometers. Tt is therefore
of paramount importance that the calibration/validation of wind

products from these sensors should be standardised as far as pnossible
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(6.4). Possible contents of the level 2 wind product which will
serve as fhe basic geophysical product and which nmust be routinely
available on a global-coverage basis, are listed in Table 2.6.
Exanples of higher level products are given in Table 2.7. Sone of
these could be made available in a useful hard-copy form wusing Figs

2.9-2.7 as a basis but plotting wind speed for waveheight.

2.4 Sea-ice data producis

2.4.1 Usefulness of R.A. data

The relevance of satellite radar altimetry to sea-ice studies
has been discussed by Rapley et al. (1983), Squire et al. (1984), and
Papley et al. (1984 ). Several areas have been identified in which
it is helieved that ERS-] altimeter data will be useful and in one or
two cases this has been denonstrated from previous spaceborne and
airborne altineter missions. These are:-

(i) deternining the position of the ice-edge/ ocean boundary
(ii) sea-ice characteristics
(iii) iceberg detection

{iv) penetration of ocean waves into the ice field.

(i) Ice-edpe/ocean boundary

This is a very important parameter for weather prediction,
monitoring «climate, and commercial activities such as shipping and
of f-shore drilling in high latitudes. The extent of sea-ice varies

considerably especially on a seasonal time-scale, occupying on

2.30



Table 2.6

Possible contents of Basic Geophysical (Level 2) Product for Winds

Tape header: Algorithm IDs, start/end times of tape, start/end

pass numbers, list of variables, units, formats.

1st File header: Satellite pass number, equator crossing time,

equator crossing longitude, number of data cycles

to follow, number of gaps.

1st data file: 1 sec. means of the following variables (number of

bytes in brackets):

. OO(OO) Normalised radar cross-section at nadir (2)

1. t Time since start of pass (4)
2. La Latitude (4)
3. Le Longitude (4)
4, Uz Wind speed at reference height (2)
S. Ou, Variénce of 20/s values of u, (2)
6. T Magnitude of surface stress (2)
7. © Variance of T (2)
8
9. 000 Variance of o® (2)
10. bData quality flags (1)
11, Land/water/ice flags (1)
12. Rain, atmospheric attenuation flags (1)

2nd File header

2nd data file

etc.

Note Each one-second data cycle consists of 27 bytes (= 216 bits)
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average about 2.4 x 107 km2 or 7% of the ocean surface. Knowledge of
the boundary position is required in atmospheric and ocean
circulation models so that its effects on momentum, heat and water
vapour transfer, through surface roughness, albedo and mechanical
barrier effects can be taken into account.

In practical terms, sea ice acts as an impediment and hazard
for all ship-borne activities at high latitudes. Accurate and
timely ice data are essential for the optimum routing of commercial
shipping and for the exploration and exploitation of the polar
resources of fish, gas, oil and minerals.

It has been well established that the presence of

new or first year ice may be detected by the altimeter, using

changes in the echo waveform shape and strength (e.g. Dwyer & Godin,
1980; Rapley, 1984a). For GEOS-3 and Seasat, these changes affected

the on-board computed parameters, allowing ice boundary locations to

be defined wusing the 1 s data in the Geophysical Data Records
(GDRs) (i.e. without having to analyse the waveform data).
Limitations, as for wave parameters, are chiefly associated with
the sampling characteristics of a single space-borne instrument.
Even though the separation of altimeter tracks becomes 1less with
increasing latitude they are still likely to be separated by gaps
many times larger than the sensor footprint and to eliminate these
would 1imply increasing the orbit repeat to the point where the rapid
variability of ice—edge position could not be meaningfully monitored
(see 2.6). Other problems arise from the definition of what

constitutes the ice~edge and the presence of eddying and banding in

2.33



the ice fields which may cause multiple ice—edge indicators along a
single track or ambiguities in the interpretation of data fron
consecutive repecat tracks.

In order to distinguish between such features, and so identify
relatively stationary eddy features that may be bathymetrically or
oceanographically induced, repeated altimeter crossover passes will
be needed. Additionally, such information on ice edge morphology
will allow calculations to be made of ice transport beyond the mean
ice edge. This will be of value in estimating the total heat flux
budget in the ice edge region. Seasat data studied so far suggests
that the altimeter may be particularly good at identifying regions
where freezing is occurring. The ice-edge deduced from the altimeter
can be used to update the map of ocean/ice boundaries required for

flagging data from other sensors.

(ii) Sea-ice characteristics

Required sea-ice characteristics include: concentration, floe
size distribution, surface roughness and ice thickness.
Concentration is undoubtedly one of the most influential factors of
the lilarginal Tce TZone (MIZ) regions. Its variation provides the
spatial inhonogeneity of the pack; its value indicates how rwch ice
is present relative to open water. It is often observed that the
concentration does not increase nonotonically with penetration into
the 1ice field as might be expected and as predicted by numerical

models. The existence of low ice-concentration regions and any

quantitative neasurenents made of their distribution, persistence,

]
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etc. would be a stimulus to further research aimed at improving the
models. Related to this is the detection of leads and polynyas wvhere
the varying mixtures of open water and ice will affect consecutive
waveforms. Floe size distribution, wvhich appears to be exponential
above a minimum size of 7.5 m, is of interest because its variation
with distance into the ice cover reflects the controlling scenario
for that location, particularly ocean waves, currents and winds.
Although a mapping instrument may be more effective in this task the
fact that a single parameter is able to represent the floe size
distribution suggests that with adequate modelling it may be possible
to extract this parameter from altimeter waveforms.

The roughness of the upper icé surface will affect the shape of
the return pulse. This may be related to the age and type of the
ice. Not only will the reflection coefficient, height and slope
distributions control the intensity of the backscatter hut the
presence of meltpools will lead to additional interpretive problems.
It may be possible to relate ice thickness to waveforn tyne,
classified according to ice type, e.g. nulti-vear, or fresh ice.

The techniques for extracting these paraneters almnost certainly
require analysis of the waveforrn data and are as yet at aa early
stage of development. Indeed, this is now an active arca of research,
using altimeter data from Seasat and fron the iarginal Ice Zone

Experiment (MIZEX) aircraft campaigns (Powell et al.,19%4).
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(iii) Iceberg detection

A knowledge of iceberg positions and movement is essential for
work involving ships and off-shore platforms in polar regions.
Another application would be to obtain an estimate of iceberg
occurrence density along the satellite path. By combining this with
known statistical distributions of iceberg sizes it has been
sugpested (Squire et al., 1984) that this could then be used to
estimate the mass balance of the Antarctic ice sheet. The calving of
icebergs at the mnargin is by far the most important ablation
mechanism for the Antarctic ice sheet. The problens are that single
icebergs cannot be tracked because they cannot be unambhiguously
reidentified given the space-time sampling, and that the altimeter
nmay grossly overestimate the size of large bergs because of the gaps
due to loss of lock and execution of the subsecuent reacquisition

sequence.

(iv) Penetration of ocean wvaves

Some work has been carried out using conventional techniques on
this aspect, but all the data suffer from limited temporal and
spatial extent. It would be useful, with the advent of petroleunm
enginecering in the MIZ, to be able to provide industry with the
equivalent long-term statistics to those we have for waves in the
Horth Sea for example. Rapley (1984) has examined the potential for
neasuring the attenuation of waves by the ice from Seasat altimeter
data. Although the ocean model (and hence the ”s algorithm) is

strictly invalid for water containing ice he finds that the computed
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values of Hs gradually decrease with increasing distance into the
pack and relates this to the proximity of high swell regions in the

open oceane.

2.4,2 Sea—-ice data products required

One of the major difficulties in defining sea-ice products is
that many of the uses outlined above have not been developed to the
point where the relevant parameters can be extracted with confidence,
much less wvalidated. The greater 1latitudinal coverage and/or
technical improvements of the ERS-1 altimeter over previous missions
(Skylab, CEOST3’ Seasat) plus the understanding gained in recent
years in interpreting altimeter réturns over ice (satellite and air-
borne) provides encouragement that products will be produced
routinely. The basic product for sea-ice studies should be at level
1.5 where, along with housekeeping and position/time, raw waveforms
would be available at 20 s_l. Unlike winds and waves, because the
nmodelling of altimeter interaction with the complicated ice surface
is poorly understood, most effort will have to he spent on developing
the extraction algorithms. For the ocean, a 1 s mean waveform would
be sufficient but sea-ice 1is so spatially inhonogeneous that
waveforms averaged over shorter times are required. The 20 s_1 rate
is a compronise between this and the need to average a number of
pulses (in this case ~50) to reduce the effects of noise on the pulse
shape.

1

From the 20 s™ " data Guymer (1984 ) recommended that a Level 3

data product should be generated for ice edpe position and iceberg



flags. Geographical ordering obviously makes sense for ice products
since large portions of the ocean are not affected by ice at all. 1In
view of the interest in relating ice break-up to wave activity, ice
products should contain wave parameters (and probably also wind) to
facilitate such work. Rather than attempting to have a product in
which the position of the ocean/ice boundary is identified (i.e. one
data cycle per pass through the area) it may be better to generalise
the parameter to a sea-ice indicator. This would leave the
interpretation of where the main boundary was located (in complex
conditions which gave multiple ice/ocean transitions) to experienced
analysts. Possible contents of the Level 3 sea-ice product are shown
in Table 2.93. Different levels of products are described in Table
2.9,

Other ERS-1 sensors are capable of providing sea-ice
infornation. The Synthetic Aperture Radar (SAR) if operating should
clearly indicate wherce sea-ice e#ists but not at the same location as
the altinmeter. tevertheless the information can be used to
interpolate the sea-ice boundary between tracks. Recause of its high
spatial resolution the SAl is well-suited to identifying polynyas and
small-scale structures in the ice. The ATSR/!l should also be capable
of identifying the ocean/ice boundary and possibly yield information
on ice-type. The SAR and ATSR/H data will therefore be of importance
in developing nethods of retrieving ice parameters from the AGC, and
for suitably validated parameters it can be envisaged that products

obtained from a conbination of the sensors will be generated.
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Table 2.8

Possible contents of Basic Geophysical (Level 3) Product for Sea-Ice

Tape header: Algorithm IDs, start/end times of tape, start/end

pass numbers, list of variables, units, formats.

1st File header:

Geographical zone ID, satellite pass number, equator
crossing time, equator crossing longitude, number of

data cycles to follow, number of gaps.

lst data file: 1 per second samples of the following variables

(Number of bytes in brackets):

1. t Time (4)
2. lLa Latitude (4)
3. Lo Longitude (4)
4. Sea-ice index (1)
5. o° Normalised radar cross—section (2)
6. s Significant waveheight (2)
7. Iceberg flag (1)
8. Data quality flags (1)
9. Precipitation, atmospheric attenuation flags (1)

2nd File header

2nd data file

etc.

Each 1s data cycle contains 20 bytes (= 160 bits)

Notes

1. Data product will be generated from retracked waveform data.

2. This product will only be produced poleward of 50° latitude.

3. From sea-ice index ice boundary can be obtained (rated 1B} and
possibly surface characteristic (rated 3). Iceberg flag is

rated 2.
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2.5 Ocean topography data products

2.5.1 Usefulness of radar altimetry for ocean topozraphy

The shape of the sea surface 1is of great importance to
oceanographers and geodesists. Its largest variations {when conpared
with the reference ellipsoid) are of order 100m and reflect the
inhomogeneity of the Farth’s gravity field, partly due to differences
in the conmposition of the underlying mantle and partly due to the
bottom bathymetry. The equipotential surface known as the geoid
corresponds, over_thc oceans, to the mnmean position of the free
surface in the absence of fluid notion. UYntil a few years ago the
best estimates of the geoid on global scales were from the observed
perturbations in the orbital motion of artificial satellites using
ground-based tracking stations. Towever, altimeters on board Skvlab
and GE0S~3 measured the range between the satellite and the ocean
surface to a precision (lm and 50cn respectively) that revealed
significant geoidal wvariations on space scales shorter than could
possibly be studied using previous techniques. Deep ocean trenches
were associated with marked features in heizht profiles. Subscquent
work with Seasat data has shown with renmarkahle detail the effect
that geophysical features can have on the surface elevation.

Superimposed on the geoidal variations are those associated with
tides and ocean currents. These are nuch smaller (typically by two
orders of magnitude, except in the case of coastal tides). Just as

&3t

surface pressure charts can be used in meteorology to infer the near-
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surface wind through the geostrophic relationship so surface
elevation can be used to yield surface currents. In practice, this
has not proved viable because of the lack of a reference surface
against which to measure the small slopes. The traditional approach
has been to assune a level of no-motion in the deep ocean and, using
horizontal density gradient measurements and the ‘''thermal wind"
relationship to calculate vertical shear, to integrate upwards Sso
that the surface geostrophic current is obtained. Both the
assumption of a level of no-motion and the paucity of synoptic data
lead to large uncertainties in the flow obtained. Satellite
altimeter measurements offer great possibilities for the synoptic
mapping of ocean topography particularly as the measurement precision
increases. Seasat had a precision of slightly less than 10 cm
similar to that expected of ER5-1 and future satellites are likely to
achieve 72 cm.

GE0S-3 was capable of deteéting the Gulf Stream but the present
generation of altimeters is capable of providing improved estimates
of tides and weaker currents. Iowever, as the instrument precision
is improved in order to study these weaker ocean signals it becomes
increasingly inportant to make accurate corrections for propagation
errors in the pulse travel time from which height information is
derived and for errors in orbit determination. These are outlined in
4.3, Once these have been applied there still remains the problem of
analysing the data according to the phenomenon to be studied. The
geodesist can, for example, average all the data to produce a mean

sea surface which will he the best estimate of the geoid for large
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areas. The oceanographer may subtract out such a mean surface so
that he can examine the residual effects due to tides and currents
but in so doing he removes the part of the geostrophic circulation
that is time-invariant during the averaging period. An  independent
knowledge of the pgeoid is required. There are also other oceanic
effects which may lead to a false interpretation of the data - the
wave-bias (5.1.3) and inverse barometer effects (3.3.2).

It is expected that ERS-1 topography products will contribute
significantly to tidal studies (though its sun-synchronous orbit
means that some constituents will not be retrievable) and to nmapping
of mesoscale variability of the sea surface which can be related to
velocity fields in eddies and ringé. Particular interest has bheen

shown in FRS-1 data by planners of WOCE and TOGA.

2.5.2 Ocean topography data products required

It is clear that the bhasic paraneter common to all of the
applications outlined in 2.5.1 is the height of the sea surface ahove
a reference level, h, and that the required products differ mnainly
in the space and time scales on which h is analysed so as to isolate
the feature being studied from other contributing factors. However,
the altimeter does not swmeasure h hut rather a time delay which is
converted to h by applying a number of propapgation and orbit
corrections. These are detailed in Foster et al. (1920) and Allan et
al. (19834). Since some of these corrections are uncertain it is
advantageous to include all the corrections in the hasic data records

so that if necessary they can be removed and new corrections made.
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The problems of discussing topography products differ from those
of waves, wind and sea-ice in that a single, easily understood and
more or less directly measured parameter (range) is common to all the
applications but 1its correction to the desired precision, and its
subsequent partition into that part of the spectrum which 1s of
interest, requires the synthesis of a number of highly disparate data
streanms.

The required accuracy of h depends on the purpose that is
intended. Table 2.10 lists accuracy requirements which are based on
those documented in foster et al. (1980), Drewry et al. (1984) and
Allan et al. (1984). Descriptions of products and their delivery
time requirements are detailed in Table 2.11. One of the biggest
constraints on delivery time 1is 1likely to Dbe the time taken to
determine precisely the orbit.

At present the incorporation of height data into the Fast
Delivery  Product is being considered. ilovever, range data
uncorrected for propagation or orbit errors could prove very useful
in some circumstances if available in near real-time. Western
boundary currents are associated with large changes of surface
elevation (>l m) over a short distance which would be identifiable on
raw data provided they could be distinguished fron any similar
aradient in the geoid. 1In some regions, for example off the castern
seaboard of lorth America, the geoid is known rather well. These
geoidal data could be held at Viruna and subtracted from the height
signal before dissemination. Alternatively, wusers could compare

successive profiles along repeat tracks, applving suitable offsets to
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2.10 Accuracy requirements for absolute height measurements

Achievable Desirable Not L*
Feature accuracy accuracy useful (km) Rank
(cm) {(cm) (cm)

Mesoscale eddies 5 3 30 100 1A

Boundary current 5 3 30 300 1a
variability

Equatorial 5 1 10 300 3
variability

Seasonal ? 3 30 1000 3
circulation )

Tides 102 3 30 3000 1A

*Height accuracy is residual after application of a highpass filter of

cutoff wavenumber L
Based on Allan (1984)
Key to rank

1A Well established and validated
1B Well established
2 Possible (more processing needed)

3 Research
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correct for orbit errors, to identify resions of larger wvariability
associated with the lateral displacement of ma jor current systens.
Such information may prove useful for operational purposes (e.q.
shipping, fisheries) and for real-time planning of oceanographic
experiments during the ERS-1 mission. Similarly, sudden changes in
range 4s the altimeter footprint crosses large icebergs or ice
shelves may yield useful information for operational planning. These
data are not strictly required within three hours, a delay of a day
or two would probably be tolerable. This raises the question as to
whether an intermediate category (between Fast Delivery and Off-line
Precision Products) is required. Such a “Semi-fast Nelivery Product’
category would alsc be useful for’data evaluation and as a backup to

the Fast Delivery Product.

2.6 Effect of orbit repeat on products

There are conflicting requirenents for the type of orbit ERS-]
should be placed 1in depending on sensor and application. For
example, users of SAR images for mapping land features may like a
non-repeating orbit such that contizuous swaths are obtained over
periods of days of weeks with minimun overlaps so that as large an
area could be covered within the area for which real-time acquisition
is possible. By contrast, for an alti-eter the oceanographic and
slaciological communities have enphasised the need for repeating
orbits (with a tolerance of 1 ¥n) so that unknown seoidal errors and
spatial variations can be eliminated. Fven so, there is no agreenent

on what repeat is ideal. ‘ave datus users would prefer 3 davs while



for iceberg detection 40 days has been suggested (Guyner,1984). No
decision has to be reached in the near future on the choice of orbit
and ERS-1 will carry enough fuel to allow several different orbits to
be used during the nission. Mevertheless it is wise to assess the
impact which the different choices might have on data processing
requirements:

o The quantity of data to be processed and archived is not
dependent on the type of orbit since data rates and the
orurating times of the sensors will remain the same. (For
some purposes the adoption of a non—répeat orbit would render
the data virtually useless so that some high level products,
such as along-track temporal averages, may not need to be
generated during such a period).

¢] The size of the geographical area chosen at Levels 3 and &
should be related to the distribution of tracks. In sone
cases, ¢€.g. short repéat periods (large spacing between
tracks) it would be possible to choose boxes in which there
were no data points. To avoid this the minimum E-W length of
the box should bhe approximately equal to the separation at the
equator of the shortest repeat period likely to be used which
is probably 3 davs (the repeat period chosen for the
commissioning phase of ERS-1). This gives a figure of 10° and
on average there will be 10 passes through the box per month.
Longer repeats will increase the number of different tracks in
the box but the number of passes per month will remain

constant. Generally there will be x passes per month through
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a box x° longitude wide, provided =x>27/n (where n is the
repeat period in days).

Assuming that the orbit repeat period (and therefore the
position of the tracks) will be changed several times during
the mission it would appear sensible to organise the data at
Levels 3 and above so that all data from one set of repeats
are archived together, rather than strict observance of
calendar months.

Another consequence of the orbit repeat choice is the position
of the R.A. tracks in relation to interesting ocean regions
and to land. It is particularly desirable that coverage is
optinised over European waters. For example an ascending pass
selected so that the sub-satellite track lay in the middle of
the North Sea would also give R.A. data off the W. coast of
Italy. A repeat orbit could be chosen so that the next
ascending pass westwards was in the S approaches and across
Biscay. The choice of orbit parameters would also affect the
positions of the descendineg tracks. Tdeally these should
provide long tracks over the Yorth Sea and to iVl of Scotland
but in practice this may not be possible. It would also be an
advantage if the positioning of the passes alloved a direct
overflight of a reliable in-situ measurement platforn.
Calibration/Validation implications are discussed separately
in 6.4,

Altimeter studies of sea ice are conpromnised by the

limited tenmporal and spatial sampling of a single satellite-



borne instrument. The rapid motions and temporal changes of
the ice cover, combined with the altimeter’s relatively
snall footprint and widely separate, infrequently
revisited ground tracks result in the ice data being
incompletely sampled.
¥ig. 2.8 shows the Seasat ground track pattern in the
vicinity of Antarctica at a time when the orbit was
ad justed to repeat on a three day cycle. Also shown are the
Antarctic coastline and the approximate location of the sea
ice boundary at maximum winter extent. For a section of sea
ice boundary lying approximately along a circle of latitude
(as occurs in the Antarctic) the average spatial sampling
interval, 1, is given by:

Al = 27T Rcos9/oc n
wvhere 8 is the latitude, n is the nunber of revolutions in
the orbit repeat cycle, R is the FEarth’s polar radius
(76360 km), and 1 {o¢ < 2 depending on the exact disposition
of the boundary with respect to the ground track pattern.
Typically, altimeter satellites execute ~14 full rotations per
day. Thus for an M day repeat cycle at the time of maximunm
winter extent ( 8 7 55) we have RUO_S[jI < 1600 km for 1 days
data, and values 1/ times less for the full cycle.
Any increase in the density of spatial coverage necessitates
increasing the period of the repeat cycle. Experience with the
Seasat 3-day repeat data shows that smoothing of the data to

~70 km resolution 1is necessary to obtain reasonable self-
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consistency over a full cycle. Even then localised
inconsistencies occur, as might be expected given that local
ice velocities as high as 50 km per day can occur. At the
winter ice boundary a 3-day repeat cycle achieves
250 S_[&l < 500 km sampling. A factor of two or so increase in
repeat cycle duration would therefore result in an approximate
matching of the sampling interval and the smoothing interval
required to achieve self-consistency, both being 150 km in
the vicinity of the ice edge. A six to seven day repeat cycle
thus represents a near optimum compromise for sea ice
observations. Global maps at this resolution would be wuseful
for scientific purposes, particularly those related to climate
research. Detailed observation of selected local areas could
be carried out with much higher spatial resolution (“km) but

with rather poor (7 day) repetition.

2.7 Special problens

The ERS-1 altimeter, like that of Seasat, 1is a pulse-limited
radar designed for wuse over the open ocean. An on-board signal
processor estimates values of height (h), significant vaveheight (HS)
and backscatter coefficient (U‘U at a rate of 20 s“1 for rapid
dissemination on the ground. The instrunent design assumes that it is
pointed vertically at a flat, horizontal, 1isotropic sea with
reflective properties as defined by Brown (1977). For echo waveforms
with shapes corresponding to the Brown model, the altimeter maintains
its height tracking point at the 50 power level of the leading edge

ramp, and this is taken as the mean surface height.



The existence of non-linear wave effects introduces a systematic
offset in the height estimate, as discussed in section 3.l. Tlore
major distortions of the waveform shape introduce proportionally
larger systematic heignt errors (see Figs 2.9(a) and 2.9(b)), which
couple into the parameter estimates output by the other on-board
processing loops. Such distortions may arise in a number of ways, as
follows:

(i) Instrument nispointing displaces the point of mnaximun
antenna gain away from the nadir, attenuating the leading
part of the return echo. The effect results in return
echo shapes similar to that shown in Fig. 2.9(a).

(ii) The presence of clouds or intense rain cells can
stronglv attenuate the return from localised regions of
the footprint, introducing an absorption feature in the
corresponding part of the eclio waveforn.

(iii) The presence of slicks or patches of floating weed wnay
alter the reflective properties of the ocean surface.

(iv) In the vicinity of islands, coastlines or over inland
seas strong, off-nadir returns from elevated land
surfaces can introduce features within the altireter
range window.

(v) Over sea ice, echo waveforms are generally strongly
peaked and fluctuate rapidly in shape and strength as the

altimeter traverses localised features.
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Pulse shape distortions introduce:-

@ H offset
® AGC error
® ‘SWH’ error

Height tracker error signal is given by:-
’
eE=0a¢E

where : L ac -g—l and € is the correct value

Figure 2. 9 Seasat processing algorithm pulse shape-induced errors.
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The effect of non-standard, varying pulse shapes on the on-board
estimates of h, Hs and CTO can be very severe. For example llonaldo,
Goldhirsh & Walsh (1984) show that passage over an intense rain cell
(5 km height, rain rate = 10 mn per hour) can introduce temporary
instantaneous errors of up to 1 m in the on-board estimated height
value. The problem, in this case, results from the intense absorption
feature associated with the rain as it affects surface returns
initially passing closer to and then further from the nadir. The
feature migrates from the tail of the echo waveform (greater range)
passes through a point where it is at, or closest to, the leading
edge and then migrates back out of the tail.

Bright quasi-specular features from land or from sea ice
behave similarly. However, very peaked pulses not only introduce
tracker point offsets but can introduce a tracker loop oscillation
(Rapley et al,. 1983). Furthermore the backward migration of very
bright features in the range window may be followed by the height
tracker, resulting in large height excursions or, in cases, loss of
lock. This effect, referred to as "snagging", can occur under any
circunstances where a bright reflector passes out of the beam. Over
sea ice it appears to occur most often over regions in which
substantial areas of open water occur within the ice pack, implying
an association with ice-water transitions (Fig. 2.10; also refer to
Rapley, 1984).

Civen that measures may be taken in the tracker design to reduce
the likelihood of 1loss of lock (see Section 4.4), data processing

methods must be devised to eliminate or correct data affected 1in
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these ways. For Seasat the elimination of incorrect valucs was
achieved using a sequential fitting technique applied to the three
on-board computed parameters. This permitted identification of
extrene out-of-bound data (Hancock, Forsythe & Lorell, 1980). The
standard deviations of the parameters were also conputed, using a
running average, to identify regions of poor quality data. 1In each
case the corrupted data were eliminated. However, it is clear that
processing of the waveforms on the ground could reduce the amount of
data lost in this way. As yet the techniques involved have not been

properly explored or developed.
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3. General review of geophysical data retrieval

on other altimeter missions.

3.1 Significant waveheight

3.1.1 Physical basis

Before reviewing the various extant algorithms for estimating
the significant waveheight HS from the radar return, a brief
description of the physics of radar reflection from the sea surface

will be given.

3.1.1.1 Factors affecting the form of the return pulse.

The three main factors affecting the radar return from the sea
surface are:
(a) the radar characteristics (antenna gain, pulse shape, etc.)
(b) the satellite motion (for example, the pointing angle of the
antenna)
(c) the characteristics of the ocean surface (in particular, its

statistics).

Brown (1977) has combined these effects to obtain a theoretical
description of the radar return from a rough surface, such as that of
the sea, under the assumption of Gaussian statistics for the surface.
He 1initially calculates the flat surface impulse response of the
radar, which he then convolves with the 'specular point height
probability density function" and the system point target response to

obtain the rough surface response.
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In terms of the statistics of the sea surface the ''specular
point height probability density function" is perhaps best understood
as the probability of obtaining a flat surface impulse response at a
given surface elevation S , that is p(S,SX=O,5y=O); where
p(S, Sx’Sy) is the joint distribution of surface elevation S and

slopes (taken in two nutually orthogonal directions) 5 <? 5y°

) where S

Strictly use should be made of pgg’p'xspec’ﬁ xspec and

yspec

5 o vary with the angle of incidence of the radar pulse. Here
yspec

this is approximated by p(S’ 5X=O’§y=0)’ or in normalised form q(ﬁ),

as the angle varies little over the radar footprint. Yor a Gaussian

surface
2

acs) = [ exp{- —5—}

[T 2fame

where /1200 is the wvariance of the sea surface elevation

1/2)_

elevation X (the significant waveheight H, = Q/LZOO

This is identical to the distribution of the surface elevation
p(s ) (see Longuet-Higgins, 1957). For a non-Gaussian surface q(S )
will differ fron p(} ), in general. The identity of the two
distributions has led to some confusion as to what aspect of the sea
surface the radar seunses. From the above it is clear that it senses
the distribution of the elevations of points with zero slope rather
than the distribution of sea surface elevation. For the special case
of a Gaussian surface the two are identical, but for a non-Gaussian
surface they differ. This needs to be borne in mind when analysing

the latter situation.

Returning to Brown’s (1977) results for a Gaussian surface; it



is found that the return pulse Pr(t) is given by

oa

0 [ [ [g3(5- )] reoyur

<3

| s (o) t<o
X
Prs (1) t >0

where ¢ is the speed of light in vacuo and P is the

(3.1)

system point

target response. (The change from elevation £ to time t is made by

setting 5= -ct/2.) Here t = 0 corresponds to the mean of q(.%5 ), that

is, the mean level of the points on the surface with zero slope.

PFg(t) is the flat surface impulse response and is given by

2.2 (o]
£ = G'o Ac o (%)
‘PFS(\ "P(‘*T’)L LP )\3,

exp{-%.ﬂ.mzf - éf_f\tfoszg}

T, (% [<E sin2E)

where A\ is the radar wavelength

>

»

Lp is the two-way propagation loss

h is the height of the satellite above the mean
level

E is the pointing angle (measured from nadir)
Co and y are antenna gain parameters

JO(VQQ is the backscattering coefficient

and lﬁ}) is given by

tanTp; = (ct/h)ll2
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The point target response is assumed to be Gaussian

and given by

2

P(t) =1 PTexp(‘tz/(20’p )

where ) is the pulse compression ratio
PT is the peak transmitted power

and G'p is a measure of the pulse width
If the double integral in eq. (3.1) is denoted by I(t) it may be

evaluated to obtain

1) =g Plem e lrers(e/ (2 7172
where
2 2 2
6k = G}) + 4/u200/c
and

e &

erf(x) =-g* exp(—tz)dt
(]
(See Brown, 1977, for more details.)

Examples of the (normalised) return waveform obtained from the
above analysis are given in Figs 3.1 and 3.2. From these it can be
seen that with increasing surface roughness (that 1is, increasing
significant waveheight) the return signal becomes more smeared out,

while variations in the pointing angle primarily affect the fall off

of the return at large times.
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3.1.1.2 Hodelling the statistics of the sea surface.

From the previous section it can be seen that in order to obtain
the theoretical form of the radar return some assumption has to be
made as to the statistics of the sea surface. If the waves on the
sea surface can be described by linear wave theory then the
statistics of the sea surface may be shown to be Gaussian (Longuet-
Higgins, 1957). Thus the simplest (and most comnon) assumption used
about the sea surface is that its statistics are Gaussian.

If, however, nonlinear wave effects are important then Gaussian
statistics are no longer adequate and a different statistical model
is necessary. Longuet-lliggins (1963) obtained a non-Gaussian theory
for the sea surface on the basis of a weakly nonlinear dynamical
model for the wavefield. Jackson (1979) used this theory to obtain
the joint distribution of the surface elevation and slope (in one
direction only) p(s,,gx). He then used this to study the radar
return from the sea surface. Srokosz (1984b) has further extended
the theory to obtain the joint distribution of surface elevation and
slopes (in two mutually orthogonal directions) p( 5, gx’ Sv), which
allows a fuller description of the sea surface. The relevant results

are

’o(s’ gx ’ s,j)

x[ L %( )3co Hsoo + 3()‘no HIZD LN H:oz + 2)'14 H'“ ))J

log
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~ _ 2
where AZ = /4/020’/“0()2 /U‘()ll

and 11 are generalised Hermite polynomials - see below.
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(Here < > denotes an ensemble average.) Finally, § is given by
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The various terms in the above expressions have the following

interpretations:

/AQOO - the variance of the sea surface elevation
p— 1 }
/UOZO’ /AOOZ the variance of the slopes
/4011 - the correlation between the slopes
~)300 - the skewness of the sea surface elevation
P X A - coefficients of skewness with no clear

120° 102° 111

physical meaning
In the linear limit the skewness coefficients go to zero (‘2300,

A A -> 0 d the Gaussi d.
120° 102° .)111 > 0) an the Gaussian results are recovere

Jackson’s (1979) results may be recovered by integrating out the
dependence on Ey' Finally we note that p( %) and q(%) differ for
this non—-Gaussian case, as expected. The non-zero values of the
coefficients .>300, -)120, 3302, 7\111 are due to the nonlinear
effects. In particular TK300‘ the skewness of the sea surface
elevation, is a measure of the nonlinearity of the waves, resulting
from their having peakier crests and flatter troughs.

The above results will be used in section 5.1 to extend the

theory given in section 3.l.l.1 to nonlinear waves and to produce

extensions to the algorithms reviewed below.
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3.1.2 Algorithms for significant waveheight

3.1.2.1 General Principles

The form of the altimeter return from the sea surface is
explained in section 3.l.l. If Fig. 3.1 is studied it can be seen
that the return waveform can be split into two sections. The first
section consists of a sharply rising S-shaped curve. This is
followed by a plateau that slowly decays. Significant waveheight is
estimated from the first section. The basic technique is common to
virtually all the algorithms described here. The actual return
waveform, averaged over a large number of pulses, is compared to a
theoretical return. This theoretical waveform is expressed in .terms
of the parameters we are trying to estimate, usually altitude of the
satellite and significant waveheight, and possibly other, nuisance,
paraneters. Py varying these parameters the theoretical waveform is
fitted to the received waveform." The algorithms differ both in the
assumed theoretical form of the returned pulse and in the method used
to obtain a fit. The theoretical waveforms used in the algorithms in
many ways constitute the greatest differences bctween them. Most of
the nethods of fitting are variations on the theme of 1least squares
and will be described below.

Because of the large number of assumed return waveforms in use
it dis not proposed to go into any detail here but merely to give a
general description. The simplest form of the return that can be
assumed 1is a straight 1line and this form is used in the on-board

aleorithns where computational speed is the overriding concern. The



next simplest form 1is to wuse a Gaussian cumulative distribution
function. More complex are algorithms that wutilise the conmplete
Brown model described above or some variation on it.

As stated above least squares is the most popular criterion for
fitting. This 1is due in part to the fact that maximum likelihood
turns out, in this case, to be simply weighted least squares. For
large samples it can be shown that maximum likelihood 1is
statistically optimal. It 1is quite instructive to derive the
likelihood equations. The derivation here follows Peckham (1982).

The power output at each gate or range bin from a single pulse
will have a negative exponential distribution. If the pulses are far
enough apart, so that the antenna has moved at least 1its radius
between pulses, then the returns are statistically independent and
the average power over a number of pulses will have a normal
distribution by the central limit theorem. To produce the likelihood
of the return we need to assume that the outputs £from individual
gates are also statistically independent. For this to be the case
the gates must be separated by at least the width of the original
pulse. If these two conditions hold then the equations for the
maximum likelihood estimations of the parameters of the return ij)

are
~

> A(9-5) % <o
{ ﬂj_ aa(J

where gi = éi(qj) is the theoretical output of the ith gate and 4 is

the actual output.



These equations are, of course, the equations for a weighted
least squares solution with weights equal to giz ( the variance of
the return at the ith gate).

These equations, both weighted and wunweighted least squares,
need to be solved nunmerically. Walsh (1979) reports convergence
problems with the maximum likelihood solution and as a consequence
prefers to wuse the unweighted least squares. He states that Gower
(1979) gets around these problems by only using the weights in the
maximum 1likelihood solution when they are greater than a certain
value. UWe have not been able to find this in Gower (1979). Gower
does find an inprovement using maximum likelihood on model data, but
in practice the situation 1is complicated because errors in the
positioning of the gates of GEO0S-3 violate the assumptions given
above. Obviously great care must be taken to remove such errors
before applying any algorithm.

The above discussion has agsumed that the analysis has been done
using output from each gate. Some algorithms, in particular the on-
board ones, aggregate the gates and work with means. This speeds up
computation at the cost of some loss of accuracy. Two algorithms are
somewhat different. Pather than attempt to fit a Gaussian
distribution function, a Gaussian p.d.f. is fitted to a
differentiated waveform. This makes the fitting easier but adds the

complication of numerically differentiating the waveform.



3.1.2.2 Description of Algorithms

Since most of the algorithms are very similar the details will
be given in the form of a table, Table 3.1. One does not fit into
the scheme described above and will be briefly outlined after the
table. Some entries in the table are incomplete, this is because it
has not been possible to discover the relevant details. This lack of
information has proved to be a serious problem. Many details of the
algorithms seem never to have been published and no references are
given even to internal documents, etc. This makes comparisons and
choosing the best method difficult. For instance, Walsh (1979)
estimates skewness in addition to HS, but it has proved impossible to
find the form of return that he used, and hence assess this work.
Certain abbreviations are used in the table.

These are LS = wunweighted least squares
MLE - maximum likelihood
References in the table are numbered as follows:

[1] Fedor et al.(1979)

[2] Fedor & Barrick (1978)

[%] Gower (1979)

[4] Rufenach & Alpers (1978)

[5] Mognard & Lago (1979)

{6] Walsh (1979)

[7] Walsh et al. (1978)



Table 3.1 Summary of M algorithms

Nane | { Fits | Method | Group | Theoretical | Notes
of | refs. | pdf 7 | of | gates | Return |
algorithn]| I | fitting| f Used !
FEDOR [[1],{2]) | wyes | LS I | Barrick(1972)|
GODBEY | [1] 1 | ! | { Does not fit
| ] i | | | into the pattern
| i | ] | | above -described
| ! | I | ! in text.
GOWER 111,03} jmodified]| | (1 |
! | I MLE | | |
RUFENACH [[1],[4] | | LS i | (1) |
& | f | | | |
ALPERS { ! | | | ]
MOGNARD | [5] | yes | LS(?) I | | No details
& 1 | I ! | (2) |
LAGO | | | | | |
WALSH {[1],[6] | ] LS ! | No details | Estimates
1 7] [ | 1 | given | skewness
GE0S-3 | [1] [ { LS | ? | No details | same as Seasat?
SEASAT LS {Gates (3) [The middle of
|grouped Ithe leading
linto 6 {edge is found
| triples fusing the first

I
1
!
|
!
|
I
|

1& last sets of
lgates. The triple
corresponding

lto the leading
ledge is found
land B taken
lfrom iook—up

jtable.

Several theoretical returns are also numbered. These are:

(1) Gower and Rufenach & Alpers use the theoretical return

~
g. =«
8.

<

- Bl + erf((t-t )/]2 0 )]/2
0 c

(Rufenach and Alpers subtract an additional §_..)



where §, is the height of the plateau
and §. .. is the noise gate output.

H 1is then calculated from:

s
H = 0.6(6‘,_2- 0‘:— 051)1/2
s
where & = Gaussian pulse width of the signal
and 0; = r.m.s. jitter in the signal.

(2) Mognard and Lago fit a Gaussian p.d.f. to the differentiated
return, one assumes by least squares, and then calculate HS
as in (1).

(3) The return form used to generate the Seasat loock—up table is

2.1/2

g(t) = ACE){1 + erf(t/24; (14255 /5) 1 ' D)}/2

where A(t) exp[-4ct/yh], t>0

=1 t<0.

Godbey’s algorithm does not fit into the pattern outlined above.
The method is described in Fedor et al.(1979) and the description
given here is taken from that paper. The return is split into four
sections. The first corresponds to the noise region before the
leading edge. The next two are halves of the leading edge and the
final portion 1is the plateau. Each pgate in the middle sections is
normalised such that

s, = g. — average(section 1)
L

average(section 4) — average(section 1)

The following factor is then computed

« t
F = 2.4 + 24 s, - Zl S.
s Sect.2 Sect.3 *



Significant waveheight is then calculated fron

B = SF = 3(F —-1.25)3 + 3/(0.5+25F%)
s S S S

The constants in these expressions were calculated in part from the

altimeter design and in part empirically.

A brief description will now he given of the comparisons of
algorithms that have been given in the literature. We have been able
to find two papers concerned with this topic. One Fedor et al (1979)
is concerned with GEOS-3 and the other, Fedor and Brown (1982), with
Seasat. Fedor et al (1979) compare five algorithms. These are given
in Table 3.1 as FEDOR, GODBEY, GOWER, GE0S-3, RUFENACH & ALPERS and
WALSH. The comparison is done both with simulated and reai data.
Very good agreement 1is produced although GOWER’s estimates have a
bias of 0.72m against a buoy. FEDOR’s algorithm appears to be the
best. The second paper, Fedor and Brown (1982), compares only two
algorithms, FEDOR and SEASAT. They find that the Seasat algorithnm
produces a bias of 0.5m on all measurements greater than 2m whereas

the FEDOR algorithm does not.

3.1.3 Swell retrieval

3.1.3.1 General Principles

The sea state is often categorised into ‘sea’ and ‘swell’. The
waves generated by the 1local wind form the ‘sea’, whilst waves
generated elsewhere and propagated into the area form the “swell’.

Since the sea and swell are independent and have the same mean

value, the variance of surface elevation is piven by the sum of their
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variances. So the relationship between the significant wave height
HS (=4/?total variance)) and the sea and swell components of ”s is
given by

Hs2 = Hsfsea + ”s?swell (3.2)

Given a constant wind blowing over the ocean, the sea state
grows with H ,s increasing and the dominant wave period increasing,
until the rate of energy transfer from wind to wave is Dbalanced by
dissipation within the sea; the sea is then said to be fully
developed. In coastal regions with an offshore wind, the limited
fetch can prevent the sea from reaching its fully developed state for
the given wind speed.

Based on spectral analysis by Moskowitz(1964) of 54 records fronm
Shipborne Wave Recorders in UK weather ships on Ocean Weather
‘ Stations in the NE Atlantic (A,I,J,and K) during 1955-1960, and on
Kitaigorodskii’s (1961) dimensional analysis results, Pierson and

Moskowitz (1964) propose the following form for the frequency

spectrum of a fully developed sea:
2 -5 4
S() = ogw Texp{- F(’-)O/U ) )

-3
8.10x10

I}

where o«

P

and ab =g/

0.74

Yi9.5

with U the wind speed measured at 19.5 m above sea level.

19.5
Note that the 54 records judged by Moskowitz to represent fully
developed conditions was about 10% of all the records examined by
him. The value of U for these 54 records varied from about 10

19.5
1

ms—1 to 20 ms .



S(Ww) can be integrated to obtain the sea surface variance, m;,
and hence the corresponding significant wave height,Hs M (=4fh0)-
b

The result is

2

H = 0-02133(U19 ) (3.3)

«5

-1

with units of m and ms .
The Seasat altimeter wind speed algorithm is designed to give
the value at 10m above sea level. The relationship between UlO

depends upon the atmospheric stability, but using the value

Uio
and Ujg 5

given by Pierson (1977):

Upjp =093 Uyg 5 (3.4)
leads to
- 2
Wy gy = 0-0247 U 0 (3.5)

This broadband spectrum, theoretically having energy from & =0 to
oo, has a peak with corresponding period given by

)4

= 5,00 (H°
Tp > ( s,PM

where units are s and m.

The speed with which this wave energ is propagated fronm the
generating area is, in deep water, half the phase speed ¢ =0 /k where
k is the wave number (=2 /wave length). Thus from the dispersion
relationship (C)2 = gk), the energy 1is propagated with speed
inversely praoportional to ). So the wave energy is “sorted out’ as
the swell propagates and the swell becomes increasingly narrow-banded
(and long crested) with distance from the generating area; the lower
frequency, longer wavelength conponents arriving first. The swell

waves contain less energy when they arrive than in the penerating



area - partly because of this sorting out of the frequency
components, also because the energy spreads laterally. Nevertheless,
swell can have a marked effect for example on large ships, semi-
submersibles and structures such as tension-legged platforms which
might be generally little affected by shorter waves. The arrival of
long swell in shallow coastal water where the waves steepen and break
can also generate considerable forces on structures such as
breakwaters - see for example Draper & Bowness (1983). The
penetration of swell into ice fields is discussed elsewhere in this

report (3.4.3).

3.1.3.2 Remote sensing of swell

Swell might be detected, if little sea were present, if either
wave period or long-crestedness could be ascertained from the
altimeter returns, but neither can easily be obtained at the mnoment
(see section 5.1 and 5.3).

Parsons (1979) and Mognard et al (1981) - also Mognard (1984) -
have proposed methods for estimating swell based upon altimeter

measurements of HS and wind speed. From equations (3.2) and (3.5),

since H is the maximum value of H for a given wind speed
s, Pl ,sea
Yio°
2 2 2
; nm=-1n
Hs,swell 2 s s,PM
i.e.
2 2 =4 4
: H "= 6.20. ! 3.
Hs,swell 2 s 6.20.10 JlO (3.6)

Mognard (1984) uses (3.6) to obtain a minimum value for H
s,swell

(except she has a constant of 6.25 following fron slightly different
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constants in equations corresponding to (3.3) and (3.4)). It is
important to stress that the ensuing estimate of swell is a minimum.
In practice considerable errors can arise in this estimate because of
the possibility of large errors in Ulg, particularly at high wind
speeds - there is evidence that values of U10 greater than about
10 ms—l are significantly underestimated by the GSeasat radar
altimeter algorithm (3.2.4). At lower wind speeds the algorithm 1is
more accurate - also the difference between minimum and actual swell
is then less (see section 3.1.3.3).

, arguing that

Parsons (1977) considers the ratio R = H_/H
s’ 's,sea

large R indicates predominantly swell conditions, and wusing

1 i.e.
”s,sea S-ls,PH’ tee

. 2
R > 0lig oy o< /U1

Parsons essentially makes the assumption that the sea state is swell-
doninated if ”s,swell 2 0.8.HS to derive the constant of
proportionality. In practice the inequality in (3.6) imposes a
linmitation wupon the method - although Parsons finds pood apreement
between the swell-dominated region of the K. Atlantic on 24 TFebruary
1976 from his analysis of GEOS-3 data and from US National Weather
Service hindcast values. (In fact, TParsons uses a more conplex
function of I describing the age of the sea using vave steepness fron
expressions for a growing sea state in the absence of swell given by
tasselmann et al. (19706). He appears to assume the altimeter gives
U19.5°) It must be concluded at present that the radar altimeter
cannot measure swell, except in conditions of low winds when the

eneryy of the sea component of the surface waves is small.
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3.1.3.3 Effect of wind speed errors on swell retrieval

As discussed in section 3.2.3, Seasat altimeter winds appear to
be "6msml low at 20 ms_1 when compared with both in-situ and SMMR
nadir winds. This implies that for a fully developed sea Hs,PM would
be incorrectly estimated as 4.2 m instead of 8.5 m (using Eq. 3.3)
which would produce a significant difference in the minimum swell
height that was calculated from Eq. 3.6.

Figs 3.3-3.5 show the along-track variation of minimum swell
height wusing SMMR and altimeter winds on 3 passes in the NE Atlantic
on 28/29 September 1978. Altimeter estimates of HS are also plotted
for reference. The SMMR winds imply that large areas of sea were not
fully-developed on these occasions (shown as stell =0).
Differences between the two minimum swell estimates (ALT-SIDMR) vary
from -0.5m to +4m. TFig. 3.6 expresses this difference as a function
of wind speed for those occasions on which a fully developed sea was
indicated. A roughly linear dependence is found but further work
using other occasions is necessary to verify this.

It would be interesting to correct the winds on the basis of the
conparisons with in-situ observations and SMMR and to recompute
monthly mean minimun swell maps, particularly for the stormyv Southern
Ocean, to see what differences result. Because of the averaging
involved it is not possible to apply a simple correction to the maps

of swell height.
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3.2. Uind speed

3.2.1 Physical basis

Pulse-limited altimeters such as those flown on GE0S-3 and
Seasat are capable of measuring the intensity of backscattered
returns from the surface by means of the Automatic Gain Control.
Airborne measurements of the average backscattering cross—section per
unit area (6‘0), made during the 1960s and early 1970s (Barrick,
1974) showed that for incidence angles near vertical (<150) the
dependence of o ° on incidence angle was consistent with a specular
point model in which a nearly Gaussian distribution of surface slopes
was assumed. Mlowever, considerable variance in the magnitudes of c°
occurred but it was not clear whether this was due to a dependence on
geophysical parameters. In 1969/1970 a comprehensive set of aircraft
measurements was obtained at 9.0 Gz while flying near a NASA ship
recording wind and wave data (Gehest, 1970). Ten out of 16 flights
were used in the analysis and the radar was calibrated against ground
transponders of known signal strength; the overall r.n.s. system
error was estimated to be 0.9dB.

Gp(OO) was found to be related to wind speed but there was
little correlation with the height, period or direction of waves.
Barrick (1974) developed a specular-point model in order to explain
the observed wind speed dependence, which showed a decrease in o °
for increasing wind speed (in contrast to the larger incidence angles

of 20°-60° used by scatterometers).
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o
The relationship between o~ near the vertical and the

distribution of specular points is given by

e ° = TTsecéep (—tane,O)lR(O)l2 (3.7)

where p\(5¥,§y) is the joint probability density function of the
surface slopes Sx (=35/9%x) and ,fy (=235/9y), ‘S is the surface
elevation w.r.t. x, ¥y plane and R(0) is the Fresnel reflection
coefficient for the surface at normal incidence and which depends on
radar frequency. According to the formula the strength of the return
is proportional to the probability of the surface having specular
points tilted at a slope of -tan® so as to be normal to the incident
raye.

If the sea surface slopes are assumed to be Gaussian and

isotropic then

2
P (.;xagy)

exp[—tanz(e)/szl/TTs

. 2 y
(with s” = <5i + 55) i.e. total mean square surface slope).

and
o’ = {IR(O)lzsec46 exv[-tanz((-))/s?']}/s2
At e =0°
2, 2

(0% = |R(0)1 /s

(Equivalent to
0,0 .
s (07) = ZOloglolR(O)l - 20103105 in dB)

o
For a given radar frequency, o (OO) just depends on the total
mean square slope. Brown (1978) has investigated the spectral domain

and distinguishes two scales separated by a wavelength .)d = 6.0 cm,



which is three times the radar wavelength. According to Brown (1978)
Eq. (3.7) holds for all surface features of wavelength greater than
)d’ and shorter scales contribute only a small amount to the

backscatter coefficient at near-normal incidence. The problem which

remains is to relate the surface slopes to the wind conditions.

3.2.2 Dependence of mean square slope on wind speed.

Using Phillips (1957) relation for the spectrum of surface
2
elevation, multiplying by k (k is the spatial wavenumber) and
integrating, Barrick (1974) derives the mean square slope as

2 1
s

]

B In(ky/% for k <380m"
g

)
and }(3.8)
1

w
ro
il

B 1n(380/ky) + B_ 1n(ky/380) for k,>380m"
8 e v

>

B?’ B are dimensionless constants whose values have been
: e
deternined empirically as 0.005 and 0.015 respectively, k, marks the
highest wavenumber for which equilibrium is obtained and kX is the
peal: of the Phillips spectrumn.
. g led =1 . -1
k, can be approximated as kq= 50U m , with U in ms , and
2 ~ be} 3 2 3
kK = /U . Eq. {(3.8) can then be used to obtain s as a function of
wind speed.
LR 1 [ 2 Py .
Cox & lunk (1954) measured s using airborne photography of sun-
glitter patterns. From their data they deduced a linear variation of
2z . . . .
s with wind speed. Furthermore the effect of o0il slicks on the sea
surface was found to reduce the mean square slope by a factor of two
or three which indicates that the nain contribution is from shorter

waves which are in equilibrium with the local wind. Cox and MMunk’s

results agree quite well with Barrick’s theoretical result

3.28



splEp 1933TTO~-UNS HUNp B XO) Y] pue 3aand (/1) §,3oraiey
arm paieduod uyitaolie (gel) s,°Tv 219 umoay £q porTdurt
se poods puim uo adols aaenbs ueow jo douspuaday /g YT

MOTIS 110- (PGB1) 232 MUNW PUy X3
Jee13- (PGBIY ©anQ >uniy Puy xo3 4
C;O(_m - - -
[-.sw , peeds pury o
"0z "S1 ‘01 S ‘0
——’ 1 1 L T _ 1 T 1 T _— L 1 1 { _ T -D
1+ 200
+-¥0°0
L
900
1+—80°0

peedg putp vg edolg eopjung peg 40 esuspuedsq

3.29

S



(Fig. 3.7). Wu (1972) reanalysed the Cox and Munk data and fitted a
logarithmic relationship implying that the slope is less sensitive to
wind speed at higher winds than lower winds. Wu explained the change
in terms of the transition between hydrodynamically smooth and rough
regimes.

From Eqs (3.7) and (3.8) Barrick (1974) obtained 0'0(00) as a
function of wind speed. Although the spread of the airborne
backscatter measurements about this theoretical curve 1is large
(3-5dB) the broad agreement obtained has encouraged researchers to
base the development of algorithms for satellite altimeters (and for

the near-nadir cells of scatterometers) on this approach.

3.2.3 The GEO0S-3 and Seasat altimeter wind speed algorithms

3.2.3.1 GE0S-3

For GE0OS-3 two aleorithms have been used. llognard & Lago (1979)

assumed a linear variation of slope with wind speed:

s2 = o<+(3U

where « and P are constants to be determined.
Brown (1979 preferred the logarithnic dependence given by
2 In U, . + b
s =a ln Uy,
In this case the coefficients a, b were obtained empirically by a
best fit to surface wind estimates from ships, wind hindcasts and
buoys. Brown (1979) used a data base prepared by the Spaceflight

Meteorology Group with hindcasts every 390km along the ground track.

-1
All $HG wind speeds were binned at 2.6 ns intervals. It was found
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necessary to correct the o° data for mispointing errors because
these could lead to biases of 2 dB varying on a pass—to—pass bhasis.

0(Oo) was plotted against wind speed separately for swell and no-
swell conditions, to try to isolate the effect of larger waves on the
slopes. The scatter in the data was reduced if only ship reports
were used and a double-branched mean square fit to the latter gave

the following values for a and b:

0.02098 b

a 0.01075 U, < 9.2 ms

0.08289 b = -0.12664 U, > 9.2 ms '

a

Buoy wind speeds (measured when swell was present) appeared to
support this relationship but with a slight bias. For the no-swell
case intercomparisons were hamperea by the lack of data especially
from ships. Using the combined SMG hindcasts and ship data, Brown
found that the coefficients resulting from a least squares fit were
a = 0.03731, and b = -0.01324.

The main differences between the swell and no-swell curves were
in the 4 ms_l<Ulo<12 ms_1 range; lower s° values were obtained when
swell was absent. llowever, the accuracy of the data and the
difficulty of identifying swell mean that firm conclusions should not
be drawn on the effects of swell. The above results were based on a
limited data set during the earlyv part of the GE0S-3 mission.

Mognard and Lago (1979) used a linear algorithm

&°00%) = 1R(0)1% /(e + f8 U, s)

2
with o = 0.003, G = 0.00512, R(0) = 0.617 and with the wind speed in

-1
ms .

3.31



3.2.3.2 Seasat

Following the encouraging results obtained with GEOS-3  Brown,
Stanley & Roy (1981) developed a three-branch logarithmic
relationship using data from the entire intensive rmode of GFEO0OS-3
operations at times when overpasses of buoys occurred. The following

. o
values of a, b were obtained, depending on the measured value of 0 :

0.01595 b = 0.017215 s° > 10.9dB

a

= 0.039893 b = -0.031996 10.12 5.09 < 10.9dB

job)
i

= 0.080074 b

o]
|

-0.124651 " < 10.12dB

The first stage in processing 1is to calculate sz, the mean

square slope, from
o
-( O .
2 19”¢ + 2.1)/10

s =

An initial estimate of the wind speed is obtained from

U1 = exp (gtb)/a
with a,b as above.
Far winds below 16 ms—l the winds are corrected using a
polynonial technique
5
T2 a, (0}
with a; = 2.087799
a, = 3.649928 x 107!
ay = 4.062421 x 107
a, = -1.904952 x 107
ag = 3.288189 x 107
The relationship between 52 and U is shown in Fig. 3.7.

10

Acreement with Barrick’s (1974) results is pood for wind speed below



9.5 ms_l, but increasingly diverges at higher speeds giving a much
lower value for wind speed for a specified 5°(0%)

Before applying this algorithm to Seasat data it was decided to
take advantage of the overlap between the GE0S-3 and Seasat missions
and to examine the consistency of 6’0 measurements at the cross-over
points where these occurred with a time difference of less than 1
hour. Seasat a‘o was found to be systematically 1.6 + 0.37dB higher
with no obvious dependence on wind speed. Since the GEOS altimeter
had undergone extensive preflight 6'0 calibration it was decided to
reduce all Seasat values by 1.6dB before computing winds. It should
be noted that the cross—over comparison only covered wind speeds in
the range 2-12 ms—l.

After Seasat altimeter winds were processed it was discovered
(Queffeulou, personal  communication) that discontinuities were
present in the calibration relating ° to AGC. These have the
effect of producing erroneous winds at 6 and 50 ms—l. Data are being
reprocessed by the Jet Propulsion Laboratory to renove these

(relatively minor) discrepancies.

3.2.4 Validation of the Seasat wind algorithm

Since GEOS-3 data were used to tune the wind speed algorithm
they cannot be used in its evaluation. Fedor & Brown (1982) in a
conparison of Seasat altimeter winds with 87 overflights of NOAA
buoys reported a mean difference of -0.25 ms—l, with a standard
deviation of 1.6 ms_-l for the range 1-10 ms_l. However, several

researchers have recently pointed out that Seasat altimeter wind
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speeds tend to be an underestimate when true near-surface winds
exceed lOms_l. Fig. 3.8 is a comparison between ocean veather ship
neasurements in the lorth Atlantic and Seasat (Queffeulou,1984). The
ship measurements are averaged over ten minutes and the distances to
the satellite tracks are indicated, in nautical miles, at each point.
The altimeter measurement is averaged over 5 secs (about 35 km). As
well as the underestimate at high speeds there is a suggestion that
the altimeter overestimates at low speeds. Similar behaviour at high
speeds is observed in Fig. 3.9, which uses in-situ data from a JASIN
buoy and OWS Lima when R.A. footprints lay within 50 km. Wentz,
Cardone & Fedor (1982) compared the wind speed data deduced from the
altimeter, the Scanning Multichannel Microwave Radiometer (SMMR) and
the scatteronmeter at nadir. They concluded that for wind speeds
below 10 ns—l the three sensors are in agreement but for higher winds
the altimeter speed is an underestimate. Fedor & Brown (1982) did
not report such behaviour but.the 87 near overflights of NOAA data
buoys used in their analysis were limited to a range of 0-12 ms .
We have extended comparisons to 21 ms_l by using the SHMNR winds at
nadir during a stormy period in the N.E. Atlantic. SMME winds have
been found to agree well with in-situ data provided a change in bhias
is allowed for part-way through the mission as reported by Allan &
Guymer (19854). This change has been related by Wentz & Peteherych
(1984) to a sudden drop in the brightness temperatures of the 18 GHz
channels. The passes used 1in the present study occurred on 28/29
September when S5MiR winds exhibited little bias and are among those

used by Mognard (1963a) to deternine swell conditions near a storm in
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NE Atlantic. Fig. 3.10 shows the results of the intercomparison;
again a marked tendency of the altimeter to underestimate higher wind
speeds is seen. At 20 ms“1 the error is just over 6 ms-l.

These studies all reveal a problem with the altimeter wind
algorithm when applied to Seasat Ups in wind speeds greater than 10
ms-l. It is of interest to note that this is outside the range of
speeds for which the GEO0S-3/Seasat 0’0(00) calibration is valid.
Moreover, the discrepancy is in the same sense as the difference
between the Brown et al. (1981) and Barrick (1974) curves in
Fig. 3.7. It appears that the tuning of the algorithm to GE0S-3 data
may have resulted in errors at higher wind speeds, and further
investigation is needed.

The above errors have implications for studies using mean wind
fields from Seasat sensors. Chelton & O0’Brien (1982) in a comparison
of scatterometer and altimeter wind fields for the Tropical Pacific
for the Seasat period, found that scatterometer winds were 20%
higher; Mognard (1983b) showed a similar difference for the World
Ocean. Such results are difficult to interpret as far as algorithm
validation is concerned because differences may arise from the
sampling characteristics of the sensors and it is dangerous to rely
on any one of the sensors as being correct unless extensive
validation has been carried out against Treliable in-situ
measurements. Nevertheless, the SASS/ALT comparisons have been wused
to substantiate the need for a new SASS algorithm. An algorithm

which incorporates a sea surface temperature dependence has been

developed by P. Woiceshyn at JPL, and Mognard (1983b) shows that a



3-month wind speed map produced using this algorithm agrees better
with the equivalent map computed from the altimeter. Uowever, the
possibility of serious errors in the altimeter wind seems to have
been neglected and without further comparisons against in-situ data
it is difficult to evaluate the accuracy of this new algorithm,
Errors in altimeter winds also affect the extraction of swell

information from Hs estimates as discussed in 3.1.3.

3.3 Ocean topography

The steps involved in retrieving the precise topography of the
sea surface from altimeter data are only briefly outlined here since
they have been well covered elsewhere (see below).  Attention is
drawn to matters that should receive attention for ERS-1. Most of
the experience has been gained with Seasat. The main stages can be
divided as follows:

(i) Integration of telemetered data received at ground stations
to a single master data set and its conversion to earth-
located engineering units wusing the spacecraft attitude
history and coarse orbit data.

(ii) Processing with sensor file algorithms. These operate on
tracking-loop paraneters h, HS, AGC (not on the raw waveform)
and consist of data quality operations and instrument
corrections (Hancock et al., 1950).

(iii)Processing with geophysical algorithms to correct the data
for propagation effects, reference data to geoid etc. (Lorell

et al., 1980).



3.3.1 Sensor file algorithms

(¢]

(o}

The data quality checks are:

to flag the data according to the operating mode of the
instrunent.

blunder point analysis. This removes outliers due mainly to
lost bits when data are telemetered to ground but also
includes cases where data points 1lie outside the design
specifications because of islands,rain etc.

time tagging the data to account for internal delays within

the system.

After this the following corrections were made:

height calibration drift. The Seasat mission was too short
for any drift to be detected but this could be more of a
problem during the expected 2-3 year life-time of ERS-1.
taking account of changes in the distance between the antenna
feed and the centre—of-gravity of the spacecraft due to fuel
being consumed. This is important for making the precise
range measurements from the altimeter comparable with the
orbit.

bias correctione. This has been attributed to sea-state
effects (wave skewness and differences 1in reflective
properties of wave troughs and crests) and the non-Gaussian
form of the transmitted pulse. The former effect is
discussed in 5.1; it 1is anticipated that ERS-1 will not
suffer from the second problenm. For Seasat the bias was

empirically determined from a sequence of overpasses at the

3.40



laser tracking station used as the prime calibration site and
amounted to 5+27% of HS. liowever, because of uncertainties no
correction was applied to Geophysical Data Records.

o tracker lag. This is significant when the altimeter passes
over regions where the height acceleration is large e.g.
ocean trenches.

o pointing angle correction which in extreme conditions (large
values of significant waveheight and off-nadir pointing near
the specified limit of 0.5° for Seasat) could attain 25 cm
The correction was supplied from a look—up table which was
also used to correct HS values (the largest correction for
HS(IO m could be 1 m).

o) data compression from 10 sn1 samples (each derived fron 100

1

pulses) to 1 s_l. On ERS-1, data will be reduced from 20 s

-1
to 1l s .

3.3.2 Geophysical Data Record (GDR) Algorithns

A full discussion of all the effects taken into account is given
in Foster et al. (1980).
The propagation corrections which affect the travel-time of the

pulse and hence the inferred height of the antenna above the surface

are:
o dry troupospheric correction. Only an approximate knowledge

of the surface atmospheric pressure field is required.
o] wet tropospheric correction. This 1is a more variable

conponent and cannot be reliably obtained from surface
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humidity measurements alone. It is generally accepted that
the required accuracy can only be provided by passive
nicrowave mneasurements on the satellite itself. Seasat
carried the SMIR; ERS-1 will have the ATSR/M.

o) ionospheric correction. Lorell et al. (1982) reported that
errors in determining this by modelling were 3~5 cm for
Seasat. In periods of high solar activity the effect may
cause rnore serious errors. It should be noted that ERS5-1 is
expected to be in orbit when a solar maximun 1is approaching.
ERS-1 will also carry an experimental tracking system, PRARE
(Precise Range And Range-rate Experiment) which eliminates

the effect by using two frequencies.

The other computations carried out in GDR processing are:

o] referencing the height mneasurements to the geoid. The
Coddard Farth tModel (GEM) 10B was used for Seasat.

o solid earth tides.

o ocean tides. For Seasat GDR processing the Schwiderski model
was recomnended but the Parke-lienderschott model was included
(though it should only be used in the deep ocean). Data from
the altimeter itself can be used to extract tides but a
particular problem for ERS-1 is that it is in a sun-
synchronous orbit. Tidal corrections deduced from TOPEX, the
U.S. altimetric satellite due to be launched soon after
ERS-1, will be invaluable for studies of ocean circulation

using ERS-1 data.
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inverse barometer effect. If the ocean develops a full
response a change of 1 mb in surface pressure produces a
change in sea surface height of 1 cm. Generally however the
ocean takes about two days to respond. Problems are likely
to occur near storms and in coastal regions where wind set-
ups and Ekman transports may occur which conplicate the
relationship. Further work should be carried out on this
topic for ERS-1. It is possible that surface pressure fields
could be deduced from ERS-1 scatterometer winds wusing the
geostrophic assumption. If available winds from the N-ROSS
scatteroneter would be very valuable because of their greater
coverage.

Orbit determination. This 1is of wvital concern if mean
currents are to be studied from satellite altimeters. Wakker
et al (1984) provide a comprehensive study of accuracies to
be expected for ERS-1 assuning various configurations of
tracking stations. One problem is the shape of ERS-1 which
makes it difficult to use models to interpolate the orbit
between measurements by tracking stations. However, when
studying mesoscale wvariabhility it is not necessary to know
the satellite orbit with great precision because the errors

are primarily on a large space-scale.

3.4 Sea ice paraneters

3.4.1.

The ice boundary
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Relatively few publications describe the use of altimeter data
to study sea ice. An exception concerns the use of the GE0S-3
altimeter to determine the location of the sea ice boundary. Dwyer &
Godin (1980) describe the development of an operational ice edge
detection scheme based on the great contrast in the backscattering
properties of sea ice and open water.

Fig. 3.11, taken from Dwyer and Godin’s report, illustrates
schematically the different characteristics of ocean and jice returns.
Also shown are the locations of the GEQS-3 altimeter sampling gates
when operated in its global mode, used exclusively for the sea ice
study. Note that in the global mode the transmitted pulse length was
200 ns, thus explaining the very much broadened and smoothed return
pulse characteristics conpared with those of the Seasat altimeter
discussed later.

The altimeter range servo operated on the signal levels in the
ramp (R) and plateau (P) gates'to create an error signal ( e =2R-P)
to drive the time opening of the ramp gate to the To position (see
Fig. 3.11). The tracker Automatic Gain Control (AGC) operated on the
plateau gate data, and was telemetered to ground as a one second
average to be used as a mneasure of the energy received in the early
part of the return. A one second average neasure of energy received
in the late return (i.e. from angles inéreasingly off-nadir) was
provided by the Average Attitude Specular Gate (AASG).

As the altimeter passed from the ocean to sea ice or vice
versa, the change from the normal ocean return to the more intense

and peaked return from the ice caused marked differences in the AGC

3.44



- ‘ "(0861_‘UlpoD pue Jaimg woly)
£-S03D AQ PaAJasqo SB SWJOJBABM UJNJAl UB3D0 PUB @31 O13BWAYIS [] '€ @nbi4

SANOD3ISONVN
Nv3ivid
la— OSVV —l |lg— 0OV —pl la— dWVH le—3SION —pl
ooot+ | o008+ “ 009 + “ oov+ | o0z+ 0)- 002- 00r-
1 L L L

NHN134 (NV3OO0) TVWHON

(NOILVZITVWHON 09V LNOHLIM) NBN13Y (301) 4V IND3dS

3.45



and AASG signal levels. An example of the variation of these
parameters during an ice-ocean transition is shown in Fig. 3.12(a).
Shown in Fig. 3.12(b) is the wvariation of an ice index parameter

calculated at a 0.5 s'-1 rate as
ICE IHNDEX = ((100+AGC)/100(AASG))) - 10 (3.9)

The AGC value is in dB and the AASG value is in wvolts. 1In practice
the ice index was only calculated for data points in which the AASG
value was less than 0.033 volts (over water the AASG was consistently
greater than 0.045 volts) and this accounts for the lack of ice index
data to the right of the plot.

Also shown in both figures is the location of the ice boundary,
as judged from satellite optical and infrared imagery by the Fleet
Weather Facility/Joint Ice Centre. This organisation and the GEO0OS-3
project team used data from February 1975 to develop and tune the ice
index algorithm to give a value ;f zero at the ice boundary. On the
basis of a series of case studies covering Bering Sea data during
March 1979, it was established that the signals were repeatable and
that the 1ice 1index algorithms produced reliable ice boundary
locations with an accuracy comparable to the 1-3 km accuracy of the
optical and infrared data. From llarch to 1 July 1579 the data were
incorporated in the Ice Centre’s daily analysis. A further case study
in !May 1979 confirmed continued accurate ice boundary location under
different seasonal conditions.

A point worth noting is that both the AGC and AASG signals

continue to vary for some six seconds following the ice/sea
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transition shown in Fig. 3.12(b), corresponding to a ground track
distance of ~40 km. This can only be partly accounted for by the
broad beamwidth of the GEOS-3 altimeter operated in the global mode
(footprint radius ~7km). Thus the altimeter appears to have
registered the presence of ice well beyond the ‘classical’ ice
boundary. This latter point is discussed further in Section 7.2.

Two published accounts exist of the use of Seasat altimeter data
over sea ice. Marsh & Martin (1982) used global histograms of the on-
board computed values of AGC' and significant waveheight (Hs),
(excluding 1land data), to develop selection criteria for eliminating
ice ‘contaminated’ data points from their ocean mean surface model.
They found that the AGC! distribution was strongly peaked and centred
on a value of 32 dB but with an extended tail to high values. The Hs
distribution consisted of a broad peak centred on “2 m but with
maximum power at zero, a value not obtainable from characteristic
ocean returns. Histograms of the high-valued AGC! data points and
those with zero HS as a function of 1latitude showed a strong
correlation with the latitudes at which sea ice was expected during
the Seasat lifetime. On the basis of their analysis Marsh and Martin
rejected data points with HS values close to zero or AGC value
greater than 36 dB in order to achieve an ice-free data set.

Rapley (1984a), in an analysis of the propagation of ocean
swells into the ice pack, adopted an AGC: threshold of 33 dB to define
the Antarctic winter ice boundary. He found it necessary to use a
spatial resolution of 67 km (10 s AGC' averages) in order to minimise

inconsistencies in the ice boundary location resulting from ice



motion between altimeter passes. The disposition of the boundary
determined in this way, and its observed spatial variability were
consistent with passive microwave data collected in previous years
(e.g. Zwally et al., 1984). Work is currently in progress to compare

these data with simultaneous optical and infrared images.

3.4.2 Ice characteristics/Ice type

During their generation of ice boundary data described above,
Dwyer and Godin noted a qualitative correspondence between their Ice
Index parameter and ice type. For example, high values of ice index
appeared to correlate with smooth young ice, whereas low positive
values were associated with iesser ice concentrations or,
alternatively, high concentrations of rough ice. Unfortunately no

further work has been published on this topic.

3.4.3 Ocean swell penetration

The penetration of ocean swells within the ice pack controls the
size distribution of ice floes and thus affects ice dynamics and the
thermodynamics of ice growth and decay. Rapley (1984a) has
investigated the use of the on-board computed values of HS to provide
an approximate measure of the degree of penetration of the ice pack
by ocean swells. He points out that the characteristic evolution of
waveform shape is as shown in Fig. 3.13(a), and that this may be
accounted for by a progressive reduction of surface slopes consistent
with the damping of waves and swell by interaction with the floes

(Fig. 3.13(b)). In spite of a number of difficulties resulting from
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improper operation of the altimeter tracker over sea ice, the
smoothed Hs data provide a measure of pulse ‘peakiness’ which is
related to the degree of flatness of the reflecting elements of the
surface. Altimeter maps of the ‘swell penetration’ zone and its
temporal evolution show a plausible correspondence with nearby ocean
swell storms, the latter being derived using the method of

Mognard (1983a, 1984 ). An example is shown in Fig. 3.14.
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Figure 3. 14 The Antarctic ice boundary for 14/9/78 as determined by the US
Fleet Weather Facility, Suitland. Also shown are regions of high ocean swell
at sea, and the penetration of ocean swell into the pack ice as deduced- from
the Seasat ‘SWH’ data, (solid areas).



4. Implications of Selenia design

The ERS-1 radar altimeter is similar in many respects to the
Seasat instrument. Table 4.1 lists some of the major similarities
and differences. The most significant differences are the use of a
lower power transmitter, the provision of an “ice mode’ of operation,
and the implementation of the Suboptimal Maximum Likelihood Estimator
(SMLE) tracking algorithm.

The ice mode uses a window width expanded by a factor x 4, and a
centre-of-gravity tracker. The ice mode will provide improved
tracking over the steeper slopes of the ice sheet margins and over
land, but it 1is envisaged that the oceans mode should be used for
operation over sea ice and over the.flatter central portions of the

ice sheets (Griffiths, 1984).

4.1 Pulse conmpression

The full-deramp pulse conpression scheme employed on the FRS-1
altimeter 1is similar in concept to that of Seasat (MacArthur, 1976).
A Surface Acoustic Wave (SAW) dispersive delay 1line is wused to
generate a 20ms long chirped (LFM) pulse with 330MIz bandwidth
(equivalent to a 1/330Mlz = 3.03ns compressed pulse). A receiver
local oscillator of identical chirp slope is mixed with the radar
return, mapping range differences into the frequency domain, where
they are analysed in a set of 63 x 3.03ns contiguous range bins. The
frequency-domain formation of the range bins is carried out using an
FFT algorithm rather than the digital filterbank of the Seasat
altimeter. This has a minor effect upon the shape and sidelobe level

of each range bhin, but is unlikely to be significant.
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Tahle 4.1 ERS-1/Seasat radar altimeter differences

ERS-1
frequency:
13.832-13.432GHz

i.e. 13.632GHz centre freq.
330Mlz bandwidth (=3.03ns)

PRF : 1.014kHz
power: 50W peak

pulse length:
20 s (chirp duration)
3.03ns (conpressed)

antenna:
1.2m diameter
>41.5dBi gain
1.3 degrees beamwidth

<-25dB first sidelobe

PLF dia = 1.5km
BIF dia 18.1km

processing:
Oceans node:
No. of range bins =
63 x 0.45m
Range window width =
28.6n

Mo. of pulses summed =

50
Interpolation method:
IOT from tracker

Height error algorithn:

SHLE
Trackers:

separate alpha-beta
trackers for height,
i and AGC

HS megsurement spec:

Seasat
13.5GHz
320MHz (=3.125ns)
1.020kHz
2kW

3.2 s
3.125ns

Im

>40dBi

1.6 degrees

<-20dB sidelobes, +70°

1.7km
22.3kn

60 (+3) x 0.47nn
28.1m

50

HDOT from tracker
adaptive split gate
alpha-beta tracker

for height, first-
order AGC tracker

(Fmmmmmm range lm - 20m—————————————————— e -—=>
{mmmmr e accuracy 0.5n or 107 (whichever is greater)-—————-—- >
Altitude measurement spec:

range 745-825km
{mmm precision +10cm (1 , ls), 2m absolute---~—————------ >
Backscatter coefficient measurement spec:
(mmmm e + 1dB (1 ) but + 0.5 dG at 8 dB for ERS-l-—=-——-o—o >
Telemetry:

data from every
50-pulse average
at 50ms rate

o
.
[§

data from two 50-pulse
averages, averaged

(see Rapley et al.,(1983) p2.14
or MacArthur (1978) pl0l)



Table 4.1 (contd)

Ice mode
x4 window width
(i.e.individual bins are 1.5m)
centre of gravity tracker;
estimates range and AGC,

but not slope; ice mode
switching under ground control

Acquisition sequence
CW phase consisting of
20 s 13.632GHz pulses;
spec. <5s at up to +50m/s,
95% of trials N

provision for changing
tracker time constants,
but no ice mode per se.

see MacArthur(1978),
p96 et seq.



4.2 Pulse sunmation

Fig. 4.1 shows the stages of processing carried out on the raw
range bin signals, and operation of the Height Tracking Loop (HTL).
Firstly, pulse summation takes place, using linear interpolation with
the range rate term of the range tracker to obviate the effects of
‘blurring’ (see Rapley et al., 1983, p68), in a similar manner to the
Seasat instrument. When significant range rate lag occurs, blurring

will result, though this is unlikely to happen over the open ocean.

4.3 Adaptive gate selection

The processing of the radar return defined by the 50-pulse
averaged range bin signals, in order to estimate range, leading edge
slope (HS) and signal strength (UJB, is carried out by the
Suboptimal Maximum Likelihood Estimator algorithm. This attempts to
match an idealised linear return to the actual return shape, deriving
error signals in respect of each of the three parameters, which are
minimised by separate feedback loops termed, respectively, the Height
Tracking Loop (HTL), the Slope Tracking Loop (STL), and AGC. Each
error signal is filtered by an alpha-beta tracker, resulting in a
second-order loop in each case.

The SMLF alsorithm (Somma et al., 1982) is a simplified
derivative of the Maximum Likelihood Estimator (MLE). The MLE fits
the idealised return to the actual return by a form of weighted
least-squares fit, where the weights are equal to the reciprocal of
the data variances, see section 3.1.2.1. The SMLE replaces this

weighting function by a rectangular ‘window’ in each case (Fig. 4.2).
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Fig. 4.2 MLE and SMLE algorithns.

The MLE algorithm seeks values of C{; in each case to satisfy

where oﬁ is the parameter to be estimated

\/'- is the estimate of mean value of V‘ from the model

VQ is the actual signal in the ith range bin

The SMLE replaces the weighting function éﬂﬁ' by a rectangular
305

function in each case.
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Mean return

Height estimator. Dotted line is
MLE weighting function, solid line
is SMLE. Width of SMLE window is
adaptively controlled. '

SWH (slope) estimator. Dotted line
is MLE weighting function, solid
line is SMLE. Width of SMLE window
is adaptively controlled.

- Signal strength (AGC) estimator.

Dotted line is MLE weighting function,
solid line is SMLE. Width of SMLE
welghting function is fixed at entire
range window width (63 range bins).



The practical implementation of this algorithm, using the
nonenclature of the Selenia altimeter simulation code, is described
in section 4.3.2.

The second stage of processing therefore consists of the
formation of this central portion of the set of range bins known as
the window (and not to be confused with the term ‘range window’,
which refers to the entire set of 63 range bins). The window width,
which is adaptively controlled to attempt to nmatch the slope of the
leading edgie of the return, can be varied in steps of two range bins
(i.e. one range bin steps symmetrically either side of the centre)
from a minimunm value of 3 to a maximum of 35 range bins. The initial
value used when emerging from the acquisition sequence, is 35 range
bins. The range window is therefore divided into five portions, AA,
88, C€C, DD and EE (Fig. 4.3), and (BB+CC+DD) forms the window, though
the estimation of leading edge slope is made using fractional parts
of range bin signals, and is thus essentially continuous in nature.

A conparison of the ERS~1 and Seasat window width selection
schenes 1is shown in Fig. 4.4. 1In the 3Seasat altimeter the central
processing gate ”i (equivalent to BBHCC+DD) was selected on the basis

of the gate triplet Ei, ”i’ Li for which Li—Ei is closest to

U.GESxLﬁ—ES, and the value of HS determined by addressing a 1lookup

table with i;:f;. For the ERS-1 altimeter, the window width
selection is made in steps of two range bins. The values of time
constants currently wused in the simulation program are initial loop

bandvidths of 3 Nz (for 5 seconds, to allow the loops to settle after

the acquisition sequence) with a track mode bandwidth of 0.3liz. The
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loop damping factor in each case is 0.4, i.e. slightly underdamped.
This underdamping means that the range rate ‘length of memory’ (see
Rapley et al.,1983,pp77 et seq.) is shorter than for the critically-
damped case, which allows a faster response to range rate changes and
less likelihood of blurring during pulse summation, though at the

expense of overshoot in the transient response.

4.3.1 Implications for ocean and sea ice data product retrieval

(a) The form of the h-vs-offset characteristic. When there is
significant range lag, the slope error term tends to 2Al (see section
4,3.2, Fig. 4.6), so the widest value of window is selected (though
this will not be instantaneous because of the smoothing effect of the
slope tracking loop). With Seasat the characteristic was linear over
essentially the widest Hi gate (about & range bins - see Fig. 4.4 of
Rapley et al., 1983). Since with the ERS-1 altimeter the widest
value of (BB+DD) allowed 1is 35 range bins, the h-vs—offset
characteristic will be linear over a nmnuch wider region than with

Seasat, which has been identified as being crucial.

(b) Behaviour over sea ice. The Seasat tracker exhibited a
characteristic ‘relaxation oscillator effect’; with specular type
returns, the (Hi - AGC) height error term was 1instantaneously very
large, giving a substantial offset from which the tracker recovered
over about 14 loop updates, then starting the process again (Rapley
et al., 1933, pll5 et seq.). We can see that the SMLE height error
algoritlm will behave similarly, since the height error ((RE+DD) -

AGC) will also be anonalously larye for a specular return within the
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(BB+DD) window. The window width will also oscillate, though to a

large extent filtered by its own alpha-beta tracker time constants.

4.3.2 Practical implementation of the SMLE algorithn

This section presents the SILE height, slope (Hq) and AGC
algorithms, using the terminology of the Selenia altimeter simulation

code.

First we shall define some of the wvariables. The bHU=-pulse-
averaged signals in the 63 range bins are denoted by LV(i), i =1 to
63. This set of range bins is divided into five portions; AA, BB,
CC, DD and FE (Fig. 4.5). BB, CC and DD form the window, which the
slope tracker attempts to nmatch to the leading edge of the return.
The window width can vary from 3 to 35 range hins. The initial
value, as used when emerging from the acquisition sequence, is the

videst allowed, i.e. 35 range bins.

There are three variahles associated with the window width: NE is
the width, in range bins, of the window (BB+ICHDD). N¥ is an
integer. R9 is the width, in range bins, of BB or DD. RO is an
integer; thus

NY= 2%R0O+].

The leading edge slope, R30, is estimated with finer resolution than
single range bins (i.e. real rather than integer). It is related to
RY9 by

R9= INT(1./R30)
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63
Also calculated is the AGC terin, 11D =j:ILV(i)/ﬁ3, i.e.

R10= (AA+LDHCCHEDIATE) /A3

lleight error algorithm

The height error [Xh is provided by the difference between
(BB+DD) and AGC (cf. Seasat (Mi - AGC)). In the code, the height
error is designated by R12, and is given by the expression:

R12 = (BB+DD)/2 - (NE-1)*R10/2

The (NE-1) term weights the AGC value R10 (which is per range bin)
according to the windéw width, and subtracting 1 to account for not
using CC. The height error is calculated every 50ms, and the height
alpha-beta tracker is updated at a lms rate, to control interpolation
during pulse summation. The AGC alpha-beta tracker is updated at a

10ms rate.

Slope error algorithn

Fig. 4.6 shows the leading edge of the return, and the straight
line that the slope algorithm attempts to match to its slope. It is
assumed that the probability distribution of the ocean surface
scatterers is symmetric, thus the leading edge is svrmetric about its
half-pover point. The slope alzorithnm acts so as to equalise the two
shaded areas, so the slope error is found fron the difference between
the two areas. Let the window width, in ranse bins, be denoted hy W

(i.e. like NE, only real rather than integer).
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(1/72).(W/2).1 2A, = U/2

o=
i

1 1
20,7 = DD - BE + Arvy - Asy,
Now, DD - BB = (LV(UE)-LV(MA)) * (fractional part of window width)
and (fractional part of window width) = 1/R30 - R9, denoted by

RSPICC,
(LV(ME)-T.V(tIA)) is denoted by AVSPIC

so DD — BB = -RSPICCHAVSPIC

The area error signal is given by 2A1' - ZAl

DD - BB - NSPICC*AVSPIC - W/2

It

—(BB - DD + RSPICC*AVSPIC) - W/2

To convert this from area error to slope error, multiply by (2/w)2;

(2/W is denoted by FINES)

so slope error is given by the expression:
—(BP-DDHRSPICC*AYSPIC)* INES**2-F INES

and the new value of slope is
R&4=R44~(BB-DIAHRSPICC*AVSPIC ) *F INES*%2-F INES

This feeds a separate alpha—-beta tracker, which is updated at a 50ns

rate, giving a snoothed value of slope, R31. This addresses an

algorithm to read out Hs’ which is what is telemetered:

HS=((O.3UG/R3O)**2-U.036)

which assumes the BRrown Model (Brown, 1977) for ocean surface.

The value of R3C also updates NE for the next computation cycle:
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R9=INT(1./R30)

NE=2*R9+1

4.4 The ice mode and sea ice tracking

In order to maintain lock over steeply sloping and undulating
ice sheet surfaces, the ERS~1 altimeter is provided with an
alternative tracking mode. In this mode the range window width is
increased by a factor of 4 and a centre of gravity tracker is
substituted for the SMLE algorithm. It should be stressed that the
ice mode 1is not intended for use over sea ice. However, switching
between the oceans mode and the ice mode will have some impact on
data collection close to the Greenland and Antarctic
coastlines, and will therefore affect the completeness of sea ice
coverage. The technical details of the switching procedure are
not currently available. liowever, given that the daily prediction of
coastal transition times 1is 1likely to be limited to an accuracy
of “1 s due to orbit uncertainties, losses of order 10 km can he
expected if node switching is attenpted as precisely as
possible at the coastline.

In section 2.7 it was pointed out that standard ocean trackers
suffer from a number of difficulties when processing strongly peaked
and rapidly fluctuating returns from sea ice. At least part of
the problem arises from the use of an AGC control signal derived
from the mean pover of the return. The initial peaks of quasi-
specular returns reach high absolute values when processed by

a mean power ACC, increasing the gain on the height loop error
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signal (Fig. 4.7(a)). For Seasat this resulted 1in oscillatory
behaviour in the height loop, as noted earlier.

A solution to this problem 1is to wuse the peak value to
control the AGC since this results 1in a height error signal gain
which is independent of pulse “peakiness’ (Fig. 4.7(b)). However the
statistical noise on the AGC signal is inevitably increased.
The compromise adopted in the US Ceosat tracker design is to operate
with a Dbimodal, adaptive algorithm which normally employs a mean-
value AGC but which switches to peak value operation when the
return pulse peak-to—mean ratio exceeds a fixed value. It is
strongly recommended that a similar approach should be adopted for

the ERS-1 altimeter.

4.5 Fully automatic data processing

he ERS-1 altimeter design is in so many respects similar to
that of Seasat that the degree of fully automatic ground

processing of ocean data is also likely to be very similar. Sone

differences will be as follows:-

(i) The on-board processor includes an ‘attitude’ loop
which detects spacecraft mispointing by its effect on

the echo waveform shape. Data from the loop are used o

correct the on-board computed geophysical parameters.
Hlowever, it is not known as yet whether these
corrections will be sufficiently accurate to

eliminate the need for further attitude corrections based
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on the spacecraft pointing data, and further analysis of

the waveform, during ground processing.

(i1) A specific wuse of the attitude 1loop output, when
combined with the nean power AGC value, will be to
provide a pulse ‘peakiness’ parameter which could bhe used
for ice boundary detection in much the same way as
achieved by Dwyer & Godin(1980) for CE0S-3 (see section
3.4.1). Note that an on-board peak-AGC/mean AGC switching
alzorithm could be used to flag the presence of ice in the
altimeter footprint, but would not be tuned for location

of the conventional ice edge given by the 157 ice contour.

The ability of the instrument to track more extrenme
topographic surfaces, and the ecuphasis placed on analysis of
coastal region, sea ice, ice sheet and land data will have a ma jor
inpact on the ground processing system since these will require
retracking and processing of the waveform data. Given that the bit
rate associated with the waveform data is some three orders of
magnitude greater than that for the on-board conputed seophysical
paraneters, the impact on the processing and archiving
facilities required 1is clearly very large. However, a full
discussion of the altimeter ground segment requirenents is bevond the

scope of this report.
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5. Estimation of wave parameters for ERS-1.

5.1 Skewness, sea state bias and wave period.

In this section the possibility of  extracting other wave
parameters from the radar return (as well as significant wave height)
will be examined. 1In particular, the possibility of obtaining wave
period and skewness information will be discussed. The extraction of
a period parameter can be carried out on the basis of Gaussian
surface statistics, whereas the skewness of the sea surface is a
nonlinear wave effect and requires the use of a non-Gaussian model
for the sea surface. If nonlinear wave effects are significant they
can affect the estimation of the position of the mean sea surface
level <~ an effect known as sea state bias. If the slope of the mean
level is to be wused to calculate surface current (assuming a
geostrophic balance) then the position of the mean level needs to he
known accurately and the sea state bias needs to be determined. How

this may be done will be discussed below.

5.1.1 Wave period

The starting point for the extraction of a wave period parameter
from the radar return is an equation (due to Barrick, 1968, 1972)
which relates the backscattering coefficient o° to the joint
probability density function of surface slopes p( KX, Sy). For the
purposes of extracting a period parameter from the radar return it is
only necessary to consider the back- scatter at zero incidence angle

o~ (0°) for which

o°(09

1

w R P(S,=0°, S, -0)



where R(0) is the Fresnel reflection coefficient of the air-sea
interface at mnormal incidence. From both the Gaussian theory

(Longuet-Higgins, 1957) and the non-Gaussian theory (section 3.1.1.2)
P CS'X-.-O '§ SOJ = .,-1-— (/Mo,_o/‘{o, —/(ot.)'_k
/7 2 *
where /M are the surface slope variances < 32) <Z§2> and
# 020/ 002 X y
/& is the ‘ecovariance between § and § given by <T T >. If
011 X vy Xy
principal axes are chosen then
A A
AF - i)t = A s
o /401%097_ /40" /'010/4002.
and this may be interpreted as the geonetric mean of the maximum and
minimum slope variances.

The value of<59(0°) may be estimated from the radar return-
usually indirectly wvia the automatic gain control (Brown, 1979a and
Mognard & Lago, 1979). So the radar return can give information on
the surface slope variances. This has been used by some investigators
(see for example Brown, 1979a and Mognard & Lago, 1979) to derive
wind speed from the radar return (under the assumption of isotropy
and using an empirical relationship between wind speed and r.m.s.
slope; see section 3.2). Brown(l1979bL) has, under the assumption of
isotropy, examined the mean square slope of the waves. Here it will
be shown how a period parameter may be derived from A\z.

If &;(kl,kz) is the wavenumber spectrum then, wusing principai

axes,

Al h j‘,: f_(: knz {f UJ\\ )k?—] ‘Uql OU(L

S R S O R TY,

—po V-0



(see Longuet-lliggins, 1957). We now make the following change of
variables
2 -1
kK~ = ki +k,, ©=tan (kZ/kl)

such that

T (kb ) Ak dk, = ¥ (k0] th 4D

and oe o
A, - g Jfl. K o9 (K, 8) dh dS

2
o

i PRERTNORI

- <R
B z;+ J; \ﬂ ¢ cor™Q fz(og,e) Aw 48

ST LT e E (w8 da D

where the dispersion relationship

and

4 (k 0) 4k &0 = Elo,0) dwad

have been used. E(w,8) is the directional wave frequency spectrum.
To make further progress it is necessary to make some assumption

about E(w 6). Here the common assumption that the directional

spreading of the waves is independent of frequency will be made, so

that

Flo,8) = S(w) &©)

where

fm ae)d0 = T,

An alternative simplifying assumption is that of isotropy but this is

just a special case of the above (G(8) = 1/2m). sz is now given by
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A‘l = nlgq_ [[ fu cos*© C’\(G’j oUgi{ Jifof © &18)dH

where

o j“’ W () deo

The above shows how the surface slope information 1&2 may be related
to the fourth frequency spectral moment m,, - If the spreading
function G(8) is now expressed in the form given by Longuet-Higgins,

Cartwright & Smith (1963) as

G (o) = (2r)!! wc " (6/2 )

2x (a2r-)l!
where
(ar) M= 2 kb 20r-1). 2¢
and
@Il = 3. S . (2r-3J. (20 1)
then - 31 Q’: Cr«l)(r+2) ((hfl}(f"ﬂ‘*l)]—}i(il)

Thus from Cro(O) it is possible to obtain, in principle, an estimate
of the fourth moment of the frequency spectrum, m, (if some value of
r is assumed). For the isotropic case r=0 and m, is obtained
directly. It 1is now possible to define a new period parameter TA
where - 3 m ,/‘r
A= N (Wﬁ
where L =/1200, the variance of the sea surface (HS = 4];;). This
is related to the more conventional period parameters Tz (zero-
upcrossing period) and T, (crest period) and the bandwidth parameter

Eby



where o
T. = 2« (lo )’VL T = 2 ,“"_1) =
Z M, J < /"\11,
and 2 2.
< = ] - ML /(_MO M‘f} .

Thus TA may be regarded as the geometric mean of the =zero—upcrossing
and crest periods. For a narrow bhand spectrum ¢ — 0 and so
TA - Tz, but in general TA will differ from Tz’ and comparing the
two may give a means of estimating % (see section 5.3.4 below).

In Figs 5.1 and 5.2 the percentage error in calculating my, and
TA by assuming isotropy (r = 0) is given. Over a realistic range of
values of r (0 to 15) it can be seen that, while the variation of ™y,
is of the order of 50%, the variation of T, is only of the order of

-1/4

10% (as TA<K m, Y« Thus TA is fairly insensitive to any assumption

which may be made about the directional spread of the waves (that is,
the choice of r).

The implications of this work for wind speed retrieval require

further investigation.

5.1.2 Skewness.

As noted above, in order to derive this parameter from the radar
return a non-Gaussian model for the sea surface is necessary. Using
the results of section 3.1.1.2 the double integral in Fq. 3.1, TI(t),

will be evaluated to obtain the form of the return from a nonlinear
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sea surface.

= P (o) (9] [ wf—c‘&?f

~ (=) } x (—l — ’L(; LN ¢t (-T"?)}

2 ot 3
[4 g 2
/A‘Loo
+ (/A;OO “J) . C(T”:L\} 4D dic
2 2 p, 1% )
Make the following change of variables
A A
ax= CT %x = T = ck
2p Ve ’ PPN 74 b
/«LOO 2 'Lo?; 2/4290
and let
L 2 2
/g = ¢ o—f’ /4—/4100
then
4 i e " _ Z
Tle) = %Py (=) ’4(2/&00) E ( &% E—C’c—x}_ (q )c/}
ol — Vo 2 2/’7.

x [I g (R e (sl (,c,,?)] dX dx,
2

w = }ok(x~%—_i)
where
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- % 0o _
= am () [Terior ©F

[' 1t 2% Z“zfl(x 9/ —(?/;3)
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This result may be further simplified by the change of variable

vV o= Q’“(l‘fﬁ"} (<'-y)

so that
T (¢) = 7 ?T (Zlg“’%]/gﬁ f‘” e"u"):l+ Aua_Bu] dw
? Eti
O:’L = O’PL -+ Q‘/4um / c?
-
- /\jﬁ t ot 2
A 3 L T
and

R = (X300 ¢4/ oy 'Hk’ C"'rp [ o‘
/\S—z ) Ll ‘ (Wzoo 1 2“ (f//qloa) [ (’- 200 !

Finally the above may be integrated to obtain

L= Ly®daw o] § [+ of(F)
Che N
~+ 37: 2o z P\ (éiifT'O “13‘} il .
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In the Gaussian limit (X3OO = 5 = () this reduces to the result due
to Brown (1977) given in section 3.1l.1.1.

From the above it can be seen that the following wave parameters
may be estimated from the radar return
(i) /LZOO - the sea surface variance (and hence Hs)
(ii))\300 - the skewness of the sea surface
(iii) 5 - a skewness coefficient with unknown

physical significance (see section 3.1.1.2)

The sea surface skewness;XBOO provides a measure of the nonlinearity
of the wave field as it describes the peakier crests and flatter
troughs of nonlinear waves. The skewness coefficient g does not
appear to have any physical significance but it is important for
correcting sea state bias . Lipa & Barrick (1981) have made use of a
similar theory to that presented above to estimate skewness fron the
Seasat altimeter. However, as the altimeter pulse shape was not
sufficiently close to Gaussian they had to deconvolve the integrals
determining the pulse shape numerically. This should not be
necessary for ERS-1, and the functional form given above can be
fitted to the return pulse directly. Lipa & Barrick (1981) make use
of Jackson’s (1979) result for p(;, Sx = ) which 1is identical
functionally to the result used here for 1)(S,SX=O,:§y=O). It
differs only in that the parameter is replacedknr}IZO (in our
notation). From their results.k300 lies in the range 0.1 to 0.29,
based on 24 second averaces. In the next section it will be shown
how these non-zero values of the skeuness coefficients can be used to

correct sea state bias.



In order to illustrate the effects of wave nonlinearity on the
return pulse shape the theoretical return Pr(t) is plotted in Figs
5.3 to 5.7 for various values of 1300 and g‘with HS =4 m and zero
pointing angle. Pr(t) is as given in section 3.1.1.1 except that the
double integral is now the one evaluated above. The return is
normalised, for illustrative purposes only, so that the maximum power
is unity. In practice the automatic gain control will normalise the

altimeter radar return. It can be seen from the figures that changes

in‘x3oo and 8 lead to changes in the pulse shape and position.

5.1.3 Sea state bias

In this section we will consider the effect on the mnmean level
estimate of assuming that the sea surface is Gaussian when in fact it
is non-Gaussian. Most "on board'" altimeter algorithms are based on
the Gaussian assumption for the sea surface. 1f nonlinear wave
effects are significant the use of the Gaussian theory 1leads to an
error in the estimate of the position of the mean sea level; an
effect known as sea state bias.

Two factors give a bias in the estimate of mnean sea level
derived from the radar return; one physical and one instrumental.
The physical factor has been called, somewhat inappropriately,
"electronagnetic bias" (see Jackson, 1979; Lipa & Rarrick, 1981).
This effect has been incorrectly attributed to the focussing of radar
energy by the flatter troughs of nonlinear waves and its scattering

by their sharper crests. 1In fact, as noted above (section 3.1.1.2),
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the altimeter does not sense the sea surface elevation distribution
p(T), but senses the distribution of the elevation of points of =zero
slope q(¥) and these differ for the non-Gaussian case. From the

results of section 3.1.1.2 it is easy to show that

O

i

Jw _SP('UM

while

y

5’: 37,(—!} M —% /"Lo?— = —“é‘ HS .

Thus the mean level sensed by the radar is displaced by an amount
_éJ/4?bO from the actual mean sea level. The results of Jackson
(1979) and Lipa & Barrick (1981) indicate thatg >0, so the mean level
estimate 1is biased downwards. As J‘and/qzoo can be estimated from
the radar return this bias may be corrected.

The instrumental bias is introduced due to the method used to
track the mean level. To illustrate this, consider the theoretical

leading edge response of the radar return which may be written as

Te)= L{ |1+ sl -+ & § A () - )

where the return has been normalised (as might be done by the
automatic gain control of the altimeter) and

TR e
(See section 5.1.2 for definitions of o> A and B). For a Gaussian
sea surface (A = B = ) the time T= 0 ,which determines the position
of the mean level, corresponds to the half-power point of the return
I(0) =1/2. A method used for tracking the mean level (T =0) is to

locate the half~-power point of the return I{(xt) = 1/2 and to choose



the time origin T=0 to correspond to this point. For a non-
Gaussian sea surface

T(o) = L[ 1+ & (A¢))
which is not the half-power point. Therefore tracking the half-power
point leads to an error in the mean level estimate. If the factor
(czcrsléftzoo) is small, as is the case for pulse-limited satellite

altimeters, then A and B are approximately given by

A = ﬁ?&:o/?’
g = (?3001‘7(//)—:2

and so

Te) = 5[ V- & (.é-)gmr.f/]
For positive XBOO and g this implies that the mean level will again
be biased downwards.

From the full results for the radar return (as 1illustrated in
Figs 5.3 to 5.7) the magnitude of this error can be assessed by the
displacement in time of the curves for non-zero ')300 and $ as
compared to that for )300= S=0, in the region of t=0. It can be seen
that this error is of the order of one nanosecond, which corresponds
to an order 15 cm error in the mean level estimate. This is a
significant error for many applications.

Another source of instrumental bias might be the method used to
determine the half-power point of the return. The Seasat altimeter
suffered from such a bias (see Lipa & Barrick, 1981). This can be
eliminated by correctly determining the half-power point. DPetter

still, however, is the elimination of these instrumental biases by

.18
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fitting the theoretical non-Gaussian return (given in section 5.1.2)
to the actual return. In contrast, the bias due to the fact that the
altimeter scnses the mean level of points of zero slope rather than
the actual mean sea level can only be corrected once this fit has
been performed and the parameters/4200 and 4 estimated.

The above shows how it is possible to correct for sea state bias
in the mean sea level estimate and this should make available better

data for other applications such as surface current determination.

5.1.4 Wave period from skewness

It has been suggested (Huang & Long 1980; Huang, et al. 1981;
Walsh 1979) that there may be a single relationship between sea
surface skewness and significant slope (defined as the standard
deviation of the sea surface elevation divided by the wavelength of
waves at the spectral peak). Using such a relationship it should be
possible, from altimeter measurements of significant wave height and
skewness, to obtain the wavelength of waves at the spectral peak.
The application of the dispersion relationship would then allow the
corresponding wave period to be estimated.

For such an approach to work it is necessary to know the form of
the relationship between skewness and significant slope. Phillips
(1961) originally suggested that skewness 1is proportional to the
slope of the waves on theoretical grounds. More recently Huang &
Long (1980), on the basis of lahoratory measurements and field data,

have suggested the following empirical relationship



= 8 —_-q’

300 s

where'XBOO is the skewness and the significant slope s’ is given by
, %
s” = Ha00t

where/%zoo is the variance of the sea surface elevation and L the
wavelength of waves at the spectral peak. Here this relationship
will be investigated using the theory of Longuet-Higgins (1963).

From Longuet-Higgins (1963) it can be shown that

_ %
N300 = M300’ H200

and that
oo !
Moo (Of wa k J{w) c!,\ﬂ] S ) daa’
and
Moo = f:) {(w) s
where

h = w /g

Here the wave number k and the frequency (» are related through the
dispersion relationship. An algebraic error in the theory has been
corrected (see Srokosz, 1984a, for deﬁails), the results are valid
for a uni-directional sea with frequency spectrun S(w).

For a given spectrum it is now possible to use the equations to
derive the relationship between skewness and significant slope.

Consider a generalised Pierson-Moskowitz spectrum

S(w) = o« o " oxp Z— (ﬁ/w)"}

where & and F are constants with

™
~

_
BT =Y



so that W=wW_ 1is the spectral peak. For m = 4, n = 5 we obtain the

0
Pierson-lfoskowitz spectrum. Substituting into the above equations
gives, after sone algebra (Srokosz, 1984a), the following
relationship between skewness and significant slope
'>\ = 31{' S” ) (711’)97‘4 (T} 173 ‘
™M 1) ?1(1\;_')
A

Fo(, 1(4_;_7_) )\‘YC_Q%JJ H L/L)]

where ['(.) 1is the Gamma function and ZFI(') a generalised
hypergeometric function. For this result to hold we require m>3 and
n>4 for convergence of the integrals. It can be seen that skewness
is proportional to significant slope but the ‘"constant" of
proportionality depends on the assumed spectral form through m and n.
Table 5.1 gives results for the ratio 7300/7Fs' for various values of

m and n, including those for the Pierson-!loskowitz spectrum (m=4,

n=5).

Table 5.1 Values Of’ksoo/“sl'

n\n 4 5 6 7
4 3.66 2.16 1.40 0.98
5 6.96 4.33 2.88 2.03

6 10.28 6.95 4.81 3.45

7 12.67 9.51 6.97 5.17

It can be seen that the constant of proportionality varies greatly

depending on the spectral shape. In order to see if the variations

Dedt



in the relationship between skewness and significant slope may be
explained in a simple manner in terms of the bandwidth of the

spectrum, we have also calculated values of the bandwidth parameter V¥

given by
2
v - 'N\c:'“‘L —_ 1
M-

where

alhas *~

o
are the spectral monents. For the generalised Pierson-Moskowitz
spectrun

Y o= Tﬂ('lif,)Tj(“Ef) - 1.

(")

Values of y obtained fron this result are given in Table 5.2.

Table 5.2 Values of V.

n\n 4 5 6 7

4 0.64 0.62 0.61 0.60
5 0.42 0.41 0.39 0.39
6 0.33 0.31 0.30 0.29
7 0.28 0.26 0.25 0.24

4

By couparing results for }300/173 and VY it can b. seen that there is
no systematic dependence of the ratio %300/775' on the bandwidth
parameter Y. From the above, it can he concluded that no single
relationship, such as that of Huang & Long (1980), is adequate to

describe all the dependence of skewness on significant slope in all

sea states. In order to obtain wavelength or period information fronm



altimneter skewness neasurements it is necessary to have some spectral
information. This, 1if available, would obviate the need to use

slewness measurements to obtain wave period.

5.1.5 Verification and Calibration

It is recasonably easy to verify and calibrate satellite
neasurcnents of Lignificant waveheight and wind speed, since these
paramecters are routinely observed at sea. The variables discussed in
this secction, skewness and the wave period TA’ present different
problems. For the reason given in Srokosz (1984a), surface following
buoys are not able to measure the skewness of the sea surface
correctly. Other instruments should be able to mneasure this
parameter. However, all such instruments have their own drawbacks,
for instance pressure recorders suffer from problems of attenuation
and wave staffs have to be fixed to a structure which may interfere
with the wavefield. Considerably worse problems occur with the

period parancter TA' As shown above this depends upon the fourth
nonent of the frequency spectrun of surface elevation, Mg» 2
parameter that it has proved impossible to measure with conventional
instruments, due to their hipgh frequency cut-offs. The 1implication
of this 1is that calibration and verification of TA can only be done

by using other remote sensing techniques, such as stereophotography

or sun glitter.
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5.1.6 Applications

In this section it has been shown how more information can be
obtained from the altimeter radar return than has been done routinely
for previous altimeter missions (CE0S—-3 and Seasat). The use of this
information can give further insight into the physics of the oceans.
One example of this would be to map globally, for some suitable time
period, both the significant waveheight and the skewness and to
compare the maps. It might be expected that wave nonlinearity would
be more significant 1in areas of wave generation, and skewness is a
measure of this nonlinearity. Therefore this comparison could allow
the determination of those areas where active wave generation is
occuring and where the sea is high and steep (large HS and )\300).
Another example of the use of the data would be to compare the
altimeter determined period TA with in-situ measurements of Tz and
hence obtain an estimate of the paraceter & (see section 5.1.1) which
cannot be measured by standard techiniques, but is important 1in the
statistical theory of waves. Other applications of the altimeter
data can be found but, as stated in section 5.1.5, all the
applications depend on the verification and calibration of the wave
parameters obtained from the radar return by in situ mnmeasurements.
This should be a priority if full use is to be made of the altimeter

data.



5.2 Wave parameters for real-time.

At present the only wave parameter it is proposed to produce in
real time 1is significant waveheight. This will be calculated on
board the satellite using the SHMLE algoritha. his algorithm has
already been described in section 4.3. However there are two other
wave parameters that could be produced in real, or nacar-real tine.
These are the wav> period (TA), described in 5.1, and minimun swell
height, described in 3.1.3. Both of these rely upon the O"0 value.,

Mininmum swell has been calculated from Seasat data, ‘Flognard et
al. (1983), although not in real-time. As outlined in section 3.1.3
this depends critically upon the measurement of wind speed, via a
fourth power. The wind speeds from the Seasat altimeter are an
underestimate for high velocities, so the minimun amount of swell
present in such conditions is seriously overestimated. It is by no
neans certain that the wind speed algorithm for EiiS-1 will avoid this
probler. Until the wind speed algorithms have been thoroughly
calibrated and verified it would be unwise to issue minimum swell
data in real-time. Regions of low wind speed where swell doninates
mizht be depicted, Lut these would be imnmediately evident from the
vind speed and waveheight products.

TA involves a different set of problems. This 1is a nev
altimeter pararieter and, furthernore, it is not a period normally
used. Customers for real-time data would probably have 1little wuse

for it since their applications would be expressed in terms of T .
z

-

lowever, it may prove possible to connect T, and T (see section
A 7

5.1); in wvhicl casc a useful estimate of T7 might be disseminated in
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real time. Preliminary results using JASIN data imply that T7”l.8TA.
It should be noted that TA and T7 are measuring different properties

of the wave spectrum and are not even approxinately equal.

5.3 Wave parameters for research

Because of the extra computing power available on the ground it
is possible to produce more wave parameters for research purposes
than in real-time from on-board algorithms. In addition to this,
data which 1is not produced in real-time can be issued if necessary
with caveats; for example, in the case of minimun swell calculated
from high wind speeds. The title of this section ‘Wave paraneters
for research’ is somewhat misleading since in addition to research
many applications do not require data in real-time. At first sight
it appears that more time will be available to do the computations on
the g¢round; however, if the rate of data acquisition is greater than
the rate of processing a backlog of unanalysed data will build wup
causing unacceptable delays in distributing the data. It is
particularly important that data collected during the commissioning
phase are processed promptly, if calibration and validation are to be
carried out rapidly.

There are a number of parameters that can, and should, Lle
available routinely; whether these should be calculated routinely or
on request is a different matter. The wave parameter that nust be
available 1is, of course, HS. The other variables that could bhe
provided can be divided into two classes: those that can be
calculated from other parameters that would be present at Level 2 and

non-linear paramecters that have to be calculated fron waveform data.
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Taking the non-linear paraneters first. These consist of the
sca surface skewness, >\300, and the cross-skewness parameter, S.
These have been described in section 5.1. Potentially they are very
useful, 1in particular for calculating seca state bias for ocean
topography studies. lHowever, these parameters have never both been
derived from an altinmeter signal and it is not known whether the
ERS-1 altimeter is capable of measuring them. (Lipa & Barrick, 1981,
have derived )\300 from Seasat data.) If it can be shown that both
these variables can be derived then they should be included in the
list of parameters provided.

The other tuo variables which can be specified at present are
mininum swell and the wave period TA. These can both be calculated
from other altimeter products, minimum swell from H_ and wind speed
and TA from 00. This means that it is not as vital for these to be
available routinely. MHowever, it may be wusecful. TA is a newvw
paraneter and as such needs to be investigated further. The outcone
of such investigations wiil obviously influence its inclusion or not.
Hininum swell on the other hand has been calculated from Seasat data
{a review is given in 3.1.3). The algorithm wused to derive the
minimun svell depends upon wind speed to the fourth power, this means
that its accuracy 1s critically dependent upon the accuracy of the
wind specd. The wind speed algorithm for the Seasat altimeter
seriously underestimates high wind speeds. Unless this can be
corrected for EI'S-1 then either minimum swell should not be included

in the routinely derived products or the values should be flagged in

SOME WAy e



The above discussion has, of necessity, only concerned those
wave parameters that it is known can be derived fron the radar
altimeter, at least 1in theory. This does not mean that other
possible wave parameters cannot he obtained; the skewness and period
parameters described earlier in this chapter, for instance, have been
derived only 1in the 1last year. For this reason in any plans

concerning non-real time wave parameters allowance must be made for

extra variables.

5.4 Summary

A relationship between 09(00) and m4, the fourth spectral moment
of the sea surface, has been derived assuming Gaussian statistics
which allows estimates of a new period parameter T, to be obtained
from radar altimeter data wusing on-board parameters. TA can be
interpreted as the geonmetric mean of the more familiar =zero up-
crossing and crest periods.

A non—-Gaussian nodel has been used to obtain the form of the
radar return from a non-linear sea surface. The theory shows that,
in principle, the waveform data can le analysed to yield (in addition

to H_ ) the skewness of the sea surface (A ) and a skewness

s 300
coefficient (S) of unknown physical significance. Global maps of TA
and skewness do not exist but would be very useful , for example in
identifying arcas of wave generation.

These results have also been applied to the problen of

determining sea-state bias. The ‘physical’ bias (due to the non-

Gaussian distribution of specular points) is proportional to (S.H ).
8
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An additional ‘instrument’ bias, arising from the nethod used to
track the mean level is found to be a function of both >\300 and S .
By fitting the theoretical return to the actual return a more precise
correction for sea-state hias can be made. It is further concluded
that a unique relation bhetween skewness and significant wave slope
does not exist, as suggested by some researchers, and that therefore
wavelength or wave period cannot be obtained from skewness
measurements alone.

It is not known whether these new parameters can be extracted
with sufficient accuracy from the ERS-1 altimeter and simulation
studies are required. HMoreover the estimates cannot be validated
adequately wusing conventional instruments; stereophotography and
analysis of sun-glitter patterns are considered to be the mnost

promising validation techniques available at present.
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6. Estimation of wind speed for ERS-1

The review of techniques for extracting wind speed from GE0S-3
and Seasat (see section 3.2) has revealed a number of areas on which
attention must be focussed if it is to be demonstrated that ERS-1
wind speeds meet the specification of +2 ms“l for 0 < U < 24 ms .
These are:

(i) the absolute accuracy of o° determinations

(ii) the need for an improved understanding of mean square

slope of the sea surface as a function of wind speed

(iii) the variability of winds at sea

(iv) calibration/validation of the altimeter winds and

establishing their consistency with the scatteroneter.
Subsequent sections cover these topics followed by a discussion of

fast delivery winds.

6.1 Accuracy of o’

The 1.6 dB difference between GE(OS~3 and Seasat (3.2.3.2) 1is a
disturbing and hitherto wunexplained feature of satellite altimeter
measurements over the sea, particularly when compared with the
precision that 1is required for ERS-1. It implies difficulties in
applying an algorithm developed for one satellite altimeter to
another instrument. If such differences are constant then simple
correction schemes can be devised before processing the winds.
However, the comparisons with Seasat (3.2.4) suggest that either the

op bias of 1.6 dB changed for winds exceeding 10 ms“l or that the



relationship between cr° and wind speed differed in some way for the
two satellites. Fig. 6.1 shows the variation of 0° with wind speed
according to the Brown et al. (198}1) algorithm. The effects of a
1 dB uncertainty in measured Oo is also shown, the two spikes at 10.1
and 10.9 dB being caused by changes in the‘O'O - wind speed slope due
to the use of three values for the coefficients a,b and is not really
a problem. Vertical lines indicate the 2 ms_1 specification. An
important fact to notice is that the wind speed accuracy resulting
from a 1 dB error 1is better than 2 ms-1 only for speeds less than
10 ms—l. For higher speeds a small 0° variation produces a large
error 1in speed. A more stringent o° accuracy is therefore required
at lower values of Uo. For instance, an accuracy of 0.5 dB at & dB
and 1 dB at 20 d3 with a linear variation in between (as proposed
for ERS-1), increases the upper linmit at which specifications can be

1 (Fig. n.2) In order to increase the limit to 24 ns~ 1

met to ~ 15 ms
0° would be required to an accuracy of 0.2 dB at 7 dB. Every effort
should be made to ensure that E25-1 0° neasurements on ERS-1 are
well-calibrated.

Two factors also likely to affect o° accuracy are :

(i) errors in determining the pointing angle,

(ii) atmospheric attenuation.
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6.1.1 Pointing angle

In deriving UO(OO) from AGC measurements account must be taken
of the loss in antenna gain due to off-nadir pointing. This
correction 1is sea-state dependent and for Seasat its possible
magnitude could reach 6 dB. It 1is therefore important that the
antenna pointing angle, ¥, be precisely measured. On Seasat, using
data from the sracecraft attitude control systen, 3 could be
determined to no better than 0.2°. For an indicated off-nadir
pointing of 0.5° this uncertainty translates into a 0° error of
+1.5 dB to -2.2 dB (Townsend, 1980) which is several times larger
than the ERS-1 ¢° specification. Information from the trailing edge
of the waveforn can be used to improve the estimation of pointing
angle {3.1.1.1). A similar situation will apply to ERS-1 where the
pointing accuracy from the spacecraft system is expected to be 0.3°
(Dornier, 1983) but further work is required to quantify the
consequences of pointing errors for ERS-1 and to investigate ways in
which their effects can be minimised. 1In particular, steps should be
taken to avoid the problems experienced by the attitude control
system on Seasat where glint in the field of view of the attitude
sensing device caused a change in the spacecraft orientation which on
one occasion at least was sufficiently 1large to cause loss of
altimeter lock for several minutes (Townsend, 1980). There were also
occasions when the pointing angle derived afterwards from the return
pulse shape was quite 1inconsistent with the spacecraft-derived

values.



6.1.2 Atmospheric attenuation

Liquid water in the atmosphere can result in attenuation of a
radar beam both on its path to the surface and on its return. Jones
et al. (1982) reported that improved 3easat scatterometer winds could
be obtained if an attenuation correction, based on SHMR vertically-
polarized brightness temperatures at 37 and 18 GHz, was used. For
light to moderate rain or high liquid water content the two-way
attenuation correction could exceed 0.5 dB. On one pass, however,it
appeared that anomalously high backscatter resulted when the SASS
overflew a thunderstorm near the area of the JASIN experiment (Guymer
et al.,1981). Seasat and ERS~1 altimeters operate at a similar
frequency to the SASS so attenuation is likely to have roughly the
same effect. llowever, no correction has been applied to the Seasat
altimeter op's, though the SMMR could supply this.

An example of the effect of rain on Seasat altimeter data is
given in Fig. 6.3. A decrease in 0° of over 1 d3 can he seen.
Monaldo et al. (1984) have investigated the effect of different
cloud/rain conditions on the signal strength. For non—-precipitating
clouds the attenuation coefficient (nornalized to cloud liquid water
content) 1is approximately 0.17 (dﬂ/km)/(gm—3) at 13.5 CHz and for
deep convective clouds this gives a two-way attenuation of
~0.7 dB/km. Such clouds are often a few kilometres deep.

For precipitating clouds with moderate rain rates of 10 nn/hr
(a rate included in the specifications of FRS-1) the attenuation

coefficient is 0.4 dB/kn. Thus for a 5 km deep rain cell the two-way

attenuation is 4.0 dB. Fven in light rain (2 mm/hr) falling from a

Heb



*(310daa doys>aoyn XHSVOD
Uoxj) 1[99 UuTlea o3 o pue s{‘y jesveg jo asuodsay gy 41y

€/1

1120 urey 01 ,0 pue H ‘Y 3939wT3TV jo asuodsay

s “IWIL L¥VLIS WO¥d IWIL V1133

o¢ GZ 0Z Gl 01 S 0
I T T _ T ot

43INNODN]
1130 NIvy —

| | | ! |
(2r£0°S8SSELEZ SDIS NI) FEC:81:89Z :IWIL L¥VIS

(8P) LHONYN YWOIS

0.7

1HOIIH IAVM Q31D3INOD E/IH

w ‘3anLLv

o~

@
1




5 km thick layer the attenuation is 0.6 dBb which is still significant
vhen trying to retrieve moderate to high wind speeds.

The effect of attenuation therefore cannot be neglected for
winds in the 10-24 ms_l range where the algorithm is sensitive to
errors in Op. ATSR/!! estimates of total liquid water may provide the
best means of correcting the data - the specification for this
quantity is 10%. In noderate to heavy rain it will probably be
impossible to correct the 00'5 and the data must then be flagged or
edited out. A combination of the ATSR/: and the departure of the
altimeter waveform from a standard ocean return could be used to
generate this flag. Visible and infra-red imagery and ship reports
may also prove useful in cases where ATSI/M values appear doubtful.

Attenuation effects wmay explain some of the spuriously high
winds found in altimeter comparisons but a detailed study of Scasat
winds in relation to SMiIIR liquid water and rain rate estimates 1is
required to test the results of lonaldo et al. (1984).

Further details of the effects of atmospheric attenuation, their
likely magnitudes in various conditions and possible correction

schenes can be found in Appendix A.

5.2 Improved understanding of the relationship of nean square

surface slope to wind

There are two basic criticisns that can be made of the method of
deriving wind speed from radar altimeter measurements. The first
concerns the assunption of isotropy for the sea surface made in

deriving Eq. 3.7. The second 1s the fact that both empirical

e



relationships between wind speed and mean square slope are based on a
sinple data set collected 30 years ago (Cox & Munk, 1954). (In fact
Barrick (1974) also uses the same data to justify the assumption of
isotropy.)

Cox and ltunk’s data consist of only 29 points which were taken
under a limited range of wind and wave conditions. The wind speeds
varied from 0-14.5 ms_l (when corrected to a height of 19.5 m above
the sea surface) and the wvalues of ”s varied from 0-1.8 n. 1In
addition to the limited range of conditions, the waves are not fully
developed at any of the wind speeds. This may well have an effect on
the relationship between wave slope and wind speed. At present we do
not know . Generally, swell 1is present in the open ocean. This may
modify the slopes to an extent and may be responsible for some of the
scatter observed in comparisons with in-situ data.

For ERS-1 it is likelv that an empirical algorithm similar to
that developed for Seasat will be wused. It 1is therefore very
desirable that airborne campaigns should be conducted to extend the
data base for the algorithm. Photographs of sun-glitter under a wide
range of conditions should be obtained with coincident surface wind
and wave nmneasurenents. Opportunity should also be taken to overfly
the area with an airborne altimeter and preferably a conbined
altimeter/scatteroneter of the type successfully flowun by the
Rutherford Appleton Laboratory during HIZEY (Powell et al., 1%84),
It is considered that the most valuable information on surface wave
structure at very short wavelengths can be obtained from

stereophotography. Though difficult and expensive, consideration
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should be given to integrating such measurements into a pre-launch
campaign. It would also be advantageous to carry a radiometer
similar to the ATSR/M on the same aircraft as the
altimeter/scatterometer so as to examine the effects of wind on
ATSR/M retrievals as well as atmospheric attenuation effects on the
active microwave systens. In this case radiosonde ascents should
also be made. It is recomnended that the usefulness and
practicalities of such an experiment be assessed as a matter of
urgency. A suitable location would be the Western Mediterranean

during summer months when cloud conditions are favourable.

6.3 Variability of wind at sea

Part of the variance observed when comparing surface data with
altimeter data may be explained by differences in spatial and
temporal averaging and time and space variability. Some assunptions
made by Drown et al. (1961) in determining the algorithm’s constants
may not be justified, e.g. surface data averaging time and altimeter
averaging distance are not specified and the equivalence has to be
verified. For instance, with Taylor’s hypothesis, for a 15 ms = mean
wind speed a 10 min averaging period is equivalent to a 9 km spatial
averaging, which corresponds to ~1.5 s of altimeter data. The
assumption of wind uniformity over 110 kkm also lLas to be
substantiated and, in the same nmanner, stationarity over a 90 min
period may not be justified as shown by the following two examples.

Fig. 6.4 is a wind speed record for @ and 19 December 1922 fron

the Pennarc’h coastal watchtower in Brittany. Time increases fron

Hhe10
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right to left and is indicated in hours at the bottom of the graph;
the speed scale is O to 60 ns—l. A change in wind conditions was
observed on the 9th at 2230 corresponding to a cold front passage,
the wind direction (not shown here) veering from SW to !W. Before
this time (to the right) the 10 nin structure appears relatively
smooth but later the values fluctuate between 20 and 30 ms_1 with a
period of about 1 hr. Fronts can easily be detected either through
continuous measurements or using surface meteorological maps. Their
influence can then be taken into account.

Fig. 6.5 is an example of wind data, obtained on board the CNEXO
oceanographic ship "LE SUROIT", during the PROMESS (Penmarc’h Radar
Oceanographic Microwave Experiment on Signature Studies) in February
1984. The sampling frequency of raw wind speed and direction data
was 2 s—l. The graph is a plot of the | nin averaged wind vector for
a period of 4 hr 33 min and clearly shows speed fluctuations having a
period shorter than lhr 30min. Note particularly, at the end of the
record, the speed increase from 7 to 17 ms—l, the time between the

two vertical lines being 10 nin.
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6.4 Geophysical calibration and validation of the ERS-1 altimeter

and scatterometer for sea-state and wind

6.4.1 Introduction

The goal of this section is to give an initial outline of
desirable features that should be contained within the geophysical
calibration and validation phase for ERS-1 altimeter and
scatterometer measurements of wind. It is also relevant to include a
discussion of sea-state.

Sea-state and wind calibrations/validations (C/V) of the two
sensors should be achieved together (when possible) for the following
reasons:

o for the interpretation of sea-state or wind measurements both
parameters nust be taken into account e.g. detection of swell,
growth stage of the sea)

o the altimeter measures both waveheight and wind speed

o the influence of sea-state on the scatterometer (modulation of
short waves,effect of existing swell) is negelected in current
algorithms but mav need to bhe incorporated.

Surface-based instruments for measuring sea-state and wind may be
used at a single 1location for both altimeter and scatterometer
validations , but at different times, if the measurement site is
correctly selected 1in relation to the overlap of ascending and
descending swaths. An important point is that data sets used for
validation must be independent of those used in calibrating the

Sensore.
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6.4.2 Constraints

The aim of the C/V phase is to obtain accurate surface data
covering as broad a range of the parameter under investigation as
possible. This has to be carried out during the 6-month
commissioning phase which commences shortly after launch. For the
reasons given in 8.5 the C/V phase should be conpleted during the
first half of the commissioning phase. So, during this time the
satellite should be on a short repeat cvcle (three days) in order to
overfly the in-situ arrays as often as possible. During this time,
the orbit will be arranged to give overpasses at the laser height
calibration site(s) at which a monitoring of sea-state and wind will
also be required (for sea-state bias).

A larser set of C/V data will be obtained if the surface sites
are located in the vicinity of crossing points. Furthermore, at a
crossing point, data from two tracks will be more independent if the
two tracks are separated sufficiently in time (24 to 48 hr). Fig.
6.6, for instance, shows the FRS-1 ground tracks for a 3-day repeat
cycle in the Horth Atlantic Ocean. The minimum time shifts between
the two data sets are approximately 34 hr at point 1, 14 hr at point
2 and 1N hr at point 3.

The broad range of measurement (N-25 ms'_1 for wind speed and
0-20 m for HS) requires careful selection of surface sites, according
to their climatology and to the satellite launch date.

In winter the north—-east part of the Atlantic Ocean is a
favourable site for experiencing a broad range of weather conditions.

During the summer the northern part of this area would probably be
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satisfactory but the statistics need to be examined. A study using
Seasat data is suggested. The 3-month data set, which was obtained
in the northern hemisphere summer, might be analysed to evaluate the
distributions of significant waveheight and wind speed encountered in
these areas. GR0OS-3 data could also be used.

Although we are concerned with wind and waves the effect of sea
surface temperature should also be considered, particularly in the
estimation of friction velocity or wind stress. Thus it is also a
requirement that surface data are obtained under the satellite track
at sites having differing values of sea surface temperature.

The C/V sites also have to be chosen according to the proximity
of coasts. They must be sufficiently distant to avoid coastal
effects (tidal currents, bottom topography) on the physical behaviour
of the measured parameters and on the contamination of the sensor
footprint by land or islands. Use of an offshore area makes it
easier to mnodel the behaviour of parameters, such as fetch and sea-
state, if required. On the other hand the distance should not be
unnecessarily large Dbecause of the increased costs and difficulties
of deploying and maintaining a measurement network at sea and the
need to he conveniently situated for aircraft sorties. The locations

will therefore involve conpronises between scierce and logistics.
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6.4.3 Measured surface parameters

6.4.3.]1 Sea-state

Sea-state is described by the spectrum of the free surface
displacements from which significant waveheight is deduced. For the
scatterometer the directional spectrun may be needed.

To be representative of a given sea-state surface measurements
(at fixed locations) have to be taken for a 20 - 40 min period. For
instance, a swell with a 10 s period travels 28 km in 30 nin. The
distance of 28 km is equivalent to about 4 s of altimeter data.
Therefore measuring sea-state at the surface for 30 min is compatible
with the size of the altimeter footprint and the satellite velocity.

However, Seasat altimeter data have shown that strong variations
of Hs may occur over short distances(~60 km) (Queffeulou,1983) and it
seems necessary to measure the wave parameters as close as possible

to the track.

6.4.3.2 Wind

The size of the nominal scatterometer resolution cell is
50 km x 50 km and this raises the question of spatial and temporal
fluctuations of winds at sea (6.3). Can the '"synoptic" (in space)
scatterometer measurement be compared with a surface measurement at a
fixed point? What averaging time should be used? The answers will
depend, 1in part, on the atmospheric stability conditions. For
comparison with the satellite the surface measurement has to be

expressed in terms of a neutral stability wind at a fixed height or,
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better, the friction velocity u,. This means that, in addition to
wind speed and direction at one or more points in the resolution cell
it will be necessary to estimate the stability conditions, preferably
from in-situ neasurements. It is therefore suggested that surface
platforms for wind calibration/validation should include (at 1least)
speed, direction, dry and wet air temperatures, surface pressure, sea
surface temperature. MNote that the stability correction for friction
velocity increases with the measurement height; as a consequence
near-surface buoy measurements do not necessarily need temperature

neasurements.

In order to investigate the influence of sea-state on
scatterometer measurements the directional spectrum of waves will be
needed from one measurement site at least.

In a similar way sea-state and stability conditions must be

taken into account for the altimeter.

H.heh Outline of possible technique

For the selection of C/V sites we can take advantage of the
crossing points. Three methods have been identified. The first
consists of selecting an area 1in the vicinity of one particular
crossing point. In the second, the crossing points are wused
systematically. The third method is an intermediate between the

first two nethods.



6.4.4.1 Use of a single crossing point

As an example Fig. 6.7 shows a descending pass (DA), an
ascending one (AC) and the corresponding scatterometer swath on the
right of track. The ten resolution cells, from 225 km to 500 km from
the track, are represented. The greatest time difference between
these two passes is about 30 hr for a 3-day repeat cycle.

The following plan may be envisaged:

o at crossing point A a wave mneasuring device provides two
validation data sets every three days

o within B, the area defined by the overlap of ascending and
descending scatterometer swaths, the wuse of 5 surface
meteorological packages provides 10 data sets every three days
(one for each of the ten incidence angles). This can be
achieved by deploying the devices in the 1locations indicated
either by the stars or the crosses in Fig 6.7, The
configuration defined by the stars is more interesting for two
reasons. First, the measurement points are separated fron
cach other by a larger distance. Second, the orientation of
the stars 1is roughly north-south and, in the MNorth Atlantic,
meteorological disturbances propagate in general from west to
east, so a north-south distribution of measurement devices is
nore likely to cover a large range of values.

o] points C and D are of interest because one wave and wind
measuring device provides a calibration point for both the
altimeter and the scatterometer. The positions of these

points along the tracks will have to be defined according to
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the incidence angles to be investigated (extreme angles for

example).

6.4.4.2 Use of all crossing points in an area

Fig. 6.8 shows the tracks (for a 3-day period) in the NE
Atlanfic Ocean and the crossing points, numbered from 1 to 6. The
use of one sea-state and one wind device at each of these points for
the three days provides:

o 12 sea-state and altimeter wind data points
o 10 wind scatterometer C/V data points, distributed as follows:
5 on Day 2 from points 1,2,4,5 (Fig. 6.9)
5 on Day 3 from points 1,3,5,6 (Fig. 6.10)
We note that there is no scatterometer data in this area on Day 1.
Some advantages and disadvantages of this method are:
o a larger data set
o neasurement points are far away from each other and therefore
the data will be statistically more independent and a larger
range of geophysical parameters will be obtained. The main
difficulty 1lies in setting up and maintaining such a wide
network.
o for the scatterometer it needs to be ascertained whether this
plan would give a uniform distribution of incidence angles.

This network may be reduced. For instance, using points 1,2,3

and 5 for 3 days the following are obtained:

o & sea-state and altimeter wind speed data sets
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Fig. 6.8 Crossing points of ERS-1 ground tracks
Atlantic for a 3-day repeat cycle.

Fip. 6.9 Scatteroneter swath for NDay 2 (example 1).
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Fig. 6.10 Scatterometer swath for Day 3 (example 1).




0 8 wind scatteroneter data sets.

6.4.4,3 Internediate method

A configuration using both crossing points and overlapping areas
may provide an interesting data set. As an example the 5 points of
Fig. 6.1l give 3-day totals of:

o 6 HS and 6 altimeter wind data sets

0 13 scatterometer data sets distributed as follows:
9 points (two of which are at extreme incidence angles) for
Day 2 (Fig. 6.12)
4 points (three at extreme incidence angles) for Day 3 (Fig.
6.13).

Another configuration, like that of Tig. 6.14 would give:

o 8 HS and altimeter wind points

0 11 scatterometer points (four of which are for extreme angles).

Table 6.1 sunmarizes the number of measurement devices and
number of calibrations obtained for several examples using the three
different methods.

The above is intended to provide only a possible framework for
planning C/V activities. Further work is needed in the following
areas:

o identification of satellite and surface parameters to be
calibrated and wvalidated. This may include wave parameters

other than HS.

o selection of ground measurement sites and time period
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Fig. 6.14 Geographical distribution of surface instruments
{exanple 3).



Table 6.1 Summary of number of different calibrations
achieved using the three nethods outlined in the text.

NUMBER OF MEASUREMENT

METHOD pEvIcES | e
SE IN
ASTATE WIND H_ Ui, Ul att.
AREA AROUND ONE 3 7 4 4 12 (3 days)
CROSSING POINT 40 40 120 (1 month)

ONLY CROSSING

POINTS 6 6 12 12 10 (3 days)
1 to 6 —_— 120 120 100 (1 month)
4 4 8 8 8 (3 days)
1, 2, 3 and 5—— 80 80 80 (1 month)
INTERMEDIATE
METHOD 5 5 6 6 13 (3 days)
ex : figure 6,11—* 60 60 130
figure 6,14 — 5 5 8 8 11 (3 days)
80 80 11




o determination of the number and distribution of surface
measurements

o identification of surface sensors and supporting data required

o study of relationships with C/V activities of other ERS-1
sensors (ATSR/M,SAR wave mode) and with other satellites
(TOPEX,N-ROSS)

o collection of surface data from campaigns not specifically set
up for ERS-1 ,e.g. internationally-coordinated experiments
within the WCRP

o availability of satellite and surface calibration/validation
data sets within the PAF and a strategy for processing (see

also 8.7).

6.5 Implications for fast delivery winds

Present evidence indicates that it is unlikely that ERS-1 Radar
Altimeter wind speeds can be retrieved in real-time to neet
specification if the Seasat algorithm is used as it stands. This is
particularly true of the wupper half of the wind speed range,
12-24 ms—1 where the pointing angle and attenuation corrections
discussed in h.l.1 and 6.1.2 require substantial additional
processing to achieve the desired accuracy. However, since much of
the difference between Seasat and in-situ/SMMR data appears to be
systematic it may be possible to construct an ERS-1 algorithm having
a similar form but with coefficients specifically tuned to in-situ
data obtained during the commissioning phase. These winds must also

be wvalidated during the initial phase before winds can be released



with confidence (see 6.4). Unlike Seasat there will be no overlap on
ERS-1 with other wind sensors that could be used in algorithnm
development.

Despite the problems that have been discussed in this report the
ERS-1 altimeter still maintains a considerable advantage over the
wind scatteroneter as far as wind speed determination is concerned in
that similar altimeters have flown before. 1Indeed, it is precisely
because of this that we have been able to criticize its performance.
The scatterometer will be the first to give backscatter data at
C-band from a spacecraft and, given the relatively poor data base of
airborne measurements at this frequency is best regarded as a proof-
of-concept rather than a pre-operational instrument whose performance

is subject to considerable uncertainty.
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7. Estimation of sea-ice parameters

7.1 Characteristics of return signal and implications

The operation of radar altimeters over flat, horizontal
2nd statistically homcgeneous surfaces, such as the open ocean, is
well understood. Sea ice, which 1is typically rough and 1is not
statistically homogeneous, represents a very different reflecting
surface, resulting in significant effects on the operation of a
pulse-limited radar altimeter such as will be flown on ERS-1. Sea ice
return signals can be highly specular in nature if the roughness of
the surface 1is small compared to the radio wavelength (about 2.2 cm
for ERS-1). It is thought that this may occur where grease ice damps
out wind-induced capillary waves on a normal ocean surface or where
ice floes contain sufficiently flat surfaces. The surface thus acts
as a mirror with radiation only very close to the nadir point
(the first Fresnel zone) being reflected to the altimeter. The
result is a strongly peaked return with a duration almost equal
to that of the transmitted pulse.

The surface roughness of sea ice may be significantly
different from that of the ocean. This may be due to the
suppression of swell by floes with increasing distance inside the ice
pack (see sections 3.4.3 and 7.3) and to irregular surfaces typically
associated with multi-year ice. Scattering of the transmitted pulse
occurs first trom surface crests and later from the troughs; the

leading edge of the return waveform thus becomes the integral of the



height distribution of point scatterers. In cases where the
vertical distribution of roughness is neither symmetrical about the
mean level nor uniform over the pulse-limited footprint,
interpretation will be complex but the leading edge will contain
statistical information on roughness.

Return pulses from sea ice may also demonstrate ‘glistening’
if horizontal facets of the rough surface are smooth over
dimensions which are large compared to the radio wavelength. The
pulse may contain as nmuch power as the specular case to within a
factor of 1/ (/2 (Robin et al., 1983).

The combined effects of returns from specular, glistening
and rough surfaces, as 1s characteristic of sea ice, will
cause significant departures of pulse shapes fron typical ocean
returns. Specifically, signal strength will be significantly higher
in terms of both magnitude and variability as the altimeter passes
over areas ot sea ice as opposed to open ocean. flork in
progress on the peak amplitudes of Seasat pulses during a traverse
across the pack of the eastern VWeddell Sea shows increases of two
orders of magnitude within 50 km of the ice edge. Pobin et al.
(1983) estimated that an increasc of up to 5 orders of magnitude
is possible. Inhomnogeneity of the surface will result in very rapid
changes in the rate of returned power (up to an order of
magnitude between consecutive returned waveforms, that 1is O0.ls).
This may be due to specular reflectors with very narrow polar

diagrams passing through the range window footprint.



Pulse shape shows considerable variability but generally evolves
from the standard ocean shape near the ice edge becoming increasingly
peaked deeper into the pack. Rapley (1984a)has suggested that this
results from a reduction in the magnitude of the angular distribution
of surface slopes as ocean waves are attenuated by the ice.

Once within the ice pack the passage of strongly
reflecting features through the footprint causes features to
migrate from the rear of the echo waveform towards the leading edge
and to subsequently recede as described in section 2.7. Similar
effects are observed when passing on to the ice from regions of open
water or vice versa.

Although sea ice pulses are typically strongly peaked, low~-
level leading edge distortions or ‘precursor’ features are often
observed. As yet the possibility of these resulting, at least in
part, from instrument effects has not been ruled out.
Certainly some of the features observed can be attributed to large
scale surface roughness and ridges. Occasional examples of
increased power throughout the region of the range window prior to
the pulse leading edge, are suggestive of passage over
icebergs of height greater than the 14 m range window coverage.

The implications of these characteristics of sea 1ice returns
have been discussed elsewhere in this report. They may be
summarised as follows:-

(i) The strongly peaked and highly variable sea ice
return waveforns introduce coupled errors into the on-board

computed geophysical parameters, necessitating re-tracking of the
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waveforms on the ground. Any automatic re—tracking algorithm must
be sufficiently sophisticated to recognise the leading edge of the
nadir return when strong off-axis returns are also present.

(ii) By noting the range, strength, shape and degree
of wvariability of the retracked returns there is good reason to
believe that a number of the ice parameters, identified in Table 2.9,
may be deduced from the altimeter data. This prospect is discussed

in more detail in subsequent sections.

7.2 Determination of the ice boundary

The conventional definition of the ice boundary is given
variously as the contour within which the ice concentration
exceeds either 10% or 15%. Either way, the presence of ice banding
and the general variability of ice concentration values often
make it difficult to define the boundary on a regional scale
much more precisely than 10-15 km.

Detailed examination of Seasat waveforms in the vicinity of
the summer ice edge 1in Bafftin Bay and the winter ice edge in the
Southern Ocean, reveals the presence of distortions of
waveform shape attributable to the presence of ice some tens
of kilometres before a major increase in the signal strength occurs
(Fig. 7.1). This is consistent with the variations in GE0S-3 AGC and

AASG, noted in section 3.4.1 to extend beyond the ice boundary

determined from satellite optical and infrared imaging data.

We define a pulse ‘peakiness’ parameter (PP) such that:-
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PP = 30 P/I 7.1

where I is the integral energy within a waveform, P is the energy in
the peak channel and the calculations are carried out after
retracking and correcting for the altimeter antenna response.
Over the ocean, histograms of P, I and PP are stable, well behaved
and strongly peaked as shown in Fig. 7.2(a). In the vicinity of the
ice Dboundary all three distributions show some broadening, in
response to the pulse distortions noted above (Fig. 7.2(b)). Once
beyond the ice boundary all three distributions strongly register the
presence of ice (Fig. 7.2(c)).

Although the “peakiness’ parameter PP 1is defined differently
from the ice index of Duwyer and Godin (see section 3.4.1), it is
similar in concept and in its behaviour, and shows promise for tuning
as a discriminator of the conventional ice boundary.

Tests of the peakiness parameter over ocean tracks suggest
that it provides an extremely sensitive and reliable measure
of the ocean-like or non-ocean-like nature of return waveforns.
Used alone or in conjunction with an AGC value threshold it
offers a far more reliable method of ice detection than the use
of a simple AGC  threshold. Nevertheless, even the latter
appears to provide a sensitive means of registering the presence
of ice, at least wunder winter conditions (work in progress
using data from the Bering and Chukchi Seas indicates that the AGC
signal is less effective at registering the presence of sea ice
under summer conditions). Fig. 7.3 shows a comparison of the

Antarctic dice Dboundary determined using a Seasat AGC threshold
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Figure 7.2 Histograms of waveform peak value, integral and ‘peakiness”’

for (a) open ocean, (b) immediately pre-AGC ice boundary, (c)
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___ Seasat altimeter ice boundary

------ FLEWEAFAC ice boundary 14/9

Figure 7.3 A comparison of the Seasat AGC-deduced ice boundaryg(‘continuous) and
the ice boundary for the same period published by the US Fleet Weather Facility.
Generally the AGC-deduced boundary lies outside the conventional 15%
concentration contour based on optical and infra-red imagery.



of 33 dB compared with data from the Fleet Weather Facility. The
altimeter-determined ice zone generally extends beyond the
conventional ice boundary, enphasising the extreme sensitivity
of the altimeter to the presence of ice. It 1is apparent that the
altimeter could prove to be of great value in identifying regions
of new ice growth.

In addition to the effects described above, the presence of
sea ice in the altimeter footprint manifests itself in the on-
board computed data streams as a greater degree of height
and AGC variability. Fig. 7.4 shows the variation of the standard
deviation of the height value as Seasat passed from open sea onto the
Antarctic sea 1ice. Generally, over the oceans, the variance of the
10 s_l values of absolute height about the mean is <10 cm. Over sea
ice the wvariance is much greater - in the example shown it is
increased to 71 m. The variance of HS also increases substantially
in going from open water to ice. Preliminary results indicate
that a value of 40 cm may mark the transition. The ability to use
on-board computed parameters to register the presence of ice is of
particular value for the generation of a quick-look ice product.

In conclusion, there exist a number of promising methods
for establishing the presence of ice and thus determining the
location of the ice boundary, either using on-board computed data
or the echo waveforms. The validation of these techniques is an
important part of future work, especially the comparison with in-situ
data. Certainly there exists a danger in relying on

conparisons with visible and infra-red imagery which in some
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cases may give erroneous ice-edge positions owing to difficulties
with cloud cover or in the recognition of different ice types.
Nevertheless the combination of ERS-1 altimeter data with the greater

coverage of the ATSR/M could prove a most useful source of

information on the location and nature of the ice boundary.

7.3 Propagation of swell into sea ice

The Southern Ocean is a region of intense storms and large
swells which are free to propagate over very large distances.
These waves are attenuated by the sea ice which, apart from other
considerations, will prevent momentum from being continually
transferred from the lower layers of the atmosphere. In-situ data
have shown that the amplitude of a given swell conponent
declines exponentially with distance from the ice edge, the
attenuation coefficient being a strong function of wave frequency
and ice thickness (e.g. Squire & Moore, 1980).

As described in section 3.4.2, the evolution of return echo
shape, in particular the degree of pulse peakiness, has been
suggested to characterise the decline of ocean swell amplitudes and
increasing surface flatness in the interior of the pack. The method
shculd prove particularly powerful if the most strongly reflecting
elements of the 1ice surface correspond to grease ice between
floes, or very smooth small floes (10 m), since the slope
probability distribution function of the reflectors will then
correspond to that of the wunderlying ocean surface. Work is

currently 1in progress to study and analyse waveform shapes in



order to assess the ability of the altimeter to provide
quantitative measurements of swell propagation. In-situ
data, urgently required for validation purposes, are not
available for comparison with Seasat data, but have been obtained
during the MIZEX aircraft campaigns in which a pulse limited
Ku band altimeter was deployed for ice studies. Further development
of the technique will almost certainly rely heavily on analysis of

the MIZEX data.

7.4 Other ice products

Experience with Seasat waveforms suggests that the extraction
of several additional sea ice products may be possible. For example,
examination of the parameters P, I and PP described in section
7.2 reveals distinct zones within the pack ice which are
reflected in their magnitude, variability and frequency distribution.
The height distribution of reflectors may also show correlations.
At the time of writing no in-situ or alternative data are available
to determine the nature of the ice to which the =2zones
correspond, but Seasat passive microwave data are heing obtained
to continue the investigation. Appropriate visible and infra red
images are also being sought. MIZEX data, including simultaneous
altimetry, visible imagery, microwave radiometry and surface
measurements and observations, should prove very wuseful in this
context.

Another possibility is the identification of leads and

polynyas within the ice pack. This may be achieved using the inverse



of the method for ice detection which combined thresholds in PP and
AGC to label ocean-like returns. Patterns of change and rates of
change in P and 1 may also enable deductions to be made as to
the nature of ice within the zones observed. The specularity of
return waveforms may 1Iindicate the presence of flat, highly
reflective ice surfaces. Similarly, the migration of specular
reflectors through the range window, related to '"snagging'" as
discussed in section 2.7, may suggest characteristics of the
surface’s reflectivity at different slant aﬁgles, itself a
function of surface roughness.

The detection of icebergs, should also be possible given that
the reflecting surface, unless entirely specular, should follow a
characteristic path of decreasing and then increasing slant range as
it passes through the range window. Their presence may also be
indicated by unexpected 1losses of 1lock. This product 1is partly
restricted, however, by the coarse spatial sampling which will result
from ERS-1’s relatively small footprint and well spaced ground track

spacing at latitudes of between 60 to 75°s.



7.5 Calibration and validation

Campaigns and research programnes designed to calibrate and
validate altimeter data are already underway wusing an airborne
instrument designed and built by the Rutherford Appleton Laboratory
to operate at 13.6 GHz. This work began in 1983. 1In February of
that year the RAL instrument was flown over the marginal ice zone of
the Bering Sea in a NASA Convair 990 aircraft. Supporting datasets
from radiometry and high- and low-level photography were also
collected, and provide information on concentration and floe size
distribution. Furthermore, the surface observations taken from ships
within the pack ice give details of ice type, ice thickness,
microwave reflectivity and backscatter, and microwave absorption. In
June 1984 a second campaign was mounted in the Greenland Sea during
MIZEX~East “84. Again similar, but more extensive, supporting data
were obtained including laser profilometry which will give accurate
surface roughness measurements of Greenland Sea multi- and first-year
sea ice.

From Seasat records we may say that a spaceborne altimeter will
detect the transition from open water to ice and whether the ice
cover is continuous or pack ice (see Section 7.2). The lack of
precise correlation between the edge as detected by the altimeter and
that seen in visible and IR NOAA satellite imagery is 1likely to be
due to the relatively low resolution of the NUAA imagery (1.1 km).
Further studies using high resolution inage data derived from, e.g.
Landsat, should improve the position. Passive microwave sensors such

as the ESMR (Electrically Scanning “icrowave Radionmeter) and SMMR



have also been shown to yield ice edge position, but at a much
coarser spatial resolution than is, in principle, achievable by means
of the altimeter. It is important that the algorithms used to detect
the ice edge, both from the altimetric standpoint and from that of
the radiometer , are validated against one another.

Concentration estimates are also available at 1low resolution
from passive microwave instruments, once again assuming that the
alporithm (whether the official NASA version or the University of
Bergen version) 1is reliable. These sensors offer an exciting
possibility, especially after the launch of the DMSP satellite which
will carry a Special Sensor Microwave Imager (SSM/I), wviz. to
calibrate/validate any altimetric algorithm with those of the passive
microwave instruments. Floe size distribution and ice type might be
considered in similar manner but would also neccessitate some in-situ
surface measurements. That the satellite altimeter is capable of
monitoring seas and swell penetration of pack ice could only be
verified by means of surface wave buoy measurements, preferably in
the Southern Ocean alongside any open ocean wave programme.

The knowledge gained over the next two years in analysing the
supporting data (especially from MIZEX) in conjunction with altimeter
data sets will allow deficiencies to be flagged. Prior to the launch
of ERS-1 it is desirable that further calibration/validation
campaigns be carried out in the light of the experience gained. To
date the major problem has been in achieving truly coincident
datasets (both in time and space). This has been due in large part

to the fact that both the Bering Sea and Greenland Sea campaigns were



mounted within the context of a much more extensive research
scenario. This situation inevitably results in compronise between
agencies and scientific disciplines, and leads to flight-planning
problens due to conflicts of interest. It would be of great value if
a short, but dedicated, data gathering programme were designed such
that all surface wvalidation and supporting airborne measurements,
e.g. laser profilometry, were simultaneous in time and site specific.

Invl986 the German polar research vessel Polarstern will conduct
an Antarctic winter experiment which will include scientists from the
Scott Polar Research Institute. Helicopter support is provided for
and as the vessel will operate in isolation there should be no
conflicting demands in terms of cooperative work with other ships or
overflying aircraft. An icebreaker in the Antarctic costs many tens
of thousands of Accounting Units per day to operate and visits such
regions infrequently. Since the 1J.S. altimetric satellite GEOSAT is
also expected to be operational durinyg the period some effort should
be made to coordinate ground-based measurements which may assist in
the ineterpretation of the satellite data. Of particular relevance
are the plans of SPRI to fly an impulse radar for determining ice
thickness in the Weddell Sea and to make wave measurements well into
the ice pack. Although the experiment is still being defined it 1is
highly likely that several airborne remote sensing systems (including

scatterometers and radiometers) will be flown.



8. Implications for overall organisation and formats

8.1 The problen

ERS-1 is a pre-operational satellite which 1is designed to
demonstrate how microwave remote sensing data can be used on a
routine basis across a wide spectrum of disciplines. In this respect
it goes a stage further than the proof-of-concept Seasat system. It
is therefore of the utmost importance if the ERS~] mission is to be a
success, that not only should the space hardware meet its
specifications and operate reliably for the nominal 2-year mission
but that the ground segment be designed in such a way as to enable
useful products to be generated in a form that will appeal to the
different types of customers.

Some lessons can be learnt from the Seasat mission, though it
should be noted that this experience has been gained mainly by the
remote sensing scientific community which has been prepared to expend
considerable effort in processing the data. It is salutary to note
that such resources would probably not have been committed to
improving data availability and quality had Seasat not failed
prematurely. The two main products from Seasat are the Sensor Data
Records and Geophysical Data Records and it is the latter for which
most requests have been made. A user who obtains the global
altimeter GDR is confronted with fourteen 1600 bpi tapes written in
binary integers. His first task is to unpack the data, the method
for which varies from computer to computer. Scaling factors and

offsets used to keep numbers small have to be removed.



The next problem is to organise the data in a way more suited to
the studies he is conducting. For example he is probably interested
in specific geographical regions and may only require a limited
number of the geophysical variables in each data cycle. Since the
data are stored chronologically without 1latitude/longitude pointers
in the headers it is necessary to read every data record on all the
tapes to complete the task and this can be time-consuming. Even
after this the user may find that the effort has not been justified
because the data coverage is poor and/or the variations in
geophysical parameters uninteresting. The above problems have been
well-recognised by NASA who have developed the Pilot Ocean Data
System at JPL (Brown & Klose, 1984). This allows accredited users to
examine data sub—sets on-line and to process to higher levels in
digital and graphical form for rapid examination of data quality etc.
Desired data sets can then be ordered via different media.

For ERS-1 there are additional problems. A fundamental
constraint, imposed by the delegates of the participating nations, is
that the ERS-1 project 1is committed only to the generation and
dissemination of Fast Delivery Products. Off-line activities will
utilise national facilities but under the coordination of ESA and
various proposals are at present under consideration. As can be seen
from sections 2.2 -2.5 most of the interest in altimeter data lies in
off-line products and requires the synthesis of many different data
streams. Given the above organisational structure the definition of
a concensus ground segment plan by the user community is a matter of

some urgency. A further difficulty is that of data volume. Given



that ERS-1 is expected to operate for three years and that there is a
requirement for archiving a basic 20 s-1 waveform product (2.4.2) it
has been estimated that the data volume will be ~104 times greater
than that of the Seasat GDRs (Rapley , 1984b)

Given the requirements implied by the definition of useful data
products in Section 2.2.3 and the matters raised earlier in this
section a number of themes emerge which are expanded in following
sections. Many of these are also discussed in Rapley(1984b)

(i) Requirement for global data

(ii) Easy accessibility to desired products

(1ii) Algorithm development and strategy for reprocessing

of data
(iv) Requirements for archive facilities

(v) Cbncept of an Altimeter Foundation Product

8.2 Requirement for global data

One of the great contributions that satellites have been able to
make is that of providing global, synoptic measurements of the Earth.
In meteorology this has complemented the existing World Weather Watch
of routine atmospheric measurements but in the oceans no conventional
synoptic observations are made on a global scale. More and more
emphasis is being placed on considering the ocean—atmosphere-
cryosphere system as a coupled system which interacts globally and
for many applications purposes data are required all over the world
rather than in specific geographical locations. Building up a global

data base may place Europe in a strong position for the future
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exploitation of such information. 1Indeed, an attraction of satellite
remote sensing is that the coverage inevitably extends over regions
which might not have a high priority for study by conventional
techniques. In this way interesting phenomena can be identified and
monitored for relatively little extra effort.

In sections 2.2-2.5 specific requirements have emerged for
global data to meet different objectives in the study of waves, sea-
ice, wind and ocean topography. There is a need, in support of the
WCRP, to provide sea surface elevation and winds across all the
world’s oceans taking advantage of ERS-1‘s high inclination orbit.
Although sea-ice is not global in extent it is most important that as
much of it as possible is monitored so as to be able to accurately
estimate the seasonal and interannual variations in ice-cover. Waves
in the open ocean can travel great distances and the building up of a
global wave climatology (as opposed to a limited numher of
continental shelf sites) is regarded as one of the main tasks which
ERS-1 can contribute which will affect ship routing and longer-term
planning for possible 0il exploration.

These requirements affect two areas of the mission:-

(i) duty cycle of the altimeter

(ii) acquisition of data and its subsequent archival

8.2.1 Duty cycle

The requirements mean that the altimeter would be required to
operate continuously during the mission for the periods when it is

viewing ocean or sea-ice surfaces, i.e. 7707 of the time. There are
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additional requirements (not covered in this volume) for coverage
over continental ice which is a part of the nominal mission and
indeed there are some grounds for maintaining a continuous operation
of the instrument (this may prolong its useful 1life, and there is
interest in data over land, see Rapley et al., 1984b). However,
ERS-1 is power-limited and it is recognised that user requirements
for the different sensors may necessitate a trade-off to meet
available supply. 1In this case strong consideration should be given
to preserving a global ocean and ice mission for the altimeter for
the following reasons:

(i) In terms of energy consumption the altimeter compares
favourably with the other main sensors (T40% of the wind
scatterometer and about the same as the SAR imaging mode,
assuning a 10%Z duty cycle of the 1latter). Moreover it
provides simultaneously three essentially different
variables, height, reflectivity and statistical-properties of
the elevation of the surface. Therefore in order to save
significant energy, a considerable amount of potentially
useful information has to be thrown away.

(ii) Some of the objectives , such as determination of tidal
constituents and mapping of mesoscale variability, rely on
long, uniform series of measurements. Assuming that these
will already have been affected by planned changes to the
ERS-1 orbit during the mission it is vital that these data

sets are otherwise as unbroken as possible.



Global coverage of the regions of interest can be obtained
without continuous operation, e.g. having the altimeter working on
alternate days only similar to the NIMBUS-7 SMMR. Studies of the
effect of such a duty cycle are needed. Given that for most wind,
wave and sea—ice uses the altimeter in a continuously operating mode
will probably sample less frequently than required it would seem that

such an option will prove unsatisfactory.

8.2.2 Acquisition and archival

To meet the requirements, it is not sufficient that the
altimeter should always be active over oceans and ice; the
arrangements for onboard storage and subsequent telemetry to ground
stations has to be such that all data gathered over oceans and ice
are received at the ground stations and delivered to the ERS-1 PAF in
a standardised format for archiving. In addition some of these data
(HS and wind speed) are required to be disseminated within three
hours of acquisition by the satellite which places additional demands
on the acquisition — record/playback - telemetry to ground station -
dissemination chain. Fig. 8 of Francis (1934) raises doubts as to
whether this global requirement for Fast Delivery products can be
met. However, recent changes to the SAR wave mode imply that there
is increased capacity on the spacecraft tape-recorder so this problem
may be alleviated.

More than one ground station is required to obtain global data

since Kiruna will only be able to receive data from 9 passes. For
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off-line purposes the archived data sets need to be combined at some
stage to produce a unified, internally consistent data set of low

level data.

8.3 Accessibility of data products

As stated by Haskell (1984) and reiterated in Rapley (1984b) the
question of easy, timely access by end users to accurate,
understandable ERS-~1 data products is a key issue for the success of
the mission. As pointed out earlier the altimeter user community so
far identified consists mainly of a section of the research community
whose viewpoint (with the exception of requirements of specialist
data centres) may not be representative of the users we expect to be
customers in 5-10 years time. Even their experience suggests that
acquiring and being able to use remote sensing data 1is generally
unsatisfactory. If other sections of the scientific and commercial
community with less experience and a greater reluctance to undertake
extra processing are to be widely attracted to ERS-1 products
considerable effort must be placed on making the desired products
available more easily than hitherto. The following points are
important:

(i) well-thought out catalogues and data summaries

(ii) flexibility to access data from a number of selected

viewpoints

(iii) full visibility of algorithms, calibration, validation,

documentation, ordering procedure, costs
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(iv) role of specialist data centres
(v) policy regarding routine processing

(vi) standardisation of formats.

8.3.1 Chtalogues

Before obtaining data sets users will wish to see what is
available. The catalogue should be comprehensive and up to date
including not only a list of times and orbit numbers during the
period but be broken down by geographical area and should summarise
environmental conditions as recorded by the altimeter. It could
contain (for each product):

a) plots of the satellite tracks through geographical areas

(ocean basins or lat/long squares) (as in Fig. 2.5).

b) tables or maps indicating number of data points and passes

recorded in each 10° square

c) tables or maps showing mean, maximum and minimum geophysical

parameters e.g. waveheight, sea—ice index.

A convenient way of generating these data summaries would be
during the preparation of geophysical subsets (i.e. processing from
Level 2 to 3). It 1is anticipated that such products would be
circulated on a monthly basis. A separate catalogue should be
produced when Level O data is processed to levels 1, 1.5 and 2 since
this will be purely chronological.

By examining the catalogue a user should be able to rapidly
assess whether the quantity of data, its time and location, range of

conditions and quality are adequate for further progress to be made



(either direct access to an on-line data bank or ordering of data

sets).

8.3.2 Access from selected viewpoints

Users will come from a wide variety of scientific disciplines
and applications and will wish to examine the data in various ways.
The higher level data sets should be flexible enough to facilitate
such investigations so that, for example, wind/wave statistics along
a given ocean route could be obtained. This will probably mean that
a number of requests for high level data will be generated on demand
because the requirements are fairly specific to each application.
However, an important activity prior to launch will be the
identification of standard types of high 1level data products.
Workshops attended by potential users with on-line access to GEOS-3
and Seasat data sets would be one way of developing user awareness
and of assessing the usefulness of different ways of presenting and

storing data.

8.3.3 Full visibility

Users nmust be able to obtain full information on the calibration
and validation procedures that have been carried out, together with
the Calibration/Validation data, documentation on algorithms, data
products and the methods used to generate them, and an easy-to-
understand procedure for ordering data, including a clear breakdown
of costs involved before the product has to be ordered. Users should

be informed of the amount of data they have requested, e.g. pages of

8.9



lineprinter output, number of computer compatible tapes. If on—line
facilities are made available for this then adequate safeguards
should be incorporated to prevent accidental ordering of data. (This

is especially likely to occur when new users try out the system).

8.3.4 Role of specialist data centres

Rapley (1984b) recommended that the PAF should provide access to
all ERS-1 altimeter data at least up to the level of instrument and
environment—corrected geophysical variables, i.e. up to Level 2.
Beyond a certain agreed level which may vary according to product,
devolution to centres specialising in specific applications may
occur. As an example a wave data product similar to that in Table
2.3 may be handed over to MIAS (as the RNODC' for Waves) who would
then be responsible for disseminating high-level products in response
to enquiries. Such a division of responsibility is implied in an ESA
summary of proposals received for the off-line ground segment
facility (ESA, 1984). It would have the advantage of using existing
links to potential customers and would also prove valuable in gaining

access to sources of in-situ data for validation purposes.

8.3.5 Routine processing policy

It seems to have been widely assumed within the scientific
community that ERS-1 data will be processed at least to Level 2 as a
matter of routine. Strong views were expressed at the Radar
Altimeter workshop that certain products must be systematically

processed but it was not clear that this would be true. It is



possible that in order to meet financial and physical constraints
imposed by the sheer volume and complexity of the data only a basic
data product will be archived (see 8.5) and processing to other
levels will only be carried out on demand, according to variables and
geographical zone, etc. It is argued that technological advances
will be such that, to the user, the two schemes appear identical.
Although it 1is realised that there are problems in archiving global
satellite data for long periods, at different 1levels, when the
mission may last several years, the user community is concerned that
the alternative will 1lead to product inaccessibility and non-
uniformity which might be disastrous for ERS-1 as a pre-operational
satellite. A study of the implications should be carried out based
on GEO0S-3 and Seasat altimeter data obtained at the raw waveform

level.

8.3.6 Standardisation of formats

Much time and effort could be saved if a standard tape format
could be devised for radar altimeter data. This would reduce
duplication of effort at the software development stage both when a
new instrument 1is launched and when software is prepared at
individual institutes for a given instrument. Since ERS-1 is likely
to be one of several altimeters flying at about the same time
considerable advantages would be gained if formats were to be agreed
in advance between the agencies involved. Scott & lluckle (1984)
considered this topic and have presented a preliminary layout for a

possible standard format based on the Seasat Seunsor Data Record with



features incorporated from the EXOSAT project final observer tapes.
Thought must be given to the encoding of data to ensure maximum
portability across different computer systems. Judicious use of file
marks in the data stream can assist data handling when tapes are
used. Also the use of direct access record pointer techniques can

facilitate access to data from specific geographical areas.

8.4 Algorithm development and strategy for data reprocessing

It will be clear from previous chapters, in which the procedures
for retrieval of geophysical parameters are discussed in detail, that
algorithm development is likely to continue through the whole of
Phase C/D wuntil well after launch. Experience gained from GE0S-3,
Seasat and NIMBUS-7 shows that major efforts have been required to
tune algorithms wusing comparisons of spacecraft and in~situ data.
This is partly due to the enpirical nature of the algorithms
themselves (a reflection of the incompleteness of our understanding
of microwave emission and scattering from the surface of the Farth)
and also because calibration problens with sensors have occurred.
This is particularly true of the NIMBUS-7 SMMR.

For Seasat the reprocessing of data using new algorithms is a
major but manageable task because the data sets are relatively small
and limited. In the case of FRS-1 data are expected to flow
continuously for a period of 2-3 years or longer. If, during this
time, it proves necessary to change the algorithms this will cause
large problems because of the need to reprocess data already received

and archived by the PAF before the change, whilst maintaining the



processing schedule for new data. It is therefore very important
that substantial efforts should be made in the 1initial 6-month
commissioning phase to arrive at algorithms which will serve
satisfactorily for the duration of the mission. This dimplies that
calibration/validation activities should be held during the first
part of the commissioning phase so that the algorithms can be ready
for routine processing by its end. This would also enable problem
areas such as a lack of high wind speed validations to be identified
and action taken (e.g.conduct extra aircraft campaigns) during the
second 3 months. The advantage of this scheme is that reprocessing
of the commissioning phase data using the updated algorithms would be
accepted as having a low priority and would be carried out in "slack"
periods during the rest of the mission.

Should subsequent changes be necessary, say one year after
launch, the volume of data might be so large that reprocessing would
have to await the end of the mission or alternatively be delegated to
facilities outside the PAF.

8.5 Altimeter Foundation Product

During the ERS-1 Radar Altimeter Data Products Workshop an
attempt was mnade to define a fundamental data set which would form
the basic archive in the ground segment. It was named the Altimeter
Foundation Product (AFP) and would act as the starting point fron
which all subsequent data products could be derived. In order to
avoid archiving all the telemetered data the AFP should be
reversible. It would also serve as the fundamental scientific data

product containing relevant data in a near raw form so that the study



of fundamental processes would not be obscured by irreversible data
processing. Hence the AFP would have to have a form suitable for
distribution on various media, particularly magnetic tape. If the
concept were implemented the format of the AFP could be standardized
(8.3.6).

Fig. 8.1 shows how the AFP could fit into a scheme for
processing ERS-1 altimeter data. The major advantage of this
approach was seen to be the reduction of storage requirements for the
low level data. A full study needs to be wundertaken of the
feasability of the AFP and its advantages/disadvantages in relation

to user accessability and financial implications.

8.6 Dissemination of fast delivery products

As discussed 1in Chapter 2 certain wind, wave and sea-ice
products are amenable to dissemination via radio—facsimile charts. A
convenient way of distributing numerical information would be to
encode the information into groups of 5 digits and to load the data
on to the Global Telecommunications Systerm (GTS) in the same way as
meteorological reports are handled. For the altimeter values derived
from each sample would appear as separate entries. In order to
minimize the volume for most purposes a value every 10 s (70 km along
track) would suffice. Variables to appear in the coded report should
include:

o satellite aud sensor identifiers

o latitude/longitude of the footprint centre
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o date and approximate time

o significant waveheight, wind speed, coarse height, sea-ice

indicator, plain language storm warning.

8.7 Data products for calibration/validation

As emphasised in 8.4 the calibration/validation activity must be
carried out as speedily as possible after the launch of ERS-1. It is
important, therefore that altimeter data for the calibration zones
(laser station, in-situ measurement campaigns) be easily accessible.
One of the first steps in the proceesing of data after it arrives at
the PAF should be to 1isolate data falling within the calibration
zones and to store it separately ready for merging with in-situ data.
Obtaining rapid and easy access to in-situ data may be more of a
problem. At present delays of several weeks often occur before data
obtained at sea are returned to land for processing and formats of
data vary considerably. Some data are already transmitted in near
real-time (for example SST data sent to NOAA and selected ships’
meteorological reports on the World UWeather Watch) and it is
anticipated that more data will be handled this way in the future.
The Ocean Observing Systems Programme of the World Climate Research
Programme 1is concerned with this general area and it is suggested
that the appropriate channels are used to ensure maximum availability
of the required in-situ data bearing in mind the heavy demands that

are already placed on ©TS.

2.1



9. Conclusions and recomnendations

1. A number of possible ocean and sea-ice data products have been
identified at wvarious levels. Some of the details are likely to
change in the period before ERS-! 1is launched but this
preliminary work should help in the sizing of processing and

archival facilities. (2.2-2.5)

Recommendation

ESA should use the material in this report as a basis for
discussion with potential users as to the products they require.
This may involve consultation with specialist data centres, where
appropriate. ESA should ensure that the PAF is designed with

sufficient flexibility and spare capacity to allow for growth.

2. Easy and timely access to global ocean and sea-ice data fronm
ERS-1 at Level 2 (for ice Level 1.5) and above is essential if

the requirenents of users are to be met. (Chapter 8)

lecommendation

The ERS-1 altimeter should operate continuously over oceans
and sea-ice throughout its life-~time and the entire R.A. data

set should be archived at Level 2 (for ice Level 1.5) in the PAF.



3. Additional information, which could be included in the fast
delivery product, may be wuseful for supporting canpaign
operations. Parameters we have identified (see Table %.1) are
sea-ice boundary, wave period, uncorrected range (as an aid to
detection of large icebergs and western boundary currents, if the

local geoid can be taken out at Viruna). (Chapter 2)

Recommendation

ESA should examine the possibilities of incorporating these

parameters into the dissemination scheme at Kiruna.

4., There is considerable interest in non-real-time wave paraneters
for research and for deriving wave climate statistics for off-

shore operations. (2.2)

Recommendation

ESA should ensure that sufficient emphasis is given to wave

paraneters in the design of the PAar.

5. The real—-time usefulness of wind and wave data should not be

limited to model input. (2.2.2



Table 9.1 Additional parameters to be considered for inclusion

in the ERS-1 Fast Delivery Product

Parameter Suggested expression* Comments
L ook
Wave period Tp T, = 1.07HZc" ¥ Based on Eq. 5.1 with
r = 8, a reasonable
value for the ocean
Pulse peakiness PP PP = 30 P/I
Uncorrected range R R = cAt/2 At may include some
instrument corrections
Hg = significant waveheight
do = normalised radar cross-section (not in &B)
P = energy in peak range gate
I = integral energy within a waveform

Q
[

speed of light

At = 2-way uncorrected time delay

* These formulae are based on preliminary findings and are likely to be
modified prior to launch.
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Recommendation

Hodifications should be made to the Clobal Reference ilission

(supplied to

the industrial contractors for sizing purposes) to

reflect the general interest in real-time wind and wave data fron

the altinmeter.

The Seasat wind algorithm does not

-1
than “12ms . A

speeds greater

extraction of wind speed have been

Recommendation

A separate study should bhe

GE0S-3, Seasat, in-situ and

of the discrepancies in relation to theorv.

meet specifications at wind

number of discrepancies in the

identified. (3.2.4)

made of differences between

SITIR winds to investigate the nature

Consideration should

- . . . (e}
be given to making aircraft altimeter neasurements of 0" over the
(5] 2

ocean, close to surface wind and wave neasuring devices,

obtaining a comprehensive

Stereophotography of the sca

these measurenents. A new

developed for ERS-! by an

Pointing angle errors and

will be significant for

set
surface

wind

atnmospheric

wind

and to

of sun glitter data.

sitould be combined with

speed alporithnm should be

algorithn developuent tean.

attenuation due to rain

retrieval by ERS-1,

speed

particularly for higher wind speeds. (4.1)



Necomnendation

liethods for correcting EKS-1 altimeter data for pointing
angle crrors and atmospheric attenuation should be examined, the

latter study including the role of ATSPE/If data.

&. At present it cannot he demonstrated that swell can be retrieved
from radar altimeter data, except in conditions of low wind speed

when the energy of the sea conponent of the waves is snall.

3

(3.1.3)

Recommendation

Further research is required to determine whether minimun
swell calculated using accurate wind speeds is a useful quantity
for ERS-1. Use should be nade of sinultaneous wind velocity and
wave spectra information such as are obhtained at .Y, Data Huoys
supplenented by comparisons of Seasat wninimurr swell (using a

revised wind algorithn) with in-situ data.

9, In principle, nore wave information can be derived from a
satellite altimeter than wvas obtained fron Seasat - skewness, a

reneralised variance of

skewness coefficient, wave period and the g
slopes. As well as being useful in their own right, these should

enable better corrections for sea-state bhias to ke made. (Chapter



Recommendation

10.

Further work is needed, using simulation studies of the
altimeter return, to assess the accuracy with which the above
wave paraneters can be extracted from the ERS-1 altimeter. It is
also necessary to investigate the spatial variability of the wave
field. The latter <can be achieved through the use of

stereophotography (see Recomnendation 6).

A number of prdmising methods exist for establishing the presence
of sea-ice from altimeter data, using either on-board conputed

data or echo waveforms. (7.3)

ecommendation

11.

Future work should include the wvalidation of methods for
identifying sea—-ice wusing satellite and aircraft altimeter data
and comparisons with in-situ observations. The coubined use of
the ATSP/it and PR.A. for ice boundary monitoring should be

considered.

There is sone suggestion that the waveform over sea-ice mnmay be
paraneterised to reveal distinct zones within the pack ice, which
correspond to changies in the surface characteristics of the ice.

(7.4)



Reconmendation

12.

Studies using Seasat and GE0S-3 data should be continued and
extended to other cases, in order to establish repeatability and
consistency with independent data. MIZEX aircraft data should

also be analysed from this perspective.

Calibration and validation is an important part of the FER5-1
altimeter nission, especially during the first 3 months of the
conmissioning phase. For winds this should be combined with that
for the scatterometer to ensure consistency between sensors.

(6.4)

Reconmendation

13.

Detailed planning of the calibration/validation of the
altimeter should begin as soon as possible and, where
appropriate, should be 1linked with the planning of field
experinments, such as WOCE and TOGA. For winds and waves there
should be <close co-operation between ESA’s nR.A. and Active

Microwave Instrument Teanse.

The ERS-1 altimeter will be an improvement on Seasat’s. The SMLE
algorithn will give better on-board estimates of Hs’ the An
versus offset characteristic curve will be 1linear over a wmuch
broader region and the switch to the ice mode will improve

tracking over rough ice topography. (Chapter 4)



Reconmendation

The etfect of ice-mode switching on sea-ice data in coastal

margins should be investigated.

14, The documentation of Hs algorithms in the literature is

inadequate. (3.1.2.2)

Recommendation

ESA should ensure that the users have full visibility of
algorithms and that it is clear which algorithms have been used

in generating different data sets.
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Appendix A. Atmospheric attenuation

The influence of the atmosphere on the altimeter measurement may
be separated into ionospheric and tropospheric effects. The first
results in a range perturbation; the second involves a range increase
resulting from the refractive index of the air, and also an
attenuation of the signal strength, with which we are concerned in
this chapter.

Near the frequency of 14 GHz signal attenuation 1is essentially
produced by rain. This effect is very serious for altimeter wind
speed determination, particularly because heavy rain occurs often
occurs with strong winds (meteorological fronts, hurricane etc.). As
seen in 6.1, according to the shape of the UA) versus wind speed
curve, at high winds small wvariations in UA) produce large

. X . . . -1
fluctuations in the estimates of wind speed. For instance at 12 ms

a 1 dB attenuation results in a wind speed increase of ~3 ms—l.
In the atmospheric attenuation problem three points may be
identified:
(i) the theoretical signal attenuation for a rain pattern
honogeneously distributed over the altimeter footprint and for
a given rain rate.
(ii) typical rain rates and rain pattern sizes encountered at sea.

(iii) methods for the detection of rain cells in the footprint and

possible correction of the attenuation.



A.l Theoretical signal attenuation by rain at 14 GHz

The most severe attenuation at microwave frequencies 1is caused
by rain. This appears at 3 GHz and becomes serious for all
frequencies above 10 Gliz. The mechanisn of attenuation by
atmospheric 1liquid water involves absorption and scattering by
individual cloud droplets. The rain intensity is characterized by
the rain rate, generally expressed in mm hr—l. The classifications
may differ between authors. For example, in Farrow (1975) and Millet

(1984) the following two classifications are found:

Table A.l. Rain-rate classifications

Rate (mm hr—l) Description Rate (mn hr—-1) Description
0-1 drizzle 0-3.8 light
1-3 light 3.8=-20 moderate
3-10 noderate 20-40 heavy
10-30 heavy 40-75 very heavy
> 30 excessive > 152 extrewme

The first one 1is conmparable with the U.S. VWeather Bureau
classification of light (0-2.5 onm hr_l), noderate (2.5-7.6) and heavy
(> 7.6).

The theoretical attenuation may be calculated from rain-rate and
the distribution of drop sizes. Figs A.1 and A.2 (from Farrow, 1975)

1

show the one-way attenuation in dB kn as a function of radar

frequency and rain-rate. From Fig. A.l, with A=2 crt (f=15 Glz), the
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theoretical two-way attenuation is about 1.5 dB km_1 for heavy rain
(16 mm hr_l) and 0.4 dB km_l for moderate rain (4 mm hr—l). Note
that to obtain the total attenuation along the path the above values
must be multiplied by the rain depth. From the data of Fig. Al we
also note that the attenuation through thick (non-precipitating)
cloud is not negligible.

A quantitative estimate of the attenuation 1is given by the
empirical relation of Olsen et al., cited in Goldhirsh & Rowland
(1982):

k=aRb
where k is the two-way attenuation coefficient (dB km—l) at frequency
f; a,b are dependent on the frequency and drop-size distribution; and
R is the rain-rate. At 13.5 Gz for r < 25 mnm hr--1 a=0,0346, b=1.109
vhile for 25 < r < 50 mn hr © a=0.0248, b=1.205

The total two-way attenuation at 13.5 GHz, for a 5 km rain depth

and various rain-rates, is given below:

Table A.2. Two-way attenuation at 13.5 Ghz

R (mn hr'l) 10 20 30 40

total atten. (dB) & 10 15 21

A.2 Rain at sea

The most important error in the signal attenuation correction
comes essentially from the ignorance of the variahility of rain-rate

along haizontal and vertical paths. Indeed the measurement of



precipitation is a very difficult task; most measurements give the
precipitation rate in discrete intervals of time at one location,
when the actual requirement is for instantaneous measurenents over
the actual sensor-target path.

In general, precipitation occurs in cells of limited size and,
from the literature it appears that the best way to measure it is
through airborne and ground-based radars, wusing reflectivity and
doppler effects, with high resolution in space and in signal
intensity. This, combined with a network of ground stations
providing high resolution rain-rate measurements, allows a fast
description of the precipitation structures. When coastal sites are
used possible orographic and thermal effects have to be taken into
account. The use of radars alone provides detailed structure but not
absolute rain-rates.

A review of precipitating cloud systems (llouze & Hobbs, 1982)
indicates that the regions of heaviest precipitation are often
organized on the mesoscale in the form of rainbands. The structure
of extratropical cvclone rainbands has been investigated (Houze &
tlobhs, 1%82, Hobbs, 1973 and Hobhs & Biswas, 1979) and six types of
mesoscale rainbands have been identified, as shown on Fig. A.3 (from
liobbs, 1978). The first three types are about 50 km wide, the second
type often occurring in series, with the younger, more vigorous,
rainbands preceding. The heaviest precipitation is found in the
narrow cold frontal band, about 5 km wide, and organized on the small
nesoscale into ellipsoidal areas, 50-100 km2 in area. They are

oriented at angles of 30-35° to the cold front and are called
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‘precipitation core areas’ (llobbs & Biswas, 1979). These areas have
been observed (iHobbs & Riswas, 1979 and James & Browning, 1979) to be
about 5 km wide, 20 km long and with a 5 km spacing along the cold
front. Precipitation is generally confined below the 3 knm level.

Superimposed on these structures ‘wavelike rainbands’ are often
observed (Wang, Parsons & Yobbs, 1983 and Wang & Hobbs 1983). For
instance in a cold-frontal zone wavelike bands occur on a scale of
3-6 km whereas in the viciaity of a warm occlusion rainbands up to 80
km long and 3-5 km wide and separated by 5-10 km may be encountered.
The contribution of these rainbands to the overall rain-rate is
important, as shown in Figs. A.4 and A.5 (from Hobbs, 1978 and Wang,
Parsons & Hobbs, 1983).

In nmidlatitude convective systems heavy rain occurs on a small
horizontal space scale of order 5 km. Such systems are often
organized into nulticell storms. In the tropics clouds occur in a
spectrun of sizes ranging from small isolated cumulus to large ‘cloud
clusters’, where continuous rain areas cover up to 5 X 104 km .
Isolated cumulus and cunmulonimbus greatly outnumber cloud clusters.

In the case of tropical hurricanes heavy precipitation is
cenerally concentrated 1in a nesoscale ‘eyvewall rainband’ around the
-eye of the storm, with several outer rainbhands and rezions of lighter

rainfall in between. The hurricane cloud paterns may he symnetric or

assymnetric.
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A.3 The effect of rain on the ERS-1 radar altimeter

Nere we are concerned with the altimeter signal strength
attenuation and 1its consequences for wind speed retrieval, not with
the altimeter height bias produced by atmospheric effects. However,
it should be noticed that the tracker mav lose lock as a result of
strong rain attenuation. For example, at 13.5 Ghz, a 30 mn hr
rain-rate over a depth of 5 km results in a 14 dB two-way attenuation
if it covers the entire footprint. Fortunately this {is a very
extreme case and wusually a characteristic of rainfall intensity 1is
its variability over distances comparable with the diameter of the
altimeter’s footprint. For ERS-1 we need to know how to detect rain
cells in the altimeter footprint and whether it 1is possible to
correct the data for rain attenuation.

Petection and measurement of rain at sea, on an operational and
global basis, will only be possible from space because there are very
few direct measurements of precipitation in the open ocean. The
three mnain parameters to be measured are the rain-rate, and the
vertical and horizontal extent of rain. The use of Scanning
Multichannel 1Ilicrowave Radioneter (S:11R) data for this purpose has
been studied (Le PRorgne 1983) and applied to correct Seasat
scatterometer estimates of winds (loore et al., 19G2). Sone success
has heen achieved. The choice of frequencies (18 Ghiz and 37 Ghz)
results from a trade—off between sensitivity and resolution on the
ground. At 37 GHz the resolution is hetter (25 km compared with 55
km at 18 Gilz) but this channel saturates more rapidly with rain-rate.

A second problem is caused by the ambiguity hetween the rain-rate and
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the vertical extent of rain (defined in this case by the altitude of
the freezing level). The use of several channels to neasure these
two parameters by linear equations is not really so effective because
degradation of spatial resolution, non-linear variation of the
brightness temperature with rain-rate (Millet 1934) and the influence
of sea surface temperature on the coefficients used in the equations
(Moore et al., 1982). Furthermore the accuracy of éﬁch algorithms is
very difficult to estimate (from 507 to 100% according to various
authors).

The use of infra-red and visible data from satellites may be
helpful in determining the horizontal extent of rain cells because of
better spatial resolution than at microwave frequencies (Le Borgne
1983, Moore et al., 1982). Two methods can he envisaged in which
sinultaneous VIS and IR are combined: (i) a visual classification of
cloud types from which rain rates are deduced via a paraneterization
schene, (ii) automatic analysis of digitized images from
geostationary satellites.

S0 at present the use of measurements fron space nmight allow the
flagging of rain areas but on a scale larger than the size of the
altimeter footprint. For the altimeter itself .t uwvould Dbe of

interest to simulate the effects on UD of heavy isolated rain cells

passing through the footprint.

AlC



