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ABSTRACT

A scatterometer is an instrument capable of providing high resolution measure-
ments of the wind velocity near to the surface of the ocean. There are difficulties in
using this data however. Firstly it is not unambiguous: a unique wind direction is
not generally obtained, so methods of selecting the true direction from among the sev-
eral possible must be developed. Experience of objective ambiguity-removal techniques
using simulated ERS-1 data is reported.

A second difficulty is that of obtaining impact from using this single-level boundary
layer data. To examine this aspect, manually dealiased data from SASS is used in the
ECMWF analysis forecast model. In addition comparison is made between the SASS

data and the analysed fields as well as with other data used in the analysis.

1. Introduction

The lack of adequate wind observations over the world’s oceans has long been
noted as a serious handicap for those trying to model the ocean circulation, as well
as those trying to forecast the weather. It is expected that new satellites carrying
scatterometers to measure the near-surface wind will be launched within the next few
years. One must therefore begin to adapt meteorological models to extract the maximum
information from these measurements both for the benefit of weather forecasting and
ocean modelling. The data is not likely to be easy to use in meteorological models as it
is single level boundary layer data. Its use will be further complicated by the fact that
the wind direction is not uniquely determined. ‘

A scatterometer is an active instrument in that a pulse of radiation is emitted,
and a measure made of the amount returned from the sea surface. Typical wavelengths

of the radiation are a few centimeters. The full physics of the scattering process at
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the sea surface are not well understood but Bragg scattering may give the dominant
contribution. In general, a unique solution is nof obtained for the wind velocity, giving
rise to one of the major problems in using scatterometer data. In fact, up to four wind
directions are possible, depending on the number of antennae. The process of selecting
the correct solution from the possible choices is frequently called ambiguity removal or
dealiasing (although the choices or ‘aliases’ are ndt really aliases in the normal sense).
Having obtained a unique solution, one can then use this data, for example assimilating
it into a meteorological analysis forecast model.t

As a step in the development programme, the experience of using scatterometer
data in the ECMWTF analysis-forecast model is repo1;ted. Because no real data from the
planned scatterometer instruments (such as the one to be carried on ERS-1) exists, it
was decided to use data from the SASS scatterometer, carried on the SEASAT satellite,
which is still the only satellite-borne scatterometer to date. It operated for some 3
months but only data for a short period towards the end of the mission (6-17 September
1978) is considered here. The next scatterometer will be carried by the ERS-1 satellite
with another, NSCATT to follow probably a year or two later. Although the instruments
differ in design somewhat, the principle of operation is similar.

In section 2 the physical principle on which the scatterometer is based will be
discussed, together with the origin and nature of the multiple solutions. Because the
volume of data returned by the instrument is quife large it is unlikely that the selection
of a wind direction from the several possible can be done subjectively. Rather methods
which do not in general depend on human intervention must be developed. Tests of
ambiguity removal methods using simulated data are described in section 3. In section 4,
results of using scatterometer data in a model equivalent to the ECMWF analysis-

forecast model are described.

2. How a scatterometer works

Because the theory relating the backscattered radiation (a normalised version of
which is usually called sigma naught, and denoted ¢°) to sea surface conditions is not
well understood, an empirical relationship is used instead, based on observed correlations

between surface wind speed and o°. To keep the argument simple, let us assume the

t One could use the raw data in other ways, and combine the dealiasing and analy-

sis/assimilation into one process.
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main process is Bragg scattering as indicated in fig. 1. The argument as to how a
scatterometer works is that the incoming radiation will be scattered primarily by ripples
with a wavelength comparable to that of the incoming radiation. These ripples or waves
are rather short and one might think that they would respond quickly fo the wind and
saturate i.e. if the wind amplitude increased, these small waves would not get any
bigger. If this was all that was at work, a sca,ttel;ometer could not sense wind speed,
since the amplitude of the ripples would be largely independent of the wind speed. In
fact, the above picture is not correct, since the little waves ride on bigger waves which
are not independent of wind speed, and the wave spectrum of short waves, although
difficult to measure is now not thought to saturate. (Phillips 1985). Further, since the
scatterometer has a field of view (footprint) covering many square kilornete_rs the fraction
of that area covered instantaneously by the ripples may be a function of wind speed.
Whatever the physics, there is plenty of evidence that ° increases with increasing wind
speed, at least until wind speeds of over 20m/s. There may be a low wind speed cut-off

at ~ 2 ms~!, below which no meaningful wind direction is obtainable.

The reader will note that there is a wishwash of ideas between wind speed, sea
state and #° in the above. In reality, o° is likely to be most closely related to sea
state, but this is not the variable one wants to measure: wind velocity or wind stress
is more interesting. Although the sea state may i‘espond rapidly to the wind at short
wavelength, at longer wave lengths, the response need not be local. To the extent that
non-local swell waves influence the return signal, it may not be possible to use a local
relationship between wind velocity and o° measurements. It may be that a forecast of
the wave state, based on previous knowledge of the wind state will also be required.
This remains an open question, and at ECMWF steps are in progress to implement a
wave model which can be used to improve the ¢° inversion process. Be that as it may,
non-local effects are not, in general, dominant and for the moment we will assume a

local response.

The ability to detect wind direction comes from the fact that the o° response is
small when the short waves (and hence the wind) are at right angles to the emitted
pulse, and larger when the short waves (and wind) are aligned with the emitted pulse.

So ¢° will be a function of wind direction as well as wind speed. It is also a function of
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Fig. 1a: Bragg scattering geometry. The wavelength of the ocean waves involved
in the scattering processes, A;, is related to the wavelength of the emitted waves .
Ar by A; = 55’.}1113—9 where 0 is the angle between the radar viewing direction and the
normal to the ocean surface. For SASS, the ocean wavelengths were ~2 cms: for

ERS1 they will be longer typically 5 cms.

Fig. 1b: A patch of ocean is viewed as the satellite approaches by the forward
beam, and as it recedes by the rear beam. This was the conﬁguration for Seasat.
For ERS1 the patch will also be viewed by a central antenna as the satellite passes
by. Seasat viewed to both sides but ERS-1 will view only to one side as illustrated.
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the incidence angle, 8, shown on fig. 1, giving

o° = f(V,p,0) (1)

where V is the wind speed, ¢ is the angle between the wind direction and the antenna
beam and 6 the incidence dngle. _

As noted above, the functional relationship (1) is not derived from theory. Rather,
one flies a scatterometer in an aircraft over the sea and measures the value of ¢° for
various incidence angles. In conjunction with the aircraft measurements, ships record
the wind speed and direction. An empirical functional relationship between ¢° and
wind speed, direction and incidence angle is then sought. The mode of operation is to
mount the scatterometer on a satellite, measure 6° and then invert (1) to obtain wind
speed and direction (§ is taken as known). The patch which is illuminated by the beam
is several kilometers square. For ERS-1, for example, an inversion is expected for boxes
25km square lying within a swath extending from approximately 250km to 700km from
the subsatellite track. (The instrument does not work well at low incidence angles, nor
at too high incidence angles).

For one measurement of ¢°, eqn (1) cannot be uniquely inverted for two pieces of
information (V, ¢). One might anticipate two measurements of ¢° would be necessary,
but this is in fact insufficient as fig. 2 shows. Plotted, are the values of V and ¢ for
a given o° and given incidence angle. If one has 2 measurements of the same patch of
ocean, one from a forward and one from a rear look as in fig. 1 then there are 4 possible
intersections. This is the source of the ambiguity referred to above. If more beams are
added then this ambiguity can be reduced and we will consider this now, mainly within
the framework of ERS-1. [NSCATT will use a somewhat different method of increasing

“the number of independent pieces of information by including measurements obtained
when the emitted radiation is either vertically or horizontally polarised as well as from
three beams, but we will not discuss this further].

The ERS-1 scatterometer will measure the backscattered radiation o from three
beams, ¢ from a forward, ¢§ from mid beam and ¢§ from a rear beam as in fig. 1. The
particular model function used to relate backscatter to the wind speed at 10m and wind
direction relative to the antenna beam ¢; is known as CMOD1 (Long 1986). The model
function is likely to depend on parameters other than just V, ¢ and 8 (e.g. ocean surface

conditions such as surfactants, boundary layer stability, sea surface temperature, non
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Fig. 2:

Sketch of possible (v, ¢) curves for a single value of ¢° from the forward

beam (solid), rear beam (dashed) and central beam (dotted), for a wind direction

at 40° to the forward beam. If there is no central beam, the curves intersect in

4 possible locations giving rise to 4 aliases, all with much the same speed but

quite different directions. In the presence of a third beam there is only 1 common

intersection of the 3 curves, but if there is noise on the measurements of ¢°, the

curves will be displaced and there will in general be no common intersection of all

3 curves.
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local wave response). Further, being deduced from only a limited number of ground
campaign studies, the empirical relation given by (1) is itself likely to be less than
perfectly described. But for the purpose of this section it will be taken as correct and
model function error not considered further.

With a 3 beam instrument such as ERS-1, we have three pieces of information to
determine 2 unknowns (V,¢) (where ¢ without a subscript will from now on be used
to denote wind speed measured relative to the space craft direction). As is common
in over-determined problems, a solution is sought in (V,y) space to minimise some

function. For ERS-1, the functional form presently being considered is

2 2
_ | (o1 —52) (o2 — 62)
B (ve) = [ kPo | VI ERG | T

where K P is a measure of the noise on the measurement and & indicates the value

. 2
(03 — 03)

2
KP; 635 @)

of o obtained from the model function for the trial speed and direction ¢, and o the
measured value.

The problem of finding solutions to (1) now reduces to finding values of (V, ¢) which
correspond to minima of (2) and fig. 3a shows the topography of F' for two different
wind directions, (i) 30° and (ii) 60°. One can see that in the former case, the true
solution corresponding to a minimum in F is well defined. In the latter, it is poorly
defined. In fact, there are two directions which have a value of F' near zero and hence
the solution is still undetermined in this case even though there are measurements of
0° from three beams. Other forms of normalising F' are possible. The particular form
(2) is pleasing to statisticians since it is a maximum likelihood estimator, but different
normalisations can give rise to a function F' which has less structure. This is illustrated
in fig. 3iii, iv and v which show contours of F for a wind direction of 90° for 3 different
choices of F. Panel iii is for F defined as in (2), whereas panel iv corresponds to using
o in the denominator of (2) instead of & and panel v to no normalisation at all. In all
cases the cell is located roughly mid-way across the swath. Based on fig. 3, one can see
that in general the solution is unique, (except at certain wind directions such as 60°
when it is genuinely indeterminate). Fig. 3a however corresponds to a perfect situation
in which there is no noise in the measurements of ¢. In practice this will not be so.
The presence of noise (equivalent to moving the curves of fig. 2 up or down) can lead
to a switching of solution such that the true solution may no longer be the one with

the lowest value of F' or, more to the point, that the lowest value of F' may no longer
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Fig. 3a: Contours of F for various normalisations and different wind velocities.
The radial distancé is a measure of the speed and the angular displacement from
zero at North, a measure of the wind direction. The value of the function is scaled
by a factor of 0.1. The contour interval is 0.5 where the value of the function is
less than 6 and 2 elsewhere. Contours greater than 20 are not plotted. The wind
speed is 10 ms™. In (i) the wind direction is 30° while in (ii) it is 60°. The absolute
minimum in all panels should be zero but because the minima are only interpola,ted
by a contouring package are not quite zero. In the case of a wind direction of 30° the
magnitude of F' at the secondary minimum is well distinguished from the primary
minimum but when the direction is 60° the value of the secondary minimum is also
very close to zero. This means that it would be very difficult to distinguish the true
direction from its alias if the wind direction were 60°, but this should be skillfully
done when the wind direction is 30°. In (iii), (iv) and (v) the wind direction is 90°.
Three different normalisations of F' are used. For (iii), the normalisation is as given
in (2). For (iv), the measured o° is used instead of the value of ¢° for the trial wind
velocity in the denominator of (2) while for (v) no normalisation at all is used. The
topography of F is considerably more complicated in (iii) with 6 minima compared
with only 2 in (v). The location of the two principal minima is essentially the same

for all three normalisations however.

Fig. 3b: A plot of the magnitude of the values of F of the secondary minimum
for different wind directions. In all cases the speed is 10 ms—!. The three curves
correspond to a point at the inside edge of the swath (node 1), a point in the middle
of the swath (node 10) and a point at the outside edge of the swath (node 19). This
figure shows clearly the directions in which skill may be expected aé well as those

near 60°, 120°, 190°, 240°, 300° and 350° for which the skill will be small.

Fig. 3c: Plot of the number of occasions when the rank 1, rank 2 or rank 3 solutions
are correct as a function of cell position across the swath for 3 wind directions. In
all 3 cases, the rank 3 solution is almost never correct. The number of times rank 1
corresponds to the true direction increases across the swath to a maximum at the
outside edge. There is no skill for a wind direction of 60°, since the rank 2 solution
is correct as often as the rank 1 solution. (In fact slightly more often!). Noise was

added to the o° values before inversion.
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necessarily correspond to the true solution. Although the ordering of the minima may
be switched because of noise, we still expect to be dealing with mainly a 180° ambiguity
and this gives rise to the hope that the ambiguities can be removed objectively i.e.
without human intervention.

The location of a cell across the swath is however relevant and this is clearly illus-
trated in fig. 3b which shows the depth of the second minimum in F. (The depth of the
first is zero) as a function of wind direction for a wind speed of 10 ms~ 1. If the wind is
blowing from a direction approximately 60°, 120°, 195°, 240°, 300° or 345° measured
clockwise from the satellite pointing direction, even with three measurements of ¢°, one
can not determine the direction of the wind unambiguously. Between these ‘bad’ angles,
there are corresponding good angles, but some good angles are better than others. (The
larger the separation of the minima the better). Fig. 3b also shows a strong cross swath
variation in the depth of the minima and hence in the anticipated skill, with the skill
being least at the inside edge.

Fig. 3(a) and (b) were prepared without noise on the o’s. When noise is included
on the ¢° measurements, then we anticipate the possibility that the wind directions
corresponding to the minima in F' can be switched, but the larger the value of the
separation on fig. 3b, the less such switching will occur. This is confirmed in fig. 3¢
where the number of times the rank 1, rank 2 and rank 3 solutions is correct is plotted
for 3 wind directions — a good direction (30°), a bad direction (60°) and a neither
especially good nor bad direction (170°). As expected, for a wind direction of 60° the
number of times the rank 1 is correct is about the same as the number of times rank 2
is correct. (Actually slightly less!). By contrast, at a direction of 30° the rank 1 almost
always corresponds to the correct direction at the outside of the swath but only in about
75% of the time at the inside of the swath.

If only two beams are operational (as may happen even with a three beam instru-
ment near land) or because the instrument is only two beam, as in the case of SASS,
then the problem is much more difficult. In general there will be 4 solutions for each of
which F' will be zero. [In decreasing likelihood, there can be cases when there are 3 or
2 or even a unique solution if the wind is parallel to one of the beams, but the norm is
4].

For SASS, which was a two beam (fore and aft) instrument, one way of tackling the

problem of removing ambiguity was to rely heavily on the analyst’s ability to recognise
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meteorological patterns or by choosing a direction in accord with external information
such as cloud patterns or ship reports etc. To illustrate the manual process and the
magnitude of the task, consider fig. 4. This is a figure from Woiceshyn et al., 1987
which shows, for a small area in the South Atlantic, all the possiblei solutions. The
task is to pick the true solution. This is done by applying meteorological principles,
some concepts of smoothness and, where possibie, relating the fields to independent

measurements such as from ships or satellite cloud imagery etc.

Only about a 2 week period in September 1978 was manually dealiased by this
method although it is now 10 years since the data was collected. To give some idea of
the enormity of the task, there are almost 400,000 measurements in that 2 week period.
We will discuss this data set further in section 4 as it was used as a trial dataset for
assimilation in the ECMWF analysis/forecast model. Before doing so, however, we will
consider how successfully we can remove the ambiguities objectively for a three beam

instrument — the only practical way of handling the huge data sets from ERS-1.

3. Objective ambiguity removal

There is no unique way of objectively removing the ambiguity. One can try to
utilise the fact that in certain directions the solutions are rather well separated (e.g.
fig. 3a(i) for a wind direction of 30°). This would suggest, that even in the presence of
noise, that the solution for 30° should be quite well determined (fig.3c). On the other
hand, as fig. 3¢ also shows, there is no skill at angles of 60°. This is illustrated in fig. 5
where the skill is plotted as a function of incidence angle across the swath for 3 different
directions, 30°, 60° and 170°. Not only does fig. 5 indicate that there is different skill for
different wind directions it illustrates that there is a substantial cross-swath variation
in skill.

One method of objective dealising, denoted CREO, was developed under contract
to ESA, by Cavanie and Lecomte. It uses the idea of good wind directions but not
explicitly the cross-swath variation in skill. Swath position is partly taken into account,
however, by always processing from high incidence angles where the skill is higher, to
low incidence angles where the skill is lower. The basis of the CREO algorithm is to
construct two fields, which should be more or less orthogonal to each other. The first
field is produced starting from the rank 1 (the solution with the lowest value of F') at
the outside of the swath and then processing cell by cell to the inside edge of the swath
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Fig. 4: Raw retrieved SASS data — swath (Rev 1048) showing multiple wind

directions. 2 direction cases occur when the wind is blowing parallel to one of
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orthogonal to the satellite track. From Woiceshyn et al. 1986.
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number of realisations is used, each differing as a result of noise on the ¢° triplets.
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picking at each cell the solution whose direction is closest to that of the preceeding two,
so producing a relatively smooth field. A second field is then constructed starting with
the rank 2 solution. Of the two fields so produced, the one with the highest number of
rank 1 solutions in certain windows is chosen. The windows are directioﬁ bands centred
on those directions for which the wind is likely to be well determined. The procedure
scans over segments 2,850km long, with overlap between segments to give continuity
across segment boundaries.

There are times when the algorithm does not produce solutions in which it is
confident. This can occur for example if the wind is coming from one of the poor
directions. If this happens over a large enough area of the swath, there will no be
grounds for choosing one field over another, for, as we have seen, there is little or no
skill in the ranking close to those directions. Other more elaborate tests are made as
well but we do not have space to detail these here. Extensive testing of the CREO
algorithm on ECMWTF fields has been carried out by Graham, Anderson, Hollingsworth
and Bottger (1988) and the interested reader is referred to that work and to the works
of Cavanié and Lecomte referenced therein for further information. Here we will only
give some flavour of the success of such an algorithm.

Fig. 6a shows a global 10m wind analysis for 13th June 1985. This field is taken.as
‘truth’ and the satellite flown over it for about 7 hours, sweeping out the orbits shown in
fig. 6b. Triplets of values of ¢° are simulated every 25km, at distances between 200km
and 650km from the subsatellite track. In fig. 6c, the ability of the CREO algorithm
to dealiase the ¢° in autonomous mode (i.e. without relying on external information)
is illustrated. This figure is intended to show areas where, for one reason or another,
the ambiguity-removal software has experienced difficulties. Regions along the tracks
defined in fig. 6b which are blank in fig.6¢c are regions where the solution has been found
correctly. This ‘correct’ solution will not of course be exactly correct, because the o°
measurements will in reality be noisy (and this noise is simulated). So the retrieved
wind speeds and directions will differ somewhat from those we used to produce the
o, Typical errors in directions as a result of noise are generally less than 20°. If
the ambiguity-removal software returns a direction which is more than 90° away from
the true direction, this usually indicates that a wrong direction was selected by the
ambiguity removal procedure. So fig. 6¢, in which only solutions differing by more than

90° from the true solution are plotted, can be interpreted as giving a measure of the
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skill of the ambiguity-removal software. (For clarity, only every 6th solution along and
across the swath is plotted). |

Different codes are used to indicate different reasons for lack of confidence by the
ambiguity removal software. First, as indicated earlier, the scatterometer will only work
down to some minimum wind speed. For ERS-1, this is specified as 4ms™!, but in fact
the instrument may work to speeds below this. Low wind areas (<2.25ms™!) are marked
on fig. 6c by a code 1. Since this inability to determine the direction is a consequence
of scatterometer physics, and not of the dealiasing software, code 1 does not really
indicate an error. The other areas do however indicate an inability of the ambiguity
removal software to return a solution in which there is confidence. The reader will also
note 5 boxes containing numbers [17, 43, 100, 2, 95]. These indicate areas where the
ambiguity removal algorithm has chosen (confidently) the wrong direction. The number
of 17 would correspond to roughly a whole row in error or an area of ~100km square.
The conclusion from fig. 6c, which is typical, is that the algorithm is accurate but
conservative; there are very few wrong solutions chosen but there is an unacceptably-
large number of cells for which no dealiased solution is returned. What to do? To
remove the uncertainty some additional external information is required. This could
be from a number of sources, such as ships, satellite clound patterns etc but in terms
of the operation envisaged for ERS-1 fast delivery product, it would take too long to
assemble this information and time is of the essence. The concept of a fast delivery
product is that it should be available from the ESA ground stations within 3 hours of
data collection. In addition to the time constraint, only limited computing resources are
available at the ground stations. A meteorological forecast ficld can be made available
fairly easily however.

Let us now consider supplying a 48 hour forecast to the ambiguity removal algo-
rithm. The choice of 48 hr is somewhat arbitrary. In practice, a shorter range forecast
could be used, but since the analysis and forecast used in this simulation came from
the same stable, 48 hrs was chosen so as not to give too over-optimistic a scenario.
The present concept of global forecasting is that the forecasts are more accurate on
large scales than on small, so one should try to use large-scale information in the am-
biguity removal software. The scheme is now as follows. First try to dealias the data
autonomously (i.e. as for fig. 6c). In areas in which confidence is low, make a check

between the two opposing fields referred to earlier and the meteorological first guess
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information to determine which is most consistent with the meteorological information.
The field which in an area-averaged sense is most consistent with the forecast is then
the selected field, provided the agreement is high enough. Otherwise, no solution is
returned. (Although the algorithm works in packages of 19x19 cells, the tests are ac-
tually made over a number of these packages and hence the comparison is with the
large scale information in the forecast). Fig. 6d shows the return after using the 48 hr
forecast field as backup. Many of the previously low-confidence zones have now been
‘confidently’ and correctly dealiased. Some 7 zones still remain. Lest the reader think
that the forecast was very good and that was the reason why the ambiguity could be
removed so successfully by appeal to a forecast, the directional error in the 48 hour
forecast is shown in fig. 6e. One can see a modest number of areas where the error is in
the range 90° to 180° and many where it is in the range ~30-60°.

To give some feel for the ‘numbers’, when the algorithm is working in normal mode
(i.e. has access to a 48 hr forecast) there were 77341 ocean cells of which 7841 were light
winds so only 60,500 were eligible for dealiasing. Of these, only 217 were wrong (i.e. had
directional errors >90°) but no solution was returned for ~5400 cells as the algorithm
lacked confidence in those areas. Some improvements could be made to this algorithm
to make more effective use of residual information but even without such improvements
the algorithm performs quite well.

Recall however that a number of implicit assumptions have been made: that the
model function is perfect, that the atmosphere has no structure below that of the
analysis, that the o° return depends only on local processes and only on the wind,
and that the antennae have no biases, none of which can be completely true, so further
work is clearly needed to test this approach with more rigorous modelling of the possible
€rrors.

An alternative approach to ambiguity removal is to load the evaluation of F with
an additional contribution which measures the ‘distance’ between the trial solution
and some ‘prior’ information and combine the retrieval and ambiguity processes (e.g.
Schwenzfeger (1984)). The prior information could be a first guess from a meteorological
forecast model, or information based on previously dealiased neighbouring solutions.

The two methods outlined above, that of CREO and that of Schwenzfeger, are
both cell by cell techniques. In principle one could seek to dealias an extended region

at once by broadening the definition of F' to include many cells. Prior information,

315



other measurements and smoothness constraints can be used if so desired, but this is
likely to be much more computationally expensive and probably not feasible for fast
delivery products. A variational procedure (e.g. Hoffman 1982) could however be done
at Weather Centres or off-line. At present it is not known if such an elaborate a scheme

will be required.
4. Results using scatterometer data in an analysis forecast model.

4.1 Collocation of SASS data with ship data and model analyses

Because scatterometer data are boundary layer data it is likely that they will be
difficult to use to maximum effect to correct the deep atmosphere. A number of attempts
have been made with variable success. However, before discussing what the data can
do for the analysis, we will first consider what the analysis can do for the data. In any
versatile operational weather forecast system both processes are likely to be important:
the scatterometer data to improve the analysis, the analysis and other data used to
produce it, to quality control the scatterometer data. The data we will discuss are from
SASS from the manually dealiased data set of September 6-17, 1978 referred to earlier.
A fuller account of the work reported here can be found in Anderson et al. 1987.

Two main sets of assimilation experiments were performed, NOSASS and AESASS,
the former being a control in which SASS data is appended to the analysis but not
actively used in it. In the latter, the data is used to modify the analysis. The name
AESASS is used to indicate that the data was obtained from AES CANADA. The
dealiasing was performed manually by meteorological analysts from JPL, UCLA and
AES. The data were assimilated into the ECMWF analysis/forecast model which was
equivalent to that used operationally at the time (1986).

By combining the SASS data with all other measurements, it is also possible to
compare (collocate) the SASS data with other observations. The results of such a
collocation with ship data is shown in fig. 7a. It is clear that the two observing systems
are not seeing the same thing. If one plots the mean SASS speed v ship speed then a
clear bias is evident (fig. 7b), particularly at higher wind speeds. Such a bias is not new
— it has been noticed by several authors although the magnitude appears to be larger
here than has been noted in the past (Pierson 1981, Jones et al. 1982, Lame and Born
1982, Woiceshyn et al. 1986). Fig. 7a is capable of a different interpretation however. If
one averaged ship data as a function of SASS wind speed one could conclude that ship.
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Fig. 7Ta: Contour plot of the number of collocations of SASS speeds with ship
speeds, showing the large scatter in the collocated speeds. Much of this noise may
come from noise in the ship measurements.
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Fig. 7b: The mean speed difference between SASS speed and collocated ship
speed plotted as a function of ship speed. The SASS speed is higher than ship
speed at low ship speeds but substantially low compared with ship speeds at high
ship speeds. The shading indicates the square root of the number of collocations.
(-2.5 corresponds to 156, -5 to 625). Collocations are over the period from 3Z on
the 6th September to 21Z on the 17th September 1978.
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speeds are low relative to SASS speeds.

Since ship data are undoubtedly noisy, a cleaner comparison can be made between
SASS data and model wind speed. Fig. 8 shows clearly that SASS data is biased low
with respect to model wind speed at high wind speeds. This comparison is probably a
bit worse than fig. 8 might indicate, for the SASS speed is supposed to apply at a height
of 19.5m, the model winds are at 10m, and no correction for this height difference has
been made. At low wind speeds, there is also a bias, but this time SASS speeds are high
relative to the model or to ship wind speeds (fig. 7 and fig. 8). The result that SASS
was biased high at low wind speeds was noted earlier by Woiceshyn et al. 1986. The
explé,nation involves the way noisy data are handled at low wind speeds aﬁd a fuller
discussion can be found in the above paper.

We now consider angular errors. In fig. 9 where the angular ‘difference between
SASS direction and ship direction is shown relative to ship direction, the scatter is
large, particularly for wind directions lying between the beams. Some of this error
undoubtedly results from dealiasing i.e. the wrong direction was selected from the
possible choices, but part of the error comes from the retrieval process as seen in figs. 10
and 11 which show the frequency of occurrence of wind direction, measured relative to
the space craft forward antennae, obtained from ship measurements (fig. 10) and fr;om
SASS measurements (fig. 11), angle. Since the ships do not know about the satellite,
and are fairly widely spaced geographically (and hence sample many wind directions)
one would expect an almost uniform distribution as fig. 10 shows. The distribution is
not uniform however for directions obtained by SASS: there are significant peaks as
shown in fig. 11. Further, these peaks are a function of incidence angle (not shown). At
low incidence angles, wind directions along the beams are almost never sampled whereas
at higher incidence angles they are frequent. Clearly this can not be correct. The fact
that the distribution is a function of incidence angle suggests that the cause does not lie
primarily with bad dealiasing. If a census of wind directions of all the aliases i.e. before
the dealiasing stage is performed, a similar distribution results (fig. 11b) suggesting that

there is a problem with the retrieval algorithm. Woicéshyn (Private Communication).

4.2 Effects of SASS data on analyses and forecasts
There have been a number of earlier studies to assess the impact of SASS scatterom-

eter data on analyses, and forecasts made from these analyses. The first, (subjective),
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Fig. 8: Left-Contour histograms of model (FG) speed (across) v SASS speed

(down). The axes range from 0 m/s to 30 m/s.

Right-Histograms of (IN) Analysis speed (across) v SASS speed (down). The axes

range from 0 m/s to 30 m/s.

Only data for the six hour wind centred on 12Z on 11th September from the AE-
SASS experiment are used. Comparison of left apd right hand diagrams show the
extent to which the FG has been altered by the SASS data. (Best seen by turning
the diagram through 90°). There is considerably less noise in this figure than in
fig. Tb suggesting that much of the scatter of fig.7b arises from noisy ship measure-

ments.
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Fig. 9: Contour plot of the number of occurrences of the angular difference between
wind directions as measured by ship and SASS, plotted as a function of SASS angle. A

The contour interval is 10, with a heavy contour every 20. Only winds with speeds

1

greater than 5 ms™! are used in this plot.
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Fig. 10: No. of occurrences of a given wind direction as measured by ship but with
the angular direction measured relative to the forward antenna of the spacecraft

(azimuth).
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Fig.11a: No. of occurrences of a given wind direction measured by SASS with the
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Fig. 11b:  Frequency of occurrence of wind direction measured relative to the
forward antenna of the spacecraft. The census is made from all alises following
retrieval. The distribution is similar to that of fig. 11a, made after ambiguity re-
moval, showing that the non uniform distribution is not a function of the dealiasing

process.
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studies were conducted manually (Peteherych, 1981a, b) and concluded that the inclu-
sion of SASS data in the analyses resulted in more accurate placement of significant
meteorological features such as storms and fronts. Further, in 75 percent of the case
studies, improved forecasts resulted.

Cane et al. 1981, Atlas et al. 1984, Baker et ol. 1984 and Yu and McPherson,
1984, have performed global nﬁmerica.l weather prediction experiments to study the
impact of assimilation of single level boundary layer wind data on objective analyses
and subsequent numerical forecasts. The results were mixed. Using simulated data,
Cane et al. (1981) anticipated a beneficial impact from assimilating SASS data. This
result however, was not supported by Yu and McPherson (1984), Duffy et al. 1984 nor
Baker et al. 1984. Baker et al., assimilating SASS data from 00:00 on September 7 to
12:00 on September 13, concluded that the assimilation of SASS data had a negligible
impact on Northern Hemisphere analyses and forecasts. In the Southern Hemisphere,
SASS did have a significant impact on the analyses but it was not clear whether the
impact was beneficial or not. Similar conclusions were reached by Duffy et al., for the
period of 7 to 13 September, 1978, and Yu and McPherson, in their mbre limited study
of 16 to 17 July. The three above-cited studies used different forecast models: Yu and
McPherson used the NMC 12 level spectral model, Baker et al. the GLAS 6 level model
and Duffy et al. the 10 level NOGAP model. The structure of tﬁe boundary layer was
different in these studies as was the horizontal resolution but in all cases it was, by
present day standards, low, viz (2.4° lat, 3.75° long), (4° lat x 5° long), and (2.4° lat,
3° long) respectively. Further, the analysis may be done on a grid which is different
from that of the model used to produce the first guess or forecast. The way the SASS
data is used in the analysis is also a function of the analysis scheme e.g. whether a
multivariate or univariate analysis is used or whether the influence of the SASS data is
projected in the vertical, (as was the case in the Yu and McPherson study and perhaps
to a lesser extent in the Duffy et al. case).

Before the SASS data can be used, one direction must be selected as the correct
direction. All of the above studies used an objectivé method based on a model first
guess field to select this direction which largely resulted in the direction closest to the
model first guess being selected. Only limited information therefore was extracted from
the SASS data: essentially speed.

More recently, Duffy and Atlas (1986) used a limited area, higher resolution model
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(~100 km) to examine the impact of SASS on a specific synoptic event viz the QE-II
storm, an example of explosive cyclogenesis (Anthes et al. 1983, Gyakum 1983). The
SASS data was subjectively dealiased by Atlas (private communication). Contrary to
the global studies, Duffy and Atlas (1986) found substantial positive impact as a result
of assimilating SASS data, provided the data was projected in the vertical.

Since the impact of assimilation of any data type is a function of both the analysis
scheme and forecast model used to provide the first guess, it is instructive to find what
impact will be obtained in yet another model, in this case the ECMWTF forecast model.
This model and analysis scheme differ from those used in the earlier studies in that the
globél resolution is much higher and more elaborate schemes are used to coﬁlbine the

data and the model first guess to produce the analysis.

4.3 Description of the Analysis, forecast model and SASS dataset used

The model used in this study was equivalent to that used for operational forecasts
in April 1986 and is described in Simmons et al. 1988, Tiedtke et al. 1988. It has higher
vertical resolution (15 levels) than any of the above mentioned models, as well as having
a reasonably elaborate boundary-layer scheme (Louis 1979). The lowest model level is
at approximately 30 m. The horizontal resolution of the model which provides a first
guess to the analysis or is used for forecasts is T106 (~100 km) énd so is considerably
higher than that used in previous global studies and comparable with that of the limited
area forecast model used by Duffy and Atlas (1986). The analysis scheme, however,
(described in Shaw et al. 1987) is at a lower resolution than the model (187.5 km). An
optimum interpolation (O.L.) scheme is used to combine data and model first guess.
The O.1. scheme acts as a filter (Hollingsworth, 1987), such that the analysis draws
to the observations on the large scale but to the model first guess (FG) on the small
scale. Small and large scale here are measured relative to the scale of the structure
functions used to combine model FG and data. A representative scale is ~500 km in
mid-latitudes.

The SASS data set used was produced manually Aby meteorological analysts from
AES Canada, JPL and UCLA (Peteherych et al. 1981a, b) in a manner consistent with
meteorological principles, satellite imagery and some surface reports. It should therefore
contain directional as well as speed information. This directional information should be

beneficial when dealiasing was done correctly but could be detrimental otherwise. The
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period dealiased was 6-20 September 1978, though only the period to 18 September
was used. The SASS data set was combined with the “FGGE Build-up year” data
set created at NCM, Washington which includes ships reporting in delayed model. In
the assimilation scheme SASS data is treated in much the same was as ship reports or
Dribu reports. These reports are ascribed a height of 10 m. The model first guess at
10 m is calculated from the 30 m wind assuming a logarithmic boundary layer broﬁle. A
stability correction was not made to SASS data. The difference between a surface report
and the model is then assigned to the 1000 mb level. There are 15 standard pressure
levels used in the analysis, the lowest being.at 1000 mb. Information on the statistics
of short-range forecasts enters through the prediction error covariance funcfion. This
was taken to be the sum of terms which are the product of a vertical correlation and a
horizontal correlation both of which are latitudinally variable. The vertical correlation is
shown in fig. 12 for (a) the extratropics and (b) the tropics. The influence has dropped
to one-third of its surface value by a height of 800 mb in the tropics but extends to

600 mb in the extratropics.

As illustrated in section 4.1, SASS data may have speed and angular errors arising
from the retrieval as well as angular errors arising from ambiguity removal. The presence
of these errors reduces the weight that can be given to the data in the analysis procedure.
Presently the U and V components are assigned an error comparable with that given

to ships viz 3.6 ms™1.

4.4 Differences between AESASS and NOSASS analyses

In Fig. 13a, the difference between the analysis of the 1000 mb wind from the
NOSASS and AESASS assimilation experiments is shown for 12UTC on September 9.
North of 20° N, differences are usually small, but speed djﬁ'erenceé can be as large as
10 m/s (for example 12UTC on the 10th or 12UTC on the 16th). The spatial scale of the
changes is usually quite small, despite the fact that the analysis will act to damp small-
scale features. (Since this was our first experimentation with scatterometer data, no
special steps were taken to adapt the analysis filter to the properties of the scatterometer
data, but work is presently underway to improve the response of the analysis on small
scales. It will also be essential to determine the spatial error correlation properties of
the data, but for this study, the errors were taken to be uncorrelated). Some of the

small scale structure evident in Fig. 13 could come from the model, being generated
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Per Undén, personal communication.
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were probably more than 30 mb for the SASS forecast, taking a 100 km square central
pressure of 955 mb at 12UTC on the 10th (Anthes et al. 1983).

In fig. 17, the 24 hour surface pressure forecast for 12Z on the 10th is plotted
together with the verifying analysis in Fig. 18 for the AESASS experiments. Fig. 19is a
plot of the location of the QEII storm for the period 12UTC on the 9th to 12UTC on the
14th (a) as gauged by the German manual surface analysis, and (b) as determined from
the forecast which started from the AESASS analysis of 127Z on the 9th. The position
of the storm in the AESASS analyses is not shown but closely follows the German
analyses. One can see from Fig. 19 that the ECMWF model forecast has modest errors
in pdsition. For example, at 00UTC on the 11th, the error is approximately 300 km.

In fig. 20 the central pressure from a number of sources is plotted for the period
between 12UTC on the 9th and 00UTC on the 14th September. Not only is there
a wide variation in the central pressure forecast by different models, there is a wide
variation in the analysed values. In particular, both NMC and the German analysis
probably underestimate the central pressure at 12UTC on the 10th, 00UTC on the 11th
and 12UTC on the 11th. Pressures and positions of the QEII storm from the NOSASS
analyses, and the forecast from the NOSASS analysis have not been plotted, as the
NOSASS analyses hardly differ from the AESASS analyses and likewise the forecasts
from these two analyses are very similar. |

From Fig. 20, one can see that the forecast by the ECMWF model is not substan-
tially better in amplitude than Duffy and Atlas at 00UTC on the 11th, but the position
of the low is better forecast (Fig. 19). Unlike Duffy and Atlas, however we do not find
SASS data to have had any important beneficial impact on the forecast. Duffy and Atlas
find substantial changes in the low level analysed wind fields as a result of assimilating
SASS. This is not the case for our analyses. It is interesting to speculate on why this
difference. For SASS to have impact, it is necessary for the analysis without SASS (and
forecasts from that analysis) to be deficient. The better the initial NOSASS analysis the
less potential for impact for SASS. It would therefore appear that one interpretation of
why Duffy and Atlas achieved impact and we did not was that their NOSASS analysis
was worse than ours. One should note however that the ECMWTF forecast, did not
capture the rapid deepening between 00UTC and 12UTC on 10th September. Orlanski
and Katzfey 1987 imply that higher resolution (~50 km) is necessary to capture rapid
development, but Anthes et al. 1983 find little difference for the QEII storm when they
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for winds at 1000 mb (upper) for 1200UT on Sept 9 1978. In the NH and tropics
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usually small scale. In the SH, by contrast both the magnitude and spatial scale of

the changes are larger. Contour interval for speed is 5 m/s.
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Fig. 15a: Analysis from the assimilation AESASS at 12UT on 11th September
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vectors. Ship reports show surface pressure in hPa.

328



§ 3§

§ 708 3% 3

i 3

§ 9199 3 §

3

1A HIN] PARTUA! ( YSTEMI

KTV SN sew  STW W MW SW STV IrW A% MM WM WOW W

MMM W NTu W ww W WW ®W M ww Dw 3w ww v giw

W 7 MY e mu TH M T v aw v

' a\ -.,3\ 'Q“l‘”"

nun‘m
nr"m{. ¢
57

........ ‘m

WSV Mnd STW e AW W SIW are 3% 0 WOV Wrw ATR W W W TV G7W GR 0% 3w W 3w W B 3w D STW AW W T TW 9w mw AW e T o T W

Fig. 15b: Differences between analysis and SASS measurements. A barb indicates
0.5 ms™! and a fletch 2.5 ms™!. The 4 digit code gives information on the extent
to which the analysis software believes the vector wind and if it was assimilated or

not. See text for details of the code.

329



illustrates the quality problems that can occur with any type of wind data.
Figure 16 shows a very sharp front in the SASS data near 160°W. This front is

present in the model also but much less sharply defined. Present numerical models are
not able to use such small scale information in the data to maximum effect since the
analysis smooths out such sharp features, but progress in this direction is likely by the

time data is available from forthcoming scatterometers.

4.6 Impact of SASS data on forecasts

A number of forecast experiments have been run from the AESASS and NOSASS
analyses. The starting dates were partly chosen to include specific synoptic events such
as the QEII and we will consider this storm here, as one study (Duffy and Atlas 1986)
has found a beneficial impact of SASS data on a forecast for the QEII storm. This
storm is of interest because of the failure of the NMC and Fleet Numerical Weather
Centre (FNWC) operational forecast models to predict its intensification. It began as
a shallow baroclinic disturbances approximately 100 km west of Cape Cod at 12Z on
9 September. During its movement out over the ocean, the low developed explosively,

deepening by an estimated 60 mb in 24 hours to a minimum pressure of 945 mb at

12UTC on 10 September (Gyakum, 1983).

24 hour forecasts from 12UTC on 9 September by the NMC-LFMII model (hori-
zontal resolution 190 km) gave a central pressure of 1000 mb, while the FNWC model
(horizontal resolution 381 km) forecast a pressure of 999 mb. (Gyakum, 1983). The
forecasts of the location of the centre of the storm and of the wind strength were likewise

poor.

In their experiment without SASS data, Duffy and Atlas (1986) obtained results
only slightly better than the NMC-LFMII model (the central pressure at 00Z on the 11th
was 1000 mb with peak ‘surface’ winds, of 21 m/s). When SASS data was used, however,
the forecast improved — the low intensified by 12 mb to 988 mb, with peak ‘surface’ winds
of 37 m/s. Although assimilation of SASS data did lead to an improvement in the
forecast, the forecast even with SASS was not especiaﬂy good: there was a positional
error of ~1000 km and a central pressure error of more than 1) mb (taking a 1000
km square average central pressure of ~975 mb for 00UTC on the 11th). The peak
intensity of the storm occurred earlier (127 on the 10th). Their forecast at 12UTC on

the 10th was weaker (private communication) so that their pressure errors of that time
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were probably more than 30 mb for the SASS forecast, taking a 100 km square central
pressure of 955 mb at 12UTC on the 10th (Anthes et al. 1983).

In fig. 17, the 24 hour surface pressure forecast for 127 on the 10th is plotted
together with the verifying analysis in Fig. 18 for the AESASS experiments. Fig. 19is a
plot of the location of the QEII storm for the period 12UTC on the 9th to 12UTC on the
14th (a) as gauged by the German manual surface analysis, and (b) as determined from
the forecast which started from the AESASS analysis of 12Z on the 9th. The position
of the storm in the AESASS analyses is not shown but closely follows the German
analyses. One can see from Fig. 19 that the ECMWF model forecast has modest errors
in pdsition. For example, at 00UTC on the 11th, the error is approximately 300 km.

In fig. 20 the central pressure from a number of sources is plotted for the period
between 12UTC on the 9th and 00UTC on the 14th September. Not only is there
a wide variation in the central pressure forecast by different models, there is a wide
variation in the analysed values. In particular, both NMC and the German analysis
probably underestimate the central pressure at 122UTC on the 10th, 00UTC on the 11th
and 12UTC on the 11th. Pressures and positions of the QEII storm from the NOSASS
analyses, and the forecast from the NOSASS analysis have not been plotted, as the
NOSASS analyses hardly differ from the AESASS analyses and likewise the forecasts
from these two analyses are very similar. |

From Fig. 20, one can see that the forecast by the ECMWF model is not substan-
tially better in amplitude than Duffy and Atlas at 00UTC on the 11th, but the position
of the low is better forecast (Fig. 19). Unlike Duffy and Atlas, however we do not find
SASS data to have had any important beneficial impact on the forecast. Duffy and Atlas
find substantial changes in the low level analysed wind fields as a result of assimilating
SASS. This is not the case for our analyses. It is interesting to speculate on why this
difference. For SASS to have impact, it is necessary for the analysis without SASS (and
forecasts from that analysis) to be deficient. The better the initial NOSASS analysis the
less potential for impact for SASS. It would therefore appear that one interpretation of
why Duffy and Atlas achieved impact and we did not was that their NOSASS analysis
was worse than ours. One should note however that the ECMWF {forecast, did not
capture the rapid deepening between 00UTC and 12UTC on 10th September. Orlanski
and Katzfey 1987 imply that higher resolution (~50 km) is necessary to capture rapid
development, but Anthes et al. 1983 find little difference for the QEII storm when they
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change their resolution from 100 km to 50 km, and in the 100 km case produce a more
intense system than we do (see their fig. 1). Another possible reason for the difference
between the present results and those of Duffy and Atlas is that the SASS data sets
used were different. We used the JPL-AES-UCLA produced fields, while Duffy and
Atlas used fields dealiased by Atlas (personal communication).

More recently Atlas (personal communication) has used a higher resolution global
version of the GLA model (2.5 x 2.5°). The forecast for the QEII storm with this model
is better than that produced by the ECMWF model, both in terms of storm position and
intensity. Further, Atlas is still able to show a positive impact from using SASS data so
counfering the argument given above for why there was little impact with the ECMWF
model. The impact from SASS is not very large (~3 mb improvement in the forecast
intensity) but encouraging. One might not expect over-large impact on forecasts, for at
the time of the analysis, the QEII storm was not developed and according to Gyakum
its inception was not especially related to the ocean. As we learn to use this data, one
might anticipate that the impact will be greater on maritime storms than those which
develop largely over land.

While the experience with the ECMWF system is rather negative in the sense that
SASS data had little impact on N.H. analyses and forecasts, this should not be taken
to imply that scatterometer data is of little use. But rather tjlat one does not yet
know how to use them to best effect. Many aspects of the assimilation system will need
refinement: the analysis should be at the same resolution as the forecast model: the
spatial structure functions in the analysis should be of higher 1_'esolution to capitalise
on the high resolution of the data. Further, if one can be more confident of the quality
of the wind directions and speeds, greater weight could be given to the scatterometer
data and hence greater impact anticipated. More adaptive structure functions in the
vertical (Bengtsson 1978) are needed in order to project the data more sensitively in

the vertical.
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